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Virus-like particles (VLPs) are promising vaccine candidates
because they represent viral antigens in the authentic
conformation of the virion and are therefore readily rec-
ognized by the immune system. As VLPs do not contain
genetic material they are safer than attenuated virus vac-
cines. In this study, herpes simplex virus type 1 (HSV-1)
amplicon vectors were constructed to coexpress the
rotavirus (RV) structural genes VP2, VP6, and VP7 and
were used as platforms to launch the production of RV-
like particles (RVLPs) in vector-infected mammalian cells.
Despite the observed splicing of VP6 RNA, full-length
VP6 protein and RVLPs were efficiently produced. Intra-
muscular injection of mice with the amplicon vectors as
a two-dose regimen without adjuvants resulted in RV-
specific humoral immune responses and, most impor-
tantly, immunized mice were partially protected at the
mucosal level from challenge with live wild-type (wt)
RV. This work provides proof of principle for the applica-
tion of HSV-1 amplicon vectors that mediate the efficient
production of heterologous VLPs as genetic vaccines.
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INTRODUCTION

Rotaviruses (RVs) are segmented, double-stranded RNA viruses
of the Reoviridae family and are the most common cause of acute
viral gastroenteritis in infants around the world. Almost all chil-
dren both in developing and developed countries are infected
with RVs during their first years of life and even advanced lev-
els of sanitation and hygiene appear unable to control the spread
of RV infections. Death from RV infection is most prevalent in
developing countries where timely health care is not always avail-
able, causing more than 600,000 deaths per year." Although the
recently licensed human RV vaccines, which are based on orally

administrated live attenuated strains, are very successful, data
from clinical trials and post-licensure studies indicate that both
vaccines are significantly less effective in low-income countries
of Africa, Asia and Latin America.? Additionally, potential safety
issues like the risk of intussusception, inadvertent immunization
of immunosuppressed individuals and generation of new patho-
genic strains by reassortment of vaccine strains with wild-type
(wt) human and animal RV, suggest that development of new RV
vaccines is still needed. Due to the history of lower efficacy of all
live oral vaccines in low-income countries, alternative approaches
like parenteral vaccines should be pursued. Among these, inacti-
vated RV particles, virus-like particles (VLPs), subunit and vector
based vaccines have been tested in animal models.>*

Mature infectious RV particlesare nonenveloped, triple-layered
icosahedral capsids. The innermost layer, composed of VP2
protein, encloses the 11 genomic segments of double-stranded
RNA. The middle layer is composed of the major capsid protein
VP6, and the outermost layer is made of the glycoprotein VP7
and spikes of VP4. During the replication cycle of RVs, discrete
electron-dense structures, called viroplasms, appear in the cyto-
plasm of infected cells, where synthesis of double-stranded RNA
segments and the initial steps of assembly of the new particles are
taking place.

The structural proteins of many viruses have the ability to
assemble spontaneously into particles that are similar to the
authentic viruses. Importantly, VLPs are replication-defective
because they assemble without incorporating genetic material.
Moreover, VLPs offer a promising approach to the production of
vaccines against many diseases, because their repetitive and high-
density native display of epitopes is often effective in eliciting
strong immune responses.® In addition, VLPs are generally more
immunogenic than subunit or recombinant protein immunogens
and are able to stimulate both the humoral and cellular arms of the
immune system.” VLPs provide the spatial structure for display of
conformational epitopes and, in doing so, are most likely to mimic
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the native virus structure, thereby enhancing the production of
neutralizing antibodies. A wide variety of VLPs have shown
promising results when applied in small animal models and may
offer great potential for the development of vaccines.** To date,
two VLP-based vaccines are licensed for application in humans,
the papilloma virus vaccine and the hepatitis B virus vaccine."

The synthesis of RV proteins using the well established baculo-
virus system facilitated the analysis of virus structure and, to some
extent, of virus assembly. Core, double- and even triple-layered
RV-like particles (RVLP) have been produced in insect cells
infected with baculovirus vectors.!>'? However, the limitations of
the baculovirus system include the inefficient infection of mam-
malian cells which prevents the direct use of baculovirus vectors
for immunization; consequently, vaccination with baculovirus-
derived RVLPs requires their prior purification from infected
insect cells.

Herpes simplex virus type 1 (HSV-1) amplicons are versatile
gene transfer vectors as they have a very large transgene capacity
of up to 150 kbp and are capable of efficiently transducing a wide
range of different cells, including professional antigen-presenting
cells.”*'* Amplicon vectors have shown promising results in many
preclinical gene- and cancer therapy applications, as well as in
vaccination studies.'>'* HSV-1 amplicons have also been used for
the synthesis of proteins from other viruses, e.g., amplicon vector
mediated synthesis of the full set of structural proteins allowed
the assembly of retrovirus VLPs'”'® and foot-and-mouth disease
virus.” In particular, the possibility of inducing local assembly of
inert VLPs in the context of a quasi-infectious process holds great
promises as new vaccine formulation.

The goal of this study was to construct and evaluate HSV-1
amplicon vectors encoding individual or multiple structural RV
proteins from a polycistronic transgene cassette in mammalian
cells. The expression of the RV genes was confirmed by western blot
and immunofluorescence analysis, and the generation of RVLPs
in vector-infected cells was demonstrated by electron microscopy.
Mice vaccinated with these vectors were partially protected from
challenge with wt RV. These results demonstrate that polycistronic
HSV-1 based amplicon vectors encoding structural RV proteins
are promising tools to study RV assembly in mammalian cells and
may be useful as safe genetic vaccines against RV infections.

