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Human astrovirus is an important cause of acute gastroenteritis. We have generated, for the first time, a
vaccinia virus recombinant expressing the astrovirus 87-kDa structural polyprotein. The results demonstrate
that this expression results in the formation of virus-like particles in the absence of other astrovirus proteins
and genomic RNA. The purified trypsin-activated virus-like particles strongly resemble the complete astrovirus
particles.

Human astroviruses (HAstV), which comprise the Astroviri-
dae family (17), are recognized worldwide as an important
cause of gastroenteritis among hospitalized infants (4, 5, 18).
To date, eight serotypes of HAstV have been described, with
serotypes 1 and 2 being the most prevalent around the world
(4, 13, 22). HAstV have a plus-sense, single-stranded RNA
genome that is approximately 6,800 nucleotides (nt) in length
and which comprises three open reading frames (ORFs),
namely, ORF1a, ORF1b, and ORF2 (10). ORF1a and 1b en-
code the nonstructural proteins (12), while ORF2 encodes the
structural proteins, which are likely expressed from a 2.4-kb
subgenomic RNA that is coterminal with the 3� end of the
genome (14, 17). The expression of ORF2 yields an approxi-
mately 87-kDa polyprotein, which is the precursor to the
smaller, 20- to 40-kDa structural proteins that have been iden-
tified in human and animal astroviruses (3, 9, 15, 21).

Despite the HAstV ORF2 having been expressed in several
systems (14, 24), to date there have been no reports, to our
knowledge, on whether it would lead to the formation of virus-
like particles (VLPs). Here we describe, for the first time, the
expression of the 87-kDa HAstV structural polyprotein in two
different mammalian cell types by using a vaccinia virus (VV)-
inducible expression system. We have also analyzed the feasi-
bility of the production of VLPs by the 87-kDa polyprotein.

HAstV serotype 2 (HAstV-2) was the starting genetic ma-
terial for this study after being propagated and purified as
previously described (21). Genomic HAstV RNA was isolated
from purified virus by the guanidine thiocyanate method using the
RNaid w/Spin kit (BIO 101; Anachem Bioscience, Bedfordshire,
United Kingdom). A cDNA corresponding to ORF2 was gener-
ated by reverse transcription-PCR (RT-PCR) with the genomic
RNA as a template and the primers 5�-CGCGAAGCTTCATA
TGGCTAGCAAGTCTGACAAGC-3� (containing HindIII and
NdeI sites) and 5�-GCGCGGATCCTCGATCCTACTCGGCG
TGGCCGCGG-3� (containing a BamHI site) in accordance with
the manufacturer’s instructions (Access RT-PCR System; Pro-
mega, Madison, Wis.). The RT-PCRs were carried out by incu-

bating the mixture for 45 min at 48°C and cycling 40 times with
denaturation for 1 min at 94°C, annealing for 2 min at 54°C, and
extension for 4 min at 68°C. A final extension was performed for
7 min at 68°C. The nucleotide sequence of the cloned fragment
was determined with the Dye Terminator cycle sequencing kit
and ABI Prism 3700 DNA sequencer and shown to be correct.
The amplified cDNA was subjected to digestion with HindIII and
BamHI and then ligated to pFastBac, previously cleaved with the
same enzymes, generating the plasmid pFastBac/POLY. The
same fragment was then subcloned from this plasmid into
pVOTE2 (23), using the cleavage sites NdeI and BamHI present
in both plasmid and DNA fragment. The resulting construction
(pVOTE2/POLY) was purified by anion-exchange chromatogra-
phy on QIAGEN columns (Qiagen, Dusseldorf, Germany) and
used to generate the recombinant virus VT7/POLY. Generation
and amplification of VT7/POLY were carried out as previously
described (7). The plasmid vectors pFastBac and pVOTE2 and
the recombinant VV VT7LacOI were kindly provided by J. Fran-
cisco Rodriguez (CNB, Madrid, Spain).

