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Alcohol abrogates human norovirus
infectivity in a pH-dependent
manner

Shintaro Sato?3*!, Naomi Matsumoto®?, Kota Hisaie® & Satoshi Uematsu?

Alcohol-based disinfectants are widely used for the sanitization of microorganisms, especially
those that cause infectious diseases, including viruses. However, since the germicidal mechanism of
alcohol is lipolysis, alcohol-based disinfectants appear to have a minimal effect on non-enveloped
viruses, such as noroviruses. Because there is no cultivation method for human norovirus (HuNoV)
in vitro, murine norovirus and feline calicivirus have been used as surrogates for HuNoV to analyze
the efficacy of disinfectant regents. Therefore, whether these disinfectants and their conditions

are effective against HuNoVs remain unknown. In this study, we report that ethanol or isopropanol
alone can sufficiently suppress Gll.4 genotype HuNoV replication in human iPSC-derived intestinal
epithelial cells. Additionally, pH adjustments and salting-out may contribute toward the virucidal
effect of alcohol against other HuNoV genotypes and cancel the impediment of organic substance
contamination, respectively. Therefore, similar to sodium hypochlorite, alcohol-based disinfectants
containing electrolytes can be used for HuNoV inactivation.

Alcohols are widely used as disinfectants for sanitization, especially for skin surfaces, cooking devices, tableware,
and high-touch surfaces, such as doorknobs, balustrades, and elevator buttons in hospitals, other healthcare
settings, and households. Among the several types of alcohol, ethanol and isopropanol are preferably used as
disinfectants. Although the molecular mechanisms underlying the bactericidal effect of alcohol are not fully
understood, high-percentage (around 70% [v/v]) ethanol shows a polymer-like structure with water through
the formation of hydrogen bonds and hydrophobic bonds, generating a large hydrophobic cluster surface!. This
hydrophobicity (or lipophilicity) subsequently damages the phospholipid membrane of bacteria by the delipida-
tion and denaturation or coagulation of membrane proteins. Enveloped viruses, such as influenza viruses and
coronaviruses, are also susceptible to alcohol-based disinfectants since their envelopes consist of a host lipid
bilayer.

Noroviruses belong to a family of non-enveloped RNA viruses and comprise a genetically diverse group
whose classification was recently updated based on their complete capsid amino acid sequences and the partial
nucleotide sequences of their RNA-dependent RNA polymerases?. Since the genogroup of norovirus I, II, and IV
infect humans, they are called “human norovirus (HuNoV)”. HuNoV:s are the leading cause of intestinal infec-
tious gastroenteritis in people of all ages in developed and developing countries. Therefore, it has major social
and economic influences. HuNoV infections can lead to mortality in children, elderly, and immunocompromised
patients. Currently, there is no effective vaccine or treatment available. Therefore, if one norovirus patient is in a
hospital, nursery school, or aged care facility, spot epidemics of HuNoV's can easily occur via the patient’s vomit
and/or fecal excreta. Although it is essential to completely decontaminate HuNoV-contained materials, effective
inactivation methods remain to be identified. One of the reasons for this is that there were no in vitro cultivation
systems for HuNoVs until 2016°. The recent development of a HuNoV replication system in human primary
intestinal epithelial cells (IECs) and human induced pluripotent stem cell (iPSC)-derived IECs has spawned
advances in HuNoV characterization?. Until then, the inactivation methods of HuNoVs were determined using
feline calicivirus and/or murine norovirus as surrogates®’. The virucidal efficacy of alcohol and alcohol-based
disinfectants for HuNoVs are also considered based on the effects on feline calicivirus or murine norovirus.
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Figure 1. Inactivation of HuNoVs by ethanol, isopropanol, and sodium hypochlorite in suspension. The
solutions of the indicated HuNoV genotypes were suspended with threefold volumes of the indicated
disinfectants (A; 70% ethanol [EtOH] and 0.1% sodium hypochlorite [NaClO], B; 70% isopropanol) for 5 min
as described in Materials and Methods. Mono-layered human iPSC-derived IECs were inoculated with 2x 10°
(GIL6; 2x 10°, GL.7; 1.8 x 10°) genome equivalents of the pre-treated HuNoVs. Inoculation and sampling were
performed as described in the Materials and Methods. Viral genome RNA was extracted from both supernatants
(i.e., those taken at 3 and 72 h post-infection [hpi]), and then genome equivalents were quantified with
RT-qPCR. Samples at 3 hpi were used as references. Each value is representative of at least three independent
experiments and is shown as the mean +SD from 4-6 wells of supernatants for each culture group. *, P<0.05; **,
P<0.01; ***, P<0.005; ****, P<0.001. Dashed lines represent the limit of detection.

However, the virucidal efficacy of alcohol for non-enveloped viruses varies in each virus. For example, murine
norovirus is sensitive to alcohols, while feline calicivirus is resistant to them®.