RESULTS

Polycistronic HSV-1 amplicon vectors encode
structural RV proteins

The HSV-1 amplicon vectors constructed for this study are shown
in Figure 1a. The order of the individual RV genes in the polycis-
tronic vectors was based on the composition of the mature RV par-
ticle: the major constituent of the outer layer is glycoprotein VP7,
of which 780 copies are grouped as 260 trimers; the intermediate
layer is formed by 780 copies of VP6 arranged as 260 trimers; the
innermost layer is composed of 120 copies of VP2. We hypothe-
sized therefore that an equimolar ratio of the structural proteins is
not strictly required and placed the VP2 gene, which encodes the
least abundant structural protein after the second or third inter-
nal ribosome entry site (IRES). Vector-mediated expression of RV
genes VP2, VP6, and VP7 was confirmed by western analysis of
total cell lysates harvested at 24 hours after infection (Figure 1b).
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Figure 1 Rotavirus (RV) genes expressed from herpes simplex virus
type 1 (HSV-1) amplicon vectors. (a) Schematic representation of
the HSV-1 amplicon vectors expressing or co-expressing RV genes VP2,
VP6, and VP7. Polycistronic expression is facilitated by two picornavirus
internal ribosome entry site (IRES) and an encephalomyocarditis virus
(EMCV)-derived IRES, and controlled by the HSV-1 IE4/5 promoter. All
vectors contain the enhanced green fluorescent protein (EGFP) reporter
gene to support titration of vector stocks. The HSV-1 origin of DNA rep-
lication (ori;) and packaging/cleavage signal (pac) are indicated. The
polyadenylation signal was from SV40. (b) Vero 2-2 cells were infected
with the indicated HSV-1 amplicon vectors (MOI 1), and total cell lysates
were harvested at 24 hours postinfection (hpi). Transgene expression
was analyzed by western blot using a polyclonal rabbit anti-RV serum
for detection of RV proteins or a monoclonal anti-GFP antibody to stain
EGFP. Detection of actin was used as loading control. Purified and inac-
tivated wt RV strain SA11 served as positive control. The positions of
molecular weight markers (kDa) are indicated.
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As expected, in pHSV  and pHSV -infected cells, expression of
downstream cistrons was markedly reduced. Accordingly, the
intensity of the enhanced green fluorescent protein (EGFP) band
also decreased with increasing position number in the polycistron
(Figure 1b, lower panel).

Next, we examined the synthesis and subcellular localization
of the structural RV proteins in HSV-1 amplicon vector-infected
cells by indirect immunofluorescence using a polyclonal rabbit
anti-RV serum (Figure 2). EGFP fluorescence was used to iden-
tify vector-infected cells. VP2 and VP7 were observed as small
foci with some aggregation around the nucleus (Figure 2a). As
previously described,’> the major capsid protein VP6 formed
fiber-like structures in the cytoplasm (Figure 2a). In cells infected
with pHSV_[VP6/2], pHSV [VP7/6], or pHSV. [VP7/6/2], the RV
proteins were distributed in a punctuate pattern throughout the
cytoplasm and no fiber-like structures were detected (Figure 2b).
As observed by western blot (Figure 1b), the intensity of EGFP
fluorescence decreased with increasing position number in the
polycistron (Figure 2a,b). In wt RV-infected cells, the outer capsid
glycoprotein VP7 is a membrane protein located at the endoplas-
mic reticulum.”? To determine whether VP7 localizes to the endo-
plasmic reticulum also when encoded by HSV-1 amplicon vectors,
cells were infected with pHSV [VP7] and, 24 hours later, stained
with ConA (Figure 2¢) and a polyclonal rabbit anti-RV serum.
Confocal laser scanning microscopy revealed that VP7 expressed
from HSV-1 amplicon vectors was indeed located at the endoplas-
mic reticulum as it colocalized with ConA staining.

Taken together, these results demonstrate that the three RV
structural genes VP2, VP6, and VP7 are expressed from the dif-
ferent polycistronic vectors, however, with reduced levels when
placed after IRES. The subcellular localization of the three
vector-encoded proteins was comparable to that described for wt
RV-encoded VP2, VP6, and VP7 proteins.?*

HSV-1 amplicon vector-encoded VP2 induces the
formation of viroplasm-like structures

The nonstructural RV proteins NSP2 and NSP5 have been shown
to be essential for viroplasm formation, and when they are co-
expressed in uninfected cells, they form viroplasm-like structures
(VLS).* Formation of VLS has been demonstrated using the MA104
cell line stably expressing NSP5 fused to EGFP. Using this cell line,
fluorescent NSP5-EGFP is concentrated in viroplasms following RV
infection® or upon transfection with plasmids expressing NSP5 and
VP2, indicating that VP2 is also a VLS inducer.” To investigate if VLS
are formed also upon delivery of VP2 by HSV-1 amplicon vectors,
MA104/NSP5-EGFP cells were infected with HSV[mRFP-A92VP2]
which encodes a truncated VP2 fused with mRFP. After 24 hours,
discrete green fluorescent dots, representing VLS, were observed in
the cytoplasm of cells infected with either HSV[mRFP-A92VP2] or
wt RV strain SA11 (Figure 3). HSV-1 amplicon vector-encoded RV
VP2-mRFP (red) was recruited to VLS. Mock-infected cells showed
no aggregation of NSP5-EGFP in the cytoplasm. Comparable results
were obtained when cells were infected with HSV [VP6/2] and
HSV_ [VP7/6/2] (data not shown). Taken together, the observed for-
mation of discrete green dots in the cytoplasm indicated that HSV-1
amplicon vectors encoding the core protein VP2 are able to induce
VLS in cells that express RV NSP5.
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Figure 2 Intracellular distribution of herpes simplex virus type 1
(HSV-1) amplicon vector encoded rotavirus (RV) proteins. Vero 2-2
cells were infected with HSV-1 amplicon vectors (MOI 0.5). The cells
were fixed 24 hpi, permeabilized, stained with a polyclonal anti-RV
serum (anti-RV) and an Alexa Fluor594-conjugated secondary anti-
body (red), and analyzed using a confocal laser-scanning microscope.
Enhanced green fluorescent protein (EGFP) fluorescence served to iden-
tify vector-infected cells (green); nuclei were stained with DAPI (blue).
Bars = 5um. (a) Cells infected with HSV, encoding VP2, VP6, or VP7.
(b) Cells infected with HSV and HSV, encoding different combinations
of VP2, VP6, and VP7. (c) HSV-1 amplicon vector encoded VP7 is local-
ized at the endoplasmic reticulum (ER), as determined by staining with
Alexa Fluor594-conjugated lectin ConA (purple).

HSV-1 amplicon vectors support the generation

of RVLPs in vector-infected cells

In order to examine the assembly of the vector encoded structural
proteins into RVLPs, total cell lysates were harvested at 48 hours
after infection and the purified and concentrated RVLPs were
prepared for electron microscopy. Assembled empty RV particles
were observed in lysates of HSV [VP6/2] or HSV [VP7/6/2]
infected Vero 2-2 cells (Figure 4a,b) and confirmed by immuno-
gold staining using a polyclonal RV-specific antiserum and a sec-
ondary antibody coupled to 12-nm gold particles (Figure 4c,d).
To assess whether vector encoded structural RV proteins can
assemble also in human cells, HeLa cells (Figure 4e,f) and
HEK293 cells (Figure 4g,h) were infected with HSV [VP6/2] or
HSV_[VP7/6/2]. In both human cell lines, RVLPs were readily
detected. Western analysis confirmed that the observed RVLPs
consisted of structural RV proteins (data not shown). Taken
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Figure 3 Herpes simplex virus type 1 (HSV-1) amplicon vector
encoded rotavirus (RV) proteins induce the formation of viroplasm-
like structures. MAT104/NSP5-EGFP cells, which stably express RV NSP5
fused to enhanced green fluorescent protein (EGFP), were mock-infected
or infected with either HSV[mRFPA92VP2] (MOI 0.5) or RV SA11. Cells
infected with RV SA11 were fixed 12 hpi, permeabilized, and stained with
a polyclonal anti-RV serum (anti-RV) and an Alexa Fluor594-conjugated
secondary antibody (red). Cells infected with HSV[mRFPA92VP2]
were fixed 24 hpi, the red fluorescence corresponds to mRFP fused
to VP2. EGFP fluorescence indicates VLS containing NSP5-EGFP (green).
Samples were analyzed using a confocal laser-scanning microscope.
Bars = T0um.

together, these data demonstrate that the HSV-1 amplicon vec-
tored delivery of structural RV genes supports the assembly of
RVLPs in mammalian cells.

