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VIROLOGY

Hepatitis E virus replication is maintained in
proliferative cells within the intestinal crypt
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The hepatitis E virus (HEV) is a leading cause of acute hepatitis worldwide. Although most infections are self-
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limiting, zoonotic genotypes can persist inimmunocompromised individuals. Transmitted via the fecal-oral route,
HEV has been suggested to directly infect the intestinal epithelium, a tissue with high regenerative capacity. Here,
we demonstrate that HEV predominantly infects proliferative transit-amplifying and intestinal stem cells within
the crypts of human pluripotent stem cell-derived intestinal organoids (hlOs). Supporting this, we detected HEV
RNA in the intestinal crypts of an HEV-infected patient. We further found that HEV infection spreads through cell
division and is maintained in hlOs for more than 40 days, contrasting with acute hepatitis A virus, whose infections
are rapidly cleared from hlOs. Given the self-renewal ability and metabolic constraints of proliferative intestinal
progenitor cells, our findings suggest that intestinal crypts could serve as reservoirs for chronic HEV infection and
highlight the intestinal crypt as a primary target for viral infection in the gastrointestinal tract.

INTRODUCTION

Hepevirus hepatitis E virus (HEV) is a leading cause of acute viral
hepatitis worldwide with an estimated 20 million annual infections
(1). It is one of the five pathogenic human hepatitis viruses (hepatitis
A to E) and the only hepatitis virus with animal reservoirs for infec-
tion. There are four major HEV genotypes infecting humans. De-
pending on the genotype, their transmission and regional distribution
vary: HEV-1 and HEV-2 infect humans exclusively through con-
taminated water or food and cause large outbreaks in developing
countries. These infections are usually self-limiting but can lead to
fulminant hepatitis in pregnant women, with a high mortality rate
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of up to 25% (2). In contrast, HEV-3 and HEV-4 can infect a wide
range of animals, including pigs and rabbits, and are mainly trans-
mitted zoonotically to humans through the consumption of con-
taminated meat. Unlike HEV-1/2, most HEV-3/4 infections are
asymptomatic but can lead to chronic infection in immunocompro-
mised individuals. Recently, a distantly related strain of rat HEV was
also found to infect and cause chronic infection in humans (3). It has
yet to be determined whether other hepeviruses, including those from
sheep or squirrels, can infect humans.

Despite increasing awareness and an apparent medical need, HEV
remains chronically understudied. As a result, a direct-acting antivi-
ral treatment for HEV infection has not yet been developed. Patients
with chronic HEV are treated with off-label ribavirin (RBV) (4) and
pegylated interferon-a. These drugs have serious side effects, and
treatment failures due to resistance have been reported (5, 6). Addi-
tionally, a protective vaccine is not universally available (7).

HEV has a positive single-stranded RNA genome of 7.2 kb, en-
coding three main open reading frames (ORFs) (8). ORF1 encodes
the nonstructural proteins mediating genome replication, ORF2 en-
codes the capsid protein, and ORF3 encodes a small phosphoprotein
involved in viral egress (9). HEV enters and exits the human body in
its nonenveloped form (nHEV) and circulates in the blood cloaked
in a host-derived lipid quasi-envelope (eHEV) acquired during virus
budding from cells. This quasi-envelope shields HEV particles from
neutralizing antibodies and facilitates their systemic spread within the
host. The stable nHEV form is highly infectious, shed in feces, and
underpins epidemic transmission (10).

Although the liver is recognized as HEV’s primary target for in-
fection, emerging evidence indicates that HEV can also infect the
intestinal epithelium. For example, HEV RNA was found in the in-
testine of infected swine and rabbits (11-14). HEV antigen was fur-
ther detected in the digestive tract of a chronically infected patient
(15). Last, Leon-Janampa and colleagues identified several muta-
tions in the HEV genome of chronically infected pigs that were as-
sociated with virus compartmentalization in feces and intestinal
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tissues. This finding is consistent with the possibility of extrahepatic
HEV replication and adaptation to the digestive tract (16).

In vitro, the intestinal epithelial cell line Caco-2 supports HEV
infection (17). HEV infection was reported to induce a type III in-
terferon (IFN) response and was less sensitive to RBV treatment in
human primary intestinal cells and polarized enterocytes (15). How-
ever, these in vitro models recapitulate only a fraction of the intesti-
nal epithelium’s cellular complexity and heterogeneity.

The intestinal epithelium is organized along a crypt-villus axis,
enabling continuous self-renewal and functional specialization. At
the base of the crypts reside leucine-rich repeat-containing G protein-
coupled receptor 5 (LGR5)™ intestinal stem cells (ISCs), which give
rise to proliferative transit-amplifying (TA) cells. As cells migrate
upward toward the villus (in the small intestine) or the luminal surface
(in the colon), they differentiate into specialized lineages, including
absorptive enterocytes, mucus-secreting goblet, hormone-producing
enteroendocrine, and antimicrobial Paneth cells. One exception to
this migratory path is the Paneth cells, which follow a downward
migratory path to the crypt bottom and intermingle with ISCs (18).
Enterocytes, the most abundant cell type in the intestine, have a
short half-life of ~1 to 2 days in vivo after which they are shed at the
villus tip. This dynamic turnover supports intestinal homeostasis,
nutrient absorption, and barrier function (19, 20).

Recently, several studies have used human intestinal organoids
(hIOs) to investigate HEV infection, a model that better recapitu-
lates key features of the human intestinal epithelium, including cel-
lular diversity, crypt-villus architecture, and self-renewal (21). On
the basis of electroporation-mediated delivery of HEV genomes, Liu
et al. demonstrated HEV replication across multiple intestinal epi-
thelial cell types in hIOs, while Santos-Ferreira et al. found HEV
replication mainly in proliferative intestinal cells (22, 23). Liu et al.
reversed the polarity of hIOs to allow productive HEV infection of
several cell types within hIOs (24).

Therefore, the question remains: Which intestinal cell type is tar-
geted by authentic HEV infection, and how can the infection be
maintained within a tissue that is characterized by a high turnover
rate in vivo? To address these knowledge gaps, we used human plu-
ripotent stem cell-derived hIOs. We find that hIOs are permissive
for cell culture-derived HEV and HEV isolate infection. In the liver,
HEV infects primarily epithelial cells, including hepatocytes and
cholangiocytes (10, 25). We identify highly proliferative TA cells and
LGR5" ISCs within the crypts as a major target for HEV infection in
hIOs and validate these findings in a patient with HEV. We further
find that the infection can spread through cell division and is there-
by likely maintained within the proliferative intestinal crypts. Togeth-
er, these findings suggest a peculiar mechanism of viral persistence
that exploits the self-renewal capacity of the intestinal tissue.

RESULTS

Human pluripotent stem cell-derived intestinal organoids
are permissive for HEV infection

To study HEV infections of the human intestine, we differentiated
the human induced pluripotent stem cell (iPSC) line iPSC.3A into
intestinal organoids (hIOs) using a commercial three-stage proto-
col. At the end of the differentiation protocol, we obtained fully dif-
ferentiated h1Os, as evidenced by the presence of various intestinal
cell types expressing respective key marker proteins such as Villin
(VIL; enterocyte cell marker), Mucin2 (MUC2; goblet cell marker),
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chromogranin A (CHGA; enteroendocrine cell marker), and lysozyme
(LYZ; Paneth cell marker) (fig. S1, A to C). By RNA-fluorescence
in situ hybridization (FISH) and immunofluorescence staining, we
detected LGR5 RNA (fig. S2, A and B) and Ki-67 (a proliferative
marker of TA cells; figs. S1D and S2C), respectively, primarily in
protruding crypt-like structures. These results demonstrated that
hIOs recapitulated the native crypt-villus axis.