Although some studies have reported that the level of HuNoV decontamination is determined by viral genome
RNA reduction using culture-independent methods®'°, it has also been reported that there is no relationship
between actual HuNoV propagative activity and the reduction of viral genomes''. Therefore, even if viral genome
reduction is observed, it is possible that HuNoV's are propagated. The reverse might also be true. Therefore, the
virucidal effects of HuNoV disinfectants should be determined by assessing their actual propagative availability.

In the current study, we investigated the virucidal effects of alcohol-based disinfectants for HuNoV's using
our in vitro HuNoV propagation method, and found that only ethanol and isopropanol sufficiently suppressed
replication of the GII.4 genotype of HuNoV, which causes the majority of the epidemic infections worldwide. In
addition, our results suggest that pH-adjusted alcohols, particularly low-pH alcohols, exhibit strong virucidal
effects against HuNoVs. Thus, acid-alcohol disinfectants can be associated with good biological safety profiles
and can be used for HuNoV inactivation.

Results

Virucidal activity of alcohols against HUNoVs. Although the efficacy of alcohol-based disinfectants
against non-enveloped viruses is controversial, whether these disinfectants show virucidal effects on HuNoVs
remains to be elucidated. Recently, Costantini et al. demonstrated that 70% (v/v) ethanol or chlorine inactivated
GII.4 HuNoV slightly or completely, respectively'!. Therefore, we first investigated the virucidal effect of 70%
ethanol and sodium hypochlorite (NaClO) on several HuNoV genotypes, including GII.4, which is a predomi-
nant genotype responsible for HuNoV epidemics. We used a threefold volume of disinfectant solution for the
virus solution. Consistent with the previous report, although all the studied HuNoV genotypes were well propa-
gated in our iPSC-derived IECs without any disinfectant condition, a 5 min pretreatment with 0.1% (1000 ppm)
NaClO was sufficient to kill all of them (Fig. 1A). However, only 70% ethanol could effectively suppress GIL.4
genotype HuNoV replication in our system, but it had no significant effect on the other genotypes tested in this
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Figure 2. Inactivation of HuNoVs by acid-alcohols in suspension. The solutions of the indicated HuNoV
genotypes were suspended with threefold volumes of the indicated disinfectants (A, B, and D; 70% ethanol
[EtOH], C; 70% isopropanol) for 5 min. Inoculation and sampling were performed as in Fig. 1. Each value

is representative of at least three independent experiments and is shown as the mean + SD from 4-6 wells of
supernatants for each culture group. *, P<0.05; **, P<0.01; ***, P<0.005; ****, P<0.001. Dashed lines represent
the limit of detection.

study (Fig. 1A). Similar to 70% ethanol treatment, treatment with 70% isopropanol inhibited the propagative
ability of GIL.4 but not of GII.17 HuNoV (Fig. 1B). These data indicated that isopropanol could be used as an
additive or substituted for ethanol as a GII.4 HuNoV disinfectant.

Virucidal activity of acid-alcohols against HuUNoVs. It has been reported that low-pH ethanol
enhances the virucidal effect on non-enveloped viruses®. Therefore, we next tested whether acid-ethanol has
potential as a disinfectant for the inactivation of HuNoVs. Similar to ethanol alone, 2% (w/v) citric acid alone
(pH is about 1.9) did not influence the propagation of GII.17 HuNoV; however, the addition of at least 0.5% citric
acid to ethanol completely inactivated the virus (Fig. 2A). Furthermore, 70% ethanol containing 1% citric acid
(pH ~ 3.1) was sufficient for the inactivation of other HuNoV genotypes, such as GII.3, GIL6, and GI.7 (Fig. 2B).
In addition, isopropanol could be substituted for ethanol for the acid-alcohol sanitization of HuNoVs (Fig. 2C),
indicating that acid-alcohols, similar to NaClO, might be an effective disinfectant for HuNoVs. Pure (100%)
lemon juice from concentrate contains about 6% (w/v) citric acid. We examined the virucidal effect of 70%
ethanol-15% lemon juice, which contains 1% citric acid, against HuNoV. As shown in Fig. 2D, 70% ethanol-15%
lemon juice inhibited GII.17 HuNoV propagation, indicating that concentrated lemon juice can be used as a
source of citric acid to generate an acid-alcohol disinfectant.

Considering the use of acid-ethanol as a hand sanitizer for HuNoVs, a short incubation time is likely required
for inactivation. Therefore, we next examined how much time is needed for the inactivation of HuNoVs with
acid-ethanol. In our in vitro HuNoV propagation system, both GII.4 and GII.17 HuNoVs were completely
inactivated by 70% ethanol containing 1% citric acid within 30 s of incubation (Fig. 3).

