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ABSTRACT Astrovirus VA1/HMO-C (VA1; mamastrovirus 9) is a recently discovered
astrovirus genotype that is divergent from the classic human astroviruses (mamas-
trovirus 1). The gastrointestinal tract is presumed to be the primary site of infection
and pathogenicity for astroviruses. However, VA1 has been independently detected
in brain tissue of five cases of human encephalitis. Studies of the pathogenicity of
VA1 are currently impossible because there are no reported cell culture systems or
in vivo models that support VA1 infection. Here, we describe successful propagation
of VA1 in multiple human cell lines. The initial inoculum, a filtered clinical stool sam-
ple from the index gastroenteritis case cluster that led to the discovery of VA1, was
first passaged in Vero cells. Serial blind passage in Caco-2 cells yielded increasing
copies of VA1 RNA, and multistep growth curves demonstrated a �100-fold increase
in VA1 RNA 72 h after inoculation. The full-length genomic and subgenomic RNA
strands were detected by Northern blotting, and crystalline lattices of viral particles
of �26-nm diameter were observed by electron microscopy in infected Caco-2 cells.
Unlike other human astrovirus cell culture systems, which require addition of exoge-
nous trypsin for continued propagation, VA1 could be propagated equally well with
or without the addition of trypsin. Furthermore, VA1 was sensitive to the type I in-
terferon (IFN-I) response, as VA1 RNA levels were reduced by pretreatment of Caco-2
cells with IFN-�1a. The ability to propagate VA1 in cell culture will facilitate studies
of the neurotropism and neuropathogenesis of VA1.

IMPORTANCE Astroviruses are an emerging cause of central nervous system infec-
tions in mammals, and astrovirus VA1/HMO-C is the most prevalent astrovirus in
cases of human encephalitis. This virus has not been previously propagated, pre-
venting elucidation of the biology of this virus. We describe the first cell culture sys-
tem for VA1, a key step necessary for the study of its ability to cause disease.

KEYWORDS astrovirus, astrovirus VA1, cell culture, electron microscopy, encephalitis,
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Initially identified in 1975, members of the single-stranded, positive-sense RNA viral
family Astroviridae have been frequently detected in vertebrate stool samples (1, 2).

In humans, the first identified astrovirus species was mamastrovirus 1 (classic human
astrovirus), and eight serotypes of this virus have been described (2–4). Most humans
are exposed to the classic human astroviruses with seroprevalence as high as 94% to
specific serotypes (5–9). The classic human astroviruses predominantly cause a self-
limited gastrointestinal illness and have been characterized as the third- to fifth-most-
common viral etiology of diarrhea and gastroenteritis in humans (10–14).

Astroviruses contain three open reading frames (ORFs) and based on conserved
genomic elements are hypothesized to share common mechanisms of replication (2).
Astroviruses encode a slippery sequence and stem-loop secondary RNA structure that
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enables ribosomal frameshifting to express a polyprotein from ORF1a and ORF1b
(15–17). In addition, astroviruses transcribe a subgenomic, positive-sense RNA strand
(18–20) that encodes the capsid protein (ORF2). The subgenomic RNA strand is pro-
duced during viral replication but is not incorporated into the mature astrovirus virion
(19).

Application of molecular methods, including high-throughput sequencing and con-
sensus PCR assays, has identified several novel astroviruses in human stool specimens,
including the prototype species of mamastrovirus 6 (representative astrovirus strain
MLB1), mamastrovirus 8 (representative astrovirus strain VA2/HMO-A), and mamastro-
virus 9 (representative astrovirus strain VA1/HMO-C [VA1]) (21–28). Humans are fre-
quently exposed to these novel astroviruses, as seroprevalence in adults ranges from 65
to 100% (29, 30). Based on their detection in stool samples, the novel human astrovi-
ruses are presumed to cause gastrointestinal diseases similar to those produced by the
classic human astroviruses (23). However, in the limited number of case-control studies
performed to date, the novel human astroviruses have not been clearly associated as
etiological agents of diarrhea (28, 31).

Recent studies have identified a novel central nervous system (CNS) tropism for
astroviruses. VA1 is the most frequently identified genotype of astrovirus in cases of
human encephalitis, with a total of five independently published cases to date (32–36).
In these cases, all patients were immunocompromised, including three hematopoietic
stem cell transplant recipients and two patients with X-linked agammaglobulinemia
(32–36). VA1 sequences were detected in brain tissue biopsy specimens of all five cases
by unbiased next-generation sequencing (32–36). These data were corroborated in two
of the cases by immunohistochemistry and in another case by in situ hybridization,
localizing VA1 to neurons and astrocytes (32–34). Death occurred in four of five
patients, demonstrating a high mortality rate in the reported VA1-associated cases of
encephalitis (32–36).

