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Abstract

Live attenuated measles virus (MV) vaccines have an impressive record of safety, efficacy and ability to induce life-long immunity against
measles infection. Using reverse genetics technology, such negative-strand RNA viruses can now be rescued from cloned DNA. This technology
allows the insertion of exogenous genes encoding foreign antigens into the MV genome in such a way that they can be expressed by the
MYV vaccine strain, without affecting virus structure, propagation and cell targeting. Recombinant viruses rescued from cloned cDNA induce
immune responses against both measles virus and the cloned antigens. The tolerability of MV to gene(s) insertion makes it an attractive
flexible vector system, especially if broad immune responses are required. The fact that measles replication strictly occurs in the cytoplasm
of infected cells without DNA intermediate has important biosafety implications and adds to the attractiveness of MV as a vector. In this
article we report the characteristics of reporter gene expression (GFP, LacZ and CAT) and the biochemical, biophysical and immunological

properties of recombinant MV expressing heterologous antigens of simian immunogeficiency virus (SIV).

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Modern approaches in vaccinology and immunology have
lead to the discovery of a number of antigens potentially
allowing to address complex diseases such as AIDS, cancer
and malaria, if administered in an appropriate way. There-
fore, the establishment of potent antigen delivery systems
became essential for the progress in this field. The use of live
attenuated viral vectors appears promising especially since
multiple antigens can efficiently be presented to the immune
system. Attenuated measles virus (MV) vaccine represents
a number of essential features for the development of can-
didate prophylactic and therapeutic vaccines. Among these
features are safety, immunogenicity and cost effectiveness of
the recombinant vaccines.

* Corresponding author. Tel.: +41 31 980 6518.
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MYV belongs to the genus Morbillivirus in the family
Paramyxoviridae. 1t is an enveloped virus with a long non-
segmented RNA genome of negative polarity [12]. In 1954,
Enders and Peebles inoculated primary human kidney cells
with the blood of David Edmonston, a child with measles
[7], and the resulting Edmonston strain of MV was subse-
quently adapted to growth in a variety of cell lines. Adaptation
to chicken embryos, chick embryo fibroblasts (CEF), and/or
dog kidney cells and human diploid cells produced the atten-
uated Edmonston A and B, Zagreb (EZ) and AIK-C seeds
[12,13,25]. Edmonston-B was licensed in 1963 as the first
MYV vaccine. However, being reactogenic it was abandoned
in 1975. Further passages of Edmonston A and B on CEF
produced the more attenuated Moraten vaccines [26].

Today, the Schwarz/Moraten, AIK-C and EZ vaccines
are commonly used. MV vaccines induces a life-long
immunity after a single or two low-dose injections [12,13].
Persistence of antibodies and CD8 cells has been shown
for as long as 25 years after vaccination [22]. MV vaccines
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are easily produced on a large scale in most countries and
can be distributed at low cost. Because the attenuation of
MYV genome results from an advantageous combination of
numerous mutations, the vaccine is very stable and reversion
to pathogenicity has never been observed [13]. Regarding
safety, MV replicates exclusively in the cytoplasm, ruling
out the possibility of integration into host DNA. These char-
acteristics make live attenuated MV vaccine an attractive
candidate for use as a multivalent vaccination vector.

A reverse genetics system for MV was established allow-
ing the rescue of infectious MV from cloned cDNA [24].
Additional MV-specifc transcription units containing mul-
tiple cloning sites were introduced into the MV antigenome
(i.e. cDNA sequence) allowing the addition and simultaneous
expression of several exogenous genes. Genes from Hepatitis
B virus (HBV), Simian or Human Immunodeficiency viruses
(SIV, HIV), Mumps virus (MV), West Nile virus (WNV) and
human IL12 were inserted and expressed from different loci
of the MV genome [3,5,6,16,21,23,27-29,31].

Here we show that multiple marker genes coding for
chloramphenicol acetyltransferase (CAT), green fluores-
cent protein (GFP) and beta-galactosidase (B-gal) can be
expressed simultaneously by the same progeny. In addition,
recombinant MVs expressing single or multiple antigenes of
SIV induced strong and enduring humoral immune responses
in experimental animals.

2. Materials and methods
2.1. Cells

Cells were maintained as monolayers in Dulbecco’s mod-
ified Eagle’s medium (DMEM), supplemented with 5% fetal
p(+)MV

nt1 Sacll Pacl
T7 nt 2040 nt7238
1

calf serum (FCS) for Vero cells (African green monkey kid-
ney), and with 10% FCS and 1.2 mg of G418 per millilitre
for stably transfected human embryonic kidney cells 293
(293-3-46) cells.

