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Highlights
The next step inmRNA vaccine design is
the application of viral-based self-
amplifying mRNAs (replicons) that pro-
vide long-lasting humoral and cellular im-
mune responses upon single, low-dose
immunization.

Replicons encode their own replication
machinery to boost their copy numbers
directly after administration in target
cells, which dramatically lowers the re-
quired initial mRNA dose and may con-
sequently reduce adverse effects in
individuals.
mRNA vaccines have won the race for early COVID-19 vaccine approval, yet im-
provements are necessary to retain this leading role in combating infectious dis-
eases. A next generation of self-amplifying mRNAs, also known as replicons,
form an ideal vaccine platform. Replicons induce potent humoral and cellular re-
sponseswith few adverse effects upon aminimal, single-dose immunization. De-
livery of replicons is achieved with virus-like replicon particles (VRPs), or in
nonviral vehicles such as liposomes or lipid nanoparticles. Here, we discuss in-
novative advances, including multivalent, mucosal, and therapeutic replicon
vaccines, and highlight novelties in replicon design. As soon as essential safety
evaluations have been resolved, this promising vaccine concept can transform
into a widely applied clinical platform technology taking center stage in pan-
demic preparedness.
Recent advances in mRNA formulation
using lipid or solid nanoparticles create
opportunities for novel applications for
replicons such as mucosal delivery.

Replicon vaccines hold potential as a
platform technology when safety as-
pects are properly addressed.

A diverse spectrum of replicons have
been developed for innovative applica-
tions such as multivalent and therapeutic
cancer vaccines.
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The mRNA vaccine landscape – what is on the horizon?
Synthetic mRNA vaccines made their grand entrance during the coronavirus disease 2019 (COVID-
19) pandemic after many years of fundamental and preclinical research. Given their rapid
development, cell-free manufacturing (see Glossary) and high clinical efficacy, mRNA vaccines
outcompeted conventional live-attenuated, inactivated, and protein-based subunit vaccines in the
race for early vaccine approval [1]. However, themassive rollout ofmRNA vaccines also revealed chal-
lenges in balancing the high administration dosewith adverse effects, the requirement of prime–boost
vaccinations, and the necessity of cold-chain storage. These challenges can be overcome by the next
generation of mRNA vaccines based on self-amplifying mRNA, also known as replicon RNA [2–4].

Whereas mRNA vaccines encode a protein of interest, replicons have been engineered as a mo-
lecular chassis encoding the gene of interest (GOI; transgene) and all essential elements allowing
self-amplification of the replicon RNA. The rapid amplification of replicon RNA in target cells in-
creases the expression of the protein of interest (e.g., a viral (glyco)protein) (Figure 1) and induces
a protective immune response at a markedly lower initial RNA dose than conventional mRNA vac-
cines [2,3]. The self-amplifying replicon genes have been derived from a wide variety of positive-
stranded RNA viruses. In this review, we focus on alpha- and flavivirus-based replicons as they
are best studied for both human and veterinary applications [5,6]. Because the viral structural
genes have been replaced by a transgene, the replicon RNA cannot spread in the environment,
which is a key difference with chimeric or recombinant virus vaccines (Box 1) [7,8].