First, we infected hIOs with cell culture-derived HEV (HEVcc,
HEV-3 Kernow-Cl1 p6 strain). In contrast to ultraviolet (UV)-treated
HEV particles (dotted line), we observed an increase in HEV ge-
nomes from day 1 onward after infection with untreated HEV particles
(green line), suggesting active replication (Fig. 1A). Detected genomes
at the earliest time point of 6 hours postinfection corresponded to
residual viral inoculum. To further confirm that the detected RNA
in the infected hIOs by day 7 postinfection represented active HEV
replication, we pretreated the virus inoculum with convalescent
HEV patient serum containing mainly anti-ORF2 antibodies (26)
before infecting hIOs. As shown in Fig. 1B (nonnormalized data in
fig. S3A), pretreating HEVcc with the patient serum reduced the in-
fection by up to 90%. Likewise, HEVcc infection was inhibited by
up to 50 and 80% when pretreating hIOs with IFN-pla and IFN-A1,
respectively (Fig. 1C and nonnormalized data in fig. S3B). Last, we
detected ORF2-positive cells within HEVcc-infected hIOs by im-
munofluorescence staining (Fig. 1, D and E).

Of note, we have also infected adult colon and small intestinal
stem cell (ASC)-derived organoids with HEVcc. Both types of organ-
oids were permissive for infection and supported replication. How-
ever, HEVcc replication only increased in the small intestinal but
less in the colon-derived organoids (fig. S4, A and B). In both ASC-
derived organoid types, HEV replication levels remained lower than
those observed in iPSC-derived hIOs, which is why we proceeded
with iPSC-derived hIOs for the rest of our study.

We and others have previously demonstrated that nHEV parti-
cles are released apically and eHEV particles are released basally
from polarized hepatocytes (27). nHEV particles can be further har-
vested from lysates recovered from HEV-infected cells (27). To in-
vestigate whether hIOs can recapitulate the entire HEV life cycle, we
collected apical and basal cell culture supernatants, as well as cell
lysates, from HEVcc-infected hIOs. Potential progeny virus was ti-
trated on hepatoma HepG2/C3A cells, which are highly permissive
for HEV infection (8). As shown in Fig. 1F and fig. S5 (A to C), in-
fectious progenies were released in the apical supernatant and cell
lysates, but not in the basal supernatant. Pretreatment with the con-
valescent patient serum strongly reduced the infection by progenies
harvested from cell lysates. However, progenies released into apical
supernatants were less sensitive to the treatment (Fig. 1F), suggest-
ing the release of partially enveloped particles from the apical mem-
brane of HEVcc-infected hlOs.

Next, we investigated whether hIOs could also be infected with
primary, non-cell culture-adapted HEV. To this end, we isolated vi-
ruses from the stool of HEV-infected patients. As shown in Fig. 1G,
hIOs were permissive to infection by both HEV-1 and HEV-3 iso-
lates, although viral replication occurred at lower levels than with
HEVcc. Next, we isolated HEV-3f from the stool of a chronically in-
fected pig, containing viral species with mutations, such as the Y590C
in ORF1. These mutations were present only in the virus isolated
from the intestinal compartment and in the feces, but not in liver or
serum (16). Upon infection with the same amount of genome equiv-
alents (GEs), this isolate replicated to higher levels in hIOs than the
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Fig. 1. Human pluripotent stem cell-derived intestinal organoids are permissive for HEV infection. (A) hiOs were infected with UV-treated or untreated HEV-3
Kernow-C1 p6 (HEVcc) [multiplicity of infection (MOI) of 1 x 10° genome equivalents (GEs) per well]. GEs were quantified at indicated day postinfection (p.i.). n = 4 bio-
logical replicates from two independent experiments. h, hours. (B) HEVcc was pretreated with convalescent patient (anti-HEV) or control (CTRL) serum before infection of
hlOs. GEs were quantified 7 days p.i. n = 4 biological replicates from two independent experiments. (C) hlOs were pretreated with IFN-$1a (500 IU/ml) or IFN-A1 (100 ng/
ml) 24 hours before HEVcc infection and replenished every 2 days. GEs were quantified 7 days p.i. n = 4 biological replicates from two independent experiments.
Mock, uninfected. (D) hlOs were infected with HEVce (MOI of 7 x 10° GEs per well) and stained for ORF2 (green), actin (magenta), and nuclei (blue). Scale bar, 50 pm.
(E) Three-dimensional projection of (D) and orthogonal views created with ImageJ. Scale bar, 50 pm. (F) HEV progenies from intracellular, basal, and apical hlO-fractions
were preincubated with anti-HEV or CTRL serum for 1 hour at 37°C before infecting HepG2/C3A cells. Seven days p.i., cells were stained focus-forming units (FFUs) were
counted manually. n = 4 replicates. n.d., not detected. (G) hlOs were infected with HEVcc, HEV-1, or HEV-3 isolates (MOl of 1 x 10° GEs per well), and GEs were quantified
day 7 p.i. n = 3 biological replicates from three independent experiments. (H) hlOs were infected with human HEV-3f isolate and swine HEV-3f Y590H isolate (MOI of
5 x 10° GEs per well), and GEs were quantified 7 days p.i. n = 3 biological replicates from three independent experiments. D, day. Statistical analysis was performed by
multiple comparisons of unpaired two-tailed Student’s test. *P < 0.05; **P < 0.01; ***P < 0.001. Dashed line, limit of quantification (LOQ).
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original human HEV-3f isolate, which was used to infect the pigs
(Fig. 1H). This result further supported adaptation of HEV genomes
to the intestinal compartment.

HEV, but not HAV, infection is maintained within hlOs
HEV-3 can lead to chronic infection in immunocompromised pa-
tients. This stands in contrast to hepatitis A virus (HAV), an enteri-
cally transmitted hepatotropic virus that almost exclusively leads to
acute, self-limiting infection (28). Thus, we sought to compare the
infection of hIOs by HEV-3 with infection of hIOs by HAV.

First, we confirmed that hIOs are also permissive for HAV in-
fection using an HAV genotype IIla isolate. HAV genomes in-
creased and replicated over time postinfection (pink line), while
UV-treated HAV did not (dotted line) (Fig. 2A). As observed for
HEYV, the HAV genomes detected at 3 hours postinfection likely
represented viral RNA from the inoculum rather than products of
active replication. To validate productive infection, we observed
inhibition of HAV replication when hIOs were pretreated with

IFNs (Fig. 2B, nonnormalized data in fig. S3C). We also detected
HAV VP3 antigen-positive cells by immunofluorescence staining
(Fig. 2C). Of note, while HEV infection of dissociated organoids
led to productive infection, HAV infection was more successful
when the particles were delivered via microinjection directly into
the hIOs, as evidenced by an increase of HAV genomes over time
(fig. S6, A and B). The dissociation of hIOs likely triggers a regen-
erative response (29, 30). In agreement, we observed an enhanced
expression of progenitor markers, including LGR5, OLFM4, and
SOX9, shortly after dissociation, but not upon microinjection
(fig. S7, A to D).

