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Abstract

Respiratory syncytial virus (RSV) is the leading cause of upper respiratory tract infections in children and the
elderly. The only specific treatment approved for RSV is the monoclonal antibody Palivizumab for passive
immunoprophylaxis in high-risk infants. Sixty years after the virus was discovered, several safe RSV vaccine
candidates have been licensed. This was facilitated by research to identify the structure of RSV, to study the basic
functions of RSV components as well as the mechanisms of innate and acquired immune responses to infection.
The negative result of a clinical trial of formalin-inactivated RSV vaccine in children, which resulted in the death
of several vaccinated individuals, was taken into account.

The aim of the study was to summarize data from studies of RSV vaccine candidates in laboratory animals and
in clinical trials on different age groups.

Articles for the analysis of preclinical and clinical trials of RSV vaccines were found, using the PubMed search
engine with “respiratory syncytial virus and vaccine” as the keywords. The selection criteria were that original
articles should contain information on preclinical and clinical studies, the latter including phase |-IV randomized
controlled trials. From 1967 to the present year, 296 articles summarizing data from studies of RSV vaccine
candidates and 1788 articles summarizing data from animal trials of vaccine candidates were found. The review
summarizes data from preclinical studies of vaccine candidates and their developers, vaccine formulations,
animal models on which the studies were conducted, as well as a brief description of the main findings. Data on
clinical trials of vaccine candidates are presented, including target populations, clinical trial number and sources
where the results of these trials were published.
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CoBpemeHHOe COCTOAAHNE pa3paboToK B 06/1aCTN CO3AAHNA BaKLUMH
NpoTMB pecnUpPaTOPHO-CMHLUTUANIbHOIO BUpYyca

Kotomuna T.C.*

WNHCTUTYT 3KCnepumeHTanbHom meanumHbl, CaHkT-MNeTepbypr, Poccua

AHHOMAayus

PecnvpatopHo-cuHumTransHein Bupyc (PCB) siBnsieTcst OCHOBHOM MPUYMHON MHADEKLMIA BEPXHUX ObIXaTeNbHbIX
nyTen y aeten n noxunsix. B otHoweHnn PCB ofobpeHo eanHCTBEHHOE crneumndnyeckoe cpeacTBo neveHus —
npenapaTt MOHOKIOHamNbHbIX aHTUTEN nanuenaymab Ans NacCMBHOW MMMYHOMPOMUNAKTUKA Y MNaAeHLUEB U3
rpynnbl BbICOKOTO pucka. Cnycts 60 net ¢ MomeHTa o6HapyxeHus BMpyca Obinv NMLeH3npoBaHbl HECKOMbKO 6e3-
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OonacHbIX BaKUUHHBIX kKaHauaaToB npotme PCB. 3Tomy cnocobGcTBOBany MCCneqoBaHUs Nno BbISBNEHWIO CTPYK-
Typbl PCB, n3y4eHnio oCHOBHbIX hyHKUMIA KOMMNoHeHToB PCB, MexaHW3MOB BPOXAEHHOIO M NPUOBPETEHHOIO
MMMYHHOIO OTBETOB Ha MHpeKunto. bbin y4TEH oTpuuaTenbHbIA OMbIT KIMHUYECKOTO MCMbITaHUA hopManmH-
MHAKTUBMPOBaHHOW BaKLMHblI NpoTuB PCB Ha geTsix, 3aKOHYMBLUMIACA CMEPTbI0 HECKOMNBbKUX BaKLUMHUPOBAHHBIX.
Lenb nccnegosaHus — 0606WNTb AaHHbIE UCCReaoBaHUA BakUMHHBLIX kaHamaaTo npotue PCB Ha nabopatop-
HbIX XMBOTHbIX 1 B KIMHWYECKMX UCMbITAHUSIX HA PasfMYHbIX BO3PACTHbIX rpynnax.

Mounck cTaTten ans aHanuaa SOKNMHUYECKMX N KIMMHUYECKMX UCMbITaHMI BakuuH npoTus PCB ocyLectensnm ¢ uc-
nonb30BaHWEM 3NeKTPOHHO-NonckoBoro pecypca PubMed no kntoyeBbiM crioBam «respiratory syncytial virus and
vaccine». B kaduecTBe kpuTepmeB 0TOOpa ykasbiBanu, YTO OpUriMHanbHble CTaTby AOMKHbI CoAepKaTb CBeAEeHMUs
O AOKINMHUYECKMX N KMMHUYECKUX UCCneaoBaHusX, Npuyém nocnegHve sknodanu B cebs |-V dasbl paHgomu-
3MPOBaHHBLIX KOHTPONMMPYEMbIX UCMbITaHuiA. 3a 1967-2025 rr. o6HapyxeHo 296 cTtaTtel, o6obLiaowmnx JaHHbIe
no MUCCrefoBaHUI0 BaKUMHHBLIX kKaHamaaToB npotue PCB, n 1788 ctaten, B KOTOPbIX CYMMUPOBaHbI AaHHbIE 00
MCNbITAHNSIX BaKLMHHbBIX KaHOWOATOB Ha XXMBOTHbIX. B 0630pe cymmmnpoBaHbl AaHHbIE OKMTMHUYECKUX UCcneno-
BaHWIA BaKLUUHHbIX KAHOUOATOB C yKa3aHMeM pa3paboTynKoB, COCTaBa BakLMHHBLIX NPenapaToB, XMBOTHbLIX MoAe-
Newn, Ha KOTOPbIX NPOBOAMMMCH UCCIEAOBaHMS, C KpaTKMM ONMcaHMeM OCHOBHbIX pe3ynbTaTtoB. NMpeacTaBneHsl
OaHHbIE O KMMHUYECKUX UCMbITAHUSIX BaKUMHHbBIX KAHAMOATOB C YKa3aHueM LieneBbIX rpynn HaceneHus, Homepa
KITMHUYECKOrO UCCIEA0BaHNsSt U UCTOMHMKOB, rae onybnukoBaHbl pe3ynbTaThl 3TUX UCCNEA0BaHUNA.

KnroueBble cnoBa: pecrnupamopHO-CUHUUMuarsnbHbIl 8Upyc, sakyuHa, OKIUHUYEeCKUE Uccnedo8aHusi, KIUHU-
yeckue uccnedosaHusi, 0630p numepamypbl

UcmoyHuk ¢huHaHcupoeaHus. ViccnenoBaHue nogaepxaHo rpaHtom PH® Ne24-75-10088.

KoHgbnnukm uHmepecoe. ABTOpbl AEKNapUPYyOT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSI-
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Introduction

Among severe acute human respiratory diseases,
respiratory syncytial virus (RSV) accounts for approx-
imately 22% of cases. The number of deaths annually
ranges from about 55,000 to 199,000, including 50,000—
75,000 among children under 5 years of age [1, 2]. Af-
ter RSV disease, no lasting immunity is formed, due to
which the body is not resistant to subsequent infections
[3, 4]. The reasons why this happens have not yet been
established. In 2023, GlaxoSmithKline (UK) and Pfizer
(USA) licensed subunit vaccines for the prevention of
RSV infection in people over 60 years of age. Devel-
oper Moderna (USA) has submitted a messenger RNA
(mRNA) vaccine for the prevention of RSV infection in
the elderly. Many alternative vaccine candidates are in
various stages of clinical trials.

The aim of the review is to summarize data on the
development of RSV vaccines using different platforms
and methodological approaches, the results of their pre-
clinical studies in different animal models and clinical
trials in different age groups.

General characterization of respiratory
syncytial virus
RSV belongs to the order Mononegavirales, fami-
ly Pneumoviridae (pneumoviruses), genus Orthopneu-
movirus. Until 2016, the virus was referred to the fam-
ily Paramyxoviridae [5]. Another representative of the
pneumovirus family is human metapneumovirus. Both

© KotomuHa T.C., 2025

pneumoviruses occupy a leading position in the struc-
ture of morbidity in children from birth to one year of
age, the elderly and immunocompromised persons [6].
RSV infection is accompanied by severe pneumonias
and bronchiolitis. According to expert estimates, in
2019, there were about 3.6 million human hospitaliza-
tions due to RSV infection and 101,400 related deaths
among children aged 0—-60 months worldwide [7].
RSV virions are pleomorphic: spherical forms
with a diameter of 100-350 nm and filamentous forms
with a length of up to 10 pm and a diameter of 60—
200 nm are distinguished [8, 9]. The genetic material of
RSV is represented by single-stranded RNA with nega-
tive polarity with a size of 15.2 kb. The RSV genome
is unsegmented and contains 10 open reading frames
encoding 9 structural and 2 non-structural proteins. The
M?2 gene contains 2 open reading frames and encodes
2 proteins: M2-1 and M2-2. The viral RNA is packaged
inside a nucleocapsid of helical symmetry type, which
is a ribonucleoprotein complex (RNP) (Figure). Repli-
cation occurs with the participation of an RNA-depen-
dent RNA polymerase consisting of a large L protein
and phosphoprotein P (cofactor L). P-, L- and M2-1-
proteins participate in the transcription process [10, 11].
RSV refers to enveloped viruses whose genetic materi-
al is surrounded by a protein envelope and a lipid bi-
layer acquired from the host cell during virus assembly
and budding. Matrix protein M is located between the
capsid and the outer lipid bilayer. The integral mem-
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RSV structure.

The RSV genome is unsegmented with a length of 15.2 bp, has a negative polarity, and encodes 11 viral proteins. The RSV viral envelope

contains 3 transmembrane glycoproteins: attachment protein G, fusion protein F, and small hydrophobic protein SH. On the inner side of the

viral envelope is the matrix protein M. The viral RNA is encapsulated by a nucleoprotein (N) and a large protein (L). Phosphoproteins P and
M2-1 mediate transcription of viral RNA. M2-2 regulates viral RNA synthesis. The figure was adapted from [16].

brane fusion protein F, attachment protein G, and small
hydrophobic SH protein are embedded in the outer lipid
bilayer. The F protein belongs to class I glycoproteins.
Its main function is to allow virus entry into the target
cell. Prior to interaction with the target cell, protein F is
located on the surface of RSV in the “pre-F” conforma-
tion and acquires the “post-F” conformation due to the
fusion of the viral and cell membrane [12].

The M2-2 protein is involved in replication and
transcription [13]. NS1 and NS2 proteins are not part
of the virion; their main role is to act as antagonists
of a-/B-interferons, which are produced by the human
body in response to viral infection [14, 15].

Prototypes of RSV vaccines

RSV was first discovered in 1956 [17], and for
more than 60 years, work has been underway to devel-
op a vaccine against RSV. The successful experience
with formalin-inactivated vaccines against poliomyeli-
tis, measles and parainfluenza was also applied to the
first RSV vaccines, but the attempts were unsuccessful
and new approaches to this problem were required.

Most RSV vaccines are developed on the basis of
one of the most conserved RSV proteins, F, because this
surface protein is the antigenic target for virus-neutral-
izing antibodies [18]. Approaches in which F-protein is
stabilized in pre-F or post-F form have been developed
[19, 20]. However, more often developers choose pre-F
because virus-neutralizing antibodies are induced in
greater amounts to this form of F-protein under condi-
tions of natural infection or immunization [21].

