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Abstract

The tick-borne encephalitis (TBE) virus is highly pathogenic and can affect the central nervous system, leading to
severe chronic effects or death. The only effective measure to combat TBE is vaccine prophylaxis. Vaccines that
are currently used for mass immunization are based on inactivated TBE virus, they provide a protective immune
response, but such vaccines require multiple administrations. A possible reason for short-term immunity is an
incomplete functional T-cell response to these types of vaccines.

The aim of this review is to analyze the literature on the role of the T-cell immune response in protecting the body
from TBE, its importance for vaccine development, and to consider approaches to the development of new TBE
vaccines based on different platforms.

When preparing the review, we analyzed the literature presented in scientific databases — PubMed, Scopus,
Elsevier, Google Scholar as of April 2024. The following keywords were used for the search: vaccine, tick-borne
encephalitis virus, T-cell immune response, flaviviruses.

A several publications have demonstrated that T-cell responses following natural infection with TBE virus and
after vaccination with inactivated virus are different. During viral infection, both Th1- and Th2-type CD4* T cells
and CD8"* T cells are activated and play an important role in the elimination of viral infection. After vaccination, the
only Th2-type CD4"* T-cell response predominates, which may be the reason for the short-lived immune response.
To date, a number of different types of experimental TBE vaccines are being studied, such as live-attenuated
vaccines, viral vector vaccines, subunit vaccines, virus-like particles, DNA and mRNA vaccines, and polyepitope
immunogens. In our opinion, the most promising in terms of T-cell response activation are vaccines based on
T-cell polyepitope immunogens delivered in the form of DNA or mRNA.
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Ponb T-KneToyHOro MMMyHUTETa BaXXHO YyUMTbIBaTb NPN CO3AaHUN
COBpEeMeHHbIX BaKLH NPOTNB KJieweBoro sHuedpannra

Tureesa E.B.”, Husonenko J1.9., KapneHko J1.U.
focymapcTBEHHbIV HAYUHbI LIEHTP BUPYCOSIOrmn 1 buotexHonorum «<Bektop», p.n. Konbuoso, Poccua

AHHOMauyusi
Bupyc kneweoro sHuedanuta (KQ) obnagaeT BbICOKOM MATOreHHOCTbI, CNocobeH nopaxaTtb LeHTparnbHYo
HEPBHYI CUCTEMY, NMPUBOAS K TSXKENENULLMM XPOHUYECKUM NOocrneacTBusM Nnbo netanbHomy ucxogy. EanHcTeeH-
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HoW adpdpekTnBHOM Mepon 6opbbbl ¢ KO aBnsieTca npodunakTmyeckas BakuMHaums. icnonb3yemble B HAcTOS-
Lee BpeMSs BaKUMHbI, MOMyYeHHbIE HA OCHOBE MHaKTMBMpOBaHHOro Bupyca K3, obecneunsatotr bopmmpoBaHme
NPOTEKTMBHOIO MMMYHHOTO OTBETa, OQHAKO Takne BakUUHbI TPeOYT MHOMOKpaTHOro BBeAEHNs. Bo3MoXHOM npu-
YMHOW HEJOMrOCPOYHOr0 MMMYHUTETA ABNAETCS (POPMMPOBAHNE HEAOCTATOYHO HAMPSHKEHHOTO T-KNETOYHOro OT-
BETa Mpu UCNOMb30BaHNMN TaKMX BaKLMH.

Llenb o63opa — aHanus nutepatypsbl, cogepxallen MHopMaLuio 0 ponu T-KNETOYHOIo MMMYHHOTO OTBETa B
3awmTte opraHuama ot KO, o ero 3HauyeHun ans pa3paboTky BakLMH, a Takke pacCMOTpeHne NoaxoaoB K pa3pa-
60TKe HOBbIX BakUMH NpoTMB KO Ha ocHoBe pasnu4yHbIX Nnatdopm.

Mpu nogrotoBke o6G3opa ObIN NpoBeAEH aHanM3 nUTepaTtypbl, NpeacTaBneHHon B 6asax PubMed, Scopus,
Elsevier, Google Scholar no coctosHuo Ha anpenb 2024 r. [lna novcka ucnonb3oBanu cnegyloLwmne Knoyesble
cnoga: vaccine, tick-borne encephalitis virus, T-cell immune response, flaviviruses, BakUuHbl, BUPYC KNeLLeBoro
aHUedanuTa, T-KNeTOYHbIN UMMYHHbIN OTBET, (ONIaBUBMPYChI.

