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Summary
As a prerequisite for gene therapy applications, alphavirus-mediated delivery of reporter genes to different

brain regions in rodents has resulted in local, high-level expression of a transient nature. Infection of human
prostate tumor cell lines with recombinant Semliki Forest virus (SFV)-LacZ particles demonstrated a strong
induction of apoptosis that led to premature cell death. Injection of self-replicative SFV-LacZ RNA showed in
prophylactic and therapeutic effects in animals. Furthermore, injection of SFV vectors expressing interleukin-12
resulted in tumor regression in a mouse B16 melanoma tumor model. Similarly, injection of SFV vectors expressing
GFP, β-galactosidase or even empty SFV vectors led to p53-independent induction of apoptosis in nude mice with
implanted human lung carcinomas. Repeated injections showed improved anti-tumor responses without any visible
immune reaction against injected SFV particles. The envelope structure of alphaviruses has been modified to allow
cell/tissue specific targeting. Moreover, SFV vectors have been used for the production of retrovirus-like particles.
Extensive development on alphavirus vectors has resulted in novel non-cytopathogenic and replication-persistent
forms. Overall, alphavirus vectors can be considered highly attractive for future gene therapy applications.

I. Introduction
 Viral vectors have proven to be powerful for

efficient gene delivery both in vitro and in vivo. At present
there are many efficient viral vector systems described
including retroviruses, adenoviruses, AAV (adeno-
associated virus), herpes simplex virus and lentivirus. One
group of viruses that recently has received increased
attention is alphaviruses. The three most common
alphaviruses, of which expression vectors have been
developed are Semliki Forest virus (SFV) (Liljeström and
Garoff, 1991), Sindbis virus (Xiong et al., 1989) and
Venezuelan Equine Encephalitis virus (VEE) Davis et al.,
1989). The expression vector systems are generally based
on three modifications of the alphavirus genome (Fig. 1).
I. Replication-competent vectors, where in addition to the
full-length genome a second subgenomic promoter is
engineered to express the foreign gene of interest. II.
Replication-deficient vectors, where a helper vector is
required for the expression of the viral structural proteins.

III. Layered DNA vectors, where an RNA polymerase II
expression cassette drives the transcription of a self-
replicative RNA vector (replicon) (Berglund et al., 1996,
Dubensky et al., 1996). All three vector systems have their
special features and their advantages as well as their
disadvantages for different applications. The replication-
competent vectors have the greatest potential of infecting
a large population of cells in a tissue/organism due to their
capability to produce progeny virus. However, these
generated particles can pose a safety risk when used in
vivo if efficient cell/tissue-specific targeting is not
developed. The replication-deficient vectors represent a
higher safety level because no further virus production
occurs from them. However, the gene delivery efficiency
is impaired especially in larger tissue sections. On the
other hand, the expression levels obtained are extremely
high, which can contribute to better by-stander effects
seen in neighboring non-infected cells. Finally, the layered
DNA vectors are the safest gene delivery vehicles since no
viral particles are present at any stage. Obviously, their
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main disadvantage is the poor gene delivery efficiency
common to all plasmid vectors.

 In this review are highlighted the use of alphavirus
vectors for expression of recombinant proteins as well as
in vivo expression studies in rodents. The efficiency of
gene delivery to tumor cells and the efficacy of
intratumoral injections into animals with implanted tumors
are described. Furthermore, alphavirus vectors can be
employed for the production of retrovirus-like particles in
a simple and efficient way. Alphavirus particles, self-
replicating RNA molecules as well as layered DNA
vectors have been used for vaccine approaches that can be
applied to both prophylactic and therapeutic cancer gene
therapy. Emphasis is also put on the development of novel
alphavirus vectors for cell/tissue-specific targeting, for
lower toxic effects on host cells and prolonged expression
time.

