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Abstract

Human astrovirus (HAstV) is a global cause of gastroenteritis in infants, the
elderly, and the immunocompromised. However, the molecular mechanisms
that control its susceptibility are not fully understood, as the functional recep-
tor used by the virus has yet to be identified. Here, a genome-wide CRISPR-
Cas9 library screen in Caco2 cells revealed that the neonatal Fc receptor
(FcRn) can function as a receptor for classical HAstV (Mamastrovirus genotype
1). Deletion of FCGRT or B2M, which encode subunits of FcRn, rendered
Caco2 cells and intestinal organoid cells resistant to HAstV infection. We also
showed that human FcRn expression renders non-susceptible cells permissive
to viral infection and that FcRn binds directly to the HAstV spike protein.
Therefore, our findings provide insight into the entry mechanism of HAstV
into susceptible cells. We anticipate that this information can be used to
develop new therapies targeting human astroviruses, providing new strategies
to treat this global health issue.
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1 | INTRODUCTION

Astroviruses (family Astroviridae), nonenveloped viruses
with a positive-sense single-stranded RNA genome, cause
gastroenteritis in humans and animals worldwide. Astro-
viruses are classified into two groups based on their cap-
sid amino acid sequences: Avastrovirus, which infects
birds, and Mamastrovirus, which infects mammals.
Mamastrovirus consists of 19 groups, including the
human-infecting Mamastrovirus genotype 1 (HAstV sero-
types 1-8), 6 (MLB1 and 2), 8 (VA2, 4, and 5), and
9 (VA1 and 3) (de Benedictis et al., 2011).

Classical-type human astroviruses (e.g., Mamastrovirus
genotype 1), unlike novel-type astroviruses
(e.g., Mamastrovirus genotype 6, 8, and 9), require capsid
processing by trypsin to infect cells. Several human and pri-
mate cell lines, especially those derived from the gastroin-
testinal tract, are susceptible to astroviruses (Brinker
et al., 2000). Recently, astroviruses were shown to replicate
in a human intestine-derived organoid (Kolawole
et al., 2019). The VA (Brown et al, 2015; Frémond
et al., 2015; Krdl et al., 2021; Lum et al., 2016; Naccache
et al., 2015; Quan et al., 2010), MLB (Sato et al., 2016), and
classical HAstV (Koukou et al., 2019) have been detected in
the central nervous system of immunocompromised
patients. Cases of viremia involving MLBs (Cordey
et al, 2016; Cordey et al., 2018; Holtz et al., 2011; Lau
et al., 2017; Sato et al., 2016; Wylie et al., 2012) or classical
HAstVs (van der Doef et al., 2016; Wunderli et al., 2011;
Zanella et al., 2021) have also been reported in humans.
However, the mechanism underlying viral spread from the
intestinal tract or other primary infection sites remains
unknown.

Astrovirus genome contains four open reading frames
(ORFs): ORFla, ORF1b, ORF2, and ORFx. ORFla and
ORF1la/b encode nsPla and nsPlab polyproteins, respec-
tively, which are further divided into a protease, VPg and
RdRp, as well as several proteins of unknown function.
ORF2 encodes a capsid protein precursor, VP90 (M1 to
E787), while ORFx overlaps with ORF2 in a shifted read-
ing frame and encodes an XP protein involved in virus
assembly and/or release (Lulla & Firth, 2020). VP90 is
cleaved by caspase to form VP70 (M1 to D657). Extracel-
lular trypsin-mediated processing leads to the formation
of a mature capsid consisting of the core, VP34 (M1 to
S411) and spike proteins, VP27 (T394 to R648), along
with the removal of some spike proteins, VP25 (S424 to
R648). As antibodies targeting the spike are neutralizing
(Bass & Upadhyayula, 1997; Bogdanoff et al., 2017), VP27
is believed to contain the receptor binding domain. Tryp-
sin treatment significantly alters the structure of HAstV
(Dryden et al., 2012), potentially facilitating receptor
interaction.

During cellular infection, HAstV is believed to ini-
tially bind to a surface-expressed polysaccharide through
the VP27 region, which is conserved among serotypes
(Dong et al., 2011). Viral entry into the cell may then be
facilitated through clathrin-mediated endocytosis, escape
from the late endosomes (Méndez et al., 2014), and
potentially involve uncoating by protein disulfide isomer-
ase A4 (PDIA4) to release its genome (Aguilar-
Hernandez et al., 2020). However, a functional receptor
for HAstV has not been identified, and the entry mecha-
nism has not been fully elucidated.

Here, we identified the neonatal Fc receptor (FcRn)
as a receptor of HAstV using genome-wide CRISPR-Cas9
screening. Although FcRn was directly bound to a spike
protein, depleting FcRn did not impair HAstV binding to
the cell surface. However, HAstV infection was dramati-
cally prevented in FcRn-deficient cells, indicating that
FcRn plays a role in viral uptake. Our findings suggest
that FcRn is an important factor for HAstV infection and
provides critical insight into the mechanism underlying
HASstV entry.

2 | RESULTS
2.1 | Identification of host genes
essential for HAstV infection

Caco2 cells derived from human colon adenocarcinoma
are susceptible to HAstV and are frequently used in vari-
ous studies on HAstV (Willcocks et al., 1990). HAstV typ-
ically does not induce death in Caco2 cells (Hargest
et al., 2021), but apoptosis can be induced at higher mul-
tiplicities of infection (MOIs) (Guix et al., 2004). For
multiple cycle of infections, infected Caco2 cells were cul-
tured with trypsin to facilitate the maturation of newly
shed virus. To conduct CRISPR knockout screenings
(Sanjana et al., 2014) to identify host factors involved in
HASstV replication in Caco2 cells, it was necessary to keep
the cells on plates under trypsin-containing conditions.
First, Caco2 cells were plated on collagen-coated plates to
prevent detachment by trypsin for several days. Subse-
quently, highly susceptible and cytopathic effect-prone
Caco2 cells were cloned (Figure Sla,b).

A single-guide RNA (sgRNA) library pool was trans-
duced into Cas9-expressing Caco2 (Caco2/Cas9) cells.
The cells were then exposed to HAstV4 and incubated in
a trypsin-containing medium for 2 days, and incubated
further for propagation of cells that had escaped infection
(Figure 1a). This infection-amplification step was
repeated five times in the first round and then twice in
the second round. Genomic DNA was extracted from the
escaped cells, and the sgRNA regions were amplified and
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FIGURE 1 CRISPR screening revealed that FCGRT and B2M were involved in HAstV infection. (a) Schema of the screening method for

cells resistant to HAstV infection. Caco2 cells transduced with a CRISPR-Cas9 library pool were infected with HAstV4 (MOI = 5) multiple
times until almost no surviving cells were visible. The genomic DNA of the surviving cells was purified, and determined for sgRNA
sequences via next-generation sequencing (NGS). (b) NGS analysis revealed knockout genes enriched in HAstV-resistant cells. The library
contained multiple gRNAs for each target gene, and the X-axis indicates the number of sgRNA detected for each gene via NGS. Y-axis
represents the total read counts per gene. Each dot represents single sgRNA detected by NGS analysis and multiple sgRNAs targeting
FCGRT and B2M were observed in the first (blue) and second (pink) rounds.

sequenced using next-generation sequencing (NGS). The
results suggested that the genes FCGRT and B2M could
be involved in susceptibility to HAstV4a (Figure 1b).
These genes encode the a (or heavy) chain (encoded by
FCGRT) and B, microglobulin (f,m; encoded by B2M) of
the neonatal Fc receptor, a non-classical Major Histo-
compatibility Complex (MHC) class I molecule.

