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ABSTRACT Alphaviruses are positive-strand RNA vi-
ruses that can mediate efficent cytoplasmic gene expression in
insect and vertebrate cells. Through recombinant DNA tech-
nology, the alphavirus RNA replication machinery has been
engineered for high-level expression of heterologous RNAs
and proteins. Amplification of replication-competent alpha-
virus RNAs (replicons) can be initiated by RNA or DNA
transfection and a variety of packaging systems have been
developed for producing high titers of infectious viral parti-
cles. Although normally cytocidal for vertebrate cells, variants
with adaptive mutations allowing noncytopathic replication
have been isolated from persistently infected cultures or
selected using a dominant selectable marker. Such mutations
have been mapped and used to create new alphavirus vectors
for noncytopathic gene expression in mammalian cells. These
vectors allow long-term expression at moderate levels and
complement previous vectors designed for short-term high-
level expression. Besides their use for a growing number of
basic research applications, recombinant alphavirus RNA
replicons may also facilitate genetic vaccination and transient
gene therapy.

Alphaviruses are enveloped positive-strand RNA viruses that
have served as model systems for studies in virology and cell
biology (for review, see refs. 1 and 2). Over the past 10 years,
the alphavirus RNA replication and packaging machinery has
been adapted for expression of heterologous RNAs and pro-
teins in animal cells (for reviews, see refs. 3-6). As transient
expression systems, alphaviruses offer several advantages.
These include (i) a broad range of susceptible host cells
including those of insect, avian, and mammalian origin; (ii)
high levels of cytoplasmic RNA and protein expression without
splicing; and (iii) the facile construction and manipulation of
recombinant RNA molecules using full-length cDNA clones
from which infectious RNA transcripts can be generated by in
vitro transcription. Two principal strategies are being employed
for expression of heterologous sequences: (i) engineering
infectious recombinant RNAs that express additional sub-
genomic RNAs and (ii) replacement of the structural genes to
produce self-replicating RNA "replicons" that can be pack-
aged into infectious particles using defective helper RNAs or
packaging cell lines. In addition, incorporation of heterologous
ligands or receptors into the virion envelope may eventually
allow targeting of engineered alphavirus RNAs to specific cell
types. This overview briefly discusses the background, meth-
odology, and applications of these alphavirus vector systems,
which range from high-level protein production in cell culture
to the induction of protective immunity in animals.

The Alphavirus Lifecycle

The alphavirus particle contains a single genomic RNA com-
plexed with 240 molecules of a basic capsid protein (C),
surrounded by a lipid bilayer containing 240 E1E2 envelope
glycoprotein heterodimers. Both the nucleocapsid and the
envelope are organized with T = 4 icosahedral symmetry (see
ref. 7). Alphaviruses can infect a variety of cell types and
appear to be able to use more than one cell surface receptor
(2). After entry (1), the genomic RNA initially serves as an
mRNA for translation of the viral nonstructural proteins
(nsPs) required for initiation of viral RNA amplification.
RNA replication occurs via synthesis of a full-length minus-

strand intermediate that is used as the template for synthesis
of additional genome-length RNAs and for transcription of a
plus-strand subgenomic RNA from an internal promoter (Fig;
1). This subgenomic RNA, which can accumulate to levels
approaching 106 molecules per cell, is the mRNA for transla-
tion of the structural proteins. The synthesis of minus, plus, and
subgenomic RNAs is temporally regulated via proteolytic
processing of nonstructural polyprotein replicase components
by a virus-encoded protease residing in the C-terminal region
of nsP2 (8, 9).
The structural proteins are initially translated as a polypro-

tein (NH2-C-E3-E2-6K-E1-COOH) that is processed co-
and posttranslationally to produce the mature products. Cleav-
age at the C-E3 site is mediated by a chymotrypsin-like
protease activity residing in the C-terminal portion of the C
protein. E3 and E2 are initially made as a precursor (called
PE2 or P62) that is processed by a furin-like activity late during
release of the virus from infected cells. Envelope glycoproteins
El and PE2, separated by signal peptidase cleavages, form a
heterodimer that migrates through the secretory pathway to
the plasma membrane. In the cytoplasm, C-protein subunits
complex with the genome RNA to form a nucleocapsid that
matures by budding through the plasma membrane, acquiring
a lipid bilayer envelope with embedded viral glycoproteins.

