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Self-replicating RNA viruses have been engineered as efficient expression vectors for vaccine development for infectious diseases
and cancers. Moreover, self-replicating RNA viral vectors, particularly oncolytic viruses, have been applied for cancer therapy and
immunotherapy. Among negative strand RNA viruses, measles viruses and rhabdoviruses have been frequently applied for vaccine
development against viruses such as Chikungunya virus, Lassa virus, Ebola virus, influenza virus, HIV, Zika virus, and coronaviruses.
Immunization of rodents and primates has elicited strong neutralizing antibody responses and provided protection against lethal
challenges with pathogenic viruses. Several clinical trials have been conducted. Ervebo, a vaccine based on a vesicular stomatitis
virus (VSV) vector has been approved for immunization of humans against Ebola virus. Different types of cancers such as brain,
breast, cervical, lung, leukemia/lymphoma, ovarian, prostate, pancreatic, and melanoma, have been the targets for cancer vaccine
development, cancer gene therapy, and cancer immunotherapy. Administration of measles virus and VSV vectors have
demonstrated immune responses, tumor regression, and tumor eradication in various animal models. A limited number of clinical
trials have shown well-tolerated treatment, good safety profiles, and dose-dependent activity in cancer patients.
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INTRODUCTION
Viral vectors have proven efficient in development of vaccines and
therapeutics against infectious diseases and cancers [1]. A variety
of viral vectors have been utilized including adenovirus, adeno-
associated virus (AAV), herpes simplex virus (HSV), retroviruses,
and lentiviruses. Only more recently, although being around for
some time, self-replicating RNA viruses have received more
attention. Self-replicating RNA viruses have some unique features,
which make them attractive delivery vehicles for gene therapy
and vaccine development [2]. The vectors possess a fairly good
packaging capacity ranging from 4 to 6kb of foreign genetic
material. Self-replicating RNA viruses have a broad host range,
which allows efficient delivery of RNA to mammalian cell lines,
primary cells, and animal models. The RNA is directly released in
the cytoplasm, where it is subjected to extensive amplification,
giving these viruses the name self-replicating viruses (Fig. 1). The
expression from a viral subgenomic promoter generates large
amounts of recombinant protein, which can act as antigen for
vaccine development or in case of expression of toxic genes, anti-
tumor genes, or immunostimulatory genes can provide therapeu-
tic effect against cancers. Due to the delivery in the form of RNA,
which will degrade within 5-7 days, the expression is transient
and the viral RNA or the gene of interest will not be integrated
into the host cell genome. For these reasons, self-replicating RNA
viruses are ideal for vaccine development and cancer therapy,
which require a short boost of high-level transgene expression
without being present for an extended time. However, in cases of
chronic disease, which requires long-term, life-long transgene
expression, AAV [3] and lentivirus [4] vectors are more suitable.
Self-replicating RNA viruses can be divided into two groups:
Positive strand RNA viruses and negative strand RNA viruses. The

polarity of the genome plays an important role. In the case of
positive strand RNA viruses, protein translation from RNA can
occur directly in the cytoplasm after viral delivery [5]. The RNA self-
replication takes place from the replicase complex composed of
the four non-structural proteins nsP1-4, which is estimated to
generate 10° copies of subgenomic RNA per cell [6]. Expression
systems based on Semliki Forest virus (SFV) [7], Sindbis virus (SIN)
[8], and Venezuelan equine encephalitis virus (VEEV) [9] have
demonstrated strong immune responses and protection against
challenges in animal models [10]. However, this review focuses on
negative strand RNA viruses. In contrast to the positive strand RNA
viruses, the negative strand RNA viruses require the application of
reverse genetics for their use as delivery vehicles [11]. In this
review, the engineering of self-replicating negative strand RNA
viral vectors is presented. Moreover, their applications for vaccine
development against infectious diseases and cancers as well as
their use in cancer therapy and cancer immunotherapy are
discussed.

ENGINEERING OF EXPRESSION VECTORS

Due to their negative polarity, measles virus (MV) and rhabdo-
viruses depend on reverse genetics for the engineering of
recombinant expression systems [11]. Recovery of negative strand
self-replicating RNA viruses from cDNA components or synthetic
RNA as the initiation of replication requires de novo protein
synthesis of its own RNA-dependent RNA polymerase (RdRp). In
contrast to the replicase complex located in the non-structural
genes of positive strand RNA viruses, the RdRp of negative strand
RNA viruses is of structural origin and for instance, for VSV, the
phosphoprotein (P) and large protein (L) constitute the RdRp [12].
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Fig. 1 Expression vectors for self-replicating negative strand RNA
viruses. A Measles virus: the gene of interest is introduced either
between the P and M genes or the H and L genes (maximum
packaging capacity of 6kb). B Vesicular stomatitis virus: for
pseudotyped VSV the VSV-G gene is replaced by the foreign gene.
Alternatively, foreign genes are introduced between the M and G
genes and/or the G and L genes (maximum packaging capacity of
6 kb). C Rabies virus: the gene of interest is introduced between the
N and P genes or between the G and L genes (maximum packaging
capacity of 6 kb). CMV cytomegalovirus promoter; Fu fusion protein,
G glycoprotein; Gol gene of interest; H hemagglutinin; L large
protein; M matrix protein; N nucleocapsid; P phosphoprotein; T7 T7
RNA polymerase promoter; T7T T7 terminal sequence.

A. Measles virus

In the case of MV, different rescue methods have been developed
[13, 14]. HEK293 cells stably expressing the MV-N, MV-P, and T7
polymerase are co-transfected with a DNA plasmid carrying the
full-length MV genome and the gene of interest and the T7
polymerase-driven DNA plasmid expressing MV-L [14, 15]. Alter-
natively, DNA plasmids expressing the MV-N, MV-P, and MV
genome can be transfected into HEK293, which are superinfected
with a replication-deficient vaccinia virus (MVA, modified vaccinia
virus Ankara) expressing T7 polymerase. Furthermore, CMV-driven
DNA plasmids expressing the MV genome and the RdRp
components have been successfully used for MV rescue [16]. For
recombinant protein expression from MV vectors, the gene of
interest can be introduced either between the P and the matrix
protein (M) of MV or alternatively between the hemagglutinin (H)
and the L protein (Fig. 1A).

B. Rhabdoviruses

In the case of rhabdoviruses, expression systems have been
engineered for VSV and rabies virus (RABV). For VSV both
pseudotyped and recombinant VSV particles can be produced
[17, 18]. Pseudotyped VSV can be generated in mammalian cells
by transfection of DNA plasmids to replace the VSV glycoprotein
(G) by a foreign envelope protein. Alternatively, foreign genes can
be introduced between the M and G genes and/or the G and L
genes (Fig. 1B). Transduction of mammalian cells with the
pseudotyped VSV generates recombinant protein expression,
but no virus progeny is produced [17]. In contrast, fully infectious
VSV particles can be generated in mammalian producer cell lines,
where the VSV-G envelope has been replaced by a foreign viral
envelope [18]. Similar to MV vectors, rhabdovirus vectors have
been engineered using reverse genetics-based on recombinant
vaccinia virus vectors [19]. However, a vaccinia virus-free system
has been engineered by the insertion of the VSV N, P, and L genes
downstream of a T7 polymerase promoter and an internal
ribosome entry site (IRES) [20]. The Maraba virus has also been
engineered as a vaccine vector and due to its oncolytic activity, it
has demonstrated potential in cancer treatment [21]. In the case
of RABY, a vaccinia virus-free reverse genetics system has been
engineered [22]. For recombinant protein expression, the genes of
interest are introduced between the N and P genes or between
the G and L genes in the RABV genome [23, 24] (Fig. 10).
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Negative strand self-replicating RNA virus vectors and
infectious diseases

Negative strand self-replicating RNA viruses have been employed
for vaccine development against infectious diseases. The general
approach has been to engineer recombinant expression systems
for overexpression of surface proteins of infectious agents as
antigens with the aim to elicit immune responses and potential
protection against challenges with lethal doses of pathogens.
Below and in Table 1 are presented selected examples of negative
strand RNA virus-based vaccine development against infectious
diseases.

