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ABSTRACT

Tick-borne encephalitis virus (TBEV) is a reemerging pathogen in Kazakhstan. Despite the availability of inactivated TBEV
vaccines produced abroad, their reliance on complex multi-dose regimens and frequent boosters limits their implementation for
routine use in Kazakhstan. New technologies, including chimerization of different Flavivirus species, enable the development
of vaccine candidates which require only a single dose to achieve long-lasting immunity. The ChimeriVax platform leverages
the efficient replication machinery of the yellow fever virus (YFV) 17D vaccine strain engineered to express the structural
proteins of a different flavivirus.

In this work, the ChimeriVax YFV/TBEYV virus was created by replacing the prM-E genes in the YFV genome with the
prM-E genes of TBEV. Preclinical evaluation demonstrated robust replication (~10"8 focus-forming units, FFU/mL) in cell
cultures and genetic stability over multiple passages. In murine models, the chimeric virus elicited transient viremia (peaking
at 10°4 FFU/mL) without mortality even at high doses (10*5 FFU). Immunization induced potent neutralizing antibodies
(geometric mean titer: 4,076) and robust cellular immunity, marked by production of the cytokines IFN-y, TNF-a, and IL-2

upon antigen stimulation. These results position the ChimeriVax YFV/TBEV virus as a promising vaccine candidate.

Keywords: live-attenuated vaccine; Yellow fever virus; Tick-borne encephalitis virus; neutralizing antibodies; cellular

immunity; preclinical development.

INTRODUCTION

Tick-borne encephalitis virus (TBEV), a medically im-
portant member of the Orthoflavivirus genus (Flaviviridae
family), causes severe neuroinvasive disease with mortality
rates ranging from 1% to 35%, depending on the viral sub-
type. Surviving patients often experience severe neurologi-
cal sequelae [1,2]. TBEV naturally circulates in an enzootic
cycle involving Ixodes spp. ticks and small rodents as a res-
ervoir. The endemic area for TBEV stretches across temper-
ate regions of Eurasia, from mainland Europe in the west, to
Japan and northern China in the east. Endemic foci exist in
Kazakhstan, in the country’s mountain forests but also, sur-
prisingly, in central steppe and semi-desert ecosystems [3,4].
Kazakhstan reports 30-50 annual human cases (incidence:
0,22/100000), with the Siberian subtype (TBEV-Sib) domi-
nating local circulation [4].

Although TBEYV inactivated vaccines (TBEV-IVs) are pro-
duced by European, Russian, and Chinese manufacturers and
available in Kazakhstan, their complex vaccination schedule
makes TBEV-IVs impractical in our country for routine vac-
cination campaigns [5]. Consequently, no systematic vacci-
nation program exists for populations in endemic regions of
Kazakhstan. TBEV-1Vs require multiple primary doses (typ-
ically 1-3 initial shots) followed by regular booster shots ev-
ery 1-2 years [5]. The need for frequent boosters stems from
the relatively short duration of protective immunity, which re-
flects the limited immunogenicity of TBEV-1Vs. This draw-
back has driven sustained global efforts to develop more
potent TBEV vaccine platforms. Notably, such multi-dose
regimens contrast sharply with single-dose live-attenuated
vaccines (LAVs), such as those based on the chimeric fla-
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vivirus platform (commercialized as ChimeriVax by Sanofi)
[6]. The ChimeriVax technology uses live antigens that are
hybrid flaviviruses, whose genomes combine the replicative
machinery of one flavivirus species (the backbone virus) with
genes encoding structural proteins from another species (the
envelope donor). These chimeric viruses induce production
of neutralizing antibodies specific to the envelope donor vi-
rus [7]. While various flavivirus genomes have been tested
as backbones, the Yellow fever virus (YFV) vaccine strain
17D remains the most widely used platform for ChimeriVax
vaccines. The ChimeriVax technology has proven effective
through the development of licensed live attenuated vaccines
(LAVs) by Sanofi, including IMOJEV for Japanese enceph-
alitis virus (JEV) and Dengvaxia for Dengue virus (DENV)
[8-12]. ChimeriVax-based vaccines were first approved for
mass immunization in 2010. Since then, tens of millions of
people in dozens of countries have been vaccinated with ei-
ther IMOJEV or Dengvaxia [8-12]. This clinical success mo-
tivates application of the platform to other medically import-
ant flaviviruses, including TBEV.

