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In addition to conventional vaccine development for infectious diseases, nucleic acid-
based vaccine approaches have recently been presented as serious alternatives to
previously used strategies based on live attenuated virus particles and subunit vaccines.
Particularly, RNA-based vaccines have proven attractive. In this context, immunization
with messenger RNA (mMRNA) has provided strong immune responses and protection
against challenges with lethal doses of pathogenic viruses in vaccinated animals.
Alternatively, the efficient RNA replication mechanism provided by self-amplifying RNA
(saRNA) viruses has been utilized. Enhanced immune responses with reduced doses
required for immunization has been obtained in comparison to conventional mMRNA
administration. The rapid spread and destruction caused by the COVID-19 pandemic has
substantially accelerated the demand for the development of robust and efficient vaccines
against SARS-CoV-2. Both mRNA- and saRNA-based COVID-19 vaccine candidates are
currently in human clinical trials.
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INTRODUCTION

In search for alternative vaccine development methods to
conventional live attenuated viruses and subunit vaccines based
on recombinant protein expression, nucleic acids have been
investigated as delivery and expression vehicles [1]. In this
context, DNA vaccines have proven to be safe with only few
side effects and improvements have been demonstrated by
application of nanoparticles and electroporation for delivery
and enhanced immunogenicity by addition of suitable adjuvants
[2]. Moreover, it has been shown that intracutaneous injection
of DNA is superior to intramuscular or subcutaneous
administration. More recently, RNA-based vaccines have
become attractive as delivery vehicles for vaccines. RNA-based
vaccines have become potentially promising as alternative
approaches to conventional vaccine development [3]. The
advantage of RNA-based immunizations compared to
administration of DNA is the immediate translation of mMRNA
in the cytoplasm, omitting the step of inefficient delivery to the
nucleus [4]. However, in contrast to plasmid DNA, single
stranded mRNA molecules are substantially more prone to
degradation. A potentially attractive approach for RNA-based
vaccines is to apply self-amplifying RNA (saRNA) viruses as
they can provide extensive replication of the delivered RNA in
the cytoplasm, thereby significantly enhancing the mRNA
population resulting in stronger antigen production and elevated
immune responses. In this review, the focus is on saRNA
viruses as delivery vectors for vaccine development to target
infectious diseases although they have also been frequently
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utilized for cancer vaccine [5]. However, it is appropriate to
include a brief summary of mRNA-based vaccines including
several approaches for improving the stability and delivery of
mRNA in vivo. Due to the current COVID-19 pandemic, a
special emphasis is dedicated to the development of vaccines
against coronaviruses including a general overview, but with
the focus on RNA-based vaccines applying saRNAs for
delivery [6]. The presentation includes both findings from
preclinical animal models, but also the latest reports from on-
going clinical trials.

Application of mMRNA as Vaccines for Infectious Diseases
Application of mMRNA has been hampered by issues related
to instability due to its single-stranded structure and exposure to
RNases [7, 8]. For instance, incorporation of anti-reverse cap
analogues (ARCAs) in the RNA sequence has both improved
transcription efficiency [9] and protein expression levels [10].
Stabilization of RNA has also been achieved by engineering of
the poly(A) tail at the mRNA 3’ end, indicating an optimal
poly(A) tail length of 120-150 nucleotides [11]. Additionally,
the 5’ end and 3’end untranslated regions influence the mRNA
stability and its transport from the nucleus [12]. Another
approach relates to chemical modifications of RNA. For
instance, introduction of modified uridine into the mRNA has
improved mRNA stability leading to enhanced translation [13].
Although some success has been obtained with delivery of
naked RNA confirmed by intramuscular mRNA injection


http://dx.doi.org/10.29252/vacres.7.1.25
https://orcid.org/0000-0002-0580-5209
http://dx.doi.org/10.29252/vacres.7.1.25
http://vacres.pasteur.ac.ir/article-1-202-en.html

[ Downloaded from vacres.pasteur.ac.ir on 2025-07-13 ]

[ DOI: 10.29252/vacres.7.1.25 ]

Lundstrom

resulting in reporter gene expression [14], nanoparticle (NP)
and liposomal nanoparticle (LNP) formulations have
demonstrated superiority, providing both protection against
RNA degradation and enhanced cellular uptake [15].

In the context of mMRNA-based vaccines for infectious
diseases, selected examples are presented below. An optimized
rabies virus glycoprotein (RABV-G) mRNA complexed with
protamine was intramuscularly and intradermally administered
in mice and domestic pigs, respectively [16]. The vaccinations
induced potent neutralizing antibodies and follow-up studies in
mice showed that the titers remained stable for at least one year.
Moreover, induction of CD4+ and CD8+ T cell responses were
higher than observed for licensed vaccines. The immunization
also resulted in protection of mice against lethal intracerebral
challenges with RABV. The neutralizing antibody titers found
in domestic pigs correlated with protection in adult and
newborn pigs. In another mRNA vaccine application, a single
low-dose intradermal  immunization  with  liposome-
encapsulated nanoparticles carrying nucleoside-modified
mRNA coding for Zika virus (ZIKV) pre-membrane and
envelope glycoproteins (prM-E) elicited potent and durable
neutralizing antibody responses in mice and primates [17].
Furthermore, immunization with 30 pg of LNP-mRNA
generated protection against ZIKV at two weeks or five months
after vaccination. In primates, a single dose of 50 pug LNP-
mRNA was sufficient to provide protection five weeks after
immunization. Vaccines have also been developed against
influenza virus by LNP-based delivery of mRNA encoding
hemagglutinin (HA) from the H10N8 and H7N9 strains [18].
Immunizations elicited rapid and robust immune responses in
mice, ferrets and primates. For instance, a single dose of H7N9
RNA provided protection of mice against lethal challenges, and
also showed reduced lung viral titers in ferrets. Preliminary
results from a first-in-human dose-escalation phase | trial of
LNP-mRNA HA H10N8 showed only mild or moderate
adverse events but very high seroconversion rates and robust
prophylactic immunity [18]. In another phase | clinical trial,
mRNA encoding RABV-GP was administered intradermally or
intramuscularly to healthy volunteers showing safety and a
reasonable tolerability profile [19]. Functional antibodies
against the viral antigen could be induced and boosted when
administered with a needle-free device but not when a needle-
syringe was used. Most recently, mRNA-based COVID-19
vaccine candidates have been subjected to clinical trials.
Preliminary results from a phase I/Il study [20] with a
nucleoside modified mMRNA (modRNA) encapsulated in LNPs
showed dose-related specific 1gG and SARS-CoV-2
neutralizing antibodies with higher titers than observed in a
panel of COVID-19 convalescent human sera [21]. In another
phase | clinical trial [22], LNP-encapsulated Severe Acute
Respiratory Syndrome-Coronavirus-2 Spike protein (SARS-
CoV-2 S) candidate vaccines was demonstrated generally safe
and well tolerated, eliciting neutralizing antibody titers at the
same or higher levels in eight volunteers compared to
convalescent sera [23].