Due to several recent outbreaks, alphaviruses have been
considered important targets for vaccine development [25, 26].
In this context, the envelope proteins of the Chikungunya virus
(CHIKV) have been expressed from negative strand self-replicating
RNA viral vectors. For instance, a chimeric VSV vector was applied
for the expression of the CHIKV envelope polyprotein E3-E2-6K-E1.
Immunization of mice elicited response of neutralizing antibodies
[27]. Moreover, a single immunization with 1x 107 VSV particles
provided protection of mice challenged with lethal doses of
CHIKV. In addition to VSV vectors, the attenuated MV Schwarz
strain has been used for heterologous gene expression [28]. The
whole subgenomic reading frame of the CHIKV structural genes
(C-E3-E2-6K-E1) was introduced between the P and M proteins in
the MV genome. Infection of Vero cells with the MV-CHIKV
produced virus-like particles (VLPs), which could induce robust
and protective humoral and cellular immune responses in
immunized mice and furthermore protected mice from lethal
challenges [29]. Moreover, macaques immunized with MV VLPs
expressing the CHIKV capsid (C) and envelope proteins (E3-E2-6K-
E1) generated strong immunogenicity and provided protection
against lethal CHIKV challenges [30]. Furthermore, MV-CHIKV VLPs
have been subjected to human clinical trials. In a randomized
double-blind phase | clinical trial, a single dose provided a
seroconversion rate of 44-92%, which reached 100% after a
booster immunization [31]. The follow-up phase Il trial elicited
strong antibody responses and did not cause any serious adverse
events [32]. Other alphaviruses such as Eastern equine encepha-
litis virus (EEEV) and Venezuelan equine encephalitis virus (VEEV)
have been targeted for vaccine development using attenuated
rhabdovirus vectors based on recombinant VSV and the serolo-
gically distinct Isfahan virus (rISFV) [33]. A new potential vaccine
platform was established by rescuing rISFV from genomic DNA. A
single immunization with rISFV expressing the EEEV and VEEV
envelope proteins (E3-E2-6K-E1) elicited neutralizing antibody
responses and protected mice from lethal challenges with EEEV
and VEEV. Similar results were obtained for recombinant VSV-
based EEEV and VEEV vaccines [33].

In the case of Lassa hemorrhagic fever (LHF), VSV vectors
expressing the Lassa virus glycoprotein complex (GPC) showed
protection of immunized guinea pigs against challenges with
LASV strains from Liberia, Mali, and Nigeria [34]. Similarly,
complete protection was observed against the Liberian LASV
isolate in immunized macaques. Moreover, guinea pigs were
vaccinated with a single dose of VSV-LASV GPC for the evaluation
of induction of rapid and long-term immunity [35]. The study
demonstrated that 100% protection against LSV challenges was
obtained at 7- and 14-days post-immunization, whereas 83 and
87% protection was seen at 25-days and 6 months, respectively,
after vaccination. Even one year after vaccination, the vaccination
resulted in 71% protection in guinea pigs. In another study, the
VSV-LASV GPC vaccine elicited both humoral and cellular immune
responses and showed 100% protection in a non-human primate
model [36]. In the case of RABV, the RABV G gene was replaced by
the LASV-GPC gene [37]. Immunization of mice and guinea pigs
with RABV-LASV-GPC elicited lasting humoral immune responses
and provided protection against challenges with LASV. Attenuated
MV has been utilized for the expression of LASV GPC or in
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Table 1. Examples of vaccine development against pathogenic infectious diseases based on negative strand self-replicating RNA virus vectors.

Virus/disease
Alphaviruses
CHIKV/CHIK
CHIKV/CHIK
CHIKV/CHIK
CHIKV/CHIK
CHIKV/CHIK
EEE/EEE
VEE/VEE
Arenaviruses
LASV/LHF
LASV/LHF
LASV/LHF
LASV/LHF
LASV/LHF
LASV/LHF
Filoviruses
EBOV/EVD
EBOV/EVD
EBOV/EVD
EBOV/EVD
EBOV/EVD
EBOV/EVD
EBOV/EVD
EBOV/EVD
MARV/MVD
Flaviviruses
DENV/DF
DENV/DF
ZIKV/ZVD
ZIKV/ZVD
ZIKV/ZVD
ZIKV/Z\VD
ZIKV/ZVD
Hepatotropic viruses
HBV/Hepatitis
HBV/Hepatitis
Lentiviruses
HIV/AIDS
HIV/AIDS
HIV/AIDS
HIV/AIDS
HIV/AIDS
Influenza virus
HPAIV/Influenza
IFA/Influenza
HPAIV/Influenza
IFA/Influenza
HPAIV-IFA/Influenza
IFA/Influenza
Coronaviruses
SARS-CoV

Antigen

Env

C, Env
C, Env
C, Env
C, Env
EEE Env
VEE Env

GPC
GPC
GPC
GPC
GPC
GPC

GP
GP
GP
GP (Zaire)
GP (Zaire)
GP (Zaire)
GP (Zaire)
GP (Zaire)
GP

ED3
prM, E
prME
prME
E-NS1

HBsAg
HBV-MS

HIV Env
HIV Gag
Env + Gag
HIV Env
HIV gp160

HA

HA

HA

HA, NA
HA, NA
HAfl

S, N
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Vector

Chim-VSV-Env
MV-CHIKV-VLPs
MV-CHIKV-VLPs
MV-CHIKV-VLPs
MV-CHIK-VLPs
VSV/rISFV-Env
VSV/rISFV-Env

VSV-GPC
VSV-GPC
VSV-GPC
RABV-LASV-GPC
MV-GPC/NP
MV-LASV-GPC

RABV-ZGP
VSV-GP
VSV-GP
VSV-GP
VSV-GP
VSV-ZEBOV
VSV-ZEBOV
VSV-ZEBOV
VSV-MARV-GP

MV-ED3
VSV-prME
Chim-VSV-prME
RABV-ZIKV-prME
MV-E-NS1
MV-ZIKA-E
MV-ZIKA-E-RSP

MV-HBsAg
VSV-MS

MV-HIV-Env
MV-HIV Gag
VSV-HIV + SIV
VSV-HIV/SIV
RABV-gp160

MV-HPAIV HA
MV-AIK-C-HA
VSV*DeltaG(HA)
VSV-HA/NA
VSV-AG-HA/NA
VSV-HAf

MV-SARS-CoV-S/N

Findings

Protection in mice

Protection in mice

Protection in macaques

Phase I: 100% seroconversion

Phase II: safety, strong immunogenicity
Neutralizing Abs, protection in mice
Neutralizing Abs, protection in mice

Protection in guinea pigs & macaques
Rapid, long-term protection in guinea pigs
100% protection in non-human primates
Protection in mice and guinea pigs
Superior protection in macaques

Phase I: Dose escalation study in progress

nAbs in mice and dogs

Partial/complete protection in macaques
Protection in macaques after single dose
Protection in mice

Protection in cynomolgus monkeys
Phase IIl: Vaccine efficacy, protection
Phase lll: Vaccine efficacy

Ervebo approved by the FDA, the EMA
Protection in cynomolgus monkeys

DENV-specific Abs, protection in mice
Protection against DENV-2 in mice
Protection against ZIKV in mice
Protective titers against ZIKV & RABV
Protection, viral clearance in mice
Phase I: Study completed, no results

Phase I: Study in progress

Protection in 50% of rhesus macaques
Single immunization provided protection

Immune responses in mice and macaques
Protective immunity in transgenic mice
Protection against AIDS in macaques

HIV gp140 specific Abs in mice
Neutralizing HIV-1 Abs with gp120 boost

Protection in cynomolgus monkeys
Protection in cotton rats

Protection in chickens

Protection, immunized 24 h post-challenge
Protection in mice

Protection against H5 Clade 2 IFAs

High titer Ab responses
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Table 1. continued

Virus/disease Antigen Vector

SARS-CoV S MV-SARS-CoV-S
SARS-CoV S VSV-SARS-CoV-S
SARS-CoV S VSVAG-SARS-S
MERS-CoV/MERS S'N MV-MERS-S/solS
MERS-CoV/MERS S MV-MERS-S/N
MERS-CoV/MERS S VSVAG-S
MERS-CoV/MERS S1 RABV-MERS-CoV S1
SARS-CoV-2/COVID S MV-SARS-CoV-2-S
SARS-CoV-2/COVID S MV (TMV-083)
SARS-CoV-2/COVID S1 RABV-SARS-CoV-2 S1
SARS-CoV-2/COVID S VSVAG-S
SARS-CoV-2/COVID S VSVAG-S
SARS-CoV-2/COVID S, S1, RBD mtdVSV-S
SARS-CoV-2/COVID S VSV (V590)
SARS-CoV-2/COVID S VSVAG-S
SARS-CoV-2/COVID S VSVAG-S