Splicing of RV genes expressed from HSV-1 amplicon
vectors

As HSV-1-derived vectors deliver transgenes into the host cell
nucleus whereas RV replicates in the cytoplasm, and because sev-
eral splicing donor and acceptor sites are predicted on the VP6
sequence (Figure 5a), we examined the VP6 RNA from vector-
infected cells for possible splicing events. For this, total RNA was
extracted from vector-infected or mock-infected cells at 24 hours
postinfection and reverse transcribed. Subsequent PCR was per-
formed to amplify the complete open-reading frame of VP6 with
asize of ~1,214 bp (Figure 5b). RT-PCR of GAPDH in presence or
absence of reverse transcriptase served as control (Figure 5b, right
panel). Interestingly, RT-PCR with RNA isolated from cDNA pre-
pared from pHSV [VP6], pHSV [VP6/2], or pHSV. [VP7/6/2]-
infected cells yielded a prominent band of ~400bp in addition to
the full-length band (Figure 5b, left panel). Sequence analysis of
the 400 bp band revealed a truncated VP6 gene, in which the mid-
dle part of the VP6 ORF was deleted, as predicted from the splice
donor and acceptor sites. The start and stop codons of the VP6
OREF were still in frame and can potentially give rise to a truncated
protein with a calculated molecular weight of ~14kDa. Besides
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VP6, there are splicing sites predicted also for VP2, but no splicing
was detected for either VP2 or VP7 by RT-PCR of RNA isolated
from vector-infected cells (data not shown).

The Vero 2-2 cells used for the experiments described above
express the HSV-1 ICP27 gene. ICP27 is an essential immediate-
early (IE) protein, which, besides other functions, can inhibit
splicing of both viral and cellular RNA.** To find out whether
HSV-1 amplicon vector-mediated production of RV proteins
and RVLPs is possible only in cells in which splicing is inhib-
ited, we next analyzed protein synthesis and RVLP production
in vector infected parental Vero cells. No differences concerning
RV protein synthesis (Figure 5¢) or RVLP structure (Figure 5d)
were observed between Vero and Vero 2-2 cells infected with
HSV [VP6] (Figure 5¢) or HSV [VP6/2] (Figure 5d). The inten-
sity of the band corresponding to full-length VP6 protein was
comparable between Vero and Vero 2-2 cells, indicating that even
if splicing of VP6 RNA occurred, there was no major decrease
in the production of the full-length protein. Moreover, the use
of splicing inhibitors did not result in increased accumulation of
vector encoded VP6 protein (data not shown).

Immunization of mice with HSV_ [VP7/6/2] induced
partial protection from virus challenge

After demonstrating the assembly of the vector-encoded RV pro-
teins into RVLPs, the potential usefulness of these HSV-1 ampli-
con vectors for vaccination against RV infection was evaluated. For
this, BALB/c mice were inoculated twice intramuscularly (i.m.) at
days 0 and 21 (Figure 6a) with 5 x 10° or 1 x 10°¢ transducing
units (TU) of amplicon vectors encoding (i) three RV proteins,
HSV [VP7/6/2], (ii) a single RV protein, HSV [VP6], (iii) a mix-
tureof HSV [VP7], HSV [VP6],and HSV [VP2] (HSV Composite,
1:1:1), (iv) the empty vector HSV[EGFP], or (v) phosphate-
buffered saline (PBS). Another group of mice was vaccinated with
1.5 x 10° fluorescent focus units of cell culture-adapted live RV
strain EC. As RV antigen and RVLPs are synthesized during the
production of HSV-1 amplicon vector stocks in Vero 2-2 cells and
are expected to be copurified with the vector particles, we ana-
lyzed the presence of preformed antigen and RVLPs in the vector
stocks by western blot and electron microscopy. Both RV antigen
and RVLPs (10° RVLPs/ml of vector stock) were indeed observed
(data not shown). Therefore, in order to assess the contribution of
the preformed antigen to the immune response, mice were inocu-
lated twice with 1 x 10° TU of HSV, [VP7/6/2] inactivated with
binary ethyleneimine (BEI). We confirmed that BEI-treatment
eliminated transgene expression but did not affect the levels of pre-
formed RV antigen present in the vector stock (data not shown).
RV-specific antibodies in serum and feces collected from mice
at days 0 (preimmune), 21 (before second dose), and 42 (before
challenge) were determined by enzyme-linked immunosorbent
assay (ELISA) and western analysis. Amplicon vector-induced
RV-specific fecal immunoglobulin A (IgA) or serum IgG antibody
levels were low or undetectable when tested by ELISA after the
first dose (data not shown). However, after the second dose, VP6-
specific serum IgG antibodies were detected by ELISA (data not
shown) and western blot (Figure 6b) in all serum samples, except
for serum of mice inoculated with either empty vector or BEI-
inactivated HSV _[VP7/6/2]. As BEI-inactivated HSV [VP7/6/2]
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Figure 4 Electron micrographs of herpes simplex virus type 1 (HSV-1) amplicon vector encoded rotavirus-like particles (RVLPs). Purified RVLPs
from (a—d) Vero 2-2 cells, (e,f) Hela cells, and (g,h) Hek293 cells infected with HSV-1 amplicon vectors (MOI 1). Two days postinfection, RVLPs were
purified over a sucrose cushion and the concentrated particles were analyzed by electron microscopy. (a,b) Negative staining of RVLPs from Vero 2-2
cells infected with (a) HSV[VP6/2] and (b) HSV.[VP76/2]. (¢,d) Immunogold staining using a polyclonal anti-RV serum and a secondary antibody
coupled to 12-nm gold particles. (c) Double-layered RVLPs from cells infected with HSV_[VP6/2]. (d) RVLPs from cells infected with HSV_[VP7/6/2].
(e,f) Negative staining of RVLPs from Hela cells infected with (e) HSV_[VP6/2] and (f) HSV,[VP76/2]. (g,h) Negative staining of RVLPs from Hek293

cells infected with (g) HSV,[VP6/2] and (h) HSV.[VP76/2]. Bars = 50nm.

