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Abstract

Noroviruses (NoVs) and Sapoviruses (SaVs) are enteric caliciviruses that have been

detected in multiple mammalian species, including humans. Currently, efficient cell culture

systems have been established only for murine NoVs and porcine SaV Cowden strain.

Establishment of an efficient in vitro cell culture system for other NoVs and SaVs remains

challenging; however, human NoV (HuNoV) replication in 3D cultured Caco-2 cells and a

clone of Caco-2 cells, C2BBe1, human enteroids and in human B cells has been reported.

In this study, we tested various cells and culture conditions to grow HuNoVs and a human

SaV (HuSaV) to test the possibility of the propagation in different cells and culture condi-

tions. We also attempted to grow a bovine NoV (BoNoV) in ex vivo organ cultures. We did

not observe significant RNA level increases for HuSaV and BoNoV under our test condi-

tions. HuNoV RNA levels increased to a maximum of ~600-fold in long-term Caco-2 cells

that were cultured for 1–2 months in multi-well plates and inoculated with HuNoV-positive

and bacteria-free human stool suspensions using serum-free medium supplemented with

the bile acid, GCDCA. However, this positive result was inconsistent. Our results demon-

strated that HuNoVs, BoNoV and HuSaV largely failed to grow in vitro under our test condi-

tions. Our purpose is to share our findings with other researchers with the goal to develop

efficient, reproducible simplified and cost-effective culture systems for human and animal

NoVs and SaVs in the future.

Introduction

Noroviruses (NoVs) and Sapoviruses (SaVs) are non-enveloped, single stranded, positive

sense RNA viruses of the family Caliciviridae. Based on the complete capsid sequences, NoVs

and SaVs are classified into at least five genogroups (GI, GII, GIII, GIV, and GV) [1] and 15

genogroups (GI-GXV), respectively [2], both of which are further divided into multiple geno-

types [3, 4]. NoVs have been detected from humans, swine, cattle, sheep, rodents, cats, dogs,

and lions [5]. SaVs have been detected from humans, pigs, mink, dogs, sea lions, bats, chim-

panzees, rodents, and carnivores [2, 6].
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Human NoVs (HuNoVs) have been recognized for over four decades. A single genotype,

genogroup II and genotype 4 (GII.4), is the leading cause of acute non-bacterial gastroenteritis

in humans worldwide since around 2000 [7]. Although human volunteer studies showed that

histopathological changes occurred in the small intestine of HuNoV-infected individuals [8],

the cell type(s) in which human HuNoVs replicate in immunocompetent individuals are still

unknown. Recently, HuNoVs were reported to replicate in the intestinal enterocytes of immu-

nocompromised transplant patients [9]. Both HuNoV structural protein VP1 and non-struc-

tural (RNA polymerase and genome-linked viral protein VPg) antigens were detected in the

intestinal epithelial cells, providing direct evidence of viral replication in these cells. Although

HuNoV antigens were also detected in immune cells in the lamina propia, proof of definitive

HuNoV replication in these immune cells was lacking because an epithelial cell marker was

also detected simultaneously in those cells, suggesting that these immune cells contained

HuNoV antigens acquired via phagocytosis of HuNoV-infected epithelial cells.

Efficient in vitro cell culture systems have been achieved for murine NoVs using murine

macrophage cell lines (e.g., RAW264.7), primary macrophages and dendritic cells [10], and

mouse B cell lines [11]. Murine NoV RNA titers in the RAW264.7 cell supernatant

increased > 6 log10 within 4 days post-inoculation [12]. HuNoV RNA levels in feces in acute

gastroenteritis were extremely high (up to 12 log10 genomic RNA copies/g or mL of stool)

[13], despite their low infectious dose levels (approximately 1~3 × 103 genomic copies) [14].

However, the reported HuNoV RNA increases in 3D cultures of differentiating Caco-2 or a

derivative cell line CBBe2 ranged from 2–3 log10 based on qRT-PCR [15, 16]. During our

study and manuscript preparation, two new methods using human B cells or human intestinal

enteroids have been reported for successful propagation of HuNoVs in vitro, but also with 2–3

log10 increased RNA levels based on qRT-PCR [11, 17, 18].

Human SaVs (HuSaVs) also have been recognized for over four decades and cause acute

non-bacterial gastroenteritis in humans; however, their infection site(s) and the cell type(s)

that are susceptible to HuSaVs in vivo remain unknown [4]. A single genotype, genogroup I

and genotype 2 (GI.2), was predominantly detected from acute non-bacterial gastroenteritis

outbreaks throughout Japan in 2012 and 2013 [19]. The reported propagation of HuSaV in

African green monkey kidney cells and primary human embryo kidney cells has been noted

but not confirmed [20, 21]. Currently, an efficient cell culture system has been established only

for porcine origin SaVs (GIII strains) using the porcine kidney cell lines, LLC-PK1, and bile

acids in the culture medium [22–25].

In this study, we attempted to propagate HuNoVs, a HuSaV, and a bovine NoV (BoNoV)

in multiple cell types and using various culture conditions. Although most of these trials failed,

we detected increased HuNoV RNA levels once during our study when a sterile mixture of

HuNoV GII.4 positive stool specimens was inoculated onto long-term cultured monolayers of

Caco-2 cells.

Materials and methods

Fecal specimens

The following HuNoV-positive stool samples: GI.1/Norwalk [GenBank Accession Number

M87661], GII.2/HS255 [KJ407074], GII.4/HS66 (US95-96 cluster) [KJ407076], GII.4/HS194

(Den_Haag_2006b cluster) [GU325839], GII.4/HS288 (New_Orleans_2009 cluster)

[KJ407075], and GII.4/HS292 (New_Orleans_2009 cluster) [KJ407073], and GII.6/HS245

[KJ407072]) were diluted as 10% (w/v) suspension in sterile MEM and vortexed vigorously,

then centrifuged at 1,800 × g for 30 min, and sterilized through 0.22 μm-pore size filters.
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Three other HuNoV GII.4 positive stool specimens: two strains and one strain in New_Or-

leans_2009 cluster and Den_Haag_2006b cluster, respectively, and a HuSaV GI.2-positive

stool specimen was diluted as 10% (w/v) suspension in sterile MEM and vortexed vigorously,

and then mixed with 1/10 volume of chloroform and shaked for 20 min using a mechanical

shaker. The mixture was further centrifuged at 1,500 x g for 20 min. The supernatant was col-

lected as sterilized stool suspension. This treatment protocol was routinely used for the prepa-

ration of stool suspension for enterovirus isolation in cultured cells at the Department of

Virology II, National Institute of Infectious Diseases.

Capsid sequence-based HuNoV genotyping and GII.4 cluster assignment for the above

HuNoVs were performed using the online NoV genotyping tool of NoroNet (http://www.

rivm.nl/mpf/norovirus/typingtool/) [3, 26]. Capsid sequence-based HuSaV genotyping was

performed based on phylogenetic analysis using reference sequences and the method

described previously [4, 27].

Twenty seven HuNoV-positive stool samples [GII.1, n = 1; GII.2, n = 1; GII.3, n = 2; GII.4,

n = 4 (2 New Orleans cluster and 2 Sydney cluster); GII.5, n = 1; GII.6, n = 2; GII.7, n = 2;

GII.8, n = 1; GII.9, n = 1; GII.12, n = 2; GII.13, n = 2; GII.14, n = 2; GII.15, n = 2; GII.16, n = 2;

and GII.17, n = 2] were provided by Dr. Jan Vinje at Division of Viral Diseases, Centers for

Disease Control and Prevention, Atlanta, GA, USA. They were diluted as 10% (w/v) suspen-

sion in sterile MEM and vortexed vigorously, then centrifuged at 2,000 × g for 30 min, and the

supernatant was sterilized through 0.22 μm-pore size filters.

The large intestinal contents of a Gnotobiotic (Gn) calf inoculated with Bo/GIII.2/

CV186-OH/00/US strain (GenBank accession no. AF542084) [28, 29] was stored at -80˚C

until use. The sample was diluted 10-fold in Dulbecco’s phosphate-buffered saline without

Mg2+ and Ca2+ [PBS (-), Sigma, St. Louis, MO], vortexed briefly, and centrifuged at 4,000 × g

at 4˚C for 30 min. The supernatants were further centrifuged at 10,000 × g at 4˚C for 3 min

and filtered through 0.2 μm-pore size filters.

