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ABSTRACT

Human gastrointestinal tract research is limited by the paucity of in vitro intestinal cell models that recapitulate the cellular di-
versity and complex functions of human physiology and disease pathology. Human intestinal enteroid (HIE) cultures contain
multiple intestinal epithelial cell types that comprise the intestinal epithelium (enterocytes and goblet, enteroendocrine, and
Paneth cells) and are physiologically active based on responses to agonists. We evaluated these nontransformed, three-dimen-
sional HIE cultures as models for pathogenic infections in the small intestine by examining whether HIEs from different regions
of the small intestine from different patients are susceptible to human rotavirus (HRV) infection. Little is known about HRVs, as
they generally replicate poorly in transformed cell lines, and host range restriction prevents their replication in many animal
models, whereas many animal rotaviruses (ARVs) exhibit a broader host range and replicate in mice. Using HRVs, including the
Rotarix RV1 vaccine strain, and ARVs, we evaluated host susceptibility, virus production, and cellular responses of HIEs. HRVs
infect at higher rates and grow to higher titers than do ARVs. HRVs infect differentiated enterocytes and enteroendocrine cells,
and viroplasms and lipid droplets are induced. Heterogeneity in replication was seen in HIEs from different patients. HRV infec-
tion and RV enterotoxin treatment of HIEs caused physiological lumenal expansion detected by time-lapse microscopy, recapit-
ulating one of the hallmarks of rotavirus-induced diarrhea. These results demonstrate that HIEs are a novel pathophysiological
model that will allow the study of HRV biology, including host restriction, cell type restriction, and virus-induced fluid secre-
tion.

IMPORTANCE

Our research establishes HIEs as nontransformed cell culture models to understand human intestinal physiology and patho-
physiology and the epithelial response, including host restriction of gastrointestinal infections such as HRV infection. HRVs
remain a major worldwide cause of diarrhea-associated morbidity and mortality in children <5 years of age. Current in vitro
models of rotavirus infection rely primarily on the use of animal rotaviruses because HRV growth is limited in most transformed
cell lines and animal models. We demonstrate that HIEs are novel, cellularly diverse, and physiologically relevant epithelial cell
cultures that recapitulate in vivo properties of HRV infection. HIEs will allow the study of HRV biology, including human host-
pathogen and live, attenuated vaccine interactions; host and cell type restriction; virus-induced fluid secretion; cell-cell commu-
nication within the epithelium; and the epithelial response to infection in cultures from genetically diverse individuals. Finally,
drug therapies to prevent/treat diarrheal disease can be tested in these physiologically active cultures.

Knowledge of the human small intestine has been limited by the
lack of in vitro systems that recapitulate its complex nature

and functions. In recent years, human intestinal enteroids (HIEs)
that exhibit a similar cellular composition to and many functional,
region-specific aspects of the human gastrointestinal epithelium
have been established (1–4). HIEs are produced from small intes-
tinal tissues donated by consenting individuals. The epithelial
crypt domains are isolated and cultured in Wnt3A-rich growth
medium ex vivo, resulting in three-dimensional cultures that con-
tain a stem cell niche and all the differentiated epithelial cell types
surrounding a single lumenal compartment (2). These HIEs offer
advantages over existing cell lines because they are human, are not
transformed, and demonstrate many of the biological and physi-
ological properties of the small intestinal epithelium (1, 5). In
addition, unlike many primary tissue models, HIEs are long-lived
and can be passaged as well as frozen for later use (6). HIEs have
been used to study intestinal stem cell behavior and epithelial

responses to injury, and we have pioneered the use of HIEs to
understand human gastrointestinal viral host-pathogen interac-
tions (1, 4, 7, 8). HIEs exhibit advantages over human intestinal

Received 31 July 2015 Accepted 5 October 2015

Accepted manuscript posted online 7 October 2015

Citation Saxena K, Blutt SE, Ettayebi K, Zeng X-L, Broughman JR, Crawford SE,
Karandikar UC, Sastri NP, Conner ME, Opekun AR, Graham DY, Qureshi W, Sherman
V, Foulke-Abel J, In J, Kovbasnjuk O, Zachos NC, Donowitz M, Estes MK. 2016.
Human intestinal enteroids: a new model to study human rotavirus infection, host
restriction, and pathophysiology. J Virol 90:43–56. doi:10.1128/JVI.01930-15.

Editor: R. M. Sandri-Goldin

Address correspondence to Mary K. Estes, mestes@bcm.tmc.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JVI.01930-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

crossmark

January 2016 Volume 90 Number 1 jvi.asm.org 43Journal of Virology

http://dx.doi.org/10.1128/JVI.01930-15
http://dx.doi.org/10.1128/JVI.01930-15
http://dx.doi.org/10.1128/JVI.01930-15
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01930-15&domain=pdf&date_stamp=2015-10-7
http://jvi.asm.org


organoids (HIOs) derived from approved stem cell lines, which
we studied previously. HIOs contain epithelial and mesenchymal
cells, both of which were infected by rotaviruses (RVs), including
human RV (HRV), but only a few cells were infected, possibly due
to the more fetal phenotype of HIOs (9, 10). HIOs also required
significantly more time to be established, maintained, and in-
fected. Therefore, we have now examined HIE cultures because
they are easier to establish from different intestinal regions from
multiple patients and are reportedly more differentiated (4).

HRVs remain the major cause of severe diarrheal illness world-
wide, accounting for an estimated 453,000 annual deaths in chil-
dren under the age of 5 years (11). With the recent introduction of
two licensed rotavirus vaccines (pentavalent RotaTeq [RV5];
Merck, Whitehouse Station, NJ, and monovalent Rotarix [RV1];
GlaxoSmithKline, Brentwood, UK), it is predicted that the global
death toll attributable to rotaviruses will decrease substantially
(12, 13). However, vaccine efficacy remains suboptimal in low-
income settings, where the burden of disease is greatest (13–15).
Recent studies have distinguished HRVs from animal rotaviruses
(ARVs) based on their respective receptor usages for initial infec-
tion, with most HRVs binding human histo-blood group antigens
(HBGAs) and ARVs binding sialylated glycans (16–19). HBGAs,
namely, ABH and Lewis antigens, have been suggested to be ge-
netic factors that determine host susceptibility (20), and both se-
cretor status and Lewis status (regulated by the fucosyltransferase
2 [FUT2] and fucosyltransferase 3 enzymes, respectively) have
been proposed to mediate susceptibility to infection and possibly
vaccination in a rotavirus genotype-dependent manner (21). Fur-
ther studies on HRV-host interactions at the cellular level are
needed to advance the understanding of host susceptibility and
disease pathophysiology as well as aid in the development of more
efficient modes of treatment and vaccination.

Most in vitro studies of rotavirus pathogenesis in cultured cells
have been performed by using simian rotavirus (rhesus rotavirus
[RRV] or simian agent 11 [SA11]) to infect either homologous
monkey kidney cell lines or heterologous human colonic adeno-
carcinoma cell lines (e.g., HT-29 and Caco-2), partially due to the
limited repertoire of nontransformed human small intestinal cell
culture lines (22–24). Homologous infection generally results in
increased infection and disease in vivo and is the predominant
form of infection seen in nature (25, 26). Many human rotaviruses
do not infect or poorly infect small animal models, are attenuated
in gnotobiotic large animal models (27–30), and typically grow to
low titers in current in vitro models, even after cell culture adap-
tation, compared to animal rotaviruses (31, 32). Thus, there are
few robust, biologically relevant models for studying HRV infec-
tion, as the property of host range restriction requires the study of
HRV infection in human-derived cells. An in vitro model that
better recapitulates in vivo infection of humans would ideally con-
sist of a human rotavirus infecting nontransformed human small
intestinal cell cultures, the natural tissue tropism of human rota-
viruses.