did not express any transgenes (data not shown), we concluded
that the observed antibody responses were due to de novo synthe-
sized antigen encoded by the vectors while preformed RV antigen
present in the vector stock did not induce a detectable antibody
response. VP2-specific IgG was also detected in sera of some ani-
mals inoculated with RV strain EC or HSV, [VP7/6/2].
RV-specific fecal or serum IgA antibody levels were not
detectable even after the second dose when tested by ELISA (data
not shown). However, western analysis of feces revealed RV VP6-
specific IgA antibodies in all mice and RV VP2-specific IgA anti-
bodies in one of four mice inoculated twice with 1 x 10° TU of
HSV [VP7/6/2] (Figure 6b). Importantly, no IgA antibody was
detected in mice inoculated with all other vectors or with cell
culture-adapted live RV strain EC. This result shows that de novo
synthesized antigen is required but not sufficient for the observed
antibody response, because no fecal IgA was detected in mice
immunized with HSV ,Composite which is a 1:1:1 mixture of vec-
tors expressing VP7, VP6, or VP2 genes individually (Figure 6b).
Next, we addressed the question whether vector immunized
mice were protected from oral challenge with wt RV. In the
adult mouse model, infection with RV does not induce disease.
Protection is therefore defined as the absence of detectable fecal
viral antigen following challenge, and partial protection is defined
as reduced quantities of fecal viral antigen compared to that shed
by PBS-inoculated control mice.?*** Accordingly, protection from
RV infection upon challenge was evaluated by comparing antigen
shedding in mice vaccinated i.m. with two doses of amplicon vec-
tors encoding individual or combined RV proteins or HSV[EGFP]
and mock vaccinated mice (PBS animals were orally challenged
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three weeks after the second immunization with live wt RV strain
EC (10*SD,) (see Figure 6a). Of the mice immunized with HSV-1
amplicon vectors, only the HSV, [VP7/6/2] group inoculated with
1 x 10° TU were partially protected from RV infection. This group
showed a significant decrease (P < 0.05) in the shedding of RV
(46.89% average reduction, range 40.09-63.21%) in feces after
challenge compared to control mice (Figure 6c). Partial protec-
tion in the HSV, [VP7/6/2] group was comparable to that induced
in mice immunized with cell culture-adapted live RV strain EC
(39.39% average reduction, range 29.41-53.07%). Mice immu-
nized with the lower dose, 5 x 10° TU of HSV, [VP7/6/2] showed
a nonsignificant level of reduction of RV antigen shedding in feces
(Figure 6¢; 18.7% average reduction, range 0-55.84%). Taken
together, immunization of mice with HSV, [VP7/6/2] resulted in
a dose-dependent partial protection of vaccinated mice that cor-
related with RV specific IgA detection and was as potent as that
achieved with cell culture-adapted live RV strain EC. Moreover,
the data shows that de novo synthesized antigen is required but
not sufficient also for conferring partial protection, as no decrease
in RV antigen shedding was observed in animals immunized with
either BEI-inactivated HSV. [VP7/6/2] or HSV Composite.

DISCUSSION

Here we demonstrate the efficient expression of up to four differ-
ent transgenes from a single polycistronic HSV-1 amplicon vector.
More precisely, amplicon vectors that encode multiple structural
RV genes supported the production of RVLPs in vector-infected
cells and, when injected into mice, induced RV-specific immune
responses and partial protection from challenge with wt RV.
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Figure 5 The herpes simplex virus type 1 (HSV-1) amplicon vector
encoded VP6 RNA is spliced. (a) Schematic representation of the splic-
ing of the VP6 RNA. Primers used for detection of the VP6 open-reading
frame (ORF) are indicated as VP6 fwd and VP6 rev (see Table 1). The
amplified full-length VP6 ORF (1,214bp) and the truncated form of
VP6 (387 bp) are shown. (b) Reverse transcription PCR of total RNA iso-
lated from infected cells (see Table 1 for primer sequences). Left panel:
Amplification of VP6 sequences using the primers VP6 fwd and VP6 rev.
The detected bands correspond to the sizes predicted for full length
(white arrowhead) and truncated (gray arrowhead) VP6 sequences.
Right panel: Amplification of GAPDH sequences was used as control
(black arrowhead). Reactions were performed in presence (+) or absence
(-) of reverse transcriptase (RT). Negative control: mock-infected cells.
() Immunoblot of HSV[VP6] infected Vero and Vero 2-2 cells. The poly-
clonal anti-RV serum was used for detection of rotavirus (RV) proteins,
a monoclonal anti-GFP antibody to stain enhanced green fluorescent
protein (EGFP), and actin staining as loading control. Purified and inac-
tivated wt RV strain SA11 served as positive control. (d) Electron micro-
graph (negative staining) of double-layered RVLPs produced in Vero cells
infected with HSV_[VP6/2]. RVLPs purified from total cell lysates were
concentrated over a sucrose cushion. Bar = 100 nm.
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Interestingly, despite the facts that (i) RV replication normally
takes place in so-called viroplasms in the cytoplasm whereas
HSV-1 amplicon vectors deliver the RV genes into the nucleus and
(ii) several splicing sites are present in the RV genes, full-length
RV proteins were nevertheless efficiently synthesized and splic-
ing inhibitors did not result in increased production of vector-
encoded RV proteins or RVLPs. Although other vector systems,
including recombinant vaccinia virus vectors®” and Semliki Forest
virus vectors,” have previously been used to (co-)express the RV
VP2 and VP6 genes, the vaccine potential of those vectors has not
been investigated.