To determine the role of these gene products in HAstV
infection in Caco2 cells, we established FCGRT- or B2M-
knockout Caco2 cells, as well as FCGRT-B2M double-
knockout (FB KO) Caco?2 cells. Knockout of FCGRT (F KO)
and/or B2M (B KO) was confirmed via western blotting
(Figure 2a). HAstV4 RNA was significantly amplified in
infected parental Caco2/Cas9 cells, but showed much less
amplification in F KO, B KO, or FB KO Caco2 cells
(Figure 2b). When HAstV1, the most prevalent among clas-
sical HAstV (Vu et al., 2017), was introduced to the knock-
out cells, viral RNA amplification was again reduced in the
knockout cell lines. To confirm that the loss of susceptibility
was caused by the gene knockouts, each gene was reintro-
duced to cells using lentivirus encoding sgRNA-resistant
FCGRT or B2M. The addition of FCGRT and B2M restored
the HAstV RNA levels to that of the parental cells
(Figure 2a,b). Additionally, the susceptibilities of FB KO
Caco2 cells to HAstVs 2, 3, 5, 6, 7, and 8 serotypes were
similarly decreased compared to parental cells (Figure 2c).
The extracellular viral titer of HAstV 1 or 4 in the superna-
tant of infected FB KO cells showed a significant decrease

(Figure 2d). These findings suggest that FcRn is essential
for HAstV infection in Caco2 cells.

2.2 | Astrovirus susceptibility is reduced
by FcRn deletion in human intestinal
organoids

The primary target of HAstV is the intestinal epithelium,
and astrovirus infections have recently been established
in organoids derived from the small intestine or colon
(Kolawole et al., 2019). Therefore, we investigated
whether FcRn has played a role in HAstV susceptibility
in a human intestinal organoid derived from normal
human ileum (Ileum-1). In FCGRT- or B2M-knockout
Ileum-1, the respective expression of FCGRT or B2M
expression was not observed (Figure 2e). HAstV4, acti-
vated by trypsin treatment, was inoculated into the
Ileum-1 monolayer. The increase in HAstV4 RNA level
was similar to the human enteric organoid (Kolawole
et al., 2019). However, since Ileum-1 could not be cul-
tured with trypsin, the newly produced virus could not
be activated for infection, resulting in lower HAstV
amplification compared to Caco2/Cas9 cells. Nonethe-
less, the HAstV4 RNA level was significantly reduced in
FCGRT-knockout Ileum-1 (Figure 2f).

Since enterovirus B also uses FcRn as a receptor
(Morosky et al., 2019; Zhao et al., 2019), the replication of
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other gastroenteritis viruses—GIL.4-type human noro-
virus (HuNoV) and GL1-type human sapovirus
(HuSaV)—was also studied in the knockout Ileum-1. A
fecal specimen containing GIL4-type HuNoV was inocu-
lated into Ileum-1, and progeny production in the culture
supernatant was determined 3 days post-infection. As
previously shown (Haga et al.,, 2020), deletion of the
fucosyltransferase-2 gene (FUT2) from Ileum-1 greatly
reduced Ulex europaeus agglutinin-1 (UEA-1) binding to
the cellular surface and the susceptibility to GII.4-type
HuNoV (Figure S2a,b). Infection of GI.1-type HuSaV to
HuTu80 cells (Takagi et al., 2020) and human intestinal
organoids (Euller-Nicolas et al., 2023) is known to require
sodium glycocholate (GlyCA), which was included in the
culture medium (Figure S2c). In contrast to the results
observed for HAstV4, neither FCGRT nor B2M deletion
affected susceptibility to HuNoV and HuSaV infections
(Figure S2d,e). The data suggest that FcRn is not univer-
sally used in intestinal virus infection, though it is used
by enterovirus B and HAstV.

2.3 | Exogenous expression of FCGRT
and B2M renders unsusceptible cells
permissive to HAstV

Susceptibility to HAstV varies among different cell lines
(Brinker et al., 2000). To further investigate the role of
FcRn in HAstV susceptibility, we compared FcRn expres-
sion and susceptibility in various cell lines. First, we

Genes to Cells WILEY_L ¥

compared HAstV1 and HAstV4 susceptibility and FCGRT
or B2M mRNA expression in different human cell lines
using data from the Human Protein Atlas (www.
proteinatlas.org) (Table S1). In cell lines with lower
FCGRT mRNA expression compared to Caco2 cells, sus-
ceptibility to HAstV was also lower. For example, cells
from the large intestine (HCT116 and HCT15), cells from
the small intestine (HuTu80), and HeLa cells were signif-
icantly less susceptible than Caco2 cells (Brinker
et al., 2000). FCGRT protein expression in these cell lines
was lower than in Caco2/Cas9 cells, whereas B2M levels
were higher or comparable in HCT116, HuTu80, and
Hela cells, but lower in HCT15 cells (Figure 3a). Next, we
investigated whether susceptibility to HAstV could
change when exogenous FCGRT was transduced into
these cell lines (Figure 3b). Parental HeLa cells and
HuTu80 cells exhibited low susceptibility to HAstV1
and marginal susceptibility to HAstV4, whereas HCT15
and HCT116 cells showed even lower susceptibility to
both strains (Figure 3c), consistent with previous findings
(Brinker et al.,, 2000). Transduction of FCGRT into
HCT116, HuTu80, and HeLa cells, where endogenous
B2M was present, increased susceptibility to HAstV1 and
HAstV4. However, this effect was not observed in HCT15
cells. Further transduction of B2M into HCT15/FCGRT
cells (HCT15/FCGRT/B2M) improved replication of
HAstV1l and HAstV4 (Figure 3c), similar to results
observed in B2M knock out Caco2/Cas9 cells abolished
HAstV susceptibility (Figure 2b). Transduction of B2M
into HCT116 cells had little effect on increasing HAstV

FIGURE 2

Knocking out FCGRT or B2M prevents human astrovirus infection of Caco2 cells and an ileum-derived human intestinal

organoid (Ileum-1). (a) Detection of FCGRT and B2M in Caco2 cells. Caco2/Cas9 knockout cells targeted for FCGRT (F KO), B2M (B KO),
and both (FB KO), and cells rescued for FCGRT (F KO + FCGRT) and for B2M (B KO + B2M) were detected for FCGRT and B2M by
Western blot. Actin was used as a loading control. (b) Knockout of FCGRT or B2M inhibited HAstV infection in Caco2/Cas9 cells. The cells
were incubated with HAstV1 or 4 (MOI 0.05) for 1 h, washed twice, and incubated in a fresh medium containing 5 pg/ml trypsin. Culture
supernatants were collected immediately after adding fresh medium (Day 0) and at 3 days post-infection (day 3). RNA copies in the culture

supernatant were determined via qPCR. Each data bar represents the geometric mean for eight wells of inoculated cells. Error bars denote

SD. Each experiment was performed three times, and representative data are shown in this figure. Significance was determined by the
Mann-Whitney test (***p < 0.0005; *p < 0.05; ns, not significant). (c) Knocking out FCGRT and B2M (FB KO) inhibited infection by all
serotypes of classical HAstV (Mammastrovirus 1) in Caco2/Cas9 cells. Caco2/Cas9 (black) or FB KO Caco2 (gray) cells were incubated in a

culture medium containing trypsin-activated HAstV for 1 h. After washing with the medium three times, the cells were cultured with