2.2. Plasmids and viruses

All constructs described in this report are derivatives of
plasmid p(+)MV [24]. From this plasmid several vector plas-
mids were generated bearing additional transcription units
that contain suitable restriction sites for easy exchange of
ORFs. These sites include BssHII, SnaBI, Aatll, Mlul and
Nrul that flank a GFP ORFE. The GFP ORF can, thus be
swapped with transgene inserts derived from pathogens by
the specific unique restriction sites that are also unique at the
extremities of the transgenes. Care has to be taken that, in
the final constructs, the total number of nucleotides in the
recombinant antigenomic MV sequence has to be a multiple
of six [2].

A full-length MV plasmid containing three exogenous
marker genes was generated by insertion of green fluores-
cence protein (GFP) upstream of the N gene (position 1),
Beta-galactosidase (LacZ) between P and M genes (posi-
tion 2) and chloramphenicol acetyltransferase (CAT) between
H and L genes (position 3) (Fig. 1). The generation of
multi-reporter plasmid is basically originated from three
independent plasmids expressing eGFP [5], LacZ [21] and
CAT [15]. The Sacll-Pacl segment containing the LacZ of the
plasmid p(+)MPLacZV expressing LacZ from position 2, was
exchanged with the Sacll-Pacl segment of p(+)MeGFPNV
plasmid giving rise to an intermediate p(+)MeGFPNLacZPV.
The final triporter plasmid was generated by replacement of
the PacI-NotI fragment containing the CAT gene of the plas-
mid p(+)MHCATV expressing CAT from position 3 with
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Fig. 1. Schematic representation of the modifications introduced into the antigenomic p(+)MV of measles virus. The GFP, LacZ and CAT were inserted
simultaneously into the antigenomic p(+)MV plasmid (see Section 2). SIV genes, env, pol and gag were inserted as reported previously [31]. Plasmids
containing env gene in position 2 and gag gene in position 3, p(+)MV2env-SIV and p(+)MV3gag-SIV, were digested with Sacll-Pacl. The SacIl-Pacl insert
of p(+)MV2env-SIV replaced that of p(+)MV3gag-SIV, to generate p(+)MV2,3env,gag-SIV. Arrows indicate the insertion positions of additional transcription
units. T7 is the T7 RNA polymerase promotor. T7t is the T7-terminator. 3 is the hepatitis delta ribozyme.
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the PacI-Notl fragment of the p(+)MeGFPNLacZPV. The
cloning procedures of plasmids carrying the SIV genes were
carried out basically as described by Wang et al. [31], PCR
amplifications were performed using the proof reading pfu
DNA polymerase (Stratagene).

A PCR amplification of the SIV-gag and env genes was
done by specific primers flanked by SnaBI and BssHII
and inserted in positions 2 or 3, respectively (Fig. 1)
generating two different full-length plasmids [31]. Both plas-
mids p(+)MV2env-SIV and p(+)MV3gag-SIV (Fig. 1) were
digested with Sacll and Pacl. The fragment SaclI-Pacl from
p(+)MV2env-SIV was swapped by that of the p(+)MV3gag-
SIV, resulting with the plasmid p(+)MV2,3env,gag-SIV. All
recombinant viruses were rescued according to Radecke et al
[24], by a slightly modified protocol [31].

2.3. Assays for stability of protein expression

Rescued viruses were serially passaged 10 times on Vero
cells seeded into 35-mm-diameter plates that were infected
with the standard and recombinant MVs at an MOI of
0.01 PFU/cell. After monolayer was fully infected (100%),
1% of the supernatant of each culture was used to infect the
subsequent Vero cells monolayer. To test transgene expres-
sion and stability, viruses from passage 1 and 10 were used
for further characterization of expression by immunofluores-
cence and Western blots essentially as described before [29].

2.4. Immunofluorescence

To visualize expression of proteins, infected cells on cov-
erslips were fixed with 3% paraformaldehyde in PBS, and
permeabilized with 0.1%TX100 in PBS, washed with block-
ing solution (PBS containing 1% BSA) for 1 h, and stained
with the specific antibody [19,20]. Monoclonal anti-SIV
gp120 and a polyclonal anti-SIV-gag antibodies were used
in a dilution of 1:300 v/v followed by FITC or Cy3 conju-
gated goat anti-mouse or anti rabbit serum, respectively. Cells
were analyzed on a confocal microscope.