B psge nybnvkaumnin npogeMoHCTPMPOBAHO, YTO CTPYKTypa T-KNeTOYHOro oTBeTa Npu eCTECTBEHHOM 3apaXKeHUn
BMpycoMm K3 u nocne BakumHaumm MHaAKTUBUPOBaHHBLIM BUPYCOM pasnuyHa. B xone BUpPYCHOW MHGEKUUM aKTu-
Bupytotca CD4*-T-kneTku kak Th1-, Tak u Th2-tuna, a Tawke CD8*-T-kNeTku, urpatoLume BaXkHyo posb B 3NMMU-
Haumm BUpPYCHOM MHekuun. MNocne BakumHaumn npeobnagaet otBeT CD4*-T-knetok no Th2-tuny, 4to MOXeET
SIBMATLCS NPUYNHOW HELONTOBEYHOTO MMMYHHOTO OTBETA.

Ha cerogHsWHMIA feHb uccneayercs psig pasnmnyHbiX TUMOB 3KCNepUMEHTanbHbIX BakUMH NpoTuB K3, Takux Kak
BaKUMHblI HA OCHOBE >XUBbIX aTTEHYMPOBAHHbLIX BUPYCOB, BaKLMHbI HA OCHOBE BUPYCHBLIX BEKTOPOB, BUPYCOMO-
[o6Hble YacTuupl, cybbeanHnyHble BakumHbl, OHK- 1 MPHK-BaKUMHbI, NONMaNUTONHbIE MMMYHOreHbl. B nnaxe
akTmBauum T-KNeToYHOro oTBeTa Hanbornee NepcrnekTUBHBIMU BbIMAAAT BaKUMHbI HA OCHOBE T-KINETOYHbIX Nonu-
3AMMTOMNHBLIX MMMYHOreHoB, AocTasnsemMbix B popme OHK nnv mPHK.

KnioueBble cnoBa: supyc kreujeso2o sHueghanuma, T-knemoyHbili omeem, 8aKyUHbI MPOMuUe Kieujee8o20 3H-
ueghanuma

BnazodapHocmsb. ABTOpLI BelpaxatoT brnarogapHocTb B.A. SlkoBnesy 3a nomoLlb B 00OPMAEHUN UNNOCTPATUBHOMO
maTepuana n TeXHUYeCKOM pedakTUPOBAHWUN PYKOMUCHU.

HUcmoyHuk ¢puHaHcupoeaHusi. ViccrnenoBaHue 6bino BbIMOMHEHO B paMKax rocydapcTBeHHoro 3agaHust @BYH MHL|
BB «Bektop» PocnotpebHaasopa.

KoHgbnnukm unmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHbLIX M MOTEHUMANbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukaunen HacTosLLEen CTaTbu.

Ana yumupoeaHus: Tureesa E.B., Hnsonenko J1.®9., KapneHko J1.U. Ponb T-kNeTo4YHOro MMMyHUTETa BaXHO YYUTbI-
BaTb MNPV CO34aHUN COBPEMEHHbIX BaKLMH NPOTUB KNeLeBoro aHuedanuta. KypHan Mukpobuonoauu, anudemuonoauu
u ummyHobuormnoeuu. 2024;101(4):546-559.
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The wide spread of the tick-borne encephalitis
(TBE) virus is a serious concern for public health au-
thorities in many countries. This is due to the fact that
the virus, being highly pathogenic, can affect the central
nervous system (CNS), leading to severe chronic con-
sequences or death [1-3].

In 30% of cases, neurological complications de-
velop in people who have contracted TBE. Mortality
from infection varies depending on the strain of the vi-
rus. The highest percentage of fatal cases (up to 35%) is
registered when infected with strains belonging to the
Far Eastern subtype [4-6].

