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CELLULAR AND MOLECULAR
GASTROENTEROLOGY AND HEPATOLOGY

Human Norovirus
Propagation in Human
Induced Pluripotent
Stem Cell-Derived
Intestinal Epithelial
Cells

Worldwide, human norovirus (HuNoV)
is a major cause of intestinal infectious
gastroenteritis, leading to morbidity
and mortality in children and the
elderly, and it thus has major social and
economic influences. Neither an effec-
tive vaccine nor an effective treatment
is currently available. One of the biggest
reasons for the lack of an appropriate
prevention or treatment strategy is the
unavailability of methods for culturing
HuNoV. The recent development of a
system of HuNoV replication in human
primary intestinal epithelial cells (IECs)
has spawned advances in HuNoV char-
acterization and opened up new stra-
tegies for HuNoV vaccine
development." However, this technique
currently requires human tissue cells
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and supplementation with bile, which
contains unidentified components.

We and others recently succeeded in
establishing a small intestinal type of
gut epithelial cells from human induced
pluripotent stem cells (iPSCs).””* Dur-
ing differentiation of these IECs, LGR5
messenger RNA expression was
severely downregulated, whereas the
messenger RNAs of both enterocyte
markers were dramatically upregulated
(Supplementary Figure 14). When
these cells were grown on Transwell
membranes (Corning, New York, NY),
well-polarized monolayers of IECs were
established with the expression of
villin-1 (enterocytes) and E-cadherin in
cell-cell interactions (Supplementary
Figure 1B).° In addition, polarized
IECs showed mature microvillus for-
mation (Supplementary Figure 1C).
Furthermore, Ulex europaeus
agglutinin-1 lectin staining showed that
monolayer IECs from iPSCs expressed
histo-blood group antigens (HBGAs)
(Supplementary Figure 1D), which are
important receptors for the attachment
of GIL.4-type HuNoV.!
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of HuNoVs in IECs
derived from human
iPSCs. Monolayered
human iPSC-derived
IECs were inoculated
with 2 x 10° genome
equivalents of the
indicated HuNoV ge-
notypes. Inoculation
and sampling were
done as described in
the Materials and
Methods. Viral
genome RNA was
extracted from both
supernatants (ie,
those taken at 3 and
72 hours postinfection
[hpi]), and then
genome equivalents
were quantified with
reverse transcriptase
quantitative polymer-
ase chain reaction.
Samples at 3 hpi were
used as references.
Each value is repre-
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sentative of at least 3 independent experiments and is shown as the mean + SD
from between 4 and 6 wells of supernatants of each culture group.

We first assessed whether HuNoV
could recognize and invade iPSC-derived
IECs. Polarized IECs on Transwell
membranes were incubated with GII.4
genotype viruses or virus-like particles
(VLPs), and the membranes were then
whole-mount stained with anti-GII.4-
VP1 antibody (Ab) (Supplementary
Figure 1E) or sectioned and stained
with anti-GI1.4-VP1 Ab simultaneously
with anti-villin-1 Ab (Supplementary
Figure 1F). Both HuNoVs and VLPs
were observed in 30%-50% of (villin-1-
positive) IECs, as previously reported.’

Next, we investigated whether
HuNoVs could replicate in human
iPSC-derived IECs. The GIL4 genotype
can be replicated merely by being added
to human primary IECs, whereas repli-
cation of some of the other genotypes,
such as GL1, GIL3, and GIL.17, requires
bile supplementation.” Consistent with
the results of a previous study,” all GIL.4
batches used were able to replicate in
iPSC-derived IECs without bile supple-
mentation (Figure 1). Adding bile from 2
days before infection onward seemed to
enhance the replication of GIL.4 genotype
virus (Figure 1). Notably, GII.3 and GII.17,
which need bile to replicate in human
primary IECs,' were able to replicate
without bile in our iPSC-derived IECs
(Figure 1). Furthermore, GIL6-type
HuNoV could also replicate without bile
in these iPSC-derived IECs (Figure 1).
Replication of the GII.4, GIL.3, and GI.17
genotypes in our cells was time depen-
dent (Supplementary Figure 2A4). The
GIL4 (batch 17B93) and GII.17 genotypes
could also be passaged in our iPSC-
derived IECs, even though the replica-
tion of GII.4 virus was severely degraded
at passage 3 (Supplementary Figure 2B).
Itis interesting to note that, in accordance
with the report of Ettayebi et al,' bile
supplementation enhanced the replica-
tion of all of the studied HuNoV genotypes
in iPSC-derived IECs (Figure 1). Never-
theless, because the components of bile
that enhance the replication of HuNoVs
have not yet been identified, for the in-
dustrial application of this technique, it is
advantageous that HuNoV replication
succeeded in our iPSC-derived IECs
without bile supplementation.