5 pg/ml trypsin for 3 days at 37°C. The amount of genomic RNA of each virus was determined by qPCR. Each data bar represents the

geometric mean for eight wells of inoculated cells. Error bars denote SD. Each experiment was performed two or more times, and

representative data are shown in this figure. Significance was determined by the Mann-Whitney test (**p < 0.005). (d) The median tissue
culture infectious dose (TCIDs) of progeny virus of HAstV1 (T1) or HAstV4 (T4) produced from Caco2/Cas9 and FB KO cells at 3 days post-
inoculation was determined. Each data bar represents the geometric mean for six wells of Caco2/Cas9 or FBKO cells. Error bars denote

SD. The dashed or dotted line indicates the upper or lower limit of TCIDs,. (E) Detection of FCGRT and B2M in corresponding knockout
Tleum-1 cells. Actin was used as a loading control. (F) Each gene-knockout Ileum-1 monolayer was inoculated with culture medium
containing trypsin-activated HAstV4. After washing twice with basal culture medium, cells were cultured at 37°C for 3 days. Genomic RNA
copies of each virus were determined by qPCR. Each data bar represents the geometric mean for four wells of inoculated monolayers. Error
bars denote genomic SD. Each experiment was performed twice, and representative data are shown in this figure. Significance was
determined by the Mann-Whitney test (*p < 0.05; ns, not significant).
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susceptibility (Figure 3c). Apparently, endogenous B2M
in HCT116 cells was sufficient enough to form functional
FcRn and support HAstV infection when FCGRT was
transduced.

To determine the causal relationship between FCGRT
expression and viral susceptibility, we first confirmed
that viral capsid protein expression was observed in cells
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expressing FCGRT on the cellular surface after HAstV4
infection of HCT15 or HCT15/FCGRT/B2M. The cells
were fixed and treated with anti-FCGRT antibodies
before permeabilization to detect FCGRT protein on the
cell surface. They were then permeabilized to detect
the capsid protein of infected cells using anti-HAstV cap-
sid antibodies. FCGRT expression was clearly observed
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on the cellular surface of HCT15/FCGRT/B2M, and the
capsid protein was also detected only in HCT15/FCGRT/
B2M infected with HAstV4 (Figure 3d). However, not all
HCT15/FCGRT/B2M cells expressed FCGRT on their
surface, and some cells expressing the capsid protein did
not show detectable FCGRT surface expression. Less than
10% of HCT15/FCGRT/B2M cells showed detectable
FCGRT expression on the cell surface (Figure S3a). We
inferred that FcRn was shuttled between the cellular sur-
face and the cytoplasm because FcRn is known to be
involved in the uptake and shedding of antibodies and
albumin (He et al., 2008; Pyzik et al., 2019). The number
of FCGRT-positive cells increased after the permeabiliz-
ing treatment of HCT15/FCGRT/B2M (Figure S3b). Next,
to further confirm HAstV replication in FCGRT-
expressing cells, we used PrimeFlow, an in situ hybridiza-
tion assay that detects specific RNA, including viral RNA.
This method has been applied to detect viral RNAs in
cells infected with human immunodeficiency virus
(Bertram et al., 2019; Rao et al., 2021), Zika virus
(McDonald et al, 2018), and vyellow fever virus
(Sinigaglia et al., 2018). Specific probes designed to
hybridize to genomic RNA regions of HAstV4 were used
to detect infected cells in HCT15/FCGRT/B2M and
HeLa/FCGRT cells, as well as their parental cells. By
using anti-FCGRT antibody to mark cells expressing
detectable FCGRT, we sorted the cells harboring both
viral RNA and FCGRT using fluorescence-activated cell
sorting (FACS) (Figure 3e). It was evident that cells har-
boring the PrimeFlow signal were also positive for
FCGRT, strongly suggesting that FCGRT expression plays
a crucial role in HAstV infection in the cell.

Finally, the supernatant from HAstV4-infected
HCT15 or HCT15/FCGRT/B2M cell cultures was exam-
ined for the presence of infectious progeny virus by the
median tissue culture infectious dose (TCIDs,) using

Genes to Cells WILEY_L *®

Caco2/Cas9 cells (Figure 3f). The progeny virus produced
by HCT15/FCGRT/B2M cells was infectious to Caco2/
Cas9 cells and showed apparent CPE. These findings
indicated that FCGRT and B2M expression were highly
associated with permissiveness to HAstV.

Next, exogenous FCGRT and B2M transduction was
conducted in non-human cells, specifically Madin-Darby
canine kidney (MDCK) cells, which are non-susceptible
to HAstV infection (Brinker et al., 2000). Although a sig-
nificant expression of both FCGRT and B2M was detect-
able upon transduction by western blotting (Figure S4a),
and the presence of FCGRT on the cell surface was
apparent (Figure S4b), viral RNA amplification after
HAstV1/4 infection was minimal (Figure S4c). Occa-
sional increases in viral RNA were detected, but a clear
reproducibility of viral amplification was not achieved,
suggesting that FcRn is not the sole determinant for
HAstV propagation in MDCK cells. In BHK21 (Syrian
hamster kidney) cells, HAstV1 showed marginal replica-
tion, while HAstV4 did not. However, transduction of
FGGRT and B2M increased susceptibility to both HAstV1
and HAstV4 (Figure 3g,h). These findings suggested that
FcRn was important for HAstV susceptibility in non-
human cells, but there may be other cellular factors
essential for HAstV replication to gain permissiveness,
such as the maturation of the HAstV capsid, which
requires a host enzyme to cleave it intracellularly
(Aguilera-Flores et al., 2022; Méndez et al., 2004).

24 | FcRnis involved in the early phase
of infection

To investigate the role of FcRn during the viral life cycle,
we asked whether FcRn is involved in viral attachment
to cells. Caco2/Cas9 cells were inoculated with activated

FIGURE 3

The exogenous expression of FCGRT and B2M renders cell lines susceptible to HAstV. (a) HCT116, HCT15, HuTu80, and

HelLa cells exhibited lower FCGRT expression compared to Caco2/Cas9 cells. Additionally, HCT15 cells showed undetectable B2M

expression, similar to FB KO cells. (b) FCGRT was transduced into each cell line using a lentiviral vector, while B2M was transduced into
HCT116 and HCT15 cells. Stable expression of FCGRT and B2M was detected using Western blotting with actin serving as a loading control.
(c) Established cell lines were inoculated in a culture medium containing trypsin-activated HAstV1 or HAstV4 (MOI 1) for 1 h. After
washing with medium three times, cells were cultured without trypsin at 37°C for 2 or 3 days. Genomic RNA copies of each virus were
determined by qPCR. Each experiment was performed twice, and representative data are shown in this figure. Each data bar represents the
geometric mean of six technical replicates in each experiment. Error bars denote SD. Significance was determined by the Mann-Whitney
test (***p < 0.0005; *p < 0.05; ns, not significant). (d) HCT15 cells and HCT15/FCGRT/B2M cells were infected with HAstV4 (MOI 10) and
incubated for 24 h. Cells were fixed and treated with anti-FCGRT antibodies (red) before permeabilization. Then cells were treated with anti-
HAstV capsid antibodies (green). Scale bar on the upper panel is 150 pm. The lower panel is an expanded image of the area indicated with a
white square on the image of HAstV-infected HCT15/FCGRT/B2M cells. Scale bar on the lower panel is 50 pm. (e) FCGRT-expressing cells
were permissive to HAstV. HCT15, HCT15/FCGRT/B2M, HeLa, and HeLa/FCRT cells were infected with HAstV4 (MOI 10) and incubated
for 24 h. Cells were fixed for PrimeFlow analysis and then treated with anti-FCGRT antibody and subsequently with fluorescent secondary
antibody. The X-axis indicates FCGRT expression and the Y-axis indicates HAstV genome RNA replication in the cells. (f) Median tissue
culture infectious dose (TCIDs) of progeny virus produced from HCT15 or HCT15/FCGRT/B2M cells at 3 days post-inoculation was
determined. Each data bar represents the geometric mean of three wells of HCT15 or HCT15/FCGRT/B2M cells. Error bars denote SD.
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HAstV, and the extent of bound virus was evaluated by
the number of viral RNA copies. When comparing the
surface-bound HAstV1 or HAstV4 between Caco2/Cas9
cells that expressed or did not express FcRn, no signifi-
cant difference was found in the number of bound
viruses (Figure 4a). Next, we treated Caco2/Cas9 cells
with an anti-FCGRT antibody before virus infection to
block the interaction between FcRn and HAstV. The
results showed that the anti-FCGRT antibody dose-
dependently inhibited viral infection, as judged from the
reduced viral amplification (Figure 4b). Since antibodies
are ligands for FcRn, cells were also treated with an iso-
type control antibody, but this treatment did not inhibit
HAstV infection. These findings indicated that cell-
surface binding of HAstV appeared independent of FcRn,
but HAstV infection was highly dependent on FcRn
expression on the cell surface.