Self-amplifying RNA Virus Vectors

Vaccine development based on saRNA presents an
interesting and attractive alternative to mRNA-based vaccines
[5]. The common feature of saRNA viruses is their single-
stranded RNA (ssRNA) genome embedded in a capsid and
envelope protein structure [24]. In the case of alphaviruses and
flaviviruses, the ssRNA genome is of positive polarity in
contrast to measles viruses (MVs) and rhabdoviruses, which
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carry a negative sense sSRNA genome. In any case, the RNA
genome of saRNA viruses can act directly in the cytoplasm
without any need of delivery to the nucleus. In the case of
positive polarity, the translation can be initiated directly from
the incoming sSRNA genome [24], whereas negative sense
RNA molecules require the generation of a positive strand RNA
template [25]. All saRNA viruses initially express their
nonstructural genes resulting in the formation of the RNA
replication complex (RNA replicon), responsible for extreme
RNA replication in infected host cells [24]. It has been
estimated that 200’000 copies of RNA are made from a single
RNA molecule, providing together with strong subgenomic
promoters the basis for extremely high expression levels of
viral proteins. This feature has been taken advantage of in
expression vectors engineered from saRNA viruses, which have
been applied for mammalian and non-mammalian cell lines,
primary cells and in vivo [26]. Moreover, saRNA virus vectors
have been wused for vaccine development both for
administration of naked saRNA and liposome- or polymer-
encapsulated saRNA, targeting both infectious diseases and
different types of cancers. In this review, the basic function of
saRNA virus vectors is described, and various preclinical and
clinical applications are presented.

Although efficient expression systems have been
developed for alphaviruses, flaviviruses, MVs and
rhabdoviruses the differences in the polarity of the sSRNA
genome have required alternative engineering. Among
alphaviruses, belonging to the family of Togaviruses [24],
expression systems have been engineered for Semliki Forest
virus (SFV) [27], Sindbis virus (SIN) [28] and Venezuelan
equine encephalitis virus (VEE) [29]. Generally, alphavirus
saRNA vector systems are all based on the RNA replicon with
different options for replication-deficient and -proficient
expression systems and the utilization of DNA-based vectors
[30] (Fig. 1). The expression vector contains the nonstructural
protein genes (nsP1-4) and the gene of interest inserted
downstream of the 26S subgenomic promoter. RNA can be in
vitro transcribed from a DNA plasmid construct and applied for
direct transfection or immunization with naked or encapsulated
saRNA. Alternatively, co-transfection of mammalian host cells
with in vitro transcribed RNA from the expression vector and a
helper vector carrying the alphavirus structural genes generates
replication-deficient recombinant particles suitable for
infection/immunization studies, providing high levels of
transgene expression without any new viral progeny
production. On the other hand, transfection of in vitro
transcribed RNA from a full-length alphavirus construct
including the gene of interest generates replication-proficient
recombinant particles, which upon infection/immunization will
produce both transgene expression and new infectious
recombinant viral particles.

Moreover, DNA based alphavirus expression vectors
containing a mammalian host cell compatible eukaryotic RNA
polymerase Il type promoter such as CMV permits direct
infection/immunization studies [30].

Similar expression vector systems for delivery of
recombinant particles, RNA replicons and DNA plasmids have
been engineered for Kunjin virus (KUN), a member of
flaviviruses [31]. In the case of KUN, foreign genes are
introduced between the C20 core protein and the E22 envelope
protein for expression as a large polyprotein, which will be
processed into individual proteins (Fig. 2). Introduction of an
FMDV-2A protease sequence in the KUN vector will allow
removal of remaining KUN flanking regions from the
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recombinant product [32]. Virus production from KUN vectors engineering of expression systems including West Nile virus
has been facilitated by the engineering of a packaging cell line [34, 35], yellow fever virus [36, 37], dengue virus [38, 39] and
[33]. Other flaviviruses have also been subjected to the tick-borne encephalitis [40, 41].
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Fig. 1. Alphavirus expression systems. A. Replication-deficient system; B. Replication-proficient vector; C. DNA replicon vector. 26S,
alphavirus subgenomic promoter; C-p62-6K-E1, structural protein genes; CMV, Cytomegalovirus promoter; nsP1-4, nonstructural protein
genes; pA, polyadenylation signal, SP6, bacteriophage SP6 RNA polymerase promoter.
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Fig. 2. Flavivirus expression systems. A. KUN vector with SP6 promoter; B. KUN vector with CMV promoter. 3° UTR, 3’ end untranslated
region; 5° UTR, 5’ end untranslated region; C20, first 20 amino acids of KUN C protein; CMV, Cytomegalovirus promoter; E22, last 22 amino
acids of KUN E protein; F, Foot-and-mouth disease virus 2A autoprotease; HDVr, Hepatitis delta virus ribozyme; pA, polyadenylation signal;

SP6, bacteriophage SP6 RNA polymerase; U, mouse ubiquitin sequence.