Next, we tested whether our IECs
could be used to test for inactivation of
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6.
HuNoVs is pre- Em *
vented by pretreat-
ment with either 2'°
anti-Gll.4 or anti- g
GI17 pAbs. Before 3'°
inoculation of IECs,
2 x 10° genome E'”’
equivalents of each §
HuNoV genotype was ~ ©10%~ == "

incubated with 100
ng of (A) anti-Gll.4 or
(B) anti-Gll.17 Ab, or
with  normal rabbit
immunoglobulin G,
for 1.5 hours. Inocu-
lation, sampling, and
quantification of
genome equivalents
were done as
described in the Ma-
terials and Methods.
Each value is repre-
sentative of at least 3
independent experi-
ments and is shown
as the mean + SD
from between 4 and 6
wells of supernatants
of each culture group.
*P < .05. hpi, hours
postinfection.
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HuNoVs. GII.4 or GIL.17 viruses were
incubated at 60°C. Both HuNoVs were
almost completely inactivated after 60
minutes of incubation (Supplementary
Figure 2C). Incubation for half an hour
with 0.1% sodium hypochlorite was
also enough for inactivation of GII.4
viruses (Supplementary Figure 2D).
Several HuNoV vaccine candidates,
including GII.4 VLPs, are being developed
and have progressed to preclinical in-
vestigations or clinical trials.” Although
GIL4 is a predominant genotype occur-
ring in HuNoV epidemics, other genoty-
pes—especially GIL.2, GIL3, GIL.6, and
GIl.17—are now becoming more
frequent.7’10 Therefore, the induction of
cross-reactive Abs with neutralizing ac-
tivity by mono-genotype VLP vaccination
is important from the perspective of
efficient vaccine development. We used
our iPSC-derived IEC system to examine
whether rabbit polyclonal Ab (pAb)
against GIL4 and GIL.17 VLPs could pre-
vent infection with, and replication of,
several genotypes of HuNoV. The homo-
typic titer of anti-GI.4 pAb was 5 times
that of anti-GI.17 pAb (Supplementary
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Figure 3A). Pretreatment of VLPs with
each pAb blocked the binding of VLPs to
HBGAs contained in porcine gastric
mucin (Supplementary Figure 3B). When
GIl.4 HuNoVs were preincubated with
anti-GIl.4  pAb, replication  was
completely impeded (Figure 24). We
further investigated whether this anti-
GIL4 pAb would inhibit other genotypes
of GII HuNoVs. It was unable to block the
replication of GII.17, GIL3, and GIL6
HuNoVs (Figure 24 and Supplementary
Figure 3C), suggesting that immuniza-
tion with GII.4 VLPs would not be able to
induce neutralization Abs to other geno-
types of GII HuNoVs. Pretreatment of
GIL.17 viruses with anti-GIL.17 pAb
impaired the replication of this genotype
of HuNoV in iPSC-derived IECs
(Figure 2B). Interestingly, anti-GIL.17
pAb suppressed the replication of GIL.4
HuNoV, even though the homotypic titer
of anti-GI.17 pAb was about 5 times
lower than that of anti-GIL4 pAb
(Figure 2B and  Supplementary
Figures 34 and D). To our knowledge,
this is the first report of the cross-
reactivity of Abs in blocking other
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genotypes in the same genogroup of
HuNoVs. These data strongly suggest
that VLPs of GIL17, but not GIl.4, offer
potential as multivalent vaccine antigens
for HuNoV. Infection with GI1.17 HuNoV
or vaccination with GIL.17 VLPs might
induce protection against the major
HuNoV genotype, GIL.4.

We showed here that our established
human iPSC-derived IECs could be
invaded by, and used as sites of repli-
cation of, the GIL3, GII.4, GIL6, and GIL.17
genotypes of HuNoV without bile sup-
plementation. Because human iPSCs can
be used with fewer ethical concerns than
is the case with human biopsy and sur-
gical tissues, iPSC-derived IECs should
become useful tools for industrial appli-
cations, including the evaluation of vac-
cine candidates and Ab immune
responses in clinical trials. Our findings
suggest that, in this system, GII.17 VLPs
were more efficient than GIl.4 VLPs as
vaccine antigens from the perspective of
cross-genotype reactivity.
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Materials and Methods
Cells