Infectious Alphavirus cDNA Clones

Studies on the use of alphaviruses as vectors have required the
recovery of infectious replication-competent RNA transcripts
from cDNA clones. Functional full-length cDNA clones from
which infectious RNA transcripts can be synthesized have been
reported for SIN (10), SFV (11), VEE (12), and Ross River
virus (13). These clones have proven of great value for basic
studies on alphavirus replication, including the definition of
RNA elements important for RNA replication, subgenomic

Abbreviations: C protein, capsid protein; nsP, nonstructural protein;
CAT, chloramphenicol acetyltransferase; DHRNA; defective-helper
RNA; PAC, puromycin acetyltransferase.
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FIG. 1. Alphavirus replication cycle. Translated regions of alpha-
virus genomic and subgenomic RNAs are shown as boxes with the
nonstructural proteins and structural proteins (STRUCTURAL) in-
dicated as open and lightly shaded boxes, respectively. Cis-acting
sequences important for replication and transcription are shown
(small, checkered boxes) as is the sequence in the nonstructural region
important for encapsidation (solid box). The start site for subgenomic
mRNA transcription on the (-) strand genome-length RNA template
is indicated by an arrow. Translation initiation (aug) and termination
signals (trm) are indicated by open triangles and solid diamonds,
respectively (from ref. 4).

RNA transcription, and genome RNA packaging (2) (see Fig.
1). Since the alphaviruses are positive-strand RNA viruses,
virion-associated proteins are not required for initiation of the
replication cycle. Capped RNA transcripts, produced by in
vitro transcription with SP6 or T7 polymerase, are typically
used to transfect tissue culture cells, usually a continuous
hamster kidney line (BHK) or secondary chicken embryo
fibroblasts. RNA transfection is facilitated by DEAE-dextran,
cationic liposomes, or electroporation. In the latter method,
efficiencies can approach 100% for BHK cells (11).
Although less efficient than transfection of full-length

RNAs, alphavirus replication can also be initiated by trans-
fection of plasmid DNA (14, 15). In this case, full-length
5'-capped RNAs are transcribed in the nucleus using a poly-
merase II promoter and transported to the cytoplasm, the site
of primary translation and RNA amplification.

Replication and Packaging-Competent Vectors

Several approaches have been taken for independent expres-
sion of heterologous genes using the alphavirus RNA repli-
cation machinery. The identification of the SIN subgenomic
RNA promoter element allowed the construction of RNAs

.ylJ *

with additional subgenomic RNA promoters (Fig. 2). Recom-
binant RNAs containing two promoters for subgenomic
mRNA synthesis are referred to as double subgenomic RNA
vectors (dsSIN) (16-18). Heterologous sequences, expressed
via a second subgenomic mRNA, can be located either 3' or
5' to the structural protein genes. These vectors are both
replication and packaging competent and allow the rapid
recovery of high-titered infectious recombinant virus stocks
usually in the range of 108_109 plaque-forming units/ml. In
initial studies (16), dsSIN recombinants were engineered to
express bacterial chloramphenicol acetyltransferase (CAT), a
truncated form of the influenza hemagglutinin (HA), or
minigenes encoding two distinct immunodominant cytotoxic
T-cell (CTL) HA epitopes. Infection of murine cell lines with
these recombinants resulted in the expression of 106_107 CAT
polypeptides per cell and efficient sensitization of target cells
for lysis by appropriate major histocompatibility complex
(MHC)-restricted HA-specific CTL clones in vitro. In addition,
priming of an influenza-specific T-cell response was observed
after immunizing mice with dsSIN recombinants expressing
either truncated HA or the immunodominant influenza CTL
epitopes. This system allows the generation of high-titered
recombinant virus stocks in a matter of days and has been
useful for mapping and mutational analysis of class I MHC-
restricted T-cell epitopes expressed via the endogenous path-
way of antigen processing and presentation (19, 20). Because
of packaging constraints and instability of larger inserts upon
passaging, this approach is primarily useful for short (<2 kb)
heterologous sequences.