Virucidal activity of alkaline-alcohol against HUNOVs.  Next, we investigated whether alkaline-alco-
hol also shows a virucidal effect on HuNoVs. To adjust the pH and generate a weak alkaline (pH ~ 11), we used
sodium bicarbonate buffer because both sodium hydrogen carbonate and sodium carbonate are recognized as
food additives, and thus its safety has been confirmed similar to citric acid. When HuNoV's were incubated in
an alkaline solution (carbonate buffer), both GII.4 and GII.17 HuNoVs were not inactivated to the same extent
as that observed in a low-pH solution (Fig. 4A). In addition, a high pH condition did not affect the virucidal
effect of 70% ethanol on GIL.4 genotype HuNoV (Fig. 4A). Although alkaline-ethanol (carbonate buffer plus
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Figure 3. Inactivation of HuNoVs by acid-alcohols in a shorter incubation time. The solutions of the indicated
HuNoV genotypes were suspended with threefold volumes of the 70% ethanol [EtOH] plus 1% citric acid for the
indicated times. Inoculation and sampling were performed as in Fig. 1. Each value is representative of at least
three independent experiments and is shown as the mean £ SD from 4-6 wells of supernatants for each culture
group. ¥, P<0.05; **, P<0.01; ***, P<0.005; ****, P<0.001. Dashed lines represent the limit of detection.
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Figure 4. Inactivation of HuNoVs by alkaline-alcohols in suspension. The solutions of the indicated HuNoV
genotypes were suspended with threefold (A) or ninefold (B) volumes of 70% ethanol [EtOH] in carbonate
buffer (pH 11) for 5 min. Inoculation and sampling were performed as in Fig. 1. Each value is representative of
at least three independent experiments and is shown as the mean + SD from 4-6 wells of supernatants for each
culture group. *, P<0.05; **, P<0.01; ***, P<0.005; ****, P<0.001. Dashed lines represent the limit of detection.

70% ethanol) also appeared to have a virucidal effect on GII.17 HuNoV, which could not be inactivated by 70%
ethanol alone, it was less effective than acid-ethanol (Figs. 2A and 4A). However, when we used an increased
volume of alkaline-ethanol in a ratio of 9:1 virus solution, GII.17 HuNoV was completely inactivated (Fig. 4B).
These data indicate that ethanol, and probably isopropanol, have an actual virucidal effect on HuNoVs that is
dependent on the pH.

Impact of organic substances on the virucidal activity of acid-alcohol against HuNoVs. As
mentioned above, NaClO has a powerful virucidal effect, even on non-enveloped viruses. However, NaClO
also strongly reacts with other organic substances contained in feces and vomit. Therefore, we next investigated
the virucidal effect of acid-ethanol on HuNoVs under conditions containing beef extract as an extra-organic
substance'?. Similar to the experiments shown in Fig. 2, GIL.4 or GIL.17 HuNoV was mixed with acid-ethanol
(70% EtOH-1% citric acid). Interestingly, 3% beef extract was sufficient to abolish the virucidal effect of acid-
ethanol on GII.4, which could be inactivated by 70% ethanol only (Fig. 5A), indicating that soiled organic sub-
stances can inhibit the virucidal activity of acid-ethanol against HuNoVs. As electrolyte solutions, some mineral
salts are used to precipitate proteins and low molecular organic compounds, which is a process termed coagula-
tion or salting-out. It is speculated that if organic substances are removed from virus particles, acid—ethanol may
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Figure 5. Salting-out efficacy for the contamination of extra organic substances. The solutions of the indicated
HuNoV genotypes containing 3% or 5% beef extracts were suspended with threefold (A) or ninefold (B)
volumes of the indicated disinfectants for 5 min. Inoculation and sampling were performed as in Fig. 1. Each
value is representative of at least three independent experiments and is shown as the mean + SD from 4-6

wells of supernatants for each culture group. ¥, P<0.05; **, P<0.01; ***, P<0.005; ****, P<0.001. Dashed lines

represent the limit of detection.

inactivate HuNoV's even in a solution containing extra organic substances. In a 3% beef extract solution, 0.05%
(w/v) magnesium sulfate (MgSO,)-containing acid-ethanol almost completely inactivated the propagation of
the GII.17 genotype (Fig. 5A). Although GII.4 HuNoV was also inactivated with MgSO,-containing acid-etha-
nol, it was at a low level, and virus propagation potency was retained. Therefore, we used an increased volume
of these disinfectants, similar to the experiments shown in Fig. 4B. A nine times volume of MgSO,-containing
acid-ethanol but not just acid-ethanol exhibited complete virucidal effects on both GII.4 and GII.17 in a 3%
beef extract solution (Fig. 5B). This activity was also maintained in a 5% beef extract solution. These data sug-
gest that MgSO,-containing acid-ethanol can be used as a disinfectant for HuNoV's with the same reliability as
NaClO, even as hand sanitizer because all of the components in MgSO,-containing acid-ethanol are safe for the
human body.