All of these sterilized HuNoV-, HuSaV-, or BoNoV-positive fecal suspensions were ali-

quoted to individual tubes, stored at -70˚C and thawed only once for cell culture trials.

RNA extraction

The RNA of fecal suspensions and cell culture samples (cell supernatant or supernatant of the

mixture of cell supernatant and cell lysates) were extracted using RNeasy Mini kit (QIAGEN,

Valencia, CA, USA) or MagMAX-96 Viral 1 Kit (Ambion, Austin, TX) in combination with

the RNA extraction robot MagMaxTM Express (Applied Biosystems, Foster City, CA), respec-

tively, according to the manufacturer’s instructions.

TaqMan RT-qPCR or RT-PCR

The viral RNA titer of human or bovine NoVs in the fecal and cell culture samples was deter-

mined using real-time reverse transcription-PCR (RT-qPCR) assays. Human GI and GII NoVs

were analysed by RT-qPCR with COG1F and COG1R primers and RING1a and RING1b

probes (FAM-), and COG2F and COG2R primers and RING2 probe (FAM-), respectively [30],

using one-step RT-PCR kit (Qiagen) and MasterCycler RealPlex2 (Eppendorf) and the follow-

ing conditions: 50˚C for 30 min for reverse transcription, then 95˚C for 15 min followed by 45

cycles of a two-step PCR (95˚C for 15 sec and 56˚C for 60 sec) as described [31]. Bovine GIII

NoV was quantified with primers SWGIIInewF and SWGIIIrev and SWGIII probe (FAM-)

[28] at the following reaction conditions: 50˚C for 30 min. then 95˚C for 15 min followed by 45

cycles of a 2-step PCR: 95˚C for 15 sec, 60˚C for 60 sec.
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Human SaV was quantified with primers SaV124F, 1F, 5F, and 1245R and probes (FAM-)

SaV 124TP and SaV 5TP [32] under the following conditions: 50˚C for 30 min for reverse tran-

scription, and then 95˚C for 15 min followed by 40 cycles of a 2-step PCR: 95˚C for 15 sec,

56˚C for 60 sec.

Cell lines, primary cells and tissues

For HuNoV and HuSaV culture trials, we used four human cell cultures: 1) Human primary

intestinal epithelial cells (HIEC) (a gift from Dr. Jean-Francois Beaulieu, Université de Sher-

brooke, Québec, Canada) [33]; 2) human colonic epithelial cell line HT29-Cl.16E [a gift from

Dr. Christian L. Laboisse Professor, Nantes University School of Medicine, France, and pro-

vided through Dr. Ulrich Hopfer (Case Western Reserve University, Cleveland, OH, USA)]

[34]; 3) human colorectal adenocarcinoma cell line Caco-2 cells (ATCC #HTB-37); and 4) B-

cell derived cell line, JVM-2 cells (ATCC CRL-3002). We also used a porcine small intestinal

(jejunum) epithelial cell line, IPEC-J2 (a gift from Dr. Bruce D. Schultz Lab, Kansas State

Univ, USA) [35], a monkey kidney cell line, Vero BI (a gift from Dr. Louis Harris, Boehringer

Ingelheim Co., Ltd., Ingelheim, Germany), for HuNoV culture trials.

For BoNoV culture trials, the organ segments from duodenum, jejunum and ileum were

collected aseptically from a neonatal Gn calf. Primary cells from the ileal mucosa were pre-

pared by Thermolysin digestion method as described [33] and checked cell viabilities (cell

shape, light reflection, etc.) microscopically. Calf intestinal mononuclear cells [MNCs] from

ileum and peripheral blood mononuclear cells [PBMC]) were prepared as described previously

[36].

Cell culture conditions

HIEC cells were grown in OptiMEM (Invitrogen) supplemented with GlutaMax (Invitrogen),

and 0.01 M HEPES (Invitrogen) and 5% fetal bovine serum (FBS) (CELLect GOLD, MP Bio-

medical). HT29-Cl.16E cells were grown in Dulbecco’s Modified Eagle Medium (DMEM)

(glucose concentration: 4.5g/L) (Invitrogen) supplemented with 10% FBS (Hyclone, Logan,

UT) and antibiotics penicillin (100 units/mL) and streptomycin (100 μg/mL) (Invitrogen).

Caco-2 cells were grown in MEM with Eagle’s salt and L-glutamine (Invitrogen) supplemented

with 20% FBS, non-essential amino acid (NEAA) (Invitrogen), 1 mM sodium pyruvate (Invi-

trogen), and the antibiotics (Invitrogen). JVM-2 cells were grown in RPMI1640 (Invitrogen)

supplemented with 10% FBS (Hyclone, Logan, UT) and the antibiotics (Invitrogen). Vero cells

were grown in DMEM supplemented with 5% FBS and the antibiotics (Invitrogen).

For viral culture trials, the cells were rinsed before the inoculation step and maintained

with the serum-free medium for each cell line-specific growth medium. Another serum-free

medium was DMEM supplemented with antibiotics (Invitrogen), 0.3% tryptose phosphate

broth (TPB, Sigma), and 10μg/mL of trypsin (Life Technologies)]. It was used previously in

our laboratory for the isolation of porcine epidemic diarrhea virus (PEDV) and designated as

"PEDV medium" [37]. It was also used for HuNoV culture trials when HT29-Cl.16E and

Caco-2 cells were cultured long-term (~up to 2 months).

IPEC-J2 cells were grown in DMEM/F12 1:1 (Invitrogen) supplemented with 5% FBS and

1% insulin-transferrin-sodium selenite [5μg/mL of bovine insulin, 5 μg/mL of human transfer-

rin and 5 ng/mL of selenium (sodium selenite)] (Sigma), and 5 ng/mL of recombinant human

epidermal growth factor (EGF, Invitrogen), and the antibiotics. The cells were rinsed and

maintained with DMEM/F12 1:1 (Invitrogen) supplemented with the antibiotics after inocula-

tion with HuNoVs.

Attempts to grow enteric caliciviruses in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0178157 February 13, 2018 4 / 15

https://doi.org/10.1371/journal.pone.0178157


Calf small intestinal tissues (jejunum and ileum) were maintained in Cell Crown system

(Scaffdex, Finland), and bovine primary cells from ileum mucosal layer were maintained with

DMEM supplemented with 10% FBS, GlutaMax, 20 mM HEPES, the insulin-transferrin-

sodium selenite, and 10 ng/mL of recombinant human EGF, and the antibiotics. DMEM con-

taining 20% FBS, NEAA, sodium pyruvate, and the antibiotics was also used to maintain calf

tissues (duodenum and jejunum) in a petri dish. Bovine PBMCs were grown in E-RPMI

(RPMI-1640 supplemented with 8% FBS, 2 mM L-glutamine, 0.1mM NEAA, 1mM sodium

pyruvate, 20mM HEPES, 10 μg/mL ampicillin and 100 μg/mL Gentamicin).

Other supplements

Glycochenodeoxycholic acid (GCDCA) (Sigma, St. Louis, MO, USA) was used in viral culture

trials. Bacterial culture supernatants (LB media for Escherichia coli Nissle 1917 [Nissle], MRS

growth media for Lactobacillus rhamnosus GG (ATCC 53103) [LGG], Lactobacillus reuteri
strain (ATCC 23272) [LR], and L. acidophilus NCFM™ (ATCC 700396) [LA]), and the super-

natants of cultures where these bacteria were incubated with immune cells (i.e., porcine spleen

mononuclear cells [MNC]) (Cell+LGG, Cell+Nissle, Cell+LR, and Cell+LA) [38] were also

tested as supplements for HuNoV culture trials. They were filtered through 0.2μm-pore size

filters, aliquoted and stored at -80˚C until use.

Each of the five cell lines, HIEC, HT29-Cl.16E, Caco-2, IPEC-J2, and Vero, were incubated

for 2 days with serial 10-fold dilutions of bacteria culture supernatants and the culture super-

natants of co-culturing bacteria and MNCs to determine whether there was acute cell toxicity

caused by the supernatants (no cell death or significant change in cell morphology indicative

of no cell toxicity). From microscopic analysis, an optimal concentration (highest non-toxic

concentration) was determined qualitatively.