Findings Ref
Protection in mice [74]
Protection in mice [65]
Superior Ab levels, protection in mice [76]
nAbs, protection in mice [77]
nAbs in S-immunized mice, not N [78]
Th1-biased Ab response in primates [79]
Protection against MERS-CoV [80]
Th1-biased and T cell Abs in mice [81]
Phase I: Weak response, trial terminated [82, 83]
Virus-neutralizing Abs in mice [84]
nAbs, protection in mice [85]
Protection against COVID pathogenesis [86]
Protection in Syrian golden hamsters [87]
Phase I: Weak response, trial discontinued [88, 89]
Phase I/Il: Study in progress [90]
Phase II/1ll: Study planned [91]

Abs antibodies, C capsid, CHIK Chikungunya fever, CHIKV Chikungunya virus, CoV coronavirus, COVID Coronavirus disease-19, DENV Dengue virus, DF Dengue
fever, EBOV Ebola virus, ED3 envelope protein domain Ill, EEE Eastern equine encephalitis virus, EVD Ebola virus disease, Env envelope, GPC glycoprotein
complex, HA hemagglutinin, HAfl full-length hemagglutinin, HBsAg hepatitis B surface antigen, HBV hepatitis B virus, HPAIV high pathogenic avian influenza
virus, IFA influenza virus, LASV Lassa virus, LHV Lassa hemorrhagic fever, MERS Middle East respiratory syndrome, MS Middle envelope surface protein, mtdVsV
methyltransferase-defective VSV, MV measles virus, N nucleocapsid, NA neuraminidase, nAbs neutralizing antibodies, prME pre-membrane-envelope proteins,
RBD receptor binding domain, riSFV recombinant isfahan virus, S spike protein, SARS severe acute respiratory syndrome, VEE Venezuelan equine encephalitis

virus, VLPs virus-like particles, VSV vesicular stomatitis virus, ZIKV Zika virus, ZVD Zika virus disease.

combination with the LASV nucleoprotein (NP) [38]. Although MV-
LASV-GPC elicited strong immune responses and protected
cynomolgus monkeys from lethal challenges with LASV, the
combination of LASV-GPC and NP showed superior efficacy. The
recruitment for a randomized, placebo-controlled, dose-finding
phase | clinical trial in healthy volunteers has been completed for
the MV-LASV-GPC vaccine, but no data is available yet [39].

The dramatic Ebola virus (EBOV) epidemic with more than
11,000 fatalities in West Africa in 2013-2016 has surely accelerated
the vaccine development. Two recombinant RABV vectors
expressing the Zaire EBOV glycoprotein (ZGP) and the Sudan
EBOV glycoprotein (SGP) genes, respectively, elicited neutralizing
antibodies in immunized mice [40]. Moreover, dogs orally
vaccinated with RABV-EBOV-ZGP developed long-lasting
responses against ZEBOV. VSV vectors have been popular delivery
vehicles for EBOV vaccines. VSV vectors expressing the EBOV
glycoprotein (GP) were administered to cynomolgus macaques at
a dose of 5x 107 pfu [41]. Partial protection against EBOV was
achieved when the immunization took place only 3 days before
the challenge. On the other hand, immunization 7 days prior to
challenge provided complete protection. Furthermore, immuniza-
tion of macaques with 1x10” to 1x10° pfu of VSV-EBOV-GP
resulted in complete protection against challenges with lethal
doses of EBOV even after a single low dose of vaccine [42]. VSV
vectors with the VSV glycoprotein (G) replaced by EBOV GP named
VSV-ZEBOV were subjected to a single intraperitoneal administra-
tion of BALB/c with as few as 2 pfu, provided complete protection
against challenges with lethal doses of EBOV [43]. In a similar way,
a single intramuscular injection of VSV-ZEBOV elicited strong
humoral and cellular immune responses in cynomolgus monkeys
[44]. Moreover, immunization with 1000 pfu of VSV-ZEBOV
protected monkeys from challenges with the Zaire EBOV strain.
Clinical evaluation of the VSV-ZEBOV vaccine has been carried out.
In a phase lll clinical evaluation in 7651 individuals with suspected
Ebola virus disease (EVD), 4123 persons were vaccinated
immediately, and 3528 individuals received a delayed vaccination
[45]. The efficacy of the vaccination was confirmed by no EVD
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cases detected in immediately vaccinated individuals and 16 EVD
positive cases after delayed vaccination. The vaccine efficacy was
confirmed in another phase Ill clinical study as no new EVD cases
were detected in neither the 2119 immediately immunized nor
the 2041 individuals, which were subjected to a 21-day delay in
vaccination [46]. Both the FDA and the EMA have approved VSV-
ZEBOV for EBOV vaccinations [47]. In the case of Marburg virus
(MARV), the replacement of the VSV-G protein by the MARV GP
provided complete protection against challenges with lethal doses
of MARV in non-human primates [44].

Among flaviviruses, Dengue virus (DENV) has been a target for
vaccine development applying MV vectors expressing tetravalent
tandem repeats of envelope protein domain Il (ED3) from DENV-1
to DENV-4 [48]. Immunization of hCD46 mice induced specific
interferon-gamma (IFN-y) and DENV- and MV-specific antibody
responses. Moreover, the immunization provided protection
against challenges with four DENV serotypes. VSV vectors have
also been applied for DENV vaccine development. In this context,
VSV expressing the DENV-2 pre-membrane (prM) and envelope (E)
proteins was subcutaneously administered to BALB/c mice [49].
The immunization elicited anti-DENV-2 antibodies and protected
mice against challenges with DENV-2. Vaccine development
against another flavivirus, Zika virus (ZIKV), has also taken place.
The chimeric VSV vector expressing the ZIKV prME proteins
generated strong antibody responses and resulted in resistance
against ZIKV infection in interferon receptor-deficient A129 mice
[27]. Also inactivated RABV vectors have been engineered to
express the ZIKV prME proteins [50]. BALB/c mice were immunized
with RABV-ZIKV prME mixed with an ISA 201 VG and poly(l:C)
adjuvant complex, which elicited both ZIKV and RABV titers
greater than the protective titers. Therefore, it presents a
promising approach for developing protection against both ZIKV
and RABV infections. A live attenuated MV-based vector was
engineered to express the ZIKV-E gene (MV-E2), which provided
protection in immunized mice although complete viral clearance
was not reached [51]. However, co-administration of the ZIKV non-
structural 1 gene (NS1) from an MV vector showed complete ZIKV

Cancer Gene Therapy (2023) 30:771-784



clearance. A dose-finding phase | trial was conducted with MV-
ZIKA (MV-E2) in 48 volunteers, but no results are yet available [52].
Another phase | trial is in progress to evaluate the safety and
immunogenicity of MV-ZIKA (MV-ZIKA-RSP) in 18-55-year-old
volunteers [53].

In the context of vaccines developed against hepatotropic
viruses such as hepatitis B virus (HBV) negative-strand self-
replicating RNA viruses have been applied. For instance, expres-
sion of the HBV surface antigen (HBsAg) from an MV vector
elicited strong immune responses and resulted in protection in
50% of immunized rhesus macaques [54]. Moreover, a VSV vector
expressing the HBV middle envelope surface protein (MHBs)
induced strong HBV-specific antibody responses in mice [55]. A
single immunization induced CD8* T-cell activation and protected
mice against HBV challenge with hydrodynamic DNA transfection
technique.

The development of HIV/AIDS vaccines has been an area of
intensive research activity also including evaluation of negative-
strand self-replicating RNA viruses. For instance, an MV vector
expressing the HIV-Env gene generated neutralizing antibodies
and cellular immune responses to both MV and HIV-Env in mice
and macaques after a single immunization [56]. Moreover, the live
attenuated MV strain has been utilized for the expression of HIV
antigens. Recombinant MV-HIV Gag elicited humoral and cellular
immune responses against MV and HIV and conferred protective
immunity in vaccinated transgenic mice [57]. VSV vectors have
also been used for HIV vaccine development [58]. Immunization of
rhesus macaques with a combination of VSV vectors expressing
the HIV Env gp160 and the simian immunodeficiency virus (SIV)
Gag p55 elicited potent antigen-specific immune responses [59].
Moreover, vaccinated macaques were protected against AIDS.
Other VSV-based HIV vaccine candidates such as rVSV-B6-
NL4.3Env/SIVtm, rVSV-B6-NL4.3Env/Ebtm, and rVSV-B6-A74Env
(PN6)/SIVtm, when administered to mice induced HIV gp140-
specific antibody responses [60]. In the context of RABV, mice
immunized with an RABV vector expressing the HIV-1 gp160
envelope protein elicited HIV-1 neutralizing antibodies after a
boost injection with recombinant gp120/gp41 protein [61].