Other astroviruses have also been recently detected in the CNS. In humans, cases of
meningoencephalitis associated with human astrovirus 4, astrovirus MLB1, and MLB2
have been described (37–39). In minks, an astrovirus genotype is the causative agent of
shaking mink syndrome, a neurological disorder of minks characterized by tremors and
seizures (40, 41). Bovine astroviruses have been identified as a significant cause of
encephalitis in cattle, as these viruses have been detected in 34% of previously
unexplained cases of encephalitis (42–47). An additional astrovirus genotype has also
been identified as a cause of encephalitis in sheep (48). Porcine astroviruses are
associated with a congenital tremor syndrome in newborn piglets, while the “white
chicks” hatchery disease is caused by a chicken astrovirus that also has been detected
in brain tissue (49, 50). Together, these examples demonstrate a previously unrecog-
nized neurotropism of multiple astroviruses.

While cell culture models for classic human astroviruses and several other astrovi-
ruses exist, no cell culture model for VA1 has been described to date in the literature
(18, 51–55). Multiple cell lines are broadly permissive to most serotypes of classic
human astroviruses, including Caco-2, HT-29, SK-CO-1, HEK293, MA-104, Cos-1, and
Vero cell lines (52). Additional human cell lines, including A549, HEp-2, and HeLa, are
selectively permissive for replication of some of the different classic human astrovirus
serotypes, but only minimal levels of replication have been reported in nonprimate-
derived cell lineages (52). Propagation in cell culture is generally thought to be trypsin
dependent for classic human, porcine, bovine, and feline astroviruses (51–55). Proteo-
lytic cleavage of the classic human astrovirus capsid by trypsin has been identified as
a maturation step necessary for infectivity of the virus in cell culture for classic human
astroviruses 1 and 8 (56–58).

Currently, only limited data regarding the host innate immune response to astro-
virus infection exist. Classic human astroviruses induce a beta interferon (IFN-�) re-
sponse in cell culture, and exogenous addition of type I interferons to cell culture
reduces replication of classic human astroviruses (59, 60). Furthermore, addition of a
human neutralizing antibody to IFN-� increases replication (59, 60). In vivo, loss of
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function of the interferon �/� receptor or STAT1 increases murine astrovirus replication
(61).

We describe here the first cell culture models for propagation of VA1, a necessary
tool that will facilitate studies of VA1 tropism, pathogenesis, and immune control. We
demonstrate that multiple human cell lines, including Caco2, HEK293T, and A549
support robust VA1 replication, thus enabling detailed studies of VA1.

RESULTS
qRT-PCR assay. To develop a quantitative reverse transcription-PCR (qRT-PCR) assay

capable of detecting all VA1 genotypes, we performed a multiple-sequence alignment
of all published VA1 strains to identify highly conserved regions of the genome. Primers
and probe were selected from a region that includes the 5= end of ORF2 and the
internal promoter sequence (nucleotide positions 4134 to 4272 of the reference strain
[NC_013060.1]). The nucleotide sequences of the primer and probe binding sites were
100% conserved between the VA1 strains. We generated a standard curve for the VA1
qRT-PCR assay using in vitro-transcribed RNA (Fig. 1A). The optimized qRT-PCR assay
was sensitive to five copies of target of RNA per reaction mixture and had an efficiency
of 98.9%.

Serial passaging of VA1. We selected two human stool samples that were collected
during the originally described outbreak of VA1 gastroenteritis, which also had a high
copy number in a previously published qRT-PCR assay (CDC_B and CDC_C samples)
(23). After filtration, the resulting stool filtrates were used to inoculate Vero cells. For the
CDC_C sample, a steady decrease in VA1 RNA copy number with increasing passage
number was observed (Fig. 1B). However, the CDC_B sample demonstrated a stable
RNA copy number from passages 1 to 2 (Fig. 1B), suggesting that some VA1 replication
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FIG 1 VA1 RNA levels after serial blind passage in cell cultures. (A) qRT-PCR standard curve for
quantification of VA1 RNA copies. Serial 10-fold dilutions of VA1 in vitro-transcribed RNA were used as
control templates, starting with 5 � 107 copies/reaction mixture. A line of best fit and coefficient of
determination were calculated. Error bars represent 1 standard deviation. (B) Vero cell passages. Two
stool specimens containing VA1 RNA were inoculated into cell cultures of Vero cells. (C) Caco-2 cell
passages. Caco-2 cells were initially inoculated using the Vero passage 1 (V-P1) cell lysate.
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may have occurred, given the 40-fold sample dilution with passage. However, RNA
levels decreased following the second passage, suggesting that replication was not
sustainable in Vero cells under the conditions used (Fig. 1B).

