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Abstract

Introduction. The spread of tick-borne encephalitis virus (Orthoflavivirus encephalitidis) continues. Existing
vaccines have several limitations. Research new vaccine platforms will enable the development of more effective
strategies of disease prevention.

Materials and methods. The constructs for producing vaccine preparations were obtained using the methods
described earlier. Study of the effectiveness of candidate vaccines based on chimeric yellow fever virus, adenovirus
serotype 25 and mRNA encoding a fragment of the tick-borne encephalitis viral polyprotein corresponding to the
PrM and E regions, immunogenicity and protective efficacy was performed using BALB/c mice. The neutralizing
activity assessment of animal sera and mice challenge were performed using the tick-borne encephalitis virus
strain Sofjin-Chumakov.

Results. It was established that immunization of animals with mRNA encoding the PrM and E regions of the viral
polyprotein of tick-borne encephalitis virus resulted in the induction of a higher level of neutralizing antibodies
compared to the other vaccine platforms studied in the immunization schedule used. In addition, this platform
provided 100% protection of animals from the lethal infection caused by the tick-borne encephalitis virus.
Conclusion. The study demonstrated that delivery of the nucleotide sequence encoding the PrM and E regions of
the tick-borne encephalitis virus polyprotein within mRNA elicits a pronounced humoral immune response during
animal immunization. These results demonstrate the fundamental feasibility of effectively expressing the same
tick-borne encephalitis virus antigen in various vaccine platforms, each with its own advantages and limitations.
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CpaBHeHMe KaHAMAATHbIX BaKLUMH NPOTUB BUpPYCa KieweBoro
3Huedanuta Ha ocHoBe MPHK, ageHoBupyca o6e3bsH

25-ro cepoTuna nu XMMepHoOro pennmMKaTMBHO-KOMMNETEHTHOro
BaKUMHHOIO WTaMMa BUPYCa XeNToOM FINXOpaakKu
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Pe3tome

BeeaeHue. K HacTosiLleMy BpemeHu He pelueHa npobrnema pacnpocTpaHeHus 3aboneBaeMocTy BUPYCOM Krielue-
Boro aHuedanuta (Orthoflavivirus encephalitidis). metoumecs BakUMHbI UMEIOT psa HegocTaTkoB. M3yyeHre HoBbIX
BaKUMHHbIX NnaTtgopmM no3sBonuT paspabotatb 6onee adekTMBHbIE BaKLUMHbI A5 NPOUNakTukn 3abonesaHus.
Llenb nccneposanus. N3yuntb acpdekTMBHOCTb KaHAMAATHBIX BaKLUMH HA OCHOBE XMMEPHOro BMPYCa XenTon
nMxopagku, ageHoBupyca obesbsH 25-ro cepotuna n maTpudHon puboHyknenHosol knucnotel (MPHK), kogupyto-
LWMX oparMeHT BUPYCHOrO NONMNPOTENHA KELLEBOro aHuedannTa, KoTopbl cooTBeTcTBYET obnactam PrM m E.
MaTepuanbl 1 meToabl. KOHCTPYKUMM ANS BaKUWHHBIX NpenapaTtoB nofy4vany no OnucaHHbIM paHee MeToau-
KaMm. Mi3y4eHne MMMYHOreHHOCTU U NPOTEKTUBHOCTU BaKLUUH NPOBOAWIN C UCMONb30BaHNEM Mbilen nuHumn BAL-
B/c. OueHKky HeNTpanuayoLen akTMBHOCTU CbIBOPOTOK XXMBOTHbIX, @ Takke UHMULMPOBaHME MblLLEA NPOBOANIM
C UCMONb30BaHWeM BUpYyca KreweBoro sHuedanuta wramm « CodbnH-HYymakos».

Pe3ynbraTthbl. YCTaHOBMEHO, YTO MMMYHM3aUmMsA XunBoTHbIX MPHK, kogupytowien obnactn PrM v E BupycHoro no-
nMnpoTenHa BMpyca KreLeBoro aHuedanuTa, npusoanna K nHayKuumn 6onee BbICOKOro YPOBHS HENTPanuU3yoLwmnx
aHTUTEN MO CPaBHEHMIO C OCTaNbHbLIMW UCCNEAYEMbIMUA BaKUMHHBIMW NnatpopmMamm B UCMONb3yeMON CXemMe UM-
MyHu3aumun. Kpome Toro, gaHHas nnatdopma obecneunsana 100% 3awmTy XMBOTHLIX OT feTanbHON MHAEKUMn,
BbI3bIBAEMOW BMPYCOM KIELLEBOro sHuedanura.

3akntoyeHue. NpoBeaeHHoe nccnegoBaHne Nokasano, YTo JocTaBka HYyKNeoTUAHON NocneaoBaTeflbHOCTH, Koau-
pytoLen obnactu PrM u E BupycHoro nonunpoTenHa Bupyca KneLeBoro sHuedanuta, B coctase MPHK Bbi3biBaeT
BbIPaXXEHHbIA ryMoparnbHbI UMMYHHBIW OTBET NPU MMMYHU3aLUMW XUBOTHBIX. NonyyYeHHble pesynstaTbl 4eMOH-
CTPUPYIOT NPUHLMNMANBHYIO BO3MOXHOCTb 3¢hhEeKTUBHOWM 3KCNPECCUMUN OLHOIO U TOTO XKe aHTUIeHHOro KOMMOHEHTA
BMPYCa KreLeBoro sHuedanunta B pa3nmyHblX BakLUMHHBLIX NnaTdopMax, Kaxaas n3 Kotopblix obnagaet cobcTBeH-
HbIMW NPEUMYLLECTBAMMU N OTPaHUYEHUSMN.

KnioueBble crnoBa: 8upyc Kieuw,eeo20 sHuyeghanuma; XuMepHbil 8upyc; adeHo8UPYCHbIU 8eKMOpP,; peKoMbuHaHM-
HbIU adeHosupyc, obesbsiHul adeHosupyc muna 25; eakyuHHas rnnamegopma; MPHK-JTHIT;
8aKUUHbI-KaHOUOamel

Onsa uutupoBaHua: CuHseuH A.Q., NywuH B.A., KysHeuosa H.A., Pyccy J1.W., Mapuyk E.B., KneiimeHos [.A.,
Hukndoposa M.A., 3ybkosa O.B., MNMonoea O., Basunosa WN.B., Oxaposckas T.A., MasyHuHa E.I., BbikoHus E.H.,
LLingnosckas E.B., YcaueB E.B., Ycadesa O.B., MNoutoBbii A.A., 3nobuH B.U., NloryHos [.1O., TnHuGypr A.J1. CpasHe-
HMe KaHauAATHbIX BaKLUMH NPOTUB BMpPYyCa KIeLweBoro sHuedganuta Ha ocHoee MPHK, ageHoBmpyca 06e3bsiH 25-ro
cepoTuna 1 XMMEepHOro pensikaTMBHO-KOMMNETEHTHOMO BaKLMHHOTO LUTaMMa BUpYCa XenTon nuxopadku. Borpocsi
supycornozauu. 2026; 71(2): 109-126. DOI: https://doi.org/10.36233/0507-4088-353 EDN: https://elibrary.ru/hghacp
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®duHaHcupoBaHue. ViccnegosaHne MHaAHCMPOBANoCh 3a CYeT CPeAcTB HaumoHanbHOro UCCrneaoBaTenbCKoro LieH-
Tpa anuaemuonorun n mMukpobuonormn nmenn H.®. Mamanen (3a cyeT npuHOCALLEN [OXOA AEATEeNbHOCTM) U rpaHTa
Ne 125021902438-1 MuHucTepcTBa 3apaBooxpaHeHns Poccuiickon denepaunn.