We then infected hIOs with either HAV or HEV and passaged
them four times over a period of 50 days postinfection. HAV repli-
cation in infected hIOs declined rapidly after 4 days to undetectable
levels at day 20 postinfection (Fig. 2D). In contrast, HEV replication
was maintained in infected hIOs for more than 40 days postinfec-
tion (Fig. 2E). By this time point, hIOs had exhausted their prolif-
erative capacity and began to lose epithelial integrity.
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Fig. 2. HEV, but not HAV, infection is maintained within hlOs. (A and B) hlOs were infected with UV-treated or untreated HAV GTlll isolate (3 x 10° GEs per well) and (A)
HAV GEs were quantified over time post infection. (B) hlOs were treated with IFN-B1a (500 Ul/ml) or IFN-A1 (100 ng/ml) 24 hours prior HAV infection and replenished every
2 days. HAV GEs were quantified at 4 days p.i. n = 3 independent biological experiments. (C) hlOs were stained for HAV VP3 protein (magenta) at 4 days p.i. Nuclei were
stained with Hoechst (blue). Scale bars, 10 um. DMSO, dimethyl sulfoxide. (D) hIOs were infected with either HAV (3 x 10° GEs per well) or (E) HEVcc (1 x 10° GEs per well)
with or without UV treatment, and infected hlOs were passaged four times over a period of 50 days. Viral RNA was quantified over time at indicated time points. Results
represent the means + SD of n = 3 biological replicates from two independent experiments. Statistical analysis was performed by multiple comparisons of ordinary one-

way analysis of variance (ANOVA). **#*#*P < 0.0001. Dashed line, LOQ.
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HEV infects proliferative cells in the intestinal crypts of hlOs
The intestinal epithelium is a dynamic and multifaceted tissue com-
posed of diverse cell types that perform various functions. Enteric
viruses, such as rotavirus, astrovirus, and HAV, have been shown to
rapidly reach a replication plateau within the first 24 hours after in-
fecting intestinal epithelial Caco-2 cells (31, 32). In contrast, HEV
requires ~5 days to reach its replication plateau in Caco-2 cells (fig. S8)
(33). Because epithelial cells are rapidly replaced in the intestine,
this observation raised the possibility that HEV infects a different
cell type within hIOs. To identify the specific cell types, we analyzed
HEVcc-infected hIOs at 14 days postinfection by single-cell RNA
sequencing (scRNA-seq) analysis using microfluidics-based 3'-targeted
10x Genomics and Illumina sequencing.

After applying quality control, a total of 17,902 single cells were
used for downstream analysis (fig. S9, A and B). Based on the ex-
pression of established marker genes, cells were annotated into ma-
jor intestinal cell types using a custom reference (table S1), including
ISCs, enterocytes, TA, goblet, enteroendocrine, and Paneth cells (Fig. 3,
A and B, and fig. S9C).

The expression of selected marker genes for each cell on Uniform
Manifold Approximation and Projection (UMAP) is shown in fig. S10
(A to F). To further validate these cell-type assignments, we performed
stemness scoring inference and a pseudotime trajectory analysis
(fig. S11, A to C). This analysis revealed that TA cells and ISCs ex-
hibited higher stemness scores, while differentiated cell types (e.g.,
enterocytes and goblet cells) showed lower scores, consistent with
their mature phenotypes (fig. S11, A and B). The resulting pseudo-
time ordering recapitulated the expected differentiation hierarchy
and demonstrated the presence of a continuous differentiation spec-
trum from ISCs to mature lineages in our hIOs (fig. S11C).

To identify HEV-infected cells, we quantified the presence of vi-
ral transcripts (ORF1 or ORF2) at the single-cell level. A total of 500
cells showed detectable HEV RNA, yielding an overall infection rate
of 2.78%. Infected cells were not randomly distributed across the
intestinal cell types (Fig. 3C). Notably, TA cells, ISCs, and entero-
cytes represented the most abundant cell type among infected cells
(Fig. 3D). We also detected HEV transcripts in Paneth, goblet, and
enteroendocrine cells, but only to a smaller extent (Fig. 3D and
table S2). When assessing host responses to HEV infection across
the different cell types, we found that only enterocytes exhibited an
up-regulation of IFN-stimulated genes [ISGs; based on (34)] in
response to HEV infection (Fig. 3E and fig. S12).

To validate the cellular tropism of HEV in hIOs, we performed
immunofluorescence staining. Both Ki-67 and KLF5 are proteins
highly expressed in proliferating cells, such as TA cells (35-37). We
confirmed HEV infection of TA cells in both iPSC- and ASC-derived
hIOs (figs. S4C and S13) by detecting HEV ORF?2 in Ki-67-positive
cells. Due to antibody species incompatibility, Ki-67 staining could
not be performed in HAV-infected samples, and, as a surrogate, we
stained for KLF5. As shown in fig. S14, no HAV VP3-positive cells
were detected among KLF5-expressing cells, indicating a distinct
cellular tropism of HAV within hIOs (fig. S14).

Because progenitor cell types typically express low levels of drug
metabolizing enzymes (38), we sought to evaluate the potency of
nucleoside analogs, which are given to patients with chronic HEV in
the clinic. RBV, which efficiently suppressed HEVcc replication in
Caco-2 cells (fig. S8), showed no significant effect on HEVcc replica-
tion in hIOs (Fig. 3F). Similarly, the potency of sofosbuvir (SOF)
appeared ineffective, even at a dose 50 times the median inhibitory
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concentration (Fig. 3F, nonnormalized data in fig. S3D) (39). Nota-
bly, only direct delivery via transfection of RBV triphosphate, but
not of the prodrug, led to significant inhibition of HEV replication
in hIOs. This further supported the observation that HEV preferen-
tially infects progenitors rather than fully differentiated cells (Fig. 3G
and fig. S3E).

HEV infects cells in the intestinal crypts in vivo

Next, we aimed to confirm our observation that HEV infects the
intestinal crypt in vivo. To this end, we analyzed tissue sections from
the cecum of a patient with acute HEV infection and a control pa-
tient without HEV infection using RNA-FISH.

Using specific probes against the HEV genome (27) and against
LGR5 mRNA, we detected both types of RNAs in the crypts of the
HEV patient’s intestine, but not in the crypts of the control patient’s
intestine (Fig. 4A).

We also stained these sections with an antibody against OLFM4,
a previously reported intestinal crypt marker (40). Accordingly, we
also detected HEV genomes in OLFM4-positive cells within the crypts
of the patient with HEV, but not in the control patient (Fig. 4B).
Outside the crypts of the patient with HEV, we could not detect
HEV RNA or OLFM4 (Fig. 4C).

HEV infection can spread through cell division
To better understand how HEV infection can be maintained in pro-
liferative intestinal cells, we took advantage of a full-length HEVcc
ORF2::GFP11 reporter virus that we previously developed (41). It is
based on the insertion of a small GFP-11 tag at the C terminus of the
ORF2 capsid protein by duplicating the 3’ of the HEV genome. Upon
infection, cells ectopically expressing the GFP1-10 fragment become
visibly fluorescent.

As shown in Fig. 5A, HEVcc ORF2::GFP11-infected S10-3 GFP1-
10 cells became GFP* 48 hours postinfection. Live-cell microscopy
revealed that infectious HEV genomes were segregated into daugh-
ter cells during cell division, resulting in new GFP* cells (Fig. 5A,
fig. S15, and movie S1). In contrast, when S10-3 cells were cultured
under low-serum conditions (1% fetal bovine serum), which are known
to arrest proliferation (42), HEV genomes were no longer passed to
neighboring cells (fig. S16 and movie S2). We also conducted similar
experiments using the intestinal cell line Caco-2 expressing GFP1-
10 and discovered that HEV infection can spread through cell divi-
sion (fig. S17 and movie S3). These observations suggested that HEV
cell division-mediated spread is likely to be tissue-independent.