The replicon technology has several key advantages over traditional vaccines. First, as the trans-
gene is synthetically derived and the replicon cannot spread, replicon manufacturing processes
have low biocontainment restrictions and application is safe-by-design [9]. Second, the trans-
gene can simply be inserted into the ‘plug-and-play’ replicon (e.g., the commercially available
Simplicon plasmid of Merck/Sigma–Aldrich), allowing rapid application in case of emerging infec-
tious disease outbreaks. Finally, due to the self-amplifying character of the replicon vaccine, both
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Figure 1. Schematic representation of the protein of interest expression induced by a conventional mRNA and
a replicon vaccine. Once released in the cell, the mRNA is translated to produce the protein of interest. In contrast to
mRNA, replicon RNA encodes alongside the protein of interest, self-amplifying genes (depicted in blue) that amplify the
replicon RNA. This intracellular amplification will subsequently result in higher expression levels of the protein of interest.
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Glossary
Antibody-dependent enhancement:
the increased severity of disease as a
result of pre-existing, non-neutralizing
antibodies against the pathogen.
Carcinoembryonic antigen: a protein
found in a wide range of cells that is often
associated with certain tumors and fetal
development when detected at elevated
levels.
Cell-free manufacturing: the
production of biological compounds
(e.g., RNA, DNA, or proteins) without the
interference of a living cell.
Circular RNA (circRNA): novel type of
mRNA vectors that are synthetically
derived by ligation of in vitro transcribed
linear RNA fragments.
Helper RNA: in vitro transcribed RNA
that encodes and supplements
structural proteins to the repliconmRNA,
allowing encapsulation of the mRNA in
VRPs.
Intramuscular injection:
administration of a biological compound
directly into specifically selected
muscles.
Intravenous injection: administration
of a biological compound directly into
the vein.
Ministring DNA: a small linear,
covalently closed plasmid DNA without
any undesirable bacterial sequences.
Multivalent vaccine: a vaccine that
aims to induce protective immunity
against various pathogens or serotypes.
Nanostructured-lipid carrier (NLC):
LNP that consists of solid lipids, liquid
lipids, surfactants, water, and the active
pharmaceutical ingredient.
Plug-and-play principle (replicon):
straightforward and effortless exchange
of genetic elements of an existing
platform technology (often from a fully
synthetic origin).
Replication-competent virus (RCV):
a propagation-competent virus that
originates from a propagation-defective
viral vector (replicon) which acquired
structural genes for propagation via an
RNA recombination event.
Replicon RNA: an mRNA molecule
that encodes the genetic elements
necessary for the self-amplification and
transient protein of interest expression.
RNA-dependent RNA polymerase
(RdRp): a versatile enzyme that
catalyzes genomic RNA replication and
transcription.
Safe-by-design principle (replicon):
a genetic design that is self-limiting and
cannot escape the host cell.
humoral and cellular immune responses are triggered, which promises induction of protective im-
munity with a single low-dose immunization [2,3,10]. Despite a thorough understanding of the bi-
ology and the benefits of replicon technology, commercial application of alphavirus- and
flavivirus-based replicons has only just commenced.

Here, we provide an overview of current challenges in replicon formulation and delivery and
the safety considerations that need to be overcome. We discuss future opportunities for
mucosal and therapeutic vaccination as well as novel advances in replicon design that can
be exploited to transform this promising vaccine concept into a widely applied clinical plat-
form technology.

Developments in replicon vaccine formulation and delivery
The most straightforward replicon formulation is based on naked delivery of the nucleic acids to
the target cell. Early studies showed that direct injection of a low dose (10 μg) of naked RNA was
sufficient to establish potent cellular and humoral immune responses in mice [11]. However,
throughout the years, studies continued to report the susceptibility of naked RNA to nucleases
and thus their underperformance in clinical applications [12,13]. While the replicon RNA amplifies
itself and mediates the production of the protein of interest reaching 15–20% of total cell protein,
the high sensitivity to RNases and poor capacity for internalization into the host cell, compromise
the full capabilities of the naked replicon RNA [8,14]. Hence, several more stable modalities have
been developed and are still being optimized, such as VRPs, as well as nonviral delivery systems,
such as liposomes and lipid nanoparticles.
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Solid lipid nanoparticles (SNPs): a
lipid nanoparticle that consists of solid
lipids with a crystalline matrix containing
the active ingredient.
Transgene: a gene that is artificially
introduced into the genome of the target
(micro)organism.
Vaccine platform: technology that
allows the development of multiple
vaccines based on the same building
blocks with the aim to speed the
registration process and the availability
of future vaccines
Virus-like replicon particle (VRP):
single-cycle, propagation-defective
particle, that mimics the wild-type virus’
outer shell to deliver the encapsulated
replicon mRNA into cells.
VRPs
Replicon RNA is packaged into VRPs by the viral structural proteins expressed in trans from
helper RNAs (Figure 2A). The natural tropism of these particles, which are structurally similar
to a virus, enables the efficient delivery of the replicon to dendritic cells (direct priming) or target
cells that indirectly prime antigen-presenting cells, resulting in the induction of a robust immune
response [15,16]. Although the genetic cargo of the VRP consists of replicon RNA, which is lim-
ited to a single round of transduction, there is an anticipated risk of recombination between the
replicon RNA and the trans-provided helper RNA resulting in the generation of replication-
competent virus (RCV) during manufacturing [17]. RCV is an undesirable contamination in clin-
ical products. To eliminate the risk for RCV formation, split-helper systems are used for VRP pro-
duction with one helper RNA encoding the capsid protein and the other helper RNA the envelope
glycoproteins. Both helpers lack subgenomic promoter sequences to reduce homologous over-
lap with the replicon. At least two independent, nonhomologous recombination events would be
required to generate RCVs, but this has never been observed [18].