BnaropapHocTh. ABTOpbI BhipaxatoT brnarogapHocTb coTpyaHukam HALIOM nm. H.®. lamaneun: Tumodpeto AnekcaHapo-
Bu4y Pemun3oBy 1 AHacTtacum AnekcaHapoBHe 3axapoBoi, 06ecneymBLLNM 3aKyMKy peareHToB.

KoHdonukT nHTepecoB. ABTOpbI AEKNAPUPYIOT OTCYTCTBME SBHbIX U NOTEHLUMaNbHbIX KOH(UMKTOB MHTEPECOB, CBA3aH-

HbIX C NyGnuKaLuei HacTosLLel CTaTby.

ATnyeckoe yTBepxaeHue. ABTOpbl NOATBEPXKAAIOT COOMIOAEHNE MHCTUTYLIMOHAMNBHBIX Y HALMOHANbHLIX CTaHAAPTOB
Mo UCMOMb30BaHMI0 NabopaTopHbIX XUBOTHbIX B cooTBeTcTBUMM ¢ Consensus Author Guidelines for Animal Use (IAVES,
23.07.2010). MNMpoTtokon nccnegoBaHusa ogobpeH STnyeckum komutetom opraHmaauum (Mpotokon Ne 63 ot 05.10.2023).

Introduction

According to the World Health Organization, approx-
imately 10,000-12,000 cases of tick-borne encephalitis
(TBE)! are reported worldwide each year. The disease
is caused by the tick-borne encephalitis virus (TBEV),
which belongs to the family Flaviviridae and the genus
Orthoflavivirus. In addition to TBEV, the family Flavi-
viridae includes other arboviruses that are pathogenic to
humans, such as yellow fever virus (YFV), Japanese en-
cephalitis virus, dengue fever virus, Zika virus, and West
Nile virus [1]. Based on the results of phylogenetic analy-
sis, five subtypes of TBEV have been identified: Europe-
an, Siberian, Far Eastern, Baikal, and a new subtype, Hi-
malayan [2, 3]. TBEV affects the central nervous system,
leading to neurological complications of varying severity
depending on the TBEV subtype [1, 4, 5].

To date, vaccination is the only way to prevent the de-
velopment of the disease, as there is no effective treatment.
All currently licensed vaccines are inactivated and based
on European (Neudoerfl and K23 [6, 7]) or Far Eastern
(Sofjin, 205 [8], and Senzhang [9]) strains. Although these
vaccines are quite effective and safe, they have some lim-
itations, such as vaccination schedules that include several
doses of primary immunization with the need for subse-
quent regular revaccinations to maintain a protective level
of immune response. Furthermore, traditional inactivated
vaccines do not always provide complete protection, espe-
cially in older individuals. Thus, the development of new
vaccines may overcome the shortcomings of existing inac-
tivated vaccines against TBEV [10].

Approaches to vaccine development and production
have evolved over many years, and today several tech-
nologies and platforms have been developed for their
creation, including inactivated, toxoid, live attenuated
vaccines, vaccines based on virus-like particles, synthetic
peptides, polysaccharides and polysaccharide conjugates,
viral vector-based vaccines, nucleic acid-based vaccines
(DNA and messenger RNA (mRNA)) [11, 12]. Next-gen-
eration platforms, such as mRNA, pave the way for the
development of low-cost, highly safe and effective vac-
cines with the potential for rapid mass vaccination. The
main components of vaccines are antigens, which are ob-
tained directly from the pathogen or by biotechnological
means [11].

The structure of the virion of all flaviviruses, includ-
ing TBEYV, is similar and includes an envelope (formed

'Tick-borne encephalitis. Available at: https://www.who.int/health-
topics/tick-borne-encephalitis#tab=tab 1
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by membrane (M) and envelope (E) proteins), a nucle-
ocapsid (formed by the capsid (C) protein), and an RNA
genome [13—16]. In addition to structural proteins, viral
RNA encodes seven non-structural proteins [15, 17]. The
E protein of TBEV is a surface glycoprotein that interacts
with attachment factors and/or receptors on the plasma
membrane of target cells and promotes the fusion of vi-
ral and endosomal membranes, as well as inducing the
production of neutralizing antibodies [13, 15]. The pre-
cursor M protein (PrM) regulates the rearrangement of
E proteins on the virus surface, leading to the transition
from immature to mature virions [13, 17]. Thus, PrM and
E proteins are considered the main preferred antigens for
the development of vaccines not only against TBEV but
also against other flaviviruses.

In this study, we selected three approaches for deliver-
ing antigens encoding the PrM and E regions of the viral
glycoprotein and creating vaccine candidates: based on
the live attenuated strain YFV 17DD-UN (as a genetic
basis for the development of vaccines against other vi-
ruses), recombinant adenovirus (rAd) vectors (a popular
tool for delivering genes into mammalian cells, especially
in the development of vaccine candidates), and mRNA
encapsulated in lipid nanoparticles (LNPs) (a promis-
ing platform for the development of mRNA vaccines).
During our research, we created three candidate vaccines
against TBEV based on the Sofjin-Chumakov strain (Far
Eastern subtype). We used three approaches to deliver
polyprotein fragments corresponding to the PrM and E
proteins (the main TBEV antigen) into mammalian cells:
as mRNA-LNP, as recombinant simian adenovirus sero-
type 25, and as a chimeric YFV 17DD-UN with TBEV
gene insertions. We then evaluated the immunogenicity
and protective efficacy of the resulting TBEV candidate
vaccines in mice.

The aim of the study was to investigate the efficacy of
candidate vaccines based on chimeric YFV, simian ad-
enovirus serotype 25, and mRNA encoding a fragment
of the viral polyprotein TBEV, which corresponds to the
PrM and E regions.