2.5. Confocal microscopy

The imaging system consisted of a Leica inverted micro-
scope DM IRB/E, a Leica true confocal scanner TCS NT and
a Silicon Graphics workstation. The images were recorded
using a Leica PL APO 63x oil or a PL APO 40x oil
immersion objective. The system was equipped with an
argon/krypton mixed gas laser. Image processing was done on
a Silicon Graphics workstation using “Imaris” (Bitplane AG,
Zurich, Switzerland), a 3D multi-channel image processing
software specialised for confocal microscopy images.

2.6. Sucrose gradient purification of MV and
recombinant MVs

Purification of MV and recombinant MVs is performed
essentially according to Spielhofer et al. [29]. Supernatants

from approximately 6 x 10° PFUs of MV and recombinant
MVs from infected cells were first clarified by centrifuga-
tion, at 7000 x g for 20 min, and layered on a cushion of
1 ml each of 20% and 60% sucrose in TNE (1 mM Tris pH
7.8, 100mM NaCl, 10 mM EDTA). After centrifugation at
28,000 rpm for 90 min in a SW41 rotor, the sucrose inter-
phase (1 ml) was taken, diluted to 20% sucrose and applied
on the top of a 20%, 30%, 40%, 50% and 60% (2 ml each)
sucrose step gradient, followed by centrifugation in an SW41
rotor at 29,000 rpm for 16 h (to equilibrium). Gradients were
prepared using Auto Densi-flow (Labconco, USA). A control
gradient (containing no virus) was run in parallel to measure
fluctuation of the density. Fractions, approximately 500 pl,
were collected and density was measured by weighing twice
100 pl from each fraction. Similarly, the density of the control
fractions was determined. Less than 6% differences in den-
sity among corresponding fractions of all the gradients were
detected. Protein contents in each fraction were analyzed by
SDS-PAGE followed by immunoblotting.

2.7. Immunoelectron microscopy

Sucrose gradient purified MV and rMV-SIV viruses were
pelleted by ultracentrifugation (30,000 rpm/min for 2 h) and
re-suspended in 30 wl PBS pH 7.6, 1 .l was placed on grids
for negative stain or immunogold staining. Polymorphic MV
virus virions with a size of 300—400 nm containing ribonucle-
oproteins (RNP) were visualized. For immunogold staining,
grids treated with anti-MV-H or anti-SIV-gp120 monoclonal
antibodies were washed in PBS and further incubated for
60 min at room temperature with a dilution of 1:100 of 6 nm
colloidal gold particles coated with protein A (Aurion, the
Netherlands). Free protein A-gold complexes were washed
away according to standard protocols.

2.8. Animals and immunization

Genetically modified mice [IFNARtm-hCD46Ge [18] sus-
ceptible to MV infections were used for immunization
experiments. These mice express the human CD46 gene with
human-like tissue specificity, with in addition, a target muta-
tion inactivating the interferon receptor type I. The animals
were kept under optimal hygienic conditions and were immu-
nized at 6-8 weeks of age. Immunization was performed
intraperitoneally (i.p.) with 2 x 10* PFU of each recombinant
MYV in two injections, at 0 and 4 weeks. Non-infected mice
served as control. UV inactivated MV was used as a control
to determine the effect of virus replication on activation of
immune responses.

2.9. MV RNA quantification by real-time PCR

Total RNA from mouse spleens was extracted as previ-
ously described [18]. For reverse transcription, the minus-
strand primer 5 -TTATAACAATGATGGAGGGTAGGC,
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hybridizing to the last 24 nucleotides of the N mRNA,
was used. Real-time quantitative TagMan PCR based on
the primer pair 5'-GGGTACCATCCTAGCCCAAATT and
5'-CGAATCAGCTGCCGTGTCT, amplifying 73 bases
of the N mRNA, and the molecular beacon 5'-
FAM-CGCAAAGGCGGTTACGGCCC-DABCYL, where
6-carboxyfluorescein (FAM) serves as the reporter flu-
orochrome and 4-dimethylaminophenylazobenzoic acid
(DABCYL) serves as the quencher, was performed accord-
ing to the protocol of the supplier (Perkin-Elmer, Applied
Biosystems). Briefly, each 25 .l reaction mixture contained
2 1 of cDNA from the RT reaction, 12.5 .l of TagMan PCR
Master Mix (Perkin-Elmer), a 240 nM concentration of each
primer, and 160 nM molecular beacon. One cycle of denatu-
ration (95 °C for 10 min) was applied, followed by 45 cycles
of amplification (95 °C for 15s and 60 °C for 1 min). PCR
was carried out in a spectrophotometric thermal cycler (ABI
PRISM 7700 Sequence Detection System; Perkin-Elmer)
that monitors changes in the fluorescence spectrum of molec-
ular beacon FAM in each reaction tube during the course of
the reaction, resulting in a real-time analysis.