In this study, we evaluated whether HIEs represent a robust,
new, biologically relevant in vitro culture model that can be used
to study aspects of human rotavirus biology and pathophysiology
that have not been fully assessed previously. We examined the host
range restriction of simian and human rotaviruses, including the
RV1 vaccine strain; cell type restriction; and the contribution of
cell differentiation to infectivity and measured enterotoxin/virus-
induced fluid secretion. In addition, because HIEs can be gener-

ated from tissue donated by different people, we evaluated
whether properties of HRV infection are conserved among HIEs
from different individuals. We demonstrate that HIEs are a novel,
genetically diverse, in vitro human model to study the replication
and pathophysiology of human rotavirus infection.

MATERIALS AND METHODS
Cell lines and viruses. African green monkey kidney (MA104) cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA). Rhesus
rotavirus (G3P[3]) and human rotavirus strains Ito (G3P[8]) and Wa
(G1P[8]) were propagated in MA104 cells, and for some experiments,
triple-layered particles were purified by using CsCl gradient centrifuga-
tion as previously described (33). Five different preparations of RRV and
three different preparations of strain Ito were utilized in this study. Ly-
ophilized formulations of the Rotarix vaccine (G1P[8]; GlaxoSmithKline,
Brentford, United Kingdom) were suspended in TNC buffer (10 mM
Tris-HCl, 120 mM NaCl, 10 mM CaCl2 [pH 7.4]) (33) prior to use. The
titer of virus preparations was determined by a plaque assay or a fluores-
cent-focus assay (FFA) in MA104 cells (34).

Human intestinal enteroid culture and media. Duodenal and ileal
biopsy specimens were obtained from adults during routine endoscopy at
Baylor College of Medicine through the Texas Medical Center Digestive
Diseases Center Study Design and Clinical Research Core. Jejunal tissue
was obtained from patients undergoing bariatric surgery. The Baylor Col-
lege of Medicine Institutional Review Board approved the study protocol
(protocol numbers H-13793 and H-31910). HIEs were prepared from the
tissue samples as previously described (2).

Three different types of media were used to establish, maintain, or
differentiate HIEs. Complete medium without growth factors [CMGF(�)
medium], also known as basal culture medium, consisted of advanced
DMEM–F-12 medium (Invitrogen) supplemented with 100 U/ml peni-
cillin-streptomycin (Invitrogen), 10 mM HEPES buffer (Invitrogen), and
1� GlutaMAX (Invitrogen) (2).

Complete medium with growth factors (CMGF� medium), also
known as stem cell culture-conditioned medium (2), consisted of
CMGF(�) medium supplemented with 50 ng/ml epidermal growth fac-
tor (EGF) (Invitrogen), 10% Noggin-conditioned medium (made from
Noggin-producing cells; kindly provided by G. R. van den Brink, Amster-
dam, The Netherlands) (described in reference 35), 20% R-spondin-con-
ditioned medium (R-spondin-producing cells; kindly provided by Calvin
Kuo, Palo Alto, CA), 50% Wnt3A-conditioned medium produced from
ATCC CRL-2647 cells (ATCC, Manassas, VA), 10 mM nicotinamide (Sig-
ma-Aldrich, St. Louis, MO), 10 nM gastrin I (Sigma-Aldrich), 500 nM
A-83-01 (Tocris Bioscience, Bristol, United Kingdom), 10 �M SB202190
(Sigma-Aldrich), 1� B27 supplement (Invitrogen), 1� N2 supplement
(Invitrogen), and 1 mM N-acetylcysteine (Sigma-Aldrich).

Differentiation medium consisted of the same components as those of
CMGF� medium without the addition of Wnt3A, SB202190, and nicoti-
namide as well as 50% reductions in the concentrations of Noggin and
R-spondin.

HIEs were passaged in CMGF� medium in phenol red-free, growth
factor-reduced Matrigel (Corning, Corning, NY) and either (i) frozen in
liquid nitrogen for later use or (ii) kept in Matrigel and used for infection
experiments after being cultured in CMGF� medium for 4 days followed
by differentiation medium for 3 to 4 days.

To quantify the number of cells in HIE samples for use in calculations
of multiplicity of infection (MOI), HIEs were dissociated into a single-cell
suspension with Accutase cell dissociation solution (BD Biosciences) for
30 min at 37°C, and the number of cells was then quantified by using a
Coulter Z1 particle counter (Beckman Coulter, Brea, CA). The MOI was
calculated as amount of input virus/total number of cells in samples of
HIEs. The total number of cells within a Matrigel plug of HIEs ranged
from 100,000 to 200,000.
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Viral infections and determination of viral infectivity. Three to four
days after culture in differentiation medium, HIEs were washed twice in
cold CMGF(�) medium to remove the Matrigel. Mock-treated MA104
cell lysates and rotavirus preparations made in MA104 cells were each
treated with 10 �g/ml trypsin (Worthington Biochemical Corporation,
Lakewood, NJ) for 30 min at 37°C to enhance RV infectivity. HIEs were
distributed equally into 5-ml round-bottom polystyrene tubes (Falcon,
Corning, NY). HIEs were inoculated with different amounts of virus to
achieve the desired MOI (0.5 to 20 PFU/cell or focus-forming units
[FFU]/cell); mock-infected samples received a volume of trypsin-treated
MA104 cell lysate equivalent to that used for viral infections. HIEs were
vigorously pipetted 10 to 20 times with a P200 pipette to disperse and
open the HIEs for apical exposure to the virus.

Apical exposure following pipetting was confirmed by treating HIEs
with fluorescein isothiocyanate (FITC)-labeled dextran and then imaging
the HIEs on a Nikon A1Rs confocal microscope. Prior to pipetting, FITC-
labeled dextran (9.5 kDa) (Sigma-Aldrich) was excluded from the lumen
of HIEs. After dispersion of HIEs with a P200 pipette, FITC-labeled dex-
tran was observed within the lumenal compartment of HIEs, demonstrat-
ing apical exposure of HIEs to the surrounding medium after pipetting
(data not shown).

For experiments assessing the percentage of infected cells, HIEs in
polystyrene tubes were placed in an incubator at 37°C with 5% CO2 for 2
h. After 2 h of virus adsorption in the presence of 0.1 to 0.2 mg/ml of
porcine pancreatin (Sigma-Aldrich) prepared in CMGF(�) medium,
HIEs were washed twice with CMGF(�) medium and centrifuged at 50 �
g to 70 � g to remove the inoculum and pancreatin that were present
during virus adsorption. Pelleted HIEs were then suspended in differen-
tiation medium without trypsin or pancreatin and incubated for 18
to 20 h.

To assess viral growth, virus adsorption in the presence of 0.1 to 0.2
mg/ml pancreatin occurred for 1.5 h, after which HIEs were washed 4
times with CMGF(�) medium and centrifuged at 50 � g to 70 � g to
remove the inoculum. Pelleted HIEs were then suspended in differentia-
tion medium supplemented with 0.5 mg/ml pancreatin. HIEs were either
immediately frozen at �80°C to assess the amount of virus present after
washing (at 1.5 h postinfection [hpi] or 2 hpi) or incubated overnight and
harvested at 24 hpi. All mock- and HRV-infected samples underwent two
rounds of freezing and thawing followed by 2 min of sonication. The
amount of infectious virus in each sample was determined by a fluores-
cent-focus assay in MA104 cells (34).