In other studies, dsSIN recombinants have been used to
express the Japanese encephalitis virus (21) and rubella virus
(22) stuctural proteins, to deliver a single chain antibody for
intracellular immunization against tick-borne encephalitis
(23), to map the domain of GLUT-4, the insulin-regulatable
glucose transporter, which is responsible for efficient intracel-
lular sequestration (24), to study structure-function aspects of
ras-like GTP-binding proteins involved in vesicular transport
(25-29), and to probe the interplay between viral and cellular
genes involved in apoptotic cell death (30, 31).
Another interesting application has been for gene expres-

sion studies in mosquito cells and mosquitoes (32). Engineered
dsSIN recombinants have been used to follow virus spread in
whole mosquitoes (33) and to express antisense RNAs or viral
proteins that are capable of specifically inhibiting replication
(34-36) and transmission (37) of heterologous viruses and may
be useful for studies of normal mosquito gene function via
antisense RNA-mediated inhibition.

Alphavirus RNA Replicons

The prototype replication-competent, but packaging-
defective, alphavirus RNA replicon was developed by replac-
ing the SIN structural genes with the CAT gene (38) (Fig. 3,
upper-left section). In cells transfected with this SIN recom-
binant RNA, CAT is expressed rapidly and up to 108 CAT
polypeptides are produced per transfected cell by 16-20 h.
CAT expression could be regulated by inclusion of a ts
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FIG. 2. Double subgenomic RNA vectors. Infectious alphavirus vectors that contain both the replication machinery and the structural proteins.
Heterologous gene products are expressed by synthesis of a second subgenomic mRNA. For other symbols see Fig. 1. Adapted from ref. 4.
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FIG. 3. Packaging of replicons by cotransfection of DHRNAs expressing the alphavirus structural proteins. See the text for details.

mutation blocking RNA synthesis. Similar RNA replicons
have also been developed for SFV (39) and VEE (R. Johnston,
personal communication).

Since these RNA replicons do not encode structural pro-
teins, they are incapable of spread and the level of heterolo-
gous product synthesized in transfected cells is directly related
to the transfection efficiency of the recombinant RNA. Con-
ditions for efficient RNA transfection using either cationic
liposomes or electroporation have been determined for only a
few cell types, which limits the usefulness of these vectors for
high-level production or experiments where expression in
every cell is required.

Packaging Systems

The utility of the alphavirus replicon expression systems has
been markedly improved by development of a series of defec-
tive helper RNAs that allow efficient packaging of RNA
replicons (39, 40). Defective-helper RNAs (DHRNAs) are
designed to contain the cis-acting sequences required for
replication as well as the subgenomic RNA promoter driving
expression of the structural protein genes. Packaging of SIN
replicons is achieved by efficient cotransfection of BHK cells
with both RNAs by electroporation (11) (Fig. 3). Replicase/
transcriptase functions supplied by the vector RNA lead not
only to its own amplification but also act in trans to allow
replication and transcription of the helper RNA. This results
in synthesis of structural proteins that can package the replicon
with >108 infectious particles per ml (5 x 109 infectious
particles per electroporation) being produced after only 16-24
h. Such stocks can be used, without further phenotypic selec-
tion, to infect cells for expression studies or high-level protein
production. Current experience suggests that it should be
possible to package replicons containing at least 5 kb of
heterologous sequence.
A spectrum ofDHRNAs have been characterized that differ

in their ability to be packaged (39-41; Fig. 4). Some DHRNAs
that allow packaging of the replicon as well as themselves are
useful under conditions where extensive amplification by
passaging is advantageous (Fig. 4A) (41). Other DHRNAs
allow efficient packaging of replicons but are packaged very
poorly themselves (Fig. 4B) (40). These latter helpers are

useful for applications where expression of the viral structural
proteins and virus spread are not desired.
A potential problem with the helper-free "one-way" pack-

aging strategy just described is that recombination can occur
between replicon and helper RNAs to produce wild-type virus
(43, 44). One approach to minimize this possibility is to use two
DHRNAs, one that expresses the capsid protein and a second
that expresses the viral glycoproteins (I.F., unpublished results;
Fig. 5). The capsid protein, expressed independently, accumu-
lates at high levels, but to achieve similar levels of viral
glycoprotein expression retention of the 5' terminus of the
capsid protein mRNA, which acts as a translational enhancer,
is required (see below). Deletions in the capsid protein gene
that preserve both the 5' terminus (the enhancer region) and
the 3' half (the sequences that code for the autoprotease
activity) but eliminate the region that binds RNA produce high
levels of glycoprotein expression from a second DHRNA (I.F.
and S.S., unpublished results). Capsid protein genes from
heterologous alphaviruses can also be used to enhance trans-
lation of the glycoproteins and should further reduce the
probability of wild-type virus generation via recombination.