Virus propagation conditions

For HuNoV and HuSaV culture trials, confluent HIEC, HT29-Cl.16E, Caco-2, IPEC-J2, and

Vero cell monolayers in 24-well plates, or 0.8 x 106 JVM-2 cells/well seeded in six-well plates

were used for HuNoV or HuSaV inoculation. Before inoculation, cells were washed with cell

specific serum-free medium twice. Then 100μL of inoculum (approx. 10 5~8 copies of viral

RNA) per well were added in the 1mL (for 24-well plates) or 3mL (for 6-well plates) serum free

media that were optimal for each cell line, or the medium containing the bacteria culture

supernatants, or the culture supernatants of co-culturing bacteria and immune cells. 100μL of

the culture supernatants from each well were collected at 0 hour post-inoculation (hpi) and

stored at -80˚C. These cultures were incubated for 4–9 days and then frozen and thawed for

three cycles. HuNoV and HuSaV RNA levels in these cell lysates were quantitated by RT-

qPCR. The inoculum was not removed after inoculation for these HuNoV and HuSaV culture

trials.

For BoNoV culture trials, the organ segments from duodenum, jejunum and ileum were

collected aseptically, dissected open longitudinally and washed briefly with serum-free

medium to remove intestinal contents and then placed in a petri dish with the mucosal side

facing upwards (duodenum and jejunum), and using a Cell CrownTM plate insert (Scaffdex,

Finland) in 12-well plates (jejunum and ileum). We chose the Cell Crown system to maintain

the mucosal side of a cut tissue in the petri dish. We could not check cell viability, so we only

maintained them for a short time (~ 1 day) for BoNoV propagation trials. For the Cell Crown

system, 1 mL serum-free medium with or without GCDCA was added to both the inside and

outside of the membrane holding the intestinal tissues, and immediately inoculated with

100 μl of GIII.2 BoNoV filtrates (approx. 107 copies of BoNoV RNA). The culture medium
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from the mucosal side was collected at 0 hpi and after 24 hpi. Primary immune cells (PBMC

and intestinal MNC cells) were seeded into 24-well plates (approx. ~105 PBMC cells/well and

approx. ~106 MNC cells/well) with 1 mL medium with or without chemicals and immediately

inoculated with 100 μL GIII.2 BoNoV filtrate (approx. 106 or 107 copies). These cultures were

incubated for 3 days and then frozen and thawed for three cycles. Primary intestinal epithelial

cells were seeded into T25 flasks. After reaching confluency (approx. 2 weeks), the growth

medium was replaced by 3 mL of serum-free medium with or without chemicals and 100 μL of

fecal filtrates containing GIII.2 BoNoV (approx. 107 copies) was added. These cultures were

incubated for 5 days and then frozen and thawed for three cycles. For all these BoNoV culture

trials, the inocula were not removed after inoculation.

Results

HuNoVs and a HuSaV did not grow in various primary and cell lines

We tested six cell lines (HIEC, HT29-Cl.16E, Caco-2, JVM-2, IPEC-J2, and Vero cells) and

four HuNoV strains (one GII.2, two GII.4, and one GII.6). GI.1 HuNoV strain was tested in

JVM-2 cells. Similarly, six cell lines and one HuSaV strain (GI.2) were tested. HIEC,

HT29-Cl.16E, Caco-2 and IPEC-J2 cell lines were selected because of their gastrointestinal ori-

gin, although IPEC-J2 is pig origin cells. JVM-2 was also included as a representative human B

cell line. Furthermore, a monkey kidney cell line, Vero, was also included because of their ver-

satile capacity to propagate a variety of viruses. As summarized in Table 1, the variation in cell

lines had no major impacts on the increase of HuNoV and HuSaV RNA levels as determined

by RT-qPCR. Based on these results, we concluded that there was no substantial HuNoV and

HuSaV replication under these conditions using the various cells and virus strains.

HuNoV and HuSaV did not grow in the cultures supplemented with

bacterial culture supernatants or bacteria-treated immune cell culture

supernatants

We also added the bacteria culture supernatants or bacteria-treated MNC to explore whether

these bacteria-derived or bacteria-induced MNC factors supported HuNoV and HuSaV

growth in cultured cells.

As summarized in Table 2, all tested bacteria supernatants or bacteria-treated MNC culture

supernatants had no substantial impact on the viral RNA levels as determined by RT-qPCR

except for IPEC-J2 cells. The IPEC-J2 cells treated with bacteria supernatants showed a drastic

decrease in HuNoV RNA levels (< 0.1 fold) for unknown reasons. Based on these results, we

concluded that there was no obvious HuNoV and HuSaV replication under these test

conditions.

HuNoVs and a HuSaV did not grow in cell lines transfected with a human

small intestinal cDNA library

Semi-confluent Caco-2 and Vero cells grown in four 24-well plates (total 96 wells) were

infected with a genetically modified amphotropic retrovirus containing a human small intes-

tine cDNA library and the G418 resistance gene (Clontech-Takara Custom Service) at multi-

plicity of infection of 1.0 for Caco-2 cells, and 0.1 for Vero cells, respectively. Both cell lines

were scaled up in medium containing FBS and G418 (500 μg/mL): one well from a 24-well

plate to one well in a 6-well plate, then to a T25 flask. Each T25 flask of Vero (45 flasks in total)

and each well of the 6 well plates for Caco2 (82 wells in total) that survived under G418 selec-

tion were transferred to a 24-well plate with FBS- and G418-free medium optimal for each cell
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line, and washed again with fresh FBS- and G418-free medium on the day prior to inoculation

with 100 μL of the mixture of GII.4 HuNoVs and a GI.2 HuSaV. The cells were incubated for

~6 days and then underwent three freeze-thaw cycles. RT-qPCR results of both the Caco-2 and

Vero cell culture lysates following human GII.4 NoVs or GI.2 SaV infection showed no sub-

stantial changes in viral RNA levels compared with the inoculation level (less than 2-fold).

Based on these results, we concluded that there was no substantial HuNoV and HuSaV replica-

tion under these test conditions. However, the diversity and expression level of the insert

sequence from the library in the cells after selection were unknown.

HuNoV RNA levels were increased in the long-term cultured Caco-2 cells,

but the effects were inconsistent

Caco-2 and HT29-Cl.16E cells were cultured in 24-well plates for a prolonged period (until 2

months) with growth medium changed every 3~4 days.

Table 1. Fold changes in HuNoV RNA levels at 96 hpi relative to 0 hpi in cells (cell lysates) inoculated with HuNoV or HuSaV.

Cell name Species Cell type Origin Inoculated strain Fold changes

HIEC Human Primary cell (epithelia) Jejunum and Ileum NoV GII.2 (HS255) 1.2

NoV GII.4 (HS194) 1.0

NoV GII.4 (HS288) 1.1

NoV GII.6 (HS245) 1.4

SaV GI.2 1.0

HT29-Cl.16E Human Continuous cell line (goblet) Colon NoV GII.2 (HS255) 0.9

NoV GII.4 (HS194) 1.0

NoV GII.4 (HS288) 0.8

NoV GII.6 (HS245) 0.9

SaV GI.2 1.2

Caco-2 Human Continuous cell line (epithelia) Colon NoV GII.2 (HS255) 0.9

NoV GII.4 (HS194) 1.0

NoV GII.4 (HS288) 1.1

NoV GII.6 (HS245) 0.9

SaV GI.2 0.4

JVM-2 Human Continuous cell line B-cell NoV GI.1 (Norwalk) 1.5

NoV GII.2 (HS255) 0.9

NoV GII.4 (HS194) 0.4

NoV GII.4 (HS288) 1.0

NoV GII.6 (HS245) 0.9

SaV GI.2 NT

IPEC-J2 Pig Continuous cell line (epithelia) Jejunum NoV GII.2 (HS255) 1.4

NoV GII.4 (HS194) 0.8

NoV GII.4 (HS288) 2.0

NoV GII.6 (HS245) 0.4

SaV GI.2 0.7

Vero Monkey Continuous cell line Kidney NoV GII.2 (HS255) 1.2

NoV GII.4 (HS194) 1.1

NoV GII.4 (HS288) 0.9

NoV GII.6 (HS245) NT

SaV GI.2 1.1

NT: not tested.

https://doi.org/10.1371/journal.pone.0178157.t001

Attempts to grow enteric caliciviruses in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0178157 February 13, 2018 7 / 15

https://doi.org/10.1371/journal.pone.0178157.t001
https://doi.org/10.1371/journal.pone.0178157


The following condition was tested first: 1 month-cultured Caco-2 and HT29-Cl.16E cells,

respectively, were rinsed and 1 mL of FBS-free medium or the PEDV medium [37] was added;

the cells were inoculated with the mixture of GII.4 HuNoV positive stool filtrates (100 μL con-

taining approx. 105 copies of HuNoV RNA per well). These cultures were incubated for 6 days,

frozen and thawed for three cycles, and then HuNoV RNA levels were quantitated by RT-

qPCR. Under these conditions, we observed a 36-fold NoV RNA level increase in the Caco-2

cells cultured with the PEDV medium, whereas the viral RNA level was not increased greatly

(1.6-fold) in the FBS-free medium used for other experiments (Table 3). HuNoV RNA levels

in HT29.Cl-E1 were similar (2.2-fold) between these two media, and did not increase substan-

tially. We tested further serial passages using the first passage of cell supernatants (approx. 10 5

RNA copies/mL) on 1-month and 2-month cultured Caco-2 cells using the PEDV medium.