Thus, we tested the ability of Caco-2 cells, a cell line known to be broadly permissive
for replication of the classic human astroviruses, to support further replication from the
CDC_B V-P1 lysate. In addition, exogenous trypsin was added to our initial passage
attempts in Caco-2 cells, as replication of the classic human astroviruses is dependent
on addition of trypsin (51, 52). The VA1 copy number was initially stable from passages
1 to 2 in Caco-2 cells (Fig. 1C). Then, after passage 2, the VA1 RNA copy number
increased by several log over the next few passages and then plateaued after passage
5 (Fig. 1C). In total, the VA1 RNA copy number increased over 3,000-fold after six serial
passages (without accounting for sample dilution at each passage). In contrast, treat-
ment of the C-P4 stock by UV irradiation led to undetectable VA1 RNA after two
passages, demonstrating that the virus was sensitive to UV treatment (data not shown).
During these passages, no evidence of cytopathic effect was observed.

To determine if trypsin is necessary for the propagation of VA1 in cell culture, we
infected Caco-2 cells using the C-P4 lysate with or without addition of exogenous
trypsin. We found that after two passages, the VA1 RNA copy numbers of untreated and
trypsin-treated cell lysates were not significantly different (passage 1, P � 0.23; passage
2, P � 0.92) (Fig. 2). After passage three, a modest 2-fold decrease was noted in the
no-trypsin cell lysate (P � 0.003) (Fig. 2), but this decrease was not sustainable, as there
was no significant difference between the trypsin-treated and untreated groups after
passage 4 (P � 0.16) (Fig. 2). These results are in stark contrast to previously published
cell culture systems with other mammalian astroviruses genotypes, where exogenous
trypsin is necessary for successful passage of astroviruses in cell culture (51–55).

To determine the viral titer, we established a 50% tissue culture infectious dose
(TCID50) assay using qRT-PCR as a readout for positive infection. The C-P5 VA1 stock had
a titer of 1.4 �106 TCID50/ml. A total of 6,566 of 6,586 nucleotides (nt) of the C-P5 stock
were confirmed by Sanger sequencing with 3� coverage. Four genetic variants relative
to the published consensus sequence (NC_013060.1) from the original stool sample
were detected in the C-P5 stock, occurring at nucleotide positions C499U, A2672G,
U5162C, and C5369U. Variants U5162C and C5369U did not result in mutations in the
amino acid sequence of ORF2. The C499U variant resulted in a conservative A154V
amino acid substitution in ORF1a. The A2672G variant occurred in the overlap region
between ORF1a and ORF1b. For ORF1a, the mutation was silent, but in the ORF1b
reading frame, this led to a T14A amino acid mutation. When examining the secondary
structure of the VA1 genome, the variant occurred within the loop of the stem-loop
structure for ribosomal frameshifting of ORF1a and ORF1b.

Because the C499U and A2672G variants resulted in amino acid substitutions, we
sequenced these regions in the V-P1 and C-P1 through C-P4 samples to determine
when these variants could be first detected. The C499U variant was initially detected in
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FIG 2 Serial passaging of VA1 in Caco-2 cells in the presence and absence of trypsin. C-P4 aliquots were
pretreated and incubated with or without trypsin. Both treatments were passaged four times for 7 days
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the C-P1 sample, and the A2672G genetic variant was first detected in the V-P1 sample.
Based on the detection of these variants in the first two passages of VA1 in cell culture,
these variants may represent tissue culture adaptations for propagation of VA1.

VA1 multistep growth curves. We defined the kinetics of VA1 infection in several
cell lines without the addition of exogenous trypsin. Increasing VA1 RNA copies were
observed in both the cells and the supernatant fractions of the Caco-2, HEK293T, and
A549 lineages but not in BHK-21 cells (Fig. 3A and B). An approximate 10- to 100-fold
increase in VA1 RNA copies in the cellular fractions was observed 24 h after inoculation,
and the number increased another 10-fold by 96 h. For the supernatant fractions, VA1
RNA increased over time but appeared to accumulate more slowly than in the cellular
fraction. In addition, VA1 RNA accumulated more slowly in the supernatant fraction in
Caco-2 and HEK293T cells than in A549 cells. This difference between the cellular and
supernatant fractions may suggest inefficient viral egress from these cell lines, possibly
due to the presence of one or more host restriction factor(s). It is also possible that the
viral particles remain tightly associated with the cells. No cytopathic effect was ob-
served in Caco-2, HEK293T, or A549 cells.

We also measured the production of infectious virus in cell lysates using a TCID50

assay at 1 h, 36 h, and 96 h postinfection in Caco-2 cells. The viral titer was below the
limit of detection (1.6 � 102 TCID50/ml) at 1 h postinfection, 8.9 � 103 TCID50/ml at 36
h postinfection, and 2.8 � 105 TCID50/ml at 96 h postinfection. These results demon-
strated an increase in infectious virus over time.