In addition to packaging of alphavirus RNA replicons by
cotransfection with DHRNAs, continuous packaging cell lines
have been developed that express a DHRNA under the control
of a nuclear promoter (I.F. and-S.S., unpublished results). Such
cells may be useful for rescuing transfected RNA replicons,
titering packaged replicons, and production of large quantities
of packaged replicon stocks by low-multiplicity passage.

The Alphavirus Translational Enhancer

In the course of studying the expression of proteins by alpha-
virus replicons, it was noticed that the level of heterologous
protein expression was much lower than that observed for the
authentic C protein. This observation led to the discovery of
a translatik,1ial enhancer in the C-protein coding region (45,
46). A series of C-lacZ fusion constructs localized the element
to the 5' portion of the subgenomic RNA encoding the
N-terminal region of the C protein (45, 46). Subsequent studies
strongly suggest that an RNA element in this region of the
subgenomic RNA enhances translation of the C protein in
alphavirus-infected, but not uninfected, cells (45, 47). SIN-
lacZ replicons that lack this region express "50 ,ug of 3-ga-
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reponses neutralize infectivity and clear infection. In some
aspects, cell culture growth properties reflect these biological
differences. In permissive vertebrate cells, virus infection
results in the rapid shut off of host mRNA translation,
takeover of the translational machinery by viral mRNAs,
production of high titers of infectious virus, and cell death
within 12-24 h. In contrast, the rate of virus replication in
mosquito cells is slower, often with minimal effects on the
insect cell and persistent infections are readily established.
For some applications, high expression levels and rapid shut

off of host mRNA translation can be advantageous. For
instance, alphavirus-expressed proteins can be metabolically
labeled and analyzed directly without the need for specific
antisera.

Noncytopathic Gene Expression in Mammalian Cells
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FIG. 4. Bipartite and "helper-free" packaging strategies for alpha-
virus replicons. (A) Cotransfection with this DHRNA containing a 5'
tRNA and cis-acting packaging signal (bold cross; ref. 42) leads to
efficient packaging of both replicon and DHRNA (40). The 5' tRNA
enhances both DHRNA replication (40) and packaging (E. Frolova,
I.F., and S.S., unpublished results). Such bipartite alphavirus stocks
form plaques and can be amplified by multiple rounds of passaging. (B)
Using DHRNAs that lack the 5' tRNA and packaging signal, selective
packaging of the replicon RNA is obtained. This method is used to
produce "one way" vectors essentially free of packaged helper RNA.

lactosidase per 106 BHK cells, whereas cells infected with
replicons containing the enhancer element accumulate 10- to
20-fold higher levels (-650 gg of f3-galactosidase per 106 cells;
refs. 45 and 46).
Such high levels of expression necessitate that the heterol-

ogous protein be expressed as a C-protein fusion. Besides the
incorportion of a site for specific proteolytic cleavage in vitro,
several stratagies have been tried or are envisioned to pro-
duced high-level expression of unfused product in vivo. One
strategy employs the C-protein autoprotease activity that
cleaves at the C-PE2 junction and requires limited down-
stream PE2 sequences (46) (Fig. 6). Alternatively, to produce
heterologous proteins without additional N-terminal residues,
a ubiquitin monomer can be inserted in-frame between be-
tween C and the heterologous product. Such constructs are
cleaved efficiently in vivo by the host enzyme ubiquitin car-
boxyl-terminal hydrolase (see ref. 8 and citations therein).

Effects of Alphavirus Infection on Host Cell Biology

In nature, alphaviruses are transmitted to vertebrate hosts by
mosquitoes. Insect vectors become chronically infected with-
out apparent deleterious consequences. As mentioned earlier,
this property has allowed SIN vectors to be used for studies
requiring prolonged gene expression in whole mosquitoes. In
the vertebrate host, however, the biology of virus infection is
quite different. Replication is rapid to achieve titers high
enough for efficient transmission before virus-specific immune