The expression of the structural polyprotein was analyzed in
two mammalian cell types, namely, BSC-40 (African green
monkey kidney epithelial cells, derived from the original
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FIG. 1. Characterization of proteins expressed in cells infected with
the recombinant VV VT7/POLY. LLCMK2 cells were mock infected
(MI) or trypsin-free infected with HAstV-2 (Hast-2), VT7/POLY
(POLY), or VT7LacOI (vT7), either uninduced (�) or induced (�)
with IPTG. Cells were lysed at 24 h p.i. and analyzed by WB by using
an HAstV-specific antiserum. The position of the 87-kDa polyprotein
is indicated at the right margin of the panel. Molecular weight stan-
dards are shown in the left margin.
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FIG. 2. Visualization of assembled HAstV VLPs. (A and B) Shown is ultrathin section electron microscopy analysis of LLCMK2 cells infected
with either HAstV-2 (A) or VT7/POLY (B). (C) The sections were incubated with specific HAstV antiserum followed by incubation with 10-nm
colloidal gold-conjugated goat anti-rabbit immunoglobulin G. Immunogold specifically binds to the group of VLPs. Bars, 50 nm.
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BSC-1 cell line) and LLCMK2 (rhesus monkey kidney cells),
from the American Type Culture Collection. Preconfluent
monolayers were infected with either VT7LacOI or VT7/
POLY at 5 PFU/cell and maintained in either the presence or
the absence of the inducer isopropyl �-D-thiogalactosidase
(IPTG) (1 mM final concentration). Alternatively, cells were
trypsin-free infected with HAstV-2 at a multiplicity of infection
(MOI) of 0.1 PFU/cell. At 24 or 48 h postinfection (p.i.), cells
were washed with phosphate-buffered saline and lysed in ra-
dioimmunoprecipitation assay buffer (50 mM Tris [pH 8], 150
mM NaCl, and 1% NP-40) containing a complete protease
inhibitor cocktail (Boehringer-Mannheim, Mannheim, Germa-
ny). The cell extracts were mixed with 1� polyacrylamide gel
electrophoresis sample buffer (62.5 mM Tris-HCl [pH 6.8], 2%
sodium dodecyl sulfate, 0.25% bromophenol blue, 5% glycerol,
5% �-mercaptoethanol) and analyzed by Western blotting

(WB) using a polyclonal antiserum, derived from the Oxford
HAstV-2 strain (19), in combination with a goat anti-rabbit
immunoglobulin G conjugated to horseradish peroxidase. The
same 87-kDa protein was observed in 24-h HAstV- and IPTG-
induced VT7/POLY-infected cell extracts of both types of cells
(Fig. 1). In contrast with what was described by other authors
(2, 15), no other proteins indicating processing of the polypro-
tein could be detected in any case, even when infections were
maintained for 48 h (data not shown). This 87-kDa protein was
absent in the negative controls (IPTG-induced cells infected
with the parental virus VT7LacOI and uninfected cells).

In order to determine whether the 87-kDa polyprotein ex-
pressed by VT7/POLY would assemble into VLPs, LLCMK2
cells were infected with VT7/POLY at an MOI of 5 in the
absence or presence of 10 �g of trypsin/ml and maintained in
the presence of IPTG. As a control, cells were alternatively

FIG. 3. Electron microscopy of purified HAstV VLPs isolated from LLCMK2 cells infected with VT7/POLY and maintained in the presence
of IPTG. (A) Negative stain of the sediment obtained after centrifugation of culture supernatants through a 30% sucrose cushion. Two types of
particles were observed: HAstV-like particles (VLP) and large brick-shaped VV particles (VV). (B) Purified VLPs obtained after centrifugation
through a sucrose gradient. (C and D) Purified VLPs were attached to coated electron microscopy grids and incubated with anti-HAstV antiserum
(C) or MAb PL-2 (D). Bound antibody was detected using colloidal gold conjugates of 10 and 5 nm, respectively. Bars, 50 nm.
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infected with HAstV-2 at an MOI of 0.1. When trypsin-free
infections were performed, 5% fetal bovine serum and/or 10
�g of trypsin inhibitor/ml was added to inactivate any trypsin
remnant from the inocula. At 24 h p.i., culture supernatants
were collected and cells were fixed in situ for embedding in
epoxy resin or in Lowicryl K4 M. Thin sections of the cells were
examined by electron microscopy and immunoelectron micros-
copy, as previously described (1, 11, 19). As shown in Fig. 2A,
when infections were assayed in the absence of trypsin, in
addition to the presence of large VV particles, the cytoplasm of
the recombinant infected cells presented tightly packed arrays
of smaller isometric particles. This result is in concordance
with that obtained by immunofluorescence analysis of VT7/
POLY-infected cells using monoclonal antibody (MAb) PL-2,
which showed a cytoplasmatic distribution of the fluorescence
signal (data not shown). The morphology and size of the VLPs
strongly resemble the appearance of particles found within the
cytoplasm of HAstV-2-infected cells (Fig. 2B) and particles
previously described by other authors (8, 16, 19). These results
are in concordance with what was described by Geigenmüller
et al. (8) for HAstV-1 regarding the fact that unprocessed
capsid protein can assemble into viral particles. On the other
hand, these results are in contrast with those of Bass and Qiu
(2) and Méndez et al. (15), who described intracellular pro-
cessing of the capsid protein as being a prerequisite for virus
assembly. In our system, all attempts to find particles com-
posed of a 70- to 79-kDa protein were fruitless, even when
infections were developed by using their protocol (120 h p.i.).
Although there is no obvious explanation for this discrepancy,
this could be due to the susceptibility of the HAstV strains
analyzed, as previously mentioned (15). The intracytoplasmatic
VLP accumulations are specifically recognized by the poly-
clonal antiserum mentioned above, confirming their identity
(Fig. 2C), but not by the MAb PL-2 (21).