History of RSV vaccines

In the 1950s, formalin inactivation of the virus was
recognized as a successful technique [22]. In the United
States in the 1960s, pilot trials of formalin-inactivated
RSV vaccine (FI-RSV) were first conducted in infants
and then large-scale clinical trials of the vaccine in chil-
dren of different ages. The youngest cohort included
children aged 2—7 months. Children in the experimen-
tal group (aged 4 months to 10 years) received 2 doses
of FI-RSV intramuscularly, while those in the control
groups received trivalent parainfluenza vaccine [23].
A 4-fold increase in RSV antibody levels was observed
in 68% of those vaccinated with FI-RSV compared
with control groups [23]. During the RSV circulation
season, children receiving FI-RSV were more severe-
ly ill (7.9%) than controls (4.7%) [23]. An increased
course of the disease was observed in children younger
than 2 years of age [23]. Another study involved chil-
dren aged 2-7 months; after FI-RSV vaccination, a
6-fold increase in neutralizing antibodies was observed
compared with the control group [24]. In the winter
period following the vaccination (1966/1967), 21 out
of 30 children in the group of FI-RSV-vaccinated chil-
dren became ill from natural exposure to RSV, whereas
in the control group, it only happened in 5% of cases.
Sixteen children in the FI-RSV group required hospi-
talization, while 2 infants died [24]. When comparing
the results of trials among different age groups, it was
found that children in the youngest group were at the
most risk of severe disease progression when immu-
nized with FI-RSV in the case of natural RSV infection.
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The development of vaccine-induced disease progres-
sion was found to be due to the fact that children were
initially immunized with FI-RSV. One argument was
that children who had previously been ill with RSV did
not develop a state of immunopathology following im-
munization with FI-RSV after RSV infection. Accord-
ing to another argument, intramuscular injection of live
RSV to RSV-naive children did not show a protective
effect of vaccination, but also did not develop a state of
immunopathology. Thus, when developing RSV vac-
cine candidates, it is necessary to characterize in detail
the phenotype of emerging memory T cells, as well as
memory B cells with certain antigenic specificity.

After the unsuccessful FI-RSV clinical trials,
attempts to develop a live attenuated vaccine began.
The logic of this strategy is that during immunization,
RSV will replicate exclusively in the upper respiratory
tract, as a result of which the synthesized viral antigen
will undergo intracellular processing and presenta-
tion on the surface of antigen-presenting cells, which
will contribute to the formation of a balanced T- and
B-cell immune response. When infants are vaccinat-
ed, the immune response will be formed locally in the
respiratory mucosa where low levels of maternal IgG
antibodies are observed [25]. The main advantage of
using such technology is the method of administration
by nasal spraying, which is recommended for use in
pediatrics.

At the initial stages, certain difficulties were en-
countered in the creation of live attenuated vaccines
due to the peculiarities of RSV cultivation, thermola-
bility and its low viability. Live attenuated RSV can
be obtained in several ways: by repeated passaging of
the virus at reduced temperature, or by mutagenesis,
which involves treatment of viruses with special mu-
tagens, or by introducing mutations into the wild-type
virus. To attenuate RSV, manipulations in SH or G pro-
teins are commonly performed [26]. However, clinical
trials of vaccine candidates obtained by mutagenesis
have shown that a balance between sufficient viabili-
ty of the vaccine strain and its immunogenicity cannot
be achieved. In the 1980s, under the leadership of N.P.
Leshchinskaya, a low-temperature strain obtained from
Prof. P.M. Chanok (USA) was modified by conduct-
ing an additional 16 consecutive passages at a reduced
temperature. During intranasal immunization with this
vaccine candidate in children aged 1-2 years, clinical
reactions of moderate severity were observed, which
correlated with a 4-fold increase in specific anti-RSV
antibodies. High antibody titers persisted only for 6-8
weeks after vaccination and then decreased to baseline
levels [27]. Thus, due to attenuation mechanisms, it
was not possible to obtain a ready-made vaccine prepa-
ration providing maintenance of long-term protective
immunity. At the same time, the development of vac-
cine-induced pathology has not been shown with the
use of live attenuated vaccines. Due to the failure of
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classical methods, alternative methods of producing
RSV vaccines began to be developed.

Current approaches to the development
of RSV vaccines

After the unsuccessful FI-RSV clinical trial, vac-
cine development in this area slowed down as new can-
didates underwent rigorous safety testing. On the other
hand, the involvement of new approaches and technol-
ogies to combat RSV has led to notable advances in
vaccine prophylaxis.

Vaccine candidates against RSV that have under-
gone clinical trials have been presented in detail in ma-
ny reviews [28-31]. Note that such reviews should be
updated every year due to the relevance and importance
of the issue of vaccination coverage in populations that
require RSV vaccine. It is important to select relevant
animal species for preclinical trials to test the efficacy
and safety of vaccines. In the case of RSV vaccines, a
model of vaccine-induced enhancement of disease pro-
gression needs to be specifically studied. This problem
is discussed in detail in the review by G. Zhang et al.
[32]. The totality of a number of indicators characteriz-
ing innate and acquired immunity, which are associated
with the severity of RSV infection in different animals,
is presented in the review by S.B. Drysdale et al. [33].
This review collected data on trials of RSV vaccine
candidates in laboratory animals, which were subse-
quently tested in humans.

MRNA vaccines

Nucleic acid-based vaccines, particularly mRNA
vaccines, are an alternative to traditional vaccines. They
consist of synthetic mRNA molecules with a structure
that allows synthesizing the target protein of the antigen
when it enters the target cell. When developing mRNA
vaccines, special importance is given to mRNA delivery
systems, since mRNA molecules are unstable and are
subject to degradation by extracellular ribonucleases.
Lipid nanoparticles are more commonly used, but other
delivery strategies are being developed. For example,
cell-penetrating peptide technology that allows mRNA
to be delivered targeted to antigen-presenting cells for
induction of an effective immune response [34].

The vaccine candidate mRNA-1345 (Moderna
Inc., USA) encodes surface antigen F in a pre-F con-
formation, which is delivered using lipid nanoparticles
(LNPs) [35]. The Spikevax vaccine (Moderna Inc.),
used to immunize patients 12 years of age and older
against COVID-19, was developed based on the re-
sults obtained from mRNA-1345 studies [36]. In 2024,
a mRNA-1345 vaccine candidate called mResvia was
approved by the U.S. Food and Drug Administration
(FDA) for immunization of patients over 60 years of
age. The developer initially created several vaccine
candidates containing the mRNAs required to elic-
it expression of protein F in the pre-F conformation
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(mRNA-1777 and mRNA-1172) [37, 38]. The vaccine
candidate mRNA-1345 was derived from genetic modi-
fication of the mRNA within mRNA-1172 performed to
increase F protein expression and alter its distribution
in infected cells [39, 40]. In 2023, the results of a phase
III clinical trial (ConquerRSV, NCT05127434) of mR-
NA-1345 (subsequently mResvia) were announced,
according to which the efficacy of this vaccine was
83.7%. The study evaluated the clinical effect of immu-
nization against two symptoms associated with lower
respiratory tract disease in humans caused by RSV [41].
Clinical trials of the vaccine candidate mRNA-1345 in
children aged 5 months to 2 years are currently under-
way (NCT05743881). Clinical trials are underway for
the safety and efficacy of mRNA-1345 in immunized
pregnant and postpartum infants (NCT06143046).

In 2024, phase I clinical trial studies of the world’s
first bivalent mRNA vaccine IN0O06 (InnoRNA, Chi-
na), approved not only by China’s National Drug Ad-
ministration but also by the FDA, began. This mRNA
vaccine targets the expression of F-protein in the pre-F
conformation of both RSV serotypes, A and B. Lipid
nanoparticles are used as delivery system'.

Phase I and II clinical trial studies of mRNA vac-
cine candidates LNP CL-0059 and LNP CL-0137 mR-
NA vaccines against RSV (Sanofi, France) are currently
underway. The study description reports that two dif-
ferent lipid nanoparticles are being tested for mRNA
delivery (NCT05639894).

Vector vaccines

Vector vaccines are based on carrier vectors for
delivery of RSV antigens to target cells and induction
of an immune response against the virus antigens in the
insert. RSV vaccines using modified Ankara smallpox
vaccine viruses (MVA), adenoviruses, bovine parain-
fluenza viruses, Sendai virus and influenza viruses as
vectors are currently undergoing clinical trials.

In studies at the Institute of Experimental Medi-
cine (Russia), live influenza vaccine (LIV) serves as
the vector. Three polyepitope cassettes of RSV were
selected for integration into the genome of attenuated
influenza virus [42]. The first cassette contains the frag-
ment F243-294, with the antigenic site II of the RSV
F-protein to which the monoclonal antibody Palivizum-
ab binds. The other two cassettes are targeted primari-
ly at the activation of cytotoxic T lymphocytes during
vaccination and are represented by epitopes within the
M2-1 protein of RSV.

Experiments on laboratory mice revealed that re-
combinant vaccine strains of RSV encoding a polyepi-
tope T-cell cassette induce the development of a stable,
fully functional RSV-specific systemic and local CD8*

' Innorna Announces First Participant Dosed in Phase 1 Clinical
Trial of Investigational Bivalent RSV mRNA Vaccine IN006;
2024. Available at: https://innorna.com/news/330.html

T-cell immune response that protects immunized ani-
mals from RSV reproduction in the lungs. Immuniza-
tion with a T-cell vector vaccine has been shown to in-
duce the formation of tissue-resident memory T cells to
the built-in immunodominant CD8* T-cell epitope [43].
At the same time, the incorporation of the RSV F243-
294 fragment into the HA molecule of influenza virus
was found to be insufficient for induction of protective
levels of RSV-specific antibodies in mice. However,
immunization with such a chimeric virus prevents the
development of RS-induced pulmonary pathology [44].

At the Smorodintsev Research Institute of Influ-
enza (Russia), the developers use a modified influen-
za virus A/PR/8/34, weakened by shortening the NS1
protein to 124 amino acid residues, as a vector for de-
livery of the RSV F-protein transgene containing anti-
genic sites Il and IV [45]. The resulting vaccine candi-
date RSV/Flu-01E has undergone phase I clinical trials
(NCT05970744) in volunteers of two age groups —
18-59 years of age and elderly over 60 years of age
and phase II clinical trials in volunteers over 60 years
of age.

The vaccine candidate MVA-BN-RSV (Bavarian
Nordic A/S, Denmark) is engineered based on modi-
fied Ankara vaccinia virus (MVA). The recombinant
vaccinia strain MVA expresses F- and G-proteins of
both subtypes (A and B) of RSV, as well as N- and
M2-proteins of RSV. The results of phase I clinical tri-
als showed that immunization with MVA-BN-RSV in-
duced the production of humoral and cellular immune
response against RSV in elderly (50—65 years old) and
in adults (1849 years old) [46]. In a phase II clinical
trial (NCT02873286), MVA-BN-RSV was found to be
well tolerated by immunized individuals over 55 years
of age and resulted in a durable immune response that
persisted for at least 6 months after a single vaccine ad-
ministration. The results of a second immunization one
year after the first immunization showed that the level
of T-cell immune response was higher or similar to that
observed after the first immunization [47]. However,
in a phase III clinical efficacy trial in individuals over
60 years of age, it was recognized that MVA-BN-RSV
immunization did not meet the study endpoint and was
ineffective’.