The use of VLPs as vaccines is very promising because of their
high safety profile compared to live attenuated virus vaccines.
Despite the lack of genetic material, VLPs retain the high immu-
nogenicity of the parental virus particle. The use of a mammalian
delivery system, such as HSV-1 amplicon vectors, to launch the
production of heterologous VLPs, provides the additional advan-
tages that time consuming and expensive purification of VLPs is
not required. Moreover, as opposed to injection of purified VLPs,
the delivery of VLP encoding genes into host cells results in the
intracellular production of antigens. This may induce more potent
immune responses, as it mimics the situation in which cells sup-
port replication of the live pathogen. Although the HSV-1 ampli-
con vector does not express any HSV-1 genes, it can further boost
the immune responses by providing adjuvants function via the
structural HSV-1 proteins that make up the vector particle.®

Indeed, we show that when delivered i.m. to adult mice, the
HSV-1 amplicon vaccine vectors expressing the structural RV
genes VP7, VP6, and VP2 from a single transcription unit, a
RV-specific antibody response was induced; both systemic IgG and
fecal IgA were detected in all immunized animals. Most impor-
tantly, antigen shedding after live RV challenge was significantly
reduced when compared to control mice. VP7-specific antibodies
were not detected in any of the vaccinated mice and VP2-specific
antibodies only in some of the animals. This may reflect a lower
immunogenicity of VP2 and VP7 compared to VP6, which has
indeed been shown to be the most immunogenic RV protein.”

Importantly, mice vaccinated with HSV [7/6/2] were pro-
tected on a level comparable to that achieved with a vaccine dose
of cell culture-adapted live RV strain EC, although HSV [7/6/2]
delivers an incomplete set of antigens and indeed induced lower
serum levels of RV specific antibodies than cell culture-adapted
live RV strain EC, or HSV [VP6], or a mixture of vectors express-
ing individual RV genes (HSV,Composite). Immune responses
were not due to preformed antigen present in vector stocks
because immunization with BEI-inactivated HSV [7/6/2] stocks,
which did not express any transgenes but contained the same lev-
els of preformed RV antigen as noninactivated vector stocks, did
not induce detectable antibody responses nor partial protection
(Figure 6¢). Antigen de novo synthesis appears to be important
but not sufficient for conferring partial protection from challenge
with live RV strain EC, because vectors expressing an individual
RV antigen (VP6) induced VP6-specific antibody responses but
not protection (Figure b,c). Moreover, HSV ,Composite, which is
a 1:1:1 mixture of vectors expressing VP7, VP6, and VP2 genes
individually also induced RV-specific antibody responses but no
protection. These data indicate that partial protection induced by
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Figure 6 Immunization of mice with HSV_[VP7/6/2] confers partial
protection from challenge with wt rotavirus (RV). (a) Mice (4-6 per
group) were immunized (i.m.) at day 0 and boosted at day 21. Stool and
serum samples were collected on days 0, 21, and 42 after the firstimmuni-
zation. Three weeks after the second immunization, mice were orally chal-
lenged with 10* SD, of wt RV strain EC, and stool samples were collected
every day for eight days post challenge. (b) Western analysis of RV specific
antibodies in sera and feces of immunized mice. RV (strain RRV) proteins
were separated by SDS-PAGE and blotted onto nitrocellulose membranes.
Membranes individually probed with sera diluted 1/100 or fecal samples
1/10 from different groups of mice immunized with amplicon vectors
are shown. The figure shows RV-specific IgG in sera (upper panel) and
RV-specific IgA in feces (lower panel). The results shown represent one
of two independent experiments. Mouse serum against RV strain EC was
used as positive control to identify VP2, VP6, and VP7. (c) Fecal samples
were collected for 8 days after the challenge and the presence of RV anti-
gen was measured by ELISA. Viral antigen shedding curves of each animal
were plotted, and the area under the curve (AUC) for each animal was
calculated and compared to that of the control group (PBS, 100%). Mean
AUC per group is shown. Error bars indicate the standard deviation of the
mean AUC per group. *P < 0.05, Student’s t-test.

HSV [7/6/2] was due to de novo cosynthesis and interaction of all
three RV antigens in the same cell, a prerequisite that is much less
likely when the transgenes are expressed from three different vec-
tors, in particular because expression of the different transgenes
in different cells would likely not support the assembly of VP7/6/2
RVLPs in vivo.
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Examination of injected muscle tissue by electron microscopy
and western analysis did not reveal any RVLPs or RV antigen
(data not shown). However, we neither detected any virus par-
ticles at 24 hours after i.m. injection of as much as 10° inactivated
RV particles, suggesting that virus particles are rapidly degraded
or transported out of the muscle tissue. Previous work performed
with amplicon vectors expressing HIV Gag protein reported that
preformed antigen indeed rapidly decayed in vivo.’*®* Another pos-
sibility is that the vectors can efficiently infect antigen-presenting
cells, including dendritic cells, which are migrating out of the
muscle tissue, thereby making detection of de novo synthesized
RVLPs and RV antigen in muscle tissue difficult. Support for this
hypothesis comes from the fact that HSV-1 amplicons have indeed
been shown to efficiently infect professional antigen-presenting
cells,” whereas they do not efficiently transduce muscle cells of
adult and even young adult mice.’* The inefficiency of transduc-
ing mouse muscle has been attributed to the basal lamina, which
wraps the surface of muscle fibers, and is believed to act as a physi-
cal barrier for large viruses, such as HSV-1 and adenoviruses, and
prevents them from contacting the cell membrane®. The choice
of the i.m. route of injection was based on a pilot experiment in
which i.m. injection resulted in the highest RV-specific antibody
response (data not shown) and not because muscle cells are effi-
ciently transduced by the vectors. Although, we did not detect
RVLPs in vivo, there is strong evidence that the immune responses
observed in this work were due to the de novo synthesis of mul-
tiple RV transgenes in a single cell, a situation that at least in cell
culture was demonstrated to support the assembly of RVLPs.

As discussed above, HSV-1 amplicons are versatile gene trans-
fer vectors which have a very large transgene capacity of up to
150 kbp and are capable of efficiently transducing a wide range
of different cells, including antigen-presenting cells. It has been
suggested that antigen-presenting B cells for example can migrate
from the periphery to gut-associated lymphoid tissue.* This might
contribute to the generation of a mucosal IgA response in feces
after i.m. administration of antigen.

High levels of fecal VP6 specific IgA have been the main corre-
late for protection in the mouse model of RV infection, and it has
also been suggested that VP6 specific IgA antibodies can neutral-
ize RV intracellularly.** Although RV-specific IgA were detected
and did correlate with partial protection in our study, other
mechanisms may have contributed as well. At least in the mouse,
different immune effectors appear to be responsible for protec-
tion, depending on whether immunity is elicited by (i) natural
infection, (ii) vaccination with attenuated virus strains, or (iii)
immunization with inactivated vaccines. The protective mecha-
nisms are also different depending on the inoculation route, the
type of adjuvant used and even on the source and purity of the
preparation.’>* While protection induced by subunit vaccines is
dependent exclusively on CD4" T cells,”” the same does not apply
when attenuated RV is used for vaccination. In this case, protec-
tion does not solely rely on either IgA* or T cells.”