All flaviviruses share the same genome organization. Their
~11 kb RNA genome encodes structural (C, prM/M, E) and
nonstructural (NS1-NS5) proteins [13]. The virus shell pro-
teins prM-E induce neutralizing antibody (NADb) responses,
which are a key correlate of protection. A chimeric flavivi-
rus elicits an NAb response against the shell proteins donor
virus, therefore the chimera can serve as a LAV against the
shell donor virus. TBEYV is classified into three principal sub-
types: European (TBEV-Eu), Siberian (TBEV-Sib), and Far
Eastern (TBEV-FE), with additional putative regional sub-
types identified [14]. All TBEV subtypes share a high degree
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of sequence conservation in the envelope (E) protein, a major
antigenic determinant [15]. This structural homology result-
ing in cross-reactive epitopes enables vaccines derived from
a single subtype to elicit protective immunity against heter-
ologous strains [16]. We developed a candidate vaccine virus
ChimeriVax YFV/TBEV. The replication backbone was de-
rived from the YFV 17D vaccine strain, while the envelope
proteins were sourced from the TBEV Vs (Vs) strain, a rep-
resentative of the Siberian TBEV subtype, which is the most
prevalent in Kazakhstan.

MATERIALS AND METHODS
Cell Line, Virus Genomes and Molecular Cloning

BHK-21 (ATCC CCL-10) and PK-15 (ATCC CCL-33)
cells were cultured in DMEM (Lonza BE12-604) supple-
mented with 10% fetal bovine serum (FBS; Gibco 16000-
044), 2 mM L-glutamine, 1% MEM vitamins (all from Ther-
moScientific). Viral genes and genomes in this works were
derived from Yellow fever virus (YFV) strain 17D (GenBank
X03700) and Tick-borne encephalitis virus (TBEV) strain
Vasilchenko (Vs) (GenBank L40361). As a starting construct
for virus rescue, we used a previously described molecular in-
fectious clone (MIC) of the yellow fever virus (YFV), which
is maintained in the NCB’s collection [17]. This MIC is based
on the pACYC177 plasmid backbone and harbors the full-
length genome of the YFV 17D vaccine strain. The TBEV
prM-E genes were PCR-amplified from a cloned full-length
genome of TBEV strain Vs. The MIC for the TBEV strain
Vs was generated at the NCB through the assembly of syn-
thetic DNA fragments. The live virus was subsequently res-
cued from this MIC (manuscript accepted for publication in
Virologica Sinica). The ChimeriVax YFV/TBEV virus was
produced by replacing the prM-E genes in the YFV genome
with the prM-E genes of TBEV. All works involving live vi-
ruses were conducted in a licensed biosafety facility at the
Federal State Budgetary Scientific Institution «Scientific Cen-
tre for Family Health and Human Reproduction Problems»
(Irkutsk, Russia), in compliance with biosafety regulations.

Virus Rescue, Replication Kinetics and Phenotypic
Stability

The live ChimeriVax YFV/TBEYV virus was generated by
introducing the MIC plasmid into BHK-21 cells via electro-
poration. The cells grown in a P150 dish to 90% confluence
were electroporated with 5 ug of plasmid DNA using a Gene
Pulser II (Bio-Rad) at 1,500 V, 25 pF, with 2 pulses. The
electroporated cultures were incubated until the cytopathic
effect (CPE) becomes evident (4-5 days post-transfection)
and supernatants were harvested. Virus stocks were stored
at —80°C. Replication kinetics was measured after transfec-
tion. Titer stability was measured using infectious passages.
To produce a new passage, BHK-21 cells were infected with
a previous-passage-virus at MOI = 0.1. Ten passages were
made (P1-P10). Supernatants were collected on days 5 after
infection. TBEYV titration was done using plaque assay on PK-
15 cells. In some experiments with chimeric viruses, viral ti-
ters were determined by focus-forming assay on PK-15 cell
monolayers under an agar overlay. Following incubation, foci
of dead cells were visualized by staining with the vital stain
MTT (Sigma Cat. M2128; 3 mg/ml in DMEM base without
additives) for 3 hours and then counted.

Animal Experiments, Viremia, Toxicology of the Vac-
cine Candidate

This study was approved by the Ethical Committee of the
Federal State Budgetary Scientific Institution “Scientific Cen-
tre for Family Health and Human Reproduction Problems”,
Irkutsk, Russia (Protocol No.3.5 from 26.02.2023). Viremia
was measured in CD-1 mice (6 week old, n=3 per group). On
day 0, eight groups (24 mice total) were inoculated i.p. with
10° FFU of YFV/TBE virus in 200 puL. The placebo group
(Group 9) received an equivalent volume of sterile saline and
served to assess procedure-related mortality to the end of the
experiment and to collect normal (baseline) sera. Every day
after inoculation, one group was euthanized, and blood was
collected via cardiac puncture into Vacutainer tubes without
anticoagulant. Serum was separated and stored at —80°C until
all samples were processed. The virus in sera was titrated by
foci counting. Titers in individual animals were used to com-
pute geometric mean titers (GMT).