The human induced pluripotent stem cell
(iPSC) line TkDN4-M' was supplied by
the University of Tokyo. Differentiation
of human iPSCs into intestinal epithelial
cells (IECs) was performed as described
previously.” L cells stably expressing
mouse Wnt3a, human R-spondinl, and
human noggin (L-WRN) or human R-
spondinl and human noggin (L-RN)
were cultured in Dulbecco’s modified
Eagle medium supplemented with 10%
fetal bovine serum (Sigma-Aldrich, St.
Louis, MO) and 100 units/mL penicillin
plus 100 ug/mL streptomycin (Thermo
Fisher Scientific, Waltham, MA). Each
conditioned medium (CM) was pre-
pared as described previously.®

Preparation of Virus-like
Particles

The nucleotide sequence encoding VP1
of GII.4 and GII.17 was sequenced and
cloned into pFastBac Dual Expression
Vector (Thermo Fisher Scientific). Each
construct was sequenced to be correct
and was used to make recombinant
baculovirus in a Bac-to-Bac expression
system (Thermo Fisher Scientific) in
accordance with the manufacturer’s
protocol. High Five cells (Thermo
Fisher Scientific) were infected with
each recombinant baculovirus at a
multiplicity of infection of 7 plaque-
forming units/cell. Six days after
infection, culture supernatants were
collected and centrifuged at 20,000
g for 1 hour. The virus like particles
(VLPs) remaining in the supernatants
were concentrated by ultracentrifuga-
tion at 100,000 g for 2 hours, resus-
pended in phosphate-buffered saline
(PBS), loaded onto a 10%-60% su-
crose gradient, and purified by ultra-
centrifugation at 100,000 g for 1 hour.
The remaining sucrose was removed
by dialysis 3 times against 2 L of PBS.
VLPs were concentrated by using an
Amicon Ultra 30-kDa centrifugal filter
(Merck Millipore, Burlington, MA).

IEC-Culture as Organoids or

Monolayered Cells
Organoids that had been cultured in
Matrigel (Corning, New York, NY) were
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washed with PBS and incubated for 5
minutes at 37°C in TrypLE Express
(Thermo Fisher Scientific) supple-
mented with the ROCK inhibitor Y-
27632 (10 uM) (Wako, Tokyo, Japan).
To disrupt the Matrigel and organoids,
suspensions were pipetted 30 times by
using a P-1000 micropipette, and IECs
were filtered with a 50-um nylon mesh
(Sysmex, Hyogo, Japan). We then
added 5 times the volume of a base
medium (Advanced Dulbecco’s modi-
fied Eagle medium/F12 [Thermo
Fisher Scientific] supplemented with
10-mM HEPES [pH 7.3] [Thermo
Fisher Scientific], 2-mM Glutamax
[Thermo Fisher Scientific], and 100
units/mL penicillin plus 100-ug/mL
streptomycin) with 10% defined fetal
bovine serum (GE Healthcare, Chicago,
IL) and collected the cells by centri-
fugation at 440 g for 5 minutes. The
[ECs were resuspended in Matrigel
with 20% organoid culture medium
(base medium supplemented with
25% WRN CM, 1x B-27 [Thermo
Fisher Scientific], 50-ng/mL mouse
epidermal growth factor (EGF)
[Peprotech, Rocky Hill, NJ], 50-ng/mL
human hepatocyte growth factor
(HGF) [R&D Systems, Minneapolis,
MN], 10-uM SB202190 [Sigma-
Aldrich], and 500-nM A83-01 [trans-
forming growth factor 8 receptor in-
hibitor] [Tocris, Bristol, UK]) (plus 10-
uM Y-27632) on ice. The suspensions
were aliquoted into the wells of a
24-well plate, leaving the border of
each well untouched, and solidified in
a 5% CO, incubator at 37°C for 10
minutes. Following this, 500-uL orga-
noid culture medium (plus 10-uM
Y-27632) was added to each well. The
average passaging ratio was 1:16 or
3 x 10*/well. The medium was
replaced by fresh organoid culture
medium every 2-3 days. Passage was
performed every 5-7 days.

For human norovirus (HuNoV)
inoculation, the dissociated IECs were
seeded on 2.5% Matrigel-coated
96-well plates or Transwell mem-
branes (Corning 3470) at 2 x 10*/well
with 100-uL organoid culture medium
(plus 10-uM Y-27632). After 2 days’
cell culture in a 5% CO, incubator at
37°C, the medium was changed to
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differentiation medium (base medium
supplemented with 12.5% RN CM,
1x B-27, 50-ng/mL mouse EGF,
and 500-nM A83-01), and after a
further 2 days the medium was
changed to differentiation medium
with or without 0.03% porcine bile
(Sigma-Aldrich). The cells were used
after a further 2 days’ culture.