In the RSV001 study (NCT01805921), two re-
combinant vaccines were researched: PanAd3-RSV
and MVA-RSV (ReiThera, Italy). PanAd3-RSV was
developed based on monkey adenovirus, while MVA-
RSV was based on modified Ankara vaccinia virus [48,
49]. The following proteins were used as RSV antigens:
F (F, ATM — full-length, F — without transmembrane
domain), N and M2-1, which are delivered to the target
cell by replication-defective monkey adenovirus vector

2 Bavarian Nordic. Bavarian Nordic Provides Update on RSV
Vaccine Program. URL: https://www.bavarian-nordic.com/
investor/news/news.aspx?news=6808



244

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(2)

DOI: https://doi.org/10.36233/0372-9311-675

(PanAd3) or MVA vector [50]. The vaccine candidates
PanAd3-RSV and MVA-RSV administered in different
combinations by different routes (intramuscular and
intranasal administration of PanAd3, intramuscular ad-
ministration of MVA) were well tolerated and immuno-
genic in adult humans (18-50 years of age) [51]. In the
RSV001 study (NCT01805921), induction of humoral
and cellular immune response after immunization was
recorded in elderly individuals (60-75 years) [52].

The vaccine candidate VXA-RSV-f (Vaxart, USA)
was developed based on adenovirus subtype 5 express-
ing RSV F-protein and a molecular adjuvant in the form
of double-stranded RNA [53]. A phase I clinical trial
(NCT02830932) was conducted in humans aged 1849
years and ended in 2018. Results to date have not been
published®.

The vaccine candidate Ad26.RSV.Pre-F (Jans-
sen, Belgium) was designed on the basis of adenovirus
type 26 expressing F-protein in the pre-F conformation
[54]. In phase I and II clinical trials (NCT03502707),
different vaccine administration regimens, including
combination with recombinant F-protein, were tested
on the elderly (over 60 years of age). Those immunized
with the combined regimen showed a more intense
production of humoral and cellular immune response
compared to the group injected with Ad26.RSV.preF
alone [55]. A phase II (NCT03339713) clinical trial
evaluated the combined administration of Ad26.RSV.
preF and seasonal influenza vaccine (Fluarix, GSK).
The vaccine was shown to demonstrate an acceptable
safety profile and no evidence of immune interference
in the elderly (over 60 years of age) [56]. A phase I/a
(NCT03303625) clinical trial (NCT03303625) of Ad26.
RSV.Pre-F showed that immunization in RSV-seropos-
itive children aged 12-24 months and adults (18-50
years) produced RSV-specific neutralizing antibodies
that persisted for 7 months. In addition, those immu-
nized with Ad26.RSV.Pre-F were less susceptible to
RSV infection in vivo [57].

ChAd155-RSV (GlaxoSmithKline, UK) is based
on chimpanzee adenovirus-155 and encodes RSV pro-
teins F, N and M2-1 [58]. The vaccine candidate was
pre-tested on calves, in which the mechanisms of im-
mune response to RSV are closest to children. After
calf vaccination, neutralizing antibodies to RSV were
induced, there was no evidence of vaccine-mediated
disease enhancement, and protection against bovine
RSV was demonstrated [59]. In a phase I/II clinical
trial (NCT02927873), RSV-seropositive children aged
12-23 months were immunized with ChAd155-RSV
and followed for 2 years after vaccination. As a result, a
dose-dependent increase in RSV neutralizing antibody
titers was observed [60].

3 ClinicalTrials.gov. Dose-Ranging Trial of Safety & Immuno-
genicity of an Oral Adenoviral-Vector Based RSV Vaccine (VXA-
RSV-f). URL: https://clinicaltrials.gov/study/NCT02830932
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The published results of phase I/II clinical trials
(NCT03636906) of ChAd155-RSV in children aged
6—7 months showed that immunization caused induc-
tion of the humoral immune response in immunized
individuals, and no signs of vaccine-mediated disease
enhancement developed [61].

The vaccine candidate MEDI-534 (MedImmune,
currently AstraZeneca, USA) is based on a chimeric
bovine and human parainfluenza virus type 3 (PIV3)
expressing the RSV F-protein [62]. In a phase I clinical
trial (NCT00345670) involving children with previous
RSV, this live attenuated intranasal vaccine was safe
but immunogenicity was very low [63]. However, when
tested in RSV seronegative infants, the target popula-
tion for this vaccine, MEDI-534 was well tolerated
by the immunized and induced an immune response
against RSV in approximately 50% of cases and against
the PIV3 vector in all cases [64].

The vaccine candidate SeVRSV (NIAID, USA)
is a replication-capable Sendai virus, a strain of mu-
rine parainfluenza virus type 1 (PIV-1) that expresses
the F-protein of RSV. Based on a phase I clinical trial
(NCTO03473002), it was found that immunization with
SeVRSV in humans aged 1845 years results in a low
level of immune response to RSV. This fact is explained
by the presence of pre-existing immunity to the vector
in this age group [65].

Live attenuated vaccine

There are several approaches to the development
of live attenuated RSV vaccines. The traditional ap-
proach is based on the sensitivity of the virus to cer-
tain reproductive temperatures or chemical agents.
An alternative approach is based on the use of reverse
genetics techniques to produce attenuated replica-
tion-competent virus. Vaccines developed using re-
verse genetics techniques have been tested on infants
as young as 4 weeks of age [66, 67]. Live attenuated
vaccines are considered safe for children who have not
previously had RSV, as their use does not cause a vac-
cine-induced enhancement of the disease course after
RSV infection [24, 68]. Furthermore, live attenuated
vaccines are usually available as nasal drops. Once in
the respiratory tract, they replicate there, regardless of
the presence of maternal antibodies, ensuring the for-
mation of both humoral and cellular immune response
[69, 70].

One way to obtain an attenuated strain of RSV is
deletion of the SH gene. Several vaccine variants have
been developed in this way.

The vaccine candidate rA2cp248/404/1030ASH
was designed with several temperature-sensitive muta-
tions, with mutations obtained by passaging the virus at
low temperature, and with a deletion of the SH gene. In
an immunogenicity study of rA2cp248/404/1030ASH
on RSV-seronegative children 1-2 months of age, high
immunogenicity of the vaccine was observed. The vac-



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTUI. 2025; 102(2) 245

DOI: https://doi.org/10.36233/0372-9311-675

OB30PbI

cine candidate was weakly immunogenic in RSV-sero-
positive children and adults [67].

The vaccine candidate MEDI-559 (MedIlmmune,
currently AstraZeneca, USA) differs from the previ-
ous candidate by the presence of 39 synonymous nu-
cleotide substitutions [71]. Both vaccine candidates,
rA2cp248/404/1030ASH and MEDI-559, were tested
on healthy children aged 5-24 months who had no
previous history of RSV. However, the results of the
studies revealed insufficient genetic stability of both
candidates, a tendency to reversion of individual point
mutations leading to decreased temperature sensitivity,
which was observed in more than one third of the vac-
cine virus isolates [71, 72].

Vaccine candidate RSVeps2 (NIAID, NIH/Wyeth,
USA) is a stabilized version of the MEDI-559 vac-
cine. According to the results of phase I clinical trials
(NCTO01852266 and NCT01968083) in children aged
6—24 months, RSVcps2 was well tolerated and had
moderate immunogenicity [73].

An attenuated live vaccine phenotype can be
achieved by deletion of the M2-2 RSV gene. Deletion
of M2-2 results in a shift in the viral RNA synthesis pro-
gram, which increases the level of viral RNA transcrip-
tion and viral antigen expression, but decreases viral
genome replication [74].

Two vaccine candidates MEDI/AM2-2 (NIAID,
USA) and LID/AM2-2 (NIAID, USA) were evaluat-
ed [75, 76]. Both variants contain the M2-2 deletion
and both are derived from different RSV ¢cDNA deriv-
atives of the same A2 subtype, differing by 21 nucleo-
tide sequences located at different sites in the genome.
In the vaccine candidate LID/AM?2-2, non-translated
regions of the SH gene were deleted and synonymous
substitutions (silent mutations) were added to the SH
protein of RSV. The inserted mutations do not affect
the phenotype of the assembled virus, as confirmed
by experiments in mice [77]. Vaccination with both
candidates stimulated the production of RSV-neutral-
izing antibodies, with LID/AM2-2 considered more
effective because it provided a slight increase in repli-
cation. On average, the peak titer of virus secreted by
vaccinated individuals was 100-fold higher in those
who received LID/AM2-2 [75, 76]. Therefore, it was
proposed to modify the vaccine candidate LID/AM2-2
by introducing either an additional mutation in the L
protein causing temperature sensitivity or 5 point muta-
tions in the N, F, and L proteins, which were previously
found in the attenuated RSV strain and associated with
adaptation to reduced temperature. Because of active
replication, the LID/AM2-2 candidate was modified.
However, the vaccine candidate LID/cp/AM2-2 was
subsequently found to be hyperattenuated, had a low
infectious titer, and stimulated antibody production in
only a fraction of clinical trial participants [76].

The vaccine candidate LID/AM2-2/1030s was cre-
ated by adding the genetically stabilized mutation 1030s.

The results of phase I clinical trials (NCT02237209,
NCTO02040831) on children aged 624 months estab-
lished a high titer of neutralizing antibodies in immu-
nized individuals, which was clinically equivalent to
the antibody titer produced by natural RSV infection,
according to expert estimates [78].

A modified LID-based vaccine candidate, D46/
NS2/N/AM2-2-HindIll, was engineered to achieve
a similar phenotype to the MEDI/AM2-2 candidate.
Overall, it was more attenuated than LID/AM2-2 but
exhibited high viral titers [76].

In a study by S.S. Stobart et al., a recombinant
strain of RSV OE4 (RSV-A2-dNS1-dNS2-ASH-d, -
G, ,-line19F) with increased levels of antigen F in the
pre-F conformation was shown to exhibit thermostabil-
ity and immunogenicity despite strong attenuation in
the airways of cotton rats [79].

Another promising strategy involves NS1 and
NS2 deletions that disrupt the host cell TGFf signaling
pathway, transforming the immune response to enhance
viral replication [80, 81].

PhaseIphaselclinical phasetrials (NCT03227029
and NCT03422237) of the RSV/ANS2/A1313/11314L
vaccine candidate (Sanofi, France) have established
the immunogenicity and protective efficacy of the
vaccine in RSV-seronegative children aged 6-24
months [82]. A phase III clinical trial (NCT06252285)
of the RSV/ANS2/A1313/11314L vaccine candidate
is currently underway with 6300 children aged 6-22
months.