Genomic RNA reduction of acid-alcohol treated HUNoOVs.  Many reports have investigated the effects
of alcohol-based disinfectants against murine norovirus and feline calicivirus as surrogates for HuNoV®®3, Viral
genome RNA degradation by alcohol has also been reported in HuNoV®?. When HuNoV was incubated with
0.1% NaClO at room temperature for 2 min, the viral genome could not be detected by real-time PCR (Fig. 6A),
indicating that NaClO could disrupt the capsid and/or genome of HuNoVs. In contrast, the genomes of GII.4
and GIL.17 HuNoVs could be detected after incubation with 70% ethanol- or citric acid-containing ethanol
(Fig. 6A). Although a small decrease in GII.17 genome copies was observed even in acid-ethanol (~ 0.5 log,),
GII.4 HuNoV was more sensitive to 70% EtOH (~2.2 log,, for 17-231; 1.0 log,, for 17-53) and acid-ethanol
(~2.4 log,, for 17-231; 2.7 log,, for 17-53). We further examined the morphological change in virus particles
after the incubation with disinfectants. To this end, we used virus-like particles (VLPs), which comprise the VP1
capsid proteins of GIL.17%. Negative stain transmission electron microscopy analysis revealed that 0.1% NaClO
could burst VLPs (Fig. 6B). It appeared that acid-ethanol also destroyed VLPs, but the VLPs did not bust. In
addition, 70% ethanol appeared to have no effect on the morphological change of VLPs (Fig. 6B). Taken together,
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these data suggest that acid—ethanol acts directly on the capsid proteins of HuNoV and shows a virucidal effect
against HuNoVs.

Virucidal activity of commercially available alcohol-based disinfectants against HuNoVs. We
further assessed four commercially available alcohol-based disinfectants (containing 63% [v/v]-81% [v/v] etha-
nol) with a low pH (2.9-4.2) used for cookware or hand-sanitizers in Japan, all of which have been reported to
have a virucidal effect on non-enveloped viruses. Among them, nine volumes of products A and D completely
inactivated both GIL.4 and GII.17 HuNoV genotypes after 5 min of incubation at room temperature (Fig. 7).
Interestingly, under the same conditions, products B and C failed to inactivate these HuNoV’s, even GII.4, which
is inactivated by 70% ethanol alone (Fig. 1A).

Finally, we performed experiments to determine whether 100-fold dilution of all the disinfectants analyzed
in this study would be sufficient for the attenuation of their cytotoxicity for IECs used for virus propagation
(i.e., cytotoxicity control) and would also be able to neutralize their virucidal activity toward GII.17 HuNoV
(i.e., neutralization control). As shown in Supplementary Fig. 1, 100-fold dilution of all disinfectants resulted
in the appropriate neutralization of both cytotoxicity (Supplementary Fig. 1A,B) and virucidal activities (Sup-
plementary Fig. 1C,D).

Taken together, the findings presented in this study suggested that the virucidal effect of each disinfectant
against HuNoVs should be validated using an in vitro propagation system.

Discussion

In 2016, Estes and her colleagues first reported that several HuNoV genotypes could propagate in IECs prepared
from human small intestines®. Thereafter, our group also reported that human iPSC-derived IECs could be used
for the cultivation of HuNoVs*. In this study, we investigated whether alcohol-based disinfectants have actual
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Figure 7. Inactivation of HuNoVs by commercially available acid-ethanol disinfectants in suspension. The
solutions of the indicated HuNoV genotypes were suspended in ninefold volumes of four commercially available
low-pH ethanol-based disinfectants (Products A-D) for 5 min. Inoculation and sampling were performed as

in Fig. 1. Each value is representative of at least three independent experiments and is shown as the mean+SD
from 4-6 wells of supernatants for each culture group. *, P<0.05; **, P<0.01; ***, P<0.005; ****, P<0.001.
Dashed lines represent the limit of detection.

virucidal effects on several genotypes of HuNoV using our in vitro HuNoV cultivation system by analyzing its
propagative potency as an index.

Using human tissue-derived IECs, Vinjé and his colleagues first examined the efficacy of ethanol and isopro-
panol in the reduction of the virus infectivity of GII.4 HuNoV and reported that the replication levels of GII.4
HuNoV incubated with tenfold volumes of 70% ethanol for 5 min were significantly but not completely lower
compared with non-treated viruses, whereas incubation with 70% isopropanol had no effects'. Importantly,
titers of input genomic RNA from HuNoV treated with 70% ethanol were severely reduced compared with the
level of replication”!!. However, our results in this study were partially inconsistent with their reports. Although
neither threefold volumes of 70% ethanol nor isopropanol could reduce the replication levels of GIL.3, GIL.6,
GIIL.17, and GI.7 HuNoVs, the replication of two batches of GII.4 was almost completely inhibited (Fig. 1).
One possible explanation for this discrepancy is that we used more diluted fecal filtrates for the experiments to
modulate the genome copies of HuNoV to be 2 x 10%/well. Therefore, it is possible that more organic substances,
which can interfere with the virucidal ability of 70% alcohol, were contained in the virus solutions in the previ-
ous report!'’. In fact, 3-5% beef extract contamination prevented the virucidal effects of acid-ethanol on GIL.4
HuNoV in our system (Fig. 5).