In previously tested models using RV particles,” VLPs* or
DNA* for immunization, the parenteral route proved to be effec-
tive in protecting against RV infection in mice. Of note, in all of
the preceding examples, an adjuvant was absolutely required to
induce protection, while in the present study, amplicon vectors
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were inoculated without additives. In future work, it will be impor-
tant to characterize the inductive site and immune effectors of the
observed protective response upon different routes of immuniza-
tion, including parenteral and mucosal. Specific local humoral and
T cell responses through cytokines, cytotoxicity and the duration of
protection (memory) need to be investigated. Moreover, structural
proteins from different RV serotypes may be combined in the poly-
cistronic transgene cassette. For example, RVLPs produced with
VP2 and VP6 from strain RRV may serve as a scaffold for chimeric
RVLPs containing the outer structural protein VP7 and VP4 from
other RV strains. Moreover, HSV-1 amplicon vector induced RVLPs
may serve also as carriers of foreign epitopes from bacterial or viral
pathogens, to enhance the RV specific immune response or induce
immune responses against multiple pathogens. In addition to struc-
tural proteins, HSV-1 amplicon vectors may also encode nonstruc-
tural RV proteins, such as the viral enterotoxin NSP4, which has
been shown to provide adjuvant activity in mice.**

In conclusion, the present work suggests that HSV-1 ampli-
con vectors are highly suitable to launch the production of heter-
ologous VLPs and can be used as platforms for the generation of
genetic vaccines against both DNA and RNA viruses.

MATERIALS AND METHODS
Cells and viruses. MA104 (embryonic African green monkey kidney),
HEK293 (human embryonic kidney), HeLa, Vero (African green mon-
key kidney epithelium, ATCC) and Vero 2-2* cells were maintained in
Dulbeccos modified Eagle’s medium supplemented with 10% fetal bovine
serum, 100 units/ml of penicillin G, 100 ug/ml of streptomycin, 0.25 ug/ml
of amphotericin B, and, for VERO 2-2 cells, 500 ug/ml of G418 (Invitrogen,
Carlsbad, CA). The MA104/NSP5-EGFP cellline (embryonic African green
monkey kidney cells stably expressing the fusion protein NSP5-EGFP) was
obtained from Dr Catherine Eichwald and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 800 pg/ml of G418.2

The murine wt RV strain EC was obtained from Dr Harry Greenberg
(Department of Medicine and Microbiology and Immunology, Stanford
University School of Medicine, Stanford, CA). The production and

Table 1 Vector construction details

HSV-1 Amplicon Vectors Launch Heterologous Virus-like Particles

titration of wt RV EC used to challenge mice after vaccination was
described previously.** The simian RV strain SA11 was obtained from
Dr Catherine Eichwald (University of Zurich, Zurich, Switzerland); and
strain RRV was obtained from Dr Viviana Parrefio (Instituto de Virologia,
CICVyA, INTA Castelar, Argentina); they were propagated in MA104
cells and inactivated as previously described.*

Construction of HSV-1 amplicon vectors. Al HSV-1 amplicon vectors used
in this study encode EGFP to facilitate titration of the vector stocks and
identification of vector-infected cells. In addition, the vectors express indi-
vidual or multiple RV genes and were constructed as follows: (i) pHSV :
The poliovirus IRES element was amplified with primers containing Clal
and Xbal restriction sites at the 5" ends, respectively (for primer sequences,
see Table 1), using plasmid pQuattro (kindly provided by M. Fussenegger,
Institute of Biotechnology, Swiss Federal Institute of Technology, ETH
Zurich, Switzerland) as template. The resulting PCR product (IRES2) was
inserted between the Clal and Xbal sites of pHSV,, which contains a tran-
scription unit consisting of the HSV-1 IE 4/5 promoter, an IRES, and the
SV40 polyadenylation signal® (ii) pHSV : A third TRES sequence, derived
from encephalomyocarditis virus was amplified with primers containing
Spel'and Ecl136l1 restriction sites at the 5" ends, respectively, using plasmid
pQuattro as the template. The resulting PCR product was inserted between
the Spel and Ecl136II restriction sites of pHSV . The resulting HSV-1
amplicon plasmid pHSV contains three IRES signals between the HSV-1
IE 4/5 promoter and the SV40 polyadenylation signal.

The HSV-1 amplicon vectors encoding the structural RV proteins
of strain RRV have been generated as follows (see also Table 1 and
Figure 1a): (i) pHSV [VP2]: The VP2 gene was amplified with primers
containing Sall restriction sites at the 5" ends using plasmid pVP2_RRV_
Lopez (kindly provided by S. Lopez, Universidad Nacional Autonoma
de Mexico (UNAM), Morelos, Mexico) as the template. The resulting
PCR product was inserted into the Sall restriction site of pHSV.. (ii)
pHSV [VP6]: The VP6 gene was amplified with primers containing Sall
restriction sites at the 5" ends, using plasmid pENTR-VP6_RRV as the
template. The resulting PCR product was inserted into the Sall restriction
site of pHSV,. (iii) pHSV,[VP7]: The VP7 gene was amplified with
primers containing Asull restriction sites at the 5" ends, using plasmid
pVP7_RRV_Lopez (S. Lopez, Morelos, Mexico) as template. The resulting
PCR product was inserted into the Asull restriction site of pHSV,. (iv)