Subunit vaccines

Most subunit RSV vaccines under development
contain a surface F-protein in the pre-F conformation
[83]. The immunogenicity of such vaccines is enhanced
by the use of adjuvants or multiple immunizations [84].
Given the composition of subunit vaccines and the fail-
ure of FI-RSV clinical trials, special attention is paid
to safety. Immunization with FI-RSV has been found
to result in insufficient production of antibodies with
neutralizing activity. Subsequent signs of vaccine-me-
diated disease enhancement are attributed, among oth-
er things, to poor stimulation of Toll-like receptors in
B-cells, which entails a lack of affinity maturation of
antibodies [85]. Thus, affinity maturation due to Toll-
like receptor stimulation is a key factor in helping to
prevent a vaccine-induced disease amplification state.
Subunit vaccines are currently being developed for
pregnant women, the elderly, and adolescents who have
previously had RSV to reduce the risk of vaccine-medi-
ated disease enhancement [30, 86].

The vaccine candidate DS-Cavl (NIAID, USA) is
based on the F-protein in the pre-F conformation [87].
In a phase I clinical trial of DS-Cavl in adults aged 18-
50 years (NCT03049488), it was found that immunized
individuals showed an increase in RSV-F-specific an-
tibodies with neutralizing activity. Moreover, the level
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of neutralizing antibodies was above the baseline level
for 10 months after immunization [88]. In this study,
aluminum hydroxide was used as an adjuvant.

The vaccine candidate DepoVax-RSV or DPX-
RSV (ImmunoVaccine Technologies Inc., Canada) was
developed based on the ectodomain of the SH (SHe)
protein of RSV. This peptide is administered with De-
poVax adjuvant, which ensures prolonged exposure of
the antigen to the immune system. According to the
results of Phase I clinical trials (NCT02472548), an
increase in anti-SHe-specific antibodies was recorded
after DPX-RSV administration in immunized people
aged 50—64 years old [89].

In May 2023, the FDA approved the first Arex-
vy vaccine (GlaxoSmithKline, UK) for people over 60
years of age. This vaccine contains RSV F-protein in a
pre-F conformation and is administered together with
adjuvant ASO1E to provide a protective effect against
RSV subtypes A and B. According to the results of phase
I clinical trials (NCT03814590 and NCT04090658) of
Arexvy on the elderly aged 60-80 years, it was found
that immunization promoted the formation of RSV-spe-
cific IgG antibodies, neutralizing antibodies, and CD4*
T cells which were detectable in the immunized after
one year [90, 91]. The results of a phase Il clinical trial
(NCT04657198) documented an increase in immuni-
zation efficacy after revaccination of study participants
1.5 years after the first immunization [92]. A 2b random-
ized open-label efficacy and safety study of Arexvy was
announced between 2023 and June 2025. Participants
in the study included people aged 18 years and older
who had undergone lung or kidney transplantation and
were at increased risk of lower respiratory tract disease
compared to healthy people aged 50 years and older
(NCT05921903). One study in a phase III clinical tri-
al (NCT04732871) reported an increase in neutralizing
antibody titers to RSV and cases of immunization-in-
duced adverse events [93]. The most recently published
data from a phase III clinical trial (NCT04886596)
evaluated the efficacy of Arexvy immunization in
24,967 participants during 2 epidemiologic seasons of
RSV circulation. The efficacy of Arexvy immunization
was about 67.2% for lower respiratory tract disease and
about 78.8% for severe lower respiratory tract disease
caused by RSV [94].

Based on the interim results of a phase III clini-
cal trial (NCT05035212), another subunit vaccine for
the prevention of RSV infection in the elderly, Abyrs-
vo (Pfizer, USA), which contains RSV F-protein in the
pre-F conformation, was approved. According to the
results of phase I clinical trials of Abyrsvo, immunized
people produced RSV-specific IgG antibodies to A- and
B- strains of RSV [95]. In phase II clinical trials Ab-
yrsvo was tested in non-pregnant and pregnant wom-
en (NCT04071158 and NCT04032093). A phase III
clinical trial (NCT04424316) in pregnant women has
recently been completed. Infants born to mothers im-
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munized during pregnancy were found to have a lower
incidence of RSV-associated diseases than those born
to unimmunized mothers [96]. The phase III clinical
trial RENOIR (NCT05035212) determined that the ef-
ficacy of prevention of RSV-induced lower respirato-
ry tract disease was about 66.7% [97]. The MONET
(NCTO05842967) phase III clinical trial immunized
people aged 18-59 years with chronic diseases at risk
for severe RSV. The vaccine was well tolerated, safe
and immunogenic [101]. Overall, the rates of RSV-spe-
cific neutralizing antibodies in immunized individuals
from the MONET study were not lower than those in
immunized older adults over 60 years of age from the
RENOIR study (NCT05035212).

Vaccines based on virus-like particles

Vaccines based on virus-like particles are consid-
ered to be a subclass of subunit vaccines. These vaccines
are synthesized by self-assembly of nanoparticles that
exhibit multiple copies of a selected viral antigen on their
surface. A high level of humoral and cellular immune re-
sponse is achieved not only due to the multiple repetition
of antigen sites, but also due to the immunostimulatory
properties of the matrix for immobilization of nanopar-
ticles [99]. The absence of viral genome in the composi-
tion of these vaccine candidates makes them safe due to
their inability to reproduce viable virions.

The vaccine candidate ResVax (Novavax, USA) is
based on the F-protein of RSV and is a vaccine based
on virus-like particles. The vaccine is being developed
to protect infants by vaccinating expectant mothers,
children aged 6 months to 5 years and elderly indi-
viduals over 60 years of age. A phase II clinical trial
(NCT02247726) found that immunization of healthy
pregnant women induced the production of neutraliz-
ing antibodies to RSV that were effectively transmit-
ted to the newborn [100]. The success of this phase of
research led to the inclusion of the vaccine candidate
ResVax in the PREPARE study program (a multi-
center, randomized, placebo-controlled phase III study,
NCT02624947). The clinical trial involved follow-up of
infants born at the very beginning of the epidemic sea-
son of RSV circulation from mothers immunized with
ResVax in the third trimester [101]. It turned out that
ResVax immunization was not effective. Despite this,
it was stated that ResVax reduced hospitalizations in
children associated with RSV-related lower respiratory
tract infections by 44%. Furthermore, a 39.4% reduc-
tion in RSV-specific lower respiratory tract infections
and a 58.8% reduction in RSV-associated hypoxemic
respiratory failure in infants younger than 3 months of
age have been reported [101].

The vaccine candidate SynGEM (Virtuvax, The
Netherlands) is a mucosal vaccine containing an F-pro-
tein in a pre-F conformation bound to bacteria-like par-
ticles derived from Lactococcus lactis. Due to the bac-
teria-like particles, the RSV vaccine antigen appears in
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a more natural conformation and an enhanced immune
response against RSV is observed [102]. Clinical trials of
the vaccine without adjuvant were ineffective in the el-
derly group. Vaccination contributed to a 61% reduction
in hospitalizations in the elderly with chronic obstructive
pulmonary disease. According to the results of phase I
clinical trials, no increase in neutralizing antibodies in
sera, which recognize epitopes within the unique O site
of the F-protein, was observed in immunized individuals
[103, 104]. Nevertheless, the vaccine induced the pro-
duction of palivizumab-like antibodies. Currently, clini-
cal trials of this vaccine have been suspended.

Vaccine candidate V-306 (Virometrix, Switzer-
land) contains a peptide consisting of mimetics of the
F-protein RSV mimicking antigenic site 1I. The pep-
tide is conjugated to synthetic nanoparticles made of
self-organizing lipopeptides. In a Phase I clinical trial
(NCT04519073), the V-306 vaccine was found to be
safe and immunogenic in healthy women aged 18—45
years old [105].

Conclusion

RSV is the cause of severe respiratory diseases in
children of the Ist year of life, immunocompromised
people and the elderly [106, 107]. The clinical presen-
tation of RSV varies from mild upper and lower respi-
ratory tract infections to pneumonias and bronchiolitis
in children.

To date, the FDA has approved the use of 3 vac-
cines for the prevention of RSV infection in humans.
The bivalent subunit vaccine Abrysvo (Pfizer, USA) is
approved for use in pregnant women and the elderly.

Arexvy subunit vaccine (GlaxoSmithKline, UK) and
mRESVIA mRNA vaccine (Moderna, USA) are ap-
proved for use in elderly people over 60 years of age.

The development and efficacy studies of RSV
vaccines for children, who represent the main target
group, are ongoing. In this case, the main problems in-
clude the need to vaccinate infants at an early stage (2-
4 months), the revealed effect of enhancing the course
of the disease associated with the introduction of FI-
RSV with alum adjuvant, and difficulties in achieving
the required indicators of prophylactic efficacy. For a
long time, the only specific treatment for RSV infection
was the monoclonal antibody drug Palivizumab, usual-
ly prescribed to people at high risk of severe forms of
the disease. In this case, a significant factor is the high
cost of treatment with this drug, which makes it unaf-
fordable in countries with the highest incidence of RSV
infection [108].

In 2022-2023, the monoclonal antibody drug
Nirsevimab (AstraZeneca, UK; Sanofi, France) was
approved and recommended for children in cases of se-
vere RSV infection and its complications [109].

Vaccines are currently being developed for wom-
en of reproductive age and pregnant women to protect
a cohort of naive infants, as well as to protect the elder-
ly and children. Vaccines based on virus-like particles,
vector, subunit and live attenuated vaccines are in vari-
ous phases of clinical trials.