HEV infection is maintained and enriched in the crypts of
hlOs over time

Because HEV primarily infects proliferative TA cells and ISCs and
can propagate through cell division, we aimed to study the distribu-
tion of HEVcc infection in hIOs over time. To this end, we used an
LGRS5 antibody and adapted a previously developed protocol to iso-
late LGR5" intestinal cells from patients to initiate organoid forma-
tion (43). By coupling the LGR5 antibody to agarose beads, we isolated
LGR5" cells from HEVcc-infected hIOs on days 10, 20, or 30 postin-
fection (Fig. 5B).

We first analyzed the efficiency of our isolation protocol by quan-
tifying selected gene marker expression in LGR5" and LGR5™ cell
fractions from HEVcc-infected hIOs at day 20 postinfection. Mark-
ers of intestinal enterocytes at the villus such as apolipoproteins
APOA1, APOA4, and APOC3 (44) were higher expressed in the

50f 15

9202 ‘S0 auNC U0 WNUezsBunyosIo saa. Y sayasineq e 610°90us 105" Mammy/sdny WoJ) pepeoumod



ERRATUM POSTED 15 MAY 2026; SEE LAST PAGE
SCIENCE ADVANCES | RESEARCH ARTICLE

A Percent
|8C ° ° .« o ° e o o o o [ ] e o o [ B J ® expressed
-0
~—s . Y . . e ® - . ® 25
@ 50
Paneth - L T @ co00 -8+ @
o—e—3 @ o o o o o s e o ° . ) . o o Average
expression
TA®ee - : 0000000080 ® o oo e - 0000 12
9
° @ o o . . ° e o 0 o 0 o 6
K URGCPEN 3
R A e R N T e A L RO S AN ISV PR
S & @é‘?cfbé( IS 0000%0%0%5%\@\;\%&0%3’0\9 \’%@V WP %ooo‘e‘o‘%s‘?;%‘%o«q GEFOES 0
S
B C D
Paneth HEV RNA Negative 5 5%
® Positive - _(257/4325)
: 0,
iSC |
o~ o~ 1.9%
o o (123/6578)
< < 9
S| s Paneth T
S 2% = 1.4%
2 (33/2282)
0.3%
(2/706)
I T T T
0% 2% 4% 6%
UMAP 1 Proportion infected
E F G
0.4y M Mock 81.5- ns 1.5 ns
o B3 HEV L g ns. g
5 o o
© ns. , NS g T o —{ e
50.2{ ns. ns 0s — 51.0- Olo, o £1.01 5
' : S 2 o
O i ) o I S o
2 0.5 8 0.5 o 0
0.0 T I e
H [ (0]
z 2 3
c ©
T T T T & 00_ E} 0.0“'—@39 T T
NN & O < N N O N\ Q
¢ o O © © N
& P L NP N
Q N J &

Fig. 3. scRNA-seq analysis reveals HEV infection of TA cells and ISCs in the intestinal crypts of hlOs. (A) Dot plot showing selected marker gene expression across cell
types. Dot size represents the percentage of cells expressing each gene and dot color the average normalized expression level. (B) UMAP projection of 17,902 single cells
pooled from two HEVcc-infected hlOs (6 x 10° GEs per well) samples at 14 days p.i., processed using microfluidics-based 3'-targeted 10x Genomics. Colors indicate distinct
cell types identified through marker gene expression using SingleR, including TA cells (purple), enterocytes (EC; yellow), ISC (pink), enteroendocrine cells (EE; light blue),
Goblet cells (light green), and Paneth cells (green). (C) HEV-infected cells identified by detection of ORF1 and ORF2 are highlighted in red on the UMAP (n = 500 infected
cells). (D) Cell-type proportion in HEVcc-infected hlOs. (E) ISG signature score based on (34) was calculated using the AddModuleScore function in Seurat and compared
between different cell types in HEV-infected hlOs (HEV-1). Statistical significance was assessed using the Wilcoxon rank sum test (one-sided, alternative ="less”), followed
by Bonferroni correction for multiple testing. (F) hlOs were infected with HEVcc (7 x 10° GEs per well) and incubated with or without 50 pM sofosbuvir (SOF) or 100 pM
RBV. Drugs were replenished every 2 days, and HEV GEs were quantified at 7 days p.i. n = 4 biological replicates from two independent experiments. Mock, uninfected.
(G) hlOs were infected with HEVcc (7 x 10° GEs per well) and transfected with 100 pM RBV or RBV-triphosphate (RBV). HEV GEs were quantified 7 days p.i. n = 6 biological
replicates from two independent experiments. Mock, uninfected. Statistical analysis was performed by multiple comparisons of ordinary one-way ANOVA. **P < 0.01;
###P < 0.001; n.s., not significant.

LGR5™ than in the LGR5" cell fraction (Fig. 5C). In contrast, we
found that the stem cell marker LGRS5 and the intestinal crypt mark-
ers SOX9 (45) and OLFM4 were higher expressed in the LGR5" cell
fraction than in the LGR5™ cell fraction (Fig. 5D). General intestinal
markers expressed in both crypt- and villus-resident cells (MUC2,
CDX2, and VILI1) were similarly expressed in both cell fractions
(Fig. 5E). Overall, these results showed that we successfully sepa-
rated the crypts from the other cell types within the hIOs.

Prallet et al., Sci. Adv. 12, eaeb2333 (2026) 1 April 2026

Next, we quantified the number of HEV genome copies in the
LGR5"™ cell fractions from HEVcc-infected hIOs over time. As
shown in Fig. 5F, we consistently detected a higher number of HEV
genomes in the LGR5" cell fraction compared to the LGR5™ cell
fraction. We found ~4-fold more HEV genomes in the LGR5" cell
fraction than the LGR5™ fraction at 10 days postinfection, which
increased to a ~10-fold difference at 30 days postinfection. Together,
these results showed that HEV replication is maintained within the

60f15

9202 ‘S0 auNC U0 WNUezsBunyosIo saa. Y sayasineq e 610°90us 105" Mammy/sdny WoJ) pepeoumod



ERRATUM POSTED 15 MAY 2026; SEE LAST PAGE

SCIENCE ADVANCES | RESEARCH ARTICLE

A HEV RNA LGRS RNA

Control patient

HEV™* patient

HEV RNA OLFM4

Control patient

HEV™* patient

c HEV RNA OLFM4

HEV™ patient

Merge

g8 V'Y

Merge

Fig. 4. HEV infects cells in the intestinal crypts of a patient. Human cecum intestinal formalin-fixed paraffin-embedded tissue sections from a patient with HEV and an
uninfected control patient were analyzed by RNA-FISH to detect HEV genomes (green) and (A) stem cell marker LGR5 (magenta). These tissues were further stained against
in (B) crypt areas and in (C) noncrypt areas with crypt marker OLFM4 protein (magenta). Nuclei were stained with Hoechst (blue). Scale bars, 10 pm.

intestinal crypts of h10s. Of note, marker gene expression in LGR5"
and LGR5" fractions remained stable in infected hIOs (fig. S18), in-
dicating that HEV infection did not alter cell identities over time.