Vaccine prophylaxis is the most effective way to
control the virus. All currently licensed vaccines are
based on inactivated strains of TBE. It is considered
that the average seroconversion rate for both Russian
and European vaccines ranges between 86—100%,
which ensures the formation of protective immunity in
vaccinated individuals [2, 7]. At the same time, vac-
cines based on inactivated TBE virus have a number
of disadvantages: complicated vaccination schedule,
relatively high reactogenicity, complexity of produc-
tion and storage; in addition, there are cases of break-
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through infections in vaccinated persons [2, 8, 9].
Among vaccinated persons, the incidence of TBE
ranges from 3.7% [10] to 23.8% [11] of the total num-
ber of cases, depending on the endemic region. One
possible reason for breakthrough infections is the lack
of vaccines that take into account the genetic variabil-
ity of the TBE virus. Another reason is due to insuf-
ficiently intense and short-lived specific immunity in
a number of vaccinated individuals, especially the el-
derly [7-9, 12].

The T-cell immune response is an important part
of protective immunity against viral infections such as
TBE. There are an increasing number of publications
on the role of the T-cell immune response in the defense
against infection with TBE virus. Therefore, more and
more researchers have begun to pay attention to this as-
pect of the adaptive immune response, especially in the
context of studies devoted to the development of new
vaccine preparations [7, 13]. The wide spread of the vi-
rus and the significant growth of the number of patients
have stimulated interest in the development of new vac-
cines against TBE virus, taking into account the role of
the T-cell immune response.
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The aim of the review is to analyze the literature
on the role of the T-cell immune response in protecting
the body from tick-borne encephalitis, its importance
for vaccine development, and to consider-approaches-to
the development of new TBE vaccines based on differ-
ent-platforms.

In this review, we consider the main aspects of
T-cell response formation in humans when infected with
TBE virus and after vaccination with licensed vaccines,
as well as the main directions of work on the search for
safe and highly effective next-generation vaccines that
can overcome the limitations of the existing ones.

Materials and methods

The following keywords were used for the search:
vaccines, tick-borne encephalitis virus, T-cell immune
response, flaviviruses.

In the first phase, a search using different combi-
nations of keywords in the scientific electronic database
PubMed retrieved 1754 sources. Restricting the search
to the time of publication from 2019 to 2024 allowed
us to narrow the search to 424 sources. A search with-
out considering the year of publication in this research
library found an additional 123 sources matching the
subject matter. Similarly, the search was conducted us-
ing the scientific databases Scopus, Elsevier, Google
Scholar.

During the literature search in these databases in
Russian and English languages, which was carried out
taking into account such selection criteria as year of
publication and accessibility of publications to reading,
about 2000 sources corresponding to the topic were
analyzed. Due to article length limitations, 88 sources
were selected.

Adaptive immune response during infection
with TBE virus and after vaccination

The adaptive immune response consists of humor-
al (antibody-mediated) and cellular immune responses
specific to the TBE virus. The figure schematically rep-
resents the immune reactions of the adaptive immune
response occurring after vaccination or during infection
with TBE virus

The efficacy of antibodies against the TBE virus
has been demonstrated by protecting susceptible in-
dividuals exposed to the virus by administering them
anti-TBEV-immunoglobulin. Humoral immunity is
thought to play a crucial role in defense against the
TBE virus by providing synthesis of antibodies specifi-
cally targeting the virus. These antibodies neutralize the
virus and prevent its spread, helping to limit the severity
of infection and providing long-term immunity against
infection with the TBE virus (Figure, 4). Antibodies are
able to bind to viral particles, causing them to be engulfed
and destroyed by phagocytic immune cells [7, 13].

Memory B cells and virus-neutralizing antibodies
are formed in a person who has had TBE, which provide
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long-term protection against virus re-infection. The
long-term maintenance of memory B cells allows the
immune system to respond more quickly and effective-
ly to re-infection. When the same virus is encountered
again, these cells rapidly differentiate into plasma cells
that produce antibodies that destroy the virus before it
can cause widespread infection and disease [13—16].

When vaccinated with inactivated virus, the func-
tionality of memory B-cell populations is relative-
ly short-lived due to limited CD4* T-cell responses
(Figure, B) [17].

Immune response associated with CD4* T cells

CD4" T lymphocytes are important in the for-
mation of both humoral and cellular immunity. CD4*
T-cells are important producers of cytokines that help
stimulate the antiviral immune response and provide B
cells with the assistance needed to stimulate antibody
synthesis (Figure, 4). TBE virus encodes 7 non-struc-
tural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b and
NS5) and only 3 structural proteins: protein C (capsid)
and the membrane-associated proteins prM/M (mem-
brane/membrane precursor) and E (envelope) [18-20].
The structural proteins appear to contain the major
epitopes that activate the CD4* T cell response during
infection [8, 21], although there is evidence in the liter-
ature that several T helper epitopes are contained in the
non-structural protein of the TBE virus, NS1 [22].