For applications requiring long-term expression and minimal
pertubation of vertebrate host cell biology, alphavirus-induced
shut-off of host mRNA translation and cell death are unde-
sirable. It has been possible to select for changes in the
alphavirus replication machinery that allow persistent noncy-
topathic replication in vertebrate cells. One strategy has been
to establish a persistent infection of BHK cells with SIN (72).
One month later, a variant (SIN-1) was isolated by plaque
purification. SIN-1 can readily establish persistent infection of
naive BHK cells, suggesting that the SIN-1 genome contains
appropriate adaptive mutations. These adaptive changes have
recently been identified and are being incorporated into SIN
vectors (S.A.D. and S.S., unpublished results).
A second strategy has been to use a dominant selectable

marker, puromycin acetyltransferase (PAC; ref. 48), to select
for adapted SIN replicons (I.F., T.A.H., B.M.P., M. Lippa, S.S.,
and C.M.R., unpublished results). This approach is outlined in
Fig. 7. SIN replicons, lacking the structural genes and capable
of expressing PAC, were transfected into BHK-21 cells by
electroporation. After recovery, puromycin was added at
sufficient levels to inhibit translation in untransfected cells. In
transfected cells, SIN expression of PAC allows continued
translation of viral mRNAs and replication. But SIN replica-
tion also leads to shut off of host mRNA translation and
eventual cell death (see ref. 49) and the majority of the cells
will die, either as a consequence of SIN replication or puro-
mycin sensitivity. Surviving cells (10-6) must have undergone
some change, either in host or viral components, that prevent
cell death and allow continued expression of PAC. Given the
high mutation rate of RNA viruses when compared with host
DNA replication, it seemed most likely that changes in the SIN
machinery will be responsible for such an adaptation. This has
turned out to be the case and multiple puromycin-resistant cell
lines harboring adapted replicons have been obtained and
characterized. In two of these cell lines, Si and S24, the
adaptive mutation maps to the nsP2 gene. Incorporation of this
change into the replicon genome produces vector RNAs that
have no observable effect on host translation and are able to
establish long-term replication and expression in BHK cells.
Using double subgenomic RNA promoter constructs, electro-
poration and puromycin selection can be used to quickly
establish cell populations or clonal cell lines expressing het-
erologous RNAs and proteins (Fig. 7) (I.F., E. Agapov, and
C.M.R., unpublished results).

Host Range and Targeting Infection

While alphaviruses replicate in a variety of tissues, there are
substantial differences in tissue tropism for a particular alpha-
virus or among alphaviruses (50). Unfortunately, little is
known about the viral determinants, cognate cell surface
receptors, and intracellular environments that modulate entry
and replication. For example, SIN replicates efficiently in

Proc. Natl. Acad. Sci. USA 93 (1996)
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fibroblasts (20) and muscle but poorly in lymphoid cells (B. D.
Lindenbach and C.M.R., unpublished results). In contrast,
VEE readily infects lymphoid cells and engineered VEE
vaccine vectors can elicit protective mucosal immune reponses
(51). Most alphaviruses replicate in neurons, although the
efficiency of replication and cytotoxicity differ depending
upon the virus strain and the differentiated state of the neuron
(52, 53). In terms of choosing a particular alphavirus expres-
sion system, these differences are worth noting but the optimal
vector for a given application is best determined empirically.

For transient gene therapy in vivo, it would be advantageous
to target engineered alphavirus RNAs to specific cell types.
One approach is to modify the viral envelope. Such modified
viruses must be competent for assembly and release from
transfected cells but unable to bind and enter the normally
wide range of host cells that the virus usually infects. A
functional heterologous ligand or binding domain displayed on
the virion surface would allow selective virus binding to target
cells expressing the cognate binding partner. Once bound, the
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FIG. 6. Alphavirus vectors for high-level protein expression. In
SINrep5O4 (I.F. and A. A. Kolykhalov, unpublished results) replicons,
heterologous protein coding regions are fused, in-frame, downstream
of the C-PE2 cleavage site. Rapid autoproteolytic cleavage by the
chymotrypsin-like C protease releases the foreign gene product.

engineered virus must still be able to efficiently enter the cell
and initiate replication.
Experiments along these lines have been undertaken using