Another potential concern for VRP delivery is antivector immunity induced after repetitive applica-
tion of the highly immunogenic VRPs. Antivector immunity reduces the efficiency of vaccines as a
consequence of antibody binding to the delivery vehicle. These expectations were based on
Box 1. Mode of action of (viral) nucleic acid vaccines

mRNA

The structure of in vitro transcribed mRNA closely resembles cellular mRNA, and in general consists of a 5′-terminal 7-methylguanosine cap analog; a 5′ and 3′ untrans-
lated region (UTR); the gene of interest (GOI); and a polyadenosine (poly-A) tail (Figure IA). To optimize the mRNA for vaccination purposes, modifications have been
applied to increase the vector stability, translation efficacy, or immunogenicity. Since these nucleic acid vaccines encode solely the GOI, they are unable to replicate
in, or spread to, neighboring cells.

Replicon RNA

Replicon RNA resembles in vitro transcribed mRNA, but additionally encodes viral replicase genes. These genes allow the rapid amplification of the mRNA and thereby
increase the production of the GOI in comparison to non-amplifying mRNAs. The self-amplifying viral genes originated from viruses, for example, alphaviruses and
flaviviruses (Figure IB). Alphavirus-based replicons contain a separated open-reading frame (ORF) upstream of the GOI that encodes all the replicase proteins. In con-
trast, in flavivirus-based replicons these replicase proteins are encoded in a single ORF downstream of the GOI. Since replicon RNA does not encode all alphavirus or
flavivirus structural proteins, the RNA is propagation defective. As a result, replicon RNA vaccines are, similar to the non-amplifying mRNA vaccines, categorized as syn-
thetic nucleic acid vaccines.

Chimeric virus

Similar to replicon RNA vaccines, chimeric virus vaccines are used to express protective antigens of a heterologous viral pathogen. The genomes of chimeric viruses
encode their own replicase, but the structural genes are (partly) substituted for genes of a heterologous virus to induce protective immune responses against these
structural proteins upon vaccination. Since both viral structural and replicase genes are maintained, viral propagation is observed in contrast to the non-propagative
character of replicon vaccines. Therefore, chimeric virus vaccines are categorized as live-virus vaccines (Figure IC).

Recent chimeric alphavirus vaccine research focused on the development of a safe chimeric alphavirus vaccine platform based on the insect-restricted Eilat virus. The Eilat virus
structural genes were replaced with the genes of highly pathogenic alphaviruses, such as VEEV, eastern equine encephalitis virus, and chikungunya virus [103].

For flaviviruses, the production of a chimeric vaccine was successfully demonstrated for the well-studied and attenuated YFV 17D strain. This strain was modified to
express the structural genes of the heterologous West Nile virus, DENV, and Japanese encephalitis virus (JEV). The YFV 17D vaccine vector for DENV or JEV structural
genes has been approved for human application [104–107].

Recombinant virus

Similar to chimeric virus vaccines, recombinant virus vaccines are based on modified viral genomes to express an exogenous GOI (Figure ID). However, in contrast to chi-
meric virus vaccines, the recombinant viruses encode all the genes for viral replication and encapsidation/transmission. Despite the many applications of the alphavirus-
based replicon platform, the cytopathic nature of the complete alphavirus genome make them less favorable as recombinant virus vaccines. In contrast, recombinant fla-
vivirus vaccines have been considered feasible in their use as an immunotherapy or for the protection against bacterial or viral infectious diseases [108–110]. Notwithstand-
ing, other viruses such as vesicular stomatitis virus, adenovirus or measles virus have been described more frequently in their use as recombinant viral vectors and pose a
suitable alternative [111–113]. Similarly to chimeric viruses, recombinant-vectored viruses are categorized as live-virus vaccines.
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Figure 2. Schematic overview of replicon delivery vehicles. (A) In trans coexpression of replicon RNA and helper RNAs in a mammalian production cell line enables
encapsulation of replicon RNA in virus-like replicon particles. Delivery vehicles can also be based on nonviral carriers that encapsulate the replicon RNA in (B) liposomes,
(C) lipid nanoparticles, or (D) nanostructured lipid carriers in a cell-free manufacturing process. The delivery vehicles protect the replicon RNA and allow efficient delivery to
target cells upon immunization.