When analyzing peptide fragments of protein C
predicted immunodominant epitopes, it was shown that
mainly two peptide clusters are involved in CD4"-cell
activation both in natural disease and after vaccination.
They are located in the 02- and o4-helixes of protein
C [21]. The clusters of epitopes predicted for E pro-
tein were less effective with respect to CD4" activation,
but this difference cannot be considered significant. It
was found that in patients who underwent natural in-
fection, specific stimulation of CD4* cells is provided
by epitopes located in the 3rd domain, as well as in the
stem region of the E-protein. In the group of vaccinated
patients, stimulation was provided by peptide clusters
from the 1st, 2nd and 3rd domains of the E-protein [21].

TBE virus-specific CD4" T-cells generated by vac-
cination appear to respond to a narrower range of viral
targets than those generated by infection [8, 21], with
vaccine-induced levels of interferon-y (IFN-y) reaching
only about half the level of response induced by infec-
tion.

It is noteworthy that after natural infection with
TBE virus, naive CD4" cells differentiate predomi-
nantly along the Thl pathway, while during vaccina-
tion with inactivated virus — to a greater extent along
the Th2 pathway [8, 9]. At the same time, against the
background of natural infection, CD4" T cells acquire
polyfunctionality, producing various cytokines, such
as interleukin-2 (IL-2), IFN-y and tumor necrosis fac-
tor-a. (TNF-a; Figure, A) [4]. There is a correlation
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between the functionality of CD4" T-cells and the
level of virus-neutralizing antibodies, indicating that
they are able to control the induction of neutralizing
antibodies [8].

After vaccination, the number of CD4* T-cells also
positively correlates with the antibody response against
TBE virus [17], and vaccine responders show increased
proliferation of antigen-specific T-cells compared to
non-responders (Figure, 4) [23]. The response to vac-
cination tends to be skewed towards IL-2 and TNF-a
production compared to infection (Figure, B) [9].

Immune response associated with CD8* T cells

CD8" T lymphocytes play an important role in viral
infection by identifying and destroying infected cells,
thereby limiting the spread of the virus in the body. To
date, unlike CD4" T cells, CD8* T-lymphocyte-specific
epitopes have only been found in non-structural pro-
teins of the TBE virus, such as NS2A, NS3, NS4B and
NS5 [24].

CD8" T-cells are activated somewhat later than
CD4* T cells during natural infection, but nevertheless
have a significantly higher level of activation, produc-
ing increased levels of granzyme B and perforin [4, 7]

K. Blom et al. showed that in patients with TBE
at the peak of the T-cell response one week after hos-
pitalization, CD8* T-cell activation was significantly
increased compared to CD4" T-cells [25], indicating a
tendency towards CD8* dominance (Figure, 4). These
CDS8" T cells additionally exhibited an effector pheno-
type (CD45RA-CCR7) [24, 25] and had a highly acti-
vated Eomes"Ki67"T-bet" transcriptional profile. How-
ever, these effectors tended to be monofunctional. After
acute infection, when patients recovered, antigen-spe-
cific CD8" T cells switched to the Eomes-Ki67-T-bet"
phenotype [25], which corresponds to a type 1 effector
memory population.

Usually, CD8" T-cell analysis is performed in pa-
tients with a severe course of the disease, in whom CD8*
T-cells are not only found in the blood, but sometimes
also in brain tissue [ 13]. This fact limits the understand-
ing of whether the CD8* population is an important
protective factor in mild or asymptomatic disease or an
additional factor causing pathology [13]. In favor of the
necessity of CD8" T-cells for the body's defense against
the TBE virus is the recent evidence that the severity of
the disease, as well as its form, depends on the degree
of T cell activation. Early activation of T-cell responses,
including a subset of CD8" T-lymphocytes, significant-
ly correlated with a favorable outcome of the disease
[26].

The results of animal studies are also mixed. The
study by D. Ruzek et al. showed that mice with severe
immunodeficiency and mice with CD8 knockout had
a higher survival rate after lethal infection caused by
TBE virus compared to wild-type mice or mice with
adoptively transferred CD8" T-cells [27]. This may sug-
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gest a possible role of CD8* T cells in the development
of lethal infection. Thereafter D. Ruizek et al. obtained
data indicating that CD8* T-cells are not responsible for
the permeability of the blood-brain barrier during the
disease, since its destruction during infection caused
by this virus was observed both in wild-type and CDS§
knockout animals [28].