Materials and methods

Scheme for creating three candidate vaccines

The Far Eastern subtype “Sofjin-Chumakov” strain of
TBEV (GenBank accession ID: KC806252.1) was used
to develop three candidate vaccines. Viral RNA was used
as a template for obtaining complementary DNA (cD-
NA) using the High-Capacity RNA-to-cDNA kit (Thermo
Fisher Scientific, USA). The oligonucleotide primer for
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PrM/E cDNA synthesis had the following composition:
c¢DNA-TBEV 5’-GTG TCC ACA GCA CAG CCA ACA
TC-3’. The resulting cDNA was then used to amplify a frag-
ment (1.9 kb in size) by polymerase chain reaction (PCR)
using the 2x Platinum SuperFi Green MasterMix kit (Ther-
mo Fisher Scientific, USA). Primers with the following
structure were selected for PCR: PrME-For 5’-TGC TGG
TTG TTG TCC TGT TGG GA-3’ and PrME-Rev 5’-ACC
GCC AAG AAC TGT GTG CAG CG-3’. Amplification
was performed according to the manufacturer’s instruc-
tions. Oligonucleotide primers for cDNA synthesis, PCR
fragment amplification, and plasmid construction were
selected using the SnapGene program (version 7.2). The
identity of the coding sequences was confirmed by Sanger
sequencing. Depending on the viral vector, after one or
more passages, the production of recombinant viruses was
confirmed by high-throughput sequencing. Fig. 1 shows
a diagram of the production of chimeric replication-com-
petent attenuated YFV 17DD-UN/TBE(FE), recombinant
replication-deficient simian adenovirus SAd25-TBEV-
(FE), and mRNA-TBEV(FE)-LNP.

Obtaining a chimeric replication-competent attenuated
yellow fever virus 17DD-UN/TBE(FE)

To obtain chimeric YFV 17DD-UN/TBE(FE) based on
the YFV 17DD-UN strain (ID GenBank OP796361.1)
with inserts of nucleotide sequences encoding the PrM
and E regions of TBEV, the pSMART BAC plasmid from
the CopyRight v. 2.0 Bac Cloning kit (Lucigen, USA) was
used. All molecular cloning work was performed using
the Escherichia coli Top10 strain. Plasmid construction
and assembly were performed using the Gibson Assem-
bly Ultra MasterMix kit (Codex DNA, USA) according
to the manufacturer’s instructions.

To assemble the hybrid construct, Vero E6 cells were
transfected. For this purpose, cells were seeded in 48-well
plates (2 x 103 cells per well) one day before the exper-
iment. Then, cells were transfected in Opti-MEM medi-
um (Gibco, USA) using Lipofectamine 2000 (LF2000;
ThermoFisher, USA). Virus replication was confirmed by
one-step reverse transcription PCR (RT-PCR) followed
by observation of the development of the virus-induced
cytopathic effect (CPE).

Amplification of the chimeric YFV 17DD-UN/
TBE(FE) was performed using a quantitative one-step
RT-PCR, as described previously [18]. The oligonucle-
otide primers and probes for the NS5 non-structural pro-
tein gene of YFV 17DD-UN (backbone) and the E gene
of TBEV (insert) were as follows: forward primer YFV
NS5F 5°-GCG GTATCT TGA GTT TGA GG-3’, reverse
primer NS5R 5°-AGG TCT CTG ATC ACA TAT CCT
AG-3’, probe NS5TM 5’-FAM-AGC CAA TGC CTTC
CAC TCC TCC TC-BHQI1-3’ (20) and forward primer
TBEV(FE) ChTBE-Fe-for 5’-gTC AAA gTA gAg CCg
CAT AC-3’, reverse primer ChTBE-Fe-rev 5°-T TCT CCg
Agg AAg CCg TgA A-3°, probe ChTBE-Fe-Z 5’-R6G-
CgT CgC TgC TAA TgA gAC TCA CAg Tgg-BHQ1-3°
(this study). To confirm the production of PreM and E,
the virus-containing TBEV fluid was examined using en-
zyme-linked immunosorbent assay (ELISA).

OPUTUHAJbHbBIE NCCNEAOBAHUA

To determine the virus titer, Vero E6 cells were seed-
ed in 24-well plates (10° cells per well) one day before
the experiment. Various virus dilutions were then added
to the cell monolayer. After virus adsorption, the medi-
um was removed and the cells were covered with 0.7%
carboxymethylcellulose (Sigma, USA) in DMEM me-
dium. The plates were incubated for 4-5 days at 37°C
and 5% CO,. After that, the cells were fixed with a 5% para-
formaldehyde solution and stained with a 1% crystal vi-
olet solution. The virus titer was expressed in PFU/mL
(plaque-forming units) [19].

Obtaining recombinant replication-deficient simian
adenovirus SAd25-TBE(FE)

The recombinant replication-deficient vector based on
simian adenovirus serotype 25 (SAd25), containing the
PrM and E TBEV nucleotide sequences, was obtained by
homologous recombination in E. coli BJ5183 cells. Bac-
terial cells were transformed by electroporation according
to the manufacturer’s instructions using a MicroPulser
device (Bio-Rad, Hercules, USA). The resulting plasmid
(pSAd25-TBE(FE)) was analyzed by PCR, restriction
mapping, and high-throughput sequencing according to
standard protocols [18, 20]. In pSAd25-TBE(FE), the de-
leted region E1 of the adenovirus genome was replaced
with a cassette containing the target gene (CMV promot-
er, nucleotide sequence of the PrM/E polyprotein of the
same strain used to create the chimeric YFV 17DD-UN/
TBE(FE), and a polyadenylation signal). To increase the
packaging capacity of the vector, the E3 region of the ad-
enovirus genome was also deleted.

Plasmid pSAd25-TBE(FE) was used to generate re-
combinant adenovirus SAd25-TBE(FE). HEK293 cells
were seeded in 24-well culture plates and incubated over-
night until 80% confluence was reached. To remove the
bacterial component, plasmid DNA was hydrolyzed with
Pacl and Sspl restriction enzymes and then transfected
into HEK293 cells using Lipofectamine 2000 reagent
(Thermo Fisher Scientific, USA) according to the man-
ufacturer’s instructions. After visual detection of cyto-
pathic effect (CPE) using an inverted microscope CKX41
(Olympus, Japan), the cells in the culture medium were
subjected to three freeze-thaw cycles.

Recombinant simian adenovirus was accumulated in
HEK?293 cell culture. HEK293 cells were seeded in 10 cm
diameter Petri dishes at a density of 15—17 x 10° cells per
dish. The next day, 65—-75% confluent monolayer cells were
infected with recombinant adenovirus SAd25-TBE(FE) at
a dose of 10" TCID, per dish. After 2 days, upon reach-
ing 90-100% CPE, the infected cells were collected, con-
centrated by low-speed centrifugation, resuspended in buf-
fer (0.01 M Tris-HCI pH 8.0, 0.01 M NaCl, 5 mM EDTA)
and subjected to three freeze-thaw cycles to destroy the
cell and nuclear membranes and release the virus from the
cells. Cell lysates were centrifuged at 5000 rpm for 10 min
at room temperature, after which the precipitate was re-
moved. The recombinant adenovirus was then purified by
double ultracentrifugation in a CsCl gradient (both step-
wise and equilibrium) on an Optima XPN-90 ultracentri-
fuge (Beckman Coulter Inc., USA).
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Fig. 1. Schematic representation of the design of chimeric virus YFV 17DD-UN/TBEV(FE), a recombinant SAd25-TBEV(FE)
and mRNA-TBEV(FE)-LNP used in this study.

a — schematic representation of TBEV(FE) genome; b — schematic representation of YFV 17DD-UN/TBEV(FE) genome; ¢ — schematic representation
of SAd25-TBEV(FE) genome; d — schematic representation of mRNA-TBEV(FE)-LNP.