For real-time PCR quantification, a standard curve was
generated from triplicate samples of purified MV N RNA
transcribed in vitro. Briefly, an MV N gene-containing plas-
mid, p(+)MNPCAT, was linearized with Stul and transcribed
in vitro by using T7 RNA polymerase. After digestion of
the DNA template with RNase-free DNase I (Roche, Basel,
Switzerland), the generated MV N RNA transcript was
purified and analyzed on an agarose gel, followed by determi-
nation of the concentration by spectrophotometry. The linear
copy number range from4 x 10'%to 4 x 103 copy equivalents
per reaction (10-fold dilutions) was taken for RT-PCR ampli-
fication and detection of corresponding threshold cycles,
which ranged from 14 to 31, corresponding to 4 x 10'? to
4 x 103 MV N RNA copy equivalents per RT-PCR, respec-
tively. The determined viral RNA load was expressed as MV
N RNA copy number per 1 pg of total RNA, and the calcu-
lation of MV N RNA copies per average cell was done by
considering that about 2 x 10° splenic cells contain approx-
imately 1 pg total RNA.

2.10. ELISA assays

2.10.1. MV ELISA

The presence of MV-specific antibodies in the sera from
the immunized IFNARtm-hCD46Ge mice (10 per group) was
determined by ELISA using microwell plates coated with
measles virus EIA bulk (ATCC VR-24) for IgG antibody
detection (Virion, Zurich). Protein was diluted to 0.6 pg/ml
with 0.05 M carbonate buffer (pH 9.4), and 100 pl/well was
added to 96-well microtiter plates. The plates were incubated
overnight at 4 °C, washed with PBS-0.05% Tween 20 (PT),
incubated with PT (0.1 ml/well)-10% bovine serum albumin
for 60 min at 37 °C, and washed again with PT. Serial two-
fold dilutions of the tested sera were added (100 wl/well), and
the plates were incubated for 60 min at 37 °C.

The plates were washed with PT and were incubated
with 100 pl per well of goat anti-mouse IgG (Gamma) HRP
(074-1802 KLP) diluted 1:5000 in PBS-0.05% Tween 20 for
30 min at 37 °C. The plates were washed with PT and incu-
bated with 100 wl OPD (o-Phenylendiamin, Fluka, 78411).
The reaction was stopped after 3—4 min. Plates were read on
a MicroElisa reader at a wavelength of 492 nm. Readings
higher than three-fold above negative controls were scored
as positive reactions.

2.10.2. SIV env ELISA

Anti-SIV env IgG antibody titers in the sera of immu-
nized mice were determined by ELISA assay. Briefly, 96-well
plates were coated with SIV mac239 gp130 antigen kindely
obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH (SIV mac239
gp130, Catalog Number: 2322) diluted with carbonate buffer
pH 9.4 at a concentration of 50 ng/well. The plates were incu-
bated overnight at 4 °C and washed with PT. Subsequently
unspeciic interaction were blocked with 10% defatted milk
dissolved in PT for an hour at 37 °C and wells were washed
again with PT. The plates were consecutively incubated with
various dilutions of mouse sera (starting at 1:100, followed
by serial two-fold dilutions), peroxidase-conjugated goat
anti-mouse IgG (074-1802 KLP) and with OPD substrate
(o-Phenylendiamin, Fluka). Optical density values were mea-
sured at 492 nm. Values above the cut-off background level
(mean value of sera from MV immunized mice multiplied by
afactor of 2.1) were considered positive. Titers were depicted
as reciprocal end-dilutions.