While HAstV RNA levels in FB KO Caco2 cells were
completely inhibited compared to parental cells at 3 days
post-infection at an MOI of 0.05 (Figure 2b), a slight
increase in viral RNA replication was observed in FB KO
Caco2 cells over 21h post-infection at a high MOI
(Figure 4c). In contrast, a significant increase in viral
RNA was observed in parental Caco2/Cas9 cells at 9 h
post-infection (Figure 4c). Extending the observation to
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3 days post-infection, there was no apparent increase in
viral RNA replication in FB KO cells (Figure 4d). How-
ever, a small but steady increase in extracellular viral
RNA levels was observed in FB KO Caco2 cells
(Figure 4e), which was not evident in the previous results
(Figure 2b,c). In contrast, extracellular viral RNA pro-
duced from Caco2/Cas9 cells increased to approximately
10* times on the first-day post-infection (Figure 4e). The
results confirmed that FCGRT/B2M was important for
initiating viral RNA replication in the early phase of
infection, but also suggested that an infectious route
independent of FcRn could contribute to the infection.
This apparent inconsistency could likely be due to the
high titer at inoculation in that experiment (Figure 4e).
Since virus replication was observed even in FB KO cells,
we further investigated whether the proportion of
infected cells was different in Caco2/Cas9 cells and FB
KO cells by detecting replicated viral RNA with Prime-
Flow RNA assay. Upon infection with trypsin-activated
HAstV4 at a MOI of 10, the proportion of infected cells at
24 h post-infection was 77.9% for Caco2/Cas9 and 6.37%
for FB KO cells (Figure 4f), suggesting that some FB KO
cells were still permissive to HAstV at a higher MOIL.
Although the implication of FcRn is not clear, extracellu-
lar vesicles were reported to facilitate human astrovirus

FIGURE 4 FcRn is involved in the early stages of human astrovirus replication. (a) Caco2/Cas9 cells were incubated with activated
HAstV (MOI 50) at 4°C for 1 h. After washing with MEM (—) three times, RNA was extracted from the cells with the bound virus, and
copies were quantified by qPCR. Each data bar represents the geometric mean of four wells. Error bars denote SD. Significance was

determined by the Mann-Whitney test (ns, not significant). (b) Anti-FCRN antibody blocked HAstV1 infection. Caco2 cells were cultured
with 0.66 or 0.2 pg/ml of anti-FCRN antibody (NBP1-89128: Novus) or 2, 0.66, or 0.2 pg/ml rabbit isotype control IgG (ab37415: Abcam) for
1 h before infection. The Caco2 cells were incubated with the activated virus (MOI 0.005) and anti-FCRN at the indicated concentrations for
1 h. The cells were washed three times with fresh medium and cultured for 3 days with each antibody at the indicated concentrations. Each
data point represents the geometric mean of six wells. Significance was determined by Dunn's multiple comparisons test (****p < 0.0001;
**p < 0.005; ns, not significant). (c) Trypsin-activated HAstV1 or HAstV4 was inoculated into the cells (MOI 1). At each time point, the
culture medium was aspirated from the wells, and the cells were washed twice with PBS. RNA was extracted, and copies were quantified by
gPCR. Each point represents the mean of five wells. Error bars denote SD. (d, e) Viral RNA copies in cells and culture supernatant were
reduced in FcRn-KO cells. Trypsin-activated HAstV1 or —4 was inoculated into the cells (MOI 1). Each day, culture medium (c) and cells
(d) were collected separately. The cells were washed with PBS twice, and RNA was extracted. RNA copies in the culture medium and cells
were quantified by qPCR. Each data point represents the mean of four wells. Error bars denote SD. (f) Infected cells were detected using
PrimeFlow technology. Caco2 cells were exposed to trypsin-activated HAstV4 (MOI 10) and incubated in a trypsin-free medium for 24 h.
Cells were detached from the wells and were treated with a HAstV-specific probe according to the manufacturer's protocol. Probe-hybridized
cells were analyzed using a FACSMelody cell sorter (BD Biosciences) and FlowJo software (BD Biosciences). (g, h) Knocking out FCGRT
prevents HAstV4 infection in 293T cells. (g) Detection of FCGRT in 293T cells and FCGRT-KO clones. Actin was used as a loading control.
(H) HAstV4 was incubated with trypsin to activate it. After activation, viruses were treated with FBS to inactivate trypsin and were
inoculated into cells. After 1 h incubation at 37°C and subsequent washing with the medium (twice), the cells were cultured at 37°C for

3 days. The fold increase of genomic RNA copies determined by qPCR was calculated by dividing RNA copies at 3 days from 1 day. Each
data bar represents the geometric mean of four wells of infected cells. Error bars denote SD. Each experiment was performed twice, and
representative data are shown in this figure. Significance was determined by Dunn's multiple comparisons test (**p < 0.005; *p < 0.05; ns,
not significant). (i) Viral RNA extracted from HAstV4 was transfected into 293T cells and FCGRT-KO clones. After 72 h, the culture
supernatant was serially diluted and inoculated into Caco2/Cas9 cells. After 5 days of incubation, the median tissue culture infectious dose
(TCIDsg) was determined. Each data bar represents the geometric mean of four wells of transfected 293T cells or FCGRT-KO clones. Each
experiment was performed three times, and representative data are shown in this figure. Error bars denote SD. Significance was determined
by the Dunn's multiple.
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infection probably via an unconventional HAstV infec-
tious pathway (Baez-Navarro et al., 2022).

Since FcRn can mediate the endocytosis of antibodies
and their release (He et al., 2008; Pyzik et al., 2019), FcRn
could be involved in viral release from cells. To investi-
gate this, the extent of viral release was examined using
two 293T/FCGRT-KO cell lines and their parental cells
(Figure 4g). It is known that transfection of viral RNA
into cells can yield infectious virions (Geigenmdiiller
et al., 1997). Therefore, HAstV4 genomic RNA extracted
from virions was transfected into the cells, and the infec-
tious virions produced by each cell line was examined
using TCIDs,. The 293T cells have a slight susceptibility
to HAstV (Brinker et al., 2000), and FCGRT depletion
abolished this susceptibility (Figure 4g,h). However, there
was no significant difference in the levels of infectious
virion shedding among cell lines after HAstV4 genomic
RNA transfection (Figure 4i). Thus, our results indicated
that FcRn is involved in the early stages of viral replica-
tion. Additionally, the results suggested the presence of
another infection route, which is FcRn-independent, in
Caco2/Cas9 cells.