Acidification is one of the inactivation methods for foodborne viruses. For example, rotaviruses lose their
infectivity when incubated with a pH 2.0 solution'. Although feline calicivirus is also inactivated by incubation
with a pH 2.0 solution for 30 min at 37 °C'>!¢, murine norovirus is stable under the same condition®!®. HuNoV
(GII.17 genotype) appears to be resistant to low pH conditions since it can be propagated in IECs after 5 min
incubation with 2% citric acid (pH 1.9) (Fig. 2A), suggesting that the capsid protein of HuNoV is more similar
to that of murine norovirus than feline calicivirus. Nevertheless, we revealed that the addition of 1% citric acid
to 70% ethanol or isopropanol dramatically increased its virucidal effect against HuNoVs (Fig. 2). The virucidal
effect of acid-alcohols on other non-enveloped viruses'>?7, including murine norovirus and feline calicivirus®, has
been reported. Although murine norovirus and feline calicivirus are resistant to low-pH and alcohol, respectively,
both are sensitive to acid-alcohol. From this point of view, HuNoV's exhibit both characteristics since they were
stable in low pH alone and alcohol alone conditions. Given that noroviruses are a group of non-enveloped and
hydrophilic RNA viruses, the mechanism underlying the virucidal effect of alcohol on HuNoVs likely involves
protein denaturation rather than de-lipidation. This may also explain why either 70% ethanol or isopropanol
alone was capable of inhibiting the replication of GI1.4 HuNoV. The capsid protein of GII.4 genotype may be
more sensitive to the protein denaturing effects of alcohol compared with other genotypes of HuNoV.

The alkaline-alcohol but not alkaline solution with a pH of 11 also showed a virucidal effect on HuNoVs,
although it was milder than acid-alcohol (Fig. 4). It was previously reported that feline calicivirus is inactivated
by both a high pH and low-pH solution'®. Given that murine norovirus is sensitive to 70% alcohol, whereas
feline calicivirus is sensitive to the non-neutral pH range, it is possible that a change in ionic and/or hydrogen
bonds between alcohol and water is needed for 70% alcohol to exert its virucidal effect on HuNoVs, except for
the GIIL.4 genotype. Soil containing stool and vomit would also affect the hydrate condition of alcohol, leading
to a decrease in its denaturation effects on capsid proteins. In fact, a 3% beef extract solution almost completely
inhibited the virucidal activity of acid—ethanol (Fig. 5). These unexpected effects apply for inert ingredients such
as moisturizers and swelling agents, present in commercially available hand-sanitizers. It might be explained by
the fact that some commercially available acid—ethanol disinfectants did not show a virucidal effect on HuNoVs,
including GII.4 (Fig. 7). Therefore, whether the final product of disinfectants, including acid-alcohol-based ones,
has an actual virucidal effect on HuNoV:s in soil load conditions should be considered.

Because the electrolyte solution (i.e., MgSO,) used in this study, has been known to precipitate proteins via the
effects of ions on biological and chemical processes in solutions, the addition of such salts (ions) could remove
proteins adhering to virus surfaces. The order of the above effects is known as the Hofmeister series'®, and both
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Strain designation | Genotype variant Titer (genome eq./uL) | Inoculation (genome eq./well)
GL7 GI/Hu/JP/2018/GI.7[P7]/OsakaFB1836 7.2x10° 1.8x10°
GIL3 GII/Hu/JP/2016/GIL.3[P12]/OsakaFB1650 4.3x107 2.0x10°
GIL.4 17-53 GII/Hu/JP/2017/GI1.4 Sydney[P31]/OsakaFB1753 2.2x107 2.0x10°
GII.4 17-231 GII/Hu/JP/2017/GI1.4 Sydney[P31]/OsakaFB17231 | 8.3x 10’ 2.0x10°
GIL6 GII/Hu/JP/2018/GIL6 [P7]/OsakaFB1878 9.3x10° 2.0x10°
GIL17 GII/Hu/JP/2016/GIIL.17 [P17]/OsakaFB16421 5.8%107 2.0x10°

Table 1. List of HuNoVs used in this study.

Mg?* and SO,* are one of the strongest cations and anions, respectively. In addition, citrate ions are higher than
phosphate ions and SO,* in the Hofmeister series'®. Given that HuNoV's are usually excreted in feces and vomit
containing various amounts of proteins, acid-alcohol disinfectants containing citric acid would be preferable.

Unlike murine norovirus and feline calicivirus, the genomic RNA of HuNoVs, especially the GII.17 genotype,
was stable when the virus solution was incubated with 70% ethanol or acid-ethanol (Fig. 6A). Electron micro-
scopic analysis revealed that acid—ethanol and NaClO could change the morphology of GII.17 VLPs similar to
“apoptosis” and “necrosis” observed in animal cells, respectively. These findings also suggest that acid-ethanol
could denature the capsid protein of HuNoVs, leading to a loss of their ability to infect IECs, whereas it had no
impact on genomic RNA.

The significant advantage of acid-alcohol disinfectants is their good biological safety profiles as they can be
generated using alcohol and some food additives. Thus, mineral salts, including acid-alcohols, could be used as
HuNoV disinfectants for tableware, cookware, hands, and even foods. However, since it is difficult to evaluate
the cytopathic effects of HuNoVs on IECs in our system, it is also challenging to determine the Median Tissue
Culture Infectious Dose (TCIDs,) for HuNoVs to assess their virucidal activity. Therefore, future studies are
required to develop standard guidelines for the determination of the virucidal activity of HuNoVs.