Assessment of percentage of infected cells by flow cytometry. HIEs
(mock and HRV infected) were treated with Accutase cell detachment
solution (BD Biosciences) for 30 min at 37°C, followed by 5 min of cen-
trifugation at 400 � g, and the pellet was resuspended in CMGF(�) me-
dium to create a single-cell suspension. Cells were then fixed at 4°C in 300
�l Cytofix fixation buffer (BD Biosciences) for 20 min, washed with Perm/
Wash permeabilization buffer (BD Biosciences), and incubated for 30
min at room temperature (RT) with a 1:20,000 dilution of rabbit poly-
clonal antirotavirus antibody diluted in permeabilization buffer (36).
Cells were then washed in permeabilization buffer, followed by incuba-
tion for 30 min at RT with a 1:1,000 dilution of an Alexa Fluor 488-
conjugated donkey anti-rabbit antibody (Invitrogen). Cells were washed,
and Alexa Fluor 488-positive cells were quantified by using an LSRII flow
cytometer (BD Biosciences). Doublet discrimination was used to gate on
the single-cell population. From this gate, 10,000 events were analyzed.

Quantitative reverse transcription-PCR analysis. Total RNA was ex-
tracted from HIEs by using the RNeasy minikit and the QIAshredder kit,
followed by treatment with RNase-free DNase (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. The amount and purity of RNA
were determined with a NanoDrop spectrophotometer (Thermo Sci-
entific, Waltham, MA). Quantitative reverse transcription-PCR (qRT-
PCR) was performed on a StepOnePlus real-time PCR system (Applied
Biosystems, Foster City, CA), utilizing One-Step RT-qPCR ToughMix
with the ROX reference dye according to the manufacturer’s protocol

(Quanta Biosciences, Gaithersburg, MD). TaqMan primer-probe
mixes were obtained from Molecular Probes (Eugene, OR), with the
following assay identification numbers: Hs00356112_m1 for sucrase-
isomaltase (SI), Hs00158722_m1 for lactase (LCT), Hs00357579_g1
for intestinal-type alkaline phosphatase (ALPI), Hs00900370_m1 for
chromogranin A (CHGA), Hs00300531_m1 for synaptophysin (SYP),
Hs03005103_g1 for mucin 2 (MUC2), Hs00902278_m1 for trefoil fac-
tor 3 (TFF3), Hs00360716_m1 for defensin alpha 5 (DEFA5),
Hs00426232_m1 for lysozyme (LYZ), Hs00969422_m1 for leucine-
rich-repeat-containing G-protein-coupled receptor 5 (LGR5),
Hs01032443_m1 for antigen identified by monoclonal antibody Ki-67
(MKI67), and Hs02758991_g1 for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). Expression levels were normalized to GAPDH levels and an-
alyzed with StepOne v2.1 software (Applied Biosystems) by using the 2���CT

method as previously described (37).
Cytotoxicity assay. HIEs were infected with HRV at a high multiplic-

ity of infection to perform a one-step growth curve, as described above.
Mock- and virus-treated HIEs were inoculated with an equivalent volume
of MA104 lysate. At the indicated time points, HIEs were pelleted at 400 �
g, and the supernatant was harvested. The cell culture supernatants from
mock- and HRV-inoculated HIEs were assessed for the amount of lactate
dehydrogenase (LDH) by using the CytoTox 96 Non-Radioactive cyto-
toxicity assay according to the manufacturer’s protocols (Promega, Mad-
ison, WI). Positive controls consisted of HIEs that were lysed by freeze-
thawing and assessed for LDH quantity. The percent cytotoxicity was
calculated as the amount of LDH in mock-infected and infected HIE
culture supernatants divided by the mean of the positive-control values.

Electron microscopy. Pelleted mock-treated and HRV-infected HIEs
(at 10 hpi) were treated with fixation buffer (2.5% glutaraldehyde, 3%
formaldehyde, 0.0025% picric acid, 100 �M CaCl2, and 50 �M MgCl2 in
phosphate-buffered saline [PBS] [pH 7.4]) at 4°C overnight. Fixation was
quenched with 50 mM glycine in PBS, followed by postfixation with 1%
OsO4 in PBS. HIEs were stained en bloc with 1% aqueous uranyl acetate
and then dehydrated in serial dilutions of ethanol (50%, 70%, 90%, 95%
twice, and 100% twice), transitioned with propylene oxide, and infiltrated
with several changes of Spurr’s resin. HIEs were placed into Beem capsules
and polymerized overnight at 60°C. Thin sections were cut on an RMC
Powertome XL ultramicrotome, stained with lead citrate, and visualized
with a JEOL 1230 transmission electron microscope at 80 keV by using a
Gatan Ultrascan-1000 charge-coupled device (CCD) and Digital Micro-
graph software.

Swelling assays. To assess swelling in response to agonists, differenti-
ated HIEs were removed from Matrigel as described above, suspended in
100 �l of CMGF(�) medium, distributed into a 96-well optical imaging
plate precoated with 15 �l of Matrigel, and incubated for at least 4 h at
37°C to allow the enteroids to reseal and return to a basal state after
manipulations. Stock solutions of forskolin (Sigma-Aldrich), carbachol
(Sigma-Aldrich), and NSP4 peptides derived from the SA11 rotavirus
strain (produced as previously described [38]) were stored at �20°C.
Serial dilutions of each stock were prepared immediately prior to the
experiments. HIEs were imaged in an environmental chamber on a GE
Deltavision deconvolution microscope (GE, Issaquah, WA), utilizing dif-
ferential interference contrast (DIC) imaging. Coordinates for the loca-
tions of HIEs were determined, and 4 to 6 images were then acquired to
calculate the baseline area of each HIE. Test compounds at the indicated
dilutions were then added to the chamber. An image was taken every 15 s
for the duration of the experiment. The images were analyzed by using
ImageJ software. The cross-sectional area of each imaged HIE was mod-
eled as an ellipse, and perpendicular radii were measured by ImageJ at
baseline and at the end of the swelling assay. The cross-sectional area was
calculated as � � a � b, where “a” and “b” represent the measured radii.

Because a majority (�80%) of HIEs expanded in response to forskolin
treatment, forskolin was used as a positive control for enteroid lumenal
expansion in our assays with the enterotoxin NSP4. To ensure that a lack
of HIE lumenal expansion in response to a stimulus was due to the inabil-
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ity of the peptide to induce fluid secretion and not because the enteroid
was incapable of swelling, HIEs were treated with forskolin following 45
min of NSP4 treatment. The data set that was analyzed included all HIEs
that expanded in response to NSP4 or that did not expand in response to
NSP4 but expanded with forskolin treatment. HIEs that did not expand in
response to NSP4 or subsequent forskolin treatment were excluded, as
they were considered to be incapable of swelling.

To assess swelling following virus infection, differentiated HIEs were
infected with HRV as described above, and after 1 h of virus adsorption,
HIEs were washed and suspended in differentiation medium. HIEs were
placed into a 96-well optical imaging plate coated with 30 �l of a 20%
solution of Matrigel in CMGF(�) medium and allowed to reseal before
imaging began at 2 hpi. HIEs were imaged by utilizing the same procedure
as the one described above for the swelling agonists. Spherical HIEs were
used and analyzed in these assays. Because cross-sectional areas of these
HIEs were more circular than elliptical, only one radius was measured at
each time point instead of two.