The negative polarity of the MV genome has required the matrix protein (M) gene or between the HA gene and the large
design of adequate packaging systems [42] and the application protein (L) (Fig 3). A packaging cell line is utilized for
of reverse genetics [43]. In MV vectors, heterologous genes are production of recombinant MV particles.

inserted either between the phosphoprotein (P) gene and the
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Fig. 3. A. Rhabdovirus and B. Measles virus expression systems. CMV, cytomegalovirus, Fu, fusion protein (MV); L protein (MV/RABV);
M, matrix protein (MV/RABYV); N, nucleocapsid (MV/RABYV); P, phosphoprotein (MV/RABYV); T7, phage T7 promoter; T7T, T7 terminator.
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Similarly, rhabdoviruses have been engineered as
expression vectors using reverse genetics based on a
recombinant vaccinia virus vector [44, 45] (Fig. 3).
Furthermore, plasmid DNA-based vesicular stomatitis virus
(VSV) vectors with the N, P and L genes downstream of a T7
RNA polymerase promoter and an internal ribosome entry site
(IRES) have been designed for VSV particle production from a
vaccinia-free system [46]. Rabies virus (RABV) vectors have
also been constructed [47] including a vaccinia-free reverse
genetics system [48].

Application of Self-amplifying RNAs as Vaccines Against
Infectious Diseases

A large number of preclinical immunization studies have
been conducted with saRNA virus vectors as described in Table
1. For instance, VEE particles expressing the ectodomain of the
Dengue virus (DENV) E protein (E85) elicited neutralizing
antibodies and T cell responses in four DENV serotypes after a
single administration [49]. The immune response was weaker in
neonatal BALB/c mice than in adult animals. However, a single
vaccine administration provided protective immunity against
DENV. Moreover, expression of the domain Il of the DENV
envelope protein 2 (DV2) from an MV vector induced robust
neutralizing antibody responses [50]. It has also been
demonstrated that expression of the domain Il of DV1-4 form
an MV vector elicited neutralizing antibodies and protected
mice from challenges against four serotypes of DENV [51]. In
the case of Zika virus (ZIKV), the codon-optimized prM and E
genes were expressed from a VEE replicon encapsulated in
highly stable nanostructured lipid carriers (NLCs) and subjected
to immunization of mice, which provided protection against
challenges with lethal doses of ZIKV [52]. Furthermore, VSV
vectors  expressing ZIKV ~ membrane-envelope  (ME)
glycoproteins and Chikungunya (CHIKV) envelope polyprotein
(E3-E2-6K-E1) elicited neutralizing antibodies against both
ZIKV and CHIKYV in wildtype and interferon-receptor-deficient
A129 mice [53]. Mice receiving a single immunization also
showed protection against lethal challenges with both ZIKV
and CHIKV.

Due to the recent serious Ebola virus (EBOV) outbreaks in
Africa, filoviruses have been the target for urgent vaccine
development. For instance, subcutaneous administration of
KUN virus-like particles (VLPs) expressing the EBOV
glycoprotein (GP/D637L) provided complete protection in three
vaccinated nonhuman primates, while one immunized and all
control animals died [54]. Another study showed that macaques
were protected against challenges with the West African
EBOV-Makona strain after immunization with a recombinant
VSV vector expressing the EBOV GP [55]. Immunization only
tree or seven days before the challenge provided partial and
complete protection, respectively. In another study, nonhuman
primates immunized with a VSV-EBOV GP vector were
resistant to challenges with three Ebola strains [56]. Another
filovirus, Marburg virus (MARYV), demonstrated protection in
nonhuman primates after immunization with VSV-MARV-GP
particles [56]. Moreover, a single intramuscular injection of
VEE particles expressing the Sudan virus (SUDV) GP
protected cynomolgus macaques from challenges with lethal
doses of SUDV [57]. However, only partial protection against
intramuscular challenges with EBOV was observed. In contrast,
intramuscular co-immunization with VEE-SUDV-GP and VEE-
EBOV-GP resulted in complete protection against challenges
with both SUDV and EBOV. Moreover, intramuscular
immunization also resulted in complete protection against
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challenges with aerosolized SUDV. However, in this case, two
vaccinations were required to achieve efficacy. In another
approach, VEE particles expressing EBOV nucleoprotein (NP)
administered subcutaneously to C57BL/6 mice showed
protection against EBOV challenges [58]. Similarly, BALB/c
mice and guinea pigs were immunized with VEE-EBOV-GP
and VEE-EBOV-NP VLP [59]. Mice immunized with VEE-
EBOV-NP particles were protected against EBOV, whereas
guinea pigs were not. However, both mice and guinea pigs co-
immunized with VEE-EBOV-GP and VEE-EBOV-NP were
resistant to EBOV challenges. In another approach, co-
expression of EBOV-GP and EBOV-VP40 from SFV DNA
replicons elicited both binding and neutralizing antibodies of
higher titers compared to a Modified Vaccinia virus Ankara
(MVA) vaccine [60].

Arenaviruses represent another group of highly pathogenic
viruses such as Lassa virus (LASV). In this context, guinea pigs
and macaques immunized with VSV vectors expressing the
LASV glycoproteins provided protection against LASV strains
originating from Liberia, Mali and Nigeria [61]. Additionally,
expression of the wildtype LASV glycoprotein (GPCwt) and a
non-cleavable C-terminally deleted modification (AGPfib) from
individual VEE 26S subgenomic promoters induced
immunogenicity and provided protection in immunized mice
[62]. Interestingly, Engineered LASV-based replicon particles
propagated in a Vero cell line enabled protection against LASV
challenges in immunized guinea pigs [63]. Moreover,
expression of Junin virus (JUNV) glycoprotein precursor (GPC)
and Machupo (MACV) GPC from VEE VLPs correlated with
humoral immune responses and provided complete protection
against challenges with JUNV and MACV, respectively [64].