Materials and methods

Preparation of disinfectants. UltraPure DNase/RNase-Free Distilled Water (Thermo Fisher Scientific),
ethanol, isopropanol, citric acid monohydrate, magnesium sulfate heptahydrate, sodium hydrogen carbonate,
sodium carbonate (all purchased from Nacalai Tesque, Japan), and concentrated lemon juice (Pokka Sapporo
Food and Beverage Ltd., Japan) were used to prepare the indicated disinfectants. Commercially available disin-
fectants and bleach (6% sodium hypochlorite) were purchased from a local retail store. After preparation, solu-
tions were sterilized with 0.22 pm filters.

Cells. The differentiation of human iPSCs into IECs and their culture were performed as described
previously*?. Each conditioned medium (CM) was prepared as described previously*’. For HuNoV inoculation,
dissociated IECs were seeded on 2.5% Matrigel-coated 96-well plates at 2 x 10* cells/well in 100 pL of organoid
culture medium (Advanced Dulbecco’s modified Eagle medium/F12 [Thermo Fisher Scientific] supplemented
with 10 mM HEPES [pH 7.3; Thermo Fisher Scientific]; 2 mM Glutamax [Thermo Fisher Scientific]; 100 units/
mL penicillin plus 100 pg/mL streptomycin; 25% mouse Wnt3a, human R-spondinl, and human Noggin [WRN]
CM; 1xB-27 [Thermo Fisher Scientific]; 50 ng/mL mouse epidermal growth factor [EGE Peprotech]; 50 ng/
mL human hepatocyte growth factor [R&D Systems]; 10 pM SB202190 [Sigma-Aldrich]; and 500 nM A83-01
[Tocris] plus 10 uM Y-27632 [Wako]). After 2 days of culture in a 5% CO, incubator at 37 °C, the medium
was changed to differentiation medium (Advanced Dulbecco’s modified Eagle medium/F12 supplemented with
10-mM HEPES [pH 7.3]; 2 mM Glutamax; 100 units/mL penicillin plus 100-ug/mL streptomycin; 1xB-27;
12.5% human R-spondinl and human Noggin [RN] CM; 50 ng/mL mouse EGF; and 500 nM A83-01). After
another 2 days, the medium was changed to differentiation medium with 0.03% porcine bile (Sigma-Aldrich).
The cells were incubated for another 2 days and then used for subsequent experiments.

HuNoV preparation and infection.  All virus samples used in this study were chosen from the HuNoV-
positive stool specimens collected from Osaka prefecture, Japan during the 2016-2018 endemic season. Prepa-
ration and infection of HuNoV were done as described previously**!. Briefly, HuNoV-positive stools were
suspended in phosphate-buffered saline (PBS) at 10% (w/v) by vigorous vortexing. The suspensions were cen-
trifuged at 12,000¢ for 30 min, and the supernatants were serially filtered with 0.45 um and 0.22 um filters. The
filtered samples were aliquoted and stored at — 80 °C as an undiluted virus solution (see Table 1 for strain details).
Just before use, each virus solution was diluted to 8 x 10° (GIL6), 7.2x 10° (GL.7), or 8 x 10° (other genotypes)
genome equivalents/pL for a 1:3 suspension or 2x 107 genome equivalents/uL for a 1:9 suspension with PBS.
In the case of soil load experiments, a solution of 12% (w/v) beef extract (Nacalai Tesque) was used for virus
dilutions, which contained a final 3% or 5% beef extract. The virucidal suspension assays were performed using
the similar method as that of the ASTM E1052-11. Four microliter of diluted virus solution were suspended
in 12 pL (for 1:3) or 36 pL (for 1:9) of each disinfectant solution for the indicated times at room temperature.
Then, each suspension was subjected to a 100-fold dilution with base medium (Advanced Dulbecco’s modified
Eagle medium/F12 supplemented with 10 mM HEPES [pH 7.3], 2 mM Glutamax, and 100 units/mL penicillin
plus 100 pg/mL streptomycin). The prepared IECs (3-6 wells per sample) were inoculated with 100 uL (2x 10°
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genome equivalents) of pre-treated virus solutions and then incubated for 3 h in a 5% CO, incubator at 37 °C.
The inoculum was then removed, and the cells were washed twice with 150 uL base medium. One hundred
microliters of differentiation medium with 0.03% bile were added to the cells, which were then pipetted lightly
twice and collected. This step was performed again, and the samples were collected as 3 h post-infection (hpi)
reference samples (total 200 uL). Another 100 pL of differentiation medium with 0.03% bile were added into
each well, and the mixtures were then cultured for 72 h in a 5% CO, incubator at 37 °C. The supernatants were
collected with one wash in the same way as 3 hpi reference samples (total 200 pL).