Detection of VA1 subgenomic RNA. As additional evidence of replication, we
sought to detect the subgenomic RNA that is expected to be transcribed during its
replication cycle. The VA1 genome contains the highly conserved promoter sequence
present in all known astroviruses for subgenomic RNA synthesis of ORF2 (2). Extrapo-
lating from the published 5= untranslated region (UTR) of the subgenomic RNA of
classic human astrovirus 2 and the annotated VA1 genome (NC_013060.1), VA1 would
be hypothesized to produce a subgenomic strand that is at least 2,386 nt [5= UTR, 11
nt; ORF2, 2,277 nt; 3= UTR, 98 nt; and poly(A) tail, undefined length] (19). Northern blot
analysis of total RNA from Caco-2 cells infected by the C-P5 viral stock yielded two
bands (Fig. 4). The first band is �6,000 nt, which presumably represents the full-length
VA1 RNA genome [6,586 nt � the poly(A) tail]. A second, fainter band that migrated
more slowly than the 2,000-nt marker was detected, consistent with the anticipated size
of the subgenomic RNA [2,386 nt � poly(A) tail]. No other significant bands were
observed in the VA1-infected Caco-2 cells. The specificity of the probe was confirmed
by the absence of any bands in mock-infected Caco-2 cells.

Detection of VA1 virus-like particles. Electron microscopy (EM) of infected Caco-2
cells identified crystalline lattices of virus-like particles (Fig. 5a to d). These aggregates
were present within the cytosol, and many of these aggregates appeared to be
associated with a membrane. The mean size of the virus-like particles was 26.4 nm
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FIG 3 Multistep growth curve of VA1 RNA measured from the cellular and supernatant fractions of
Caco-2, HEK293T, A549, and BHK-21 cells. Cells were infected using the C-P5 viral stock, and RNA levels
were measured from the cellular fraction (A) or the supernatant fraction (B). The geometric mean of the
VA1 RNA in each cell line is shown with error bars representing 1 geometric standard deviation.
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(standard deviation [SD] � 2.1 nm; n � 10) in diameter, which is comparable to the
reported diameters of 28 to 44 nm for serotypes of mamastrovirus 1 (1, 56, 62, 63).

Effect of interferon pretreatment on replication of VA1. Caco-2 cells pretreated
with IFN-�1a for 12 h were infected with VA1 using a multiplicity of infection (MOI) of
0.01 (Fig. 6). At 96 h postinfection, a dose-dependent effect of IFN-�1a on VA1 RNA
copy abundance was detected (one-way analysis of variance [ANOVA] F(4,15) � 21.03,
P � 0.0001), with a 20-fold decrease in VA1 RNA copy number at the maximum dose
of 1,000 U/ml compared to no treatment (Dunnett’s multiple-comparison test, P �

0.0001). This result supports the role of the type I interferon response in limiting the
replication of VA1.

DISCUSSION

Our results demonstrate bona fide replication of VA1 in cell culture, confirmed by
multiple lines of evidence. The data include detection of viral subgenomic RNA,
multiple log increases in viral RNA in multistep growth curves, and visualization by EM
of virus-like particles in infected cells. To our knowledge, this is the first report of
propagation of any the newly identified, nonclassic human astroviruses (mamastrovi-
ruses 6, 8, and 9). The lack of any cell culture or in vivo model of infection has been a
significant limiting factor in the study of VA1 and VA clade astroviruses. The establish-
ment of a culture system for VA1 fulfills the first step of Koch’s postulates and provides
a necessary reagent for efforts to complete Koch’s postulates.

Interestingly, the C-P5 isolate of VA1 can be propagated in cell culture without the
addition of exogenous trypsin. In all other previously published mammalian astrovirus
cell culture systems, the addition of exogenous trypsin is necessary for continued viral
propagation. For the classic human astroviruses 1 and 8, trypsin significantly enhances
infectivity by contributing to proteolytic activation of the capsid (56–58). Currently, it is
unclear what proteolytic processing of the VA1 capsid, if any, occurs in vivo. Based on
the ability to passage VA1 in the absence of exogenous trypsin, VA1 may simply have
a capsid that does not need to be proteolytically cleaved to be infectious. Alternatively,
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FIG 5 Electron microscopy images of VA1-infected Caco-2 cells. (a to c) Increasing magnifications of a
single Caco-2 cell infected with VA1 with the nucleus labeled. Yellow triangles represent regions
containing crystalline lattices of virus-like particles. (d) Additional example of a VA1 crystalline lattice
contained within a membrane structure (denoted by arrows) in the cytoplasm of an infected Caco-2 cell.
Scale bars are shown with each image.
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endogenous proteases produced by Caco-2, HEK293T, and A549 cell lines may be
sufficient for activation of the VA1 capsid.