Up-to-date information on vaccine candidates in
preclinical studies is presented in Table 1. Information
on candidates studied in different phases of clinical tri-
als is summarized in Table 2.
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Table 1. Results of preclinical trials of RSV vaccine candidates
Vaccine Vaccine Animal models
(developer) composition (method of Research and results Source
(adjuvant) administration)
LIVE ATTENUATED VACCINES
RSV-Min RSV-MinL4+0 is more attenuated than RSV A2 when injected with 2 x
L — vaccine 10% PFU (10%i.n. and i.t. each): the value of peak viral titers in tracheal
candidate smears in the group immunized with RSV-MinL4 is 100 times lower
RSV-MinL4+0 obtained by African green than in the wt RSV group. When RSV A2 was infected with RSV at
(Codagenix, introducing silent  monkeys (i.n. + a dose of 2 x 108 PFU on day 104 of the experiment, the protective [110]
USA) mutations (codon i.t.). potential of RSV-MinL4+0 was revealed: the peak values for virus
deoptimization) isolation on day 6 in swabs from the trachea and from the oropharynx
(without were 1000-fold and 100-fold lower than in the naive monkey group,
adjuvant) respectively
RSV isolate of pRSV-X AG was more attenuated compared to the pRSV-X vector
strain 98-25147- when injected with 10° TCID, : peak titers in the lungs and noses were
X (PRSV-X) 4-5 times lower than in the pRSV-X group. A single vaccination with
IT-RSVAG in which the rRSV-X AG protected rats against RSV-X virus infection at a dose of
(Intravacc gene encoding  Cotton rats (i.n.) 10° TCID,,: on day 5 after the challenge trial, virus was undetectable [111]
Netherlanas) the G-protein e in the lungs of immunized animals, whereas in the placebo group
(AG) has been the virus multiplied up to 5 log,, TCID; in the lungs. Vaccination with
deleted (without pRSV-X AG did not result in the development of bronchopulmonary
adjuvant) pathology, and histopathologic signs of lesions were significantly
reduced compared to the naive control group
When MV-012-968 was administered at a dose of 106 focal forming
units (FFU), the viral load in the lungs was significantly lower than in
RSV-A2-dNS1- mice infected with RSV A2 and RSV A2-19F. MV-012-968 vaccination
dNS2-ASH- BALB/c mice protected mice from RSV A2-line19F infection at a dose of 10° FFU: no [79]
dGmGsnull- (i.n.) virus was isolated in the MV-012-968 group 5 days after the challenge
line19F trial. Lung mucus production in candidate MV-012-968 was significantly
MV-012—968 codon lower than in RSV A2-line 19F and RSV A2-del-M2 at 5 days after the
(Meissa, USA)  deoptimization of challenge trial.
NS1, NS2 genes; Replication of MV-012-968 (OE4) administered at a dose of 105 FFU
deleted SH gene was absent in the noses and lungs of cotton rats. MV-012-968 (OE4)
(ASI-:). F prqtelq Cott s (i completely protected rats from RSV-A2-line19F infection at a dose of 19
in a “pre-fusion otton rats (i.n.). 108 FFU on day 42 after vaccination. In contrast to FI-RSV, vaccination (19]
with MV-012-968 (OE4) did not induce histopathologic changes in the
lungs after RSV infection
Candidate with Candidate RSV ANS2/A1313/11314L is hyperattenuated in mice. The
ts mutations in RSV/A1313 variant multiplied significantly weaker in the respiratory
the L-protein BALB/c mice tracts of mice when administered at a dose of 10° PFU compared [112, 113]
(deletion at (i.n.) with wt RSV. This animal model is not suitable for evaluating the ’
position 1313, immunogenicity and protective efficacy of hyperattenuated vaccine
compensatory candidates
RSV ANS2/ mutation /7374L When chimpanzees were immunized with RSV ANS2/A1313/11314L
A1313/11314L that results at a dose of 108 PFU each (i.n. + i.t.), peak viral load values were
(NIAID/NIH, from passaging 3-25-fold lower compared with the highly attenuated candidates
Sanofi, USA) the virus at . MEDI-559 (rA2 cp248/404/1030ASH) and cps2 (a genetically
progressively <Ll stabilized version of MEDI-559) in nasal flushes. In contrast, RSV
i chimpanzees : P . ’ [113]
higher in+it ANS2/A1313/11314L virus titer in bronchoalveolar lavage (BAL) and
temperatures); (kL) tracheal washings was 20-fold higher than in the comparison groups.
NS2 deletion The vaccine induced high levels of RSV virus-neutralizing antibodies;
(ANSZ_) (without however, experiments on protection against RSV infection were not
adjuvant) performed in this study
RECOMBINANT VECTOR VACCINES
MVA (modified
Ankara
vaccine), which Mice were immunized with MVA-BN RSV at a dose of 1 x 108 TCID,,
MVA-BN RSV includes genes at 3 week intervals and 2 weeks later were infected with RSV A2 at a
(Bavarian Nordic encoding F, BALB/c mice dose of 1 x 108 PFU. No virus was detected in the lungs 4 days after [114]
BN, Denmark) G, N, and (i.n.) the challenge trial. In the groups in which selective depletion of CD4
’ M2-1 (RSV A) and CD8 T cells was used, virus replication in the lungs was 600- to
and G (RSV 2,000-fold weaker than in the control group
B) (without

adjuvant)
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Continuation of the Table 1
Vaccine Vaccir)g Animal models
(developer) com_posmon (m_et_hod Qf Research and results Source
(adjuvant) administration)
PanAd3-RSV (5 x 108 viral particles) and MVA-RSV (1 x 107 PFU)
were administered in different combinations at an interval of 4 weeks.
In all groups, rats were protected against RSV administered at a
dose of 1 x 10° PFU: the virus did not replicate in the lungs on the 5th
Cotton Rats day. Challenge virus did not reproduce in the nares in the PanAd3- [115]
(i.n., i.m.). RSV/MVA (i.m.) and PanAd3-RSV/PanAd3-RSV groups. Pathologic
changes in the lungs after the challenge trial were less pronounced
in the PanAd3-RSV/MVA (i.m.) group compared to the FI-RSV group,
whereas the other groups showed histopathology similar to the naive
control group after the challenge trial.
PanAd3-RSV (5 x 10" viral particles) and MVA (2 x 107 PFU) were
administered to calves in different combinations at 4 week intervals.
On day 6 after the challenge trial, RSV administered at a dose of 10*
PanAd3 PFU did not replicate in the respiratory tract of calves from the PanAd3-
(monkey RSV/MVA (i.m.), PanAd3-RSV (i.m.)/PanAd3-RSV (i.m.), PanAd3-RSV/
adenovirus) and PanAd3-RSV (i.m.), and PanAd3-RSV (i.m.)/MVA (i.m.) groups. In the
PRI MVA, Calve_s (2'.4 PanAd3-RSV/PanAd3-RSV group, the virus reproduced in the lungs. i
LR hich include ~ Weeks) (bn im.) =\ i PanAd3-RSV/MVA (i.m.) group, virus was not detected in th
(ReiThera, ltaly) which include n the Pan /A (i.m.) group, virus was not detecte he
genes encoding nares and no macroscopic lung lesions were found. Calves immunized
F, N, M2-1 with the heterologous prime-boost scheme developed less massive
(RSV) (without infiltration of polymorphonuclear neutrophils in the lungs and BAL after
adjuvant) the challenge trial compared to calves from the homologous prime-
boost groups
PanAd3-RSV (5 x 10" viral particles) and MVA (2 x 107 PFU) were
administered to macaques in different combinations at 8-week
intervals. Production of interferon-y and interleukin-4 in peripheral
blood mononuclear cells was increased 6-fold after boost. Interleukin-4
production in mononuclear cells was higher in the PanAd3-RSV/
Macagque (i.n., MVA (i.m.) group compared with the PanAd3-RSV (i.m.)/MVA (i.m.)
° : L [50]
i.m.). group. 1 week after the 2nd immunization, the mononuclear cells were
dominated by a population of CD4* T cells. Only macaques immunized
with PanAd3-RSV produced RSV-specific IgA. Macaques immunized
with PanAd3-RSV (i.m.) had a 40-fold higher titer of neutralizing
antibodies compared with PanAd3-RSV. The protective effect of
immunization was not evaluated
Double immunization of mice at 4-week intervals with candidate
Adenoviruses of Ad26.RSV.F and Ad.35.RSV.F in different combinations at a dose
Ad26.RSV.F types_ 26 and 35 of 1,010 viral particles stimulated the production of RSV F-specific
and Ad35 ) that include _the _ T-cell immune response at wee_k 12: high levels of |nter_feron-y, _tumor
RSV F (Jénssen gene encoding BALB/C mice necrosis factor-a and interleukin-2 CD8+ T-cell production was in the 54]
Vacclines F in the pr(_e-F (i.m.) Ad_.35.RSV.F/Ad26.R_SV.F_ an_d Ad.26.RSV.F/Ad35.RSV.F groups.
Netherlaﬁds) conformation The immune response in mice in all groups developed Th1 type: high
(without IgG2a/lgG1 ratios were recorded compared to the FI-RSV group. High
adjuvant) level of neutralizing antibodies in Ad.35.RSV.F/Ad26.RSV.F and Ad.26.

RSV.F/Ad35.RSV.F groups

Double immunization with Ad26.RSV.F and Ad.35.RSV.F variants
according to the scheme of homologous and heterologous prime-boost
at a dose of 10" viral particles induced high levels of virus-neutralizing

antibodies and fully protected animals from RSV replication in the

respiratory tract without causing pathological changes in lung tissues

after the challenge trial. The possibility of reducing the vaccine dose

was evaluated by immunizing animals with Ad26.RSV.F and Ad.35.

RSV.F once at doses of 105108 viral particles and exposing them to

RSV A2 infection 7 weeks later. All immunized animals were completely

protected from virus replication in the lungs, and replication in the

) nares was significantly reduced in all groups compared with controls.

Cotton rats (i.m.) Histopathology scores were similar in both groups and did not differ [54]
from the naive control group.

The duration and cross-protective potential of the vaccine were
evaluated by immunizing rats twice with homologous and heterologous
prime-boost candidates taken at doses of 108 and 10° viral particles
and infecting the animals with RSV A2 or RSV B15/9 30 weeks after
immunization. Challenge viruses did not replicate in the lungs in all
vaccine groups, with the Ad26.RSV.F/Ad.35.RSV.F combination (10"
viral particles) better protecting animals from RSV B15/9 replication
in the nares. In contrast to FI-RSV, the tested vaccines did not cause
histopathologic changes in lung tissues after the challenge trial.
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Continuation of the Table 1
Vaccine Vaccir)g Animal models
(developer) composition (method of Research and results Source
(adjuvant) administration)
The protective efficacy of single immunization with Ad26.RSV.preF at
a dose of 10°-108 viral particles and double immunization with RSV.
preF protein was compared. On day 49, rats were injected with RSV
Cotton rats (i.m.). A2 at a dose of 10° PFU. In the Ad26.RSV.preF group, the challenge [116]
virus did not reproduce in the noses and lungs in contrast to the RSV.
preF group. A correlation was established between the production of
neutralizing antibodies and protection of animals from RSV infection
iz\i—g?)\elz Double immunization of rats with Ad-RSVF at different doses (108-10"°
) PFU) protected rats from RSV A2 infection at a dose of 1 x 10° PFU on
adenovirus d . : ; ) .
VXA-RSV f oral e m ay 70: the virus did not reprodyce in the noses and lungs in The group
(Vaxart, USA) gene encoding Cotton rats (or.) whfere the_ vaccine dose was higher (dose-gjependent protective effect [117]
’ a full-length F of immunization). The histopathology rate in the Ad-_RSVF.group was
protein (without muc_h lower than in the_FI-RSV group. Th_e level of induction of pro-
adjuvant) inflammatory cytokines was minimal in the Ad-RSVF group
Calves were immunized with ChAd155-RSV at a dose of 5 x 10°.
Challenge trial was performed shortly (4 weeks) or long (16 weeks)
after immunization. In contrast ChAd155-RSV unimmunized calves
showed fever, high fever, respiratory distress syndrome, high levels of
Chimpanzee pulmonary consolidgtion, and histopathologic _changes in lung tissue
adenovirus after the challenge_ tr|a]. When the challenge trial was pen‘or_med.after
containing 4 W_eeks, virus replication in BAL and nasopharyng_eal washings in the
genes encoding unlmmuplzed was 500-1000 times and 10 times higher, res_pectlvely,
ChAd155-RSV F-protein _ than in the ChAd155-RSV group. Wh_en the challenge trial was
GS (GSK, UK) (deletion of Calves (i.m.) performed at week 15, peak viral tlterslln BAL and nasopharyngeal [118]
’ transmembrane washings were approximately the same |n_the ChAd155-RSV a_nd PBS
region), N groups, but v.|ra_| clgarancg occurred earlier. In order to gstabllsh the
M2-1 (wi’tho‘ut ro_Ie of_pre-eX|st|ng immunity to RSV calv_es were fed milk containing
adjuvant) antibodies to RSV prior to immunization with ChAd155-RSV or PBS. In
the ChAd155-RSV group, calves with RSV antibodies showed no signs
of RSV infection (malaise, fever, respiratory rate) in contrast to the PBS
group, where calves had RSV antibodies. In the ChAd155-RSV groups
with RSV antibodies, the challenge virus reproduced 100 and 10 times
less in the BAL and nasal cavity than in the PBS group
Sendai virus SeV/RSV was attenuated when administered at a dose of 2 x 10°
(parainfluenza EID,,. The virus was not secreted in nasal washings and was 1000-fold
virus type more attenuated than b/h PIV-3 RSV F2. On day 28, monkeys were
SeV/RSV 1), which African green infected wit'h RSV A2 ata dqse of 1.4 x 10° EID,,. Challenge virus was
(NIAID, USA) contains a monkeys (i.n. secreted in the upper respiratory tract to a lesser extent in the SeV/ [119]
’ gene encoding +it) RSV group compared with controls and was not isolated from the
full-length F BAL. No adverse effects were observed in the SeV/RSV group after
(RSV) (without the challenge trial. Lung slices showed small foci of lymphohistiocytic
adjuvant) inflammation around terminal and respiratory bronchioles
Mice were injected with rBCG-N-hRSV or BCG-WT at a dose of 3 x
10° PFU. After 3 weeks, mice were infected with RSV at a dose of 1
Bacillus x 107 PFU. The BCG-WT and unimmunized mice had approximately
Calmette- 10% weight loss, whereas weight loss was negligible in the rBCG-N-
‘BCG-N-hRSV Guerin (BCG) hRSV group. The viral load in the BAL was 7- and 300-fold lower in
) bacterium that . the rBCG-N-hRSV group than in the BCG-WT and unimmunized mice
(Catholic . BALB/c mice h . . . . .
University of contains the (s..) groups, respectively. ]n histological sections of lungs, |r1f|ammat|on [120]
Chile, Chile) gene encoding was less pronounced in the rBCG-N-hRSV group than in the groups
’ the N protein of of unimmunized mice and BCG-WT. In the long-term protection study,
RSV (without the challenge trial was performed 50 days after immunization. Mice in
adjuvant) the rBCG-N-hRSV group had less weight loss compared to the other
groups, the number of infiltrating cells in the BAL and the viral load
were lower than in the groups of unimmunized mice and BCG-WT mice
Mice were immunized with BCG-N, BCG-M2 at a dose of 1 x 108 PFU.
Mice were infected intranasally with RSV at a dose of 1 x 10" PFU.
After the challenge trial, mice significantly lost weight in the control
groups (BCG-WT, UV-RSV, BCG-OVA). No weight loss occurred in the
BALB/c mice BCG-N and BCG-M2 groups. Computed tomography demonstrated no [121]
(s.c.) evidence of pneumonia and inflammation in the lung tissue in BCG-N,