DISCUSSION

HEV is transmitted via the fecal-oral route. However, the gut’s role
as an active viral replication site has been neglected so far. In this study,
we used hIOs, which have proven to be transformative in studying
other challenging enteric viruses, to demonstrate that they support

Prallet et al., Sci. Adv. 12, eaeb2333 (2026) 1 April 2026

infection by both HAV and HEV. Unlike HAV, HEV infection is pro-
longed in intestinal organoids by targeting proliferative cells within
the self-renewing crypt.

The gut as an active replication site in patients with

HAV and HEV

Although both HAV and HEV are recognized as enterically trans-
mitted viruses, their direct infection of the gastrointestinal tract has
remained elusive, largely due to the lack of suitable culture models.
While liver-related symptoms are prominent in HAV and HEV
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Fig. 5. HEV infection spreads through cell-to-cell division and is maintained in the crypts of hlOs. (A) Maximum projections of S10-3 GFP1-10 cells infected with
HEV-3 cc ORF2::GFP11 and monitored by live microscopy. White arrowheads indicate dividing cells. Nuclei were stained with Hoechst (blue). h, hours; h.p.i., hours postin-
fection. All images are shown in fig. S15 and movie S1. Scale bar, 20 pm. (B) Schematic of hlOs dissociation followed by separation of LGR5™ and LGR5™ cells. Created in
BioRender. Dao Thi, V. (2025). https://BioRender.com/5r7hvk5. (C) Top villus, (D) stem cell niche and (E) general intestinal marker gene expression was quantified in LGR5™
and LGR5™ fractions of HEVcc-infected hiOs (7 x 10° GEs per well) at 20 days p.i. ACycle Threshold (CT) = CT(target gene)—CT(reference gene). (F) HEV GEs were quantified
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Student’s t test and for (F) by multiple comparisons of two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant. Dashed line, LOQ.

infections, many patients also experience gastrointestinal symp-
toms, including diarrhea and stomach pain, which could result di-
rectly from viral replication within the gastrointestinal tract (46).
Our finding that hIOs, an authentic model of the human gut epi-
thelium, are permissive to both HAV and HEV infection supports
the possibility of direct intestinal infection in vivo. Consistent with
this, three very recent studies have also used intestinal organoids to

Prallet et al., Sci. Adv. 12, eaeb2333 (2026) 1 April 2026

highlight the critical role of the gut in HEV transmission (22-24).
HEYV infection of the intestine is further supported by our observa-
tion that the swine HEV-3f isolate that is specific to the intestinal
tissue and feces (16), replicated to higher levels in hIOs than the initial
human HEV-3f inoculum (Fig. 1H).

Studies using infected polarized intestinal Caco-2 cells have shown
that both HAV and HEV are predominantly shed from the apical
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surface (17, 47). Marion and colleagues have described mainly apical
release of HEV progenies from polarized primary small-intestine
epithelial cells (15). In our study, we also found that HEV progeny is
primarily released from the apical, but not the basal, surface of in-
fected h1Os. Collectively, these results suggest that most of progeny
viruses detected in feces may primarily originate from infected in-
testinal epithelial cells. This supports the hypothesis that, during
acute infection, the gut, rather than the liver, may serve as the prin-
cipal site of viral shedding. This hypothesis is supported by the ob-
servation of prolonged fecal shedding of viral RNA from HAV- and
HEV-infected patients who underwent seroconversion (48, 49).

In this scenario, infectious HEV or HAV particles can still reach
the liver, for example by transcytosis or T cell-mediated cytolysis,
which could lead to the release of infectious progeny into the blood-
stream. Once in the liver, because it is a specialized, immune-tolerant
organ (50), infection could be prolonged and potentially progress to
chronicity, as is the case with other hepatitis viruses.

HEV primarily infects proliferative cells in the intestinal
crypts enabling prolonged infection through cell
division-mediated spread

While we found that both HEV and HAV can infect hIOs, only HEV
infection appears to depend uniquely on self-renewal. This was first
supported by the different infection routes applied. While intact or-
ganoids better supported HAV infection, the fragmentation of hIOs,
which induces self-renewal as observed by the induction of LGRS,
SOX9, and OLFM4 genes, better supported HEV infection (fig. S7, A
to D). The scRNA-seq analysis revealed that HEV primarily appears
to infect proliferative TA cells and ISCs, rather than differentiated
intestinal cell types, such as enterocytes (Fig. 3D). By analyzing iso-
lated LGR5™ fractions from infected h1Os, we further found that
HEV genomes are enriched in the intestinal crypts over time. Be-
cause we used a mild dissociation method for the hIOs, we likely
isolated entire crypt fragments instead of single ISCs, thus coisolat-
ing TA cells.

Most enteric and even nonenteric viruses described to date pre-
dominantly infect absorptive enterocytes rather than crypt-resident
intestinal cells. For example, severe acute respiratory syndrome
coronavirus 2 mainly infects enterocytes that express high levels of
ACE2 and TMPRSS2 (51, 52). Likewise, rotavirus, norovirus, and
astrovirus primarily target differentiated villus cells like mature en-
terocytes and goblet cells in organoid models (53). Our discovery
that HEV mainly infects crypt-resident cells represents a unique vi-
ral strategy to efficiently replicate in a tissue which is characterized
by a high turnover rate in vivo. We need to acknowledge that iPSC-
derived hIOs correspond to a developmentally earlier epithelial state
relative to adult tissue; nevertheless, they faithfully recapitulate key
architectural and cellular features of the human intestinal epitheli-
um. Our observation is consistent with the study by Marion and
colleagues (15), who reported the presence of HEV antigen in the
crypts of a chronically infected patient. Our data further extend this
observation by demonstrating that HEV replicates in ISCs, as evi-
denced by the detection of HEV genomes in LGR5" cells within the
intestinal crypts of a patient (Fig. 4).

With an estimated half-life of 1 to 2 days, enterocytes are rather
replaced rapidly and short-lived and most enteric viruses are known
for their rapid replication within the host, particularly in intestinal
epithelial cells. This contrasts with the slow replication dynamics of
HEV infection, which takes more than 24 hours to fully establish

Prallet et al., Sci. Adv. 12, eaeb2333 (2026) 1 April 2026

replication (Fig. 1A and fig. S8) (54). Because we found that HEV
infection can spread through cell division, a critical feature of
HEV-permissive cells in the intestinal crypt appears to be their ca-
pacity for cell division.

Two recent HEV studies using intestinal organoids were based
on electroporation-mediated delivery of HEV genomes, but not au-
thentic infection. While Liu et al. (23) showed HEV replication in
different hIOs cell types, our data are in alignment with the study by
Ferreira et al. (22), who reported preferential HEV replication in
proliferative TA cells. In any case, electroporation bypasses the cell
entry step, which is a key determinant of viral tropism.

Cell-type-dependent innate immune responses potentially
modulate HEV tropism in hlOs

In addition to taking advantage of cell proliferation and maintenance
in the crypt, the cellular tropism of HEV in the intestine may also be
shaped by cell-type-specific antiviral responses. Progenitor cells are
characterized by a basal expression of a subset ISGs and relative
refractoriness to exogenous IFN stimulation, a phenomenon that
becomes attenuated as cells differentiate, rendering them more IFN-
responsive (55). A similar cell-type-dependent response to viral in-
fection has been reported in intestinal organoids (51).

In line with this maturation-dependent regulation of ISG/IFN re-
sponsiveness, we found that enterocytes mounted the strongest ISG
induction upon HEV infection, whereas TA cells and ISCs showed
minimal or no response. This differential responsiveness likely con-
tributes to limiting HEV replication in enterocytes while allowing
greater permissiveness in TAs or ISCs.