The role of CD8" T cells in virus clearance from
neural tissues has been shown for other flavivirus infec-
tions using mice as laboratory animals [29]. Depletion
of CD8" T cells leads to enhanced infection by Zika and
dengue viruses, but this effect is reversed after adoptive
transfer of memory CD8* T cells. Similar conclusions
were obtained using mice deficient in various cytotoxic
effector molecules in West Nile fever virus. During the
initial stages of infections caused by yellow fever and
Zika viruses, when mice has not yet formed a sufficient
levels of virus-specific antibodies, effector CD8* T cells
are essential for infection control [29].

There are few data on the presence of specific
CDS8" T cells in humans who have received the TBE
vaccine (Figure, B). A. Sycheva et al. analyzed the for-
mation of T-cell response in volunteers vaccinated with
Tick-E-Vac and showed that in the peripheral blood of
the vaccinated individuals a low level of CD8+ specific
to the TBE virus was detected, and the overall response
to the vaccine clearly depends on CD4" [30, 31].

As mentioned above, the main epitopes of CD8"
T-cells are contained in nonstructural proteins of the
virus [24]. Since non-structural proteins are synthe-
sized only during active virus replication, such pro-
teins are found in small amounts or are completely
absent in currently used vaccines based on inactivat-
ed virus [32]. This fact may partially explain the low
CDS8" T-cell response during vaccination. That said,
TBE infection can induce a lifelong protective CD8*
response [14].

A number of vaccine platforms will be discussed
below in terms of the possibility of inducing a T-cell
immune response.

Vaccines against tick-borne encephalitis virus

Vaccines based on inactivated virus

There are currently a number of approved and li-
censed adult and pediatric TBE vaccines based on inac-
tivated strains of the virus [33]. In Europe, two vaccines
based on European strains of TBE virus are available:
K23 and Neudorfl. In Russia, the Tick-E-Vac vaccine
and its lyophilized analogue called TBE vaccine Mos-
cow (FSBSI“Chumakov FSC R&D IBP RAS”) and
EnceVir (Microgen), created on the basis of the Far
Eastern strains of the TBE virus, Sofyin and 205, re-
spectively, are licensed [12, 34-36]. The vaccine used
in China is based on the Sen-Zhang strain (Far Eastern
subtype of TBE virus) [37]. Vaccination against TBE
virus has proven to be effective, as evidenced by the
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results of mass vaccination campaigns in Austria [38]
and Russia [39-42].

All licensed vaccines are capable of providing suf-
ficiently effective prevention of TBE, especially when
large-scale vaccination programs are implemented.
However, the existing vaccines are not without disad-
vantages, including a complicated vaccination schedule
due to the inability to maintain an adequate level of im-
mune protection in the long term. Failure to adhere to a
patient's vaccination schedule can lead to low levels of
humoral immune response in the vaccinated, especially
in the elderly [2, 7].

Vaccination with inactivated virus provides lower
levels of antibodies than with natural infection [7]. It
is suggested that this may be due to a change in the
conformation of the E-protein as a result of the effect
exposure of formaldehyde on the viral particle during
the inactivation process. Thus, the availability of epi-
topes that bind to neutralizing antibodies is reduced
[43]. As already mentioned, there is a difference in the
immune response to infection and vaccination with
inactivated virus, which is associated with the limited
T-cell responses — a small number of specific CD8*
T-lymphocytes, as well as reduced functionality of
CD4* cells (Figure, B). In response to inactivated vi-
rus, mono- or bi-functional CD4"* T cells are formed,
capable of producing, for example, IL-2 alone or IL-2
and TNF-a alone, but the level of IFN-y secretion is
significantly reduced compared to natural infection [4,
8]. Vaccination leads to a shift of the response towards
the Th2-pathway, whereas in natural disease, the cellu-
lar response is usually formed along the Thl-pathway,
which may affect the efficacy of protection against the
virus [7, 44]. Ideally, vaccines should elicit more robust
responses of IFN-y-producing CD4* T-cells.