The annual global seasonal influenza virus threats have put
pressure on vaccine development against influenza A virus and
avian influenza virus strains. For instance, the HA protein of the
highly pathogenic avian influenza virus (HPAIV) has been
expressed from an MV vaccine strain (rMV-Ed-H5HA) or a wild-
type MV-derived mutant (rMV-HL-Vko-H5HA) [62]. Immunization
of cynomolgus monkeys elicited both MV- and HPAIV-specific
antibodies. Furthermore, vaccinated monkeys showed less severe
pneumonia, faster recovery from influenza symptoms, and
suppression of viral shedding. Moreover, strong immune
responses were observed in cotton rats immunized with an MV
vector expressing the HA protein from the influenza A/Sapporo/
107/2013 (HIN1pdm) strain [63]. Additionally, cotton rats immu-
nized with MV AIK-C were protected against challenges with
influenza A virus. In the case of VSV-based vaccine development,
the VSV-G gene was replaced by the HPAIV HA gene, HPAIV A/
FPV/Rostock/34 (H7N1), generating the replication-deficient
VSV*DeltaG(HA) vector [64]. Intramuscular immunization of
chickens resulted in high antibody titers, which neutralized avian
influenza virus subtypes H7N1 and H7N7 but not H5N2. Moreover,
immunized chickens were protected against challenges with lethal
doses of the HPAIV A/chicken/Italy/445/99 (H7N1) strain. In
another study, VSV vectors expressing the influenza HA and
neuraminidase (NA) provided protection against lethal challenges
in mice immunized at least 24 h after the virus challenge [65]. It
was determined that HA-specific immune responses were
essential for achieving full protection. Moreover, the engineering
of a VSV vector expressing the H5 HA of the H5N1 HPAIV A/
Vietnam/1203/04 (VN1203), and the NA of the mouse-adapted
H1N1 influenza virus A/Puerto Rico/8/34 (PR8) generated a vaccine
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candidate, which was non-pathogenic in mice [66]. A single
intramuscular or intranasal injection protected mice from lethal
challenges with H5N1 influenza virus. A fast-acting VSV-based
pan-H5 influenza virus vaccine was targeted by engineering
different antigen designs [67]. Vaccination of mice confirmed that
a single dose of VSV expressing the full-length HA gene (HAf])
provided 100% protection. The response was rapid as uniform
protection was achieved when the vaccine candidate was
administered only 3 days prior to the challenge. A single
vaccination elicited cross-protective H5-specific antibodies and
resulted in protection against challenges with different H5 clade 2
viruses, which is an indication of a pan-H5 influenza virus vaccine.

Without doubt, due to the current COVID-19 pandemic, vaccine
development against coronaviruses has overshadowed any other
vaccine initiative. So far, adenovirus vector-based SARS-CoV-2
vaccines have demonstrated good safety and efficacy in animal
models and have provide more than 90% vaccine efficacy in
human clinical phase I/lla [68] and phase Il trials [69]. At the end
of 2020 and the beginning of 2021, these vaccine candidates
received Emergency Use Authorization (EUA) in several countries
allowing global mass vaccination to start [70, 71]. Issues related to
new SARS-CoV-2 variants emerging and the discovery of rare
cases of vaccine-induced immune thrombotic thrombocytopenia
(VITT) [72] have added demands to develop new vaccines. In this
context, attention has also been dedicated to negative stranded
self-replicating RNA viruses. The Severe Acute Respiratory
Syndrome (SARS) and Middle East Respiratory Syndrome (MERS)
outbreaks prior to the COVID-19 pandemic triggered the
development of vaccines against SARS-CoV and MERS-CoV,
respectively. In the context of vaccine development against SARS,
live-attenuated MV vectors expressing the SARS-CoV spike (S)
protein and nucleocapsid (N) protein were evaluated in cell lines
and in transgenic mice susceptible to MV infections [73]. The
immunization elicited high antibody responses against MV and
SARS-CoV S and N. The combination of MV-SARS-CoV-S and MV-
SARS-CoV-N elicited similar antibody responses as seen for either
MV construct alone. In another approach, a live attenuated MV
was engineered to express the full-length membrane-anchored
SARS-CoV S protein and its secreted soluble ectodomain (SARS-
Ssol) [74]. Immunization of mice with MV-SARS-CoV-S elicited high
titer neutralizing antibodies and provided full protection from
intranasal challenges with SARS-CoV. Compared to immunization
with an Ssol protein the immune responses from MV-SARS-CoV-S
were stronger and Th1-biased. Related to VSV, an attenuated
replication-competent VSV vector expressing the SARS-CoV S
elicited SARS-neutralizing antibodies in immunized mice [75].
Moreover, mice showed long-term resistance to SARS-CoV
challenges after a single vaccination. However, for safety reasons,
a replication-defective, single cycle VSV vector was engineered by
replacing the VSV G gene with the SARS-CoV S gene [76].
Intramuscular immunization of mice with the VSVAG-SARS-CoV S
vector induced significantly stronger antibody responses com-
pared to replication-competent VSV vectors, which were 10 times
higher than needed for protection against SARS-CoV

MV vectors have been engineered to express the full-length
MERS-CoV S protein (MERS-S) and a truncated soluble variant (MERS-
solS) [77]. Immunization of mice with MV-MERS-S and MV-MERS-solS
elicited both MV- and MERS-CoV neutralizing antibodies and
provided protection against MERS-CoV challenges. In another study,
the replication-competent MV vector expressing the MERS-CoV S
protein elicited robust neutralizing antibody titers in immunized
mice [78]. In contrast, immunization with MV vectors expressing the
MERS-CoV N protein did not induced MERS-specific antibody
responses in vivo. VSV vectors have also been applied for the
expression of the MERS-CoV S protein replacing the VSV-G protein
[79]. Immunization of rhesus macaques generated robust Th1-
biased antibody and T-cell responses after a single intramuscular or
intranasal injection. RABV vectors have also been employed for
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MERS. An inactivated RABV vector was engineered to express the
MERS-CoV full-length S protein [80]. However, the RABV-MERS-CoV S
construct generated significantly reduced titers, which triggered the
construction of an RBV vector expressing the MERS-CoV ST domain
fused to the RABV G protein C terminus [80]. Immunization of mice
with RABV-MERS-CoV S1 resulted in protection against challenges
with MERS-CoV.

In the context of SARS-CoV-2 and COVID-19 vaccine develop-
ment MV vectors have been utilized for the expression of the
SARS-CoV-2 S protein. Immunization of mice generated robust
Th1-biased antibody and T-cell immune responses [81]. Based on
preclinical findings the MV-SARS-CoV-2 S vaccine candidate TMV-
083 was evaluated in a randomized, placebo-controlled phase |
clinical trial [82]. However, due to disappointingly weak immune
responses detected in vaccinated volunteers, the phase | study
was terminated [83]. Both live and inactivated RABV expressing
the SARS-CoV-2 S1 domain elicited potent virus-neutralizing
antibodies in BALB/c mice at levels higher than observed in
convalescent COVID-19 patients [84]. In another approach, VSV
vectors were used for the expression of the SARS-CoV-2 S protein
[85]. Neutralizing SARS-CoV-2-specific antibodies were induced in
immunized mice. Moreover, protection against SARS-CoV-2
challenges was achieved. In another study, a replication-
competent VSV vector, where the VSV G gene was replaced by
the SARS-CoV-2 S gene, elicited strong antibody responses and
protected immunized mice from SARS-CoV-2 challenges [86].
Moreover, mice expressing the human ACE2 receptor showed
significantly reduced viral infection and inflammation in the lung,
providing protection against pneumonia. In another approach, a
methyltransferase-defective recombinant VSV vector was engi-
neered for the expression of the full-length SARS-CoV-2 S, S1, and
the receptor binding domain (RBD) [87]. The mtdVSV-SARS-CoV-2-
S elicited robust SARS-CoV-2-specific neutralizing antibodies and
Th1-biased T-cell immune responses in mice. Immunization of
Syrian golden hamsters induced SARS-CoV-2-specific neutralizing
antibodies of a higher magnitude than observed in convalescent
COVID-19 patients and provided complete protection against
SARS-CoV-2. VSV-based SARS-CoV-2 vaccine candidates have been
subjected to clinical trials. For example, the VSV-SARS-CoV-2 S
vaccine candidate V590 was evaluated in 252 volunteers in a
phase | clinical trial [88]. Although the vaccination procedure was
determined safe and well tolerated the inferior immune responses
compared to levels in convalescent COVID-19 patients resulted in
the termination of the trial [89]. Also, the application of VSVAG-
SARS-CoV-2 S has been planned for clinical evaluation. Healthy
volunteers will receive a single dose of 5x 10°, 5x 10°, or 5 x 10’
pfu of VSVAG-SARS-CoV-2 in the first phase of a dose-escalation
phase /1l study [90]. Furthermore, a phase Il/Ill trial is planned [91].