If proteolytic cleavage of the capsid by trypsin is important for astrovirus infectivity
in vivo, it may be a factor that contributes to the tissue tropism of astroviruses. Trypsin
is predominantly expressed in the gastrointestinal tract of humans, with weaker
expression in other tissues, including the brain (64). To date, the classic human
astroviruses have been detected almost exclusively from the gastrointestinal tract.
Replication of the classic human astroviruses could be largely restricted to tissues with
high expression of trypsin. If VA1 does not require proteolytic activation, VA1 may have
a broader spectrum of tissues that it can infect in vivo, including the CNS. In support of
this general concept is one report of chicken astroviruses isolated from diverse tissue
specimens (respiratory tract, leukocytes, and small intestine) that could be passaged in
tissue culture without the addition of trypsin (65). In addition, a mink astrovirus can
cause shaking mink syndrome after intracranial injection into unaffected minks without
trypsin treatment (40, 41). A single case report of classic human astrovirus 4 RNA being
detected in other tissue sites obtained postmortem, including cerebrospinal fluid, has
been published (37). To our knowledge, the trypsin dependence of astrovirus 4 has not
been explicitly examined. Moreover, in that study, the initial culturing experiments that
led to isolation of human astrovirus 4 were done in the absence of trypsin treatment
(37). Thus, it is possible that some of the classic human astroviruses may not be as
dependent on trypsin as astroviruses 1 and 8.

Sequencing of the C-P5 stock identified two nonsynonymous mutations relative to
the reference VA1 amino acid sequence. The C499U variant occurs near a coiled-coil
region of the VA1 ORF1A-encoded protein that is of unknown function. While an
alanine-to-valine substitution is often presumed to be a conservative mutation, C499U
was first detected in the C-P1 sample and might represent an adaptive mutation for
propagation of VA1 in cell culture. The A2672G variant occurs in the overlap region
between ORF1a and ORF1b, altering the amino acid code of ORF1b. The location of this
variant is within the loop of the stem-loop structure for ribosomal frameshifting. A
previous study of classic human astrovirus 1 found no effect on ribosomal frameshifting
when the nucleotides of the loop were mutated to a reverse complement sequence
(15). The A2672G variant was first detected after the first passage in Vero cells and is
also a candidate adaptive mutation for cell culture. The genetic variants could also be
simply stochastic mutations with no effect on adaptation to cell culture. The effects of
these genetic variants on propagation of VA1 might be examined in the future by
development of a VA1 reverse genetic system, as has been described for the classic
human astroviruses (66, 67).

Treatment of Caco-2 cells with exogenous IFN-�1a reduced replication of VA1
20-fold. Our results are similar to those reported in two previous publications, whereby
addition of exogenous type I interferon to Caco-2 cells reduced the replication of classic
human astroviruses approximately 10-fold (59, 60). The specific interferon-stimulated

0 1 10 100 1000
0.01

0.1

1

10

U/mL of IFN-β1a

F
ol

d 
ch

an
ge

 in
 V

A
1 

R
N

A

***
****

****

FIG 6 Effect of interferon on replication of VA1. Caco-2 cells were pretreated with increasing doses of
IFN-�1a and then inoculated with VA1 in the presence of interferon. RNA was measured 96 h after
inoculation. VA1 RNA was normalized to 18s RNA expression and is shown as mean fold change relative
to treatment with 0 U/ml of IFN-�1a. Error bars represent 1 standard deviation. ***, P � 0.001; ****, P �
0.0001.

Janowski et al. Journal of Virology

October 2017 Volume 91 Issue 19 e00740-17 jvi.asm.org 8

http://jvi.asm.org


genes that mediate the antiviral effect on replication of astroviruses in general are
currently unknown.

The establishment of a cell culture system for VA1 infection opens many new
frontiers in the study of VA1. Astroviruses have only recently been recognized as a
neurotropic family of RNA viruses, and they may have unique mechanisms that mediate
neuroinvasion and neuroinfection. Based on the clinical cases of VA1 encephalitis
occurring in immunocompromised hosts, the adaptive immune system could be im-
portant in controlling VA1 infection. Future work will focus on developing cell culture
and in vivo models of VA1 CNS infection. In addition, with the ability to perform
antibody neutralization against VA1, it will be possible to identify critical antigens for
vaccine development as well as protective antibodies. The VA1 cell culture model may
also facilitate high-throughput pharmaceutical screens for antiviral molecules with the
ultimate goal of reducing the high mortality rate associated with VA1 CNS infection.

MATERIALS AND METHODS
qRT-PCR. To identify conserved regions for primer design, we generated a multiple-sequence

alignment of all available VA1 genomes using MUSCLE (NC_013060.1, GQ891990.1, GQ415662.1,
KJ920196.1, KJ920197.1, KM358468.1, KM401565.1) (68). The primers and probe used in the assay include
forward primer AJ0071, 5=-CTAGTGGTGGGGAAGAAC-3=, reverse primer AJ0072, 5=-CCTTGGCTATTTGCTT
TGC-3=, and TaqMan probe AJ0073, 5=-/56-FAM/CCATGACTT/ZEN/TGCTTTGGACCTCCC/3IABkFQ/-3= (In-
tegrated DNA Technologies).