3. Results
3.1. Protein expression by recombinant MV vectors

We have shown earlier that large transgenes (2-3.2kb)
[21,31] are stably expressed by MV vector. Multiple
insertions, and simultaneous expression of multiple genes
appeared challenging. Fig. 2A shows that three reporter genes
of GFP, LacZ and CAT are actively expressed by a single MV
construct. The total size of inserted genetic material, around
30% of MV-genome, did not restrict virus assembly or gene
expression. Since reporter genes are cytosolically expressed,
it is possible that their expression may not be hampered by
virus assembly and growth that usually takes place at the
cell surface. We therefore, determined the efficacy of expres-
sion of heterologous antigens of SIV env (a transmemberane
protein) and gag (a cytosolic protein). Fig. 2B indicates the
expression of both env (green) and gag (red) in the same syn-
cytia. The stability of expression was determined after 10
passages on Vero cells demonstrating the stability of protein
expression of single transgene (pol), previously reported and
used here as a control, or double transgenes (env and gag)
(Fig. 2C). These results support the use of MV as a vector for
expression of single or multiple genes.
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Fig. 2. Expression and stability of marker genes (GFP, LacZ and CAT) and heterologous antigens of SIV (env, gag and pol). (A) Expression of GFP, LacZ and
CAT by a single recombinant virus. Vero cells were infected with recombinant MV and syncytia were visualized by UV for GFP, and light microscopy for
LacZ and CAT after beta-gal and CAT assays. (B) Co-expression of SIV env and gag simultaneously by recombinant MV. Indirect immunofluorescence assays
performed on single syncytia of cells infected recombinant MV expressing SIV env and gag. Monoclonal anti-SIV gp120 coupled to FITC and polyclonal
anti-gag antibody coupled to Cy3 visualized the localization of env and gag by confocal microscopy. (C) Stability of transgene (s) expression by recombinant
MV. Vero cells were infected with recombinant MVs expressing either pol or both env and gag genes. Shed virions were passaged 10 time (see Section 2).
Virions of passages 1 and 10 were used to infect equal Vero cells cultures at an MOI of 0.1. Appearance of syncytia was monitored by microscopy. After
36-48h p.i. cells were lysed and equal amounts of lysates were analyzed by SAS-PAGE and immunoblots using polyclonal anti-SIV antibody. Standard MV

was used as a negative control.

3.2. Density and composition of MV and infectious
recombinant MV particles

We were concerned that envelope proteins (with trans-
membrane domains) of foreign viruses (in this case the
SIV-env) might be integrated into the lipid envelope of
matured recombinant virus, thus affecting the tropism of
the virus. Therefore, cell-free virus particles (recombinant
MV-SIV expressing either env alone or both env and gag)
from infected Vero cell cultures were sedimented to equilib-
rium on a 20-60% sucrose gradient by ultracentrifugation.
To determine the protein contents of each fraction, gradient
fractions were analyzed by Western blots and probed with
monoclonal anti-gp120 (for SIV-env) and a mixture of
monoclonal antibodies to MV P, and M and, in a separate
experiment, using a monoclonal anti-MV-H antibody (for
MYV). In addition, infectivity of the gradient fractions and
density were determined (Fig. 3). The MV infectious par-
ticles were detectable in fractions 10-15 of both gradients.
Subsequently, MV P, M, components of the infectious par-
ticle were also detected in these fractions (10-15) (Fig. 3A).
Some SIV-env protein was detectable in the top fractions of
the gradient (Fig. 3A, fractions 2-7), likely due to membrane
associated env that was not clarified by centrifugation.
Upon expression of SIV-env and gag together, a slight shift
of SIV-env into heavier fractions was observed (Fig. 3B).

However, the env-gag complex did not co-localize with
MYV particles. The fact that only in the presence of gag and
env, the desity was shifted heavier, only if env and gag are
co-expressed indicating that these antigens may have formed
a complex or virus-like particles (VLP) of higher density
than the env alone (Fig. 3B). Determination of the buoyant
densities of all particles did not show differences between
recombinant MVs and standard MV (1.16 g/ml-1.20 g/ml).
In summary, we demonstrate that SIV-env protein does not
incorporate into the MV lipidic envelope and that the only
structural modification made to virions was the addition of
the env, gag or env-gag genes into the viral genomic RNA.

