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bstract

Its stable particle structure combined with its high immunogenicity makes the hepatitis A virus (HAV) a perfect carrier to expose foreign epitopes
o the host immune system. In an earlier report [Beneduce, F., Kusov, Y., Klinger, M., Gauss-Müller, V., Morace, G., 2002. Chimeric hepatitis

virus particles presenting a foreign epitope (HIV gp41) at their surface. Antiviral Res. 55, 369–377] chimeric virus-like particles (HAV-gp41)
ere described that carried at their surface the dominant gp41 epitope 2F5 (2F5e) of the human immunodeficiency virus HIV-1. Extending this
ork, we now report that chimeric virus HAV-gp41 replicates in HAV-susceptible cells as well as in non-human primates. Infected marmosets

eveloped both an anti-HAV and anti-2F5 epitope immune response. Furthermore, an HIV-neutralizing antibody response was elicited in guinea
igs immunized with HAV-gp41 chimeric particles. The results demonstrate that the replication-competent chimeric HAV-gp41 can serve as either
live or a subunit vaccine for eliciting of antibodies directed against a foreign antigenic epitope.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Acquired immunodeficiency syndrome (AIDS) caused by the
uman immunodeficiency viruses (HIV-1 and -2) is a paramount
hreat to the public health, in spite of more than 20 years efforts to
revent its spread. Since 1983 when HIV was first isolated, more
han 60 million people have been infected worldwide. Various
trategies have been probed to prevent or limit viral replica-
ion and to delay disease progression, yet a safe and lasting
rotective regimen remains elusive (Markel, 2005). Eliciting a
eutralizing antibody response against HIV by immunization
s a major goal in HIV vaccinology. Based on the potent neu-
ralizing ability of the monoclonal antibody 2F5 (mAb 2F5),

he respective linear epitope ELDKWAS (2F5e) that is highly
onserved and located in the membrane proximal part of the
lycoprotein (gp) 41 ectodomain, is considered a dominant tar-
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et for neutralization and vaccine development (Muster et al.,
994). 2F5e and other epitopes seem to be implicated in the
ell fusion machinery and binding to these sequences can abol-
sh viral spreading (Finnegan et al., 2002). The presentation
f this epitope to the host immune system has already been
xplored (Muster et al., 1994; Eckhart et al., 1996; Marusic et al.,
001).

Hepatitis A virus (HAV) is a picornavirus that is unique in sev-
ral aspects. By yet unknown molecular mechanisms, its repli-
ation in cell culture is slow, leaving the host cell metabolism
ostly unaffected. In immature viral particles, the major viral

tructural protein VP1 contains the C-terminal extension 2A
hat is essential for the initial step in viral particle assembly
Probst et al., 1999). 2A is removed from morphogenic precur-
or particles and is present in low amounts in mature virions
xcreted by the infected individual (Anderson and Ross, 1990).

enetic analyses indicated that HAV 2A is exposed on the

mmature particle’s surface (Beneduce et al., 2002) and that its
-terminal part is dispensable for viral replication (Harmon et
l., 1995; Cohen et al., 2002). Recently, we presented evidence

mailto:koussov@molbio.uni-luebeck.de
dx.doi.org/10.1016/j.antiviral.2006.08.003
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hat foreign sequences can be inserted into domain 2A rendering
mmature particles an epitope carrier (Beneduce et al., 2002; G.

orace and Y.Y. Kusov, unpublished observations). Transmitted
ia the fecal-oral route and possibly amplified in the intesti-
al tract with the induction of a specific IgA response (Sikuler
t al., 1983; Gauss-Müller and Deinhardt, 1988; Asher et al.,
995), the virus is transported to the liver, which is its predomi-
ant replication site (Sompayrac and Hepatitis, 2002). Based on
he observation that HAV-IgA complexes are infectious to liver
ells, the IgA-mediated reverse transcytosis has been proposed
s a liver specific transport mechanism (Dotzauer et al., 2000,
005).

Since more than 10 years an inactivated and highly immuno-
enic vaccine is successfully used to prevent the hepatitis A
nfection in endemic areas and viral spreading in sporadic out-
reaks (Andre et al., 2002). Following the successful prece-
ence of the oral poliovirus vaccine, various attenuated HAV
trains were assessed as live and orally administered vac-
ines. The latter kind of vaccine could combine low cost,
ffective immunogenicity and mucosal immunity (Zhao et
l., 2000; Purcell et al., 2002). These particular properties
f anti-HAV prophylactic measures persuaded us to assess
AV as a live and subunit carrier of foreign antigens. We
ere aiming at a prophylactic approach that might induce

nti-HIV mucosal immunity (Matoba et al., 2004; Markel,
005).

Exploiting the excellent HAV vaccine properties and extend-
ng our earlier work (Beneduce et al., 2002), we show that
he chimeric virus HAV-gp41 replicates in cell culture and in

armosets inducing both an anti-HAV and anti-gp41 immune
esponse. In addition to the live vaccine approach using these
on-human primates, the immune response against chimeric
irus-like particles was assessed in guinea pigs. These animals
licited a neutralizing anti-HIV response determined by a reduc-
ion of the HIV reverse transcriptase activity. Our data suggest
hat virus-like chimeric HAV particles might be well suited as a
ubunit vaccine vehicle for the presentation of foreign epitopes.
urthermore, the chimeric virus HAV-gp41 might be a promis-

ng live vaccine candidate for the protection against both HAV
nd HIV infections.