Puc. 1. Cxemarnueckoe n300paxkeHne KOHCTPYKIMH XUMEpHOTo BUpyca skentoi muxopaaku (BXJI) 17DD-UN/K3(FE), pekomOuHaHTHOTO
SAd25-K3(FE) n MPHK-KO(FE)-JIHII.

a — cxemarnaeckoe nsobpaxenue renoma KO(FE); 6 — cxemarmueckoe m3oopaxenue renoma BXKJI 17DD-UN/KD(FE); 6 — cxemarindeckoe H300paxeHne TeHO-
Ma SAd25-KD(FE); 2 — cxema MPHK-KO(FE)-JIHII.
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The purity and identity of SAd25-TBE(FE) were con-
firmed by PCR and whole-genome sequencing. The titer
of the purified virus was determined by TCID,, analy-
sis on HEK293 cells [21]. The results were recorded on
days 10-12 after cell transduction. The number of viral
particles (vp) was determined using reagents from the
Pico488 double-stranded DNA quantification kit (Lu-
miprobe, USA) in accordance with the manufacturer’s
instructions.

SDS-PAGE was performed in a 12% polyacrylamide
gel using the Lammli method [22]. Precision Plus Pro-
tein was used as a molecular weight standard. Ade-
novirus preparations were diluted to a concentration
of 10" vp/mL in filtered (PES filter, pore size 0.22 pum)
milliQ water. Then, 1 mL of the preparation was trans-
ferred to a 10 x 10 x 45 mm cuvette and measured three
times. Particle size was determined using Zetasizer soft-
ware.

For expression analysis, SAd25-TBE(FE) virus and
control SAd25-EGFP virus (expressing the EGFP re-
porter protein gene) were inoculated into 3 cm diameter
Petri dishes with 80—90% monolayer of Vero E6 cells.
After 72 hours, the cells and medium were collected and
analyzed by ELISA.

Obtaining mRNA-TBEV(FE)-LNP

The development of an mRNA platform for efficient
and sustained expression of the gene of interest, includ-
ing DNA cloning procedures, plasmid DNA isolation
and purification, in vitro transcription (IVT), and mRNA
packaging into LNP, has been described previously [25].
A linear bacterial plasmid based on pJAZZ-OK (Luci-
gen, USA) with PrM and E coding regions was used as a
template for mRNA production. pDNA for IVT was iso-
lated from electrocompetent E. coli BigEasy-TSA cells
(Lucigen, USA) using the Plasmid Maxi Kit (QIAGEN).
pDNA was cleaved with BsmBI-v2 restriction endonu-
clease (NEB), followed by purification of the product
by phenol-chloroform extraction and ethanol precipita-
tion. IVT was performed as described previously [26].
A 100 pL reaction mixture was prepared containing 3 pg
of DNA template, 3 uL of T7 RNA polymerase (Biolab-
mix) and 10X T7 buffer (TriLink), 4 mM trinucleotide
cap 1 analogue (3'-OMe-m7G)-5"-ppp-5'-(2’'-OMeA)
pG (Biolabmix), 5 mM mlWTP (Biolabmix) replac-
ing UTP, and 5 mM GTP, ATP, and CTP. After 2 h of
incubation at 37 °C, 6 uL of DNase I (Thermo Fisher
Scientific, USA) was added for another 15 min, after
which the mRNA was precipitated with 2M LiCl (in-
cubation for 1 hour on ice followed by centrifugation
for 30 minutes at 14,000g, 4 °C) and thoroughly washed
with 80% ethanol. RNA integrity was assessed by elec-
trophoresis in 8% denaturing polyacrylamide gel.

The assembly of LNP has also been described previously
[23]. All lipid components were dissolved in ethanol in a
molarratio 0f46.3:9.0:42.7: 1.6 (ionizable lipid : DSPC :
cholesterol : PEG lipid). The ionizable lipid Acuitas
(ALC-0315) and PEG lipid (1,2-dimyristoyl-sn-glyce-
ro-3-methoxypolyethylene glycol 2000) were purchased
from Cayman Chemical Company; DSPC (1,2-distea-
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royl-sn-glycero-3-phosphocholine) and cholesterol were
purchased from AvantiResearch and Merck, respectively.
The lipid mixture was mixed with a 10 mM sodium citrate
acidifying buffer (pH 3.0) containing mRNA (0.2 mg/
mL) in a volume ratio of 3 : 1 (aqueous solution:ethanol)
using a NanoAssemblr Ignite device (Precision NanoSys-
tems, Canada). The ratio of ionizable nitrogen atoms in
the ionizable lipid to the number of phosphate groups in
mRNA (N : Pratio) was set to 6 for each formulation. The
preparations were dialyzed against PBS (pH 7.2) in Slide-
A-Lyzer dialysis cassettes (Thermo Fisher Scientific,
USA) for at least 24 hours. The preparations were passed
through a 0.22 um pore size filter and stored at 4 °C (PBS)
until use. The diameter and size distribution, as well as
the zeta potential of mRNA-LNP, were measured using a
Zetasizer Nano ZS (Malvern Panalytical, UK) according
to the operating instructions.

The efficiency of encapsulation and mRNA concen-
tration were determined using SYBR Green dye (SYBR
Green I, Lumiprobe), as described previously [23, 24].
Transfection of HEK293 cells with mRNA encoding
PreM/E was performed as previously described [23, 25].
To confirm the production of PreM and E antigens, cell
culture fluid was examined by ELISA.

Efficiency of mRNA encapsulation

The efficiency of encapsulation and mRNA concen-
tration were determined using SYBR Green dye (SYBR
Green for PCR, Lumiprobe, Moscow, Russia) followed
by fluorescence measurement. nRNA-LNP samples were
diluted with TE buffer (pH 8.0) in the absence or presence
of 2% Triton-X-100 in a black 96-well plate. Standard
mRNA was serially diluted with TE buffer in the absence
or presence of 2% Triton-X-100 to construct calibration
curves. The plate was then incubated for 10 min, after
which SYBR Green dye (diluted 100-fold) was added to
each well for RNA binding. Fluorescence was measured
at 497 nm excitation and 522 nm emission using a Varios-
can LUX (Thermo Fisher Scientific Inc., USA). The
mRNA concentrations after LNP destruction with Triton
X-100 (with total mRNA) and before LNP destruction
(with external mRNA) were determined using the corre-
sponding standard curves. The concentration of mRNA
loaded into the LNP was determined as the difference be-
tween the two concentrations multiplied by the dilution
factor of the initial sample. The encapsulation efficiency
was calculated using the formula: (E%) = (C total mR-
NA) — (C external mRNA) / (C total mRNA) x 100%.