TrendsTrends inin BiotechnologyBiotechnology

Figure I. Schematic overview of (viral) nucleic acid vectors. (A) An mRNA molecule contains the coding sequence of the gene of interest (GOI) flanked by a 5′m7G cap-
analog and a 3′ poly-A-tail. Similar to the mRNA vector, (B) virus-based replicons encode the GOI but also self-amplification genes, allowing RNA amplification. Both mRNA and
replicon vectors are propagation-deficient as they do not encode a complete structural gene cassette. This is in contrast to (C) chimeric and (D) recombinant virus vectors that
encode a complete (heterologous) structural gene cassette. These genes facilitate viral propagation, not limiting transduction of the viral vector to a single cell.
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interfering antivector responses in the adenovirus and vaccinia virus vector field [19,20]. Although
vaccination with alphavirus or flavivirus VRPs can trigger vector-immune responses, these did not
adversely influence the vaccine efficiency after repetitive vaccinations with the same VRP
[10,21–24]. Another study showed that five repetitive vaccinations with the same VRP did not
cause a decrease in serum antibody levels against a subsequent vaccination encoding a new
protein of interest [22]. These results demonstrate that VRPs can repeatedly be applied against
diverse antigens in a platform technology strategy without excessive interference of antivector im-
munity. However, to fully exclude antivector immunity, nonviral and lipid-based carriers for repli-
con RNA delivery can be considered.

Liposomes, lipid nanoparticles, and other nonviral carriers
Besides the VRP system, several alternative nucleic acid deliverymethods based on chemical for-
mulations have been developed and optimized over the years; namely, liposomes, liquid lipid
nanoparticles (LNPs), and solid lipid nanoparticles (SNPs). These synthetic formulations im-
prove vaccine stability, allow efficient replicon delivery, and rely onmanufacturing processes with-
out (mammalian) cell substrates. Most of these synthetic carriers are also extensively used in the
pharmaceutical industry for the delivery of antibodies, peptides, or contrast substances [25].

Liposomes consist of a charged lipid bilayer with an aqueous core that can capture hydrophilic
molecules such as DNA and RNA [26] (Figure 2B). The surface of liposome complexes can easily
be adapted with other moieties, such as polyethylene glycol (PEG)–lipid conjugates or small mol-
ecules (e.g., antibodies), to facilitate tissue-specific vaccine delivery. Although most phospho-
lipids used in liposomes spontaneously self-assemble when exposed to water, the ability to
scale up the production procedure, the efficient trapping of RNA, and the flexibility in liposomes
size are confined [26]. Early-generation cationic liposomes used in the formulation of RNA
might be challenged by the fact that RNA is sometimes exposed on the outside of the carrier
compromising both the stability and toxicity of the vaccine [27]. In contrast to VRPs, the bare
lipid exterior lacks immunogenic proteins, which prevents unfavorable antivector immunity [28].

A more flexible delivery platform for nucleic acids are LNPs, which are composed of a single layer
of lipids combined with surfactants (Figure 2C). The core is not required to be aqueous, but can
consist of liquid lipids (e.g., LNPs), solid lipids (e.g., SNPs), or a combination known as
nanostructured-lipid carriers (NLCs). Similar to liposomes, the lipid membrane of LNPs al-
lows for additional modification to either the surface as well as the drug cargo itself [27,29]. For
example, in 1998 the implementation of ionizable lipids revolutionized the LNP characteristics
and reduced innate immunogenicity towards the exterior lipid molecules used in early-generation
lipid carriers. In contrast to liposomes, these newer-generation LNPs require a carefully controlled
manufacturing process that first captures the RNA at low pH while an additional step neutralizes
the lipid charge for effective in vivo delivery. As a result, a more precise cargo formulation, broader
application due to the variability in core composition, and better control over LNP size are
achieved. These LNPs are taken up by antigen-presenting cells via receptor-mediated endocyto-
sis. Subsequently, the pH drop within the endosome results in protonation of the ionizable lipids
and facilitates membrane fusion of the LNP and release of the RNA into the cytosol.