As a positive control, plasmid DW639 harboring a 536-bp fragment of the VA1 genome that
encompassed the primer/probe region was used as the template for in vitro RNA transcription using the
Megascript T7 kit (ThermoFisher). RNA was quantified by NanoDrop 1000 (ThermoScientific), and 10-fold
serial dilutions of RNA were made. Quantitative reverse transcription-PCR (qRT-PCR) was performed using
the manufacturer’s instructions for TaqMan Fast Virus 1-Step master mix (Applied Biosystems) on a ViiA
7 Real Time PCR system (Applied Biosystems) with an annealing temperature of 55°C. To define a
standard curve, 10-fold serial dilutions of the VA1 RNA were analyzed in triplicate. A plot of RNA copy
number and cycle threshold (CT) number was created, and a linear regression was calculated from the
data points. The VA1 RNA copy number was calculated using the linear regression model from Prism 7
(GraphPad).

Cell culture. All cell lines and infection steps were carried out at 37°C with 5% CO2. The African green
monkey kidney epithelial cell line (Vero), undifferentiated human intestinal epithelial cell line (Caco-2),
human embryonic kidney cell line (HEK293T), human lung epithelial cell line (A549), and baby hamster
kidney fibroblast cell line (BHK-21) were all cultured in growth medium consisting of Dulbecco’s modified
Eagle medium (DMEM) with L-glutamine supplemented with 10% fetal bovine serum (FBS; Gibco) and 1%
of 10,000 units/ml of penicillin and streptomycin (Gibco).

For infection, cells were grown to 80 to 90% confluence and washed with phosphate-buffered saline
(PBS) prior to inoculation with stool filtrate or cell lysates. Incubation of the VA1 inoculum with the cells
was carried out for 1 h unless noted otherwise. The medium was then aspirated, cells were washed with
PBS, and the cells were incubated. RNA was extracted using TRIzol (ThermoFisher) in Direct-zol mini-prep
columns (Zymo Research). VA1 RNA copies were determined by qRT-PCR.

Serial passaging of VA1 in cell culture. Stool samples positive for VA1 by PCR (CDC_B and CDC_C)
from the originally described outbreak of VA1-associated gastroenteritis in Virginia, USA, were used as
the initial inoculum (23). A total of 200 �g of stool was diluted 1:6 in PBS and filtered through a 0.45-�m
filter, creating a passage 0 (P0) viral filtrate. For passage in cell culture, Vero cells grown in a 6-well plate
were inoculated with either 75 �l of CDC_B P0 or 50 �l of CDC_C P0 diluted in 1 ml of DMEM per well.
Cells were incubated for 2 h and washed with PBS, and 2 ml growth medium was added to each well.
No exogenous trypsin was added at any step. The Vero cells were then incubated for 7 days and
monitored daily for cytopathic effect. After 1 week, cells were freeze-thawed three times, creating
passage 1 (V-P1) cell lysate. A 50-�l volume of cell lysate was used as the inoculum for another round
of passage under the same infection conditions to generate V-P2 and iterated further to generate
additional passages. For RNA extraction, 100 �l of cell lysate was extracted using the COBAS Ampliprep
instrument (Roche).

The V-P1 CDC_B cell lysate was also passaged into Caco-2 cells grown in a 6-well plate. A 50-�l
volume of the V-P1 CDC_B cell lysate was pretreated with 200 �g/ml of trypsin (Gibco) for 1 h at 37°C.
The lysate-trypsin mixture was then diluted in 1 ml of DMEM and added to Caco-2 cells. Cells were
incubated for 1 h, medium was aspirated, and the cells were washed. A total of 2 ml of DMEM
supplemented with 3.3 �g/ml of trypsin was added to the wells, and the cells were incubated for 24 h.
After 24 h, 220 �l of FBS was added to the cells, and the cells were incubated for 6 days. Cells were then
lysed by freeze-thawing three times, thus generating a Caco-2-P1 (C-P1) cell lysate. Subsequent passages
were repeated using 50 �l of cell lysate as the inoculum for each sequential passage. A total of 100 �l
of cell lysate was used for RNA extraction.

A 50-�l aliquot of C-P4 was treated with 50 mJ/cm2 of UV light using the Spectrolink XL-1000 UV
cross-linker (Spectroline). The sample was incubated with trypsin and serially passaged twice in Caco-2
cells. To determine the effects of exogenous trypsin, 50-�l aliquots of C-P4 lysate were passaged four
times with or without the addition of trypsin at any step. A total of three replicates for each trypsin
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treatment group were completed, and results were compared using a two-tailed Student’s t test. P levels
of �0.05 were considered significant.