Negative strand self-replicating RNA virus vectors and cancer
In addition to infectious diseases, negative strand self-replicating
RNA viruses have been targeted for vaccine development for
various cancers. In the case of cancers, the approaches have
included not only vaccine development, but also cancer gene
therapy and cancer immunotherapy. As for infectious diseases,
vaccine development relies to a large part on overexpression of
antigens, in this case, tumor antigens, for the induction of
relevant antibody responses. In the context of cancer gene
therapy, viral vectors have been used for the delivery of toxic or
anti-tumor genes. Cancer immunotherapy involves the applica-
tion of viral vectors as delivery vehicles for immunostimulatory
genes such as interleukins and other cytokines. Oncolytic viruses
have frequently been used in cancer therapy due to their specific
replication in and killing of tumor cells without causing damage
to normal cells [92]. Among negative strand self-replicating RNA
viruses, attenuated MV strains [93] and engineered VSV vectors
[94] are available. Examples of preclinical and clinical studies on
cancer prevention and therapy using negative strand self-
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replicating RNA virus delivery vehicles are described below and
summarized in Table 2.

The modest success in treating brain tumors has accelerated
the application of viral vectors for cancer therapy and immu-
notherapy. More than 20 years ago it was demonstrated that VSV
can selectively induce cytolysis of several human cell lines
probably through apoptotic activity [95]. Moreover, VSV has
demonstrated a potent inhibition of p53-null C6 glioblastoma
tumors without affecting normal tissue. The replication-competent
VSVrp30a strain expressing GFP was administered intravenously in
mice showing rapid targeting and destruction of different types of
human and mouse tumors including glioblastoma and mammary
tumors [96]. Moreover, both tumors implanted in the brain and
peripherally were infected by VSVrp30a-GFP. Intranasal adminis-
tration resulted in selective infection and killing of olfactory bulb
tumors without targeting normal cells. In another study, the
attenuated VSV-p1-GFP variant showed killing of human U87
glioblastoma cells but caused no adverse neurological effects after
systemic administration in mice [97]. A chimeric VSV vector
expressing the CHIKV envelope polyprotein (E3-E2-6K-E1) in place
of VSV G demonstrated selective infection and elimination of a
broad range of human glioma cells [98]. In contrast to glioma cells,
normal human astrocytes showed attenuated infection and viral
replication was not detected. SCID mice implanted with human
U87 glioma cells were intratumorally injected with VSVAG-CHIKV,
which resulted in substantial tumor regression and greatly
enhanced survival. Moreover, the safety and antitumor effect of
the G protein less fusion-associated small transmembrane VSV
(GLESS-FAST-VSV) were evaluated in F344 rats and C57BL/6 mice
[99]. GLESS-FAST-VSV infected and killed brain tumor cells with a
significantly reduced toxic effect on normal cells. Multiple
injections of GLESS-FAST-VSV in animals with implanted brain
tumors provided a significantly prolonged survival showing little
neurotoxicity. In the context of MV, oncolytic MV strains have
shown promises in glioma treatment [100]. For instance, a single
intratumoral administration of the oncolytic MV-GFP vector
resulted in complete tumor regression and prolonged survival in
mice [101]. Furthermore, a statistically significant increase in
survival was discovered in an intracerebral mouse xenograft
model treated with the oncolytic MV-GFP vector [102]. In another
approach, GFP, carcinoembryonic antigen (CEA), and sodium
iodide symporter (NIS), known for its therapeutic effect on cancers,
were expressed from MV vectors [103]. Transduction of glioma
stem cells (GSC) resulted in MV replication and cytotoxic activity.
Implantation of MV-GFP transduced GSCs in the right caudate
nucleus of nude mice resulted in significantly prolonged survival.
In the context of clinical trials, a phase | study in patients with
recurrent glioblastoma multiforme applying the MV-CEA vectors
has been conducted although no results are available yet
[104, 105].

In the context of breast cancer, the oncolytic VSV containing the
M51R mutation in the matrix (M) protein gene has been applied
for therapy of experimental breast cancer using VSV(M51R)-LacZ
[106]. Intravenous administration of BALB/c mice implanted with
4T1 tumors demonstrated infection of multiple breast cancer
lesions without causing lung toxicity, indicating safe and effective
treatment of breast cancer metastases. In another study,
recombinant VSV-MA51 expressing the cytosine deaminase/uracil
phosphoribosyl  transferase (CD-UPRT) suicide gene and
5-fluorocytosine (5-FC) prodrug showed the enhanced killing of
human MCF-7 breast cancer cells [107]. Furthermore, treatment of
mice bearing TSA mammary adenocarcinoma xenografts
extended the survival time. In the case of MV, a recombinant
vector was disenabled to use the signaling lymphocyte activation
molecule (SLAM) targeting the poliovirus receptor-related 4
(PVRL4) and resulting in strong oncolytic activity in breast cancer
cells [108]. The rMV-SLAMblind vector showed antitumor activity
against human breast cancer xenografts in mice and the safety
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Table 2. Examples of cancer vaccine and therapeutic development based on negative strand self-replicating RNA virus vectors.

Brain

Glioma
Glioblastoma
Glioblastoma
Glioma
Medulloblastoma
Medulloblastoma
Glioblastoma
Glioblastoma
Breast

4T1

TSA

MCF7

MCF7, CAL-51
MCF-7, T47D
Cervical
HPV-16
HPV-16

CRPV

HPV-16

Colon
MC38cea
MC38cea,

B16hCD46 Colon cancer

CT-26
Metastatic CRC
CT-26

Lung

LLC

A549, Caco-2
NSCLC
H2009, A549
LM2

NSCLC

LLC1
Leukemia/Lymphoma
Pediatric ALL
AML

ATL

AML

CLL

DoHH2, Raji
MCL

CTCL

cHL

cHL
Melanoma
A375

mel Z
B16-OVA
B16-OVA

Antigen/therapeutic

VSVrp30a
VSV-p1-GFP
CHIKV E3-E2-6K-E1
VsV

oMV

oMV

GFP, CEA, NIS
CEA

VSV(M51R)
CD-UPRT+5FC
SLAMblind
oMV

MV-Edm

L1 Capsid

L1 Capsid
E1, E2, E6, E7
E7

GM-CSF

IL-12, IL-15
IL-12

IL-15
NDV/F(L289A)
oVSsV

oMV

oMV

CEA

IFNP

IFNP

IFNB + ruxolitinib
VSV-GP

Attenuated MV

SCD

oVSV

IFNB-NIS + anti-PD-L1
VSV + obatoclax
LacZ

NIS + iodine-131
MV-Edm-Zagreb
CD30

CD30

MV-FCU1 + 5-FC
oMV

oVsV

LCMV GP
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Vector

VSVrp30a-GFP
VSV-p1-GFP
VSVAG-CHIKV
GLESS-FAST-VSV
MV-GFP

MV-GFP
GSC-oMV
MV-CEA

VSV(M51R)-LacZ
VSV-AM51
rMV-SLAMblind
oMV

MV-Edm

MV-HPV16 L1
MV-HPV16 L1
VsV
VSV

MV-GM-CSF
MV-IL-12/1-15
MV-IL-12
VSV-IL-15
VSV-NDV/F(L289A)
M51R VSV

MV Hu-191
MV Schwarz
MV-CEA
VSV- IFNB
VSV- IFNB
VSV- IFNB
VSV-GP

[\%

MV-SCD

oVSV
VSV-mIFNB-NIS
VSV
MV-Edm-LacZ
MV-NIS
MV-Edm-Zagreb
MV-CD30
VSV-CD30

MV-FCU-HMWMAA
MV-L-16

oVSsV

VSV-LCMV GP

Findings Ref

Tumor targeting in mouse brain [96]

Tumor killing, not normal cells in mice [97]

Tumor regression, prolonged survival [98]

Tumor killing, not affecting normal brain cells [99]

Tumor regression, prolonged survival [100]
Significantly prolonged survival in mice [102]
Prolonged survival in mice [103]
Phase I: Study completed, no results yet [104]
Efficient treatment of metastases in mice [106]
Extended survival in mice [107]
Antitumor activity in mice [108]
Tumor cell infection and killing [109]
Re-sensitizing breast cancer cells [110]
Humoral immune responses in mice [112]
Neutralizing antibodies in primates [113]
Papilloma regression in rabbits [114]
10-fold tumor volume reduction in mice [115]
Tumor regression, no re-engraftment [116]
Superior tumor regression after MV-IL-12 treatment [117]
Enhanced anti-tumor activity in rats [118]
Prolonged survival in mice [119]
Long-term survival in rats [120]