We also tested the effect of supplementation of GCDCA in this medium.

The NoV RNA level increase (28-fold increase) in the 1-month cultured Caco-2 cells at 9

dpi was similar to that (36-fold increase) of the primary inoculation on the 1-month cultured

Caco-2 cells, whereas that in the 2-month cultured Caco-2 cells showed a 424-fold increase at

9 dpi. For the 2-month cultured Caco-2 cells, the NoV RNA level was slightly higher (607-fold

increase) when supplemented with 50 μM GCDCA compared with no GCDCA (424-fold

Table 2. Fold changes in HuNoV and HuSaV RNA levels at 120 hpi relative to 0 hpi in cells (cell lysates) inoculated with HuNoV or HuSaV in medium supple-

mented with bacteria or the culture supernatants of co-culturing bacteria and immune cells.

Cell name Inoculated viruses and genotype Bacteria culture sup Culture Sup of co-culturing bacteria and

immune cells

LGG Nissle LR LA LGG Nissle LR LA

HIEC NoV GII.4 mixa 2.4 1.9 2.0 2.0 1.9 1.9 1.9 1.8

SaV GI.2 1.5 1.5 1.3 1.8 1.5 1.3 1.7 1.4

HT29-Cl.16E NoV GII.4 mixa 1.7 2.0 2.1 2.2 1.9 1.8 1.7 1.2

SaV GI.2 1.6 1.5 1.3 1.4 1.4 1.4 1.5 1.5

Caco-2 NoV GII.4 mixa 1.8 2.0 1.9 1.7 2.0 2.0 1.9 2.0

SaV GI.2 2.1 1.5 1.4 1.7 1.7 1.7 1.9 2.0

IPEC-J2 NoV GII.4 mixa <0.1 <0.1 NT NT 1.2 1.2 2.3 2.1

SaV GI.2 1.4 1.9 1.2 1.8 1.8 1.7 1.5 1.8

Vero NoV GII.4 mixa 2.0 2.1 2.4 2.0 2.1 1.9 2.0 1.4

SaV GI.2 1.4 1.3 1.3 1.7 1.7 1.6 0.7 0.4

NT: not tested.
a The mixture of HS66, HS194, HS292, and HS288.

https://doi.org/10.1371/journal.pone.0178157.t002

Table 3. Fold changes in HuNoV RNA levels at 6 or 9 dpi relative to 0 hpi in cells (cell lysates) inoculated with HuNoV GII.4 mixture in long-term cultured

HT29-Cl.16E and Caco-2 cells.

Cell name Passage Cell culture period before inoculation Medium Incubation period No treatment GCDCA

Days post-inoculation (dpi) 50 μM 100 μM 200μM

HT29-Cl.16E 1 1 month serum free medium 6 dpi 2.2 NT NT NT

PEDV medium 6 dpi 2.2 NT NT NT

Caco-2 1 1 month serum free medium 6 dpi 1.6 NT NT NT

PEDV medium 6 dpi 36 NT NT NT

2 1 month PEDV medium 9 dpi 28 12 42 69

2 months PEDV medium 9 dpi 424 607 238 209

NT: not tested.

https://doi.org/10.1371/journal.pone.0178157.t003
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increase) or 100 μM (238-fold increase) or 200 μM GCDCA (209-fold increase). However, this

trend was different in the 1-month cultured Caco-2 cells (Table 3). These results indicated that

the 2-month cultured Caco-2 cells were more susceptible to the NoV strains tested. Effects of

GCDCA on the NoV strains tested suggested that GCDCA may promote virus replication.

However, two subsequent trials using another batch of 2-month cultured Caco-2 cells with the

same original stools and the CDC HuNoV samples failed to reproduce substantial increase in

HuNoV RNA levels.

BoNoV did not grow in intestinal tissues, primary intestinal cells, intestine-

and blood-derived immune cells

Calf intestinal tissues (duodenum, jejunum, and ileum tissue sections) or primary intestinal

cells (from ileal mucosa) and immune cells (intestinal MNCs from ileum and PBMC) were

inoculated with filtered suspensions of the large intestinal contents of a Gn calf experimentally

inoculated with GIII.2 BoNoV. As summarized in Table 4, the variation in tissue/cells had no

substantial impacts on the BoNoV RNA levels (� 2.6-fold increases) as determined by RT-

qPCR. Based on these results, we concluded that there was no substantial BoNoV replication

under these conditions.

Discussion

In this study, we attempted to grow HuNoVs, a HuSaV, and a BoNoV in cultured continuous

cell lines, primary cells, or intestinal tissues. For HuNoVs and the HuSaV, we tested various

cell lines (HIEC, HT29-Cl.16E, Caco-2, IPEC-J2, JVM-2 and Vero cells), and NoV strains

(GI.1, GII.2, GII.4, and GII.6).

HIEC, HT29-Cl.16E and Caco-2 are human origin cell lines. They were chosen because of

their gastrointestinal origin. We also included a human B cell line JVM-2 based on a recent

publication reporting that B cells in the lamina propria of duodenum stained positive for

HuNoV antigens in a chimpanzee challenge model [39]. During our study Jones et al. reported

the propagation of a HuNoV strain in human B cells, BJAB and Raji [11, 17]. They showed

that bacteria enhanced HuNoV replication in B cells using a non-filtered stool suspension (i.e.,

presence of enteric bacteria) or adding synthetic HBGA or HBGA-expressing bacteria to fil-

tered bacteria-free inocula. It will be interesting to test these conditions to examine the ability

of HuNoV to propagate in JVM-2 cells in future studies. We also used a porcine small intesti-

nal epithelial cell line, IPEC-J2, because of their gastrointestinal origin and our experimental

data showing that Gn pigs are susceptible to GII.4 HuNoV infection [40]. Furthermore, Vero,

a monkey kidney cell line derived from a non-human primate species, was also included

Table 4. Fold changes in BoNoV RNA levels in cells (cell lysates) inoculated with GIII.2/BoNoV/CV-186-OH strain in various calf primary cells and tissues.

Cell type Origin Incubation period Fold Change

Primary Epithelial Cells Ileum 120 h 1.1

MNC Ileum 72 h 1.5

PBMC Blood 72 h 1.2

Tissue (in Petri dish) Duodenum 24 h 0.8

Jejunum 24 h 0.5

Tissue (in Cell Crown system) Jejunum 24 h 1.2

Ileum 24 h 2.6

NT: not tested.

https://doi.org/10.1371/journal.pone.0178157.t004
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because of their versatile capacity to propagate a variety of viruses including caliciviruses [41,

42] and their interferon pathway deficiency [43]. Recent studies demonstrated that the inter-

feron pathway affects HuNoV replication in vitro and in vivo [44, 45]; however, a limited role

of the epithelial IFN responses in host control of HuNoV RNA replication has also been

reported [46].

We also did not detect increased HuNoV RNA levels in JVM-2, a B cell line. Furthermore,

no HuNoV and HuSaV RNA titer changes were detected in human small intestine cDNA-

transfected Vero and Caco-2 cells. Although we selected long insert cDNA (�(1.0 kb) for clon-

ing into the retrovirus, the sequences of cDNA inserts and their expression as well as their

diversity in the cells after selection were unknown.