Preparation of VA1 virus stock. Using a 150-�l aliquot of C-P4 cell lysate, Caco-2 cells in a T75 flask
were infected to create a large-scale viral stock (C-P5 stock). No trypsin was added in any of the steps for
the creation of the viral stock. Cells were incubated for 1 week, and cells were lysed by freeze-thawing
three times. The viral stock was used for all subsequent Sanger sequencing, growth curve assays,
Northern blotting, electron microscopy, and the effect of interferon on VA1 replication.

Quantification of infectious virus by TCID50 assay. The titers (TCID50) of the C-P5 stock and cell
lysate samples obtained 1 h, 36 h, and 96 h after infection were determined by infecting Caco-2 cells with
serial 10-fold dilutions of each cell lysate in quadruplicate. Cells were incubated for 72 h, and cell extracts
were collected in TRIzol for RNA extraction. The TCID50 was calculated by the Spearman-Karber method,
and wells were considered infected if VA1 RNA was detected by the qRT-PCR assay (CT � 30) (69). The
CT values of uninfected wells were all �37. The TCID50 titer was then used to calculate the MOI for all
experiments using the C-P5 stock.

Sequencing of C-P5 VA1 stock. The VA1 genome consensus sequence in the C-P5 stock was
determined in six overlapping RT-PCR amplicons (Table 1). cDNA was synthesized in a 1-h incubation
using Thermoscript (ThermoFisher) with 10 pmol of the VA1 fragment-specific reverse complement
primer (Table 1) using an incubation temperature of 55°C for all fragments, except for fragment 5, which
was incubated at 60°C. The cDNA was then treated with RNase H (ThermoFisher) at 37°C for 20 min.
High-fidelity PCR was performed on the six cDNA products using PfuUltra II Fusion HS DNA polymerase
(Agilent Genetics) with the corresponding VA1-specific primer set for each fragment (Table 1). The
reaction conditions included 95°C for 1 min and then 27 cycles of 95°C for 20 s, annealing temperature
of 53°C for all fragments except fragment 5 (59°C) for 20 s, and 72°C for 1 min, followed by a final
extension phase at 72°C for 3 min. PCR products were purified using Purelink PCR Micro kit (Invitrogen)
and cloned into pCR4 TOPO plasmids (Invitrogen). Plasmids were then Sanger sequenced. A total of three
replicates of each fragment of the genome were amplified, cloned, and sequenced.

We analyzed the virus stocks from all passages for the presence of the two genetic variants that
altered the amino acid sequence. PCR primers that spanned the mutation sites were designed. Amplicons
were generated using One-step RT-PCR kits (Qiagen) and primer pairs SF164 (5=-CATGGCAGTGTCAAAG
CACGGAT-3=) with AJ0118 (5=-AATGCACCCAACACTGAAAGG-3=) and SF170 with SF169 (Table 1). The
reaction conditions included 55°C for 45 min, 95°C for 15 min, and then 40 cycles of 94°C for 30 s,
annealing temperature of 55°C for 30 s, and 72°C for 1 min, followed by a final extension phase at 72°C
for 10 min. Amplicons were gel extracted using the Qiaquick gel extraction kit (Qiagen) and cloned into
pCR4 TOPO plasmids. Plasmids were then Sanger sequenced.

Multistep growth curves. Caco-2, HEK293T, A549, or BHK-21 cells were grown in 24-well plates. Cells
were inoculated with 1.25 �l (MOI, 0.01) of the C-P5 stock diluted in 250 �l of DMEM. The supernatant
and cell fractions were harvested 1, 12, 24, 36, 48, and 96 h after inoculation. A 100-�l volume of the
supernatant or the complete cell fraction was harvested for RNA extraction. A total of three replicates at
each time point were completed.

Northern blotting. Caco-2 cells in a T75 flask were incubated with either 150 �l of the C-P5 stock
or PBS (mock) diluted in 7.5 ml of DMEM for 1 h. After incubation with the inoculum, the cells were
washed, growth medium was added, and the cells were incubated for 48 h prior to total cellular RNA
extraction. One microgram of total cellular RNA was run on a 1% denaturing formaldehyde-MOPS
(morpholinepropanesulfonic acid) agarose gel. RNA was transferred from the gel to a nylon membrane
(Amersham Hybond-XL; GE Healthcare) using a vertical transfer apparatus (Schleicher and Schuell
TurboBlotter Transfer System) for 3 h using 10� saline-sodium citrate (SSC; 1� SSC is 0.15 M NaCl plus
0.015 M sodium citrate) transfer buffer. The membrane was baked at 70°C for 20 min and cross-linked