Dynamic light scattering

Particle size was determined using a Zetasizer Nano
ZS (Malvern, UK) nano-sizer by dynamic light scattering
(DLS). The DLS method determines the diffusion coef-
ficient of dispersed particles in a liquid after analyzing
the correlation function of scattered light intensity fluctu-
ations. The hydrodynamic diameter of the particle is then
calculated from the diffusion coefficient obtained.

For the Zetasizer Nano ZS, the SAd25-TBE(FE) sample
was diluted to a concentration of 7.3 x 10°/mL in filtered
(PES filter, pore size 0.22 pm) milliQ water. Then, 1 mL
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of the diluted sample was transferred to a measuring cu-
vette (10 x 10 x 45 mm, polystyrene/polystyrene mate-
rial, Sarstedt, Germany). After that, the particle size was
measured three times.

The mRNA-LNP suspension was diluted 20-fold
with water and loaded into the cuvette for measurement
at 25 °C. LNPs in PBS were read using the solvent pa-
rameter “water.” One measurement consisted of three
readings, each obtained from 13 measurements. The pre-
sented DRS data for the mRNA-LNP preparation repre-
sent the average value of these three readings.

The results were calculated using Zetasizer software
(Malvern, UK).

Enzyme-linked immunosorbent assay (ELISA)
for the detection of PrM and E glycoproteins

The medium or virus-containing fluid was collect-
ed and analyzed using a set of reagents for determining
the TBEV antigen, “VectorTBEV-antigen” (Vector-Best,
Russia).

The ELISA results were evaluated using a p-Quant de-
vice (Bio-Tek Instruments, USA) at a wavelength o450 nm
with a reference wavelength of 620 nm. The ELISA thresh-
old value was calculated in accordance with the manufac-
turer’s instructions using the following formula:

Threshold value = average optical density (OD) of
three negative controls + 0.25 (SD).

Animal studies

All procedures involving animals were performed in
accordance with current guidelines for the care and use of
laboratory animals and were approved by the Local Eth-
ics Committee of the N.F. Gamaleya National Research
Center for Epidemiology and Microbiology (protocol
No. 63 dated October 5, 2023). In accordance with in-
stitutional and national guidelines, all experiments were
performed in ABSL/BSL-2 and -3 facilities.

The mice were purchased from the Stolbovaya Lab-
oratory Animal Breeding Facility (Russia). All animals
were kept in separate cages (10 mice per cage) with con-
trolled temperature (20-24 °C) and humidity (45-65%).
Throughout the study, the mice had free access to food
and water.

Immunization

To evaluate the immunogenicity and protective effi-
cacy of the recombinant viruses and mRNA-LNP ob-
tained, female BALB/c mice (aged 6—8 weeks) were
divided into groups (10 animals in each). Depend-
ing on the vaccine platform used to deliver PrM and
E glycoproteins (viruses or mRNA-LNP), mice were
immunized with one or two doses of the experimen-
tal vaccine subcutaneously or intramuscularly. The
control group consisted of mice that were injected
with phosphate-buffered saline (PBS) (unvaccinated
group, 10 individuals). The health and behavior of the
mice were monitored once a day until the end of the
study. When neurological symptoms such as paresis
appeared, the mice were euthanized. After 28 days of
observation, blood samples were taken from the tail
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vein. Blood serum was taken to determine the level of
neutralizing antibodies.

Challenge with tick-borne encephalitis virus

To analyze the protective efficacy of recombinant vi-
ruses and mRNA-LNP, immunized mice were infected
with the Sofjin-Chumakov strain of TBEV. The TBEV
strain was obtained from the State Virus Collection (SVC
No. 1/2). The viral stock for the experiments was a clari-
fied brain homogenate obtained by intracerebral infection
of newborn BALB/c mice. The virus titer was determined
using SPEV cells (Biolot, Russia). After immunization,
animals in all groups were intraperitoneally infected with
TBEV at a dose of 100 LD, . LD, was calculated using
the Reed and Mench method [26]. The health and behav-
ior of the mice were monitored once a day for a week
after TBEV infection, and then twice a day until the end
of the study. After 20 days of observation, the surviving
animals were euthanized.

Assessment of serum neutralizing activity
after immunization

Different dilutions of serum obtained from immunized
animals were mixed in equal proportions with 100 TCID,
of the Sofjin-Chumakov strain of TBEV and incubated
for 1 hour at 37 °C. After incubation, the mixture of se-
rum and virus was transferred to a 96-well plate contain-
ing a monolayer of porcine embryonic kidney (SPEV)
cells. The plates were incubated at 37°C and 5% CO,
for 4 days. The last serum dilution demonstrating com-
plete protection against virus-induced CPE was taken as
the virus neutralizing titer.

Statistical analysis

All differences were considered statistically significant
at p <0.05. The log-rank test (Mantel-Cox test) was used
to interpret the Kaplan-Meier survival analysis. The Kru-
skal-Wallis test was used to compare virus-neutralizing
antibody levels, followed by Dunn’s post hoc multiple
comparison test. All data were obtained using GraphPad
software, 8th edition (GraphPad Software, USA).

Results

Generation of a chimeric replicative-competent
attenuated yellow fever virus 17DD-UN/TBE(FE)

In our previous study [20], we obtained a chimeric
YFV 17DD-UN/TBE(Eu) using the infectious subge-
nomic amplicon (ISA) method. In this study, we obtained
a chimeric YFV 17DD-UN/TBE(FE) using bacterial arti-
ficial chromosomes (Fig. 1 ). For this purpose, the infec-
tious cDNA backbone of YFV 17DD-UN was cloned into
the pSMART BAC plasmid, then cells were transfected,
followed by evaluation of virus-induced CPE and con-
firmation of virus replication by real-time RT-PCR. CPE
and virus replication were observed in Vero E6 cells both
after transfection and after virus passages. After several
passages in Vero E6 cells, the presence of the complete
YFV 17DD-UN genome was confirmed by high-through-
put sequencing. Comparative analysis of the complete
genomes of YFV 17DD-UN (GenBank ID OP796361.1)
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(generated by ISA) and YFV 17DD-UN (generated using
artificial chromosomes) in the study did not reveal any
nucleotide substitutions.