 

 II. Gene expression in vitro
 Topologically different proteins (nuclear,

cytoplasmic, membrane and secreted proteins) have been
expressed at high levels from SFV vectors in a variety of
cell lines and primary cell cultures (Lundstrom, 1999).
Particularly G protein-coupled receptors (GPCRs) and
ligand-gated ion channels have been expressed at high
densities in mammalian host cells. Saturation binding

studies indicated that more than 100 pmol receptor per mg
protein and receptor densities of more than 6 million
receptors per cell were achieved. Functional coupling of
GPCRs to G-proteins could be demonstrated by measuring
intracellular Ca2+-release, inositol phosphate
accumulation, cAMP stimulation and GTPγS binding.
However, there are some potential disadvantages of using
SFV vectors for functional studies. SFV infection inhibits
the host cell protein synthesis, which will deprive the cells
from endogenous G-proteins and therefore result in less
efficient coupling. The other issue is the extreme receptor
levels obtained, which in itself will lead to an
inappropriate receptor / G-protein ratio for detection of
strong functional responses. To overcome these problems,
multiple infections with SFV vectors expressing both
GPCRs (α1b-adrenergic receptor) and G-proteins (Gαq, Gβ2

and Gγ2) were carried out in the same cells resulting in
substantially increased functional responses in COS7 cells
(Scheer et al., 1999). Establishment of large-scale SFV
technology in suspension cultures of mammalian cells led
to the production of high receptor yields (1-5 mg / l),
which has allowed efficient receptor purification for
structural studies (Hovius et al., 1998).  This efficient gene
expression and the possibility of simultaneous expression
of several proteins in the same host cell should be a good
basis for using alphavirus vectors for in vivo applications.
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III. Gene expression in vivo
Both Sindbis and SFV vectors have been used for

efficient gene delivery to rodent brain in vivo. Stereotactic
injections of replication-deficient Sindbis virus carrying
the LacZ gene into mouse nucleus caudatus/putamen and
nucleus accumbens septi resulted in high transient β-
galactosidase expression (Altman-Hamandzic et al.,
1997). Similar observations were made after injection of
SFV-LacZ particles into the striatum and amygdala of
male Wistar rats (Lundstrom et al., 1999a). The injected
animals were monitored for general health (food intake,
body weight, body temperature), sensorimotor function,
muscle strength and exploratory behavior and compared to
control animals injected with cell culture medium. No
significant differences were found between the two
groups. High, local expression of β-galactosidase was
observed at 1-2 days post-injection. The transient nature of
expression from replication-deficient SFV vectors became
evident from time-course studies that showed a decrease
in β-galactosidase levels at 4 days post-injection. Some
staining was still detectable at 28 days post-injection, most
likely due to the high stability of β-galactosidase. In situ
hybridization data also confirmed the transient nature of
expression. The SFV-mediated transgene expression in
vivo was remarkably neuron-specific. Similar observations
were obtained from primary rat hippocampal neurons
cultured on a feeder layer of astrocytes, where SFV-
mediated GFP expression was mainly detected in neurons

(> 90%) and in very few glial cells (< 5%) (Fig. 2).
Likewise, injection of SFV-GFP vectors into organotypic
hippocampal slices demonstrated that more than 90% of
the GFP-positive cells were of neuronal origin
(Ehrengruber et al., 1999).

IV. Alphavirus vectors in tumor cells
and animal models

It is well documented that SFV vectors causes a
strong induction of apoptosis after infection (Lundstrom et
al., 1997). This feature could therefore make SFV vectors
attractive for cancer gene therapy applications. It has been
shown that SFV vectors can efficiently infect human
prostate tumor cell lines and prostate duct epithelial cells
ex vivo (Hardy et al., 2000). Furthermore, strong apoptosis
was detected in cells infected with SFV-LacZ virus and
led to premature cell death. To achieve even stronger
responses in tumor cells, cytokine genes have been
introduced into the SFV vector. Intratumoral injections of
SFV-IL12 virus particles, expressing the p40 and p35
subunits of IL-12 from the same SFV vector, showed
significant tumor regression and inhibition of tumor blood
vessel formation in a mouse B16 melanoma model when
monitored by Doppler ultrasonography (Asselin-Paturel et
al., 1999).  Moreover, multiple injections resulted in
increased anti-tumor response, but interestingly no anti-
viral immune reaction could be detected.