Gene Primer fwd Primer rev Template Construct(s)
IRES2 gectgatcaATCGAT gtttaaactta aattTCTAGAtcgcactagtctcgagaatcca pQuattro3 pHSV,
CITE ctttACTAGTacaggtgtccactcccaggtcca ccatGAGCTCtgcaggaattatcccggggttgt pQuattro3 pHSV.,.
VP2 ttaaGTCGACatggcgtacagaaagcgtggag tagtGTCGACttacagttcgttcatgatgeg S.Lopez pHSV[VP2]
Vp2 aatGGCGCGCCatggcgtacagaaagcgtggag tatATCGATttacagttcgttcatgatgcg S.Lopez pHSV [VP6/2]
VP2 ttaaCTCGAGatggcgtacagaaagcgtggag tagtCTCGAGttacagttcgttcatgatgeg S.Lopez pHSV [VP7/6/2]
VP6 aggaGTCGACatggatgtcctatactctttg agctGTCGACtcatttaatgagcatgcttct pENTR-VP6_RRV pHSV [VP6]
pHSV [VP6/2]
VP6 gcagGGCGCGCCatggatgtcctgtactccttg agctATCGATtcatttgacaagcatgcttct pENTR-VP6_RRV pHSV [VP7/6]
pHSV [VP7/6/2]
vpP7 ctctTTCGA Aatggactttattatttacaga ggteTTCGA Actatattctataatagaatgca S.Lopez pHSV[VP7]
pHSV [VP7/6]
pHSV [VP7/6/2]
A92VP2 atGTCGACagctagcGGATCCgttcaatacgaaatactacagaa  tagtGTCGACttacagttcgttcatgatgeg pHSV[VP2] pHSV[A92VP2]
mRFP agctGCTAGCatggcctectccgaggacgtca aaGCTAGCggcgecggtggagtggcggecctcgg  pcDNAmRFP-N1 - pHSV [mRFPA92VP2]
EGFP agccgctaccccgaccacat ttgctcagggeggactgggt cDNA RT-PCR
GAPDH ggggagccaaaagggtcatcatct acgcctgcttcaccaccttcttga cDNA RT-PCR
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pHSV [VP6/2]: The VP6 PCR product described under (ii) was also
subcloned into the Sall site of pHSV | resulting in pHSV [VP6]. VP2
was amplified from plasmid pVP2_RRV_Lopez with primers containing
Ascl and Clal restriction sites at the 5" ends, respectively, and inserted
between the Ascl and Clal sites of pHSV [VP6]. (v) pHSV [VP7/6]: The
VP7 PCR product described under (iii) was inserted also into the Asull
site of pHSV | resulting in pHSV  [VP7]. VP6 was amplified from plasmid
pENTR-VP6_RRV with primers containing Ascl and Clal restriction
sites at the 5" ends, respectively, and inserted between the Ascl and Clal
sites of pHSV [VP7]. (vi) pHSV [VP7/6/2]: The VP7 PCR product
described under (iii) was inserted also into the Asull site of pHSV
resulting in pHSV_[VP7]. The VP6 PCR product described under (v) was
also inserted between the Ascl and Clal sites of pHSV, [VP7] resulting
in pHSV [VP7/6]. VP2 was amplified from plasmid pVP2_RRV_Lopez
with primers containing Xhol restriction sites at the 5" ends, and inserted
into the Xhol site of pHSV [VP7/6]. (vii) pHSV[mRFP-A92VP2]:
A92VP2* was amplified with primers containing Sall restriction sites
(fwd primer starting at aa 93 of VP2 and containing an additional Nhel
site plus a linker sequence for the fusion with mRFP, see Table 1) at the
5" ends using pHSV [VP2] as template and the PCR product was inserted
into the Sall restriction site of pHSV/ resulting in pHSV [A92VP2]. The
mRFP was amplified with primers containing Nhel restriction sites at the
5’ ends using pcDNAmMRFPN1 (U.E. Greber, University of Zurich, Zurich,
Switzerland) as template and the PCR product was inserted into the Nhel
restriction site of pHSV [A92VP2] resulting in pHSV [mRFP-A92VP2].
In the final step, EGFP and the IRES were excised from the plasmid with
BbrPI and EcoRI, blunt-ended with T4 DNA polymerase (New England
Biolabs, Ipswich, MA) and religated resulting in pHSV[mRFP-A92VP2].

Production of HSV-1 amplicon vector stocks. Helper virus-free HSV-1
amplicon vector stocks were prepared as previously described.”” The
HSV-1 genome was provided in trans by a bacterial artificial chromo-
some containing the HSV-1 genome with deletions in the DNA cleav-
age/packaging signals and the essential ICP27 gene (fHSVApacAICP27).
Briefly, Vero 2-2 cells were cotransfected with amplicon plasmid DNA,
the fHSVApacAICP27 bacterial artificial chromosome DNA, and plas-
mid pEBHICP27 (which provides the HSV-1 ICP27 gene in trans), using
Lipofectamine and Plus Reagent (Invitrogen). After 72 hours, cells were
scraped into the medium, sonicated, and the cell debris was removed by
centrifugation. For titration, Vero 2-2 cells were infected with the ampli-
con vectors and, after 24 hours, green fluorescent cells were counted using
an inverted fluorescence microscope (Axio Observer inverted microscope;
Zeiss AG, Feldbach, Switzerland). The titers were determined as TU/ml
and ranged between 2-8 x 10° TU/ml.

For virus vector inactivation, aliquots of HSV, [VP7/6/2] amplicon
vectors were treated with BEI at a final concentration of 1.4mmol/l
during 24 hours at room temperature. BEI was prepared as described.*
Inactivation was confirmed by the lack of detectable gene expression after
transduction of Vero 2-2 cells and subsequent western analysis.

Western analysis of vector encoded structural RV proteins. Cells were
seeded at a concentration of 1 x 10° cells per well in 24-well tissue culture
plates, and amplicon vectors were added at a multiplicity of infection (MOT)
0f0.50r 1 TU per cell. Total cell lysates were harvested at different time points
after infection and separated on 10% SDS-polyacrylamide gels (PAGE). The
fractionated proteins were transferred to nitrocellulose membranes, probed
with the primary antibodies, and stained using anti-mouse (Sigma-Aldrich,
St Louis, MO) or anti-rabbit (Southern Biotech, Birmingham, IL) IgG
antibodies conjugated with horseradish peroxidase, followed by detection
with Amersham ECL western Blotting Analysis System (GE Healthcare,
Zurich, Switzerland). Rabbit anti-RV polyclonal serum raised against whole
virus (strain RE provided by D. Poncet, CNRS/INRA, Gif-sur-Yvette,
France), mouse anti-GFP monoclonal antibody (JI-8, Santa Cruz
Biotechnology, Santa Cruz, CA) and mouse anti-actin monoclonal antibody
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(Sigma-Aldrich, St Louis, MO) were used as primary antibodies. For strip-
ping, membranes were incubated for 15 minutes with Stripping Buffer
(Thermo Scientific, Rockford, IL) and washed three times with PBS.

Immunofiuorescence assays. Vero 2-2 cells or MA104/NSP5-EGFP cells
were grown on 12-mm coverslips (0.17-mm thick) in 24-well plates and
either mock infected or infected with amplicon vectors at a MOI of 0.5
TU/cell. The cells were fixed with 3.7% formaldehyde in PBS and treated
with 0.1 mol/l glycine in PBS. After permeabilization with PBS containing
0.2% Triton X-100 (PBS-T), the cells were treated with PBS supplemented
with 3% bovine serum albumin (PBS-BSA). Cells were incubated with
rabbit anti-RV serum (strain RE, provided by D. Poncet, Gif-sur-Yvette,
France) diluted in PBS-BSA (1:400) and then washed three times with PBS.
As secondary antibodies, goat anti-rabbit IgG(H+L)-Alexa Fluor 594 or
633 (Molecular Probes, Invitrogen) were used at a dilution of 1:400. Cells
were incubated with DAPI (1 pg/ml in PBS; Roche, Rotkrenz, Switzerland)
to visualize nuclei. The endoplasmic reticulum was stained using lectin
ConcanavalinA (ConA) conjugated with Alexa Fluor 594 (20 ug/ul in PBS;
Molecular Probes, Invitrogen). After washing the cells with PBS and water,
the coverslips were mounted in Glycergel (Dako Cytomation, Denmark)
containing 25mg/ml DABCO (Sigma-Aldrich) to retard discoloration.
Samples were analyzed using a confocal laser-scanning microscope SP2
(Leica Microsystems, Wetzlar, Germany, 63x oil objective).