Due to the AIDS epidemic caused by the human
immunodeficiency virus (HIV), lentiviruses have become
attractive vaccine targets. In this context, mice immunized with
SFV particles expressing the HIV-1 envelope glycoprotein
(Env) were compared to a DNA vaccine and recombinant Env
gp160 [65]. Superior antibody titers were observed in animals
immunized with SFV particles. In another study, mice
intramuscularly immunized with SFV RNA replicons
expressing the HIV-1 Env gene elicited Env-specific antibody
responses in four out of five mice [66]. Additionally,
immunization of mice with recombinant SFV particles
expressing the Indian HIV-1C env/gag/polRT genes resulted in
significant T cell immune responses [67]. A comparison
indicated that the immune responses were stronger for SFV
VLPs than RNA replicons. Furthermore, in a two-dose study in
BALB/c mice with 0.2 pg and 10 pg of SFV DNA vectors
expressing Env and a Gag-Pol-Nef fusion protein, initially
lower HIV-specific T cell and 1gG responses were discovered
for the lower dose but no differences in immune responses
between the doses were detected after boosting with MVA or
HIV gp40 protein [68]. Moreover, immunization with the lower
dose of SFV DNA elicited superior immune responses in
comparison to MVA or HIV gp40 alone. In the context of
utilization of RNA-based vectors, nanoparticles have been
applied for the protection of RNA degradation and
improvement of delivery [69, 70]. In this context, a VEE
replicon with the HIV-1 glycoprotein 140 (TV1 gp140) and the
3’ end untranslated region and the packaging signal of SIN was
encapsulated in a cationic nano-emulsion consisting of
squalene, 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), and sorbitan trioleate [69].
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Table 1. Examples of preclinical immunizations against viral diseases.
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Virus Target/Antigen Vector Type Finding Ref

Flaviviruses

DENV E85 ectodomain VEE VLPs Dengue protection in mice [49]
DV2 MV Neutralizing antibodies [50]
DV1-4 MV Dengue protection in mice [51]

Zika virus prM. E NLC-VEE RNA ZIKV protection in mice [52]
M, E VSV VLPs ZIKV protection in mice [53]

Filoviruses

EBOV GP/D637L KUN VLPs EBOV protection in 75% of primates [54]
EBOV-GP VSV VLPs EBOQV protection in macaques [55]
EBOV-GP VSV VLPs EBOV protection in primates [56]
EBOV-GP VSV-VLPs EBOQV protection in macaques [57]
EBOV-NP VEE VLPs EBQV protection in mice [58]
EBOV-GP, NP VEE VLPs EBOV protection in mice and guinea pigs [59]
EBOV-GP, VP40 SFV DNA Neutralizing antibodies [60]

MARV MARV-GP VSV VLPs MARYV protection in primates [56]

SuUbv SUDV-GP VEE VLPs SUDV protection in macaques [57]

Arenaviruses

LASV LASV-GPC VSV VLPs LASV protection in guinea pigs [61]
LASV-GPC/AGfib VEE VLPs LASV protection in mice [62]
LASV-GPC LASV VLPs LASV protection in guinea pigs [63]

JUNV JUNV-GPC VEE VLPs JUNV protection in guinea pigs [64]

MACV MACV-GPC VEE VLPs MACYV protection in guinea pigs [64]

Lentiviruses

HIV-1 HIV-1 Env gp100 SFV VLPs Humoral immune responses [65]
HIV-1 Env SFV RNA Antibody responses, mAbs [66]
Env/Gag/PoIRT SFV VLPs/RNA Antigen specific immune responses: VLPs [67]

>RNA

Env/GagPolNef SFV DNA Superior to MVA, HIV gp40 [68]
TV1 gpl40 VEE* RNA-NPs Immunogenicity in macaques [69]
Env gp120 VEE RNA-NPs gp120-specific antibodies [70]

SIvV Gag-pol KUN VLPs SIV protection in mice [71]
Env, Gag-pol, Nef, SFV + MVA VLPs Humoral and cellular responses [72]
Rev, Tat
Gag-pol VSV + SFV VLPs Partial SIV protection in macaques [73]

Influenza

Influenza NP SFV VLPs Mucosal immune response [74]
HA VEE-VLPs Protection in chicken [75]
HA SFV RNA Protection in mice [76]
HA VEE RNA Protection in mice [77]
iFlu VEE VLPs Enhanced immune response [78]
NP CSFV RNA-NPs Immune response in mice [79]
HA SFV taRNA Protection in mice [80]

2020 Vol. 7 No. 1

29


http://dx.doi.org/10.29252/vacres.7.1.25
http://vacres.pasteur.ac.ir/article-1-202-en.html

[ Downloaded from vacres.pasteur.ac.ir on 2025-07-13 ]

[ DOI: 10.29252/vacres.7.1.25 ]

Lundstrom

Hepatotropic

HBV HBsAg MV
MHB, HBcAg SFV-G VLPs
HBV S SFV VLPs
Alphaviruses
CHIKV E1-E3,C VSV
VEE VEE Replicon VEE VLPs
EEE EEE Replicon EEE VLPs
WEE WEE Replicon WEE VLPs
VEE VEE V4020 VEE DNA
VEE V4020 VEE DNA

The Potential of RNA Vaccines for Infectious Diseases and COVID-19

Partial protection [81]
Protection in mice by MHB [82]
Neutralization of HBV infectivity [83]
CHIKYV protection in mice [53]
Protection in mice, macaques [85]
Protection in mice, macaques [85]
Weak protection in mice, macaques [85]
VEE protection in mice [86]
VEE protection in macaques [87]

CHIKYV, Chikungunya virus; CSFV, Classical swine fever virus; DENV, Dengue virus; EBOV, Ebola virus; EEE, Eastern equine

encephalitis virus; JUNV, Junin virus; HA, hemagglutinin; HBV, hepatitis B virus; HBcAg, hepatitis B core antigen; HBsAg, hepatitis B

surface antigen; HIV, human immunodeficiency virus; iFlu, inactivated influenza virus; LASV, Lassa virus; MACV, Machupo virus;

MARYV, Marburg virus; mAbs, monoclonal antibodies; MHB, Middle surface HBV glycoprotein; NLC, nanostructured lipid carrier; NP,
nucleoprotein; SFV, Semliki Forest virus; SFV-G, Semliki Forest virus with VSV G envelope; SUDV, Sudan virus; taRNA, trans-
amplifying RNA; VEE, Venezuelan equine encephalitis virus; VEE*, VEE vector containing SIN 3’ untranslated and packaging signal

sequences; VLPs, virus-like particles; VSV, vesicular stomatitis virus; WEE, Western equine encephalitis virus; ZIKV, Zika virus.