Mortality after direct inoculation into brain (intracranial,
i.c.) was measured using five groups of CD-1 mice (6 weeks
old, n=10 per group). The mice were anesthetized using short-
term diethyl ether anesthesia by placing them in a glass bea-
ker containing ether-soaked cotton until loss of consciousness.
Three groups were injected with 10, 104, and 10° FFU of the
YFV/TBE virus in a 10 pL volume injected using a Hamil-
ton syringe between the eye and ear in the right brain hemi-
sphere. The placebo group received 10 pL of sterile 0.9%
NaCl. An additional group was inoculated with the wild-type
TBEV strain Vs (10° PFU). After inoculation, the mice were
kept in a thermostat at 37°C until they fully recovered activ-
ity. The mice were labeled with a permanent marker to allow
for daily body weight measurements. Observation continued
for 21 days. Deaths in mice which could be associated with
neuroinfection (accompanied with paralysis, hunched back,
circling in place) were recorded daily.

Mortality after peripheral inoculation was measured using
five groups of CD-1 mice (n=10). Three groups received intra-
peritoneal (i.p.) injections of the chimeric YFV/TBE virus at
doses of 10°, 10%, and 10° FFU per mouse in a 200 pL volume,
administered using an insulin syringe. Another group received
saline, and yet another group was injected with the TBEV
strain Vs (10° PFU in 200 pL). Weight changes and mortality
compatible with neuroinfection were monitored for 21 days.

Neutralizing Antibody Titers, T Cell Responses

To measure the induction of TBEV-neutralizing antibod-
ies (NADb), BALB/c mice (68 weeks old, one group, n=10)
were used. The mice were inoculated i.p. with 10° FFU of the
ChimeriVax YFV/TBEV virus. On day 29 post-immuniza-
tion, mice were euthanized by CO, asphyxia, and blood was
collected via cardiac puncture into anticoagulant-free tubes.
Serum was heat-inactivated at 56°C for 30 min and stored
at -80°C until testing in plaque reduction neutralization test
(PRNT). For the PRNT, serum was diluted in phosphate-buft-
ered saline (PBS) containing 1% FBS. The following dilu-
tions were tested: 1:500, 1:1000, 1:2000, 1:4000, 1:8000, and
1:16000. Each dilution was mixed with 50 plaque-forming
units (PFU) of TBEV and incubated for 1 hour at 37°C then
transferred to 6-well plates with PK-15 cell monolayers (80-
90% confluency). Upon incubation for 1 hour with cells for
virus adsorption, inocula were removed and the cells were
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overlaid with agar medium. Plates were incubated at 37°C
in a 5% CO, atmosphere for 4 days. Viral foci were counted
under a microscope. Sera from non-immunized mice were
used as a negative control. The NADb titers were measured
in PRNT_ units which are serum dilutions that resulted in a
50% reduction in the number of plaques compared to the vi-
rus-only control.

To assess T-cell immunity, adult BALB/c mice (8 weeks
old) were inoculated i.p. with 10° PFU of the ChimeriVax
YFV/TBEYV virus or saline (placebo group). On day 21
post-immunization, mice were euthanized by CO, asphyxia,
and spleens were aseptically harvested. Splenocytes were iso-
lated by mechanical homogenization, filtered through a 70 pm
nylon mesh, subjected to red blood cell lysis (using a buffer
from Miltenyi Biotec, Cat. 130-094-183), and resuspended
in IMDM medium (Sigma, Cat. 13390) supplemented with
2% FBS and 2 mM L-glutamine. For antigen-specific stim-
ulation, UV-inactivated (254 nm, 16 h) lysates of BHK-21
cells infected with the TBEV strain Vs were added at a fi-
nal concentration of 50 pg/mL. Similarly prepared lysates of
uninfected BHK-21 cells served as a negative control. Sple-
nocytes (2 x 10° cells/well) were seeded into 6-well plates
and incubated for 24 h at 37°C. After incubation, conditioned
media were collected and analyzed for cytokine production
(IFN-y, TNF-a, IL-2) using ELISA kits (ThermoScientific:
IFN-y, Cat. KMC4021; TNF-a, Cat. BMS607-3; IL-2, Cat.