Very few VLPs were detected by negative staining within the
extracellular medium of trypsin-free VT7/POLY-infected cells.

It was also very difficult to observe viral particles in the culture
supernatants of cells infected with HAstV-2 in the absence of
trypsin, even when infections were developed as previously
mentioned (120 h p.i.). However, when recombinant infections
were carried out in the presence of trypsin, HAstV VLPs could
be easily observed in the supernatant medium by negative
staining (Fig. 3A) and presented a morphology and size similar
to those described for native HAstV-2 particles (19). These
VLPs remain stable throughout the purification procedure de-
scribed as follows (Fig. 3B). Culture supernatants were first
concentrated by ultracentrifugation at 50,000 � g for 5 h at
4°C. The resulting pellet was resuspended in TNE buffer (1 M
Tris-HCl [pH 7], 0.1 M NaCl, and 100 mM EDTA), treated
with 1% octyl-glucoside and loaded on top of a cushion of 30%
(wt/wt) sucrose in TNE buffer for spinning at 200,000 � g for
2 h at 4°C. The resulting pellet was resuspended in TNE buffer.
Alternatively, this pellet was loaded on top of a 5-ml continu-
ous 20 to 60% sucrose gradient and spun at 200,000 � g for 2 h
at 4°C. Gradients were fractionated, and the fractions were
analyzed by WB. Appropriate fractions were concentrated by
centrifugation at 200,000 � g for 2 h at 4°C. The pellets were
resuspended in TNE buffer and visualized by electron micros-
copy and immunoelectron microscopy.

Protein composition of these purified VLPs (structural pro-
teins VP32, VP29, and VP26) revealed no substantial differ-
ences from that of authentic virus particles when tested by WB
with the mentioned polyclonal antiserum (Fig. 4). For this
reason, we state, as other authors (8, 15, 16, 21) previously
have, that trypsin cleavage should be necessary to proteolyti-
cally process the HAstV polyprotein into the structural pro-
teins, as the 87-kDa IPTG-induced polypeptide also needs the
trypsin to reach the mature capsid proteins. The trypsin-acti-
vated VLPs purified from the extracellular medium were
strongly recognized by immunoelectron microscopy using ei-
ther the mentioned polyclonal antiserum (Fig. 3C) or PL-2
MAb (Fig. 3D), thus further confirming their similarity with
the native virus. This indicates that a conformational change
could occur within the maturation process of the structural
polyprotein, as Bass and Qiu concluded in a previous report
(2). This change is probably unmasking important epitopes of
the VP26 or VP29 protein, recognized by PL-2 antibody (21).

All attempts to purify intracytoplasmatic nonactivated VLPs
were fruitless; thus, it was impossible to remove the cellular
debris from the viral preparations with the purification proto-
col described. This could suggest that they could be strongly
associated with cellular membranes or that they are structur-
ally unstable.

The expression system described in this report might shed
some light on the molecular characterization of HAstV pro-
teins. It could contribute to determination of the targets of
humoral and cell-mediated immunity without the need of pu-
rifying the viral proteins in a native state (6). In addition, it
could enhance the obtaining of new specific MAbs (25) to
develop specific and sensitive HAstV detection methods and
strategies to gain a better understanding of HAstV antigeni-
city.

We hope that the availability of VLPs will be useful to
investigate the types of immune response needed for protec-
tion against HAstV infection. In this way, in the future, they
might facilitate the generation of an effective vaccine against

FIG. 4. WB analysis of the protein composition of purified VLPs.
Purified HAstV particles (HAstV) and HAstV VLPs (VLPs) were
analyzed by electrophoresis on 12% polyacrylamide gels followed by
WB using an anti-HAstV polyclonal serum. Molecular mass standards
are shown in the left margin (M), and proteins VP32, VP29, and VP26
are shown in the right margin.
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this virus, as VLPs might induce an immune response similar
to that elicited by inactivated virus (20). However, further
experimentation is required to evaluate the true significance of
our finding on the biology of the HAstV.
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