. Materials and methods

.1. Viruses and cells

Human hepatoma Huh-7 cells were cultured in Dulbecco’s-
odified minimal essential medium (DMEM, Invitrogen) sup-

lemented with 10% (growth medium) or 2% (maintenance
edium) fetal calf serum (FCS), 2 mM glutamine, 100 U/ml

enicillin, and 100 �g/ml streptomycin. Huh-T7 cells, a deriva-
ive of Huh-7 stably expressing T7 RNA polymerase (Schultz

t al., 1996), were additionally supplemented with G-418 sul-
hate (Sigma) (400 �g/ml). Human cutaneous T cell lymphoma
HUT78) cells were grown in RPMI 1640 (Invitrogen) supple-
ented as above. The cell culture medium was changed every

–4 days.
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.2. Construction of pHAV-gp41 and production of
himeric virus

The sense primer 5′-aaa gaa ctg aga tta gaa gtt GAG CTC
AT AAA TGG GCA AGT gaa ttg tca aat gaa gta ctt-3′ and the

omplementary anti-sense primer were used to insert the 2F5e
equence (ELDKWAS) into domain 2A of HAV strain HM175,
8f (Accession number M59808) using the QuikChange muta-
enesis kit of Stratagene as described previously (Beneduce
t al., 2002). The foreign sequence with an additional restric-
ion site (SacI) is shown in uppercase and underlined, respec-
ively. The mutated subgenomic fragment (AccI–PflMI) was
equenced before it was transferred into pT7-18f (Kusov and
auss-Müller, 1999), resulting in pHAV-gp41. For the pro-
uction of infectious virus, pHAV-gp41 was transfected into a
0% confluent monolayer of Huh-T7 cells using LipofectAmin
ccording to the Manufacturer’s protocol (Invitrogen). Trans-
ected cells were incubated for 20 days at 37 ◦C in G418 sulphate
ontaining maintenance medium, before a soluble cell extract
as prepared and the HAV and 2F5e antigenicity was detected

see below). The rescued virus, called HAV-gp41, was passaged
wice in Huh-7 cells prior to extraction of viral RNA and its
T-PCR amplification with appropriate primers. The amplifica-

ion product was sequenced to confirm the chimeric nature of
he viral genome. To determine the specific infectivity of the
himeric genome, various amounts (from 1.0 to 0.125 �g/well
ith step 2 dilution) of pHAV-gp41 and of the parental plasmid
ere transfected into Huh-T7 cells grown to 50% confluency in

ix-well plates. After 15 days of incubation at 37 ◦C, a soluble
xtract was prepared with phosphate-buffered saline containing
.05% Tween-20 (PBS-Tw). HAV and gp41 antigenicity was
etected by the 7E7- and the 2F5-ELISA (Beneduce et al., 2002),
espectively. Briefly, the anti-gp41 human monoclonal antibody
mAb 2F5, a kind gift of Dr. G. Stiegler, Vienna; Purtscher et
l., 1994) was used at a concentration of 1 �g/ml in 50 mM
arbonate buffer, pH 9.6 for coating the wells of a 96-well
mmunoplate (100 �l/well). After overnight incubation at room
emperature (RT) and washing with TBS-T (50 mM Tris, pH
.0, 150 mM NaCl and 0.5% Triton X-100), the immunoplate
as blocked at RT for 1 h with 1% bovine serum albumin (BSA)

n TBS-T (BSA-TBS-T, 200 �l), washed (3 × 200 �l) and incu-
ated at 37 ◦C for 1.5 h with either 100 �l of 10% marmosets
eces or appropriately diluted lysates of HAV-gp41-infected
ells. Finally, the washed immunoplate was incubated with 7E7
nti-HAV monoclonal antibody conjugated to horse radish per-
xidase (HRPO, 1:20,000, Mediagnost, Tübingen). After stain-
ng with 3,3′,5,5′-tetramethylbenzidine (TMB, Sigma), the plate
as read at 450 nm.

.3. Preparation of 160S and 70S HAV-gp41 particles

Huh-7 cells were infected with the HAV-gp41 at a multi-
licity of infection (moi) of approximately 0.1 50% cell culture

nfectious dose per cell (TCID50/cell = 0.1). Two weeks later the
nfected cells were extracted by a freeze/thaw procedure, the cell
ebris was pelleted by centrifugation for 5 min at 13 krcf, and the
upernatant was collected. To enhance virus extraction, the cell
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Fig. 1. Infectivity of virus fecally excreted by infected marmosets. (A and B)
7E7-ELISA antigenicity detected in lysates of Huh-7 cells that were inoculated
with fecal extracts of marmoset #1 (A) and marmoset #2 (B) obtained at the
indicated time points after inoculation. Infected cells were lysed 20 days post
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ebris was incubated for 5 min at 37 ◦C with TN buffer (50 mM
ris–HCl, pH 7.5, 100 mM NaCl) supplemented with 0.1%
odium laurylsarcosinate (SLS), 0.05% Tween 20, 0.05% Triton
-100, 4 mM EDTA, and a proteinase inhibitor cocktail (Sigma,
:200) supplemented with 4 mM Pefabloc (Roche). After cen-
rifugation (13 krcf, 5 min), the supernatants were pooled and
xtracted with an equal volume of Freon-113. The aqueous
hase was loaded onto a linear sucrose gradient (5–45%). After
entrifugation at 6 ◦C for 4 h at 176.9 krcf, the HAV-positive frac-
ions of 160S and 70S were separately pooled. The 160S viral
articles were used to infect 2 marmosets. The protein concen-
ration of the 160S fraction was 3.8 �g/ml, as determined by
he BCA protein assay (Pierce, IL). For the immunization of
uinea pigs, 70S particles that were positive for both antigens
HAV and gp41) were diluted 1 to 10 with TN buffer and pel-
eted by centrifugation at 158 krcf for 3 h at 4 ◦C. The pellet
as resuspended in 2 ml of TN buffer and the protein concen-

ration determined to be 10.2 �g/ml. HAV antigenic titer of both
aterials was >1:128, as determined by the 7E7 ELISA.