The delivery of the replicon RNA formulated in LNPs does however require precise and extensive
testing as was observed in a study comparing the intradermal delivery of LNP-encapsulated rep-
licon RNA and naked replicon RNA in vivo. Upon injection of a high-dose replicon RNA:LNP com-
plex in mice, a short-lived peak in innate immune responses resulted in a lower replicon-mediated
protein expression compared to an injection with a low-dose replicon RNA:LNP complex. This
highlights that highly efficient delivery of the LNP-formulated RNA to the cells can sometimes
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induce a strong local innate immune response that counteracts the protein expression via mRNA
translational blockage [30]. To better control the delivery of the replicon RNA, the use of SNPs or
NLCs may be exploited. Both are developed to overcome the weaknesses of liposomes and
LNPs, such as stability, large-scale production, and drug release. The hybrid composition of liq-
uid and solid lipids in NLCs (Figure 2D) makes these superior to SNPs. The increased drug load-
ing capacity, the prolonged drug release and ability to stockpile vaccines in preparation for a
pandemic makes the NLCs a valuable delivery method [31–33].

DNA-launched replicons
In the early race for nucleic acid vaccines, the primary focus was on DNA instead of RNA. In the
case of replicon vaccines, a prerequisite of the in vitro transcription of replicon RNA is a DNA
template. Since the DNA template can also be delivered directly to the cell itself, thereby sur-
passing the need of an in vitro RNA reaction, DNA-launched replicon (DREP) constructs
were designed. A DREP is typically a circular double-stranded DNA molecule with a strong
promoter (e.g., human cytomegalovirus immediate early promoter) enabling RNA polymerase
II-driven transcription of replicon RNA in the nuclei of transfected cells [34–36] (Figure 3). The
replicon RNA is then transported to the cytoplasm as a capped mRNA and is translated to ini-
tiate self-amplification, similar to the direct delivery of in vitro transcribed replicon RNA [37]. A
DREP shows less susceptibility to nucleases, is intrinsically more stable, and simplifies storage
requirements in the logistic pipeline. However, the delivery of naked plasmid DNA to the nu-
cleus is more challenging than the delivery of mRNA to the cytoplasm [38,39]. Nonetheless,
combining advanced physical delivery techniques such as electroporation can aid the delivery
of DNA to the nuclei and result in similar levels of immune response elicited by naked replicon
RNA. Electroporation is mostly optimized for intradermal delivery of vaccines, which somewhat
restricts their application [40]; however, DNA can efficiently be delivered by LNPs both in vitro
and in vivo. It was observed that both protein of interest production and immunogenicity of
LNP-delivered DNA was higher compared with naked DNA [41]. To improve nuclear DNA de-
livery, specific sequence elements can facilitate recognition by transcription factors and aid the
translocation of the DNA via nuclear pores [42].

A potential safety concern of DNA vaccines is the theoretical risk of DNA vector integration into
the host genome or adverse (health) effects of prokaryotic elements. Fortunately, several studies
have shown that the risk of plasmid integration is negligible under a variety of experimental con-
ditions [43–45]. Provided that incidents of integration described in literature are rare, actual inte-
gration might depend on factors such as the route of administration, the cell type, the expressed
antigen, and the presence of prokaryotic elements [44,46,47]. In contrast to RNA vaccines, DNA
vaccines typically require a prokaryotic host for plasmid propagation; therefore, functional ele-
ments such as a replication origin and an antibiotic resistance gene are encoded on the DNA vec-
tor. Research shows that the prokaryotic sequence elements could affect expression in the
eukaryotic cells or cause DNA vector instability [48]. To tackle this, several strategies could be im-
plemented in the DNA vector design, such as the use of ministring/minicircle DNA [49].

Safety considerations that challenge vaccine registration
Widespread commercial application of replicon vaccines can have an impact on pathogen control
strategies, but to reach full potential of the replicon technology, registration as a vaccine
platform is required. The vaccine platform concept relies on licensing a single replicon vector,
a standardized delivery method, and a well-defined process for inserting the transgene to gener-
ate different replicon vaccines which do not require extensive re-evaluation as part of the autho-
rization procedure. Indeed, the United States Department of Agriculture (USDA) already
registered alphavirus-based Venezuelan equine encephalitis virus (VEEV; vaccine strain TC83)
6 Trends in Biotechnology, Month 2023, Vol. xx, No. xx