Tumor regression, prolonged survival

[121]

Suppressed tumor growth, prolonged survival in mice  [122]

Suppression of tumor growth in mice [123]
Tumor regression in mice [124]
Reduced tumor growth in mice [125]
Extended survival, cure in 30% of mice [126]
Improved survival in mice [126]
Efficient tumor cell killing in mice [127]
Eradication of leukemia, long-term survival [130]
Decrease in number and viability of leukemia cells [131]
Replication and killing of ATL cells [132]
Antitumor activity, prolonged survival [133]
Synergistic tumor regression in mice [134]
Decrease in tumor progression in mice [135]
Superior combination therapy in mice [136]
Phase I: Clinical responses [137]
Tumor cell killing, decreased tumor growth [138]
Significantly prolonged survival in mice [138]
Tumor targeting, bystander effect [139]
Inhibition of tumor growth in mice [141]
Tumor regression in mice [142]
Tumor regression, prolonged survival [143]
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Table 2. continued
Antigen/therapeutic Vector Findings Ref
B16-F10 hDCT 4 Ad-hDCT Maraba MG1-hDCT Efficient boosting immune responses [144]
Ovarian
SKOV3ip.1 CEA MV-Edm-CEA Prolonged survival for > 50 days in mice [145]
SKOV3ip.1 aFR scFV MV- aFR scFV Tumor reduction, prolonged survival [146]
SKOV3ip.1 CEA, NIS MV-CEA/MV-NIS Dual therapy superior in mice [147]
RROC CEA A% Phase I: Safe, dose-dependent response [148]
A2780s, A2780cp VSVMP Liposome VSVMP DNA 90% reduction in tumor volume [149]
A2780s, A2780cp VSVMP Liposome VSVMP DNA 87-98% tumor inhibition [150]
SKOV3 VSVMP + paclitaxel Liposome VSVMP DNA Metastasis inhibition, tumor suppression [151]
A2780 LCMV GP VSV-LCMV GP + Superior tumor regression in mice [152]
ruxolitinib
Pancreatic
KLM1, Capan-2 SLAMBIind MV-SLAMBIlind Suppression of tumor growth in mice [153]
MIA Paca-2, PANC-1, BxPC-3 oMV + Gemcitabine oMV >50% reduction in tumor cell mass [154]
PDAC GFP VSV-GFP Superior oncolytic activity compared to Sendai, RSV [155]
PDAC GFP VSV-AM51 Tumor decrease, enhanced by gemcitabine [156]
BxPC-3 VSV-HF VSV-HF Complete tumor regression in Hep3B hepatocellular [158]
but not in BxPC-3 tumors
Prostate
PC-3 CEA MV Delayed tumor growth, prolonged survival [159]
LNCaP, PC-3 Sc-FV-PSMA MV-sc-Fv-PSMA Tumor regression in mice [160]
PC-3 oMy, oMuV MV + MuV Immune responses, protection in mice [161]
DU145, PC-3 GFP VSV-AM51-GFP Apoptosis in tumor cells, prolonged survival [162]
DU-145, 22Rv1 LCMV GP VSV Long-term remission in mice [163]
PC-3 VSV + curcumin VSV Promotion of oncolysis in vitro & in vivo [164]

Ad adenovirus, ALL acute lymphocytic leukemia, AML acute myeloid leukemia, ATL adult T-cell leukemia, CEA carcinoembryonic antigen, CRC colorectal cancer,
cHL classical Hodgkin lymphoma, CLL chronic lympocytic leukemia, CRPV cottontail rabbit papilloma virus, CSC glioma stem cell, CTCL cutaneous T-cell
lymphoma, CTLA-4 CTL antigen-4, DC dendritic cell, GFP green fluorescent protein, GITR glucocorticoid-induced tumor necrosis factor receptor, GM-CSF
granulocyte macrophage-colony stimulating factor, hDCT human dopachrome tautomerase, IL interleukin, LCMV lymphocytic choriomeningitis virus, Lewis
lung carcinoma, MCL mantle cell lymphoma, MOSEC murine ovarian surface epithelial carcinoma, NIS sodium iodine symporter, PDAC pancreatic ductal
adenocarcinoma, RROC refractory recurrent ovary cancer, TNBC triple-negative breast cancer, RROC recurrent refractory ovarian cancer, RSV respiratory syncytial
virus, TRAMP transgenic adenocarcinoma mouse prostate, VSV vesicular stomatitis virus.

was evaluated in MV seronegative monkeys, which generated no
clinical symptoms of MV. In another study, a live attenuated MV
was evaluated in MCF-7 and CAL-51 breast cancer cell lines and in
breast cancer cells derived from BRCA1/BRCA2-positive cancer
patients [109]. MV effectively infected, induced apoptosis, and
killed breast cancer cells suggesting the potential of safe and
efficient anticancer treatment. Moreover, the attenuated MV
Edmonston strain (MV-Edm) re-sensitized breast cancer cells to
doxorubicin and ionizing radiation, which could provide a new
strategy for the treatment of radio- and chemo-resistant breast
cancer [110].

Cervical cancer can be considered as a special type of cancer as
vaccine approaches have mainly aimed at providing protection
and at a lesser extent therapeutic efficacy. The human papilloma
virus (HPV) vaccine Gardasil, based on recombinant protein
expression of the HPV L1 capsid protein in Saccharomyces
cerevisiae, was approved by the FDA in 2006 [111]. Despite the
success of Gardasil, there has been a demand on the development
of new cervical cancer vaccines. In this context, MV vectors
expressing the HPV16 L1 capsid protein showed strong humoral
responses in immunized transgenic mice [112]. Moreover, the MV-
HPV16 L1 vaccine was compared to HPV16 L1 and HPV18 L1
vaccines produced in Pichia pastoris [113]. Immunization of non-
human primates elicited strong neutralizing antibody responses
for both MV- and yeast-based vaccines. In the case of VSV, the E1,
E2, E6, and E7 proteins of the cottontail rabbit papillomavirus
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(CRPV) were expressed from a VSV-vector and immunization of
rabbits reduced the volume of papilloma significantly [114]. The
VSV-E7 immunization was superior reducing tumor volumes by
96.9%, and also resulted in eradication of disease. Moreover,
immunization of C57BL/6 mice with a VSV vector expressing
HPV16 E7 elicited specific T cell responses and generated a 10-fold
reduction in tumor volume [115].

Oncolytic MV vectors have been utilized for the expression of
granulocyte macrophage-colony stimulating factor (GM-CSF) in a
mouse adenocarcinoma MC38cea model [116]. The tumor
progression was delayed after intratumoral MV-GM-CSF adminis-
tration, which also prolonged the survival time of immunized
animals. Tumor remission was complete in one-third of mice and
tumor re-engraftment was further rejected. In another approach,
oncolytic MV vectors expressing IL-12 and IL-15 were evaluated in
MC38cea and B16hCD46 tumor models [117]. The MV-IL-15 vector
enhanced T- and NK-cell filtration in both tumor models, but the
MV-IL-12 vector generated more robust viral gene expression and
immune activation, which resulted in superior anticancer activity.
In another study, MV-based expression of IL-12 was evaluated in
colon cancer cells and in rats [118]. MV-IL-12 administration in rats
enhanced anti-tumor activity and immunity. In the context of an
oncolytic VSV vector, expression of enhanced secreted IL-15
resulted in strong local expression in CT-26 colon tumors [119].
Immunization of mice enhanced both anti-tumoral T-cell
responses and prolonged the survival time. In another study, an
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oncolytic VSV vector expressing the Newcastle disease virus (NDV)
fusion protein mutant L289A downstream of the VSV G protein
showed significantly enhanced survival in a rat liver metastasis
model [120]. Moreover, four out of seven immunized rats
demonstrated long-term survival exceeding 100 days. Although
prolonged survival was also observed in the lung metastasis
model, long-term survival was not achieved in any rat. In another
study, the M protein mutant of VSV (M51R VSV) was evaluated in
BALB/c mice with luciferase-expressing CT-26 peritoneal tumors
for intraperitoneal tumor growth and overall survival [121]. A
single intraperitoneal administration of 5x 10° pfu of M51R VSV
particles decreased luciferase bioluminescence and improved the
survival of mice.