.4. Inoculation of marmosets

Animals were housed, maintained, and cared in compliance
ith relevant guidelines and requirements. Prior to inoculation,

he suspension of 160S HAV-gp41 particles was incubated for
6 h at 4 ◦C with kanamycin sulfate (100 �g/ml). Two mar-
osets (Callitrix jacchus) seronegative for anti-HAV were given

.3 ml (per os) and 0.7 ml (per femoral vein) of the particle prepa-
ation. Two other marmosets were used as control and given
ml PBS. HAV infection was previously shown in marmosets

Zamjatina et al., 1990). The feces were collected daily, if avail-
ble, and stored at −80 ◦C. Stool suspension (10% extract in
BS) was prepared as described (Zamjatina et al., 1990). Blood
as taken from the femoral vein one day before inoculation,

wice within the first 2 weeks and once per week later. Ala-
ine aminotransferase (ALT), aspartate aminotransferase (AST)
nd isocitric and dehydrogenase (ICD) were analyzed in mar-
osets’ sera as described previously (Zamjatina et al., 1990).
or intravenous inoculation and blood sampling, the animals
ere immobilized by ketamine anestesia (Ketamine-Calypsol,
ungary).

.5. Propagation of virus shed in feces

10% extracts of marmosets’ feces collected at various time
oints post inoculation (see Fig. 1) were diluted 1 to 100 using
ptiMEM1 (Invitrogen) and inoculated (1 ml) into Huh-7 cells
rown in 25 cm2 flasks. After 3 h of adsorption, the inoculum
as replaced by 5 ml of growth medium. After 8 or 20 days of

ncubation at 37 ◦C, cells were scraped in PBS-Tw and lysed
y three cycles of freeze/thawing. The lysate was used for the

etection of the HAV antigen, of 2F5e, of the fusion protein
P1-2A-gp41, and for RT-PCR amplification of the VP1-2A

egion (see below). The second passage was performed in a
imilar way after a 1 to 100 dilution of the cell lysates in
ptiMEM1.

2

H

nfection and the HAV antigen was determined by ELISA. The cut-off level
dashed horizontal line) represents 2.1 × N, where N is the mean value of four
ndependent negative samples (not shown, see Bradley et al., 1977).

.6. Immunization of guinea pigs

The animals had an initial body weight of 220–250 g. Puri-
ed 70S procapsids of HAV-gp41 (170 �l) were mixed with
omplete Freund’s adjuvant (CFA, 170 �l, Sigma). The suspen-
ion was divided into three equal parts and one part each was
njected subcutaneously and intramuscularly into two legs of
our animals. Inactivated hepatitis A virus vaccine HAVRIX
one dose 1440 units/ml, GlaxoSmithKline Biologicals, Bel-
ium) was administrated in a similar way into three other ani-
als. Freund’s adjuvant mixed with PBS in equal volumes was

sed in control animals. The immunization schedule consisted
f three injections with 2 weeks interval. Serum was prepared
rom blood taken by heart-puncture on day 42.
.7. Detection of anti-HAV

The AxSym HAVABM assay (Abbott) was used to test anti-
AV IgM antibody in marmosets’ sera. The combined anti-HAV
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gM + IgG activity was tested by a in-house made competitive
LISA. Briefly, after coating with a high titer human polyclonal
nti-HAV IgG and BSA-blocking, the wells of an immuno-
late were incubated with approximately 1 optical unit of HAV
ntigen (determined by 7E7 ELISA) at 37 ◦C for 2.5 h. After
ashing, the wells were incubated (2 h at RT) with the ani-
al sera diluted 1:100 in BSA-TBS-T. Finally, an in-house
ade HRPO-conjugated polyclonal anti-HAV IgG (1:500) or
HRPO-conjugated monoclonal anti-HAV (7E7-HRPO, Medi-
gnost) was incubated for 2 h at 37 ◦C prior to the colour reaction
ith TMB as described above.

.8. Detection of anti-gp41

.8.1. ELISA
The 96-wells of an immunoplate were coated with the syn-

hetic peptide GGGLELDKWASLW (100 �l, 1 �g/ml, kind gift
f Dr. G. Stiegler) that was dissolved in carbonate buffer, pH
.6 and incubated overnight at 4 ◦C. After washing with TBS-T
nd blocking with BSA-TBS-T (see above), 100 �l of the test
erum diluted 1:50 in 1% BSA-TBS-T was incubated for 2 h at
T. Anti-human (1:1000) or anti-guinea pig (1:1000) HRPO-
onjugated anti-Ig diluted in BSA-TBS-T was incubated for
.5 h at 37 ◦C. The plate was washed, stained and read as above.

.8.2. Western blot
The INNO-LIA HIV confirmation assay (Innogenetics, Bel-

ium) based on the antibody interaction with immobilized HIV
roteins (including gp41) followed by the staining with anti-
uman IgG conjugated to alkaline phosphatase (anti-human AP,
:10,000, Dianova, Hamburg, Germany), was directly used to
nalyze the anti-gp41 activity in marmosets’ sera. To increase
he sensitivity of the assay, the 16-h sample incubation version
as performed as recommended by the Manufacturer. To ana-

yze the sera of immunized guinea pigs, the assay was modified
y replacing the anti-human AP conjugate with that of anti-
uinea pig AP (1:5000, Dako).