To assess “virus control” and “neutralization control,” we used distilled water and 100-fold dilutions of each
disinfectant, respectively, to substitute for the full-strength disinfectant solution. For the “cytotoxicity control,”
cells were pretreated with 100-fold dilutions of each disinfectant and incubated for 3 h at 5% CO, and 37 °C. After
washing the cells twice with the base medium, the pretreated cells were inoculated with 100 uL (2 x 10° genome
equivalents) of GII.17 HuNoV followed by incubation for 3 h. Subsequent washing, culture, and sampling steps
were performed as described above.

Quantification of virus genome equivalents. A PureLink Viral RNA/DNA Mini Kit (Invitrogen) was
used to prepare RNA from diluted virus solutions and samples collected at 3 and 72 hpi. RT-qPCR was per-
formed using a qPCR Norovirus (GI/GII) Typing Kit (TaKaRa) and LightCycler 480 System (Roche) following
the manufacturers’ protocols.

Statistical analysis. Results were compared using either unpaired two-tailed Student’s ¢-test or one-way
ANOVA followed by Dunnett’s multiple comparisons test. Statistical significance was established at P<0.05. All
statistical analyses were conducted using GraphPad Prism 7.

Ethics statement. Under the informed consent with providing a means to opt out, all stool samples were
collected and provided by the Osaka Institute of Public Health. The study was performed in accordance with
the relevant guidelines and was approved by the Human Ethical Committee of Research Institute for Microbial
Diseases, Osaka University (approval #28-3) and the Osaka Institute of Public Health (approval #1602-04-2).

Received: 30 June 2020; Accepted: 3 September 2020
Published online: 28 September 2020

References

1. Nishi, N. Aqueous molecular clusters isolated as liquid fragments by adiabatic expansion of liquid jets. Z. Phys. D: Atmos Mol.
Clusters 15, 239-255. https://doi.org/10.1007/BF01437186 (1990).

2. Chhabra, P. et al. Updated classification of norovirus genogroups and genotypes. J. Gen. Virol. 100, 1393-1406. https://doi.
0rg/10.1099/jgv.0.001318 (2019).

3. Ettayebi, K. et al. Replication of human noroviruses in stem cell-derived human enteroids. Science (New York, N.Y.) 353, 1387-1393,
https://doi.org/10.1126/science.aaf5211 (2016).

4. Sato, S. et al. Human norovirus propagation in human induced pluripotent stem cell-derived intestinal epithelial cells. Cell. Mol.
Gastroenterol. Hepatol. 7, 686-688. https://doi.org/10.1016/j.jcmgh.2018.11.001 (2019).

5. Mormann, S., Heissenberg, C., Pfannebecker, J. & Becker, B. Tenacity of human norovirus and the surrogates feline calicivirus and
murine norovirus during long-term storage on common nonporous food contact surfaces. J. Food Prot. 78, 224-229. https://doi.
0rg/10.4315/0362-028X.JFP-14-165 (2015).

6. Park, G. W. et al. Comparative efficacy of seven hand sanitizers against murine norovirus, feline calicivirus, and GII.4 norovirus.
J. Food Prot. 73, 2232-2238, https://doi.org/10.4315/0362-028x-73.12.2232 (2010).

7. Zonta, W., Mauroy, A., Farnir, E & Thiry, E. Comparative virucidal efficacy of seven disinfectants against murine norovirus and
feline calicivirus, surrogates of human norovirus. Food Environ. Virol. 8, 1-12. https://doi.org/10.1007/s12560-015-9216-2 (2016).

8. Cromeans, T. et al. Comprehensive comparison of cultivable norovirus surrogates in response to different inactivation and disin-
fection treatments. Appl. Environ. Microbiol. 80, 5743-5751. https://doi.org/10.1128/ AEM.01532-14 (2014).

9. Park, G. W. et al. Strain-specific virolysis patterns of human noroviruses in response to alcohols. PLoS ONE 11, e0157787. https://
doi.org/10.1371/journal.pone.0157787 (2016).

10. Imai, K., Hagi, A., Inoue, Y., Amarasiri, M. & Sano, D. Virucidal efficacy of olanexidine gluconate as a hand antiseptic against
human norovirus. Food Environ. Virol. 12, 180-190. https://doi.org/10.1007/s12560-020-09422-4 (2020).

11. Costantini, V. et al. Human norovirus replication in human intestinal enteroids as model to evaluate virus inactivation. Emerg.
Infect. Dis. 24, 1453-1464. https://doi.org/10.3201/eid2408.180126 (2018).

12. National Institute of Health Sciences, Japanese Ministry of Health, Labour and Welfare. The research report for the inactive condi-
tion of norovirus (2015). https://www.mhlw.go.jp/file/06-Seisakujouhou-11130500-Shokuhinanzenbu/0000125854.pdf.

13. Kramer, A. et al. Virucidal activity of a new hand disinfectant with reduced ethanol content: comparison with other alcohol-based
formulations. J. Hosp. Infect. 62, 98-106. https://doi.org/10.1016/j.jhin.2005.06.020 (2006).