TABLE 1 Primers used for sequencing of the C-P5 viral stocka

Fragment no. Name of primer Direction Sequence (5=¡3=) Nucleotide positions

1 AJ0117 Forward CCAAATTTGTTGGCTGTGCC 1–20
SF165 Reverse TATCACTTTCACATACTCAGCATCAC 1072–1097

2 SF166 Forward CTAATATGGAGGTCACTTCAATGT 943–966
SF167 Reverse ATCTGACCTTTAAGGGCATCCTCTA 1891–1915

3 SF168 Forward CTGATTGAGGATGGCACCGT 1608–1627
SF169 Reverse ATCAATTGGCTCATCATAATCACT 2798–2821

4 SF170 Forward CTATCATAAGTGAGTTGGATGAATTATG 2539–2566
SF171 Reverse TAACTCTGTCCACATAATTGTCACAT 3799–3824

5 SF172 Forward CTCTGGACAAATATCCACAACTA 3628–3650
AJ0125 Reverse CAGCACCCTCATCCACAATCTG 5139–5160

6 SF174 Forward CAAGGCATATGAGTGAAAGGTTC 5074–5096
Poly(T) primer Reverse GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT NA

aNucleotide positions are based on the reference VA1 genome (NC_013060.1). NA, not applicable.
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using the Spectrolink XL-1000 UV cross-linker (Spectroline) per the manufacturer’s optimal UV exposure.
The blot was stained with 0.02% methylene blue to visualize 28S rRNA bands. The membrane was
destained and prehybridized with Rapid-hyb buffer (GE Healthcare Amersham) for 30 min at 65°C.

A region of ORF2 of the reference VA1 genome (NC_013060.1; nucleotide positions 4282 to 5014) was
selected for probe generation. A 732-bp PCR product using primers AJ0094 (5=-AACAGGAGAAGAAGGA
ACC-3=) and AJ0081 (5=-GCATTGGTAGTTTCAGTCACC-3=) was generated using Accuprime Taq Polymerase
(ThermoFisher) with an annealing temperature of 55°C. PCR products were run on a 1% agarose gel, and
PCR products were extracted using the QIAquick gel extraction kit (Qiagen). Radiolabeled double-
stranded DNA probes were generated by random priming. A total of 50 ng of the AJ0094-AJ0081 PCR
product was incubated with [�-32P]-dCTP, dATP, dGTP, and dTTP, random hexamers, and DNA polymer-
ase I large Klenow fragment (New England BioLabs) for 15 min at room temperature. The radiolabeled
probe was purified using the Qiaquick nucleotide removal kit (Qiagen). The probe was quantified using
a Beckman LS6000IC liquid scintillation counter.

A total of 5 �106 CPM of probe was added to the hybridization buffer and incubated with the blot
for 3 h at 65°C. The membrane was washed with increasingly stringent washes at room temperature, first
with 2� SSC � 0.1% SDS for 5 min (twice), and then 1� SSC � 0.1% SDS for 10 min (twice) and 0.1�
SSC � 0.1% SDS for 5 min (4 times). The membrane was finally washed with 0.1� SSC � 0.1% SDS at
42°C for 15 min (twice) and then at 65°C for 15 min (twice). The blot was then rinsed with 2� SSC, and
the membrane was exposed to a phosphoimager plate for autoradiography.

EM. Caco-2 cells infected with C-P5 viral stock for 1 week were trypsinized and fixed in 2%
paraformaldehyde–2.5% glutaraldehyde (Polysciences Inc.) in 100 mM sodium cacodylate buffer, pH 7.2,
for 1 h at room temperature. The cells were then washed with sodium cacodylate buffer and postfixed
in 1% osmium tetroxide (Polysciences Inc.) for 1 h. The sample was then rinsed extensively in distilled
water (dH2O) prior to en bloc staining with 1% aqueous uranyl acetate (Ted Pella Inc.) for 1 h. Following
several rinses in dH2O, the sample was dehydrated in a graded series of ethanol and embedded in
Eponate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut with a Leica Ultracut UCT ultramicrotome
(Leica Microsystems Inc.), stained with uranyl acetate and lead citrate, and viewed on a JEOL 1200 EX
transmission electron microscope (JEOL USA Inc.) equipped with an AMT 8-megapixel digital camera and
AMT Image Capture Engine V602 software (Advanced Microscopy Techniques). The diameter of the
virus-like particles was measured using ImageJ.

Effects of pretreatment of IFN-�1a on VA1 replication. Caco-2 cells were pretreated with 10-fold
dilutions of a 1,000 U/ml stock of IFN-�1a (PBL Assay Science) for 12 h. Cells were then inoculated with
an MOI of 0.01 of the C-P5 stock in the presence of IFN-�1a. The cells were then washed and incubated
with IFN-�1a for 96 h, and RNA was extracted. VA1 RNA and 18S RNA were measured by qRT-PCR
(Integrated DNA Technologies), and the relative RNA was quantified using the 2�ΔΔCT method. Groups
were compared using a one-way ANOVA in Prism 7 (GraphPad). A post hoc analysis comparing
no-treatment groups with each IFN-�1a dose group was completed using Dunnett’s multiple-
comparison test. P values of �0.05 were considered significant.

Accession number(s). The sequence of the C-P5 stock has been deposited in GenBank under
accession number KY933670.
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