2.5 | FcRn directly binds to
Mamastrovirus 1

We have demonstrated a causal relationship between FcRn
and the susceptibility of HAstV in the early stages of infec-
tion. To evaluate whether FcRn directly interacts with
HAstV and acts as a HAstV receptor, we investigated the
localization of FcRn in cell lines. FcRn is involved in trans-
porting albumin and IgG into and out of cells and is
expressed on the cell surface (Pyzik et al., 2019). While
others have observed FcRn expression on the surface of
Caco2 cells (Hornby et al., 2014), we were unable to detect
endogenous FcRn expression in Caco2/Cas9 cells using
available antibodies against FCGRT. Instead, we used
HeLa/FCGRT and HCT15/FCGRT/B2M cells to detect sur-
face FCGRT localization. Transduction of FCGRT into these
cells increased FCGRT detection in over half of the cell pop-
ulation (Figure 3d,e). However, cell surface FCGRT expres-
sion was limited in fewer cells, as shown by applying anti-
FCGRT antibodies to cells without permeabilization
(Figure S3). Since the population of FcRn-supplemented
HeLa and HCT15 cells infected with HAstV was signifi-
cantly lower than those expressing FCGRT (Figure 3d,e),
the results support the notion that infection occurs in cells
expressing FcRn on the cell surface.

An enzyme-linked immunosorbent assay (ELISA)
was performed to examine the direct interaction between
recombinant human FcRn (r-hFcRn) protein and
HAstV4. Immature HAstV4 was prepared in the absence

of trypsin and purified by isopycnic CsCl-gradient centri-
fugation (Figure S5). Purified and serially diluted HAstV4
was immobilized on the ELISA plate, and the wells were
treated with or without trypsin. Trypsin treatment
reduced HAstV4 detection (Figure 5a), potentially by
removing some of the spike protein, VP25, from virus
particles. Next, the immobilized HAstV4 were treated
with r-hFcRn. The r-hFcRn bound to immature HAstV4,
and the amount of r-hFcRn binding to mature HAstV4
was reduced, while recombinant mouse FcRn (r-mFcRn)
did not bind to immobilized HAstV4 (Figure 5b). Since
maturation of HAstV by trypsin treatment reduced
r-hFcRn binding to HAstV, r-hFcRn was predicted to
bind to the spike region of the capsid protein. Therefore,
we produced recombinant spike protein (r-VP25) using
Escherichia coli and confirmed that r-hFcRn could
directly bind to r-VP25. Since recombinant VP27 (T394 to
P645) which has interacting domain to core capsid VP34,
was insoluble when expressing by Escherichia coli,
recombinant VP25 (r-VP25: G429 to P645) was created by
removing the N-terminus of VP27 and was used for eval-
uating direct interaction to r-FcRn. Although the homol-
ogy of the spike region among serotypes was 42-75%
(Figure S6), FcRn knockout in Caco2/Cas9 cells abol-
ished the susceptibility of all serotypes of HAstV. We
then succeeded in producing soluble type 1, 4, 5, 6, and
7 r-VP25 and demonstrated that r-hFcRn could dose-
dependently bind to each type of r-VP25 (Figures 5c and
S8). Finally, we estimated the docking site in silico. The
binding sites of FcRn to IgG or serum albumin are well
documented (Pyzik et al, 2019; Sockolosky &
Szoka, 2015). As the isotype control IgG did not interfere
with HAstV1 infection (Figure 4b) and albumin, which
was contained in the blocking buffer, did not interfere
the binding between the spike protein and FcRn
(Figures 4c and 5b), the binding site of FcRn to the spike
would be different from the binding region to these pro-
teins. We then simulated the HAstV spike-hFcRn dock-
ing model using the Dock application in the Molecular
Operating Environment (MOE). The obtained docking
model suggested that the binding site of FcRn to the
spike (Figure 5d) was distinctly different from the bind-
ing site to IgG or albumin (PDB ID: 4NOU, shown in
Figure S9) (Oganesyan et al., 2014). These findings sug-
gest that human FcRn directly binds to the spike region,
which is conserved among serotypes, and acts as a func-
tional receptor of HAstV.

3 | DISCUSSION

Here, we demonstrated that depleting FcRn in Caco2
cells and a human intestinal organoid inhibited HAstV
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FcRn directly binds to spike protein of human astrovirus. (a) Immobilized HAstV was detected by ELISA. Massively

produced HAstV4 without trypsin was purified, and serially diluted HAstV4 was immobilized on the plate. Wells were treated with or
without trypsin (10 pg/ml) and viruses were detected by anti-HAstV capsid antibody (8E7) and subsequent HRP-conjugated anti-mouse IgG.
Each data point represents the mean of three wells. Error bars denote SD. (b) Recombinant FcRn bound to HAstV. Purified HAstV4 (250 ng)
was immobilized on the plate and incubated with or without trypsin (10 pg/ml). His-tagged recombinant human (h) or mouse (m) FcRn
bound to viruses was detected by HRP-conjugated anti-His antibody (D291-7:MLB). Each data point represents the mean of three wells.
Error bars denote SD. (c) Recombinant human FcRn (r-hFcRn) bound to type 1 or 4 of recombinant VP25. Each His-tagged VP25 was
expressed in BL21. Purified His-tagged VP25 (2.5 pg) was immobilized and incubated with diluted r-hFcRn. The r-hFcRn bound to VP25 was
detected by an anti-FcRn antibody. Data are representative of two independent experiments. Each data point represents the mean of three
wells. Error bars denote SD. Significance was determined by Dunn'’s multiple comparisons test (**p < 0.005; *p < 0.05; ns, not significant).
(d) Docking model of the HAstV1 spike protein (P2) (PDB: 5EWO) and the human FcRn (PDB: 6FGB). The docking simulation was
performed by using the Dock application in MOE software. The orange ribbon is the spike protein, the magenta ribbon is FcRn large subunit

(FCGRT), and the cyan ribbon is f2-macroglobulin (B2M).

infection, while exogenous FcRn expression rendered
several human cell lines susceptible to HAstV. Addition-
ally, we found that FcRn played no role in HuNoV or
HuSaV infection. We also showed that FcRn is directly
bound to the HAstV spike protein, suggesting that FcRn
acted as a receptor for HAstV.

Our genome wide gene screen revealed that genes
encode FcRn heterodimer are essential for HAstV infec-
tion. However, the host factors previously reported
(Aguilar-Hernandez et al., 2020; Méndez et al., 2014) to
be involved in HAstV infection were not detected. It is