Preparation of, and Infection
With, HuNoVs

HuNoV-positive stools were suspended
in PBS at 10% (w/v) by vigorous vor-
texing. The suspensions were centri-
fuged at 12,000 g for 30 minutes, 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 undiluted virus
solution (see Supplementary Table 1
for strain details). Just before use,
each virus solution was diluted to 2 x
107 genome equivalents/mL with base
medium. The prepared IECs (3-6
wells/sample) were inoculated with
100 uL (2 x 10° genome equivalents)
of diluted virus solutions and then left
for 3 hours 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 or without 0.03% bile was added
to the cells, which were then pipetted
lightly twice and then collected. This
step was performed again and the
samples were collected as 3 hours
postinfection (hpi) reference samples
(total 200 wL). Another 100 uL of
differentiation medium with or
without 0.03% bile was fed into each
well, and the mixtures were then
cultured for 72 hours in a 5% CO,
incubator at 37°C. The supernatants
were then collected with 1 wash, in
the same way as the 3-hpi reference
samples (total 200 uL).

GIL.4 (17B93) or GII.17 HuNoV was
serially passaged in monolayered
human iPSC-derived IECs with 0.03%
porcine bile, as described previously.
After 24 or 48 hpi, culture superna-
tants were collected and mixed for
subsequent passage (9 wells were
used for each passage). Three hours
after each infection, supernatants
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containing the passaged HuNoV were
recollected and stocked at -80 °C. One
hundred microliters of each superna-
tant was then subjected to quantifica-
tion of the genome copies of HuNoV.
For blocking experiments, the
diluted virus solutions were incubated
with 100-ng anti-VLP (GIL.4 or GII.17)
polyclonal antibody or normal rabbit
immunoglobulin G (IgG) at 37°C for 90
minutes before inoculation into the
prepared IECs (6 wells/sample).

Quantification of Virus Genome
Equivalent

A PureLink Viral RNA/DNA Mini
Kit (Thermo Fisher Scientific) was used
to prepare RNA from diluted virus solu-
tions and samples collected at 3 and 72
hpi. Reverse transcriptase quantitative
polymerase chain reaction (qPCR) was
done by using a qPCR Norovirus (GI/GII)
Typing Kit (TaKaRa, Tokyo, Japn) and
LightCycler 480 System (Roche, Basel,
Switzerland) in accordance with the
manufacturers’ protocols.

Cellular and Molecular Gastroenterology and Hepatology Vol. 7, No. 3

Enzyme-Linked

Immunosorbent Assay

To  perform  histo-blood group
antigen-binding assay, NUNC MaxiSorp
plates (Thermo Fisher Scientific) were
coated with 100 uL of 10 ug/mL
porcine gastric mucin at 4°C overnight.
After the plates had been washed and
blocked, GII.4 or GIL.17 VLPs, which
had been pretreated with 100 ng of
normal rabbit IgG or anti-GIL.4 or anti-
GI1.17 pAb at 37°C for 90 minutes,
were added to the plates, which were
then incubated for 2 hours at room
temperature. The plates were washed
with PBS with Tween 20 (PBS-T) and
then incubated with 0.5-ug/mL anti-
GIl.4 or anti-GI.17, respectively, at
room temperature for 2 hours. After
the samples had been washed with
PBS-T, they were incubated with
horseradish peroxidase-conjugated
anti-rabbit IgG antibodies (Jackson
ImmunoResearch, West Grove, PA) for
1 hour at room temperature. After the
samples had again been washed with

PBS-T, a 3,3/,5,5'-tetramethylbenzidine
Microwell Peroxidase Substrate
system (Kirkegaard & Perry Labora-
tories, Gaithersburg, MD) was used for
detection in accordance with the man-
ufacturer’s protocol. Absorbance was
read at a wavelength of 450 nm.

Statistical Analysis

Results were compared by using an
unpaired 2-tailed Student’s t test. Sta-
tistical significance was established at
P < .05. All statistical analyses were
conducted with GraphPad Prism 7
(GraphPad Software, La Jolla, CA).