Comparison of cellular immune responses of encapsulated
RNA replicons and VEE VLPs in intramuscularly immunized
rhesus macaques demonstrated that only 50 pg of encapsulated
RNA replicon provided robust immune responses superior to
immunizations with VLPs. Furthermore, immunization of mice
with VEE RNA replicons expressing the HIV glycoprotein 120
(9p120) encapsulated in DOTAP-based lipid nanoparticles
produced high levels of recombinant protein expression for 30
days and high gp120-specific antibody titers compared to short-
term low-level expression from conventional mRNA [70]. In
addition to HIV, Simian immunodeficiency virus (SIV) has also
been subjected to vaccine development applying KUN-based
expression [71]. Mice were immunized with four SIV gag
constructs: the wildtype SIV gag gene (WT), an RNA-
optimized nucleic acid sequence (DX), a human codon-
optimized SIV gag gene (OPT) and wildtype matrix and capsid
from gag-linked in-frame to reverse transcriptase from pol
(Gag-pol). The immune response induction and protection of
mice against SIV challenges was superior for the Gag-pol
vaccine compared to WT, DX and OPT. In another study, only
low or undetectable cytotoxic T cell responses were observed in
macaques immunized with SFV and MVA vectors expressing
SIV env, gag-pol, nef, rev and tat [72]. However, if macaques
were first vaccinated with SFV and boosted with MVA,
enhanced antibody responses and high T cell proliferation
responses were obtained although protection against challenges
with SIV was not achieved. In a combination immunization
approach, rhesus macaques received two injections of VSV
particles followed by a single administration of SFV particles
expressing SIVSmE660 gag-env alone or together with rhesus
granular macrophage-colony stimulating factor (GM-CSF) [73].
Four out six animals immunized with SIV gag-pol showed
protection, whereas the combination with GM-CSF resulted in
protection in only two out of six macaques, which indicated that

30

GM-CSF abrogated protection. Obviously,
against SIV was seen in the control group.
Influenza viruses have been targeted for vaccine
development due to their contribution to recurrent annual
epidemics. For instance, a systemic immune response was seen
in mice immunized with SFV particles expressing the influenza
virus nucleoprotein (NP) [74]. Moreover, immunization of one
day or two weeks old chicken with VEE particles expressing
the hemagglutinin (HA) gene from the Hong Kong influenza A
isolate (A/HK/156/97) provided partial protection and complete
protection, respectively [75]. Another study demonstrated that
10 pg of SFV RNA replicons expressing the influenza HA gene
induced significant antibody titers after a single intramuscular
administration [76]. In addition, when BALB/c mice were
immunized twice with SFV-HA RNA replicons 90% were
protected against influenza virus challenges. An important
finding relates to the much lower doses needed for
immunization in comparison to synthetic mRNA. It was
demonstrated that VEE RNA expressing the influenza HA gene
required only 1.25 ug self-replicating RNA compared to 80 ug
of synthetic mRNA to achieve protection against influenza
strains HIN1, H3N2 and B in immunized BALB/c mice [77].
In another approach, dendritic cells were targeted with a
truncated derivative of VEE targeting dendritic cells, which
elicited strong innate immune responses and sustained influenza
virus-specific IgG antibodies in immunized BALB/c mice [78].
In another vaccine study on influenza viru the flavivirus
classical swine fever virus (CSFV) RNA expressing influenza
virus encapsulated in liposome nanoparticles elicited immune
responses both in vitro and in vivo {79]. Additionally, a novel
bipartite vector system applying trans-amplifying RNA
(taRNA) has been engineered based on the SFV saRNA vector
by deletion of replicon [80]. The replicase function is provided
by a standard saRNA or an optimized non-replicating mRNA

no protection
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(nrRNA). The optimized nrRNA provided 10 to 100-fold higher
transreplicon expression. The superiority of the nrRNA
replicase compared to the saRNA replicase was most likely due
to higher translational efficacy and lack of interference with
cellular transition. Evaluation of the taRNA system indicated
that a dose of only 50 ng RNA was sufficient to induce
neutralizing antibodies, which provided protection against
influenza virus challenges.

Hepatotropic viruses have also been targeted for vaccine
development. For instance, MV vectors expressing the hepatitis
B virus surface antigen (HBsAg) elicited humoral immune
responses in mice and rhesus monkeys also showing protection
against HBV in two out of four primates [81]. Moreover, SFV
RNA replicons expressing the HBV middle surface envelope
glycoprotein (MHB) and the core antigen (HBcAg) were
packaged into an VSV G envelope [82]. Immunization of mice
generated superior CD8+ T cell responses in mice compared to
recombinant protein- and DNA-based vaccines. A single
vaccination with the SFV-G-MHB vaccine protected mice from
HBV challenges. However, immunization with SFV-G-HBcAg
failed to provide protection. Furthermore, intravenous
immunization of BALB/c mice with 107 and 108 SFV particles
expressing the HBV small surface (S) protein elicited
antibodies reacting with both yeast-derived S antigen and
patient-derived S antigen [83]

Alphavirus replicons can also be employed for vaccine
development against alphaviruses such as, particularly for VEE,
western equine encephalitis virus (WEE) and eastern equine
encephalitis virus (EEE) [84]. For example, in each replicon
vector, the furin cleavage site between the E2 and E3 envelope
proteins was deleted in VEE, WEE and EEE vectors, in vitro
RNA transcribed and VVLPs generated with a two-helper system
[84]. Combination  (VEE/WEE/EEE) or individual
immunization of mice elicited strong neutralizing antibody
responses. Mice were also protected against subcutaneous or
aerosol challenges with VEE, WEE and EEE for 12 months.
Furthermore, the VEE, WEE and EEE combination generated
robust neutralizing antibody responses in macaques and
provided protection against aerosol challenges with an epizootic
VEE virus and a North American variety of EEE, respectively.
However, poor neutralizing antibodies and only weak
protection against WEE could be established when
immunizations were carried out with the WEE replicon or the
VEE-WEE-EEE combination. In another study, BALB/c mice
were immunized with an engineered vector based on the
attenuated VEE V4020 strain expressing the capsid and
glycoprotein genes from two subgenomic promoters, which
elicited high titers of neutralizing antibodies [85]. Vaccinated
mice were protected against challenges with wildtype VEE,
while all control mice died. The VEE V4020 vaccine was also
evaluated in intramuscularly immunized cynomolgus macaques
showing high levels of virus-neutralizing antibodies and
protection against aerosol challenges with wildtype VEE [86].
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Vaccines Against Coronaviruses

In the context of coronaviruses, the current COVID-19
pandemic has put further pressure on development of drugs and
vaccines to treat and prevent the disease [6, 87]. Briefly,
vaccine development for COVID-19 has been intensive and has
accelerated to more than 120 preclinical studies and 20 clinical
trials as of July 13 [88]. Vaccine development has involved
inactivated and live-attenuated viruses, protein subunit and
peptides, viral vectors as well as nucleic acids, which has
recently been reviewed elsewhere [89].