Related to lung cancer, the oncolytic MV Hu-191 strain showed
significant tumor growth suppression and prolonged survival in
C57BL/6 mice with Lewis lung carcinoma (LLC) [122]. In another
study, the oncolytic MV Schwarz strain suppressed the growth of
established lung and colorectal adenocarcinomas in nude mice
with A549 and Caco-2 tumors [123]. Moreover, the MV-Edm strain
was applied for the expression of CEA in non-small-cell lung
cancer (NSCLC) cell lines and in transgenic mice [124]. MV-Edm-
CEA induced apoptosis in NSCLC cell lines and tumor regression
was observed after intratumoral administration in mice. In the
context of VSV, expression of interferon-B (VSV-IFNB) provided
reduced tumor growth in mice with H2009 and A549 lung
xenografts after intratumoral administration [125]. Moreover,
tumor regression, prolonged survival, and cure were achieved in
30% of immunized mice bearing syngeneic LM2 lung tumors
[125]. In another study, VSV-IFNB based immunization was
combined with ruxolitinib in an immunocompetent NSCLC mouse
model, which resulted in improved survival of immunized mice
[126]. The chimeric VSV-GP vector has been evaluated in
syngeneic C57BL/6 and athymic nude mice implanted with
subcutaneous LLC1 lung tumors [127]. Administration of VSV-GP
demonstrated tumor-to-tumor spread of viral progeny in bilateral
tumors and widespread infection and killing of tumor cells.

In the context of leukemia and lymphoma, clinical observations
from the 1970s and 1980s indicated that regression was observed
in patients infected with MV [128, 129]. In the case of leukemia,
attenuated MV has been verified as a potential therapeutic agent
for pediatric acute lymphoblastic leukemia (ALL) ex vivo in a panel
of pediatric xenografted and naive primary ALLs and against four
different ALL xenografts of B-lineage in SCID mice [130]. The MV
effectively killed leukemia cells but spared normal human blood
cells ex vivo. Intravenous injection of mice eradicated leukemia
blasts in the hematopoietic system and provided long-term
survival in three out of four xenografted B-lineage leukemias. In
another approach, acute myeloid leukemia (AML) cell lines and
primary AML cells from patients were infected with MV vectors
expressing GFP or super cytosine deaminase (SCD) [131]. As SCD
converts the prodrug 5-FU into 5-fluorouracil (5-FU) with
chemotherapeutic activity, the combination therapy of MV and
SCD substantially reduced the number and viability of leukemia
cells by induction of apoptosis. Oncolytic VSV vectors have been
evaluated in primary human T-lymphocytic virus type 1 (HTLV-1)
infected T-lymphocytes from adult T-cell leukemia (ATL) patients
[132]. VSV did neither replicate in HTLV-1 infected non-leukemic
cells nor in naive CD4" T-lymphocytes from healthy individuals.
Although activation with anti-CD3/CD28 monoclonal antibodies
induced limited VSV replication and oncolysis, it was four times
higher in ATL cells. In another approach, intravenous administra-
tion of VSV-mIFNB-NIS vectors demonstrated dose-dependent
responses in syngeneic AML CL1498 tumors [133]. Combination
therapy with VSV-mIFNB-NIS and anti-PD-L1 antibodies enhanced
antitumor activity and significantly prolonged survival. In attempts
to compensate for the overexpression of anti-apoptotic B-cell
leukemia/lymphoma 2 (BCL-2) interfering with apoptosis, oncoly-
tic VSV vectors combined with the BCL-2 inhibitor obatoclax,
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synergistically induced cell death in primary chronic lymphocytic
leukemia (CLL) cells and reduced tumor growth in SCID mice with
implanted A20 lymphoma tumors [134].

Intratumoral administration of the live attenuated MV-Edm
strain with or without the LacZ reporter gene induced regression
of large human lymphoma xenografts in SCID mice [135].
Furthermore, intravenous administration generated significant
decrease in DoHH2 and Raji tumor progression and MV replication
was detected in residual tumors. In another approach, MV-based
expression of NIS was applied against mantle cell lymphoma
(MCL), an aggressive but radiosensitive form of B-cell non-
Hodgkin’s lymphoma [136]. In mice, infection of metastases was
faster and more intense than for primary tumors. Combination
therapy of MV-NIS and systemic iodine-131 showed more rapid
tumor regression than either therapy alone. Interestingly, only
SLAM-based entry of MV provided efficient virus spread, tumor
regression, and extended survival in mice. In the context of clinical
trials, the MV-Edmonston-Zagreb strain was intratumorally admi-
nistered to five patients with cutaneous T-cell lymphomas (CTCLs)
in a phase | clinical trial [137]. The treatment was safe and well
tolerated, which generated clinical responses. Moreover, patients
with classical Hodgkin lymphoma (cHL) been subjected to
treatment with oncolytic MV and VSV [138]. In this context, a
CD30-targeted MV vector (MV-CD30) and a VSV-vector where the
VSV-G was replaced by the CD30-targetd MV glycoproteins (VSV-
CD30) were engineered. Both MV-CD30 and VSV-CD30 selectively
destroyed CD30"-positive cHL tumor cells although VSV-CD30
generated much higher titers and more rapidly and efficiently
killed cHL-derived cell lines. Intratumoral and systemic adminis-
tration of VSV-CD30 significantly decreased the tumor growth and
prolonged survival in mice with implanted cHL xenografts.

In the case of melanoma, an oncolytic MV virus carrying the
melanoma-associated antigen (HMWMAA) demonstrated highly
specific infection and spread in melanoma cells [139]. The
therapeutic efficacy was further improved by the introduction of
the bifunctional fusion suicide (FCU1) gene, which is coding for
the yeast-derived prodrug convertases CD and uracil phosphor-
ibosyl transferase. Combination therapy of MV-FCU1-aHMWMAA
and the 5-FC prodrug converted to 5-FU generated extensive
cytotoxicity in melanoma cells and in non-infected cells through
excessive bystander killing. Furthermore, biopsies of melanoma
skin metastases revealed targeting by the MV-FCU1-aHMWMAA
vector. An important issue related to the treatment of melanoma
with oncolytic MV vectors has been to determine what renders
human melanoma cells susceptible to MV infections [140]. It was
demonstrated both in vitro and in vivo that the IFN pathway was
fully functional in MV resistant cells, and sensitive cells pre-treated
with IFN showed resistance against MV infections. Moreover,
treatment with the IFN pathway inhibitor ruxolitinib rendered cells
susceptible to MV infections. The oncolytic potential of the MV
Leningrad-16 (L-16) strain was evaluated in human metastatic
melanoma cell lines and the melZ mouse melanoma model [141].
MV-L-16 replicated efficiently in melanoma cell lines resulting in
direct killing of tumor cells. Furthermore, significant tumor growth
inhibition was achieved in the melanoma mouse model. In the
context of VSV, subcutaneous administration of oncolytic VSV into
B16ova melanomas resulted in tumor regression but no viral
replicative burst in C57BL/6 mice [142]. However, intratumoral
administration induced acute proinflammatory reactions and virus
clearance. It was further demonstrated that a single cycle of
oncolytic VSV was as efficient as a fully replication-competent VSV.
In another study, the VSV-G protein was relaced by the non-
neurotropic lymphocytic choriomeningitis virus (LCMV) glycopro-
tein (GP) in the VSV vector [143]. Evaluation in subcutaneous A375
and B16-OVA syngeneic mouse tumor models demonstrated
significant tumor regression and prolonged survival of immunized
mice. Among rhabdoviruses, in addition to VSV, Maraba virus has
demonstrated oncolytic potential. The Maraba MG1 strain was
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engineered to express human dopachrome tautomerase (hDCT),
but immunization with MG1-hDCT was insufficient for induction of
antitumor immunity and for providing therapeutic efficacy in mice
with implanted B16-F10 metastases [144]. However, Maraba
MG1 showed potency for boosting DCT-specific immune
responses after priming with an adenovirus expressing hDCT.