possible that the deletion of these factors could be detri-
mental to cell survival or reduce HAstV progeny produc-
tion, rather than preventing HAstV-induced cell death.
FcRn is categorized as a non-classical MHC class I mol-
ecule. It is highly expressed in infants’ intestines, where it
functions to transfer maternal IgG from milk to the intes-
tines (Rodewald & Kraehenbuhl, 1984; Simister &
Rees, 1985). IgG binds to FcRn at the apical membrane of
the intestines and is then released at the basolateral mem-
brane in a process regulated by pH (He et al., 2008). FcRn is
expressed not only in the intestinal epithelium of neonatal
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rodents but also ubiquitously in various adult tissues (Pyzik
et al.,, 2019). It is expressed in the epithelial cells of the
intestinal tract, kidney, placenta, and liver, as well as in
hematopoietic cells, vascular endothelia, and at the blood-
brain barrier, working to recycle IgG or albumin by trans-
porting them into and then out of cells (Pyzik et al., 2019).
The primary target of HAstV is the intestines, and infection
can cause gastroenteritis and, less frequently, encephalitis
in immunocompromised patients. In cases where HAstV is
detected in encephalitis of immunocompromised patients,
VAl (Mamastrovirus 9) (Brown et al, 2015; Krdl
et al., 2021; Lum et al., 2016; Naccache et al., 2015; Quan
et al., 2010) is the most frequently detected, while MLB1
(Mamastrovirus 6) (Sato et al, 2016) and HAstV1 and
4 (Mamastrovirus 1) (Koukou et al., 2019; Wunderli
et al., 2011) have also been detected. Despite the spike
region having about a 40% identity between HAstV1 and
HAstV4 (Figure S6), FcRn directly bound to the spike pro-
tein (VP25) of both types of HAstV1, 4, 5, 6, and
7 (Figures 5c and S7). We also showed that FcRn KO cells
reduced susceptibility to classical HAstVs (Figure 2c), sug-
gesting that FcRn works as a receptor for classical HAstVs.
Indeed, in a previous study, VAl infected primary astro-
cytes and immortalized neuronal cell lines, but minimal
HAstV4 infection was observed (Janowski et al., 2019).
According to the Human Protein Atlas (www.proteinatlas.
org) (Berglund et al., 2008), FcRn is expressed in vascular
endothelial cells in the brain and in some neuronal cell
lines, implying that HAstV-spread causing viremia and
infection to the central nervous system could involve FcRn-
mediated viral entry.

Since FcRn can bind to both mature and immature
HAstV4, HAstV tropism to enteric tissues would not be
determined by HAstV maturation by trypsin. Although
FcRn expression is not restricted to enteric tissues, the
localization of FcRn in different tissues has not been fully
revealed; therefore, FcRn localization to the cell surface
could be another factor in determining HAstV tropism.
Since only minor populations of exogenous FCGRT-
transduced cells expressed FCGRT on the cell surface
(Figures 3d,e and S3), there must be a mechanism to reg-
ulate the localization of FcRn expression. We have not
tested if FcRn would also bind to VP34. Since FcRn bind-
ing interface to antibodies and albumin encompassing
significantly large surface area, its binding to virion may
not confined to VP25 but could extend to VP34. Further
experiment is needed to define binding region of FcRn to
viral particles.

Cleavage of capsid proteins by trypsin, which induces
efficient HAstV infection, exposes the spike protein VP27
and allows neutralizing monoclonal antibodies against
HAstV to bind to VP27 (Bass & Upadhyayula, 1997;
Bogdanoff et al., 2017). Neutralizing antibodies may

block the binding of VP27 to FcRn, as we showed that
FcRn directly binds to VP27. After HAstV binds to FcRn,
HAstV may be taken into the cell via the clathrin heavy
chain (CHC) pathway. Studies have shown that a CHC
inhibitor or CHC siRNA reduces HAstV8 infectivity
(Méndez et al., 2014), and FcRn-mediated transcytosis of
IgG is also associated with clathrin (He et al.,, 2008).
Taken together, these findings support the idea that
HAstV binds to surface-expressed FcRn and enters the
cell via clathrin-mediated endocytosis. Once inside, FcRn
may play a role in viral uncoating because it functions
pH-dependently as an uncoating receptor for enterovirus
B (Zhao et al., 2019). Our experiments on FB KO Caco2
cells infected with higher viral titers (Figure 4c,f) also
suggest that independent FcRn-mediated infection routes
exist. Recently, extracellular vesicles were reported to
facilitate human astrovirus infection without the need for
trypsin activation (Baez-Navarro et al., 2022). The role of
FcRn during viral RNA replication was not examined in
this study. We found that transfection of virion-derived
viral genomic RNA could generate infectious particles
(Figure 4i), but not efficient enough to monitor viral
RNA replication. DNA-based reverse genetics system
shown to recapitulate viral RNA replication could be
applicable if FcRn would involve the viral replication
process (Chapellier et al., 2015). Although FcRn is known
for releasing IgG or albumin from the cytoplasm and
enhancing human immunodeficiency virus-1 trafficking
via Env-specific IgG binding to FcRn in genital tract epi-
thelial cells (Gupta et al., 2013), FcRn was not associated
with HAstV shedding.

In this study, we demonstrated that FcRn serves as a
receptor for HAstV (Mamastrovirus 1 and 9). Our data
offer new insights into the mechanism underlying FcRn-
mediated HAstV entry. Targeting FcRn could be a poten-
tial strategy for developing anti-HAstV therapeutics for
patients with gastroenteritis or encephalitis.

4 | EXPERIMENTAL PROCEDURES

4.1 | Cells and viruses

Caco2 cells (American Type Culture Collection, ATCC:
HTB-37) were cultured in minimum essential medium
(MEM; Nacalai Tesque) containing 10% fetal bovine
serum (FBS), 1% nonessential amino acids (Nacalai Tes-
que, 06344-56), 1% sodium pyruvate (Gibco, 11360-070),
and 1% antibiotic-antimycotic (Gibco, 15240-062). HeLa
cells (ATCC: CCL-2) and MDCK cells (ATCC: CCL-34)
were cultured in Dulbecco's modified Eagle's medium
(DMEM; Nacalai Tesque) containing 10% FBS and 1x
penicillin-streptomycin (Gibco, 15140-122). HuTu80 cells
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(ATCC: HTB-40) were cultured in Iscove's Modified Dul-
becco's Medium (Sigma-Aldrich) containing 5% FBS, Glu-
taMAX (Gibco), and 1x penicillin-streptomycin. HCT15
cells (ATCC: CCL-225) were cultured in RPMI medium
(Nacalai Tesque) containing 10% FBS and 1x penicillin-
streptomycin. HCT116 cells (ATCC: CCL-247) were cul-
tured in McCoy's 5a Medium (Gibco) containing 10% FBS
and 1x penicillin-streptomycin. BHK21 cells (ATCC:
CCL-10) were cultured in MEM containing 10% FBS and
1x penicillin-streptomycin. Ileum-1 was prepared as pre-
viously described (Sugimoto et al., 2021) and was estab-
lished at the Keio University School of Medicine. Ileum-1
was maintained as described in (Fujii et al., 2015) with
the following modifications: Ileum-1 was embedded in
Matrigel matrix (Corning) and cultured in IntestiCult
Organoid Growth Medium (Veritas). HAstV1 (VR-1936),
HAstV2  (VR-1943), HAstV3 (VR-1944), HAStV5
(VR-1947), HAstV6 (VR-1948), and HAstV7 (VR-1949)
were provided by the ATCC, and HAstV4 was a kind gift
from Dr. Mitsuaki Oseto (Hachiya et al., 1999). HAstV8
was kindly gifted from Dr. Albert Bosch.

4.2 | Screening of astrovirus
susceptibility genes

The Cas9-expressing lentiviral vector (lentiCas9-Blast,
Addgene) and the Human GeCKOv2 CRISPR knockout
pooled library (Sanjana et al., 2014) were provided by
Addgene (# 1000000049). Cas9 was induced in Caco2 cells
and selected with 5 pg/ml of blasticidin-S (Takara). The
GeCKO2 library was then induced in the Caco2/Cas9 cells
and selected with 5 pg/ml of puromycin (Takara). Trans-
duced cells were incubated with MEM (—) plus type
4 HAstV (MOI 5). After 2 days, the culture medium was
replaced with MEM (+4), and the cells were incubated for
6 h, washed three times with PBS, and then incubated
with MEM (—) plus HAstV. These infection—growth cycles
were repeated five times in the first round and twice in the
second round until almost no surviving cells were visible
in Caco2/Cas9 cells. To facilitate screenings, the 17 clones of
Caco2/Cas9 cells were tested for susceptibility of HAstV1
and HAstV4 by detecting infected cells using immunofluores-
cence. Six clones showing high proportion of infected cells
were pooled and used to generate genome-wide gene knock-
out library. The library-induced Caco2/Cas9 cells, that
escaped HAstV infection were grown in MEM (+), and
genomic DNA was then extracted. Integration of the
sgRNA sequence into genomic DNA was identified using
PCR with the following primers: 5-GACTATCATATGCT-
TACCGTAAC-3 and 5-AAAAAGCACCGACTCGGTGC-
CAC-3'. Amplified fragments were sequenced via next-
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generation sequencing as previously described (Haga
et al., 2016).