Fucosyltransferase 2 genotyping of human intestinal enteroids.
DNA was extracted from HIEs by using the QIAamp DNA minikit
(Qiagen) according to the manufacturer’s protocol. A 546-bp fragment of
the FUT2 gene was amplified by using the following primers: 5=-AGCCT
CAACATCAAAGGCACTGGGA-3= (forward) and 5=-AACCAGTCCAG
GGCCTGCTGTA-3= (reverse). Fragments were sequenced and examined
for the G428A and C571T nonsense mutations and the A385T mutation,
which results in an unstable enzyme (39, 40). HIEs that were homozygous
for one of these mutations were designated secretor-negative HIEs.

Immunohistochemistry. HIEs were placed into Matrigel and fixed in
10% neutral buffered formalin overnight at 4°C. The HIE-containing
Matrigel was then dehydrated and embedded in paraffin. For staining,
3-�m paraffin sections of the HIEs were used. Heat-mediated antigen
retrieval was performed on HIE sections in 10 mM citrate buffer (pH 6.0).
The following primary antibodies were prepared in PBS and incubated
overnight at 4°C: rabbit polyclonal antirotavirus (1:500 dilution) (36),
E-cadherin (1:100; BD Biosciences), mucin 2 (1:500; Santa Cruz Biotech-
nology, Dallas, TX), sucrase-isomaltase (1:100; Santa Cruz), chromo-
granin A (1:100; Novus Biologicals, Littleton, CO), and lysozyme (1:100;
Dako, Carpinteria, CA) antibodies. Sections were washed three times in
PBS containing 0.05% Tween 20 (PBS-T). Fluorescence was visualized by
using Alexa Fluor-conjugated secondary antibodies.

HRV infection of enteroendocrine cells was detected with the rabbit
antirotavirus antibody, followed by secondary staining with an Alexa
Fluor 488-conjugated mouse anti-rabbit antibody. The rabbit anti-hu-
man chromogranin A antibody (Novus Biologicals) was directly labeled
by using the Zenon rabbit IgG labeling kit (Life Technologies, Carlsbad,
CA). The sections were incubated with antibodies according to the man-
ufacturer’s instructions.

All of the sections were mounted in ProLong Gold Antifade reagent
(Invitrogen). Images were obtained on a Nikon A1Rs confocal laser scan-
ning microscope, and the images were prepared for publication by using
Nikon Elements software version 3.4. The confocal stacks were processed
by using Image J, and final images were prepared by using Adobe Photo-
shop. Routine hematoxylin and eosin (H&E) staining was done to visual-
ize the overall morphology of the HIEs, and periodic acid-Schiff (PAS)
staining was performed to detect goblet cells in the HIEs.

Statistics. Statistical analyses were performed with Microsoft Excel
software using the unpaired Student t test and one-way analysis of vari-
ance (ANOVA) with post hoc testing of significant ANOVA results using
the Tukey honestly significant difference (HSD) test. Figures depict rep-
resentative results from experiments that were repeated two to three times
unless otherwise specified. Results were considered significant when the P
value was 	0.05.

RESULTS
Enteroids are a novel in vitro model of the human small intesti-
nal epithelium. Prior to evaluation of HIE cultures as a model for

HRV infection, we established a bank of cultures and character-
ized their structure and cell type composition as background in-
formation relevant for studying virus-host interactions. We
successfully established with 100% efficiency HIEs from tissue
samples of the duodenum (n 
 17), jejunum (n 
 13), and ileum
(n 
 24) from patients undergoing biopsy or gastric bypass sur-
gery (jejunum only). Our HIE bank contains cultures from indi-
viduals who express different histo-blood group antigens; to date,
we have focused on characterizing cultures from 10 secretor-pos-
itive and 3 secretor-negative individuals, all 3 of whom express the
G428A nonsense mutation, which results in a premature stop
codon in the FUT2 sequence. After �5 days in complete medium
with growth factors (CMGF� medium) (Fig. 1A), HIEs typically
adopted either a multilobular (Fig. 1B, left) or a cystic (Fig. 1B,
right) morphology. HIEs with both morphologies consisted of a
single continuous lumen surrounded by epithelial cells. After cul-
tivation in differentiation medium, HIEs contained differentiated
epithelial cells, including absorptive enterocytes, enteroendocrine
cells, and goblet cells, which increased in numbers as demon-
strated by immunofluorescence analysis for protein expression
and qRT-PCR for expression of cell type-specific transcripts, re-
spectively, compared to those in undifferentiated HIEs (Fig. 1C
and D). Differentiated HIEs from all segments of the small intes-
tine showed the presence of each of these differentiated cell types
(data not shown). Paneth cells were present in both undifferenti-
ated and differentiated HIEs, as they are integral to maintaining
the stem cell niche in both states (3).

Human small intestinal enteroids are more susceptible to in-
fection by homologous human rotavirus than heterologous an-
imal rotavirus. To assess if HIEs recapitulate in vivo observations
of rotavirus host range restriction, differentiated HIEs were inoc-
ulated with ARV strain RRV (G3P[3]) or HRV strain Ito (G3P[8])
at a high multiplicity of infection (MOI) of �20. The percentage
of cells infected was evaluated by detection of intracellular rotavi-
rus antigen by flow cytometry. At 20 hpi, HRV Ito infected more
cells (51.6% � 10.8%) than did RRV (13.5% � 2.4%) in HIEs
from a single patient and resulted in a change in HIE morphology,
with many more detached cells being present in the surrounding
medium than in mock-infected HIEs (Fig. 2A). This observation
was not dependent on specific virus preparations, as the same
results were obtained after infections with multiple independent
stocks of RRV (not serial passages of the same parental stock) and
a different preparation of HRV Ito (data not shown). In addition,
HRV Ito infected significantly more cells than did RRV in HIEs
from multiple patients (data not shown), suggesting that the ob-
servation of host range restriction was not specific to HIE cultures
from a single patient. These results demonstrate that jejunal HIEs
are more susceptible to HRV than to RRV infection.

To assess whether HRV infects different regions of the small
intestine, we examined HRV infection in HIEs generated from the
duodenum, jejunum, or ileum from 11 different patients (10 se-
cretor positive and 1 secretor negative [patient j4]) by flow cytom-
etry. HIEs from all small intestinal segments were susceptible to
HRV Ito infection (Fig. 2B).

Enteroids support robust replication of human rotavirus
G3P[8] and G1[P8] but not an attenuated G1[P8] human rota-
virus vaccine strain. The flow cytometry data indicated that rota-
virus proteins are made in infected HIE cells but not whether a
complete replication cycle of infectious particles had occurred. To
determine if HIEs support replication of infectious virus and to
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FIG 1 Characterization of differentiated human jejunal enteroids. (A) Representative images of jejunal enteroids grown over 5 days from intestinal crypts (bar 