Although the two previous outbreaks of SARS and Middle
East Respiratory Syndrome (MERS) were less severe in spread
and relatively quickly died out, a significant increase in vaccine
development was seen [6]. The outbreaks also triggered the
application of saRNA vectors (Table 2). An important issue
related to vaccine development relates to the fact that SARS-
CoV, the coronavirus causing SARS utilizes the angiotensin
converting enzyme 2 (ACE2) as the receptor on host cells,
similarly to SARS-CoV-2 causing COVID-19 [90]. On the
other hand, MERS-CoV, the virus responsible for MERS,
targets the dipeptidyl-peptidase 4 (DPP4) host cell receptor
[91]. The SARS outbreak in 2002-2003, triggered intensive
vaccine research. For instance, an attenuated recombinant VSV
vector expressing SARS-CoV S elicited SARS-neutralizing
antibodies in immunized mice [92]. Moreover, a single
vaccination protected mice against challenges one or four
months after the immunization and was also sufficient for
controlling SARS-CoV infection. In another approach, VEE
replicon particle-based vaccine candidates for SARS-CoV S
and N proteins from the Urbani strain were evaluated [93].
Immunization of mice with VEE-SARS-CoV S provided
complete short- and long-term protection against challenges
with homologues SARS-CoV strains in both young and
senescent mice. In contrast, no protection was obtained after
immunization with VEE-SARS-CoV N. Related to
heterologous SARS-CoV strains, the chimeric icGDO3-S virus
encoding a synthetic S gene of the most genetically divergent
human GDO3 strain showed strong resistance to neutralization
with antisera directed against the Urbani strain. Despite that,
immunization with VEE-SARS-CoV S resulted in complete
short-term protection against icGDO3-S challenges in young
mice, but not in senescent animals. The age-related protection
in mice was addressed in a study, where mice were immunized
with VEE-SARS-CoV S particles packaged with either
attenuated (3014) or wildtype (3000) VEE glycoproteins [94]. It
was demonstrated that aged animals immunized with the VEE
3000-based vaccine were protected against SARS-CoV, while
immunization with the VEE 3014-based vaccine did not result
in survival after the challenge. Furthermore, superior protection
was observed in a lethal influenza challenge model. In the
context of MERS-CoV, the MERS-CoV S full-length and a
soluble variant (MERS-solS) were expressed from a
replication-proficient MV vector, which both elicited robust
MV- and MERS-CoV-neutralizing antibodies in mice [95].
Vaccination also provided protection against challenges with
MERS-CoV.
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In spite of the favorable immune responses and protection
observed in animals immunized with alphavirus particles, the
potential and simplicity of utilizing RNA-based delivery has
encouraged the formulation of liposome nanoparticles (LNPs)
to provide protection against RNA degradation and enhanced
transgene expression. In the case of saRNAs, the large size
(approximately 9,500 nucleotides) further requires a delivery
system for efficient cellular uptake. LNPs containing ionizable
cationic lipids, phosphatidylcholine, cholesterol and PEG-lipid
have demonstrated high efficacy both in vitro and in vivo and
could induce robust immune responses against a model antigen
[96]. Immunization with a VEE saRNA vector expressing the
SARS-CoV-2 spike (S) protein encapsulated in LNPs elicited

The Potential of RNA Vaccines for Infectious Diseases and COVID-19

antibody titers in mice [97]. Robust neutralizing antibodies
against both pseudo-virus and wildtype virus were elicited.
Furthermore, the neutralization was proportional to specific 1gG
quantities and superior to what has been seen in recovered
COVID-19 patients. In another approach, the self-replicating
mRNA system STARR™ has showed superiority compared to
conventional mMRNA delivery [98]. For example, a single dose
of STARR™ saRNA encapsulated in LUNAR® liposomes
induced high seroconversion rates, which were many-fold
higher than observed for conventional mRNA. Moreover,
higher anti-spike protein 1gG responses were obtained, and they
continued to increase at a much greater rate over the 30-day
post-vaccination period.

remarkably high dose-dependent SARS-CoV-2 specific
Table 2. Vaccine studies against Coronaviruses.
Virus Target/Antigen Vector Type Finding Ref
SARS-CoV SARS-CoV S VSV Protection in mice [92]
SARS-CoV S VEE VLPs Protection in mice [93]
SARS-CoV S VEE VLPs Protection in mice [94]
MERS-CoV MERS-S MV Protection in mice [95]
SARS-CoV-2 SARS-CoV-2 S VEE LNPs Robust neutralizing antibody responses, [97]
superior to COVID-19 patients
SARS-CoV-2 S STARR™ LUNAR® Cellular and humoral immune responses [98]
SARS-CoV-2 S VEE LNPs Phase I/11 trial in progress [99]

MERS-CoV, Middle East respiratory syndrome-coronavirus; MV, measles virus; SARS-CoV, severe acute respiratory syndrome-

coronavirus; VSV, vesicular stomatitis virus.

The positive findings from preclinical studies encouraged
the initiation of a first-in-human randomized, placebo-
controlled, observer-blind, dose-finding phase I/l clinical trial
using VEE-LNPs expressing the SARS-CoV-2 S protein in
healthy volunteers [99]. Initially, 18-45 years old volunteers
will be included in the study with a plan to expand to volunteers
to the age group of 18-75.