4.3 | Astrovirus infection and
quantitative real-time PCR (qPCR)

Each serotype of HAstV was treated with 10 pg/ml of
trypsin type IX-S (trypsin from porcine pancreas Type
IX-S: SIGMA, T0303-1G) at 37°C for 1 h. Cells were cul-
tured on a collagen I-coated 96-well plate (Corning),
inoculated with the virus, and incubated at 37°C for 1 h.
The multiplicity of infection (MOI) was adjusted for each
experiment. After washing with MEM containing 1%
nonessential amino acids, 1% sodium pyruvate, 20 mM
HEPES (pH 7.5), and 1% antibiotic—antimycotic solution
(MEM [—]), the cells were incubated in MEM (—) or
MEM (—) containing 5 pg/ml trypsin IX-S. The superna-
tant was collected immediately after adding the medium,
labeled as “Day 0.”

4.4 | Quantitative real-time PCR (qPCR)
for quantification of Astrovirus genomic
copies

Viral RNA in the supernatant was quantified using a
Norovirus G1/G2 high-speed probe detection kit
(Toyobo) with primers and probes specific to astrovirus.
For classical HAstVs, the forward primer sequence was
5-ACTGCDAAGCAGCTTCGTGA-3', and the reverse
primer sequence was 5-CTTGCTAGCCATCRCACTTCT-
3. The probe sequence was 5-ROX-CACWGAAGAG-
CAACTCCATCGCAT-BHQ2-3'. These primers and
probes target the boundary of ORF1 and ORF2 of the
HAstV genome. The reaction time and temperature are
as follows: pre-incubation at 42°C for 4 min, then 95°C
for 10 s, a two-step reaction of denaturing at 95°C for 1 s,
and annealing-extension at 50°C for 15s repeated for
45 cycles.

4.5 | HAstV4infection in Ileum-1

HAstV4 was incubated with 10 pg/ml of trypsin type IX-S
(Trypsin from porcine pancreas type IX-S: SIGMA,
T0303-1G) for 1 h, and then FBS was added at 1/10th of
the virus solution to inactivate trypsin. The activated
HAstV4 was inoculated onto monolayer Ileum-1 cells
and incubated for 1 h. After inoculation, the cells were
washed three times with 200 pl of basal culture medium,
and then 200 pl of ENRA medium (described in Data S1)
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was added. At 3 days post-infection, the cell culture
supernatant was collected, and RNA copies were quanti-
fied by qPCR as described above. The Light Cycler
480 (Roche) was used for the qPCR reaction.

4.6 | Quantification of virus binding on
the cell surface and viral RNA replication
in the cells

For quantification of the bound virus, cells were incu-
bated with activated HAstV (MOI 50) at 4°C for 1 h. After
washing with MEM (—) three times, RNA was extracted
using a NucleoSpin 8 kit (Macherey-Nagel). To quantify
viral RNA replication in the cells, HAstV was first treated
with trypsin at 37°C for 1 h to activate it, and then tryp-
sin was inactivated by adding FBS and cells were inocu-
lated with HAstV (MOI 1). At each time point
(Figure 4d-f), the supernatant and cells were collected
separately. The cells were washed with phosphate-
buffered saline (PBS) after aspirating the supernatant.
RNA from the cells was extracted using a NucleoSpin
8 kit (Macherey-Nagel).

4.7 | Blocking assay with anti-FcRn
antibody

Caco2/Cas9 cells were cultured with either 0.66 or
0.2 pg/ml of anti-FcRn antibody (NBP1-89128: Novus)
or 0.66, or 0.2 pg/ml of rabbit isotype control IgG
(ab37415: Abcam) for 1 h before infection. Subsequently,
the Caco2 cells were incubated with the activated virus
(MOI 0.005) along with 0.66, or 0.2 pg/ml of each anti-
body for 1 h. The cells were then washed with MEM (—)
three times and cultured for 3 days with 0.66, or
0.2 pg/ml of each antibody. The HAstV genomic RNA
copies in the culture supernatant at 3 days post-infection
were quantified by qPCR.

4.8 |
ELISA

Immature HAstV4 preparation for

Caco2/Cas9 cells were plated in six T225 flasks. The cells
were then activated with trypsin and infected with
HAstV4 (MOI 1) for 1 h at 37°C. After infection, the cells
were washed with fresh medium and incubated for
2 days in MEM (—). The viruses in the collected culture
supernatant (180 ml) were centrifuged through a 30%
(w/v) sucrose cushion for 2 h at 124,000xg using a Beck-
man SW32 Ti rotor. They were further purified by isopyc-
nic CsCl-gradient centrifugation in FBS-free MEM

(0.44 g/ml) for 24 h at 150,000x g using a Beckman SW55
Ti rotor. After centrifugation, the viruses, visible as a
white band with a density of approximately 1.35 g/ml,
were collected. This solution was diluted 10 times in FBS-
free MEM, and the viruses were centrifuged again at
150,000xg for 3 h. The precipitates were suspended in
MEM (—) and the protein concentration was determined
using a Qubit (Thermo). A virus solution (5 ng) was trea-
ted with 10 pg/ml of trypsin at 37°C for 1 h and then
mixed with Laemmli's SDS/PAGE sample buffer. The
lysates were separated on a 5-20% polyacrylamide gel
(ePAGEL; ATTO), and the gel was stained with Bio-Safe
CBB G-250 (Bio-Rad).

4.9 | ELISA for quantifying immobilized
HAstV4

Purified HAstV4 was immobilized at 0.25 to
0.00390625 pg per well (three times serially diluted
with PBS) on a 384-well plate (Thermo Fisher Scien-
tific). The immobilized HAstV4 was treated with or
without trypsin (10 pg/ml) and washed with PBS. After
blocking with Block Ace solution (Waken B Tech), the
wells were incubated with anti-HAstV capsid (8E7)
mouse monoclonal IgG (1:1000, Santa Cruz Biotech-
nology) as a primary antibody, followed by HRP-
conjugated anti-mouse IgG antibody (1:5000 dilution,
Cell Signaling) as a secondary antibody. KPL SureBlue
Reserve TMB Microwell Peroxidase Substrate (Sera
Care) was used as a substrate, and the absorbance at
450 nm was detected using an Ensight multimode plate
reader (PerkinElmer).