An artificial chromosome containing the complete ge-
nome of strain YFV 17DD-UN was then used as a mo-
lecular clone to restore a viable chimeric virus. The nu-
cleotide sequences of the viral glycoproteins PrM and E
of the YFV 17DD-UN backbone were replaced with the
same glycoproteins of TBEV. The plasmid construct was
assembled using the Gibson method (Gibson assembly).
Sanger sequencing confirmed the identity of PrM and E
of TBEV(FE) in YFV 17DD-UN backbone. Subsequent
transfection and passages in Vero E6 cells demonstrated
the successful construction of the chimeric YFV 17DD-
UN/TBE(FE), which was confirmed by real-time RT-PCR
and CPE assessment. The virus-containing medium col-
lected from Vero E6 cells was also examined by ELISA,
which confirmed the expression of PreM and E TBEV
antigen proteins by the chimeric virus (Table).

Generation of recombinant replication-deficient simian
adenovirus SAd25-TBEV(FE)

We previously developed a technological platform
based on SAd25 [20]. In this study, we used the same
approach to obtain a recombinant simian adenovirus con-
taining nucleotide sequences that encode the TBEV PrM
and E regions. One of the important aspects of success-
ful complementation of adenoviruses with E1 gene dele-
tion is the functional interaction of the E1B 55K protein
(produced by the transcomplementing cell line) with the
E4 34K protein in the viral genome. However, the devel-
opment of complementary cell lines for different types
of replication-deficient vectors is a laborious and com-
plex process. Thus, the availability of adenoviruses that
are non-pathogenic to humans and capable of replicating
in cells such as HEK293 is a significant advantage. To
obtain the SAd25-TBE(FE) virus, HEK293 cells were
transfected with the pSAd25-TBE(FE) plasmid construct
(Fig. 1 b). The similarity of the E1B 55K Ad5 and SAd25
protein sequences is approximately 56%. However, we
were able to successfully revive replication-deficient
SAd25 in HEK293 cells.

After amplifying and purifying the virus, we measured
the particle size and analyzed the protein spectrum. The
size of the SAd25-TBE(FE) virion was 108.23 + 26.64
nm (Fig. 2 a). Analysis of the protein spectrum of the
recombinant adenovirus SAd25-TBE(FE) indicates the
presence of major capsid proteins — hexon (II), penton
base (III) and fiber (IV), as well as minor proteins (V, VI).
The molecular weight of SAd25-TBE(FE) polypeptides
was approximately as follows: hexon (II) — 120-170 kDa;
penton base (III) — 51-65 kDa; pllla and fibrin — 60—65
kDa; minor protein pV ~ 48 kDa; protein associated with
hexon pVI — 22-24 kDa (Fig. 2 c). The expression of the
PreM and E genes of the corresponding proteins was de-
termined by ELISA (table).

Generation of mRNA-TBEV(FE)-LNP

To obtain mMRNA-TBEV(FE)-LNP, nucleotide sequenc-
es of the PrM/E polyprotein of TBEV were synthesized
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and cloned into the linear bacterial plasmid pJAZZ-OK,
as described previously [23, 24] (Fig. 1 d). The in vitro
synthesized mRNAs included a cap-1 structure at the 5°-
end; a poly(A) tail 100 nucleotides long at the 3’-end; and
the 5’- and 3’-untranslated regions of human hemoglobin
alpha subunit (HBA ) mRNA.

N1-methylpseudouridines (m1¥) were co-transcrip-
tionally incorporated into mRNA instead of 100% uri-
dines (U). mRNA-LNP preparations were prepared using
a NanoAssemblr Ignite microfluidic device. The encapsu-
lation efficiency was 90% (SD 1.2%) with a particle size
of 88.64 = 32.4 nm (Fig. 3).

Evaluation of PrM and E glycoprotein production

The expression of PrM and E proteins synthesized in
vitro by mRNA-TBEV(FE)-LNP using recombinant
replication-deficient adenovirus SAd25-TBEV(FE) and
replication-competent attenuated virus was confirmed by
transfection of HEK293 and Vero E6 cell cultures. The
culture medium and/or cell lysate were then examined by
ELISA (Table 1). The results confirmed the translational
activity of synthetic mRNA and the presence of antigen
in the obtained YFV 17DD-UN/TBE(FE) and SAd25-
TBE(FE).

Evaluation of the immunogenicity of the chimeric
replication-competent attenuated yellow fever virus
17DD-UN/TBE(FE), recombinant replication-deficient
adenovirus SAd25-TBE(FE), and mRNA-TBE(FE)-LNP

To evaluate the immunogenicity of the recombinant
YFV 17DD-UN/TBE(FE) and SAd25-TBE(FE) ob-
tained, as well as mRNA-TBE(FE)-LNP, BALB/c mice
were subcutaneously injected with YFV 17DD-UN/
TBE(FE) at a dose of 10* BOE per mouse (YFV 17DD-
UN/TBE(FE) group, 10 individuals per group), intra-
muscularly SAd25-TBE(FE) at a dose of 5 x 10 [U
per mouse (SAd25-TBE(FE) 2 groups, 10 individuals
per group) and intramuscularly mRNA-TBE(FE)-LNP
at a dose of 5 pg per mouse (MRNA-TBE(FE)-LNP
group, 10 individuals). The doses were selected during
preliminary experiments. Animals that received PBS (un-
vaccinated group, 10 individuals) were used as control
groups. Three groups of BALB/c mice received one dose
of YFV 17DD-UN/TBE(FE), SAd25-TBE(FE), and PBS,
while the other two groups received two doses of SAd25-
TBE(FE) and mRNA-TBE(FE)-LNP (Fig. 4).

After immunization, the animals were observed
for 4 weeks.

To evaluate the neutralizing activity of sera against
the homologous TBEV strain “Sofjin-Chumakov,” blood
samples were collected 28 days after immunization. It was
found that immunization of mice with a dose of 10* PFU
YFV 17DD-UN/TBE(FE) did not lead to the formation of
neutralizing antibodies. Neutralizing antibodies were de-
tected in half of the animals that received a single dose of
SAd25 TBE(FE). Immunization with two doses of SAd25
TBE(FE) and mRNA-TBE(FE)-LNP led to the formation
of antibodies in all animals in the groups (Fig. 5).