Clinical Trials on Self-amplifying RNA-based Vaccines
Only a relatively modest number of clinical trials have
been conducted for saRNA virus vectors (Table 3). In this
context, 40 CMV seronegative healthy volunteers were
subjected to a randomized, double-blind phase I trial, receiving
intramuscularly or subcutaneously VEE particles expressing the
CMV glycoprotein B or the fusion between CMV pp65 and IE1
proteins [100]. Both the lower dose of 1x10’ infectious units
(1U) and the higher dose of 1x10° IU were well tolerated with
only mild to moderate local reactogenicity, minimal systemic
reactogenicity and no clinically important changes in laboratory
parameters. Direct IFN-y responses to CMV antigens were
obtained in all vaccinated subjects. The immunization was
proven to be safe eliciting neutralizing antibodies and
multifunctional T cell responses against all three CMV antigens
important for acquiring protective immunity. Moreover, a
randomized, double-blind, placebo-controlled phase | trial was

32

carried out in HIV-negative volunteers in the US and South
Africa [101]. The subcutaneous immunization with escalating
doses of VEE particles expressing the non-myristoylated form
of the HIV-1 subtype C Gag protein was well tolerated with
only modest local reactogenicity. Although five serious adverse
events were reported, none of them were considered related to
the vaccine administration. However, low levels of binding
antibodies and T cell responses were discovered and only at the
highest dose of 1x10° IU.

Due to several outbreaks in Africa, accelerated efforts have
been dedicated to the development of EBOV vaccine
candidates including the application of self-amplifying RNA
virus vectors. In this context, 78 volunteers were immunized
with one of three doses (3x10°, 2x10” or 1x10® pfu) of VSV
particles expressing the glycoprotein of a Zaire EBOV strain
(VSV-ZEBOV) in a phase | trial to assess safety and
immunogenicity [102]. Although some minor adverse events
such as injection-site pain, fatigue, myalgia and headache were
observed the procedure was safe. The two highest doses elicited
superior ZEBOV GP-specific antibody titers compared to the
lowest dose. Moreover, higher antibody titers were observed
after the second immunization although the effect decreased
after six months. In any case, the prophylactic effect of the
highest dose should be explored in additional clinical trials. In
another phase | trial, 40 volunteers received doses of 1x10°,
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5x10° or 3x10° pfu of an attenuated VSV vector with the VSV
G protein replaced by ZEBOV GP [103]. The study showed no
serious adverse events and sustainable immunogenicity was
established for 180 days (end of the study). Moreover, 30
healthy volunteers received 3x10°, 3x10° or 2x10’ pfu of VSV-
ZEBOV in a phase | trial showing good tolerability and
presence of EBOV-specific of neutralizing antibodies in nearly
all vaccinees [104]. A follow-up study demonstrated that more
than one-third of the immunized volunteers developed VSV-
specific CTL responses and antibodies [105]. Furthermore, in a
dose-finding, placebo-controlled, double-blind phase I/11 study,
the VSV-ZEBOV dose was reduced to 3x10° pfu, which
improved tolerability, but decreased antibody responses and did
not prevent vaccine-induced arthritis, dermatitis or vasculitis
[106]. Also, in a randomized placebo-controlled phase Il study,
1500 adults were immunized with a chimpanzee adenovirus-
based vector (ChAd3-EBO-Z) and VSVAG-ZEBOV-GP in
Liberia, which induced antibody responses in 70.8% and
83.7%, respectively, of vaccinees compared to 2.8% in the
control group receiving placebo one month after vaccinations
[107]. At 12 months, 69.3% of individuals immunized with
ChaAd3-EBO-Z and 79.5% vaccinated with VSVAG-ZEBOV-
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were assigned for immediate vaccination with VSV-ZEBOV
and 3528 persons were to receive delayed vaccination [108].
No new EVD cases were discovered in the immediate
vaccination group ten days after randomization. However, 16
EVD cases were registered in the delayed vaccination group
confirming a vaccine efficacy of 100%. Similarly, 2119
individuals were immediately vaccinated with a single dose of
2x10" pfu of VSV-ZEBOV and 2041 subjects were immunized
21 days after randomization in Guinea and Sierra Leone [109].
Follow-up for 84 days demonstrated substantial protection
against EVD with no cases recorded 10 days after vaccination.
Health care and frontline workers in the five most EVD-
affected districts in Sierra Leone were vaccinated with a single
intramuscular dose of 2x10’ pfu of VSV-ZEBOV at enrollment
or 18-24 weeks later in the individually controlled phase 11/l
trial STRIVE (Sierra Leone Trial to Introduce a Vaccine against
Ebola) [110]. The vaccination of 8,673 individuals resulted in
no vaccine-related serious adverse events and no cases of EVD
were reported. Moreover, a phase Ill study involving 1197
individuals was conducted in Canada, Spain and the US, with a
single dose or 2x10 pfu or 1 x 10° pfu of VSVAG-ZEBOV-GP
[111]. The results indicated that the vaccine was safe, showing

GP generated antibody responses. In an open-label, cluster- no vaccine-related severe adverse events or deaths.
randomized ring vaccination phase Il trial 4123 individuals
Table 3. Clinical trials conducted for self-amplifying RNA viral vectors.
Indication Vector/Antigen Phase Response Ref
Infections
CMV VEE-gB/p55-1E1 Phase | CMV-specific Abs [100]
AIDS VEE-HIV-gag Phase | Modest antibody responses [101]
EBOV VSV-ZEBOV Phase | Anti-ZEBOV Abs [102]
VSVAG-ZEBOV Phase | Sustainable 1gG titers for 180 days [103]
VSV-ZEBOV Phase | EBOV-specific neutralizing Abs [104]
VSV-ZEBOV Phase I/11 Lower dose, improved tolerability [106]
VSVAG-ZEBOV Phase Il Ab-response in 80% of vaccinees [107]
VSV-ZEBOV Phase 11 100% protection against EVD [108]
VSV-ZEBOV Phase 11 Substantial protection against EVD [109]
VSV-ZEBOV Phase 11/111 No EVD, no vaccine-related AEs [112]
VSVAG-ZEBOV Phase 1 Safe, no vaccine-related AEs [113]
CHIK CHIK VLPs Phase Il Safe, well tolerated [116]
VEE VEE DNA Phase | VEE-specific neutralizing Abs [118]
SARS-CoV-2 VEE LNPs Phase I/II Study in progress in healthy volunteers [99]

Abs, antibodies; AEs, adverse events; CEA, carcinoembryonic antigen; CHIKV, Chikungunya virus; CMV, cytomegalovirus;

EBOV, Ebola virus; EVD, Ebola virus disease; HIV, human immunodeficiency virus; LNPs, liposomal nanoparticles; LipoVIL12,

liposome-encapsulate SFV expressing IL-12; MV, measles virus; MVEZ, MV Edmonston-Zagreb strain; NIS, sodium iodide

symporter; PSMA, prostate-specific membrane antigen; SFV, Semliki Forest virus; VEE, Venezuelan equine encephalitis virus;

VLPs, virus-like particles; VSV, vesicular stomatitis virus; ZEBOV, glycoprotein of Zaire EBOV.