BCG-M2 groups, in contrast to the group of unimmunized mice after
the challenge trial. No active neutrophil infiltration in the BAL was
recorded in the BCG-N, BCG-M2 groups after the challenge compared
to the unimmunized mice. After the challenge trial, BCG-N and
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Continuation of the Table 1

Vaccine
composition
(adjuvant)

Vaccine
(developer)

Animal models
(method of
administration)

Research and results Source

MVA-F and
MVA-G (National
Heart and

Lung Institute,
UK) (Institute

of Molecular
Virology,
Germany)

MVA vector
carrying genes
encoding F- and
G-proteins of
RSV

Cowpox viruses
containing
genes encoding
F- or G-protein
in different
forms: rVVGsol
(soluble,
secreted form),
rVVGmem
(form anchored
in membrane),
rVVG (both
forms)

rVV-G u rVV-F
(University of
Pittsburgh School
of Medicine,
USA)

Recombinant
LDHV vaccine
strains encoding
the PCV M2-1
polyepitope
T-cell cassette
(70-101+114-
146)

LAIV + NA/RSV
and LAIV + NS1/
RSV (Institute

of Experimental
Medicine,
Russia)

BALB/c mice
(RAG-1 deficient)
(s.c.)

Holstein calves
(s.c.)

BALB/c mice
(i.p.)

BALB/c mice
(i.p., scar.)

BALB/c mice
(i.n.)

BCG-M2 groups were assigned low pulmonary histopathology scores
equivalent to a naive control group that was not infected with RSV.
BCG-N and BCG-M2 immunization was found to stimulate primarily
T-cell immunity: T cells with a Th1-like pattern of cytokine secretion

were activated

Mice were immunized 2 times 10 days apart with BCG-N, BCG-M2,
and BCG-WT at a dose of 1 x 108 PFU. After 21 days, mice were
infected with RSV at a dose of 1 x 107 PFU. Mice in the BCG-N group
actively lost weight (on par with unimmunized RSV-infected mice). After
RSV infection, the BCG-N and BCG-WT groups had large numbers
of infiltrating cells such as neutrophils and eosinophils in the BAL. On
day 6 after challenge, the viral load in the lungs was almost the same
in all groups. On day 12, a decrease in RS viral load was observed in
the group of BALB/c mice (not RAG-1). These results suggest that T
cells are required for RSV clearance and that the mechanisms of innate
immunity are insufficient to protect against RSV infection.

Calves were injected with rBCG-N-hRSV or WT-BCG at a dose of 108
PFU 2 times with an interval of 2 weeks. After 2 weeks, calves were
infected with RSV at a dose of 10* TCID, . All calves developed signs
of RSV (fever, lethargy, nasal and ocular discharge, mild dyspnea), but
clinical condition scores were lower in the rBCG-N-hRSV and WT-BCG
groups than in the unimmunized group. There were no differences in
pulmonary lesion scores between the rBCG-N-hRSV, WT-BCG, and
unimmunized calf groups after the challenge trial and no evidence of
vaccine-mediated disease enhancement

[122]

[123]

Double immunization of mice with MVA-F and MVA-G variants at a
dose of 108 infectious units resulted in the formation of pronounced
humoral and T-cell immunity to RSV. Infection of immunized mice
with RSV at a dose of 1.2 x 10° PFU showed accelerated virus
elimination in the MVA-F and MVA-G groups compared with the group
of mice immunized with the MVA vector. Signs of eosinophilia after
challenge were absent in the MVA-F and wtMVA groups and were
small in the MVA-G group. However, lymphocytosis was pronounced
in the MVA-F group (~50%) compared with the MVA-G group (~20%).
There were more polymorphonuclear cells in the MVA-G group, which
was comparable to the FI-RSV group. After challenge, mice actively
lost weight in the MVA-G (up to 15%), MVA-F (~12%) and FI-RSV
(~10%) groups compared with the group of control animals after RSV
challenge, indicating an exacerbation of the disease course after
immunization and RSV infection

[124]

Immunization of rVVF, rVVG and rVVGmem mice resulted in the
induction of high levels of antibodies, regardless of the route of
administration. In the rVVGsol group, the level of RSV-specific

antibodies was ~550-fold higher with i.p. administration than with

immunization by scarification. When immunized mice were infected
with RSV A2 strain, virus was not isolated from the lungs in the
rVVF, rVWWG, rVVGmem, and rVVGsol groups. When immunization
by scarification was performed in the rVVG and rVVGsol groups, an
increase in the number of eosinophils in the BAL after the challenge
trial was observed. The rVVGmem group had 10-fold higher eosinophil
counts than the rVVG and rVVGsol groups. No eosinophils were
detected in the BAL during i.p. administration. The method of vaccine
administration influenced the development of pulmonary pathology

[125]

Mice were immunized 2 times 3 weeks apart with vaccine variants LAIV
+ NA/RSV or LAIV + NS1/RSV at a dose of 10° EID,, per mouse. Three
weeks after the 2nd immunization, mice were infected intranasally with
RSV strain A2 at a dose of 2 x 10° PFU/individual. RSV was found
to be detected at insignificant levels in the LAIV + NA/RSV and LAIV
+ NS1/RSV groups, in contrast to the PBS and LAIV groups in lungs
collected at day 5. In contrast to the FI-RSV group, vaccine variants
LAIV + NA/RSV and LAIV + NS1/RSV did not induce pulmonary
eosinophilia and lung pathology after RSV infection

[126]
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vacai Vaccine Animal models
'accine I
composition (method of Research and results Source
(developer) ! = :
(adjuvant) administration)
RemariTET Mice were immunized 2 times with an interval of 3 weeks with vaccine
. variants LAIV + NA/RSV or LAIV + NS1/RSV at a dose of 10° EID,,.
LAIV + NA/RSV LDHYV vaccine 5 - 50
b h Seven days after the 2nd immunization, lungs were harvested from
and LAIV + NS1/ strains encoding ice to identif b lati fresident T cells. | ati ith
RSV (Institute the PCV M2-1 BALB/c mice mice to identify subpopulations of resident T cells. Immunization wi
. . - LAIV + NA/RSV or LAIV + NS1/RSV was found to produce high levels [43]
of Experimental polyepitope (i.n.) A : . .
e of tissue-resident memory T cells to an embedded immunodominant
Medicine, T-cell cassette CD8" T-cell epit M the levels of infl i
Russia) (70-101+114- -cell epitope. Moreover, the levels of influenza-specific memory
CD8" T-cells in the LAIV + NA/RSV and LAIV + NS1/RSV groups were
146)
higher than in the LAIV group
Vector vaccine candidates differed in the composition of the chimeric
HA + RSV gene: the RSV insert was linked to the HA1 subunit using
either AAAPGAA (A) or G4SG4S (G) linker. Mice were immunized
2 times 3 weeks apart with vaccine variants LAIV-HA + G-RSV or
Incorporation LAIV-HA + A-RSV at a dose of 10° EID,,. Three weeks after the 2nd
LAIV-HA + of thg target immunization, mice were infected intranasally with RSV strain A2 at
9 a dose of 5 x 10° PFU/specimen. On the 5th day after infection, the
G-RSV and fragment tent of RSV replication in | fi dq izati
LAIV-HA + F243-294 of . extent o replication in lung tissue was assessed. Immunization
. . BALB/c mice with LAIV-HA + G-RSV and LAIV-HA + A-RSYV failed to prevent the
A-RSV (Institute RSV into the - devel t of RSV. Neverthel th ianificant diff [45]
of Experimental HA molecule (i.n.) evelopment of RSV. Nevertheless, there was a significant difference
Medicine which is the‘ between the virus titer values in the LAIV-HA + G-RSV group compared
Russia) ’ target fragment to PBS. Evaluation of the bronchial epithelium of mice revealed that
9 9 the degree of damage was significantly lower in the LAIV-HA + G-PSV
of LAIV N .
group compared to the PBS group, whereas no significant difference
was found for the vaccine variant LAIV-HA + A-PSV. Histopathological
evaluation of mouse lung segments after RSV infection showed a high
degree of protection in the groups immunized with the vector vaccines
LAIV-HA + A-RSV and LAIV-HA + G-RSV, in contrast to FI-RSV
Influenza virus
A/PR/8/34 Mice were immunized once with vaccine candidates NS-2AF (contains
truncated to a 2A site at the N-terminus of the RSV insert), NS-2AsF (NS-2AF,
124" amino acid which contains IgGk), NS-F (shortened NS1), sF-NS (NS-F, which
PR8-NS-F (NS,,,), which contains IgGk) at a dose of 6 log10 TCID, . On day 28, RSV A2 was
PRS-SF-N:S AA includes an infected at a dose of 6 log,, PFU. After challenge, viral load levels
SEeeTTessy " immunogenic in immunized mice were 1.5 log,, PFU/mL and 2.26 log,, PFU/mL
F-protein BALB/c mice lower in the NS-2AsF and NS-2AF groups, respectively, compared
Research - ith th f . . ice. In the 2 ; in th [46]
Institute of cassette (i.n.) with the group o n_on-lmmumzed mice. In the 2nd experiment, in the
(fragment sF-NS group, the viral load was 2 log10 PFU/mL less after the shuttle
Influenza, . . . .
Russia) F 48-090 @N challenge compared with the group of unimmunized mice. In the NS-F
F 100 451) With or group, the reproduction of the challenge virus was comparable to the
without IgGk group of unimmunized mice. Mice in the NS-2AsF group showed low
signal peptide levels of inflammation and minimal lymphocytic infiltration. Minimal
(for extracellular changes in lung tissue morphology were observed in the sF-NS group
delivery).
SUBUNIT VACCINES
Soluble ver§ion . Mice were injected with RSV pre-F in different variants (DS, Cav1, TriC,
of F protein Mice .
. DS-Cav1) at a dose of 10 pg at an interval of 3 weeks. In all groups,
DS-Cav1 in pre-F CB6F1/J . . g ; ; .
. the titer of neutralizing antibodies against RSV in sera was 4 times [127]
(NIAID, USA) conformation (?BALB/cJ + & ) : ) ;
: O . higher than in the RSV post-F group and 20 times higher than the
with antigenic  C57BL/6J (i.m.) established protective threshold
site @ (poly I:C)
Soluble version Macaques were administered RSV pre-F in different variants (DS,
of F protein DS-Cav1) at a dose of 50 pg with an interval of 4 weeks. In the DS and
in pre-F Rhesus DS-Cav1 groups, the neutralizing antibody titer was 510 times higher [127]
conformation  macaques (i.m.). in sera than in the RSV post-F group. By week 8, the neutralizing
with antigenic antibody titer was higher in the DS-Cav1 group than in the DS group
site @ (poly I:C) and 60-fold higher than in the RSV post-F group
Soluble version Monkeys were immunized three times with DS-Cav1 (125 pg) in
of F-protein different volumes with different adjuvants. On day 70, animals were
in the pre-F infected with RSV at a dose of 2 x 5.5 log,, PFU. In the DS-Cav1 group
conformation . (administered in a volume of 0.25 ml), the value of peak RSV titers
with antigenic African monkeys was 3 log,, and 2 log,, lower in the lungs and nasal cavity than in the [128]
site @ control group. A correlation was found between the protective effect in