Analysis of the titer of virus-neutralizing antibodies in
blood sera revealed a statistically significant difference
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Table. Production of PreM and E TBEV antigen evaluated by ELISA
Tadauua. Ananus sxcnpeccun rukonporenHoB PreM u E BKO meronom DA

Sample type Optical density (mean)*
Oobpaser OnTHyecKas INIOTHOCTD (CpeaHee 3HaYeHne)®

Negative control (buffer for dilution)

. 0.053
OTpunarenbHbIil KOHTPOJIH (Oydep s pa3BeaeHus )
Cut-off value
Cut-off 3HaueHme 0.30
YFV 17DD-UN/TBEV(FE) (culture medium) 2,609
YFV 17DD-UN/K3(FE) (kynbsrypaiibHast cpena) ’
YFV 17DD-UN/TBEV(FE) (cell lysate) 3908
YFV 17DD-UN/KO(FE) (kieTounslit nu3ar) ’
SAd25-TBEV(FE) (culture medium) 3598
SAd25-K3(FE) (kynsrypasibHas cpena) :
SAd25-TBEV(FE) (cell lysate) 4.000
SAd25-K3(FE) (knetounslit u3ar) :
mRNA-PrM/E-TBEV(FE) (culture medium) 3653
mRNA-PrM/E-KO(FE) (xynbTypansHas cpena) ’
mRNA-PrM/E-TBEV(FE) (cell lysate) 4.000
mRNA-PrM/E-K3(FE) (ksieTo4Hslii in3ar) ’
HEK293 (culture medium) 0.049
HEK293 (kyabTypanbHas cpena) :
HEK293 (cell lysate) 0.060
HEK293 (xieTouHslii 1u3ar) ’
Vero E6 (culture medium)

0.055

Vero E6 (kynbTypasibHas cpena)
Vero E6 (cell lysate) 0.056
Vero E6 (kieTouHslit au3ar) :
Positive control

. 3.106
TlonoxuTeNnbHBIN KOHTPOJIB

Note. * —an optical density reading > 2.5 units is considered an indicator of high absorption, not a quantitative parameter. Measurements in this range
are semi-quantitative.

Ipumeyanne. * — mokazaHUs ONTUYECKOHN IUIOTHOCTH > 2,5 €IMHMI] pacCMaTPUBAETCSI KaK WHANKATOP BBICOKOM CTETICHHU IOIVIOMICHHS, a HE KaK KOJIU-
YECTBEHHBII NapameTp. B 1aHHOM IHana3oHe U3MEPEHUs HOCAT MOIyKOJIMUECTBEHHbIN aHaIN3.

a/a b/6

Fig. 2. Characteristics of the recombinant simian adenovirus SAd25-TBEV(FE).
a —results of the analysis of the homogeneity of the distribution of recombinant adenoviral particles by size; b — SDS-page of SAd25-TBEV(FE).
Puc. 2. XapakrepucTrka peKOMOMHAHTHOTO afeHoBHpyca 00e3bsiH SAd25-KO(FE).
a — pe3yNbTaThl aHaJIN3a OHOPOJHOCTH PACIIPEASIICHHs] peKOMONHAHTHEIX aJleHOBHPYCHBIX YacTHI] 1o pasmepam; 6 — SDS-PAGE SAd25-KO(FE).
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Fig. 3. Results of the analysis of the homogeneity of the distribution of mRNA-TBEV(FE)-LNP particles by size.
Puc. 3. Pesynsrare! ananuza ognopoaHoctu pacnpenenenus yactuy MPHK-BK3(FE)-JIHII.

Fig. 4. Experimental design.

Puc. 4. DxcniepuMeHTAILHBIN AU3AHH UCCIICI0BAHUSL.

between all groups. In the mRNA group, the antibody ti-
ter was higher than in other groups.

To evaluate the ability of the chimeric replica-
tion-competent attenuated YFV 17DD-UN/TBE(FE),
recombinant replication-deficient adenovirus and
SAd25-TBE(FE), as well as mRNA-TBE(FE)-LNP
to protect animals from lethal infection caused by

TBEV, immunized animals were infected with TBEV
(Sofjin-Chumakov strain). Experimental infection of
animals at a dose of 100 LD, resulted in 100% survival
in the mRNA-TBE(FE)-LNP groups and in both SAd25-
TBE(FE) groups. Infection with the Sofjin-Chumakov
strain of TBEV at a dose of 100 LD, resulted in 85.7%
and 0% survival in the YFV 17DD-UN/TBE(FE) and
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Fig. 5. Titers of neutralizing antibodies in serum samples from mice immunized with YFV 17DD-UN/TBEV(FE), SAd25-TBEV(FE) and
mRNA-TBEV(FE)-LNP.

Individual values of neutralization antibody titer for each sample are shown. Data are presented as geometric mean with 95% CI. Significance is based on one-
way ANOVA with Dunn’s multiple comparisons test (*» < 0.01, **p <0.001, ***p <0.0001).
Puc. 5. TuTpsl HEHTPAIU3YIONIMX AaHTUTEI B CBIBOPOTKE MbIel, nMMmyHI3upoBaHHEIX BXKJI 17DD-UN/K3(FE), SAd25-K3(FE)
n MPHK-K3(FE)-JIHII.

Toukamu NOKa3aHbI HHAUBHAYaIbHbIC 3HAYCHHS UL KXKIOro odpasna. JlaHHbIe IpeCTaBICHBI KaK CpejHee TeoMeTpruIeckoe ¢ 95% noBepHTEIbHBIM HHTEP-
BasioM ([I1). 3Ha4UMOCTh JaHHBIX OLCHHBAIM HA OCHOBE oxHO(akTopHOro aucrnepcuoHHoro anaauza (ANOVA) ¢ KpuTepueM MHOXKECTBEHHBIX CPaBHEHMI
Hanna (*p < 0,05, **p < 0,01, ***p <0,0001).

placebo groups, respectively. Significant differences be-
tween survival curves (p < 0.0001) were detected using
the log-rank test (Mantel-Cox criterion) (Fig. 6).

Discussion

All currently available inactivated vaccines against
TBE do not provide 100% protection against infection
and disease development, and cases of TBE are reported
annually among vaccinated individuals® [27-28]. The
reasons for the limited effectiveness of vaccines against
TBE are being actively studied, which contributes to a
deeper understanding of the mechanisms of the protective
immune response [29, 30]. In this context, the development
of improved vaccines and new vaccination strategies
is considered a promising approach to improving the
effectiveness of prevention of this disease [10].

Theaim of'this study was to compare the immunogenicity
and protective efficacy of the same TBEV antigenic
component presented in different vaccine platforms
that differ fundamentally in their delivery mechanism,
expression pattern, and immune response formation. For
this purpose, a nucleotide sequence encoding a fragment
of the viral polyprotein corresponding to the PrM and
E regions was used and implemented in a live chimeric
vaccine, a recombinant adenovirus vector, and an mRNA
platform.

Although the vaccine against YFV was developed more
than 80 years ago, it remains one of the most effective live

Tick-borne encephalitis — Annual Epidemiological Report
for 2020. Available at: https://www.ecdc.europa.eu/en/publications-
data/tick-borne-encephalitis-annual-epidemiological-report-2020
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attenuated vaccines, providing long-lasting, and in some
cases lifelong, immunity after a single dose. This has led to
sustained interest in using the genome of the 17D vaccine
strain as a genetic basis for the development of chimeric
vaccines against other flaviviruses, including TBEV.