Alphaviruses such as CHIKV with outbreaks in the
Republic of Congo [112] and Reunion [113] and VEE with
periodic epidemics have occurred in humans and equines in
Latin America [114] have made them feasible targets for
vaccine development. Two intramuscular injections of CHIKV
28 days apart were administered to 389 healthy volunteers in a
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randomized, placebo-controlled, double-blind, phase Il clinical
trial in Haiti, Dominican Republic, Martinique, Guadeloupe and
Puerto Rico [115]. The immunization was well tolerated with
only mild to moderate adverse events. However, the clinical
efficacy needs further clarification in phase Il trials. In the
context of VEE, a phase | trial was conducted in 41 healthy
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volunteers by intramuscular and intradermal electroporation of
a VEE DNA replicon vector expressing the VEE E3-E2-6K-E1
genes [116]. Immunizations were carried out with 0.5 mg and
2.0 mg of plasmid DNA intramuscularly or 0.08 mg or 0.3 mg
DNA intradermally and monitoring continued for 360 days. The
study revealed no serious adverse events related to the vaccine
or the device. Intradermal delivery was judged to be better
related to acute tolerability. All vaccinees immunized
intramuscularly elicited detectable VEE-neutralizing antibodies.
In the case of intradermal administration, seven out of eight
individuals developed VEE-neutralizing antibodies, while five
out of eight subjects generated antibody responses after three
vaccine injections. Furthermore, the DNA dose correlated with
the magnitude of VEE-neutralizing antibody responses for both
intramuscular and intradermal administration. Finally, as
indicated above in the context of coronaviruses, the first-in-
human randomized, placebo-controlled, observer-blind, dose-
finding phase I/11 clinical trial using VEE-LNPs expressing the
SARS-CoV-2 S protein has been initiated in healthy volunteers
[99].

CONCLUSIONS

In the context of saRNA virus vectors, their main attractive
features comprise the immediate efficient amplification of
mRNA directly in the cytoplasm and the flexibility of applying
delivery vectors based on RNA replicons, recombinant virus
particles or VLPs and layered DNA/RNA vectors. The efficacy
of self-amplifying RNA virus vectors has been confirmed for
RNA replicons by comparison to immunization with synthetic
mRNA, where protection of mice against influenza virus
challenges was achieved with 64 times less self-amplifying
VEE RNA (1.25 pg) compared to 80 pg of synthetic mRNA
[77]. Similarly, 100- to 1000-fold lower doses of DNA replicon
SIN-HSV-1-gB compared to conventional plasmid DNA was
required to obtain antibody responses and protection against
lethal challenges with virus in mice [117].

So far, saRNA vectors have been subjected to a large
number of preclinical studies for infectious diseases (Table 1).
Although not presented in this review but elsewhere in detail,
different types of cancer vaccines have also been targeted by
saRNA applications [5]. In the context of viral infections, such
as EBOV, LASV, HIV and influenza virus, robust immune
responses have been induced, providing in many cases
protection against challenges with lethal doses of pathogenic
viruses in animal models. Moreover, in a clinical phase I trial in
healthy volunteers, modest antibodies against HIV-1 were
obtained [101]. Similarly, VEE-specific neutralizing antibodies
were elicited in individuals immunized with VEE in a phase |
study [116]. Encouraging results have been obtained from
phase Il trials on EBOV in Africa demonstrating substantial
protection against EVD [108, 109]. The current COVID-19
pandemic has naturally shed a new light on viral diseases and
has accelerated the development of novel vaccines with the first
clinical trial using saRNA in progress [99].
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One limitation on the efficacy of saRNA-based vaccines is
the fact that they induce strong innate host immune responses,
which could limit the intensity and duration of transgene
expression [118]. Minimizing IFN responses could be a useful
strategy to increase vaccine potency. This could be achieved by
co-administration of compounds able to block IFN responses,
like for example vaccinia virus immune evasion proteins [80].
A different approach to boost saRNA vaccines has been based
on in vitro evolution of RNA replicons in IFN-competent cells
[119]. This strategy led to the identification of six mutations in
the VEE nonstructural proteins (nsPs) that promoted
subgenomic RNA expression. Replicons containing an optimal
combination of mutations generated enhanced duration and
expression levels in vivo. Expression of interleukin-2 (IL-2)
resulted in 5.5-fold increase in intratumoral IL-2 levels and 2.1-
fold increase in infiltrating CD8+ T cells in a B16F10
melanoma model, leading to significantly slower tumor growth.
In addition to liposome- and polymer-based delivery strategies
to provide improved delivery, protection against degradation
and recognition by the host immune system [15, 69, 70, 79, 98,
99] attention has also been paid to delivery safety including
engineering of vectors providing the highest safety standards.
For instance, point mutations introduced into the SFV p62
precursor sequence prevented the cleavage of p62 into E2 and
E3 proteins, which resulted in conditionally infectious particles
and reduction of production of replication competent SFV
particles [120]. Furthermore, split helper systems have been
engineered for SFV [121], SIN [122] and VEE [123] by placing
the capsid and envelope genes on separate helper vectors,
eliminating the production of replication-proficient particles. In
conclusion, saRNA virus vector systems provide a wide
flexibility related to the use RNA replicons, recombinant VLPs
or DNA replicon plasmids. The manufacturing of especially
nucleic acid-based vaccines is straight forward, fast and
inexpensive, which allows to rapidly target mutant and
emerging viruses. This is particularly important in the current
situation with the COVID-19 pandemic.
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