50 �m). (B) After 5 days of growth in complete medium with growth factors (CMGF� medium), enteroids typically result in two major morphologies,
multilobular (left) (bar 
 150 �m) and cystic (right) (bar 
 100 �m). (C) Upon differentiation, enteroids contain the four major mature cell types of the small
intestinal epithelium. (Left) Chromogranin A-containing enteroendocrine cells (green) and sucrase-isomaltase-expressing enterocytes (arrowheads) (bar 
 10
�m). (Middle) Periodic acid-Schiff stain-reacting goblet cells (purple) (bar 
 20 �m). (Right) Lysozyme-containing Paneth cells (green) (bar 
 10 �m).
E-cadherin (red) and DAPI (4=,6-diamidino-2-phenylindole) nuclear staining (blue) are shown in the left and right panels. (D) qRT-PCR results showing the fold
change in levels of transcripts in differentiated enteroids relative to the transcript levels in undifferentiated enteroids. Transcript levels were first normalized to
GAPDH levels prior to obtaining the relative fold change by using the 2���CT method. Shown are markers for enterocytes (EC), enteroendocrine cells
(EE), goblet cells (GC), Paneth cells (PC), and stem cells (SC). Gene symbols represent lactase (LCT), sucrase-isomaltase (SI), alkaline phosphatase
(ALPI), chromogranin A (CHGA), synaptophysin (SYP), mucin 2 (MUC2), trefoil factor 3 (TFF3), lysozyme (LYZ), defensin alpha 5 (DEFA5), antigen
identified by monoclonal antibody Ki-67 (MKI67), and leucine-rich-repeat-containing G-protein-coupled receptor 5 (LGR5) genes. Error bars indicate
standard errors of the means (n 
 3).
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FIG 2 Human rotavirus infection and replication properties in human intestinal enteroids. (A) Jejunal enteroids from one patient (patient j11) were either mock
infected or infected with RV at an MOI of 20 PFU/cell. At 20 hpi, enteroids were visualized by light microscopy (left) (bar 
 50 �m) for cytopathic effect.
Enteroids were also assessed for the percentage of infected cells by flow cytometry. Infected cells were defined as cells containing intracellular rotavirus antigen
as detected by rabbit polyclonal antirotavirus serum. Examples of individual infection results (left) are accompanied by composite results from the experiment
(right). (B) Enteroids generated from 11 different patients across the three sections of the small intestine were infected with HRV Ito at an MOI of 10 FFU/cell
and assessed for the percentage of infected cells as described above for panel A. (C) A one-step growth curve for HRV Ito replication was performed over 30 h.
Enteroids were infected at an MOI of 10 FFU/cell. At each of the 6 time points, enteroids and the surrounding supernatant were harvested, and the amount of
infectious virus was quantified by a fluorescent-focus assay. Viral titer is displayed on the left y axis and is represented by black circles on the graph. Cytotoxicity
was also measured at 2 hpi and 14 hpi and is represented as bars, with values displayed on the right y axis. (D) Jejunal enteroids from 5 different patients were
infected with HRV Ito at an MOI of 0.5 FFU/cell, and the amount of infectious virus was quantified as described above for panel C at 2 hpi and 24 hpi. (E) Jejunal
enteroids from one patient (patient j11) were infected with either RRV or HRV at an MOI of 0.5 FFU/cell, and the amount of infectious virus was quantified at
1.5 hpi and 24 hpi. (F) Jejunal enteroids from three patients were infected with either RV1 (Rotarix) or Wa, and the amount of infectious virus was quantified at
2 hpi and 24 hpi. In panels D to F, numbers above the bars show fold increases from 1.5 or 2 hpi (light gray bars) to 24 hpi (dark gray bars). (G) Secretor-negative
enteroids from 3 different patients were infected with HRV strains Ito (left), Wa (middle), and RV1 (right) at an MOI of 0.5 FFU/cell. The amount of infectious
virus at 1.5 hpi and 24 hpi was quantified as described above for panel C. Each bar represents the fold increase in viral growth from 1.5 hpi to 24 hpi. Statistical
analysis was performed by using one-way ANOVA, followed by post hoc analysis with a Tukey HSD test. (H) Electron micrograph of an infected cell within an
enteroid. Strain Ito particles (RV) adjacent to a lipid droplet (LD) and viroplasm (V) are shown (bar 
 250 nm). Results are representative of data from duplicate
(B, D, and F) or triplicate (A, C, and E) independent experiments. Each data bar represents means � standard deviations for 3 samples within each independent
experiment. Statistical analyses were performed by using Student’s t test unless otherwise specified.
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examine the kinetics of replication, a one-step growth curve was
performed by inoculating HIEs with HRV Ito at a high MOI
(�10) (Fig. 2C). Following 1 h of adsorption and washing to re-
move unbound residual virus, the amount of infectious virus pres-
ent at each time point in the HIEs and medium was quantified by
a fluorescent-focus assay (FFA) in MA104 cells. The total amount
of infectious virus decreased from 1.5 to 5 hpi, indicative of an
eclipse phase of the replication cycle during this time. A marked
increase in the amount of infectious virus was observed from 5 to
11 hpi. Between 11 and 25 hpi, virus production increased by 50%,
after which a plateau was reached. These findings indicate that an
entire HRV replication cycle occurred by 11 hpi in HIEs. To eval-
uate cell viability during the one-step growth curve, we assessed
cytotoxicity at 2 and 14 hpi. We found that the percentage of cell
lysis (compared to the positive control) at 14 hpi was significantly
higher (P 	 0.001) in HRV-infected HIEs (89.9% � 2.8%) than in
mock-infected HIEs (31.6% � 4.5%). These data suggest that the
HRV replication cycle in HIEs is a rapid, lytic process and that the
decreased rate of virus production between 11 and 30 hpi parallels
a loss of cell viability.

We also examined the production of infectious virus in jejunal
HIEs from 5 different patients when inoculated with a low MOI
(�0.5 FFU/cell) of virus. All HIEs supported productive replica-
tion of HRV Ito, and on average, jejunal HIEs supported an �2- to
3-log10-fold increase in the amount of infectious virus from 2 to 24
h (Fig. 2D). In addition, duodenal and ileal HIEs from a total of 6
different patients supported HRV Ito growth, with yields in virus
output (100- to 1,000-fold increases) over 24 h similar to those
observed in jejunal HIEs (data not shown). All HIEs supported
rotavirus infection and replication.

The initial flow cytometry findings (Fig. 2A) demonstrated
that HIEs were more susceptible to infection by HRV Ito than
RRV. However, these studies did not assess whether RRV replica-
tion is restricted in HIEs compared to HRV replication. To ad-
dress this question, HIEs were infected with equal amounts of
infectious RRV or HRV at a low MOI (�0.5). After 1.5 h of ad-
sorption and removal of unbound virus, viral growth was evalu-
ated by quantifying the amount of infectious virus by FFAs. The
total amount of infectious virus present by 24 hpi was 158 times
larger in HRV-infected samples than in RRV-infected samples.
Calculation of the increases in infectious-virus production rela-
tive to the amount of infectious virus present at 1.5 hpi showed a
12-fold increase for infectious RRV particles compared to a 213-
fold increase for infectious HRV particles. This finding of reduced
RRV growth compared to that of HRV was consistent across mul-
tiple independent experiments with HIEs from different patients,
and the yield of RRV did not increase more than 20-fold by 24 hpi.

We also evaluated HIE infection with two other human G1P[8]
rotaviruses: the well-characterized Wa strain and RV1, an attenu-
ated rotavirus strain in the monovalent Rotarix rotavirus vaccine.
Despite data demonstrating that RV1 is attenuated in vivo, RV1
attenuation has not been reported for any in vitro models of hu-
man tissue. We assessed viral growth of both these G1 HRVs in
HIEs from multiple patients and found that RV1 replication was
attenuated in HIEs from all secretor-positive patients tested com-
pared to Wa growth (Fig. 2F). Finally, we evaluated the replication
of these strains in HIEs from 3 secretor-negative patients. One-
way analysis of variance (ANOVA) was performed to compare
levels of viral growth across multiple patients and to assess for a
patient effect on viral replication in these secretor-negative pa-

tients. A patient effect was not seen for either strain Ito (P 
 0.76)
or strain Wa (P 
 0.13), as all three secretor-negative patients
supported robust viral growth in all replicate experiments (Fig.
2G, left and middle). Infection with both viruses typically resulted
in a 100- to 1,000-fold increase over 24 h. In contrast, RV1 repli-
cation was consistently attenuated in HIEs from one of the secre-
tor-negative patients (patient j4) (Fig. 2G, right) in comparison to
the HIEs from the other two secretor-negative patients (P 	 0.01)
as well as in comparison to HIEs from secretor-positive patients
(data not shown). RV1 repeatedly replicated poorly in HIEs from
patient j4 in four independent experiments compared to RV1
growth in other HIEs, with only a 2- to 4-fold increase in viral
growth in four consecutive experiments. These results demon-
strate not only that HIEs from multiple patients support RV1
replication but also that it may be possible to study attenuation of
vaccine virus replication in this novel in vitro model.