SIN (54, 55). Since a high-resolution structure is not available
for the SIN virion or the E1E2 heterodimer, a random
mutagenesis strategy was used to identify sites in the viral
glycoproteins permissive for insertion of an 11-amino acid
protective epitope (called "4D4") from Rift Valley fever virus.
Random insertion libraries were derived by treating plasmid
DNA with DNase I or methidiumpropyl-EDTA-Fe(II) and
permissive insertion sites were mapped in the E3, E2, 6K, and
El proteins (ref. 54 and unpublished data). Insertions near the
N terminus of the E2 glycoprotein or in an internal region of
E2 resulted in 4D4 epitope expression on the virion surface
and elicited a partially protective immune response against
lethal Rift Valley fever virus challenge (54).
These full-length random insertion libraries are now being

used to identify permissive insertion sites for other peptides
and larger functional domains that are compatible with recov-
ery of infectious virus. In the case of the Rift Valley fever virus
epitope library, replacement of the 4D4-encoding oligonucle-
otide in the full-length random insertion library with another
oligonucleotide can be accomplished in a single step and was
used to identify a cluster of sites in the E3 protein permissive
for insertion of an 81-residue heterologous peptide (S. London
and C.M.R., unpublished results). Similar experiments are in
progress for the gpl2O-binding domain of CD4, protein G, the
measles virus receptor (CD46), and single-chain antibodies
(S.A.D., E. Mendez, C.M.R., and S.S., unpublished results).

Besides modifying the alphavirus packaging machinery,
heterologous packaging systems may also prove useful for
delivering engineered alphavirus RNAs. Pseudotypes are
readily produced during encapsidation of retrovirus RNAs and
it may be possible to modify the retrovirus packaging machin-
ery to allow selective packaging and targeting (see ref. 56) of
heterologous RNAs.
Other strategies may be useful for extending the range of

susceptible host cells. For vesicular stomatitis virus, the G
glycoprotein mediates attachment and infection of many cell
types. Remarkably, expression of the G glycoprotein by an
SFV replicon leads to the production of low titers of infectious
virus-like particles (57, 58).

Other Applications

Besides reporters such as ,B-galactosidase and CAT, alphavirus
replicons have been used to express a variety of RNA and
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gene expression in mammalian cells. A SIN replicon expressing the
PAC gene is used to transfect BHK cells followed by puromycin
selection. At low frequency, surviving puromycin-resistant (purR) foci
appear and are cloned. RNA from these cell lines is screened for
adaptative mutations in the SIN replicon by transformation of naive
BHK cells to puromycin resistance at high frequency. Adaptive
mutations are then cloned and mapped by making chimeras with the
parental replicon. Modified dsSIN vectors, which include the adaptive
mutations and the PAC gene, allow rapid production of BHK cell lines
expressing heterologous genes without deleterious effects on the host
cell.

protein products in cell culture (3-6). Some published exam-

ples include the hepatitis B virus pregenome RNA (59), the
papillomavirus 16 capsid protein (60), the neurokinin receptor
(61), the human immunodeficiency virus glycoproteins (62),
and the hepatitis C virus glycoproteins (63, 64).
Given their efficient production of heterologous antigens,

engineered alphavirus RNAs also have significant potential for
in vivo applications (16, 51, 54, 65, 66) including vaccination
against primate immunodeficiency viruses (67). Various de-
livery strategies are just beginning to be explored. As described
above, infectious particles containing either double sub-
genomic RNAs or packaged RNA replicons could be used. In
the case of constructs expressing alphavirus structural pro-

teins, which have the potential to spread in vivo, safety issues
related to alphavirus pathogenicity remain a major concern.

Even using the best "helper-free" packaging system, packaged
replicons are likely to include low levels of packaged helper
RNA or recombinant wild-type virus (43, 44). Additional
safeguards, such as mutations in the spike glycoproteins that
require activation by in vitro proteolysis (68) or the use of
packaging machinery from highly attenuated alphaviruses (51,
69, 70), may help to diminish the possibility of pathogenic
consequences.

Alternatively, genetic immunization or transient gene ther-
apy could be accomplished using DNA or RNA constructs
lacking the structural proteins. In the case of DNA, a nuclear

promoter can be used to drive expression of replication-
competent SIN RNA replicons after transfection with DNA
(14, 15). Although less stable than DNA, RNA delivery should
also be considered since this would result in only transient
exposure to the nucleic acid minimizing the possibility of
integration and undesirable mutagenic consequences (65, 71).
In addition, replicons can be engineered to express multiple
subgenomic RNAs allowing coexpression of several protective
antigens along with cytokines or other immunomodulators to
enhance the generation of desired immune responses.
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