.9. Detection of anti-3C

Bacterially expressed recombinant HAV 3C was purified
s described (Malcolm et al., 1992) and after electrophore-
is in a SDS-12% polyacrylamide gel (PAGE, 0.5 �g/lane)
mmobilized on non-charged modified nylon blotting membrane
INYU15010, Millipore). Strips of the immobilized protein
localized by Ponceau S staining) were incubated overnight at
T with the marmosets’ sera diluted 1:20 in TBS-T (first anti-
ody) and then for 2 h at RT with anti-human AP conjugate as
econd antibody. Antibody binding was determined by colori-
etric staining with p-nitroblue tetrazolium chloride (0.03%)

nd 5-bromo-4-chloro-3-indolyl phosphate (0.015%) in 0.1 M
hosphatase buffer, pH 9.8 supplemented with 1 mM MgCl2.
.10. Detection of fusion protein VP1-2A-gp41

Huh-7 cells harvested in 0.25 ml PBS-Tw 8 days post infec-
ion with fecal extracts of marmosets were lysed by freeze/thaw.
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roteins were separated by SDS-15% PAGE, transferred onto
he nitrocellulose blotting membrane (Protran, Schleicher &
chull), and developed with anti-VP1, anti-2A, and anti-gp41
mAb 2F5) as described previously (Beneduce et al., 2002).

.11. HIV neutralizing activity

To determine the anti-HIV neutralizing activity, an HIV
tock (strain LAVLAI) was titrated in HUT78 cells and the 50%
ell culture infectious dose (CCID50) was determined. Filter-
terilized sera (0.2 �m) of immunized animals (guinea pigs and
onkeys) were diluted 1:40 in RPMI 1640 growth medium.
ifty microliters of the diluted serum was pre-incubated in qua-
ruplicate with 100 �l HIV (100 CCID50 per well) for 1 h at
7 ◦C and added to HUT78 cells (50 �l, final concentration
05 cells/ml). Cell morphology was controlled three times per
eek. The cell culture medium was exchanged with an identi-

al concentration of the respective serum or antibody at day 4
nd 7. At day 9 post infection the supernatant was collected,
iluted 1:12.5 with lysis buffer (50 mM Tris, pH 7.8, 80 mM
Cl, 2.5 mM DTT, 0.75 mM EDTA, 0.5% Triton X-100) and

ested for HIV reverse transcriptase (RT) activity as described
efore (Eberle and Knopf, 1996) using the RT assay chemilu-
inescence kit according to Manufacturer’s recommendations

Roche). RT activity was expressed in relative light units (RLU).
Ab 2F5 (final concentration 25 �g/ml) was used as a positive

ontrol. As negative control, a commercially available normal
uinea pig serum (Calbiochem) was used at a similar dilution
1:40).

.12. Genetic analysis of the rescued viral genome

Viral RNA was extracted with Trizol (Invitrogen) from
uh-7 cells infected either with marmoset’s feces (first passage)
r with extracts of infected cells (second passage). The C. therm.
olymerase one-step system (Roche) and anti-sense primer 5′-
CGCTCGAGTTACTGAGTCCTTAACTCCATCATTCTG-
′ was used to generate cDNA (70 ◦C, 1 h). The VP1-2A region
as further PCR amplified with the sense primer 5′-ACAC-
AGGAGAACAGGGAAC-3′ applying the amplification pro-
ram recommended by the Manufacturer. The RT-PCR ampli-
cation products were sequenced with the reverse primer 5′-
CGGTACCCTCCTCAGTATAAAAAGAGAAATATTGGC-
′ (AGOWA, Berlin). The PCR product derived from the
himeric genome was distinct by its additional SacI restriction
ite.

. Results

.1. Replication of the chimeric virus HAV-gp41 in cell
ulture

Recombinant expression of chimeric virus-like HAV parti-

les with the neutralizing HIV 2F5 epitope as part of the viral
rotein 2A was recently shown (Beneduce et al., 2002). In order
o prepare fully infectious chimeric particles, a reverse genetic
pproach was applied (Kusov et al., 2005). Huh-T7 cells were
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Table 1
Antigenicity and genomic stability of the chimeric virus HAV-gp41

Viral passage no.

0 1 2

ELISAa/RT-PCRb HAV gp41 Epitope seq. HAV gp41 Epitope seq. HAV gp41 Epitope seq.

Transfected cDNA
pT7-HAV-gp41 1.02 0.40 2F5 1.56 0.52 2F5 2.02 0.61 2F5
pT7-18f 2.2 – wt 2.9 – wt nd nd nd

ssage
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a After cDNA transfection into Huh-T7 cells (passage 0) followed by two pa
nd 2F5 ELISA, respectively. The OD signals were normalized to protein conce
b Viral RNA was extracted, reverse transcribed and PCR amplified. RT-PCR a

ransfected with various amounts of cDNA pHAV-gp41 and its
pecific infectivity was compared with the parental construct
T7-18f. Viral replication was determined by quantification of
he HAV antigen that accumulated over a 20-day incubation
eriod. Compared to pHAV-gp41, the parental genome produced
pproximately two times more HAV antigen (not shown) indi-
ectly suggesting that the chimeric 2A had a negative effect on
he viral life cycle. These data are in line with earlier reports
howing that deletions within the C-terminus of HAV 2A lim-
ted the replication efficiency (Harmon et al., 1995; Cohen et al.,
002).