3.3. Immunoelectron microscopy of MV and
recombinant MV

In order to visualize envelope protein localization and
distribution as well as potential incorporation of SIV-env
into the MV envelope and to corroborate the above bio-
chemical data, cell-free MV and recombinant MV-SIVs
were examined by immunoelectron microscopy. Viruses
were immunolabeled with an indirect reaction employing
anti-MV-H monoclonal antibody cl5, or monoclonal anti-
SIV-env antibody (gp120) followed by protein A coated
with 6nm or 10nm colloidal gold. The anti-H antibody
was reactive to the envelope of the large pleomorphic MV
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Fig. 3. SIV env protein containing the transmembrane domain does not incorporate into mature recombinant measles viruses. Cell-free viruses were analysed
by ultracentrifugation on a 20-60% sucrose gradient. (A, B) The protein-content, infectivity and density of each fraction was analyzed by immunoblots,
plaque assays and precision wt determination, respectively. The SIV env protein was detected using monoclonal anti-SIV-gp120 antibodies. MV proteins were
identified using monoclonal anti N and M antibodies (A) and anti-H (B). (A) The localization of SIV env and M V-structural proteins, respectively, is shown for
the same gradient fraction. (B) The localization of SIV env and gag after co-expression by a single recombinant was compared to the localization of MV H. A
shift in the density of the SIV env upon concommitant expression of gag from the double recombinant MV. (C) Immunoelectron microscopic visualization of
the double recombinant MV (expressing env and gag simultaneously). Cell free viruses were pelletted over a 20% sucrose cushion and fixed and stained on EM
grids and further treated with specific antibodies. Monoclonal anti-MV-H antibody coupled to 10 nm gold particles, or monoclonal anti-SIV-gp120 coupled to

6 nm gold particles were used. Bars =200 nm.

virions (Fig. 3C) which show typical electron-dense RNP
structures accumulated inside the H-containing envelope. In
contrast, anti-SIV antibody did not localize to on the surface
of recombinant MV particles. Few gold particals were spo-
radically observed away of the virus (Fig. 3C). Interestingly,
VLPs were observed only in the preparation of recombinant
MYV expressing both SIV-env and gag (MV2,3env,gag-SIV)
(Fig. 3C) while no VLPs were observed in recombinants

expressing SIV-env alone (not shown). The diameter of
these round-shape structures varried from 50-100 nm were
lightly coated with anti-SIVgp120-colloidal gold particles
suggesting that SIV env is likely present on these particles.
Since this phenomenon is only occuring upon coexpression
of SIV-env and gag, we conclude that the presence of VLPs in
this preparation is due to env-gag association. These results
are in accord with previous findings from a different lab [32].
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3.4. Invivo replication of MV and recombinant MVs
TagMan technology was used to quantify the in vivo repli-

cation of the recombinant viruses. Ten mice susceptible to
measles infection were immunized i.p. by 10* PFU MV, and

ccine 25 (2007) 2974-2983

spleens were collected at an interval of 2 days during 10 days
post immunization (Fig. 4A). Isolated total RNA was reverse
transcribed, using a minus-strand primer that hybridizes to
the last 24 nucleotides of the N mRNA, and a segment of 73
bases of the cDNA was amplified by PCR (see Section 2).
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Fig. 4. Immunization of transgenic mice with MV and recombinant MVs. (A, B) Kinetics of the in vivo replication of MV (A) and the magnitude of replication
of recombinant MVs was compared to that of the standard MV (B). The kinetics of replication was determined by TagMan (see Section 2). (A) Mice were first
immunized with 10* PFU of standard MV. Every 2 days, the number of MV-N copies were determined from spleens of two mice. (B) Mice were immunized
i.p. with equal MOI of standard MV or recombinant MVs. Spleens were collected 5 days post immunization and total RNA was purified and the number of
MV-N copies per pg RNA was determined (see Section 2). (C, D) Induction of humoral immune responses by MV and recombinant MVs against MV and SIV
env. The induction of anti-MV antibodies in CD46 transgenic mice persisted up to 50 weeks post immunization. As shown in the different panels, MV and
recombinant MV-SIVs induced comparable anti-MV IgG profiles, irrespective of the size of the gene insert. (C) Anti-MV antibody was measured by standard
ELISA assays, and anti-SIV env antibody was measured by end-dilution (see Section 2). (D) For SIV env ELISA, sera from five mice were pooled, and coated
plates were treated as described in Section 2. Values above the cut-off background level, mean value of sera from MV immunized mice (negative controls)
multiplied by a factor of 2.1, were considered positive. Titers were depicted as reciprocal end-dilutions.
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As a standard for quantification, in vitro transcribed MV N
RNA was used. The results of triplicate experiments show that
the MV replication was highest at day 2 post immunization
(108 copies per wg total RNA) and then gradually decreased
reaching a three logs reduction at day 10 (Fig. 4A).