Figure 2. Expression of GFP in primary rat hippocampal neurons. Primary hippocampal neurons were infected with SFV-GFP at a
multiplicity of infection (MOI) of 10 and visualized by fluorescence microscopy at 2 days post-infection.
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In another study, nude mice with implanted human
lung carcinomas were injected with various SFV vectors
(Murphy et al., 2000). It could be concluded that
intratumoral injections with SFV-LacZ, SFV-GFP or even
empty SFV particles (containing only the SFV replicase
genes) resulted in induction of p53-independent apoptosis
and in significant tumor shrinkage. Again, repeated
injections according to a scheme of 3 injections on
consecutive days followed by another series of 3
injections one week later turned out to be beneficial. Most
encouragingly, these repeated injections resulted in no
antiviral responses in the treated animals.

V. Cell/tissue-specific targeting
To further increase the safety of using alphavirus

vectors for gene therapy applications it would be of great
advantage to be able to specifically target virus infections
to specific cells / tissue. Sindbis virus (SIN) vectors with
105-fold reduction in infection rates of normal host cells
were obtained by introduction of IgG-binding domains of
protein A into the E2 membrane protein (Ohno et al.,
1997). Protein A-mediated infection occurred through
specific monoclonal antibodies reacting with cell surface
proteins. In another approach α- and β-hCG gene
sequences were introduced into the Sindbis envelope,
which led to no infection of BHK cells nor human cancer
cells lacking LH/CG receptors (Sawai and Meruelo,
1998). In contrast, choriocarcinoma cells showed high
infection rates. Targeting of SFV vectors has also been
initiated by the generation of chimeric SFV paticles wit
protein A domains in various regions of SFV E1 and E2
membrane proteins. Most of these chimeric SFV vectors
were not capable of producing virus progeny due to
incorrect folding of envelope structures (Lundstrom,
unpublished results). However, EM studies confirmed that
vectors with inserts close to the N-terminus of the E2
protein generated viable SFV particles. The infection rate
of BHK cell was dramatically reduced and studies on
infection through the protein A domains are now in
progress. The advantage of using SFV compared to SIN
vectors is the possibility to generate conditionally
infectious particles with the second-generation pSFV-
Helper2 vector (Berglund et al., 1993). These SFV
particles are almost non-infectious (1 particle out of 105

are infectious) without α-chymotrypsin treatment, which
means that chimeric SFV particles will have a further 105-
fold down-regulation of infectivity.

VI. Production of retrovirus-like
particles

The efficient recombinant protein expression from
alphavirus vectors has encouraged to produce retrovirus-
like particles by co-transfection of SFV vectors carrying
the gag-pol, env and LTR-ψ+-neo-LTR constructs from

Moloney murine leukemia virus (MMLV) into BHK cells
(Li and Garoff, 1996). The advantage of this approach is
that helper-free high-titer retrovirus-like particles
possessing reverse-transcriptase activity could be rapidly
produced, even when constructs contain intron sequences
(Li and Garoff, 1998). In another approach, retrovirus
virion RNA was cloned into the SFV expression vector.
Introduction of in vitro transcribed full-length chimeric
SFV-retrovirus RNA into retrovirus packaging cell lines
by electroporation or SFV infection resulted in retrovirus-
like particles that were capable of transducing target cells,
showed reverse transcriptase activity and could integrate
into the host cell genome (Wahlfors et al., 1997). Finally,
in a hybrid application of virus targeting and retrovirus
production, the SFV envelope protein genes were replaced
by the env gene from murine leukemia virus (MuLV),
which resulted in packaging of minimal virus particles
with strong affinity to host cells carrying MuLV receptors
(Lebedeva et al, 1997).

VII. Vaccine strategies
Traditionally application of vaccine strategies has

been to use alphavirus particles, self-replicative naked
RNA or layered DNA vectors for immunization of
animals to obtain cytotoxic T cell (CTL) responses and
protection against lethal challenges with virus (Lundstrom,
2001). In this sense, VEE has turned out to be a
particularly efficient vector. Immunization with VEE
particles expressing influenza HA resulted in complete
protection against intranasal challenge with influenza
virus in BALB/c mice (Caley et al., 1997). Likewise,
macaques vaccinated with VEE vectors expressing the GP
and NP structural proteins of Marburg virus remained
aviremic and were completely protected from the disease
(Hevey et al., 1998). The use of naked RNA or layered
DNA vectors for vaccination has become attractive
because of the simple and safe administration. The self-
replicative alphavirus vectors have gained much
popularity mainly because antigen-specific immune
responses could be obtained at concentrations 1,000-fold
lower than those for conventional plasmids (Hariharan et
al., 1998; Berglund et al., 1998).