Another condition tested only for HuNoVs that resulted in a substantial increased HuNoV

RNA level was the long-term (1 and 2 months) culturing of Caco-2 cells using the PEDV

medium [37]. This FBS-free medium differs from that used in our original experiments. The

reason why we tested additional conditions were that: 1) we obtained another HuNoV GII.4

positive stool specimen; 2) we maintained Caco-2 and HT29-Cl.16E cells in 24-well plates for a

prolonged period; and 3) we isolated PEDV using the PEDV medium (DMEM supplemented

with TPB and trypsin) that was not used in our previous HuNoV culture trials [37].

HuNoV RNA levels were Increased 36-fold in the first inoculation trial of 1 month cultured

Caco-2 cells and this increased level was the highest among our studies at that stage. Next, we

tried secondary passage by inoculating the first passage (P1) sample onto other 1- and

2-month cultured Caco-2 cells. HuNoV RNA levels increased 28-fold in the 1-month cultured

Caco-2 cells. They increased to higher levels when the culture medium was supplemented with

100 μM (42-fold) or 200 μM GCDCA (69-fold). HuNoV RNA levels were another log higher

(424-fold) when the first passage was performed in the 2-month cultured Caco-2 cells, and

increased further (606-fold) when the culture was supplemented with 50 μM GCDCA

(Table 3), showing that GCDCA may have enhancement effect on HuNoV replication in

Caco-2 cells; however, this positive result was inconsistent. This was consistent with the

requirement of bile acids for the growth of porcine SaV Cowden strain in cell culture [22], and

certain strains of HuNoVs in human enteroids [18]. We did not verify our results by other

methods (e.g. nonstructural protein expression, dsRNA detection, (-) strand RNA detection,

etc). Unfortunately, we could not reproduce the HuNoV RNA increases in the 2nd and 3rd tri-

als using different batches of long-term cultured Caco-2 cells, the same HuNoV mixture as the

inocula as in Table 3, and additional 27 individual stool suspensions provided from CDC. The

replication of HuNoV in 3D cultured Caco-2 cells and a clone of Caco-2 cells, C2BBe1, has

been reported [15, 16]. The increased NoV RNA levels detected in this study (1.0–2.8 Log10

increases) were similar to those in the previous reports [15, 16]. Caco-2 cells have been widely

used for HuNoV culture trials and most research groups including our group could not grow

HuNoV previously [31, 47–49]. This inconsistency may be explained by the differences in

stool suspension batch, HuNoV strains, medium lots and cell culture conditions, because we

did not observe increased NoV RNA levels in the 2nd and 3rd trials. Further experiments are

required to explore the factor(s) essential for HuNoV replication. During the preparation of

our manuscript, another new HuNoV culture system using human intestinal enteroids was

reported [18]. The increased HuNoV RNA levels in the Caco-2 cells and their derivative cells,

B cells, and human intestine enteroids were similar (ranging from 2–3 log10 levels) based on

qRT-PCR. We did not test HuNoV isolates known to grow in either the BJAB cells or enteroids

culture systems, but used the same genogroups / genotypes of HuNoVs in this study.

BoNoV did not propagate in any test conditions including using bovine intestinal tissues

where BoNoV replicates in vivo [28]. The failure of BoNoV to replicate in intestinal tissues

may be due to the difficulty in maintaining the Gn calf-derived tissues healthy in ex vivo
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condition for a prolonged time under our protocol. The medium in the petri dish or wells

became cloudy at several hours post BoNoV inoculation. This was likely due to the degrada-

tion of tissue. FBS in the medium used under several conditions including with MNCs and

PBMCs, may also interfere with virus infection/replication. We could not detect any substan-

tial increase of BoNoV RNA levels in primary calf cells from ileal mucosa under the test condi-

tions. The cell type(s) in which GIII.2 BoNoVs replicate in vivo is still unknown [28], although

GIII.1 BoNoV Jena strain likely replicates in enterocytes, because the capsid protein was

detected in BoNoV infected villi [50]. Establishment of BoNoV culture systems in vitro needs

to be investigated in future studies.

Establishment of an efficient NoV and SaV cultivation system is critical to elucidate virus

stability and inactivation conditions, viral infection/replication mechanisms including recep-

tor identification, and to develop antiviral drugs as well as attenuated vaccines. Efficient and

inexpensive cell culture systems for human and animal NoVs and SaVs are still lacking, except

for murine NoVs and porcine SaV Cowden strain.

HuNoV replication levels observed in this study and by other groups [11, 15–18, 51] are

still low compared to those achieved for murine NoVs [12] and porcine SaVs [52]. Current

culture systems (BJAB cells or primary human stem cell-derived enteroids) for HuNoVs sup-

port modest virus replication. Some of the approaches used in our study may be used to inves-

tigate if they can promote HuNoVs replication in the above two systems. Further trials under

different culture conditions, as well as using other untested cell lines from other tissues, intro-

ducing specific cDNA inserts, induction/suppression of specific pathway(s), or extensive serial

passages as used for the isolation of porcine SaV Cowden strain [24, 25] may aid in the isola-

tion of HuNoV and HuSaV as well as other animal NoVs and SaVs.
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Hopfer (Case Western Reserve University, Cleveland, OH, USA) for providing HT29-Cl.16E.

We thank Dr. Mary K. Estes (Baylor College of Medicine, Houston, TX, USA) for providing

the GI.1 Norwalk strain fecal suspension, Dr. Jan Vinje at CDC for providing the 15 genotypes

of genogroup II HuNoVs, and individuals who voluntarily provided us HuNoV (GI.3, GII.2,

GII.4, GII.6, and GII.12)-positive fecal specimens. We also thank Hiroyuki Saito and Kazuhiro

Ozawa who provided GII.4 HuNoV and GI.2 HuSaV-positive fecal specimens. All human

fecal samples were collected or used in accordance with guidelines approved by the Biomedical

Sciences Institutional Review Board at The Ohio State University. We thank Dr. Hiroyuki Shi-

mizu who provided the protocol for fecal sample treatment and Dr. Kazuhiko Katayama

(Department of Virology II, National Institute of Infectious Diseases, Japan) for funding for

material shipping. We also thank Drs. LuLu Shao and Anastasia Vlasova for share the bacteria

culture supernatants and the culture supernatants of co-cultured bacteria and MNCs, Drs

Annamalai Thavamathi and Kandasamy Sukumar for the preparation of the primary intestinal

MNCs and PBMC, Dr. Zhongyan Lu for assistance in animal work, and Xiaohong Wang and

Kelly Scheuer for general assistance in the laboratory.

Author Contributions

Conceptualization: Tomoichiro Oka, Qiuhong Wang, Linda J. Saif.

Data curation: Tomoichiro Oka, Qiuhong Wang, Linda J. Saif.

Formal analysis: Tomoichiro Oka, Qiuhong Wang.

Attempts to grow enteric caliciviruses in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0178157 February 13, 2018 11 / 15

https://doi.org/10.1371/journal.pone.0178157


Funding acquisition: Tomoichiro Oka, Qiuhong Wang, Linda J. Saif.

Investigation: Tomoichiro Oka, Garrett T. Stoltzfus, Chelsea Zhu, Kwonil Jung.

Methodology: Tomoichiro Oka, Qiuhong Wang, Linda J. Saif.

Project administration: Qiuhong Wang, Linda J. Saif.

Resources: Tomoichiro Oka, Qiuhong Wang, Linda J. Saif.

Supervision: Tomoichiro Oka, Qiuhong Wang, Linda J. Saif.

Validation: Tomoichiro Oka, Qiuhong Wang, Linda J. Saif.

Visualization: Tomoichiro Oka, Qiuhong Wang, Linda J. Saif.

Writing – original draft: Tomoichiro Oka.

Writing – review & editing: Tomoichiro Oka, Qiuhong Wang, Linda J. Saif.

References
1. Zheng DP, Ando T, Fankhauser RL, Beard RS, Glass RI, Monroe SS. Norovirus classification and pro-

posed strain nomenclature. Virology. 2006; 346(2):312–23. Epub 2005/12/14. https://doi.org/10.1016/j.

virol.2005.11.015 PMID: 16343580.

2. Oka T, Lu Z, Phan T, Delwart EL, Saif LJ, Wang Q. Genetic characterization and classification of

human and animal sapoviruses. PLoS One. 2016.

3. Kroneman A, Vega E, Vennema H, Vinje J, White PA, Hansman G, et al. Proposal for a unified norovi-

rus nomenclature and genotyping. Arch Virol. 2013; 158(10):2059–68. Epub 2013/04/26. https://doi.

org/10.1007/s00705-013-1708-5 PMID: 23615870.