Electron microscopy. Cells were seeded at a density of 1.2 x 10° cells per
plate into 6 cm? tissue culture plates. The following day, cells were mock-
infected or infected with HSV-1 amplicon vectors at a MOI of 1 or 2 TU
per cell. After 48 hours, the cells were scraped into the medium and pre-
pared for purification of RVLPs by repeated cycles of freezing/thawing to
disrupt the cell membranes. The cell debris was removed by centrifugation
and filtration through a 0.45-yum filter. The cleared supernatant was loaded
onto a 10% sucrose cushion and concentrated for 2 hours at 100,000g and
20°C. For protection, protease inhibitor (Protease inhibitor cocktail tablets
complete, Mini, EDTA-free; Roche Diagnostics, Mannheim, Germany)
was added to the supernatant. For immune electron microscopy, samples
were adsorbed to carbon-coated parlodion films mounted on 300 mesh/
inch copper grids (EMS, Fort Washington, PA) for 10 minutes, blocked
with PBS-containing 0.1% BSA (PBS-BSA/0.1%) for 10 minutes, incubated
with the polyclonal anti-RV serum at a dilution of 1:1 000 PBS-BSA/0.1%
for 1 hour, washed several times with PBS-BSA/0.1%, incubated with
goat anti-rabbit IgG coupled to 12-nm colloidal gold particles (Jackson
ImmunoResearch, West Grove, PA), washed several times with PBS
and water, and stained with 2% phosphotungstic acid, pH 7.0 (Aldrich,
Steinheim, Germany) for 1 minute. Specimens were analyzed in a trans-
mission electron microscope (CM12; Philips, Eindhoven, the Netherlands)
equipped with a CCD camera (Ultrascan 1000; Gatan, Pleasanton, CA) at
an acceleration voltage of 100kV.

RNA isolation and reverse transcription PCR. Cells were seeded at a density
of 5x10° cells per well in a six-well plate and, one day later, mock infected
or infected with HSV-1 amplicon vectors at a MOI of 1. Total RNA from
infected cells was harvested 24 hours later using the total RNA purification
kit NucleoSpin RNA II (Macherey-Nagel, Oensingen, Switzerland). Then,
the RNA was treated with 1l of DNasel (Roche) per 50 ul of RNA. The
samples were incubated for 15 minutes at 37 °C, inactivated for 10 minutes
at 75°C, and stored at —20°C. Reverse transcription of total RNA was per-
formed using the Reverse Transcription System (Promega, Madison, WT)
with random primers provided in the kit. As control, the reaction was per-
formed without the enzyme. Per reaction, 1 pg of total RNA was used and
incubated for 10 minutes at room temperature and for 30 minutes at 42 °C;
then the enzyme was inactivated for 5 minutes at 95°C. The cDNA was
used immediately for PCR or stored at —-20°C. PCR of the cDNA was per-
formed using the REDTaq ReadyMix PCR Reaction Mix (Sigma-Aldrich)
and the primers shown in Table 1.
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Immunization of mice and sample collection. Five-weeks-old BALB/c
mice were previously confirmed to be negative for anti-RV antibodies
by ELISA. Mice were i.m. inoculated at days 0 and 21 with: (i) 5 x 10°
TU or 1 x 10° TU of HSV_[VP7/6/2], (ii) 1 x 10° TU of BEI inactivated
HSV, [VP7/6/2], (iii) 1 x 10° TU of HSV,[VP6], (iv) 1 x 10° TU of a vec-
tor composite containing equal amounts of HSV [VP2] HSV [VP6], and
HSV,[VP7] (HSV Composite), (v) 5x 10°TU or 1 x 10°TU of HSV[EGFP],
or (vi) PBS buffer. Another group of mice was immunized once at day 0
with cell culture-adapted live RV strain EC as a positive control of partial
protection.” Individual serum and fecal samples were collected from all
mice at 0, 21 and 42 days after the first immunization. All animal proce-
dures were conducted in accordance with the regulations of the Quilmes
University Ethic Committee.

Analysis of antibody responses. Purified and concentrated RV strain RRV
proteins were separated by SDS-PAGE (10%) and transferred to nitrocel-
lulose membranes. After blocking with PBS containing 1% casein, the
membranes were incubated with 1/100 dilutions of serum samples or 1/10
dilutions of fecal samples obtained at day 42 after immunization. Mouse
hyperimmune serum against RV strain RRV was used as positive control.
After washing, membranes were incubated with horseradish peroxidase-
conjugated goat anti-mouse IgG (Pierce Biotechnology, Rockford, IL)
for IgG detection. To detect IgA, membranes were incubated with rabbit
anti-mouse IgA (USBiological, Swampscott, MA) and horseradish perox-
idase-conjugated goat anti-rabbit immunoglobulins (DakoCytomation,
Glostrup, Denmark) followed by detection with a chemiluminescent sub-
strate (PBL, Bernal, Argentina).

Virus challenge and detection of virus shedding. Three weeks after the
second immunization, mice were orally challenged with 10* shedding
doses (SD, ) of wt RV strain EC.** To measure RV shedding, stool pellets
were collected from each mouse every day for 8 days after challenge and
stored at —-80°C. The collected samples were thawed and 10% dilutions
were made in TNC buffer containing 0.05% Tween-20 and protease inhibi-
tor cocktail (Sigma-Aldrich), and mixed well before debris was removed
by centrifugation (2,500g, 10 minutes). The presence of RV antigen in fecal
samples was determined by ELISA as described previously.” Measurement
of protective efficacy of amplicon vectors was based on both the duration
and amplitude of virus antigen shedding. Therefore, virus antigen shed-
ding curves (absorbance versus days postchallenge) of each animal were
plotted and the area under the shedding curve for each animal was calcu-
lated and compared to that of the control group.”

Statistical analysis. Statistical analysis was performed using the program
GraphPad Prism (La Jolla, CA). Comparison of the viral shedding and dif-
ferences between animal groups were compared by Student’s ¢-test. P val-
ues were considered to be significant if <0.05 (P < 0.05).
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