More closely related to gene therapy applications,
vaccine strategies have also been initiated to induce tumor
immunity. Expression of the P1A gene from recombinant
SFV vectors resulted in induction of P185 tumor
immunity (Colmenero et al., 1999). Injection of self-
replicating SFV-LacZ RNA intramuscularly protected
mice from tumor challenge and prolonged the survival
time of mice with established tumors (Ying et al., 1999).
Furthermore, immunization of mice with 5 x 106 SFV
particles expressing the human papillomavirus early genes
E6 and E7 protected 40% of the animals from cervical
cancer challenge (Daemen et al., 2000).
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VIII. Vector development
Although the alphavirus vectors are rather efficient

in relation to gene delivery and transgene expression
efficiency, there are some disadvantages that need to be
addressed. The vectors are highly toxic to the host cells
and typically induce apoptosis. Additionally, shortly after
alphavirus infection there is generally a dramatic shut
down of endogenous gene expression, which will certainly
contribute to the premature cell death. In the case of
cancer gene therapy, this is necessarily not a negative
feature, but for other applications it might be favorable to
have a prolonged survival of the host cells. For this
reason, novel non-cytopathogenic vectors have been
developed for both Sindbis (Agapov et al., 1998) and SFV
(Lundstrom et al., 1999b). In both cases it turned out that
point mutations in the nonstructural gene nsP2 resulted in
the non-cytopathogenic phenotype. The non-
cytopathogenic Sindbis vector showed change in
phenotype only in a limited number of host cells (BHK
and Vero cells) and a significantly reduced RNA
replication, whereas the SFV vector showed a
substantially reduced cytotoxicity in all host cells tested
(BHK, CHO, HEK293, HeLa cells) including primary
neurons in culture. Moreover, the recombinant protein
expression from the mutant SFV vector was increased by
5- to 10-fold.

Another drawback with applying alphavirus vectors
has been their transient nature of gene expression. This
has been partly due to the high cytotoxicity subjected to
the host cells, but also the novel non-cytopathogenic
alphavirus vectors clearly show only short-term
expression mainly due to RNA degradation and
termination of RNA replication. Recently, it was
demonstrated that some point mutations or deletions in the
nsP2 gene of both Sindbis and SFV generated vectors with
persistent RNA replication that allowed a substantially
prolonged transgene expression in host cell lines (Perri et
al., 2000). Development of these novel vectors for long-
term gene therapy applications could be very attractive.

IX. Conclusions and future prospects
As described in this review alphavirus vectors can be

used as versatile tools for in vitro and in vivo gene
expression studies (Fig 3). The rapid high-titer virus
production, broad host range, cytoplasmic RNA
replication and extreme overexpression of recombinant
proteins are features that have made alphaviruses
attractive. Today, a multitude of recombinant proteins
have been successfully expressed from SFV vectors, not
the least the highly important family of GPCRs.
Moreover, techniques for in vivo gene delivery are well
established.
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Preliminary studies on tumor models in animal have
resulted in promising regression in tumor size and the
absence of immune responses against the virus after
repeated injections have been most encouraging. The
vaccine approach for cancer therapy with both therapeutic
and prophylactic efficacy obtained is also very exciting.
The proof of principle demonstrated for cell/tissue specific
targeting, should also encourage further development.
Novel non-cytopathogenic and replication persistent
vectors will certainly increase the application possibilities
of alphavirus vectors and should allow the use of
antisense, ribozyme and RNA interference technologies as
modes of cancer gene therapy. In general, it can be
concluded that the wide range of applications of
alphavirus vectors today should with further development
make them highly attractive for clinical trials and gene
therapy applications in the future.
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