Next we showed that the 2F5e insertion in 2A was antigeni-
ally active and stably expressed over various viral passages.
s follows from the data presented in Table 1, both antigens
ere detectable in cell lysates 15 days post transfection, imply-

ng that the chimeric virus was not only viable, but also able to
xpress the 2F5e on native particles. The rescued chimeric virus
as further passaged twice without loss of either antigenicity,
emonstrating that the insertion was stably integrated into the
AV genome. The presence of the 2F5e in the 2A region was

onfirmed by Western blot (not shown, but see Fig. 2) and by
equencing after RT-PCR amplification of the chimeric virus
enome rescued after two passages in Huh-7 cells (Table 1).

To obtain sufficient material for both, a live and subunit

accine, a stock of the chimeric virus was prepared starting
rom the third viral passage. As described in Section 2, fully
nfectious mature virions (160S) and empty virus-like particles
70S) that are both produced in infected cells were separated

i
V
b
c

ig. 2. Identification of fusion protein VP1-2A-gp41 in lysates of Huh-7 cells inocu
lanes 3, 7, and 11) collected at 18 and 11 dpi, respectively (see Fig. 1). After separatio
nd probed with the indicated antibodies as described previously (Beneduce et al., 20
ells (lanes 4, 8, and 12) harvested at the same time post inoculation (8 dpi) were analys
eactive with anti-gp41 are indicated by asterisks. The mobility of marker proteins is
s in Huh-7 cells, the HAV and gp41 antigenicity was determined with the 7E7
ion.

cation product was sequenced at 2A/2B junction as described in Section 2.

y velocity sedimentation in sucrose (not shown). The mature
articles (160S) were subsequently used for inoculation of mar-
osets (live vaccine), whereas the empty virus-like particles

hat sedimented at 70S and contained the chimeric VP1-2A-
p41 precursor were mixed with adjuvant for the immunization
f guinea pigs (subunit vaccine).

.2. Replication of the chimeric virus HAV-gp41 in
armosets

Mature 160S particles purified from HAV-gp41-infected cells
ere given simultaneously per os and intravenously to two
armosets. Feces and sera collected until 90 days post inocu-

ation (dpi) were analyzed for the presence of chimeric virus,
ts genome and specific antibodies (see below) and for liver
nzymes. Changes in liver enzyme activity or viral genomes
ere undetectable in sera of marmosets inoculated either with

himeric virus HAV-gp41or with parental HAV (data not shown).
s direct detection of the HAV and gp41 antigen in feces was
nsuccessful with the described ELISA (Beneduce et al., 2002;
ata not shown), fecally shed HAV was isolated in cell cul-
ure (Fig. 1). Until 16–18 dpi, infectious virus from feces of
oth marmosets was identified by HAV antigen accumulation
n Huh-7 cells. At later time points, no infectious virus was

solated. To demonstrate the expression of the fusion protein
P1-2A-gp41, cells inoculated with fecal extracts were lysed
efore the HAV particles were fully matured (8 dpi) and the
ell lysates were analysed by Western blot (Fig. 2). In line with

lated with fecal extracts of marmoset #1 (lanes 2, 6, and 10) and marmoset #2
n by SDS-PAGE, the proteins were transferred onto a nitrocellulose membrane
02). The extracts of HAV-infected (lanes 1, 5, and 9) and mock-infected Huh-7
ed. Identified proteins are indicated by arrowheads. Host proteins unspecifically
indicated on the left.



106 Y.Y. Kusov et al. / Antiviral Research 73 (2007) 101–111

Fig. 3. Genetic stability of HAV-gp41 shed in feces of infected marmosets. (A) Electrophoretic mobility of the RT-PCR amplification product derived from the
virus shed at day 18 and 11 post inoculation of marmoset #1 and #2, respectively. Lane 1—DNA ladder, lanes 2 and 3—RT-PCR amplification product prepared
from wild-type HAV cDNA and cDNA encoding HAV-gp41, respectively. Lanes 4 and 5—RT-PCR amplification product derived from the virus fecally excreted by
marmoset #1 and marmoset #2 and rescued after two passages in cell culture, respectively. The SacI restriction fragment (0.83 kb) of the RT-PCR product prepared
from the virus suspension used for marmoset inoculation is shown in lane 6. (B) Nucleotide and amino acid sequence of the RT-PCR-amplification product of the
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himeric virus HAV-gp41 shown in A (lane 4). (C) Nucleotide and amino acid
he RT-PCR amplification product shown in A (lane 2). The HAV 2A nucleotid
apital letters. The recognition site of the restriction enzyme SacI is underlined
ompared to the wild-type HAV, strain 18f.

reviously reported data (Beneduce et al., 2002), the fusion pro-
ein VP1-2A-gp41 was detected by Western blot. Only in lysates
f cells inoculated with fecal extracts of the HAV-gp41-infected
armosets, the 2F5 epitope was unambiguously identified by

nti-gp41 (mAb 2F5, lanes 2 and 3), along with 2A (lanes 6
nd 7) and VP1 (lanes 10 and 11) confirming the expression
f the fusion protein VP1-2A-gp41. Neither in mock- (lane
) nor in HAV-infected cells (lane 1), specific interaction with
nti-gp41 antibody was detectable, albeit some unspecifically
nteracting cellular proteins were also developed using anti-
p41 (indicated by asterisks in lanes 1–4). To find out whether
he fecally excreted virus contained the chimeric genome with
he 2F5e sequence in 2A, RNA of the virus isolated after the
econd passage in cell culture was reverse-transcribed and PCR-
mplified using HAV-specific primers targeting the VP1-2B
egion (Fig. 3A). As a genetic marker, a SacI recognition site
ad been inserted into the sequence encoding 2F5e and was
sed to distinguish the chimeric genome (Fig. 3B) from that
f the parental strain (Fig. 3C). The SacI fragment of the RT-
CR product derived from RNA found in the fecal samples