To determine whether rMV-SIV viruses replicate in the
same fashion, similar experiments were done on spleen sam-
ples withdrawn 5 days post immunization. Mice immunized
with MV and rMV-SIVs (MV2env-SIV, MV3env-SIV, and
MV2,3env,gag-SIV) showed replication of these viruses at
a comparable level (Fig. 4B). These results indicate that in
vivo, MV and recombinant MVs replicate with similar kinet-
ics. Although the double recombinant MV2,3env,gag-SIV
showed a slightly lower copy number of N mRNA, this did
not significantly affect the induction of immune responses
(see below).

3.5. MV vectors induce persistening humoral immune
responses against MV and SIV antigens

The expression of SIV-env, and gag was documented ear-
lier. The recombinant viruses expressing env in postion 2, or
3, and a recombinant virus expressing simultaneously env in
position 2 and gag in position 3 were also used to immu-
nize transgenic mice. Immune responses towards MV, and
SIV-env were determined by ELISA. MV specific antibody
responses induced by the standard MV vaccine or M V-
SIV were comparable up to 50 weeks post immunization
(Fig. 4C). UV inactivated MV induced only marginal lev-
els of antibody titers fading away very quickly, indicating
that replication of MV or tMV is necessary to induce high
and persisting immune reponses. For the three rMV-SIV vec-
tors the initial induction of IgGs against SIV-env protein
appeared very different at 8-20 weeks post immunization,
but the antibody levels reached rather similar end points at
50-week post immunization (Fig. 4D). While very high early
(8 weeks) anti-env antibody titers were induced by the double
recombinant MV2,3env,gag-SIV, recombinant MV express-
ing env from position 3, MV3env-SIV, appeared to elicit
the lowest initial anti-SIV-env antibody titer at week 8 post
immunization. This is remarkable in view of the fact that the
double recombinant grew to slightly lower titers than the other
two recombinants (Fig. 4B). We observed that anti-SIV-env
antibody titers remained rather high, declining only slowly
after 20 weeks, similar to anti-MV antibodies. Therefore, the
longevity of humoral immune response against foreign anti-
gens appear to follow kinetics similar to those observed for
the MV specific antibody response (Fig. 4D).

4. Discussion

The results described in this report demonstrate that the
non-segmented, negative strand RNA measles virus used as a
vector (i) can stably express heterologous genes singly or in
combination, (ii) excludes foreign antigens, shown for SI'V-

env, from incorporation into the envelope of viral progeny,
and (iii) single or multiple genes expression induce long-lived
humoral immune responses against the vector (MV) and the
inserted gene-products (SIV).

Due to the helical structure of the MV nucleocapsid, it
appears that there is no definite size limitation for the inser-
tion of foreign genetic material (size of inserts can exceed
5kb). Whereas this value was established for reporter genes,
insertions of similar size encoding STV antigens was also suc-
cessfully achieved. Although the genetically heavily loaded
viruses propagated slightly slower than standard MV, the
resulting end viral titers were similar. Even more gratify-
ing was the observation that after 10 serial passages, with
a total amplification of around 10%-fold, the high genetic
stability of rMVs ensured expression of different genes,
including pathogens derived heterologous genes [30]. While
large inserts may be tolerated mainly in view of the little
constraint on genome size for such a pleomorphic virus, with
a helical nucleocapsid, we believe that the stability of gene
expression is likely due to other factors. The tight RNP struc-
ture, the adherence of MV-genome to the rule of six defined
by Calain and Roux [2] and the very slow elongation rate
of RNA during replication may allow internal proof-reading
control by the viral polymerase.

The fact that MV is a live attenuated vaccine strain, genet-
ically engineered live recombinant MVs should be carefully
analyzed, e.g., confirmation of sequence identity of vector
moity to corresponding sequence of the original vaccine
strain. Indeed, regulatory hurdle may arise if essential bio-
logical properties of genetically modified organisms (GMOs)
are modified or completely changed. This also applies to
recombinant MV. Importantly, the maintained fuctionality
and targeting of the recombinant vaccine virus, i.e. its in
vivo tropism, should be maintained [19]. We analyzed the
incorporation of foreign transmembrane protein (SIV-env)
into the cell-free recombinant MV, biochemically and by
immunoelectron microscopy and could demonstrated that
SIV env was excluded from the envelope of MV. Therefore,
the induction of immune responses towards SIV-env is due to
the in vivo expression of the transgene during replication of
recombinant MV in target cells of the experimental animals
(reported here). In fact, the results presented here demon-
strate for the first time the replication of recombinant MV's
in transgenic mice.