BMS601) according to the manufacturer’s instructions.
Statistical Analysis

Data (e.g. PRNT) were analyzed and graphs were built us-
ing GraphPad Prism v9.0.

RESULTS

Development of the ChimeriVax YFV/TBEV Virus

To generate a live attenuated vaccine against TBEV, we
engineered a recombinant viral genome in which TBEV genes
prM and E coding the viral structural glycoproteins were in-
troduced in homologous places into the backbone of the vac-
cine strain YFV 17D. This approach follows the established
ChimeriVax strategy, where non-structural elements from the
YFV 17D vaccine backbone provide replication competence,
while the TBEV-derived surface antigens induce protective
immunity. The ChimeriVax strategy is illustrated in Figure 1.
The TBEV prM-E genes were cloned into the YFV 17D ge-
nome without any linker sequences to ensure that junctions in
the viral polyprotein (C, -prM_ . and E__ -NS1__ ) yield
authentic viral proteins after cleavage at natural proteolytic
sites. The genome of the ChimeriVax YFV/TBEV virus was
cloned into a DNA-launched MIC. A DNA-launched MIC is
essentially a plasmid harboring the complete viral genome
under the control of eukaryotic transcription regulatory ele-
ments. In our MIC, the viral cDNA is flanked by a cytomeg-

Figure 1. Organization of the flavivirus genome and principle of ChimeriVax technology. Panel A: The flavivirus RNA genome encodes
three structural proteins (C, prM, E) and seven non-structural (NS) proteins (NS1-NS5). Panel B: The ChimeriVax platform is based on
the attenuated Yellow fever virus (YFV) 17D vaccine strain. The genes coding for the prM and E structural proteins are replaced with
those from a target virus, such as Tick-borne encephalitis virus (TBEV). The resulting chimeric virus combines the proven safety and
replication efficiency of the YFV 17D backbone with the outer shell and protective antigens of the target virus, enabling the development
of safe and effective live-attenuated vaccines. Source: authors.
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alovirus (CMV) immediate-early promoter at the 5’ end and
a hepatitis delta virus ribozyme (HDVRz) followed by a hu-
man growth hormone polyadenylation signal (hGHpolyA) at
the 3’ end. The resulting MIC contains the following genetic
architecture of the viral insert: CMV promoter—YFV 5'UTR—
C(YFV)-prM-E(TBEV)-NS1-NS5(YFV)-HDVRz-hGHpo-
lyA. This configuration ensures accurate transcription initi-

ation and termination of the viral RNA in transfected cells.

Viremia

As part of pharmacokinetic studies, the replication kinetics
of the ChimeriVax YFV/TBEYV virus were evaluated in BHK-
21 cells, a cell line proposed for future manufacturing use. At
72 hours post-transfection with MIC, the virus reached a titer
of approximately 108 infectious particles (focus-forming units,
FFU)/ml (Figure 2A). Titer stability was measured by com-
paring the titers during ten serial passages. Despite titer fluc-
tuations, the titer has never dropped below 6 X 107 FFU/ml
demonstrating consistent viral production (Figure 2B).
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Figure 2. Replication kinetics and genetic stability of ChimeriVax
YFV/TBEV. Panel A. Viral titer (FFU/ml) over time (hours post-
transfection) shows peak replication around 72 hours. Panel B.
Titer stability across ten serial passages (P1-P10), demonstrating
consistent viral production without significant titer reduction,
proving phenotypic stability. Source: authors.

Pharmacokinetic studies were extended to animal experi-
ments by measuring viremia. Preliminary experiments demon-
strated that peripheral (i.p.) infection of adult mice with the
chimeric YFV/TBE virus at a dose of 10° FFU did not result
in mortality within the 21-day observation period, which was
sufficient for complete viremia resolution. Viremia in mice
inoculated with the chimeric virus (10° FFU) was transient,
persisting no longer than 5 days post-infection (Figure 3).
Peak viremia was observed on day 2, reaching modest lev-
els not exceeding 10* FFU/ml. No mortality occurred in any

Figure 3. Viremia kinetics in mice infected with the ChimeriVax
YFV/TBEV virus. Mice were inoculated with 10° FFU
intraperitoneally. The graph depicts viral titers (FFU/ml) in sera
collected at different time points after inoculation. Each dot
represents an individual animal, with the curve connecting GMT.
Source: authors.

mice group. The brief viremic period and absence of mortal-
ity confirm the attenuated phenotype of the YFV/TBE virus.