ollected at day 11 (marmoset #1) and day 18 (marmoset #2)
ost inoculation (Fig. 3A, lanes 4 and 5, respectively) had the
ame size as that of the chimeric virus HAV-gp41 used for
noculation (lane 6) or that obtained after PCR amplification

s
a
I
w

ence of the RT-PCR amplicon derived from parental HAV after sequencing of
uence is shown with small letters, the gp41 sequence is shown in boldface and
that three codons are missing in the recombinant HAV-gp41 chimeric virus as

f the chimeric cDNA (lane 3). In contrast, the SacI restriction
ragment of the RT-PCR product amplified from the parental
enome was 1.0 kb in size (Fig. 3A, lane 2). Final confirmation
f the chimeric nature of the fecally shed virus was obtained by
ucleotide sequence determination of the RT-PCR amplifica-
ion products (Fig. 3B). Since the inoculated virus is usually
hed in feces until 4 days after HAV inoculation (Asher et
l., 1995), these data indicate the replication of the chimeric
irus in vivo. Taken together, the kinetics of virus excretion
nd analysis of the viral genomes isolated in cell culture from
eces of infected marmosets strongly suggest that the inocu-
ated chimeric HAV-gp41 replicated in marmosets (see also
amjatina et al., 1990; Asher et al., 1995; Emerson et al.,
002)

.3. Immunogenic properties of the chimeric HAV-gp41

.3.1. Immune response in infected marmosets

.3.1.1. Anti-HAV response. Blood samples of marmosets inoc-
lated with HAV-gp41 were collected until 90 days and analysed

erologically. The anti-HAV response is shown in Fig. 4, with
nti-HAV IgM at the top of panels A and B. Both, anti HAV
gM (lines at the top) and total anti-HAV IgG + IgM (bars)
ere present starting 20 dpi. Anti-HAV IgM was detectable until
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0 dpi in marmoset #1 (panel A) and until 45 dpi in marmoset
2 (panel B).

Although high titers of IgM antibody are usually elicited after
nfection, low titers of this antibody can also be found in individ-
als immunized with a killed vaccine (Jilg et al., 1992; Shouval
t al., 1993). In order to distinguish between an active infection
nd immunization as a response to the inoculum given orally
nd parenterally, the immune response to viral non-structural
roteins was analyzed. To this end, the marmosets ‘sera were
ested for the presence of antibodies to HAV proteinase 3C. As
ollows from the data presented in Fig. 4, a specific interaction
ith immobilized HAV 3C was detectable in sera of marmoset
1 taken between 34 and 90 dpi (lanes on the top of panel A).
similar interaction was detected in sera of marmoset #2 start-

ng 13 dpi (not shown). The induction of antibodies directed to
iral non-structural proteins (such as 3C) is a direct indication
or infection of marmosets with chimeric virus HAV-gp41, due
o its active in vivo replication (see also Jia et al., 1992; Stewart

t al., 1997; Kabrane-Lazizi et al., 2001).

.3.1.2. Anti-gp41 response. To detect anti-gp41 antibody,
e first applied an ELISA utilizing the synthetic peptide

ig. 4. Kinetics of anti-HAV IgM + IgG (bars, competitive assay), IgM (lines
n the top: (−) negative, (+) positive, (nd) not done), and anti-3C (lanes above
he diagram in panel A) response in marmosets #1 (panel A) and #2 (panel B)
noculated with the chimeric HAV-gp41 (160S particles). N—anti-HAV negative

onkey serum, P—serum of a HAV-infected monkey, used as a positive control
or interaction with immobilized HAV 3C (lane P above the diagram) and anti-
AV IgM + IgG (bar P).

Fig. 5. Anti-gp41 response of marmosets #1 and #2 as judged by an ELISA with
t
i
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he synthetic peptide GGGLELDKWASLW (see Section 2). Sera of four non-
nfected marmosets were used as a negative control for cut-off level calculation
see caption to Fig. 1).

GGLELDKWASLW (see Section 2). The data shown in Fig. 5
ndicate that in marmoset #1 a distinct anti-gp41 response was

ounted starting 21 dpi (panel A). In marmoset #2, the ELISA
id not exceed the cut-off value by a factor of 2.1 (panel B). In
rder to enhance specificity, we used a commercially available
ssay that is applied as a confirmatory test for the HIV infection.
ndeed, the data obtained with the INNO-LIA HIV confirmation
ystem indicated that sera of marmoset #1 collected 20 dpi and
ater contained anti-gp41 (Fig. 6A, lanes 3–5) while very weak
ignals were observed for sera of marmoset #2 (data not shown).
s expected, the serum of an HIV-infected individual, used as a
ositive control, interacted with immobilized proteins sgp120,
p41, and p31 (panel A, lane 1). No immune response to gp41
as detected in pre-immune sera (lane 2) and in the sera of naı̈ve

nd HAV-infected marmosets (lane 6 and not shown). As mature
60S particles contain only minute amounts of 2A with 2F5e
xposed at their surface (not shown), the above findings imply

hat the inoculated material had initiated the complete viral life
ycle with the transient production of immature chimeric parti-
les exposing the 2F5e. These data support the notion that the
himeric virus HAV-gp41 is infectious in marmosets.
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Table 2
Anti-HAV and anti-gp41 response in sera of guinea pigs immunized with
chimeric 70S particles of HAV-gp41