Finally, HIEs were evaluated for the presence of viral particles
as well as classic structures involved in the replication cycle, such
as viroplasms, by transmission electron microscopy. Large viro-
plasms adjacent to a lipid droplet and large numbers of triple-layered
particles as well as budding triple-layered particles were readily ob-
served in infected HIEs (Fig. 2H). These structures were not seen in
mock-inoculated HIEs (data not shown). Overall, these results dem-
onstrate that HIEs are readily infected by and support the full repli-
cation cycle of HRV strains and can be used to further study the
restriction of both heterologous and vaccine strains.

Human rotavirus preferentially infects differentiated en-
terocytes and enteroendocrine cells of the human small intesti-
nal epithelium. In vivo, rotavirus preferentially infects differenti-
ated cells at the villus tips, with sparing of the intestinal crypts.
After demonstrating that HIEs are cell cultures that differentiate
upon withdrawal of the growth factor Wnt3A (Fig. 1), we evalu-
ated the effect of differentiation on susceptibility to HRV infec-
tion. HIEs were either kept in Wnt3A-rich CMGF� medium (un-
differentiated HIEs) or differentiated for 4 days in differentiation
medium (differentiated HIEs). HIEs were then infected with HRV
Ito, and the percentage of infected cells in both groups was as-
sessed by flow cytometry. HRV Ito infected �3-fold more cells in
differentiated cultures (37.6%) than in undifferentiated cultures
(12.6%) (Fig. 3A). The ratio of the percentage of infected cells in
differentiated HIEs to the percentage of infected cells in undiffer-
entiated HIEs was highly reproducible across three patients (2.3-
to 3.9-fold increase in the percentage of infected cells in differen-
tiated HIEs; mean, 3.1-fold increase [data not shown]).

In addition, we found that undifferentiated cultures supported
significantly less viral growth than did differentiated cultures (Fig.
3B). In undifferentiated cultures from patient j2, there was a
2-fold increase in viral growth from 1.5 hpi to 24 hpi, compared to
a 291-fold increase in differentiated cultures over the same time
span. These findings were verified with HIEs from two additional
patients, in which the increase in viral growth in undifferentiated
cultures varied from 2- to 5-fold over 24 h, whereas the increase in
viral growth in differentiated cultures ranged from 291- to 1,159-
fold. Together, these results indicate that differentiation status
affects susceptibility to HRV infection as well as the total virus
yield.

We next examined HRV-infected HIEs by immunofluores-
cence to identify which differentiated cell types were infected in
these multicellular cultures by detecting rotavirus-positive cells
with a polyclonal antirotavirus antibody. Enterocytes were iden-
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tified by staining for E-cadherin expression. Mock-infected HIEs
did not contain any rotavirus antigen-positive cells, while HRV
Ito-infected HIEs had numerous rotavirus antigen-positive en-
terocytes (Fig. 4A). The predominant cell type infected by HRV in
HIEs was enterocytes.

RRV infection of enteroendocrine cells in mice and primary
human carcinoid enterochromaffin cells has been reported (41),
but whether human rotaviruses infect these cells in vitro or in vivo
is not known. To examine this question, jejunal and ileal HIEs
infected with HRV Ito were costained for viral antigen and the
enteroendocrine marker chromogranin A (CHGA). Mock-in-
fected HIEs stained positive for CHGA but did not contain any
rotavirus antigen-positive cells (Fig. 4B, top). In addition to en-
terocytes, a subset of CHGA-positive cells in HRV-infected HIEs
also stained positive for rotavirus antigen (Fig. 4B, bottom). To
quantify the frequency of enteroendocrine cell infection, five in-
dependent, randomly selected visual fields among sections of
HRV-infected HIEs from two patients were visually examined.
The number of cells costaining for both RV antigen and CHGA
was compared to the total number of CHGA-positive cells. We
observed 6/9 (67%) CHGA-positive cells in jejunal HIEs from one
patient, and 6/14 (43%) CHGA-positive cells in ileal HIEs from a
second patient contained RV antigen. This finding in HIEs shows
that HRV can infect enteroendocrine cells of the human small
intestine. We evaluated serial sections for goblet cell infection us-
ing the goblet cell marker MUC2, and we did not observe costain-
ing of RV antigen and MUC2 (data not shown).

Human intestinal enteroids swell in response to HRV infec-
tion and the enterotoxin NSP4. We examined whether HIEs can
be used as a system to study apical fluid secretion in response to
human rotavirus infection and to the rotavirus enterotoxin by
measuring HIE lumenal expansion. Lumenal expansion repre-
sents a surrogate marker for the movement of fluid from the ba-
solateral to the apical compartment, mimicking fluid secretion
during diarrheal processes (42). We first examined whether fors-
kolin, a cyclic AMP (cAMP) agonist, induced swelling in our
HIEs. To evaluate forskolin-induced lumenal expansion, cross
sections of duodenal HIEs were imaged in a 96-well optical plate
by utilizing deconvolution microscopy. Images were captured ev-
ery 15 s following forskolin (20 �M) treatment until the lumens

FIG 3 Effect of differentiation status on susceptibility to HRV infection. (A) Undifferentiated and differentiated jejunal enteroids from the same patient were either
mock infected or infected with HRV Ito at an MOI of 10 FFU/cell. At 20 hpi, single-cell suspensions were assessed for the presence of intracellular rotavirus antigen by
flow cytometry. Results are representative of data from triplicate independent experiments. Each data bar represents the mean � standard deviation for 3 samples within
each independent experiment. (B) Undifferentiated and differentiated jejunal enteroids from the same patient (patient j2) were infected with HRV Ito at an MOI of 0.5
FFU/cell, and the amount of infectious virus was quantified at 1.5 hpi (light gray bars) and 24 hpi (dark gray bars). Fold increases are displayed above the bars. Results are
representative of data from replicate experiments performed with enteroids from two additional patients (patients j3 and j11). Each data bar represents the mean �
standard deviation for 4 samples within each independent experiment. Statistical analyses were performed by using Student’s t test.

FIG 4 Assessment of differentiated cell types infected by HRV. Ileal enteroids
were either mock infected or infected with HRV Ito at an MOI of 10, fixed at 10
hpi, processed for immunofluorescence staining, and visualized by using confocal
microscopy. (A) Paraffin-embedded sections of mock-infected (left) and HRV-
infected (right) ileal enteroids were assessed for intracellular rotavirus antigen
(green), E-cadherin (red), and nuclei (blue). Infected enterocytes (arrows) are
identified as E-cadherin-expressing cells containing rotavirus antigen (bar 
 20
�m). (B) Enteroendocrine cell infection was assessed by visualizing rotavirus an-
tigen-containing cells (green) (left), chromogranin A-containing cells (magenta)
(middle), and the merged image (right). Staining of nuclei (blue) and E-cadherin
(red) is present in all panels (bar 
 10 �m).
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reached their maximum cross-sectional area (Fig. 5A). A minority
(�20%) of HIEs did not expand in response to forskolin, which
we interpreted as a sign that the enteroid was not completely
sealed, and thus, intraluminal effects could not be observed.