CellPress logo


TrendsTrends inin BiotechnologyBiotechnology

Figure 3. Schematic overview of heterologous gene expression using a liposomal-delivered DNA-launched RNA replicon (DREP). (A) Upon liposomal
delivery to a cell, (B) the DREP migrates to the nucleus where (C) it serves as a template for the RNA polymerase II-mediated transcription of replicon RNA.
(D) Subsequently, the replicon RNA is transported to the cytoplasm where the self-amplification, mediated by replicase proteins, occurs. (E) During amplification,
cellular sensors recognize amplification intermediates (double-stranded RNA), enhancing host immunity. (F) At the same time, translation of the replicon RNA produces
the protein of interest (POI). (G) This will induce an antigen-specific immune response.
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replicon particles as veterinary platform technology (product code 9PP0.00), allowing rapid deliv-
ery of customized replicon vaccine for farmers [50]. EU regulations on veterinary platform technol-
ogies are currently in development to help increase the availability of vaccines [51]. Confidence in
replicon platform registration in the veterinary field will help establishing similar procedures for the
human vaccine field. Recently, the first human replicon vaccine was granted an Emergency Use
Approval by Indian regulators (Central Drugs Standard Control Organization; CDSCO). This
CDSCO-approved VEEV-TC83-based replicon vaccine expresses a severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) spike gene and is encapsulated in LNPs (license number
MF/BIO/22/000064 under PD/Vacc-06) [10,52–54].

Global authorization of alphavirus- and flavivirus-based replicon vaccines is expected now that
others have paved the way. The USDA-approved VEEV-TC83 replicon vaccine already showed
successful utilization in the immunization of millions of animals against a swine coronavirus – por-
cine epidemic diarrhea virus [55]. Furthermore, a live-attenuated, chimeric flavivirus vector
vaccine platform (ChimeriVax) is commercially available in Australia, Thailand, Mexico, the
Trends in Biotechnology, Month 2023, Vol. xx, No. xx 7
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Philippines, and Brazil [56]. In this chimeric yellow fever virus (YFV) vectored vaccine, the YFV en-
velope gene is replaced by a heterologous flavivirus gene to induce protective immunity against
Japanese encephalitis virus and dengue virus (DENV) in humans [57]. Whereas the Chimerivax
live-attenuated vaccines still encode structural genes, replicon vaccines do not encode the struc-
tural alphavirus or flavivirus genes, cannot spread in the environment, and consequently are an-
ticipated safer. Despite these recent successes, there are still challenges ahead for global
authorization of alphavirus and flavivirus replicon vaccines.

At present, the main challenges involved in the global authorization are potential safety concerns
regarding the replicative character of these vaccines. As for all self-amplifying vaccines, concerns
have been raised over adverse events in vulnerable individuals. For example, replicon vaccines
could persist in immunocompromised individuals as clearance may be less efficient. Another
group of consideration is pregnant women, especially when using replicon vectors derived
from viruses that cause congenital infections (e.g., VEEV and YFV) [58,59]. Nevertheless, it is ex-
pected that replicon RNA will not disseminate to the fetus, because the most common route of
replicon vaccine administration, intramuscular injection, is associated with local distributions
at the injection site. Intravenous injections can cause systemic distribution, but the placenta
will hinder passage of the replicon [60,61]. Even if the replicon spreads to the fetus, it is not ex-
pected to affect the development of the fetus as was shown for an attenuated YFV17D vector
vaccine [62,63]. However, additional preclinical and clinical studies are required to safeguard
the implementation of replicon vaccines in vulnerable individuals.

Lastly, the ability of replicon vaccines to recombine with circulating viruses must be considered. This
potential safety risk is based on reported genetic interactions between traditional live-attenuated vac-
cines and viruses in nature [64–70]. Moreover, several recombination events have been described for
alphaviruses of which themost intriguing has been the ancient recombination event between two dis-
tinct alphaviruses resulting in the pathogenic western equine encephalitis virus [71]. Although genetic
interactions between flaviviruses have been described as well, these are less likely to occur [72,73].
Nevertheless, even if the incidence of recombination is considered low, the consequences of such
an event need to be evaluated prior to the widespread distribution of replicon vaccines.

Revolutionizing replicon technology
A diverse spectrum of replicon vaccines has been developed, yet still new innovative advance-
ments and applications arise. Here, we provide some examples of recent and current develop-
ments that can revolutionize the replicon vaccine field.