410 | ELISA for binding of recombinant
FcRn and immobilized HAstV4

Purified HAstV4 was immobilized (0.25 pg/well) on a
384-well plate (Thermo Fisher Scientific). The immobi-
lized HAstV4 was then treated with or without trypsin
(10 pg/ml) followed by a wash with PBS. After blocking
with Block Ace solution (Waken B Tech), the wells were
incubated with His-tagged recombinant human FcRn
(r-hFcRn) or mouse FcRn (r-mFcRn) (Sino Biological),
which were serially diluted 10 times with PBS (6.25-
0.0625 ng/well). To detect the binding of rFcRn to
HAstV4, the wells were treated with HRP-conjugated
anti-His antibody (1:5000 dilution, MBL D291-7). The
KPL SureBlue Reserve TMB Microwell Peroxidase Sub-
strate (Sera Care) was used as a substrate, and the absor-
bance at 450 nm was measured using an Ensight
multimode plate reader (PerkinElmer).
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411 | ELISA for binding of recombinant
FcRn and recombinant VP25

Recombinant VP25 (r-VP25) (diluted to 50 pg/ml) was
immobilized on a 96-well plate (Thermo Fisher Scien-
tific). After blocking with 1% bovine serum albumin/PBS
(Sigma-Aldrich), recombinant human FcRn (r-hFcRn)
(Sino Biological) was incubated on the plate at 37°C for
1 h. After washing, the wells were treated with anti-FcRn
mouse monoclonal IgG (1:1000 dilution, ab228975,
Abcam) as the primary antibody, followed by HRP-
conjugated anti-mouse IgG antibody (1:5000 dilution,
Cell Signaling) as the secondary antibody. The KPL Sure-
Blue Reserve TMB Microwell Peroxidase Substrate (Sera
Care) was used as a substrate, and the absorbance at
450 nm was detected using an Ensight multimode micro-
plate reader (PerkinElmer). Each type of immobilized
VP25 was directly detected by HRP-conjugated anti-His
antibody (1:5000 dilution, MBL D291-7).

412 | Exogenous expression of FCGRT
and B2M

Complementary DNA of FCGRT or B2M was obtained
from Caco2 cells and cloned into the lentivirus
vector-encoded plasmids pLVSIN-puro or pLVSIN-neo,
respectively. These constructs were then transduced into
various cell lines. The cDNA sequence for each gene can
be found in the Supplementary Material. Transduced
cells were selected using 2pg/ml puromycin or
400 pg/ml G-418 (Nacalai Tesque). CRISPR-resistant
mutations were introduced for FCGRT (5'-ACGGC-
GAAATTTGCGCTCAA-3') and B2M (5'-ACTCACGTTG-
TATGGCTTCC-3') by modifying the gRNA-targeted
FCGRT sequences: (5-ACCGCCAAGTTCGCGCTGAA-
3) and B2M sequence: (5-ACTCACGCTGGA-
TAGCCTCC-3'). Mutants were generated using either
pLVSIN-puro (FCGRT) or pLVSIN-neo (B2M) and a
Prime Star Max (Takara) mutagenesis kit. The selection
marker of the resistant FCGRT vector was replaced with
hygromycin.

413 | The PrimeFlow RNA assay

The PrimeFlow RNA assay (Thermo Fisher Scientific)
was performed according to the manufacturer's instruc-
tions. Caco2/Cas9, FB-KO, HCT15, HCT15/FCGRT/
B2M, HeLa or HeLa/FCGRT cells were infected with
HAstV4 (MOI 10) and harvested after 2 days using
enzyme-free, PBS-based cell dissociation buffer (Thermo
Fisher Scientific). HAstV4-specific probes were designed
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for the whole genomic region based on the information
providled on the companys website (https://www.
thermofisher.com/jp/ja/home/life-science/cell-analysis/flow
-cytometry/flow-cytometry-assays-reagents/rna-detection-flo
w-cytometry.html) (Thermo Fisher Scientific). After hybrid-
izing the probe for the PrimeFlow assay, the cells were trea-
ted with Block Ace solution (Waken B Tech) for blocking,
followed by anti-FcRn/FCGRT antibody (Novus Biologicals)
as the primary antibody and Alexa Fluor 647 donkey
anti-rabbit IgG (Thermo Fisher Scientific) as the secondary
antibody. The cells were then analyzed using a FACSMel-
ody cell sorter (BD Biosciences) and FlowJo software
(BD Biosciences).

414 | Flow cytometric analysis

The expression of FCGRT was analyzed using FACS.
Cells were detached from the plate with a cell dissocia-
tion buffer (Thermo Fisher Scientific). The cells were
fixed with 4% paraformaldehyde and blocked with Block
Ace solution (Waken B Tech). Subsequently, 0.05%
Triton-X solution was used for permeabilization. The
anti-FcRn/FCGRT antibody (Novus Biologicals) was then
incubated with the cells for 30 min on ice. Following
incubation, the cells were washed and incubated with
Alexa Fluor 647 donkey anti-rabbit IgG (Thermo Fisher
Scientific) for an additional 30 min on ice. The antibodies
were diluted in Block Ace solution (Waken B Tech), and
the washing steps were carried out in ice-cold PBS with-
out magnesium or calcium salts (PBS (—)). Finally, the
cells were analyzed using a FACSMelody cell sorter
(BD Biosciences) and FlowJo software (BD Biosciences).

4.15 | Viral RNA transfection

The RNA was extracted from HAstV4 that had been cul-
tured with Caco2 cells under trypsin-containing conditions
using a collagen-I-coated T75 flask (Iwaki). The virus in the
culture supernatant was collected by ultracentrifugation
(150,000%xg, 2h, 4°C) using a SW55Ti rotor (Beckman
Coulter), and the genomic RNA was purified using a High
Pure Viral RNA Kit (Roche) according to the manufac-
turer's protocol. The 293T or FCGRT-KO 293T cells were
plated on a 12-well plate 1 day before transfection, and the
culture medium was replaced with DMEM without FBS
just before transfection. The cells were transfected with
100 ng of purified RNA with Polyethylenimine ‘“Max”
(Polysciences) as a transfection reagent and cultured for
48 h. The culture supernatants were concentrated by ultra-
centrifugation and serially diluted to determine TCIDs,
using Caco2/Cas9 cells.
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416 | Immunofluorescence image

The cells were infected with HAstV4 (MOI 10) and incu-
bated in the absence of trypsin for 24 h. Then, cells were
fixed with 4% paraformaldehyde and treated with Block
Ace solution (Waken B Tech) for blocking. Rabbit anti-
FCGRT IgG (1000x dilution, ab228975, Abcam) was then
added. After washing, the cells were permeabilized with
0.05% Triton-X solution and treated with Block Ace solution
for blocking again. After blocking, mouse anti-HAstV cap-
sid IgG (1:100 dilution at 37°C for 1 h, 8E7, Santa Cruz Bio-
technology) was added. Subsequently, Alexa Fluor
568 conjugated anti-rabbit IgG (1:1000 dilution, Thermo
Fisher Scientific) and Alexa Fluor 488 conjugated anti-
mouse IgG (1:1000 dilution, Thermo Fisher Scientific) were
added as secondary antibodies, and treated with Hoechst
33342 stain (Thermo Fisher Scientific). Images were cap-
tured using a BZ-X 800 fluorescence microscope (Keyence).

4.17 | Insilico docking model of the
spike protein and FcRn

The docking model of the spike protein and the
FcRn extracellular domain was constructed using the
Dock application in the Molecular Operating Environ-
ment (MOE). The docking simulation utilized the crystal
structure of the spike protein of HAstV1 at a resolution
of 0.95 A (PDB ID code 5EWO) and the crystal structure
of the human FcRn extracellular domain at a resolution
of 2.90 A (PDB ID code 6FGB).

4.18 | Statistical analysis

All statistical analyses were conducted using GraphPad
Prism version 8.0 (GraphPad Software). The significance
difference test between the two groups was determined
by the Mann-Whitney test. The significance difference
test between multiple groups was determined by Dunn's
multiple comparisons test. p values <0.05 were consid-
ered statistically significant.
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