Supplementary
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Supplementary Figure 1. Polarized monolayer of IECs derived from human iPSCs. (A) Differentiation of iPSC-derived IECs
to enterocytes. Relative messenger RNA expression of the indicated genes in iPSC-derived IECs during the course of dif-
ferentiation (days 0, 2, and 4) were determined by gPCR and normalized against the expression of GAPDH. The assays were
performed in 3 independent biological replicates. Expression levels are presented as means + SEM. SI, sucrase isomaltase.
(B, D) Immunohistochemical analysis of monolayers harvested with the Transwell membrane after 6 days of culture. Sections
were stained with anti-E-cadherin (green) and anti-villin-1 antibodies (red, B) or Ulex europaeus agglutinin-1 (red, D), and
counterstained with DAPI (blue). Data are representative of 3 independent experiments. Scale bar = 10 um. HBGA, histo-blood
group antigen. (C) Transmission electron microscopic images of polarized monolayer of human iPSC-derived IECs. Lower
panel is a magnification of the area in the blue box in the upper panel. Data are representative of 3 independent experiments.
Scale bar = 2.5 um. (E, F) Gll.4 virus and VLPs bound to, and entered, the iPSC-derived IECs. Polarized iPSC-derived IECs on
Transwell membranes were incubated with 8.3 x 108 genome equivalents of Gll.4 virus or 300 ng of VLPs for 3 hours, and then
the Transwell membranes were whole-mount stained with anti-Gll.4 antibody (E, red) or were sectioned and stained with anti-
Gll.4 antibody (F, red) simultaneously with anti-villin-1 antibody (F, green), and then counterstained with DAPI (blue). Lower
panels are a magnification of the area in the yellow boxes in the upper panels. Data are representative of three independent
experiments. Scale bar = 50 um (E), 10 um (F).
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Supplementary Figure 2. Inactivation of HuNoVs by heat and sodium hypochlorite treatment. Monolayered human
iPSC—derived IECs were inoculated with (4) 2 x 10° or (B) 3.7 x 107 (Gll.4) or 5.8 x 108 (GIl.17) genome equivalents of the
indicated HuNoV genotypes. Inoculation and sampling were done as described in the Materials and Methods. Viral genome
RNA was extracted from each supernatant sampled at (A) the indicated time or (B) 24 to 48 hpi, and then genome equivalents
were quantified with reverse transcriptase qPCR. Each value is representative of at least 3 independent experiments and is
shown as the mean + SD from (A) 6 or (B) 3 wells of supernatants of each culture group. (C) Gll.4 and Gll.17 HuNoVs (2 x 10°
genome equivalents) were incubated at 60°C for the indicated times. (D) Gll.4 HuNoVs (2 x 107 genome equivalents) were
incubated with the indicated concentrations of sodium hypochlorite (NaCIO) at room temperature for 30 minutes, and then
diluted with base medium to 2 x 10° genome equivalents/100 uL. Monolayered human iPSC—derived IECs were inoculated
with each treated HuNoV. Viral genome RNA was extracted from both supernatants, and the genome equivalents were
quantified by reverse transcriptase gPCR. Samples at 3 hpi were used as in the references (A, C, and D). Each value is
representative of 3 independent experiments and is shown as the mean + SD from 6 wells of supernatants of each culture
group. *P < .05.
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Supplementary Figure 3. Binding of Gll.4 and Gll.17 VLPs to histo-blood group antigens is prevented by pre-treatment
with each anti-VLP polyclonal antibody (pAb). (A) Homotypic titer of anti-Gll.4 and Gll.17 pAbs were quantified by enzyme-
linked immnosorbent assay. Data are means + SD from 1 experiment representative of 2 independent experiments. (B)
Blocking activity of anti-Gll.4 and anti-Gll.17 toward VLP-histo-blood group antigen binding was measured by ELISA. Data are
mean + SD from 1 experiment representative of 3 independent experiments. *P < .05. GlI.3 and Gll.6 HuNoVs (2 x 10°
genome equivalents) were incubated with 100 ng of (C) anti-Gll.4 or (D) anti-Gll.17 antibody, or with normal rabbit IgG, for 1.5
hours. Monolayered human iPSC—derived IECs were inoculated with each treated HuNoV. Viral genome RNA was extracted
from both supernatants, and the genome equivalents were quantified by reverse transcriptase gPCR. Samples at 3 hpi were
used as references. Each value is representative of 3 independent experiments and is shown as the mean + SD from 4 to 6
wells of supernatants of each culture group.

Supplementary Table 1.List of HuNoVs Used in the Study

Strain Designation  Genotype_variant P-Type Titer (genome equivalents/ul)
GIl.3 GIl.3 Gll.P12 43 x 107
Gll.4 17-53 Gll.4_Sydney_2012  Gll.Pe 2.2 x 107
Gll.4 17-231 Gll.4_Sydney 2012  Gll.Pe 8.3 x 107
Gll.4 17B93 Gll.4_Sydney_2012  Gll.Pe 3.7 x 108
Gll.6 Gll.6 Gll.P7 9.3 x 10°
Gll.17 Gll.17 Gll.P17 5.8 x 107

HuNoV, human norovirus.
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