Multivalent replicon vaccines
Multivalent vaccines are useful tools to control and prevent the spread of cocirculating or sea-
sonal pathogens as a greater number of protective antigens are presented to the immune sys-
tem. In the case of multivalent replicon vaccines, a single replicon can encode multiple
antigens, or multiple replicons each expressing a different antigen are mixed in one vaccine for-
mulation. Both designs have shown protection against a mixture of seasonal influenza strains,
and cocirculating Lassa and Ebola viruses [74,75]. Although multivalent replicon vaccines can
be rapidly developed and formulated, optimizing the composition of the individual target antigens
can be laborious and may require extensive testing. This is particularly important when
crossreactivity against different virus isolates of a virus is observed and antibody-dependent
enhancement leads to adverse effects in the vaccinated individual. For example, incomplete
protection of a tetravalent live-attenuated DENV vaccine against all DENV subtypes resulted in
an increased replication of non-neutralized DENV subtypes [76]. If antigen ratios are less impor-
tant and a platform technology is in place, multivalent replicon vaccine formulations can be a great
8 Trends in Biotechnology, Month 2023, Vol. xx, No. xx
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solution to effectively combat dynamic virus outbreaks, for example, SARS-CoV-2 with novel
variants continuously emerging.

Replicons targeting the mucosa
It becomes increasingly clear that local immune responses in mucosal tissue are important in the
protection against a wide range of pathogens [77]. Since the majority of viral pathogens enter the
host via the mucosal surfaces such as the respiratory, gastrointestinal, or urogenital tract, muco-
sal vaccination deserves more attention. In the ongoing SARS-CoV-2 pandemic, vaccines are
delivered via direct intramuscular injection and are mostly focused on systemic cellular and hu-
moral immunity without conferring sufficient mucosal immunity [78,79]. As such, the full potential
of reducing viral entry and shedding is not obtained.

In the past, the focus was on mucosal delivery of mostly live-attenuated vaccines as these
showed an effective immune response for an array of pathogens including poliovirus [80], influ-
enza A virus [81], and rotavirus [82]. However, the associated risk of reversion to virulence with
live-attenuated vaccines, and the lack of well-defined mucosal adjuvants, held back the explora-
tion of the mucosal administration route. The latter is mainly what self-adjuvating replicon vac-
cines may be able to tackle. In a recent study on intranasal vaccination with therapeutic VEEV-
TC83 replicon particles, effective delivery of the replicon RNA and a long-lasting expression of
the proteins of interest (anti-SARS-CoV-2 neutralizing antibodies) were able to prevent the
onset of viral infection [83]. On top of that, recent advances in liposome formulation and LNP en-
capsulation for RNA vaccines, and the propensity of these molecules to be taken up by the mu-
cosal tissue, creates new opportunities for replicon RNA application [84,85]. These add to the
capabilities of mucosal vaccines to be more easily mass delivered via noninvasive methods, for
instance via nasal sprays in humans, or via water and feed for livestock [86].

Therapeutic application of replicon vectors
In addition to the versatile application of alphavirus- and flavivirus-based replicon vectors as vac-
cine platforms, replicon vectors have also been utilized in cancer immunotherapy. These thera-
peutic replicon vaccines express tumor antigens to activate tumor-specific T cells and antibody
responses. The antigen target can be a general tumor factor such as carcinoembryonic
antigen, or a specific tumor-associated protein such as the human papillomavirus E6 and E7 an-
tigens [87,88]. Expression of the antigens by replicon vectors demonstrated promising immune
modulation and efficient tumor regression in recent clinical trials [87–91]. These encouraging clin-
ical results support additional studies to enhance immune responses and develop novel delivery
strategies, for example, intratumoral injection of LNP-encapsulated replicon RNA [92].

The future of replicons and replicons of the future
The replicon vector technology is constantly advancing. One recent development is the establish-
ment of a bipartite replicon vector system [93]. Whereas a monopartite replicon encodes the self-
amplifying genes and the transgene on one RNA strand, the bipartite replicon expresses the pro-
tein of interest from a trans-amplifying RNA. This carries a safety advantage for proteins of interest
that may otherwise package the replicon vector in a monopartite system, for example, glycopro-
tein of rabies virus [94]. Furthermore, this modular system allows pre-production of the replicon
vector and fast, on demand production of the variable RNA for the protein of interest.