The MV vectors carrying either single or multiple genes
at different genomic locations find various direct medical
applications, specifically for the development of prophylac-
tic multivalent vaccines. Interestingly, since MV efficiently
infects professional antigen presenting cells, macrophages
and particularly dendritic cells [8], MV-based vectors deliver
their foreign cargo directly to the most efficient antigen pre-
senting cells. Therefore, the wide experience with MV as a
measles vaccine favours the use of MV vector as a model
for the development of novel multivalent vaccines, including
HIV. MV and HIV have several properties in common, since
they both infect monocytes, macrophages and dendritic cells
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[8,14]. In this respect, an MV vector that targets the HIV
proteins in the same compartment as HIV itself may provide
advantages over alternative vector systems, particularly in the
induction of “danger signals” [17]. In addition, replicating
live attenuated MV has the advantageous capacity to induce
long-lasting immunity [13]. We also demonstrated here that
recombinant MVs, expressing SIV antigens, induced signif-
icantly high and long-lived antibody responses against both
MV and SIV-env antigen. Therefore, with its capacity to
induce a strong and long lasting protective immunity, the live-
attenuated MV expressing the appropriate HIV genes could
potentially serve as a pediatric vaccine protecting simulta-
neously against measles and AIDS. The immunogenicity
induced by our system is likely due to (i) quantitative lev-
els of expression and presentation of the antigens in cells
infected by live recombinant MV and, (ii) the proper and
efficient presentation to the immune system.

The immunogenicity of recombinant MV expressing het-
erologous antigens, beta-Gal [21], HBV [28], HIV [16] or
WNV [3], was tested in transgenic mice [18]. The recombi-
nant MV vector expressing Beta-Gal significantly activated
cellular immune responses [21]. Immune responses to HBV
surface and core antigens were tested both after intranasal
and intraperitoneal inoculation, revealing high levels of anti-
MYV antibodies and reasonable amounts of antibodies to HBV
[28]. tMV vectors expressing the secreted form of the E-
glycoprotein of WNV strain IS-98-ST1, and the surface S
antigen of SARS-CoV induced neutralizing antibodies to
both WNV [3] and SARS-CoV (Liniger et al., submitted).
Furthermore, immunization with chimeric MV-VSYV, enve-
lope swaps between MV (F and H) and vesicular stomatitis
virus G (VSV-G) protected immunocompromized mice from
lethal doses of VSV [9,29]. Most importantly, it was demon-
strated that pre-existing antibodies MV did not block the
immunogenic potential of recombinant virus that was able
to induce anti-HIV antibodies in pre-vaccinated mice and
macaques, provided that two injections were administered
[16].

The last feature is highly relevant to the potential wid-
spread use of MV as a vaccine vector. Indeed, the presence
of anti-MV immunity in nearly the entire adult human pop-
ulation would seem to restrict the use of MV recombinants
to infants, an already worthy goal in any event. However,
large vaccination studies showed that re-vaccinating already
immunized individuals results in a boost of anti-MV antibod-
ies, suggesting that the attenuated live vaccine replicated and
expressed its proteins in spite of pre-existing immunity [4].
Studies of cell-mediated immunity in infants given measles
vaccine during the first year of life show that the presence of
maternal anti-measles antibodies does not preclude the induc-
tion of anti-measles cellular responses and that responses can
be very efficiently boosted [10,11]. Under such circumstances
one might hope to be able to vaccinate adults against a for-
eign antigen with tMV. Indeed, this has been demonstrated
earlier, in preclinical models, by Lorin et al. [16], and results
from our laboratory (Liniger et al., not published). However,

it remains to be seen whether MV vectors can induce immu-
nity to carrier proteins in already immunized individuals and
to evaluate the safety of MV vectors in phase I and II clinical
studies. Such trials will aim at: (i) defining the appropriate
dose of rMV and (ii) demonstrating an acceptable reacto-
genicity profile of recombinant viruses and at confirming the
absence of in vivo virus shedding from vaccinees.

Finally, recombinant MV vaccine intended to immunize
humans simultaneously against measles and against addi-
tional infectious disease must be derived from an approved
strain of MV vaccine. For this purpose, a clinically approved
MYV vaccine Edmonston Zagreb (EZ) vaccine strain (Berna
Biotech LTD), that is widely used in Europe, Asia and Africa
and whose safety was also demonstrated as an aerosolized
vaccine in South Africa and Mexico [1] will be used.
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