(nanoemulsion,
Adju-Phos)

the nasal cavity and IgA stimulation, and protection in the lungs and
Fc-mediated antibody activity
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Continuation of the Table 1

Vaccine Vaccir)g Animal models
(developer) composition (method of Research and results Source
(adjuvant) administration)
Soluble version Mice were injected with RSV F DS-Cav1 in combination with different
in gre-F adjuvants 2 times with an interval of 3 weeks at a dose of 10 pyg. No
conformation side effects were observed in all groups. RSV F DS-Cav1 groups with
with antigenic SAS + Carbopol adjuyants had t.he highest neutralizing antibody titers,
site @ (Alum _ which were 1_5-fo|d hlgr_\er than in the Alum + MPLA_and Alum groups,
Poly | :C PoI’y CBGE1/J mice and 5-fold higher than in Poly (I:C). Ip the groups with MPLA, Alum +
(IC'LC). MPLA (i.m.) MI?LA, AddaVax aqd A_dJupIex, IgG?1-mmune_ response was recorded
SAS Alum . in sera. Vaccination in groups with a cqmblnatpn of SAS, SAS +
MPI:A SAS Carbo_pol, Poly (I:C) and Poly (IC:LC_) gdjuvants mdt_Jce(_i 1gG1- and
+ Cark;opol IgG2a-immune response. The neutralizing antibody tltel'.ln the RSV F
Adjuplex, ’ DS-Cav1 group without adjuvant was below the protective threshold [129]
AddaVax). value
Soluble version
of F-protein
in the pre-F Calves were injected with bRSV F DS-Cav1 with different adjuvants 2
conformation

times at an interval of 4 weeks at a dose of 50 ug. No difference was
with antigenic Calves (i.m.) observed between neutralizing titers in the ISA71 VG and ISA 71 VG +
site @ (ISA Carbopol adjuvant groups. This adjuvant combination slightly enhances

71 VG, or the immune response in cattle
ISA71VG +

Carbopol))

The

extracellular SH Mice were injected with SHe at a dose of 25 pL mixed with alum (Alum-
domain of the SHe) or as part of DPX (DPX-SHe) once or twice (3 weeks apart). Mice

RSV protein immunized with 1 or 2 doses of DPX-SHe had higher IgG antibody
DPX-RSV SHe (subtype titers than the Alum-SHe group and persisted for 20 weeks after
(Immunovaccine, A)incorporated CD-1 mice (i.m.)  immunization. Immunization with Alum-SHe did not result in adverse [130]
USA) into the reactions (decreased activity, cyanosis, decreased body temperature,
DepoVax oil- and hunched posture), unlike the DPX-SHe group. A decrease in
based platform complement proteins (C3 and C4) and hypersensitivity reactions were
(Pam3CSK4 observed in the Alum-SHe group, unlike in the DPX-SHe group
and Alum)
Mice were injected with BARS13 at a dose of 10 ug 2 times with an
interval of 2 weeks. After 2 weeks, mice were infected with RSV A2 at
a dose of 5 x 107 PFU. In the BARS13 group, the viral load in the lungs
after challenge was 10-fold lower than in the FI-RSV and G-protein
groups. In the BARS13 group, the dynamics of weight change in mice [131]
were comparable to the group of mice that were not infected with
RSV. There were no signs of histopathology in the lungs of mice from
BARS13 the BARS13 group. The protective effect in the BARS13 group was
(Of CSA+G explained by the contribution of Treg cells, which were high in BAL and
BARS13 consists of CSA lymph nodes after the challenge trial
(Advaccine) (Bio- - cyclosporine BALB/c mice - ) o ) )
pharmaceuticals A (can induce - BARS13 was modified by inclusion in the vaccine formulation and
Suzhou Co, Treg) and @im.) administered with RSV pre-F. Mice were immunized with 10 ug of
China) recombinant BARS13 or BARS13 + pre-F 2 times with an interval of 2 weeks.
G-PSV After 2 weeks, mice were infected with RSV at a dose of 2 x 10® PFU.
(shortened) Serum IgG antibody levels were higher in the BARS13 + pre-F group

than in the BARS13 group. There were high levels of Treg cells in the [132]
BARS13 + pre-F group compared with the FI-RSV and pre-F groups.
Neutralizing antibody levels were 6-fold higher in the BARS13 +
pre-F group than in the BARS13 group. After MS challenge trial, the
pulmonary tissue burden in the BARS13 + pre-F group was 10% lower
than in the BARS13 group. The degree of pulmonary inflammation in
the BARS13 + pre-F group was minimal
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Rabbits were injected with RSVPre-F3 alone or in combination
with Boostrix vaccine three times. In RSVPreF3, RSVPreF3/AS01,
RSVPreF3 +Boostrix groups, IgG antibody titers to RSVPre-F3 were
high. Immunization with RSVPre-F3 had no effect on body weight,
vision, skin, appetite and body temperature. Clinical and pathological
Rabbits (i.m.)  changes (increase in leukocytes, neutrophils, fibrinogen and C-reactive
protein concentration, decrease in albumin) were recorded on the next
RSVPre-F3/ Peptide F day after vaccine administration, and the indices returned to normal
(GSK3844766A stabilized in within 4 weeks. Rabbits were injected with RSVPre-F3 several weeks
(Glaxo- a pre-fusion before mating, during pregnancy and during lactation. Passive transfer ~ [133]
SmithKline, UK) Con(fggg?;lon of antibodies from immunized females to rabbits was observed
Rats were injected with RSVPre-F3 several weeks before mating,
during pregnancy and lactation. In most rats, IgG to RSVPre-F3 was
detectable before mating (31/48), during pregnancy (14/31), and during
Rats (i.m.) lactation (16/31), and the antibodies were transmitted to the offspring.
Immunization of females with RSVPre-F3 had no effect on fertility,
pregnancy, lactation, survival, or changes in external signs of visceral
and skeletal development in the offspring
Double immunization with protein at doses of 0.05-5.00 pg resulted in
the formation of high levels of RSV F-specific antibodies that circulated
for 6 months after vaccination, but their neutralizing activity was
low. Infection of rats with RSV 3 months after immunization showed
PCB-F Purified RSV F Cotton rats (i.m.) a 100-fold decrease in viral load in the lungs in the RSV-F group [134]
(NIAID, USA) protein o compared with the control group. At 6 months after immunization,
protection against RSV was practically absent — in the FI-RSV and
RSV-F groups. In the RSV-F group (5 pg), a vaccine-mediated disease
enhancement after RSV challenge comparable to FI-RSV
was observed
VACCINES BASED ON VIRUS LIKE PARTICLES
Mice were injected with V306-SVLP at different doses twice with an
interval of 3 weeks. On day 31, mice were infected with RSV at a dose
of 108 PFU. Immunization with V306-SVLP stimulated the production
BALB/c mice of neutralizing antibodies to RSV. On day 5 of the challenge ftrial, the
(i.m.) virus was not reproduced in the V306-SVLP (50-300 pg) groups, in
contrast to the PBS, FI-RSV, and V306-SVLP (15 pg) groups. No
A mimetic histopathologic changes were observed in the lungs in all V306-SVLP
of a peptide groups, in contrast to FI-RSV groups
ﬁ?frhse\t/itp {hat binds to Rabbits were injected with V306-SVLP at a dose of 140 g three fimes 11
. ’ Rabbits (i.m.) with an interval of 28 days. High levels of neutralizing antibodies to 8
Switzerland) V-306 (alum for different strains of RSV subtypes A and B were observed
15 pg dose of yp
V-306) Cotton rats were injected with 10D11 anti-V-306 monoclonal antibody
preparation and palivizumab at different doses. After 1 day, rats were
infected with RSV at a dose of 10* PFU. High titers of RSV in the
Cotton rats (i.m.)  lungs were observed in the PBS group. A dose-dependent reduction
in replication was observed in the 10D11 and palivizumab groups.
Vaccination with V-306 stimulated the production of antibodies with
palivizumab-like properties
153-50
nanoparticle Mice were injected with DS Cav1-153-50 or DS Cav1 at a dose of 5
with multiple pg three times with an interval of 2 weeks. DS Cav1-153-50 induced
DS-Cav1 a stronger antigen-specific and neutralizing immune response.
trimers (trimer BALB/c mice Immunization with DS Cav1-153-50 induced 5.3-fold higher follicular
F stabilized in (s.c.) T helper formation in immunized mice than DS Cav1. Since follicular
a “pre-fusion” T-helpers control the proliferation of B-lymphocytes in the follicles of
VX-121 conformation) lymphoid organs, the number of B-cells in the lymph nodes of mice
(Icosavax, USA)  on the surface from the DS Cav1-153-50 group was higher than in the DS Cav1 group  [136]
(AddaVax)
153-50 M . . . ith DS-Cav1 (50 4DS
nanoparticle acaques were immunized twice with DS-Cav1 ( _pg) an -
with multiple Macaques Cav1-|53-5Q (96 pg) 28 days apart. DS-Cav1-I53-50 induced §-fo|d
DS-Cavi (Indian) (s.c.) stronger antigen-specific 25-fold more intense neutralizing antibody
. - production than DS-Cav1. Specific antibodies in macaque sera were
trimers on the found to target the F-protein of RSV in a pre-F conformation
surface (SWE) 9 P P