We next evaluated if spherical duodenal HIEs expand after
HRV Ito infection. We measured the lumenal radius (the distance
from the apical surface to the center of the lumen) and the total
enteroid radius (the distance from the basolateral surface to the
center of the lumen) for comparison at each time point. In con-
trast to the rapid expansion in response to forskolin, the lumens of
HRV Ito-infected HIEs began expanding between 3 and 4 hpi,
reaching a maximum lumenal radius at 6 hpi (Fig. 5B; see also
Movie S1A in the supplemental material). Between 6 hpi and 7
hpi, the lumens of HRV-infected HIEs collapsed, and individual
cells were observed to disassociate from the enteroids at between 7
hpi and 12 hpi (see Movie S1B in the supplemental material).

To quantify the degree of lumenal expansion, we calculated the
ratio of the lumenal radius to the total enteroid radius. Only HIEs

that expanded during infection were included in the data analysis.
No mock-infected HIEs expanded during the 10 h of imaging, and
thus, 10 randomly chosen mock-infected spherical HIEs were
chosen for data analysis. The ratio in mock-infected HIEs re-
mained between 4% and 5% at both time points (Fig. 5C). For
HRV-infected compared to mock-infected HIEs, the ratio was
higher at 2 hpi (P 
 0.053) and 6 hpi (P 
 0.0003). The ratio
increased over time only in HRV-infected cells, from a median
value of 10% at 2 hpi to 44% at 6 hpi (P 
 0.0005). These data
show that HIEs are physiologically active when treated with an
agonist (forskolin) that induces fluid secretion and that HRV in-
fection elicits a similar but slower response.

We also assessed whether exposure of the HIEs to the rotaviral
enterotoxin NSP4 alone would induce HIE swelling. The lumenal
cross-sectional area of duodenal HIEs was measured before and
after the application of forskolin, carbachol, or a purified, recom-
binantly expressed wild-type NSP4 fragment (amino acids [aa] 95
to 146), which includes the enterotoxin domain but not the viro-

FIG 5 Fluid dynamics of human intestinal enteroids in response to rotavirus. (A) Duodenal HIEs were treated with forskolin and imaged over 40 min. The white
line marks the enteroid lumen diameter (bar 
 50 �m). (B) Duodenal HIEs were infected with HRV Ito at an MOI of 20 PFU/cell. HIEs were imaged from 2 hpi
to 12 hpi. Images from four representative time points are shown. White lines demarcate the lumen diameter (bar 
 50 �m). (C) Duodenal HIEs were either
mock infected or infected with HRV as described above for panel B. The lumenal radius and the total enteroid radius were measured at 2 hpi and 6 hpi for
mock-infected (n 
 10) and HRV-infected (n 
 9) HIEs. The ratio of these two radii is shown as lumen radius/total enteroid radius at 2 hpi and at 6 hpi. Black
bars represent median values. (D) Duodenal HIEs were treated with forskolin (20 �M), carbachol (200 �M), the NSP4 wild-type (WT) peptide spanning residues
95 to 146 (20 �M), or the E120A/Q123A mutant NSP4 peptide spanning residues 95 to 146 (20 �M). Forskolin-treated HIEs (n 
 5) were imaged for 10 min.
Carbachol (n 
 7)-, NSP4 wild-type peptide (n 
 10)-, and NSP4 mutant peptide (n 
 5)-treated HIEs were imaged for 40 min, and the rate of increase in the
cross-sectional area is shown in square micrometers per minute. Statistical analyses of data in panels C and D were performed by using Student’s t test.
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porin domain (43). The cholinergic agonist carbachol was in-
cluded in our assessment because, similarly to NSP4, it causes
chloride secretion through a calcium-mediated pathway (44–47).
In addition, to evaluate the specificity of the response, we mea-
sured changes in the HIE lumenal area after administration of a
mutant enterotoxin peptide (NSP4 peptide spanning aa 95 to 146
with an E120A/Q123A mutation) that does not increase intracel-
lular calcium concentrations in vitro or induce diarrhea in neona-
tal mice (48).

The HIE cross-sectional area was calculated both at baseline
and at 10 min (forskolin) or 40 min (carbachol and wild-type and
mutant NSP4s). Untreated HIEs did not expand during this time
frame (see Movie S2A in the supplemental material). HIEs ex-
panded fastest in response to forskolin treatment. HIEs treated
with carbachol and the wild-type NSP4 peptide spanning aa 95 to
146 exhibited similar increases in the lumen cross-sectional area
(Fig. 5D). As expected, the wild-type NSP4 peptide induced sig-
nificantly greater lumenal expansion than did the mutant NSP4
peptide (see Movie S2B in the supplemental material). These re-
sults indicate that the rotavirus enterotoxin NSP4 peptide, but not
the biologically inactive mutant peptide, results in apical fluid
secretion. This swelling assay for fluid movement further docu-
ments HIEs as a physiologically relevant in vitro model for rotavi-
rus infection with features mimicking the pathophysiological ob-
servations of diarrhea.

DISCUSSION

The development of nontransformed human intestinal epithelial
cell cultures that model intestinal biology (2) has stimulated in-
terest in new studies of host-pathogen interactions, with most
recently reported studies focusing on bacterial infections (1, 7,
49–51, 64). Here, we demonstrate the utility of such novel ex vivo
multicellular, physiologically active cultures to study a human en-
teric virus (HRV) to gain new insight into interactions with hu-
man small intestinal cells in cultures established from different
patients. In spite of effective RV vaccines reducing the incidence of
rotavirus diarrhea in developed countries, rotaviruses remain the
leading cause of severe secretory diarrhea in infants and young
children worldwide. This is attributed to limited vaccine availabil-
ity, lower-level vaccine effectiveness, and possibly diverse circulat-
ing virus strains as well as the nutritional and genetic variability of
children in developing countries (52). These issues emphasize the
continued need to more fully understand HRV biology and
pathogenesis. We demonstrate that HIEs are uniquely able to
model host range restriction, cell type restriction, virus-induced
fluid secretion, and the epithelial cell response to infection in cul-
tures from genetically diverse individuals.

We utilized laboratory HRV strains representing two of the
most common circulating HRV genotypes: G1P[8] (Wa) and
G3P[8] (Ito). Most of our studies of HIEs used G3P[8] strain Ito as
it shares the same G type as the prototype animal rotavirus RRV
previously used in the majority of rotavirus studies to study and
compare homologous and heterologous rotavirus infections in
cultured cells or animal models. We found that RV infection of
HIEs recapitulates the cell type and host range restriction of in vivo
RV infection based on several parameters.

First, we found that HRV replicates in HIEs established from
all three regions of the small intestine. This could be tested because
HIEs maintain a transcriptional signature corresponding to their
region of origin, indicating that duodenal, jejunal, and ileal HIEs

each exhibit segment-specific properties (4). All three segments of
the small intestine are also susceptible to infection with homolo-
gous ARVs in multiple animal models (53, 54). The regional rep-
lication that we observed is consistent with the discovery of HRV
in duodenal epithelial cells (55, 56) and the subsequent detection
of HRVs in the duodenum and occasionally in the upper jejunum
and ileum in children (57, 58). Our results indicate that this novel
ex vivo system will now allow examination of whether there are
different consequences of or host responses to infection of differ-
ent intestinal regions.