Although we did not observe major changes in marker gene ex-
pression of LGR5™ and LGR5™ fractions over time (fig. S18), we can-
not fully rule out that the host response to HEV infection in hIOs
leads to cell identity changes or depletion and thereby contributes to
HEV persistent replication in proliferative progenitor cells. Future
mechanistic studies, such as targeted knockout of IFN receptors or
adaptor proteins involved in innate sensing pathways, without dis-
rupting stemness or renewal capacity, will be therefore essential to
further dissect the role of host antiviral responses in shaping HEV
tropism in human intestinal organoids.

Likewise, because we observed that HEV, rather than HAYV, in-
fects intestinal progenitor cells, future studies should also investi-
gate in how far the tissue self-renewal and/or cell-intrinsic antiviral
responses contribute to the more rapid clearance of HAV infection
in hIOs (Fig. 2D), potentially reflecting clinical outcomes in vivo.
However, it is important to note that the connection between cell-
intrinsic innate immune responses and chronic infection remains
weak. Chronic HEV infection typically arises under conditions of
immunosuppression, which predominantly impair adaptive immu-
nity rather than innate antiviral defenses. Our observation that HEV,
but not HAYV, infects proliferative cells within hIOs indicates that the
persistence of HEV infection may mainly result from its distinct cel-
lular tropism together with its ability to spread through cell division.

HEV infection of the intestinal crypt as a potential
therapeutic reservoir in chronic patients

We found that treatment with high doses of potent, HEV-inhibitory
nucleoside analogs did not affect HEV replication in hIOs. However,
pretreating hIOs with IFNs inhibited infection by both HEV and
HAYV, ruling out the possibility that small molecules fail to reach
hIOs, which could otherwise explain their limited efficacy.
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Marion et al. (15) previously demonstrated that RBV does not
fully inhibit HEV release from the apical side of human polarized
enterocytes in vitro. Our data further suggest that the varying meta-
bolic states across different intestinal cell lineages may contribute to
the reduced antiviral efficacy observed. Previous studies reported
sensitivity of HEV replication to RBV in hIOs (22, 24). However, as
noted earlier, these studies introduced the viral genomes via electro-
poration, including into fully differentiated cell types, rather than
using authentic viral infection.

In the human body, drugs are primarily metabolized by the liver
and intestinal epithelial cells (56, 57). Nucleoside analogs like RBV
and SOE in particular, require metabolic activation into their triphos-
phate forms. This process relies on enzymes that are largely absent in
theintestinal crypt compartment (58, 59) with key drug-metabolizing
enzymes (e.g., pan-intestinal members of the CYP450 family) being
nearly undetectable in crypt-domain lineages. For example, phos-
phorylation of RBV by adenosine kinase ADK is essential in its an-
tiviral activity (60). However, scRNA-seq data show minimal ADK
expression in TA cells and ISCs compared to abundant levels in dif-
ferentiated enterocytes (61, 62). This metabolic paucity within the
intestinal crypt possibly explains why HEV replication is less sensi-
tive to these antivirals in hIOs. Consequently, the limited efficacy of
RBV and SOF in this compartment might facilitate the formation of
a viral reservoir during treatment, potentially accounting for relapse
cases as observed in patients with chronic HEV (6, 63). This is
further supported by our observation that only direct delivery via
transfection of RBV triphosphate, but not of the prodrug, led to sig-
nificant inhibition of HEV replication in hIOs (Fig. 3G).

Because we found that both acute HEV-1 and zoonotic HEV-3
can replicate in hIOs, the ability to replicate in the intestine does not
appear to be a critical feature of chronic HEV infection per se. Instead,
we propose that the intestinal crypt can act as a reservoir within
chronic patients, which may require a drug regimen tailored to the
crypt’s unique metabolic profile. Critically, recent advances in cul-
turing h1Os support large-scale drug screening efforts and have al-
ready proven valuable for cytotoxicity testing, permeability assays,
and therapeutic target validation (64-67). By identifying the spe-
cific intestinal cell types infected by viruses, as demonstrated in
this study, hIOs enable more precise, targeted screening strategies
in the future with the overarching goal of identifying efficient and
curative treatments.

MATERIALS AND METHODS

Reagents and antibodies

The following antibodies were used for immunofluorescence stain-
ing at indicated concentrations: polyclonal anti-ORF2 HEV (1:1000,
a gift from R. Ulrich); anti-VP3 HAV (2 pg/ml; Invitrogen, ref. MA1-
7371); anti-CDX2 (1:100; Abcam, ref. AB157524), anti-CHGA (1.75 pg/
ml; Abcam, ref. AB15160); anti-Ki67 (2 pg/ml; Santa Cruz Bio-
technology, ref. sc23900); anti-LYZ (1:100; Invitrogen, ref. PA1-29680);
anti-MUC2 (2 pg/ml; Santa Cruz Biotechnology, ref. sc-515032);
anti-VIL (0.625 pg/ml; BD, ref. 10358); anti-OLFM4 (1:100; Cell
Signaling Technology, ref. 14369 T); anti-LGR5 (12.1 pg/ml; Gene-
Tex, ref. GTX130204); and Alexa Fluor-conjugated secondary anti-
bodies 488, 594, and 647 (2 pg/ml; Thermo Fisher Scientific). Hoechst
33342 (1:1000, Thermo Fisher Scientific) was used for nuclei stain-
ing, and Phalloidin-iFluor 647 (0.1X; Abcam, ref. AB176759) was used
as a cell junction marker.

Prallet et al., Sci. Adv. 12, eaeb2333 (2026) 1 April 2026

Human induced pluripotent stem cell (hiPSC)-derived
intestinal organoid generation and culture

The iPSC line iPSC.3A (a gift from S. Duncan) was maintained in
feeder-free conditions using mTeSR1 medium (STEMCELL Tech-
nologies) on Matrigel (Corning, ref. 354230)-coated plates as per
the manufacturer’s instructions. iPSC.3A cells were differentiated to
small intestinal organoids using the STEMdiff Intestinal organoids
Kit (STEMCELL Technologies, ref. 05140) according to the manu-
facturer’s protocol. Organoids were grown in STEMdiff Intestinal
Organoid Basal Medium (STEMCELL Technologies, ref. 05143)
with 0.2% STEMiff Intestinal Organoid Supplement (STEMCELL
Technologies, ref. 05144), 0.1% L-glutamine (Gibco, ref. 25030-024).
The medium was changed every 3 to 4 days.

For routine passaging every 7 to 10 days, culture medium was
aspirated and replaced with ice-cold Dulbecco’s modified Eagle’s
medium (DMEM)/F12. hIOs were released by breaking up the
Matrigel domes and transferred to 15-ml conical tubes. The hIOs
were mechanically fragmented using sequential pipetting with 1-ml
and 200-pl pipettes until a homogeneous suspension of organoid
fragments was obtained. The fragments were centrifuged at 300g for
5 min at 4°C, and the supernatant was carefully removed. hIOs were
then reembedded in 40-ul Matrigel domes (Cultrex Reduced Growth
Factor Basement Membrane Extract, ref. 3533-005-02) according to
the desired splitting ratio, which was adjusted on the basis of organ-
oid size and culture density.