Mortality Following Direct Intracranial and Periph-
eral Inoculation

Mortality in mice caused by the chimeric YFV/TBEV vi-
rus was compared to that caused by the wild-type TBEV (Ta-
ble 1). All mice receiving the chimeric virus, regardless of
the route i.c. or i.p., survived the 21-day observation period
without developing overt signs of disease (ruffled fur, hunch-
ing, self-biting, impaired mobility), weight loss, or behavioral
changes. In contrast, all mice inoculated with wild-type TBEV
succumbed to the infection, with a median survival time of 11
days. Death was preceded by the development of neurologi-
cal signs. The results in Table 1 demonstrate that the Chime-
riVax YFV/TBEV virus is attenuated and is promising for fur-
ther safety evaluation in different animal models.

Table 1. Mortality in infected mice

Mortality (%) Mortality (%)
Group (dose) after i.c. inocu- | after i.p. inoc-
lation ulation
YFV/TBE (10° FFU) 0 0
YFV/TBE (10* FFU) 0 0
YFV/TBE (10° FFU) 0 0
Placebo 0 0
TBEV (10° PFU) 10 (100%) 10 (100%)

Neutralizing Antibody after Vaccination

NADb titers were measured in mice following inoculation
with 10° FFU of the chimeric virus. Plaque counts from the
PRNT are presented in Table 2. These counts were plotted
against the serum dilution (Figure 4A), dose-response curves
were fitted to the data, and PRNT, values were calculated
using nonlinear regression analysis. PRNT_ is a serum di-
lution that reduces plaque counts by 50%. The PRNT, are
shown in Figure 4B. GMT from the PRNT, measurements
amounted to 4076.

Figure 4. Neutralization of TBEV strain Vs by immune sera. Panel
A. Sera were collected from mice inoculated with the ChimeriVax
YFV/TBEV virus. Different serum dilutions were tested in the
PRNT assay. Data points represent plaque counts per well, and the
curves are nonlinear regression fits used to calculate PRNT titers.
Panel B. GMT for NAb titers. Source: authors.
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Table 2. Plaque counts in PRNT assay

Mouse # Serum dilution
1:500 1:1000 1:2000 1:4000 1:3000 1:16000
1 0 9 31 43 51 52
2 0 1 10 30 52 54
3 0 0 6 31 45 52
4 0 0 10 53 47
5 0 0 8 49 46
6 0 1 11 51 53
7 0 7 42 40 50 51
8 0 0 8 28 35 50
9 0 0 2 9 30 53
10 0 0 4 11 27 49
Negative control serum (three replicates)

41 46 50 54 53 55
2 43 48 54 47 50 53
3 44 49 45 51 50 47

T-Cell Imnmunity Responses to ChimeriVax Virus In-
oculation

Antigen-specific T-cell responses were clearly observed in
the group of mice immunized with the chimeric YFV/TBEV
virus. Following stimulation of splenocytes with UV-inacti-
vated lysates of TBEV-infected BHK-21 cells, a pronounced
increase in T cell-produced cytokines was detected. Levels of
IFN-y ranged between 250-300 pg/mL, TNF-a reached ap-
proximately 170 pg/mL, and IL-2 was measured at around 20
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Figure 5. Cytokine production by stimulated immune splenocytes.
Splenocytes from immunized mice were cultured in vitro
and stimulated with the inactivated ChimeriVax YFV/TBEV
antigen or control antigen without TBEV components. Cytokine
levels (IFN-y, TNF-a, IL-2) in 24-hour conditioned medium
were measured in ELISA. Open bars represent mean cytokine
concentrations (pg/ml) for cultures stimulated with the TBEV
antigen. Black bars represent cytokines in cultures stimulated with
control antigen. Source: authors.
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pg/mL (Figure 5). In contrast, splenocytes stimulated with ly-
sates of uninfected BHK-21 cells demonstrated cytokine lev-
els close to the detection limit of ELISA. The differences were
statistically significant (p < 0.001), indicating that the cyto-
kine-production response was TBEV-specific. These data con-
firm the ability of the chimeric YFV/TBEV virus to induce a
robust cellular immune response.