New strategies are explored to improve the efficiency of the replicon vector by reducing the
replicon-induced interferon activation, which inhibits translation. Elements such as the vaccinia
virus E3L protein (Simplicon expression plasmid of Merck/Sigma–Aldrich) and Middle East respi-
ratory syndrome coronavirus ORF4a protein have been inserted in the VEEV-TC83-based
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Outstanding questions
How can the most efficient replicon
delivery vehicle per application be
predicted?

What type of data is needed to
guarantee the environmental safety of
replicon vaccines?

Inwhichway can regulatory procedures
be simplified or revised to obtain
authorization for replicons as a human
vaccine platform technology?

Can optimized self-amplifying mRNAs
eventually outcompete nonamplifying
mRNAs?

Will artificial intelligence tools be able to
revolutionize the de novo design of
miniaturized replicons?
replicon to evade innate immune recognition [95]. It was demonstrated that these elements can
abate the nonlinear dose dependency and enhance immunogenicity. However, putative recom-
bination events involving such a replicon may potentially generate viruses that are more patho-
genic than the wild-type virus the replicon was derived from, and thus strict safety testing is
required before deliberate release of such replicons in the environment is allowed.

We also foresee developments in a few other areas. First, there is a drive for miniaturization of the
replicon to reduce the length of the mRNA molecule. The replicons used most widely are based
on the alphavirus replicases, which consist of several interactingmultifunctional proteins encoded
by a relatively long 8–9-kb gene cassette. A shorter replicon RNA molecule will ease manufactur-
ing, increase RNA delivery efficiency, and reduce administration dose and possibly production
cost. Arguably, not all functions within the alphavirus replicase are required for RNA self-
amplification [96]. Through rational design in combination with directed evolution experiments,
smaller replicases may be generated that outperform the canonical alphavirus replicase. To
take this further, in theory an RNA-dependent RNA polymerase (RdRp) in combination with
the essential 5′ and 3′ noncoding regions at the replicon RNA termini is sufficient for self-
amplification. Viral genomes with RdRps sized ~2 kb are present in nature [97] and these may in-
spire future replicon design.

Second, de novo designed replicons may in the future not be subject to current genetically mod-
ified organism (GMO) legislation. With the implementation of artificial intelligence in the design of
proteins, we expect it will be possible to engineer small RdRps (based on sequence information
of all viral RdRp in public databases) using deep learning algorithms [98]. Various de novo assem-
bled proteins have been realized, demonstrating advantages in protein size and stability com-
pared to natural proteins [99]. In a similar way, novel synthetic RdRps not derived from, or
associated with, any particular virus family may be engineered. If successful, a replicon encoding
such RdRp plus a transgene (e.g., coronavirus spike gene) will have a similar legal status as the
currently licensed mRNA vaccines. In other words, these sophisticated ‘RNA machines’ will not
be subject to GMO legislation and/or registration procedures that may now restrict, or at least
delay, market authorization of alphavirus- and flavivirus-based replicons.

Lastly, circular RNAs (circRNAs) are a novel recent direction in the mRNA vaccine field
[100–102]. As these circRNAs lack free ends susceptible to exonuclease degradation, they
have an increased stability compared to capped, polyadenylated, linear mRNA vectors. Further-
more, circRNA in eukaryotic cell lines led to increased protein expression levels and improved
protein production half-life compared to the linear mRNA counterpart [102]. Although the delivery
of circRNA vectors in mice was promising, optimization was shown to be essential for specific
tissues [100]. To improve RNA stability, the development of replicon circRNA vaccines can
be explored.

Concluding remarks
From all recent advances in the delivery, efficacy, and safety of nucleic acid vaccines, a clear role
emerges for self-amplifying mRNA vaccines in the battle against current and future infectious dis-
ease outbreaks, and in the rapidly growing field of cancer immunotherapy. The most attractive
feature is that replicons encode their own replication machinery to boost their copy numbers di-
rectly after administration in target cells. The self-amplifying nature dramatically lowers the re-
quired initial mRNA dose and consequently reduces adverse effects in patients. However, the
current application of replicon technology barely touches the surface of what the system is capa-
ble of (see Outstanding questions). Our view is that it is possible to revise or simplify regulatory
procedures to license replicon vaccine platforms without extensive safety re-evaluations every
10 Trends in Biotechnology, Month 2023, Vol. xx, No. xx
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time the GOI changes. The paradigm shift in the vaccine field from protein to mRNA will definitely
help to mature replicon technology in general and promote the further improvement of these
sophisticated RNA machines.
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