4. Oka T, Wang Q, Katayama K, Saif LJ. Comprehensive review of human sapoviruses. Clin Microbiol

Rev. 2015; 28(1):32–53. Epub 2015/01/09. https://doi.org/10.1128/CMR.00011-14 PMID: 25567221;

PubMed Central PMCID: PMC4284302.

5. Pinto P, Wang Q, Chen N, Dubovi EJ, Daniels JB, Millward LM, et al. Discovery and genomic character-

ization of noroviruses from a gastroenteritis outbreak in domestic cats in the US. PLoS One. 2012; 7(2):

e32739. Epub 2012/03/06. https://doi.org/10.1371/journal.pone.0032739 PMID: 22389721; PubMed

Central PMCID: PMC3289677.

6. Olarte-Castillo XA, Hofer H, Goller KV, Martella V, Moehlman PD, East ML. Divergent Sapovirus Strains

and Infection Prevalence in Wild Carnivores in the Serengeti Ecosystem: A Long-Term Study. PLoS

One. 2016; 11(9):e0163548. Epub 2016/09/24. https://doi.org/10.1371/journal.pone.0163548 PMID:

27661997; PubMed Central PMCID: PMC5035092.

7. Robilotti E, Deresinski S, Pinsky BA. Norovirus. Clin Microbiol Rev. 2015; 28(1):134–64. Epub 2015/01/

09. https://doi.org/10.1128/CMR.00075-14 PMID: 25567225; PubMed Central PMCID: PMC4284304.

8. Agus SG, Dolin R, Wyatt RG, Tousimis AJ, Northrup RS. Acute infectious nonbacterial gastroenteritis:

intestinal histopathology. Histologic and enzymatic alterations during illness produced by the Norwalk

agent in man. Ann Intern Med. 1973; 79(1):18–25. Epub 1973/07/01. PMID: 4721173.

9. Karandikar UC, Crawford SE, Ajami NJ, Murakami K, Kou B, Ettayebi K, et al. Detection of human noro-

virus in intestinal biopsies from immunocompromised transplant patients. J Gen Virol. 2016; 97

(9):2291–300. Epub 2016/07/15. https://doi.org/10.1099/jgv.0.000545 PMID: 27412790.

10. Wobus CE, Karst SM, Thackray LB, Chang KO, Sosnovtsev SV, Belliot G, et al. Replication of Norovi-

rus in cell culture reveals a tropism for dendritic cells and macrophages. PLoS Biol. 2004; 2(12):e432.

Epub 2004/11/25. https://doi.org/10.1371/journal.pbio.0020432 PMID: 15562321; PubMed Central

PMCID: PMC532393.

11. Jones MK, Watanabe M, Zhu S, Graves CL, Keyes LR, Grau KR, et al. Enteric bacteria promote human

and mouse norovirus infection of B cells. Science. 2014; 346(6210):755–9. Epub 2014/11/08. https://

doi.org/10.1126/science.1257147 PMID: 25378626.

12. Kitajima M, Oka T, Takagi H, Tohya Y, Katayama H, Takeda N, et al. Development and application of a

broadly reactive real-time reverse transcription-PCR assay for detection of murine noroviruses. J Virol

Methods. 2010; 169(2):269–73. Epub 2010/07/31. https://doi.org/10.1016/j.jviromet.2010.07.018

PMID: 20670657.

13. Takanashi S, Wang Q, Chen N, Shen Q, Jung K, Zhang Z, et al. Characterization of emerging GII.g/

GII.12 noroviruses from a gastroenteritis outbreak in the United States in 2010. J Clin Microbiol. 2011;

Attempts to grow enteric caliciviruses in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0178157 February 13, 2018 12 / 15

https://doi.org/10.1016/j.virol.2005.11.015
https://doi.org/10.1016/j.virol.2005.11.015
http://www.ncbi.nlm.nih.gov/pubmed/16343580
https://doi.org/10.1007/s00705-013-1708-5
https://doi.org/10.1007/s00705-013-1708-5
http://www.ncbi.nlm.nih.gov/pubmed/23615870
https://doi.org/10.1128/CMR.00011-14
http://www.ncbi.nlm.nih.gov/pubmed/25567221
https://doi.org/10.1371/journal.pone.0032739
http://www.ncbi.nlm.nih.gov/pubmed/22389721
https://doi.org/10.1371/journal.pone.0163548
http://www.ncbi.nlm.nih.gov/pubmed/27661997
https://doi.org/10.1128/CMR.00075-14
http://www.ncbi.nlm.nih.gov/pubmed/25567225
http://www.ncbi.nlm.nih.gov/pubmed/4721173
https://doi.org/10.1099/jgv.0.000545
http://www.ncbi.nlm.nih.gov/pubmed/27412790
https://doi.org/10.1371/journal.pbio.0020432
http://www.ncbi.nlm.nih.gov/pubmed/15562321
https://doi.org/10.1126/science.1257147
https://doi.org/10.1126/science.1257147
http://www.ncbi.nlm.nih.gov/pubmed/25378626
https://doi.org/10.1016/j.jviromet.2010.07.018
http://www.ncbi.nlm.nih.gov/pubmed/20670657
https://doi.org/10.1371/journal.pone.0178157


49(9):3234–44. Epub 2011/07/15. https://doi.org/10.1128/JCM.00305-11 PMID: 21752978; PubMed

Central PMCID: PMC3165588.

14. Atmar RL, Opekun AR, Gilger MA, Estes MK, Crawford SE, Neill FH, et al. Determination of the 50%

human infectious dose for norwalk virus. J Infect Dis. 2014; 209(7):1016–22. Epub 2013/11/21. https://

doi.org/10.1093/infdis/jit620 PMID: 24253285.

15. Straub TM, Bartholomew RA, Valdez CO, Valentine NB, Dohnalkova A, Ozanich RM, et al. Human nor-

ovirus infection of caco-2 cells grown as a three-dimensional tissue structure. J Water Health. 2011; 9

(2):225–40. Epub 2011/09/29. PMID: 21942189; PubMed Central PMCID: PMC3187569.

16. Straub TM, Hutchison JR, Bartholomew RA, Valdez CO, Valentine NB, Dohnalkova A, et al. Defining

cell culture conditions to improve human norovirus infectivity assays. Water Sci Technol. 2013; 67

(4):863–8. Epub 2013/01/12. https://doi.org/10.2166/wst.2012.636 PMID: 23306266.

17. Jones MK, Grau KR, Costantini V, Kolawole AO, de Graaf M, Freiden P, et al. Human norovirus culture

in B cells. Nat Protoc. 2015; 10(12):1939–47. Epub 2015/10/30. https://doi.org/10.1038/nprot.2015.121

PMID: 26513671; PubMed Central PMCID: PMC4689599.

18. Ettayebi K, Crawford SE, Murakami K, Broughman JR, Karandikar U, Tenge VR, et al. Replication of

human noroviruses in stem cell-derived human enteroids. Science. 2016; 353(6306):1387–93. Epub

2016/08/27. https://doi.org/10.1126/science.aaf5211 PMID: 27562956.

19. Iritani N, Yamamoto SP, Abe N, Kubo H, Oka T, Kaida A. Epidemics of GI.2 sapovirus in gastroenteritis

outbreaks during 2012–2013 in Osaka City, Japan. Journal of medical virology. 2016; 88(7):1187–93.

Epub 2015/12/20. https://doi.org/10.1002/jmv.24451 PMID: 26684081.

20. Kjeldsberg E. Small spherical viruses in faeces from gastroenteritis patients. Acta Pathol Microbiol

Scand B. 1977; 85B(5):351–4. Epub 1977/10/01. PMID: 602784.

21. Cubitt WD, Barrett AD. Propagation of human candidate calicivirus in cell culture. J Gen Virol. 1984; 65

(Pt 6):1123–6. Epub 1984/06/01. https://doi.org/10.1099/0022-1317-65-6-1123 PMID: 6726190.

22. Chang KO, Sosnovtsev SV, Belliot G, Kim Y, Saif LJ, Green KY. Bile acids are essential for porcine

enteric calicivirus replication in association with down-regulation of signal transducer and activator of

transcription 1. Proc Natl Acad Sci U S A. 2004; 101(23):8733–8. Epub 2004/05/27. https://doi.org/10.

1073/pnas.0401126101 PMID: 15161971; PubMed Central PMCID: PMC423264.