DISCUSSION

Climate change, intensified human and animal mobility,
and the expanding habitats of arthropod vectors are reshap-
ing the epidemiological landscape of Central Eurasia with
respect to vector-borne diseases. In Kazakhstan, flaviviruses
transmitted by arthropod vectors - particularly TBEV and
West Nile virus (WNV) - pose growing public health chal-
lenges. Recognizing these emerging threats, Kazakhstan has
launched research initiatives to strengthen national prepared-
ness, including the development of next-generation vaccines
against endemic pathogens. Existing inactivated TBEV vac-
cines (TBEV-1Vs) suffer from limited immunogenicity and
complex immunization schedules [5]. To address these lim-
itations, we developed a novel chimeric virus YFV/TBEYV, re-
placing the prM-E genes of YFV vaccine backbone with those
from the Siberian TBEV subtype (TBEV-Sib). The Siberian
subtype predominates in Kazakhstan. This study presents the
preclinical evaluation of the chimeric virus YFV/TBEV us-
ing in vitro and in vivo models.

In a recent study, Kuznetsova et al. created a YFV 17DD/
TBEV chimera using the prM-E genes from the European
subtype TBEV strain 493 and the replicative backbone of the
YFV 17DD (derivative of 17D) strain [18]. A key method-
ological difference is that the authors of [18] did not develop
an infectious clone. Instead, they employed the infectious
subgenomic amplicon (ISA) technique. The ISA method in-
volves transfecting cells with a mixture of several long, over-
lapping PCR amplicons that together constitute the entire vi-
ral genome. Homologous recombination between the ends of
the PCR amplicons can occur within transfected cells, leading
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to the in vivo assembly of the complete viral genome and the
rescue of infectious chimeric virus. Regarding the complexity
of genetic engineering, the ISA method is technically simpler
and less labor-intensive, because the assembly of full-length
flavivirus genomes poses cloning difficulties [20-24]. How-
ever, as the in vivo recombination is a stochastic process and
can introduce mutations, it may result in a heterogeneous vi-
ral population. In our study, we intentionally chose technically
more challenging assembly of a DNA-launched MIC which
contains the complete viral genome. This traditional method
avoids the reliance on in vivo recombination and reduces risks
of unintended mutations in the rescued virus.

Our chimeric virus demonstrated efficient growth in BHK-
21 cells, reaching titers of ~10® FFU/ml and maintained ge-
netic stability over ten serial passages. The relatively high
titers and genetic stability are attributed to the efficient repli-
cation and the genetic stability inherent to the YFV 17D vac-
cine backbone [25]. However, in vivo replication was limited,
as the virus in the blood of infected mice reached a maximum
of ~10* FFU/ml and was completely cleared by day 5. With
regard to safety, our ChimeriVax YFV/TBEV virus caused
no mortality in murine models even after direct brain inocu-
lation with 105 FFU. In the same experiments, the wild-type
TBEV caused 100% mortality at lower doses 10° PFU. One
previously reported similar chimera (YFV 17DD/TBEV) at a
high dose (107 PFU) caused lethal encephalitis in mice [18].
We attribute the difference in virulence between our study
and the reported study to the fact that our chimeric virus con-
tains prM-E genes derived from a different strain (Vs, Sibe-
rian subtype). In this context, the higher replication efficiency
of our chimera in cell culture (~10® FFU/ml) compared to the
chimera described by Kuznetsova et al. [18] (~10° FFU/ml)
may indicate a greater degree of adaptation to in vitro con-
ditions. This type of adaptation, often referred to as hepa-
ran sulfate-dependent adaptation, is frequently accompanied
by reduced replication fitness and pathogenicity in vivo, as
has been described for many flaviviruses [26-30]. Overall,
the safety characteristics observed in this study are consistent
with the well-established safety profile of the YFV 17D vac-
cine [31], as well as with the documented records of approved
chimeric vaccines against JEV and DENV [8-12].

Immunogenicity studies revealed that a single dose of
our chimeric virus elicited potent NAb responses, with GMT
reaching 4076, substantially exceeding the putative protec-
tive threshold (PRNT, >10) established in humans [19]. The
chimeric YFV 17DD/TBEYV virus developed by Kuznetsova
et al. [18] induced only low neutralizing antibody titers, as a
dose of 10° PFU elicited a maximum titer of 1:40 (measured
as NT,, the dilution required for 90% neutralization) against
the TBEV strain Absettarov (European subtype). Despite di-
rect comparisons of titers across studies are complicated by
variations in assay protocols, e.g. specific virus strains, the
key finding in our study is the demonstrable capacity of a sin-
gle dose to elicit a potent humoral immune response.

In addition to strong humoral immunity, our chimeric vi-
rus induced robust T cell responses, as indicated by elevated
production of IFN-y, TNF-q, and IL-2 by immune spleno-
cytes. However, it is important to note that the robust humoral
and cellular immune responses reported here were measured
within a short-term observational window. Therefore, studies

conducted over extended time periods are required to confirm
the durability of the immune response.