HEV and HAV purification from stool samples

The HEV-3 and HAV-IlIa isolates were derived from fecal samples
of patients in the gastroenterology ward of Heidelberg University
Hospital during the acute phase of infection. The original HEV-3f
isolate (hHEV-3) was obtained from feces of a kidney transplant pa-
tient, while the swine-passaged HEV-3fisolate (pHEV-3) was collected
from feces of a chronically infected pig at week 11 postinfection (16).
Stool samples were diluted to a 10% v/v solution with phosphate-
buffered saline (PBS) and centrifuged at 1500¢ for 10 min and at
3000¢ for 30 min. The supernatant was passed through 5-pm filters
(Macherey-Nagel, ref. 729242) and then centrifuged again at 3000g
for 30 min, followed by filtering through 1.2-pm Chromafil Xtra
PES filter (Macherey-Nagel, ref. 729229), 0.45-um and 0.22-pm fil-
ter units (Millex GV, ref. SLGV033RS/004SL). UV inactivation was
applied to both viruses for 30 min of UV-light exposure (UV lamp
Benda, 220 V, 2 X 6 W, wavelength254 nm, N-12K).

HEV/HAYV infections of hlOs and neutralization

Cell culture HEV-3 Kernow-C1/p6 strain virus was produced as
previously described (68). For virus infections of hIOs delivered
through fragmentation, culture medium was aspirated, and hIOs
were harvested with 1 ml of cold DMEM/F12 per Matrigel dome
and transferred into a 15-ml Falcon tube. hIOs were fragmented by
pipetting them up and down at least 10 times with a P1000 and an
additional 10 times with a P200. Samples were centrifuged at 300g
for 5 min 4°C, and supernatant was carefully aspirated. hIOs recov-
ered from one Matrigel dome were infected with 1 x 10° HEV GEs
or 3.3 x 10° HAV GEs in 1 ml of STEMdiff Intestinal organoid
complete medium supplemented with 10 pM Y27632 (STEMCELL
Technologies, ref. 72304) and transferred into a 1.5-ml Eppendorf
tube prior treated with antiadherence solution (STEMCELL Tech-
nologies, ref. 07010). Tubes were placed on an Intelli mixer rotator
(neoLabLine, ref. 7-0045) in the incubator and incubated for 8 hours
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at 10 rpm rotation at 37°C and 5% CO,. Afterward, cells were trans-
ferred into a 15-ml Falcon tube with 5-ml PBS and centrifuged
at 300g for 5 min. The inoculum was removed and washed three
times with PBS, and hIOs were reembedded into 100% gelated
Matrigel. For neutralization, HEV particles were treated with con-
valescent patient serum or HEV-negative patient serum at 1:1000
for 1 hour at 37°C before infecting hIOs and harvested at respec-
tive time points.

For virus infections delivered through microinjection, hIOs were
grown in Matrigel domes on 12-mm glass round coverslips. The
Matrigel domes were transferred onto 70% ethanol rinsed Parafilm
on a plastic dish (Thermo Fisher Scientific, ref. 13-374-10), covered
with gentamicin (50 pg/ml; Sigma-Aldrich, ref. G1272) containing
culture medium, and injected at room temperature (RT) with boro-
silicate micropipettes pulled into microinjection needles with a slen-
der taper. Microinjection needles (1-mm outer diameter by 0.58-mm
inside diameter by 100-mm length; Warner Instruments, ref. 30-
0016) were pulled on a Flaming/Brown micropipette puller P-97
(Sutter Instruments) using the following parameters: heat 505, pull
25, velocity 250, time 10, and 1 cycle. Needles were cut open manu-
ally with beveled openings of ~5 pm or less. Microinjections were
performed with a homemade oil microinjector and a standard man-
ual micromanipulator under an epifluorescence stereomicroscope
SMZ1500 (Nikon GmbH).

HEV (1.10° genome copies) and HAV (1.107 genome copies) virus
solutions were thawed on ice and mixed at a 4:1 ratio with 85 mM
fluorescein (Sigma-Aldrich, ref. 46960-100G-F) to allow visual-
ization during the procedure. For each condition, 30 to 40 hIOs
per Matrigel dome were microinjected filling their lumens com-
pletely. Because hIOs within a single Matrigel dome varied in mor-
phology and lumen volume, the injected volume differed among
samples (up to 5 to 10 nl per hIO). hIOs selected for microinjection
were chosen to be as uniform in morphology and size as possible.
After microinjection, hIO domes were transferred back into a
24-well plate and incubated at 37°C and 5% CO; control until
harvesting at later time points for analysis.

hlOs transfection

hIOs were processed following as for infection by fragmentation.
Lipofectamine 3000 transfection reagent (1 pl; Life Technologies,
ref. L3000008) was diluted in Opti-MEM (Life Technologies), and,
in a separate tube, RBV or RBV-TP was diluted in Opti-MEM. The
two solutions were gently combined, incubated for 15 min at RT,
and added to fragmented hIOs for 6 hours at 37°C, 5% CO,. After-
ward, cells were transferred into a 15-ml conical tube containing
5 ml of PBS and centrifuged at 300g for 5 min. The hIOs were reem-
bedded in 100% Matrigel and maintained in complete organoid cul-
ture medium.

LGR5" cell isolation of hlOs

Y27632 ROCK-inhibitor (10 pM) was added to hIOs at least
2.5 hours before harvest and to all solutions during the entire proce-
dure. hIOs were infected with HEV as described above and harvested
at different time points by removing the Matrigel with cell recovery
solution at 4°C. hIOs were incubated in Versene solution for 5 min
at 37°C. hIOs were further fragmented using first a 1-ml pipettor and
a 200-pl pipettor. hIOs were dissociated by treating hIOs with gentle
cell dissociation reagent (STEMCELL Technologies, ref. 100-0485),
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supported by 10 times repeated mechanical disruption through
P1000 pipetting and slow rotation (10 rpm) for 20 min at 37°C
and 5% CO,. Single-cell suspension was incubated with 1.5 mg of
Protein A agarose beads (Pierce)-bound anti-LGR5 antibody at
slow rotation (10 rpm) for 2 hours at 4°C, followed by centrifugal
separation at 300g. LGR5* and LGR5™ fractions were collected
and lysed with TRIzol reagent (Thermo Fisher Scientific) for
RNA extraction.

FISH of viral RNA

Formalin-fixed paraffin-embedded human intestinal tissue sections
from the cecum of a patient with acute HEV treated at the Technical
University Munich hospital were analyzed following the Advanced
Cell Diagnostics (ACD) manufacturer’s RNAscope Multiplex Fluo-
rescent Reagent Kit version 2 user manual and using probes to de-
tect HEV ORF1I (catalog no. 579831) and LGR5 (catalog no. 311021).

Immunofluorescence staining of hlOs

hIOs were collected in 1.5-ml tubes, coated with antiadherence so-
lution, and fixed with 4% paraformaldehyde overnight at 4°C or for
2 hours at RT under constant rolling. hIOs were centrifuged after
each step at 300g for 5 min at 4°C. Samples were blocked and per-
meabilized in PBTG [10% goat serum, 1% bovine serum albumin
(BSA), and 0.1% Triton X-100 in PBS] overnight at 4°C under con-
stant agitation before incubation with primary antibody diluted in
PBTG overnight at 4°C. Alexa Fluor-conjugated secondary anti-
bodies were used at 1:1000 diluted in PBTG for 1 hour at RT.
Hoechst 33342 (1:1000, Thermo Fisher Scientific) was used for nu-
clei staining. Coverslips were mounted using the ProLong Glass
Antifade Mountant (Thermo Fisher Scientific) and cured for at least
24 hours in the dark before imaging.