14. Weiss, C. & Clark, H. F. Rapid inactivation of rotaviruses by exposure to acid buffer or acidic gastric juice. . Gen. Virol. 66(Pt 12),
2725-2730. https://doi.org/10.1099/0022-1317-66-12-2725 (1985).

15. Duizer, E. et al. Inactivation of caliciviruses. Appl. Environ. Microbiol. 70, 4538-4543. https://doi.org/10.1128/ AEM.70.8.4538-
4543.2004 (2004).

16. Cannon, J. L. et al. Surrogates for the study of norovirus stability and inactivation in the environment: a comparison of murine
norovirus and feline calicivirus. J. Food Prot. 69, 2761-2765. https://doi.org/10.4315/0362-028x-69.11.2761 (2006).

17. Ionidis, G. et al. Development and virucidal activity of a novel alcohol-based hand disinfectant supplemented with urea and citric
acid. BMC Infect. Dis. 16, 77. https://doi.org/10.1186/s12879-016-1410-9 (2016).

18. Hofmeister, F. Zur Lehre von der Wirkung der Salze. Archiv F. Experiment. Pathol. U. Pharmakol. 24, 247-260. https://doi.
org/10.1007/BF01918191 (1888).

SCIENTIFIC REPORTS |

(2020) 10:15878 | https://doi.org/10.1038/s41598-020-72609-z


https://doi.org/10.1007/BF01437186
https://doi.org/10.1099/jgv.0.001318
https://doi.org/10.1099/jgv.0.001318
https://doi.org/10.1126/science.aaf5211
https://doi.org/10.1016/j.jcmgh.2018.11.001
https://doi.org/10.4315/0362-028X.JFP-14-165
https://doi.org/10.4315/0362-028X.JFP-14-165
https://doi.org/10.4315/0362-028x-73.12.2232
https://doi.org/10.1007/s12560-015-9216-2
https://doi.org/10.1128/AEM.01532-14
https://doi.org/10.1371/journal.pone.0157787
https://doi.org/10.1371/journal.pone.0157787
https://doi.org/10.1007/s12560-020-09422-4
https://doi.org/10.3201/eid2408.180126
https://www.mhlw.go.jp/file/06-Seisakujouhou-11130500-Shokuhinanzenbu/0000125854.pdf
https://doi.org/10.1016/j.jhin.2005.06.020
https://doi.org/10.1099/0022-1317-66-12-2725
https://doi.org/10.1128/AEM.70.8.4538-4543.2004
https://doi.org/10.1128/AEM.70.8.4538-4543.2004
https://doi.org/10.4315/0362-028x-69.11.2761
https://doi.org/10.1186/s12879-016-1410-9
https://doi.org/10.1007/BF01918191
https://doi.org/10.1007/BF01918191

www.nature.com/scientificreports/

19. Mazzini, V. & Craig, V. S. J. What is the fundamental ion-specific series for anions and cations? Ion specificity in standard par-
tial molar volumes of electrolytes and electrostriction in water and non-aqueous solvents. Chem. Sci. 8, 7052-7065. https://doi.
0rg/10.1039/c7sc02691a (2017).

20. Takahashi, Y. et al. A Refined Culture System for Human Induced Pluripotent Stem Cell-Derived Intestinal Epithelial Organoids.
Stem Cell Rep. 10, 314-328. https://doi.org/10.1016/j.stemcr.2017.11.004 (2018).

21. Yuki, Y. et al. A heterodimeric antibody fragment for passive immunotherapy against norovirus infection. J. Infect. Dis. 222,
470-478. https://doi.org/10.1093/infdis/jiaal15 (2020).

Acknowledgements

We thank Dr. Naomi Sakon (Osaka Institute of Public Health) for providing HuNoV-positive human stools
used in this study and Dr. Makoto Otsu (The University of Tokyo) for providing several human iPSC-lines,
including TkDN4-M. The project was supported by Grants from the Japan Society for the Promotion of Science
(Grant-in Aid for Scientific Research (C) [16K08836 to S.S.], Scientific Research (B) [19H03702 to S.S.], and
Challenging Research (Exploratory) [19K22532 to S.S.]); Japan Agency for Medical Research and Development
(AMED) [20fk0108122s0302 to S.S.]; and the Mochida Memorial Foundation for Medical and Pharmaceutical
Research (to S.S).

Author contributions
S.S. designed and directed the overall research, performed the experiments, analyzed the data, and wrote the
manuscript; N.M. and K.H. performed most of the experimental infections; and S.U. discussed the data.

Competing interests
S.S. was employed by the Research Foundation for Microbial Diseases, Osaka University. S.S has filed a patent
application related to the content of this manuscript. The remaining authors disclose no conflicts.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-72609-z.

Correspondence and requests for materials should be addressed to S.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:15878 | https://doi.org/10.1038/s41598-020-72609-z


https://doi.org/10.1039/c7sc02691a
https://doi.org/10.1039/c7sc02691a
https://doi.org/10.1016/j.stemcr.2017.11.004
https://doi.org/10.1093/infdis/jiaa115
https://doi.org/10.1038/s41598-020-72609-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