CONCLUSION

This study presents data on a preclinical evaluation of a
chimeric flavivirus which utilizes the replicative machinery
of yellow fever virus and envelope protein genes from tick-
borne encephalitis virus. The characteristics of the chimeric
virus demonstrate its strong potential as a vaccine candidate.
The virus achieved high titers of 108 FFU/ml in cell culture,
which is robust for flaviviruses, while in vivo it induced only
a low-level (10* FFU/mL) and transient viremia. Furthermore,
the chimeric virus caused no mortality in 6-week-old mice
even after direct intracerebral inoculation at a dose of 103
FFU, confirming its attenuated phenotype.

A key outcome is the high immunogenicity of the can-
didate vaccine. A single administration elicited a potent hu-
moral immune response, with a geometric mean titer (GMT)
of neutralizing antibodies reaching 4076. In addition, a robust
cell-mediated response was induced, as evidenced by a signif-
icant increase in the production of key cytokines (IFN-y: 250—
300 pg/mL, TNF-a: ~170 pg/mL, IL-2: ~20 pg/mL) by anti-
gen-stimulated splenocytes from immunized mice.

The obtained data, including quantitative measures of rep-
lication, stability, safety, and immunogenicity, justify advanc-
ing to further preclinical studies in models more relevant to
humans. The successful development of a chimeric flavivirus
and the use of infectious clone technology mark significant
progress in building national capacity in molecular virology.
The ChimeriVax technology holds promise for creating a safe,
immunogenic, and scalable single-dose vaccine against tick-
borne encephalitis.
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AHHOTAIIUA

Bupyc kiemesoro sanedanmura (TBEV) npucyrcrByet B Kazaxctane u sSBIsIeTCsl BHOBb-BO3HUKAIONIMM TaroreHoM. He-
CMOTpS Ha BO3MOKHOCTH IIPUMEHEHNSI HHAKTUBUPOBAHHBIX BakIMH poTtuB BKD 3apybexxnoro npomsBoacTsa, B Kazaxcrane
HET MacCOBOH BaKIMHAIMK HacelleHns B odax TBEV. OqHoit n3 npuduH ABISETCS CIOXKHOCTH IPOTOKOJIOB BaKITUHAITNH, C
PEryisIpHON peBaKIHMHAIMEH I MOAACP)KaHUs 3allIUTHOTO yPOBHI MMMyHHTETa. HOBBIE TEXHOIOTHH, TaKHue KaK KOHCTPY-
HMPOBAaHUE XMMEPHBIX BUPYCOB M3 T€HOB Pa3HbIX BUJIOB (p1aBUBHPYCOB, IIO3BOJISIOT pa3padaThiBaTh KAHAWATHBIC BAKI[HHBI,
KOTOpbIE TPeOYIOT BBEICHHS TOJIBKO OJIHOM J03bI ISl ONYUYSHHUs JUINTEeIbHOM 3aiuThl. Hanpumep, Texnonorus ChimeriVax
HCIONB3YET PETIIMKAaTUBHBIN allapar aTTeHynpoBaHHOTO (BakIMHHOTO) mTamma 17D Bupyca xénroit muxopaaku (YFV) mis
SKCIPECCHH CTPYKTYPHBIX OEJIKOB JPYTHX BUPYCOB U3 poaa (IaBUBHPYCOB.

B nanHoit pabore xumepnsbiit Bupyc ChimeriVax YFV/TBEV 6bu1 co3nan mytém 3amensl reHoB prM-E B renome Bupyca
YFV Ha rensl prM-E TBEV. JlokinuHu4ecKre HCCiIeI0BaHuUs IPOAEMOHCTPHPOBAIIM aKTUBHYIO perunkanuio (~10"8 doky-
coobpasytommux equaul, FFU/MIT) B KJIETOUHBIX KYJIBTypax U TeHETHYECKYI0 CTa0MILHOCTD IIPH MHOXKECTBEHHBIX MacCaXax.
Ha MBIIIMHBIX MOJENsX XUMEPHBIH BUPYC BBI3bIBANI KpaTKyto Bupemuio (uk no 1074 FFU/mi) 6e3 netaabHOCTH Aaxe npu
BbIcOokuX n03ax (1075 FFU). UMmMyHH3aus nHAYyIMpOBaia HEUTpanu3yole aHTuTena (CpeIHui reOMeTpUIeCKU TUTP:
4076) u KJIETOYHBI IMMYHUTET, KOTOPBIH ObUT OXapakTepru3oBaH 1o npoxykuu qutoknHoB IFN-y, TNF-o u IL-2 B oTBeT Ha
AQHTUTEHHYIO CTUMYJISILIMIO. DTH pe3ynbraThl no3uionupytot Bupyc ChimeriVax YFV/TBEV B kauecTBe nepcneKTHBHOTO
BUpYCa JUIsl KaHIUJAaTHOHM BaKIMHBI.