Nr. Immunized with Anti-HAVa Anti-gp41b

#1 PBS − −
#2 PBS − −
#3 HAVRIX + −
#4 HAVRIX + −
#5 HAVRIX + −
#6 HAV-gp41 + ±
#7 HAV-gp41 + +
#8 HAV-gp41 + +
#9 HAV-gp41 + ±

a Competition assay using a polyclonal anti-HAV to coat the immunoplate.
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.3.2. Immune response in immunized guinea pigs
As an alternative to the live vaccination strategy, guinea pigs

ere used to test the immunogenicity of 70S particles also
btained from cells infected with chimeric HAV-gp41. Although
his fraction of HAV-gp41 might still contain some infectious
articles, we did not expect viral replication in guinea pigs,
s this virus was not specifically adapted to replicate in these
nimals (Hornei et al., 2001). For immunization, guinea pigs
ere injected subcutaneously and intramuscularly three times
ith 2 weeks intervals. Two weeks later, the anti-HAV and

nti-gp41 response was tested. Immunization with the com-
ercially available HAV vaccine (HAVRIX) served as control

or the vaccination scheme, antibody induction, and specificity
f the antibody detection system. A competitive ELISA sim-
lar to that applied for the marmoset sera was used to detect
nti-HAV in guinea pig sera. All guinea pigs immunized with
AV-containing material (HAVRIX, guinea pigs #3–5, or HAV-
p41, #6–9), but not the control animals (#1 and #2), responded
ith an equally strong antibody response indicating that the

mmunization scheme and detection system were appropriate
Table 2). Anti-2F5e was determined with the in-house made
eptide-based ELISA that was successfully used for the mar-
oset sera. Two guinea pig sera (animals #7 and #8) showed

etectable levels of anti-gp41 (Table 2). These sera were also
eactive in a modified INNO-LIA HIV confirmation test where

e replaced the anti-human with an anti-guinea pig conjugate

s the second antibody (Fig. 6B, lanes 7 and 8). In contrast, none
f the guinea pigs immunized with the HAV vaccine HAVRIX
ecognized the 2F5e proving the specificity of the assay (lanes

ig. 6. Anti-gp41 response analysed with the INNO-LIA HIV confirmation test.
A) The reaction of antisera of marmoset #1 collected at the indicated time-points
ith immobilized gp41 (lanes 2–5) is indicated by an arrow on the right side.
he interaction of the serum of the normal marmoset with immobilized gp41 is
resented in lane 6. A similar result was obtained when the serum of a HAV-
nfected monkey was analysed (not shown). The proteins recognized by the
erum of an HIV-positive individual (lane 1) are indicated on the left. dpi—days
ost inoculation. (B) Anti-gp41 response of guinea pigs immunized with virus-
ike 70S particles of HAV-gp41. Human anti-HIV negative and positive sera are
sed in lanes 1 and 2, respectively. Lanes 3–10 show the detection of immobilized
p41 by the sera of guinea pigs #3–5 (see Table 2) immunized with HAVRIX
lanes 4–6), chimeric HAV-gp41 virus-like 70S particles (lanes 7–10, animals
7, #8, #9, and #6, respectively), or control guinea pig #1 (lane 3). Note that
ue to the cross-reaction with the anti-guinea pig conjugate used in the modified
NNO-LIA HIV confirmation test, the immobilized gp41 is recognized by the
uman HIV-positive serum (lane 2). Protein gp41 recognized by the animals’
era is indicated by arrows on the right side.
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b Using the peptide GGGLELDKWASLW for coating an immunoplate; +,
ositive reaction (inhibition >85%); –, no competition; ±, weak positive reaction
competition ∼50%).

–6). No interaction with gp41 was detected in a serum of a
IV-negative individual (lane 1) and in that of a control guinea
ig (lane 3).

Next to the immunogenicity, the induction of a neutralizing
ntibody response is an important property of an efficacious
accine. Therefore, we assessed the HIV neutralizing response
f the animal sera by measuring the reduction of reverse tran-
criptase activity in HIV-infected cells (Eberle and Seibl, 1992).
pecific, albeit weak, HIV-neutralizing activity was detectable

n the serum of guinea pig #7 (mean value of HIV RT activity
as 944 RLU), but not in the negative guinea pig serum (3413
LU). Specific neutralizing effect was less obvious for the mar-
oset sera (not shown). The neutralizing activity of mAb 2F5

sed as a positive control was more pronouced (229 RLU). The
IV neutralization ability seems to be unspecifically affected by
igh protein concentrations (data not shown). Therefore, specific
ow-titer activity might have been masked as reported previ-
usly (Yusibov et al., 1997). Collectively, the data show that the
himeric HAV-gp41 is replication-competent and able to induce
n anti-epitope immune response either due to viral replication
n HAV-susceptible non-human primates or due to immunization
f small animals (guinea pigs).

. Discussion

Since its introduction in 1992, the hepatitis A vaccine con-
aining the inactivated virus has proven highly efficacious in
reventing viral infection (and replication) worldwide. Com-
ared to other killed or subunit vaccines, HAV seems to be
articularly stable and immunogenic, producing a neutralizing
ntibody response of both the IgM and IgG class in vaccines
nd providing protection for more than 10 years (Andre et al.,
002). In addition, a cellular immune response is also elicited
Schmidtke et al., 2005). Furthermore, recent vaccination stud-
es suggest that the dose of the inactivated virus can be reduced
nderlining the exceptional immunogenicity of the HAV particle

Pancharoen et al., 2005). An attenuated live vaccine has been
mployed and shown promising results in effectively prevent-
ng HAV infection in a hepatitis A outbreak (Zhao et al., 2000;

ang et al., 2004). Combined these particular features of the
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nti-HAV preventive measures had convinced us to test HAV as
live and subunit carrier of the HIV 2F5 epitope. In cell culture
AV replication results in the production of both fully matured

160S) and immature or empty (70S) particles, providing us with
he opportunity to use the mature chimeric particles for infection
f marmosets as a prototype of a live vaccine and the immature
articles for immunization of guinea pigs (subunit vaccine).