Note. i.n. — intranasally; i.t. — intratracheally; i.m. — intramuscularly; s.c. — subcutaneously; or. — orally; i.p. — intraperitoneally;
scar. — scarification
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Table 2. Overview of vaccines in various stages of clinical trials
Vaccine (developer) Clinical trial phase (target group) Period Test No. in the registry Source
RECOMBINANT VECTOR VACCINES
RSV001 (PanAd3-RSV and MVA- _
RSV) (ReiThera, ltaly) Phase | (A.; E.) 2013-2015 NCT01805921 Yes [48, 49]
VXA-RSV f
(Vaxart, USA) Phase | (A.) 2016-2018 NCT02830932 None
Phase | (A.) 2016-2017 NCT02491463 Yes [58]
ChAd155-RSV GS Phase /Il (141) 2016-2021 NCT02927873 Yes [60]
(GSK, UK) Phase I/l (C.) 2018-2022 NCT03636906 None
Phase Il (A. Q) 2015-2018 NCT02360475 Yes [138]
Phase | (A. E.) 2015-2016 NCT02419391 Yes [46]
¥ Phase | (A.) 2016-2018 NCT02864628 Yes [46]
?@;ﬁ‘;ﬁ;‘fﬁ; B —, Phase Il (E.) 2016-2018 NCT02873286 Yes [47]
’ Phase 2a (A.) 2021-2021 NCT04752644 Yes [139]
Phase Il (E.) 2022-2024 NCT05238025 Yes [140]
SeV/RSV
(NIAID. USA) Phase | (A.) 2018-2019 NCT03473002 Yes [65]
Ad26.RSV.preF Phase | (A; E.) 2016-2019 NCT02926430 Yes [141]
(Janssen Vaccines & Prevention B.V., Phase | (C.) 2022 NCT03606512 Yes [57]
Netherlands) Phase /2a (A.; C) 2017-2022 NCT03303625 Yes [57]
Ad26.RSV.preF
) . Phase Il (E.) 2017-2021 NCT03339713 Yes [56]
(Janssen Vaccines & Prevention B.V., Phase Il (A.; E.) 20172021 NCT03334695 Yes [142]
Netherlands)
rBCG-N-hRSV
(Catholic University of Chile, Chile) Phase | (A. 3) 2017-2018 NCT03213405 Yes [143]
RSV/Flu-01E _
(A.A. Smorodintsev Research Institute Phase | (A E.) 2022-2023 NCT05970744 None
. Phase Il (E.) 2023-2024 None
of Influenza, Russia)
Ad26.RSV.FA2, Ad35.RSV.FA2 Phase | (A.) 2015-2016 NCT02561871 None
(Crucell Holland BV, Netherlands) Phase | (A.) 2015-2016 NCT02440035 None
LIVE ATTENUATED VACCINES
MV-012-968 Phase | (A.) 2020-2020 NCT04227210 None
(Meissa, USA) Phase | (141) 2021-2023 NCT04909021 None
RSV MEDI AM2-2 (NIAID/NIH,
Medimmune (AstraZeneca), USA) Phase | (141) 2011-2015 NCT01459198 Yes [75]
RSV cps2 (NIAID/NIH, Medlmmune Phase | (141) 2013-2015 NCT01968083 Yes [73]
(AstraZeneca), USA) Phase | (141) 2013-2016 NCT01852266
RSV LID AM2-2, Phase | (141) 2014-2016 NCT02040831 [76]
NIAID (Sanofi Pasteur, France) Phase | (141) 2014-2015 NCT02237209 [76]
i Phase | (141) 2020-2023 NCT04520659 None
g:r\]’c)fﬁ'gﬁt“gﬁrzggigz)(“'A'D* USA, Phase | (141) 2016-2018 NCT02952339 Yes [78]
’ Phase | (141) 2015-2017 NCT02794870 Yes [78]
RSV LID cp AM2-2 Phase | (141) 2015-2018 NCT02890381 Yes [144]
(NIAID, USA) Phase | (141) 2015-2018 NCT02948127 Yes [144]
RSV
. Phase | (141) 2017-2018 NCT03102034 Yes [145]
B‘é‘i\/)NSZ/ N/AM2-2-Hindlll (NIAID, Phase | (141) 2017-2018 NCT03099291 Yes [145]
RSV ANS2/A1313/11314L (NIAID, Phase | (141) 2013-2018 NCT01893554 Yes [82]
USA) Phase | (141) 2017-2022 NCT03227029 Yes [146]
RSV 6120/ANS2/1030s (NIAID, USA) Phase | (141) 2017-2022 NCT03387137 None
RSV 6120/ANS1 and RSV 6120/F1/ Phase | (141) 2018-2023 NCT03596801 None
G2/ANS1
RSV ANS2/A1313/11314L; RSV
6120/ANS2/1030s;
RSV 276, Phase | and Il (141) 2019-2022 NCT03916185 None
(NIAID, USA)
RV AL AL 29w 27 Phase | and Il (141) 2017-2020 NCT03422237 Yes [146]

(NIAID, USA)
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Continuation of the Table 2

Vaccine (developer) Clinical trial phase (target group) Period Test No. in the registry Source
RSV D46 cpAM2-2, (NIAID, USA) Phase | (141) 2015-2019 NCT02601612 None
MEDI-559, (Medlmmune)
(AstraZeneca, USA) Phase | and Il (141) 2008-2011 NCTO00767416 Yes [72]
SUBUNIT RECOMBINANT VACCINES
Phase | (A. Q) 2018-2019 NCT03674177 Yes [147]
GSK3888550A Phase Il (A. ?) 2019-2022 NCT04126213 Yes [148]
RSVPreF3 (GSK, UK) Phase Il (A. 9) 2019-2020 NCT04138056 None
Phase Il (A. Q) 2020-2023 NCT04605159 None
Phase l/ll (A., E) 2019-2021 NCT03814590 Yes [91]
Phase | (E.) 2019-2022 NCT04090658 Yes [90]
Phase Il (E.) 2020-2021 NCT04657198 Yes [92]
Phase Il (E.) 2021-2024 NCT04886596 Yes [94, 149]
Phase Il (A., E) 2023—present NCT05921903 None
Sg\’fgfgges’* Phase Il (E.) 2021—present NCT04732871 Yes [93]
TS (GéK UK) Phase Il (E.) 2021-2022 NCT04841577 Yes [150]
y ’ Phase Il (E.) 2021-2022 NCT05059301 Yes [151]
Phase Il (E.) 2022-2023 NCT05559476 Yes [152]
Phase Il (E.) 2022-2023 NCT05568797 Yes [153]
Phase Il (E.) 2023-2024 NCT05590403 Yes [154]
Phase Il (E.) 2023-2024 NCTO05879107 None
RSVPreF3 (GSK, UK) Phase | (A.) 2014-2018 NCT02298179 Yes [155]
DPX-RSV(A)
(Immunovaccine, USA Phase | (A.) 2015-2017 NCT02472548 Yes [89]
and Dalhousie University,
Canada)
RSV F DS-Cav1 (NIH/
NIAID/VRC, USA) Phase | (A.) 2017-2020 NCT03049488 Yes [86]
Phase Il (A. @) 2019-2019 NCTO04071158 Yes [156]
Phase l/ll (A., E) 2018-2021 NCT03529773 Yes [95, 157]
Phase 2b (A. Q) 2019-2022 NCT04032093 Yes [158]
Phase Il (E.) 2018-2021 NCT03572062 Yes [159]
e Phase Il (C., A. Q) 2020—present NCT04424316 Yes [160]
Abr gvo Phase Ib (E.) 2023-2023 NCT05788237 None
(Pﬁ;’er USA) Phase Il (A. Q) 2019-2019 NCT04071158 Yes [156]
’ Phase Il (A.) 20202021 NCT04785612 Yes [161]
Phase Il (E.) 2021-present NCT05035212 None
Phase Il (A.) 2021-2022 NCT05096208 Yes [162]
Phase Il (E.) 2022-2022 NCT05301322 Yes [163]
Phase Il (A, E.) 2023-2024 NCT05842967 None
RSV F vaccine (RSVpreF) .
(Pizer, USA) Phase I/l (E.) 2018-2020 NCT03572062 Yes [159]
BARS13
4 Phase | (A.) 2019-2019 NCT04851977 Yes [164]
U oyEccie) Sl Phase Il (A, E.) 2020-2023 NCT04681833 None
phar " Phase Il (A.) 2018-2019 ACTRN12618000948291 None
Ltd, China)
VACCINES BASED ON VIRUS LIKE PARTICLES
V306-SVLP (Virometix AG, Phase | (A. Q) 2020-2022 NCT04519073 Yes [105]
Switzerland)
SynGEM (Mucosis B.V., Netherlands) Phase | (A. 23) 2016-2017 NCT02958540 Yes [104]
Phase | (A.) 2010-2011 NCT01290419 Yes [165]
Phase Il (A. Q) 2012-2013 NCT01704365 Yes [166]
RSV F (ResVax) (Novavax, USA) Phase Il (A. Q) 2013-2014 NCT01960686 Yes [167]
Phase Il (A. Q) 2014-2016 NCT02247726 Yes [100]
Phase Il (A. Q) 2015-2020 NCT02624947 Yes [102]
Phase | (E.) 2012-2014 NCT01709019 Yes [168]
Phase Il (E.) 2014-2016 NCT02266628 None
. Phase Il (E.) 2015-2016 NCT02593071 None
RV el (et W2 Phase Il (E.) 2015-2016 NCT02608502 None
Phase Il (E.) 2017-2018 NCT03026348 None
Phase | (141) 2014-2016 NCT02296463 None
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End of the Table 2

Vaccine (developer) Clinical trial phase (target group) Period Test No. in the registry

Source
VACCINES BASED ON MESSENGER RNA
Phase | (C.) 2023-present NCT05743881 None
mMRNA-1345 Phase Il (C.,A., E.) 2020-2024 NCT04528719 Yes [35]
Phase Il (A. @) 2023-present NCT06143046 None
Phase II-lll (E.) 2021-present NCT05127434 Yes [41, 169]
K5 MRNALNP CL-0059; LNP CL- Phase Il (A, E.) 2022-present NCT05639894 None

Note. C. — Children; E. — Elderly (lower threshold 50, 55 or 60 years); A. — Adults (from 18 years, upper threshold varies).
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