RNA extraction and RT-qPCR

Total RNA was isolated from cell lysates using the TRIzol reagent
(Thermo Fisher Scientific) according to the manufacturer’s proto-
col. HAV RNA was detected using a one-step reverse transcription
quantitative polymerase chain reaction (RT-qPCR) ToughMix (Quan-
ta Biosciences). For HEV, reverse transcription was performed using
the iScript DNA Synthesis kit (Bio-Rad), and RNA was detected us-
ing iTaq Universal SYBR Green Supermix (Bio-Rad) on a CFX96
thermocycler (Bio-Rad). Viral RNA copies and relative expression
data were normalized to expression against the housekeeping gene
GAPDH or RPS11. The primer sequences (forward and reverse) used
for qPCR are listed in table S3.

Confocal microscopy and image analysis

Microscopy imaging was performed on an inverted Zeiss LSM900
point laser scanning confocal microscope (Carl Zeiss Microscopy
GmbH) equipped with the Airyscan detector, a Spinning Disc Ti2
CREST (Nikon), a Luxendo MuVi SPIM Light Sheet microscope
(Bruker), and Zeiss Cell Discoverer 7 (CD7, Carl Zeiss Microscopy
GmbH) in this study. Fluorescence and bright-field images were col-
lected with a 20X air objective or 40X oil immersion objective.
Time-lapse video microscopy measurements were performed on
the inverted Zeiss LSM900 with an environmental control chamber,
recording interval of 1 hour, and maximum intensity projection of
13.2 pm. All images were processed using either the Zeiss ZEN Blue
v3.1 microscope-control software, Image]J, and Zeiss Arivis software.
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3’-Targeted 10x Genomics and Illumina sequencing

For each sample, three Matrigel domes were combined to obtain suf-
ficient cells for one 10x Genomics scRNA-seq reaction. hIOs were
harvested and dissociated by incubation with TrpLEX (Gibco, ref.
12604013) 37°C for 10 min and 10X pipetting with a P1000, fol-
lowed by an additional incubation step for 10 min at 37°C. DMEM/
F12 (STEMCELL Technologies, ref. 36254) was added to each tube
and cells were spun for 5 min at 500g. Cells were resuspended in
0.5% BSA/PBS and passed through a 70-pum cell strainer (Carl Roth,
ref. CNAQ.1). Cells were counted and inspected for viability using
trypan blue. Single-cell suspensions were loaded onto the 10x Chro-
mium controller according to manufacturer’s instructions of the
Chromium Next GEM Single Cell 3’ Kit v3.1 (10x Genomics, ref.
1000269) with a targeted cell recovery of 10,000. Sequencing librar-
ies were prepared according to the manufacturer’s instructions.
Resulting libraries were pooled and sequenced on an Illumina Next-
Seq2000 (high-output mode, paired-end, 100 cycles).

scRNA-seq data analysis

Raw base call (BCL) files generated from the Illumina sequencer were
demultiplexed using the Cell Ranger mkfastq pipeline (v6.1.2, 10x
Genomics). Gene expression matrices were generated with Cell Ranger
count, aligning reads to a custom reference genome that combined the
human GRCh38 (version 3.0.0, provided by 10x Genomics) and the HEV
genome (GenBank, accession no. JQ679013.1). The resulting filtered
gene-barcode matrices served as input for downstream analysis in Seurat.

Gene expression matrices from HEV-infected samples were ob-
tained from the Cell Ranger outputs. These matrices were loaded
into R using the Read10X function from the Seurat (v4.4) package.
Each dataset was converted into a Seurat object using CreateSeura-
tObject with default parameters, excluding genes expressed in fewer
than three cells and cells with fewer than 200 detected genes. To fil-
ter out low-quality cells and potential doublets, cells were excluded
if they had fewer than 200 or more than 9000 detected genes (nFea-
ture_RNA), more than 100,000 total Unique Molecular Identifier
(UMI) counts (nCount_RNA), or more than 50% of transcripts
mapping to mitochondrial genes. Mitochondrial gene fraction was
calculated using PercentageFeatureSet with the pattern “AMT-". To
annotate HEV-infected cells, raw UMI counts of viral genes ORF1
and ORF2 were retrieved using FetchData and summed per cell. A cell
was considered infected if the total viral gene count exceeded zero.

To integrate multiple datasets (HEV-1 and HEV-2) and correct for
technical variation, the merged object was split by sample origin (orig.
ident) and processed with the SCTransform workflow. Each dataset
was normalized independently with default SCTransform parameters.
Integration features were selected using SelectIntegrationFeatures
(n = 3000), followed by dataset preparation (PrepSCTIntegration),
anchor identification (FindIntegrationAnchors), and data integration
(IntegrateData) using the SCT method. The integrated dataset was
reduced in dimensionality via principal components analysis (top 30
components), followed by visualization with UMAP (RunUMAP on
the top 30 principal components). Clustering was performed using
FindNeighbors and FindClusters at a resolution of 0.8.

For cell-type annotation, a curated marker gene table (table S3)
was used to build a custom reference. Marker genes were grouped
by cell type, and a binary matrix was created assigning 1 to marker
genes and 0 to all others. The integrated HEV-infected dataset served
as the query, and cell types were assigned using SingleR (v1.12.1)
(69) with this reference. To evaluate whether specific cell types were
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disproportionately infected, the proportion of infected cells was cal-
culated per cell type.

To further validate the cellular heterogeneity and differentiation
dynamics, we performed stemness inference and pseudotime trajec-
tory analysis. CytoTRACE2 (70) was applied to quantify cellular dif-
ferentiation states on the basis of transcriptional diversity. Pseudotime
analysis was conducted using Monocle3 (71), with trajectory initial-
ization based on stem cells ranked by CytoTRACE2 scores. The top
10 stem cells with the highest stemness scores were designated as
root cells for each sample subset.

Gene set signature analysis

Gene signature scores were calculated using the AddModuleScore ()
function in Seurat (72). We analyzed two gene signatures: an ISG signa-
ture based on the study by Schoggins et al. (34) and the apoptosis signa-
ture obtained from the REACTOME pathway database (73). To visualize
and compare signature scores between HEV-infected and mock samples
across different cell types, we extract signature scores along with cell-type
annotations and treatment conditions from the Seurat metadata.

Statistical analyses

Graphs were produced and statistical analyses were performed us-
ing GraphPad Prism 8 software. Experimental data for RT-PCR are
reported as means + SD. In all figures where P values were calcu-
lated, the corresponding statistical test is listed in the figure legend.
P values of <0.05 were considered statistically significant.

Biosafety

Experiments involving viral infections were conducted within a
Biosafety Level 2 facility at Heidelberg University and were approved
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Erratum

Post date 15 May 2026

Erratum for the Research Article “Hepatitis E virus replication is maintained in proliferative cells
within the intestinal crypt” by S. Prallet ef al.

The original version of the Research Article, “Hepatitis E virus replication is maintained in proliferative cells
within the intestinal crypt” by S. Prallet ef al. contained an error in Fig. 5.

The following corrections have been implemented:

e During the preparation of Fig. 5, the representative image for ORF2/Nuclei at 48 hours inadvertently dupli-
cated the image for 99 hours in panel A. Figure 5 has been updated to include the correct representative im-
age for 48 hours.

e In the Fig. 5 caption, “Cycle Treshold” has been corrected to “Cycle Threshold.”

Figure 5 has been corrected in the PDF and HTML versions of the article.

10.1126/sciadv. aei2438
|
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