In the context of ovarian cancer, the MV-Edm strain expressing
CEA showed oncolytic activity in ovarian tumor cells, but only
minimal cytotoxicity in normal ovarian surface epithelial and
mesothelial cells [145]. Intratumoral injection into SKOV3ip.1
human ovarian epithelial xenografts resulted in complete regres-
sion of 80% of tumors in athymic mice. Moreover, intraperitoneal
administration extended the survival of mice with advanced
SKOV3ip.1 tumors by more than 50 days. MV vectors have also
been subjected to engineering for tumor-specific targeting by the
introduction of a single-chain antibody (scFV) sequence for the
alpha-folate receptor (aFR) [146]. Reduction in tumor volume and
extended survival was observed in mice implanted with SKOV3ip.1
ovarian xenografts after intratumoral administration. In a dual
therapy approach, MV vectors expressing CEA and NIS were
administered to mice implanted with SKOV3ip.1 ovarian tumor
xenografts [147]. The combination therapy was superior to
treatment with either MV-CEA or MV-NIS alone. The MV-CEA
vector was subjected to a phase | clinical study in patients with
taxol and platinum-refractory recurrent ovarian cancer [148].
Intraperitoneal MV-CEA administration was safe, well tolerated,
and demonstrated dose-dependent biological activity in heavily
pre-treated patients. Stable disease (SD) was observed in 14 out of
21 patients. In the case of VSV, recombinant plasmid DNA carrying
a VSV matrix protein (MP) liposome complex transfected into
SKOV3 ovarian cancer cells induced apoptosis and intraperitoneal
administration reduced tumor weight by 90% [149]. In another
study, the VSV MP liposome complex was administered to nude
mice with implanted A2780s and A2780cp ovarian tumors [150].
The treatment resulted in 87-98% inhibition of A280s and
A2780cp tumor xenografts and extended the survival time in
mice. In a combination therapy approach, encapsulation of
paclitaxel in DPP particles enhanced the VSV MP expression,
which induced antiproliferation and apoptosis in SKOV3 ovarian
tumor cells [151]. Intraperitoneal administration demonstrated
efficient inhibition of metastases, inhibition of tumor cell
proliferation, and suppression of tumor angiogenesis. The VSV-
LCMV GP vector showed oncolytic activity in several ovarian
cancer cell lines [152]. Moreover, administration of VSV-LCMV GP
into subcutaneous and orthotopic A2780 ovarian cancer mouse
models led to tumor regression, which was further enhanced
when combined with administration of the JAK1/2 inhibitor
ruxolitinib.

Pancreatic cancer has been targeted by immunization of SCID
mice with implanted KLM1 and Capan-2 pancreatic tumor
xenografts with MV-SLAMBIind vectors [153]. Intratumoral injec-
tion resulted in significant suppression of tumor growth.
Furthermore, the oncolytic MV was subjected to combination
therapy with gemcitabine in human MIA Paca-2, PANC-1, and
BxPC-3 pancreatic cancer cell lines [154]. The combination
treatment reduced the tumor cell mass of more than 50% and
gemcitabine only slightly diminished viral replication in tumor
cells. VSV vectors have been applied for therapeutic efficacy
against the highly aggressive pancreatic ductal adenocarcinoma
(PDACQ) [155]. The oncolytic activity of VSV was superior in
comparison to Sendai virus and respiratory syncytial virus (RSV)
despite some heterogeneity of PDAC cells toward VSV suscept-
ibility. Moreover, wild-type VSV, VSV-GFP, and VSV-AM51-GFP
showed oncolytic activity in five PDAC cell lines [156]. In vivo,
administration of VSV-AM51-GFP in mice implanted with PDAC
xenografts resulted in significant decrease in tumor growth, which
was further improved by co-administration of gemcitabine. In
another study, the cause of resistance or susceptibility of PDAC
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cells to VSV was investigated showing constitutive co-expression
of interferon-stimulated genes (ISGs) such as MX1, EPSTI1, XAF1,
and GBP1 in VSV-resistant, but not in VSV-permissive PDAC cells
[157]. It was also demonstrated that ruxolitinib can down-regulate
ISG expression and short hairpin RNA (shRNA) based inhibition of
MX1 supported VSV-AM51-GFP replication in VSV-resistant PDAC
cells. In another study, a VSV vector was engineered where the
VSV-G was replaced by the MV envelope proteins F and H [158].
The VSV-HF vector was evaluated both in vitro and in vivo in
models for hepatobiliary and pancreatic cancers. A single
intratumoral administration of VSV-HF demonstrated complete
tumor regression and extended survival in mice with implanted
Hep3B hepatocellular carcinoma. In contrast, this effect was not
observed after immunization of mice with BxPC-3 pancreatic
cancer xenografts.

In the context of prostate cancer, intratumoral administration of
MV-CEA in mice with implanted prostate PC-3 xenografts
substantially delayed tumor growth and prolonged survival
[159]. In another approach, a single-chain antibody (sc-Fv) specific
for the extracellular domain of the prostate-specific membrane
antigen (PSMA) was introduced into the MV vector [160]. The
therapeutic efficacy was evaluated in mice with implanted LNCaP
and PC3-PSMA prostate tumor xenografts. The infection and
cytopathic killing occurred exclusively in PSMA-positive prostate
cancer cells. Radiation therapy further enhanced the therapeutic
efficacy. The co-administration of oncolytic MV and mumps virus
(MuV) vectors in mice with implanted PC-3 prostate xenografts
resulted in superior anti-tumor activity and extended survival
compared to administration of either MV or MuV alone [161].
Related to VSV, infection of human DU145 and PC3 prostate cell
lines with the VSV-AM51-GFP vector resulted in efficient VSV
replication, apoptosis, and tumor cell killing [162]. Eradication of
tumor cells was demonstrated in nude mice immunized with VSV-
AM51-GFP, which prolonged the survival time. In contrast, normal
tissue was relatively unaffected. The previously described VSV-
LCMV GP vector [152] has also been subjected to prostate cancer
therapy. VSV-LCMV GP efficiently infected six out of seven prostate
cancer cell lines [163]. Moreover, long-term remission was
achieved in the DU145 prostate cancer tumor model after
intratumoral immunization of BALB/c Rag2~’"yc~’~ mice. Long-
term cure was also detected after intravenous treatment of
subcutaneous tumors and bone metastases. Finally, the effect of
the combination of VSV with natural agents with anti-tumor
properties was investigated in vitro and in vivo [164]. The VSV-
induced oncolysis was enhanced after pre-treatment with
curcumin in the PC-3 prostate cancer cell line and in a prostate
cancer mouse model.

CONCLUSIONS

In summary, self-replicating negative strand RNA viruses have
demonstrated both prophylactic and therapeutic efficacy in
various animal models for infectious diseases and different
cancers. Although self-replicating positive strand RNA viruses
such alphaviruses and flaviviruses have also shown promising
results in vaccine development and cancer therapy and possess a
certain advantage of direct translation of their genomic RNA in the
cytoplasm of infected host cells, both measles viruses and
rhabdoviruses have proved their potential. Especially, VSV-based
vaccines have been highly successful, which has been demon-
strated by the approval of vaccines against EVD by both the FDA
and the EMA [47]. However, recent vaccine development against
SARS-CoV-2 has served as a reminder of the difficulty of
transferring vaccine efficacy from animal models to human
applications as clinical trials for both measles virus [82, 83] and
VSV [88, 89] were prematurely terminated due to only weak
immune responses in vaccinated volunteers. In the area of cancer
vaccines and cancer immunotherapy, a large number in animal
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models have demonstrated tumor regression, eradication of
tumors, and even long-term remission. However, a relatively small
number of clinical trials have been conducted, so far. For this
reason, it is essential to be able to broaden the repertoire of
clinical evaluations in the future.

How can progress be achieved in the future? Obviously, there is
no magic bullet or a specific viral vector that has been shown to
be universally applicable and providing superior efficacy for either
vaccine development or cancer therapy. Oncolytic viruses have
become attractive due to their capacity to specifically infect and
replicate in tumor cells, furthermore, killing the host cells while
leaving normal tissue unaffected. Much attention has also been
paid to combinatorial approaches. Several studies have demon-
strated improved efficacy of combining viral vectors with antiviral
and cancer drugs, respectively. Even pre-treatment with natural
agents such as curcumin has resulted in enhanced oncolysis of
VSV vectors. Moreover, the combination of viral delivery vehicles
with radiotherapy has demonstrated improvement in cancer
therapy.

Plenty of attention has also been dedicated to vector
engineering to design safer and more efficient delivery systems.
Efforts have been made to identify mechanisms and pathways
facilitating the targeting and infection of appropriate cells, in the
case of vaccines antigen-producing cells and for cancer therapy
tumor cells. Especially for cancer therapy it has been essential not
to cause damage to normal tissue. As has been learnt from clinical
evaluation of vaccine candidates, the route of administration,
single or prime-boost administration, and dosage are important
issues to address. The COVID-19 pandemic has also taught us how
vaccine development can be accelerated through fruitful
collaboration between academic research institutions, pharma-
ceutical companies, and governmental organizations. It has
demonstrated the importance of being prepared for emerging
viruses and the necessity to deal with novel mutants/variants to
eradicate the pandemic. For these efforts and for future global
well-being self-replicating negative strand RNA viruses can play
an important role.
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