As a prerequisite for a chimeric live vaccine and in extension
f our earlier work, we demonstrated in a first set of experiments
hat the chimeric HAV genome with the 2F5e insertion in the C-
erminal part of 2A was fully infectious and genetically stable in
ell culture (Table 1) and in animals (Fig. 3B). This finding was
ot unexpected, as others and we had shown that HAV particle
ssembly requires the N-terminal half of 2A and that the C-
erminal part is mostly dispensable for viral replication in vitro
nd in vivo (Harmon et al., 1995; Probst et al., 1999; Cohen et al.,
002). In addition, we have recently shown that 2A is exposed
o the particle’s surface and might thus efficiently present the
oreign epitope for a humoral immune response (Probst et al.,
999; Beneduce et al., 2002). The results presented here and
efore clearly demonstrate that the 2A signal function in HAV
article assembly is not much affected by C-terminal deletions
r the insertion of the 2F5e or another epitope into this part of
A (Beneduce et al., 2002, and data not published). During HAV
aturation, the primary assembly signal 2A is for the most part

emoved from the surface of immature particles by a yet uniden-
ified host proteinase (Cohen et al., 2002; Rachow et al., 2003).
emoval of 2A seems not to be complete, as small quantities
f VP1-2A were detected in infectious particles (Borovec and
nderson, 1993). Moreover, anti-2A antibodies were found in

era of HAV-infected patients providing indirect evidence that
A or its structural precursor VP1-2A is presented to the immune
ystem (Khudyakov et al., 1999).

After administration of a live virus, antibodies to viral particle
ight be directly induced by the inoculated material or by virus

ewly synthesized in the liver during viral replication. As the
armosets used here were orally and parenterally inoculated,

he immune response to viral particles does not allow differen-
iating between these alternatives. As active viral replication is
prerequisite for the late appearance of infectious viral parti-

les in the animals’ stool, the detection of virus in feces up to
8 dpi is clear evidence of viral replication in vivo. Viral parti-
les that may have passed through the animals’ intestinal tract
re usually shed in feces within 1–4 dpi (Asher et al., 1995).
urthermore, demonstration of antibodies directed to the viral
on-structural protein 3C (Fig. 4) presents unambiguous evi-
ence for chimeric virus replication in the infected animals (Jia
t al., 1992; Kabrane-Lazizi et al., 2001).

Over the past years, both subviral particles and attenuated
iral strains that are in prophylactic use or considered as poten-
ial vaccines were tested as carriers of foreign antigens. Both
he recombinant surface (HBsAg) and core antigen (HBcAg) of
epatitis B virus (HBV) efficiently presented foreign epitopes

o the immune system (Pumpens et al., 1995; Yang et al., 2005).
owever, presentation of the 2F5e on recombinant HBsAg was
nable to elicit a neutralizing immune response (Eckhart et al.,
996), whereas presentation on the hemagglutinin of a chimeric

t
L
g
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nfluenza virus induced a neutralizing antibody response that
nhibited HIV syncytium formation (Muster et al., 1994). By
he same assay system, the neutralizing capacity of antisera
irected to a chimeric plant virus displaying 2F5e was docu-
ented (Marusic et al., 2001). These observations underline the

otion that the ability of the 2F5e to elicit neutralizing antibod-
es depends on the molecular context in which it is presented to
he host immune system and the neutralizing assay system used.
hese studies are representative for our observations reported
ere. A neutralizing antibody response was clearly detectable
n guinea pigs, but less well in marmosets. For the human

onoclonal antibody 2F5 it is assumed that it neutralizes HIV
nfectivity by preventing a conformational change required for
ull infectivity (Barbato et al., 2003). In support of these find-
ngs, the data described here clearly indicate that the 7 amino
cids of the 2F5e are presented on the HAV particles’ surface in
stable conformation able to elicit a neutralizing response. The
articular location on the carrier and thus limited accessibility
f the 2F5e might be a major determinant for variable neutral-
zation ability (Muster et al., 1994; Eckhart et al., 1996; Marusic
t al., 2001). Moreover, the experimental animal used for anti-
ody production and the neutralization assay system certainly
ill have an effect on the ability to demonstrate a protective

mmune response.
An attenuated HAV strain has been successfully shown to

revent overt and asymptomatic hepatitis A and thus to serve as
live vaccine (Zhao et al., 2000). Although not directly tested,

t can be assumed that this vaccine might elicit a mucosal immu-
ity. Shown in mice, rectal immunization with the HAV vaccine
nduced a strong systemic (spleen cells, humoral antibodies)
nd local (Peyer’s patch cells) immune response (Mitchell and
alun, 2003). Moreover, ingestion of HAV by the gastrointesti-
al tract stimulates IgA production due to contact of the virus
ith the mucosa-associated lymphoid tissue (Dotzauer et al.,
000). Mucosal tissues are also the major sites of HIV entry and
nitial replication (Lehner et al., 1999). Therefore, an effective
trategy to prevent HIV infection must consider the use of a
accine that elicits both systemic and mucosal immunity. Secre-
ory immunoglobulins A, in fact, may function as a first line
f defense, preventing the transmission of the virus through the
ucosa.
Using the replication-competent chimeric HAV described

ere, it will be intriguing to determine whether this virus induces
mucosal immune response protecting both against HAV and
IV infections.
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