KaioueBble ci1oBa: uBasi arTeHyHpOBaHHasl BaKIMHA; BUPYC JKENTOH JTMXOpa/KU; BUPYC KIICIIEBOTO SHIE(haNnTa; Hel-
TPaJM3YIOIINE aHTUTENA; KIETOUHBI UMMYHHUTET; TOKIIMHUYECKas pa3paboTka.
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AHJIATIIA

Kene snnedanurinin Bupycs! (TBEV) Kazakcranaa 6ap sxoHe jkaHa1aH naiiaa 0onarsH maroreH 0oibin Tadsutansl. [le-
Tenaik eHnipictTia JJCO Kapchl OelceHAUIr KOUBUIFaH BaKIIMHATIAPAB! KOJIIaHYy MYMKIH/ITiHEe KapaMacTaH, Kazakcranna
TBEV ke3inze XalbIKThI Kallai BakuHaiay koK. Cebenrepain 6ipi NMMYHHUTETTIH KOPFaHBIII AEHICHiH YCTall TYpy YIIiH
YHEMI peBaKIMHAIMAMEH BaKIMHAIMSUIAY XaTTaMaJlapbIHBIH KYPAEJIiri 6osbin Tabbuiaasl. OraBUBHpYCTapAbIH SPTYPII TYp-
JIepiHiH TeHAepiHeH XUMEPIIIK BUPyCTap/Ibl KYPaCTHIPY CHUSKTHI XKaHa TEXHOJIOTHsUIAp KaHAUAATTHIK BaKIIMHAJIAPIIBI 93ipieyre
MYMKIHZIK Oepei, ofap y3aKk KoprayIpl ally YIIiH Tek Oip FaHa j03aHbl eHrizyai Tanan ereni. Meicansl, ChimeriVax TexHo-
JIOTHSCH (pIIaBUBUPYC TeKTeC OacKa BUpYyCTapAbIH KYPBUIBIMIBIK aKybI3[apblH SKCIIpeccusiiay YIIiH capsl Kbi3oa (YFV) Bu-
pycst 17D arrenyannsuianral (BaKIMHAJIBIK) IITAMMHBIH PETIMKATHBTI alapaThliH MaiiianaHa sl

By sxymeicta xumeprik ChimeriVax YFV/TBEV Bupycst YFV Bupyceabig reHombiaaarsl prM-E reanepin prM-E TBEV
TeHJepiHe aybICTHIPY JKOJIBIMEH KypbUiIbl. KimHIKaFa EHiHT] 3epTTeynep KacymaiblK ecipiaiiepae OeiceHai peruKanu-
stHBI (~ 1078 doxyc xacaymsl 6iprikrep, FFU/MiT) jkoHE KeNTereH jKoJIaKTap Ke3iH/Ie TeHETHKAIBIK TYPAKTBUTBIKTHL KOPCETTI.
TemmkaH yarigepinae XuMepiik BUpyC TinTi sxorapsl mo3ana (105 FFU) emim-xiTiMci3 Kpicka BupeMusHbl (mubiHE! 1074 FFU/
MJI efiiH) Tyneipabl. UMMyHOay OediTapanTaHIBIPYIIBI aHTHACHENEP i (OpTarma reoMeTpIsUTBIK TUTp: 4076) KoHE aHTHUTEH-
Ik ctumynanusra sxayar periaae IFN- y, TNF- o sxone IL-2 nuroxuamep eHiMIepi OOWBIHINA CHIIATTAIIFAH )KAaCYIIAIBIK HM-
MYHHUTETTiI HHAYKIUUTabl. By HoTHKeIep KaHAWAATTHIK BaKIMHA YIIiH MepcrekTrBaibl Bupyc petiaae ChimeriVax YFV/
TBEV BupycsIH KepceTeni.

Tyiiin ce3mep: Tipi aTTeHyHpIICHTeH BaKIIMHA; Capbl Oe3TreK BUPYCHI; KCHE SHIIC(aTUTIHIH BUPYCHI; OeiiTapanTaHIsIpaThiH
aHTHJCHETEp; JKACYIIaJIBIK MMMYHHUTET; KIIMHUKaFa AeHiHT1 d3ipiey.
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