23. Lu Z, Yokoyama M, Chen N, Oka T, Jung K, Chang KO, et al. Mechanism of Cell Culture Adaptation of

an Enteric Calicivirus, the Porcine Sapovirus Cowden Strain. Journal of virology. 2016; 90(3):1345–58.

Epub 2015/11/20. https://doi.org/10.1128/JVI.02197-15 PMID: 26581980; PubMed Central PMCID:

PMC4719606.

24. Parwani AV, Flynn WT, Gadfield KL, Saif LJ. Serial propagation of porcine enteric calicivirus in a contin-

uous cell line. Effect of medium supplementation with intestinal contents or enzymes. Arch Virol. 1991;

120(1–2):115–22. Epub 1991/01/01. PMID: 1929875.

25. Flynn WT, Saif LJ. Serial propagation of porcine enteric calicivirus-like virus in primary porcine kidney

cell cultures. J Clin Microbiol. 1988; 26(2):206–12. Epub 1988/02/01. PMID: 2830305; PubMed Central

PMCID: PMC266253.

26. Kroneman A, Vennema H, Deforche K, v d Avoort H, Penaranda S, Oberste MS, et al. An automated

genotyping tool for enteroviruses and noroviruses. J Clin Virol. 2011; 51(2):121–5. Epub 2011/04/26.

https://doi.org/10.1016/j.jcv.2011.03.006 PMID: 21514213.

27. Oka T, Mori K, Iritani N, Harada S, Ueki Y, Iizuka S, et al. Human sapovirus classification based on com-

plete capsid nucleotide sequences. Arch Virol. 2012; 157(2):349–52. Epub 2011/11/15. https://doi.org/

10.1007/s00705-011-1161-2 PMID: 22075918.

28. Jung K, Scheuer KA, Zhang Z, Wang Q, Saif LJ. Pathogenesis of GIII.2 bovine norovirus, CV186-OH/

00/US strain in gnotobiotic calves. Vet Microbiol. 2014; 168(1):202–7. Epub 2013/12/07. https://doi.org/

10.1016/j.vetmic.2013.11.008 PMID: 24309403.

29. Smiley JR, Hoet AE, Traven M, Tsunemitsu H, Saif LJ. Reverse transcription-PCR assays for detection

of bovine enteric caliciviruses (BEC) and analysis of the genetic relationships among BEC and human

caliciviruses. J Clin Microbiol. 2003; 41(7):3089–99. Epub 2003/07/05. https://doi.org/10.1128/JCM.41.

7.3089-3099.2003 PMID: 12843048; PubMed Central PMCID: PMC165218.

30. Kageyama T, Kojima S, Shinohara M, Uchida K, Fukushi S, Hoshino FB, et al. Broadly reactive and

highly sensitive assay for Norwalk-like viruses based on real-time quantitative reverse transcription-

PCR. J Clin Microbiol. 2003; 41(4):1548–57. Epub 2003/04/19. https://doi.org/10.1128/JCM.41.4.1548-

1557.2003 PMID: 12682144; PubMed Central PMCID: PMC153860.

31. Takanashi S, Saif LJ, Hughes JH, Meulia T, Jung K, Scheuer KA, et al. Failure of propagation of human

norovirus in intestinal epithelial cells with microvilli grown in three-dimensional cultures. Arch Virol.

2014; 159(2):257–66. Epub 2013/08/27. https://doi.org/10.1007/s00705-013-1806-4 PMID: 23974469;

PubMed Central PMCID: PMC3946686.

Attempts to grow enteric caliciviruses in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0178157 February 13, 2018 13 / 15

https://doi.org/10.1128/JCM.00305-11
http://www.ncbi.nlm.nih.gov/pubmed/21752978
https://doi.org/10.1093/infdis/jit620
https://doi.org/10.1093/infdis/jit620
http://www.ncbi.nlm.nih.gov/pubmed/24253285
http://www.ncbi.nlm.nih.gov/pubmed/21942189
https://doi.org/10.2166/wst.2012.636
http://www.ncbi.nlm.nih.gov/pubmed/23306266
https://doi.org/10.1038/nprot.2015.121
http://www.ncbi.nlm.nih.gov/pubmed/26513671
https://doi.org/10.1126/science.aaf5211
http://www.ncbi.nlm.nih.gov/pubmed/27562956
https://doi.org/10.1002/jmv.24451
http://www.ncbi.nlm.nih.gov/pubmed/26684081
http://www.ncbi.nlm.nih.gov/pubmed/602784
https://doi.org/10.1099/0022-1317-65-6-1123
http://www.ncbi.nlm.nih.gov/pubmed/6726190
https://doi.org/10.1073/pnas.0401126101
https://doi.org/10.1073/pnas.0401126101
http://www.ncbi.nlm.nih.gov/pubmed/15161971
https://doi.org/10.1128/JVI.02197-15
http://www.ncbi.nlm.nih.gov/pubmed/26581980
http://www.ncbi.nlm.nih.gov/pubmed/1929875
http://www.ncbi.nlm.nih.gov/pubmed/2830305
https://doi.org/10.1016/j.jcv.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21514213
https://doi.org/10.1007/s00705-011-1161-2
https://doi.org/10.1007/s00705-011-1161-2
http://www.ncbi.nlm.nih.gov/pubmed/22075918
https://doi.org/10.1016/j.vetmic.2013.11.008
https://doi.org/10.1016/j.vetmic.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24309403
https://doi.org/10.1128/JCM.41.7.3089-3099.2003
https://doi.org/10.1128/JCM.41.7.3089-3099.2003
http://www.ncbi.nlm.nih.gov/pubmed/12843048
https://doi.org/10.1128/JCM.41.4.1548-1557.2003
https://doi.org/10.1128/JCM.41.4.1548-1557.2003
http://www.ncbi.nlm.nih.gov/pubmed/12682144
https://doi.org/10.1007/s00705-013-1806-4
http://www.ncbi.nlm.nih.gov/pubmed/23974469
https://doi.org/10.1371/journal.pone.0178157


32. Oka T, Katayama K, Hansman GS, Kageyama T, Ogawa S, Wu FT, et al. Detection of human sapovirus

by real-time reverse transcription-polymerase chain reaction. J Med Virol. 2006; 78(10):1347–53. Epub

2006/08/24. https://doi.org/10.1002/jmv.20699 PMID: 16927293.

33. Perreault N, Beaulieu JF. Use of the dissociating enzyme thermolysin to generate viable human normal

intestinal epithelial cell cultures. Exp Cell Res. 1996; 224(2):354–64. Epub 1996/05/01. PMID:

8612712.

34. Augeron C, Laboisse CL. Emergence of permanently differentiated cell clones in a human colonic can-

cer cell line in culture after treatment with sodium butyrate. Cancer Res. 1984; 44(9):3961–9. Epub

1984/09/01. PMID: 6744312.

35. Schierack P, Nordhoff M, Pollmann M, Weyrauch KD, Amasheh S, Lodemann U, et al. Characterization

of a porcine intestinal epithelial cell line for in vitro studies of microbial pathogenesis in swine. Histochem

Cell Biol. 2006; 125(3):293–305. Epub 2005/10/11. https://doi.org/10.1007/s00418-005-0067-z PMID:

16215741.

36. Souza M, Azevedo MS, Jung K, Cheetham S, Saif LJ. Pathogenesis and immune responses in gnotobi-

otic calves after infection with the genogroup II.4-HS66 strain of human norovirus. Journal of virology.

2008; 82(4):1777–86. Epub 2007/11/30. https://doi.org/10.1128/JVI.01347-07 PMID: 18045944;

PubMed Central PMCID: PMC2258707.

37. Oka T, Saif LJ, Marthaler D, Esseili MA, Meulia T, Lin CM, et al. Cell culture isolation and sequence

analysis of genetically diverse US porcine epidemic diarrhea virus strains including a novel strain with a

large deletion in the spike gene. Vet Microbiol. 2014; 173(3–4):258–69. Epub 2014/09/14. https://doi.

org/10.1016/j.vetmic.2014.08.012 PMID: 25217400.

38. Vlasova AN, Shao L, Kandasamy S, Fischer DD, Rauf A, Langel SN, et al. Escherichia coli Nissle 1917

protects gnotobiotic pigs against human rotavirus by modulating pDC and NK-cell responses. Eur J

Immunol. 2016; 46(10):2426–37. Epub 2016/07/28. https://doi.org/10.1002/eji.201646498 PMID:

27457183.