Second, HRVs infect up to 50% of the cells in differentiated
HIEs that exhibit a “villus-like” epithelial phenotype, while undif-
ferentiated “crypt-like” HIEs are infected at a significantly lower
rate; this confirms the lack of detection of RV infection in intesti-
nal crypts in prior studies of infected tissues from children or
animals. This result also explains the lower percentage of epithelial
cells (	20%) infected by HRVs in human intestinal organoid cul-
tures derived from the differentiation of human pluripotent stem
cells (10); these cultures are now known to most closely resemble
the human fetal intestine (9).

Third, enteroendocrine cells were also a secondary cell type
infected by HRV in differentiated HIEs. These results confirm and
extend with HRV previous reports that RRV can infect human
enteroendocrine cells in tumor cell lines and mouse jejunum, and
the rotavirus enterotoxin NSP4 stimulates serotonin release from
carcinoid enterochromaffin cells (41). This led to a proposed
model of human disease that involves rotavirus stimulation of
serotonin mediators from enteroendocrine cells that would lead
to the activation of the enteric nervous system (59, 60) and fluid
secretion as well as changes in intestinal motility leading to vom-
iting and diarrhea (59, 61). Our data showing that enteroendo-
crine cells in nontransformed, multicellular HIEs from multiple
patients are susceptible to HRV infection will allow future deter-
mination of whether multiple subtypes or a particular subset of
the multiple (�15) subtypes of enteroendocrine cells are infected
and whether serotonin only or other secreted factors contribute to
pathogenesis.

Fourth, HRVs infect more cells within differentiated HIEs than
do ARVs (50% and 	15%, respectively), and different strains of
HRV, including the RV1 vaccine strain, show heterogeneity in
infection of HIEs from different patients. HRVs replicated to titers
between 100- and 1,000-fold higher than those of RRV in 24 h.
This property of restriction of heterologous rotavirus infection is
consistently demonstrated in animal models; however, this has
not been recapitulated previously in transformed human tissue
culture cell lines in vitro, where RRV and other ARVs infect as
many cells as or more cells than HRVs and typically replicate to
higher titers. To our knowledge, HIEs represent the first in vitro
model of rotavirus infection to demonstrate host range restriction
of RRV similar to in vivo findings while permitting robust infec-
tion by and growth of HRVs. Because HRV infection of HIEs
mimics in vivo cell type tropism and host range restriction, HIEs
will be useful to pursue the identification of both viral factors
(using reassortant strains) and cell factors (including apical versus
basolateral infection) that restrict RV tropism in cells within the
differentiated, small intestinal epithelium.

Building off our findings that HRV Ito replicates well in all
HIEs tested, we investigated the replication of HRV Wa and the
attenuated HRV Rotarix vaccine strain (RV1) in HIEs that were
genetically typed as secretor positive and secretor negative. Vari-
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able replication efficiencies were observed with these viruses. Us-
ing different HIEs, both Wa and RV1 replicated less well than
strain Ito, suggesting that heterogeneity in host factors may affect
the robustness of HRV replication. In addition, RV1 was attenu-
ated in HIEs from multiple patients compared to laboratory HRV
strain Wa. Although our data suggest that RV1 replication is at-
tenuated in HIEs, the mechanism of RV1 attenuation in vivo is not
known. To our knowledge, this is the first demonstration of de-
tection of possible vaccine strain attenuation in a cell culture
system.

This finding is also interesting from the perspective of under-
standing host range restriction. Both RV1 and Wa are G1P[8]
HRVs, sharing the same genotype classification for their 11 gene
segments (62). Thus, RV1 represents an HRV strain that is re-
stricted in HIEs despite having the same genotype as the proto-
typic HRV strain Wa. Passaging of RV1 through African green
monkey kidney and Vero cells of simian origin to produce the
vaccine may have introduced mutations in its genome that allow it
to replicate better in simian than in human cells. Although these
mutations do not change the strain’s genotype, they may attenuate
its replication in human cells. Future potential studies of reassor-
tants of RV1 in HIEs could allow the genetic determinants of vac-
cine attenuation to be defined, and this system might be useful for
testing the attenuation of other candidate rotavirus vaccines. Fur-
thermore, the observation that RV1 did not grow well in HIEs
from one of the three patients with the secretor-negative genotype
is of interest. This observation needs to be pursued by using HIEs
derived from additional individuals to obtain data on how com-
mon host factors that contribute to this restriction might be and to
determine whether these cultures represent a potential preclinical
model for evaluating the effects of host genetic polymorphisms at
the epithelial cell level on vaccine growth.

Finally, we examined whether HIEs could provide an in vitro
model to study the core characteristic of rotavirus disease, diar-
rhea. Both mouse and human enteroids respond to known ago-
nists of chloride secretion by exhibiting lumenal expansion/swell-
ing, a marker of intestinal epithelial fluid secretion (42, 63).
Treatment of our enteroids with the agonists forskolin and carba-
chol, which mediate chloride secretion through activation of
cAMP and calcium signaling, respectively, resulted in a significant
increase in the lumenal expansion of HIEs, as previously reported
(42). Treatment of HIEs with HRV also resulted in increased HIE
lumenal expansion. Swelling was observed between 5 and 7 hpi, at
which point it appeared that tight-junction integrity failed as the
HIEs rapidly collapsed. Analysis of the timing of HIE swelling and
collapse together with the results from the HRV one-step growth
curve demonstrate that intraluminal expansion coincides with the
end of the viral replication eclipse phase. Large quantities of viral
proteins, including the viral enterotoxin NSP4, are present within
the cells at between 5 and 7 hpi (data not shown). The exact mech-
anism responsible for the HRV-induced swelling of HIEs remains
to be determined, but it is likely due to autocrine or paracrine
effects on noninfected cells by the viral enterotoxin NSP4 secreted
from infected cells (44, 52). This was confirmed by treatment of
HIEs with an NSP4 peptide fragment (aa 95 to 146) containing the
enterotoxin domain (aa 114 to 135) that caused HIE swelling sim-
ilar to that induced by carbachol, an agonist of calcium-induced
chloride secretion. In contrast, the NSP4 mutant peptide contain-
ing mutations in the E120 and Q123 residues, which does not
mobilize intracellular calcium or cause diarrhea in mice (48),

failed to induce HIE swelling. These findings showing that wild-
type NSP4 but not the mutant peptide can induce HIE swelling
correlate with in vivo findings of NSP4 virulence and further val-
idate this system as a functional assay to study fluid secretion and
“diarrheagenic” properties of RV and its toxin. In addition, for
rotavirus in particular, this assay should provide a functional assay
for determining the virulence of different rotavirus strains and
NSP4s by assessing their ability to cause HIE swelling, a potential
in vitro correlate of rotavirus-induced secretory diarrhea. Finally,
HIEs can be utilized for the development and preclinical testing of
drug therapies to prevent/treat diarrheal disease.

In summary, we demonstrate that HIEs provide a useful new
model of the small intestinal epithelium to study enteric virus-
host interactions at the cellular level. Using HRVs as a model
pathogen of the human small intestine, we found that HIEs reveal
several in vivo findings of rotavirus infection in an in vitro model,
including host range restriction and vaccine attenuation, prefer-
ential infection of differentiated cells, infection of enteroendo-
crine cells, and fluid secretion in response to infection. A final
intriguing possibility is that HIEs may provide a novel system with
which to study and gain a mechanistic understanding of the effect
of host polymorphisms on susceptibility to human rotaviruses
and other human enteric pathogens (such as human noroviruses,
astroviruses, and toroviruses as well as parasites and bacteria),
which lack relevant and efficient ex vivo models that fully recapit-
ulate the biology and pathophysiology of disease.
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