Since 2012, two YFV-based vaccines have been
approved for the prevention of Japanese encephalitis
and dengue fever [31, 32]. It has previously been
shown that chimeric replication-competent vaccine
candidates against TBEV, including Langat/DENV-4,
TBEV/DENV-4, and TBEV/JEV (ChinTBEV), had
lower neurovirulence in mice and non-human primates
compared to the original viruses [33—35]. In our previous
work [18], we created and characterized a chimeric
virus of the European (EU) subtype of TBEV and the
YFV 17DD-UN strain, in which the PrM and E regions
of YFV 17DD-UN were replaced with fragments of
PrM and E of the European (EU) subtype of TBEV. The
chimeric virus was obtained using the ISA method. In this
study, a chimeric replication-competent YFV 17DD-UN/
TBE(FE) was obtained, for which a safe immunizing dose
was selected during preliminary experiments. It should be
noted that the live chimeric vaccine differs fundamentally
from other platforms studied in its ability to replicate in
vivo and potentially to elicit a longer-lasting immune
response after a single immunization.

Recombinant adenovirus vectors are widely used in
the development of vaccines against various infectious
diseases due to their favorable safety profile and ability
to induce both humoral and cellular immune responses
[36-38]. With regard to flaviviruses, it has previously
been shown that adenoviral vectors expressing structural
proteins are capable of eliciting neutralizing antibodies
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Fig. 6. Assessment of protective efficacy of YFV 17DD-UN/TBEV(FE), SAd25-TBEV(FE) and mRNA-TBEV(FE)-LNP.
The survival of mice was monitored for 20 days. Kaplan-Meier survival analysis immunized mice infected with TBEV strain Sofjin at 100 LD,
Puc. 6. Ouenka nporektuBHoctd BXKJI 17DD-UN/KD(FE), SAd25-K3(FE) u MPHK-KO(FE)-JIHII.

3a BBDKHBAEMOCTBIO MBI HaOmonamm B Teuerne 20 cyT. AHanu3 BebkuBaemoctH o Karutany—Maitepy 1uisi IMMYHH3UPOBAHHBIX MBIIICH, HHQUIIUPOBAHHBIX
IITaMMOM BUpYyca Kiemesoro sHiedamra «Codpur-Uymakosy» B noze 100 LD,

and a T-cell response [39, 40]. However, data on the use
of adenoviral vectors expressing the PrM and E regions
of the TBEV viral polyprotein remain limited.

Although adenovirus vectors are a popular platform for
developing vaccines against various flavivirus infections,
including diseases caused by Zika, dengue, and West
Nile viruses, research on TBE is very limited. To date,
only two studies have been published on adenoviruses
as vaccine candidates against TBE [41-43]. These
studies investigated a human adenovirus type 5-based
vector expressing the TBEV nonstructural protein NS1.
Experiments in mice demonstrated good immunogenicity
and protective efficacy; however, no further studies
have been conducted. Thus, the recombinant simian
adenovirus serotype 25 expressing the TBEV prM/E
polyprotein, which we have developed and characterized,
is a promising candidate for the development of a vaccine
against TBEV.

Recently, there has been growing interest in the
development of mRNA-based vaccines; such mRNAs do
not integrate into the genome, are characterized by short-
term antigen expression, are not capable of pathogenicity
reversal, do not induce vector-specific humoral immune
responses, and, moreover, mRNA does not need to cross
the nuclear barrier for protein expression, which allows
the transfection of non-dividing or slowly dividing
cells, such as dendritic cells [44, 45]. To protect against
degradation by host nucleases, mRNA is encapsulated in
LNPs. Over the past 10 years, several effective mRNA-
LNP vaccines have been developed against many viral
infections, including influenza [46], HIV [47], rabies [48],
chikungunya [49], human cytomegalovirus infection [50],
flaviviruses DENV [51], ZIKV [52], Powassan [53], and
SARS-CoV-2 [54]. Furthermore, we have previously
demonstrated the efficacy of multivalent mRNA vaccines
against seasonal influenza [24] and a combined mRNA

vaccine against influenza and SARS-CoV-2 [25]. With
regard to flaviviruses, it has been shown that transfection
of cells with mRNA-LNP encoding prM/E structural
proteins leads to the secretion of subviral particles with
antigenic properties similar to those of viral virions and
stimulates the formation of neutralizing antibodies [55].
Thus, the mRNA-LNP platform is a promising approach
to creating a vaccine against TBE, allowing for rapid
updating and combination of antigen composition as
needed.

Analysis of our experimental data allows us to identify a
number of features of the vaccine platforms studied. Thus,
the mRNA platform was characterized by the induction of
the highest titers of virus-neutralizing antibodies, which
is probably due to the effective expression of the encoded
fragment of the viral polyprotein and the two-dose
immunization regimen. A high level of humoral immune
response correlated with 100% survival of animals after
infection with a lethal dose of TBEV. The vaccine based on
a recombinant adenovirus vector also provided complete
protection of animals from lethal infection, despite lower
neutralizing antibody titers compared to the mRNA
platform. This may indicate the contribution of additional
immune defense mechanisms, including the cellular
immune response characteristic of virus vector platforms.
The chimeric replication-competent virus demonstrated
a protective effect at a relatively low immunizing dose
and a single administration, but was accompanied by the
formation of low or undetectable neutralizing antibody
titers. The data obtained suggest that the protective effect
in this case may be due to the peculiarities of vaccine
virus replication in vivo and the involvement of immune
mechanisms that are not limited to the level of circulating
antibodies. Thus, differences in virus-neutralizing
antibody titers and survival rates emphasize that the
effectiveness of vaccine platforms cannot be assessed
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solely on the basis of a single immunological parameter,
but must be considered in the context of their biological
and technological characteristics.

The results obtained show that the choice of vaccine
platform should take into account not only the level
of induced antibodies, but also factors such as the
frequency of immunization, the dose used, the ability
to replicate in vivo, and the potential contribution
of cellular immunity. It should be noted that direct
comparison of the immunogenicity of different vaccine
platforms is limited by differences in doses, frequency
of administration, and mechanisms of immune response
formation. Each of the platforms studied has its own
advantages and limitations related to safety and duration
of immunity. Thus, this study highlights the promise of
further research into various vaccine platforms against
TBEYV and their possible adaptation to specific objectives
for further optimization of vaccine prevention strategies
for this disease.

Conclusion

Overall, the presented study demonstrates the
practical feasibility of using different vaccine platforms
to deliver the same antigenic component of the TBEV
and highlights their fundamental differences in terms
of the immune response they elicit and their protective
efficacy. The experimental data obtained confirm the
promise of the mRNA platform as the most powerful
approach for inducing humoral immunity, and also
indicate the significant potential of adenoviral and
chimeric replication-competent vectors capable of
providing protection through alternative immunological
mechanisms. Taken together, the data obtained expand
our understanding of possible strategies for vaccine
prevention of TBE and form the scientific basis for the
further development and optimization of new-generation
vaccines, taking into account requirements for efficacy,
safety and practical applicability.
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