39. Bok K, Parra GI, Mitra T, Abente E, Shaver CK, Boon D, et al. Chimpanzees as an animal model for

human norovirus infection and vaccine development. Proc Natl Acad Sci U S A. 2011; 108(1):325–30.

Epub 2010/12/22. https://doi.org/10.1073/pnas.1014577107 PMID: 21173246; PubMed Central

PMCID: PMC3017165.

40. Cheetham S, Souza M, Meulia T, Grimes S, Han MG, Saif LJ. Pathogenesis of a genogroup II human

norovirus in gnotobiotic pigs. Journal of virology. 2006; 80(21):10372–81. Epub 2006/10/17. https://doi.

org/10.1128/JVI.00809-06 PMID: 17041218; PubMed Central PMCID: PMC1641747.

41. Ganova-Raeva L, Smith AW, Fields H, Khudyakov Y. New Calicivirus isolated from walrus. Virus Res.

2004; 102(2):207–13. Epub 2004/04/16. https://doi.org/10.1016/j.virusres.2004.01.033 PMID:

15084403.

42. Martin-Alonso JM, Skilling DE, Gonzalez-Molleda L, del Barrio G, Machin A, Keefer NK, et al. Isolation

and characterization of a new Vesivirus from rabbits. Virology. 2005; 337(2):373–83. Epub 2005/05/20.

https://doi.org/10.1016/j.virol.2005.04.018 PMID: 15901487.

43. Desmyter J, Melnick JL, Rawls WE. Defectiveness of interferon production and of rubella virus interfer-

ence in a line of African green monkey kidney cells (Vero). Journal of virology. 1968; 2(10):955–61.

Epub 1968/10/01. PMID: 4302013; PubMed Central PMCID: PMC375423.

44. Chang KO, George DW. Interferons and ribavirin effectively inhibit Norwalk virus replication in replicon-

bearing cells. Journal of virology. 2007; 81(22):12111–8. Epub 2007/09/15. https://doi.org/10.1128/JVI.

00560-07 PMID: 17855555; PubMed Central PMCID: PMC2168999.

45. Jung K, Wang Q, Kim Y, Scheuer K, Zhang Z, Shen Q, et al. The effects of simvastatin or interferon-

alpha on infectivity of human norovirus using a gnotobiotic pig model for the study of antivirals. PLoS

One. 2012; 7(7):e41619. Epub 2012/08/23. https://doi.org/10.1371/journal.pone.0041619 PMID:

22911825; PubMed Central PMCID: PMC3402445.

46. Qu L, Murakami K, Broughman JR, Lay MK, Guix S, Tenge VR, et al. Replication of Human Norovirus

RNA in Mammalian Cells Reveals Lack of Interferon Response. Journal of virology. 2016; 90(19):8906–

23. Epub 2016/07/29. https://doi.org/10.1128/JVI.01425-16 PMID: 27466422; PubMed Central PMCID:

PMC5021416.

47. Duizer E, Schwab KJ, Neill FH, Atmar RL, Koopmans MP, Estes MK. Laboratory efforts to cultivate nor-

oviruses. J Gen Virol. 2004; 85(Pt 1):79–87. Epub 2004/01/14. https://doi.org/10.1099/vir.0.19478-0

PMID: 14718622.

48. Herbst-Kralovetz MM, Radtke AL, Lay MK, Hjelm BE, Bolick AN, Sarker SS, et al. Lack of norovirus rep-

lication and histo-blood group antigen expression in 3-dimensional intestinal epithelial cells. Emerging

infectious diseases. 2013; 19(3):431–8. Epub 2013/04/30. https://doi.org/10.3201/eid1903.121029

PMID: 23622517; PubMed Central PMCID: PMC3647661.

Attempts to grow enteric caliciviruses in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0178157 February 13, 2018 14 / 15

https://doi.org/10.1002/jmv.20699
http://www.ncbi.nlm.nih.gov/pubmed/16927293
http://www.ncbi.nlm.nih.gov/pubmed/8612712
http://www.ncbi.nlm.nih.gov/pubmed/6744312
https://doi.org/10.1007/s00418-005-0067-z
http://www.ncbi.nlm.nih.gov/pubmed/16215741
https://doi.org/10.1128/JVI.01347-07
http://www.ncbi.nlm.nih.gov/pubmed/18045944
https://doi.org/10.1016/j.vetmic.2014.08.012
https://doi.org/10.1016/j.vetmic.2014.08.012
http://www.ncbi.nlm.nih.gov/pubmed/25217400
https://doi.org/10.1002/eji.201646498
http://www.ncbi.nlm.nih.gov/pubmed/27457183
https://doi.org/10.1073/pnas.1014577107
http://www.ncbi.nlm.nih.gov/pubmed/21173246
https://doi.org/10.1128/JVI.00809-06
https://doi.org/10.1128/JVI.00809-06
http://www.ncbi.nlm.nih.gov/pubmed/17041218
https://doi.org/10.1016/j.virusres.2004.01.033
http://www.ncbi.nlm.nih.gov/pubmed/15084403
https://doi.org/10.1016/j.virol.2005.04.018
http://www.ncbi.nlm.nih.gov/pubmed/15901487
http://www.ncbi.nlm.nih.gov/pubmed/4302013
https://doi.org/10.1128/JVI.00560-07
https://doi.org/10.1128/JVI.00560-07
http://www.ncbi.nlm.nih.gov/pubmed/17855555
https://doi.org/10.1371/journal.pone.0041619
http://www.ncbi.nlm.nih.gov/pubmed/22911825
https://doi.org/10.1128/JVI.01425-16
http://www.ncbi.nlm.nih.gov/pubmed/27466422
https://doi.org/10.1099/vir.0.19478-0
http://www.ncbi.nlm.nih.gov/pubmed/14718622
https://doi.org/10.3201/eid1903.121029
http://www.ncbi.nlm.nih.gov/pubmed/23622517
https://doi.org/10.1371/journal.pone.0178157


49. Papafragkou E, Hewitt J, Park GW, Greening G, Vinje J. Challenges of culturing human norovirus in

three-dimensional organoid intestinal cell culture models. PLoS One. 2013; 8(6):e63485. Epub 2013/

06/12. https://doi.org/10.1371/journal.pone.0063485 PMID: 23755105; PubMed Central PMCID:

PMC3670855.

50. Otto PH, Clarke IN, Lambden PR, Salim O, Reetz J, Liebler-Tenorio EM. Infection of calves with bovine

norovirus GIII.1 strain Jena virus: an experimental model to study the pathogenesis of norovirus infec-

tion. Journal of virology. 2011; 85(22):12013–21. Epub 2011/09/02. https://doi.org/10.1128/JVI.05342-

11 PMID: 21880760; PubMed Central PMCID: PMC3209315.

51. Straub TM, Honer zu Bentrup K, Orosz-Coghlan P, Dohnalkova A, Mayer BK, Bartholomew RA, et al. In

vitro cell culture infectivity assay for human noroviruses. Emerg Infect Dis. 2007; 13(3):396–403. Epub

2007/06/08. https://doi.org/10.3201/eid1303.060549 PMID: 17552092; PubMed Central PMCID:

PMC2725917.

52. Wang Q, Zhang Z, Saif LJ. Stability of and attachment to lettuce by a culturable porcine sapovirus surro-

gate for human caliciviruses. Appl Environ Microbiol. 2012; 78(11):3932–40. Epub 2012/03/27. https://

doi.org/10.1128/AEM.06600-11 PMID: 22447610; PubMed Central PMCID: PMC3346393.

Attempts to grow enteric caliciviruses in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0178157 February 13, 2018 15 / 15

https://doi.org/10.1371/journal.pone.0063485
http://www.ncbi.nlm.nih.gov/pubmed/23755105
https://doi.org/10.1128/JVI.05342-11
https://doi.org/10.1128/JVI.05342-11
http://www.ncbi.nlm.nih.gov/pubmed/21880760
https://doi.org/10.3201/eid1303.060549
http://www.ncbi.nlm.nih.gov/pubmed/17552092
https://doi.org/10.1128/AEM.06600-11
https://doi.org/10.1128/AEM.06600-11
http://www.ncbi.nlm.nih.gov/pubmed/22447610
https://doi.org/10.1371/journal.pone.0178157