The disadvantages of vaccines based on inactiva-
ted viruses include the fact that they are produced using
only a specific strain of TBE virus and do not take into
account its genetic variability. As a result, in endemic
regions, the number of breakthrough infections among
vaccinated individuals can reach 23.8% of the total num-
ber of cases [11]. Despite this, the direction of creating
inactivated vaccines remains paramount. In 2017, phase
I/II clinical trials of the Evervac vaccine were completed.
The main difference of this vaccine from its analogs is
the absence of adjuvants in its composition, as well as
virus production in Vero cells, which allows for an im-
proved safety profile. However, the problem of incom-
plete T-cell response has not been solved yet [45].

Approaches to TBE vaccine development
and induction of cell-mediated immunity

To date, research on candidate vaccines against
TBE virus and other flaviviruses has focused on several
objectives at once:

« achieve high immunogenicity in all age and risk

groups;

* ensure rapid and high levels of seroconversion;
» ensure the development of a long-term immune
response by avoiding complex immunization
regimens;
* reduce side effects;
* provide cross-protective immunity against
several subtypes of TBE virus and induction of
an effective CD4"- and CD8"-cell response [7].
In addition to the widely used approach of creat-
ing TBE vaccines based on inactivated virus, various
experimental prophylactic vaccines based on different
platforms are currently being developed [7].

Live attenuated vaccines

Live attenuated viruses that have lost their patho-
genic properties at the genetic level, but contain the
same antigens as the original pathogen and retain the
ability to cause natural infection in the body in a weak-
ened form, contribute to the formation of a pronounced
and long-lasting B- and T-cell immunity, which is close
to post-infection immunity in terms of intensity [46].
The first attempts to attenuate the TBE virus were not
successful. Therefore, the Langat TR-21 virus, disco-
vered in 1956 [7, 19], was considered as a more promis-
ing source of strains for live attenuated vaccines against
TBE virus. However, a large study involving 650,000
volunteers showed that, in addition to induction of a
high level of immune protection, the development of
serious neurological consequences, including encepha-
litis, was often observed among those vaccinated with
attenuated Langat virus [7]. Subsequent studies on the
development of live-attenuated TBE vaccines have con-
tinued to improve their safety profile. Proteins such as C,
E and NS5 were selected as the main targets for pheno-
type attenuation, which eventually led to several candi-
date vaccines with low reactogenicity and high levels of
antibody production and T-cell response [47—49].

Work is actively underway to produce chimeric
viruses combining fragments of the genomes of the
TBE virus, most often the genes of the E and prM pro-
teins, as well as West Nile, dengue, and Langat viruses
[7, 50].

Although vaccines based on live attenuated viru-
ses raise serious safety concerns, several vaccines have
already been licensed worldwide against infections
caused by other flaviviruses: yellow fever (YFV-17D),
Japanese encephalitis (IMOJEV), and dengue fever
(Dengvaxia). Two quadrivalent live attenuated dengue
fever vaccines produced by Takeda Pharmaceutical and
NIH/Butantan have successfully completed Phase 111
clinical trials [50].

Subunit vaccines

Compared to live attenuated vaccines, the pro-
duction and use of subunit vaccines is characterized by
safety due to the possibility of including individual an-
tigenic components in the form of viral proteins or their
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fragments in the vaccine. However, subunit vaccines in-
duce mainly only a humoral immune response and a lim-
ited range of T-cell responses. They are unable to induce
a prolonged immune response and therefore require the
inclusion of adjuvants and booster immunizations.

Many potential vaccines being developed against
TBE virus and infections caused by other flaviviruses
have been based on structural protein E or its subunits
containing epitopes recognized by neutralizing anti-
bodies [7]. It was shown that immunization of mice
with recombinant EDIII-domain of protein E in com-
bination with various adjuvants allows to achieve not
only induction of neutralizing antibodies, but also par-
tial protection from virus infection [51]. Subunit vac-
cines against Dengue fever (V180) and West Nile fever
(WN-80E), which contain truncated forms of protein E
with adjuvants, have shown significant success in clin-
ical trials [50].

Virus-like particles

Virus-like particles (VLPs) are formed as a result
of simultaneous synthesis of structural proteins, most
often prM/E, in different expression systems. The struc-
ture of VLPs is close to the native structure of the TBE
virion, which allows the maximum number of T- and
B-cell epitopes to be presented to immunocompetent
cells. Such vaccines are characterized by the absence of
potential pathogenic properties and a high level of safe-
ty [50]. VLPs administration is accompanied by the in-
duction of a high titer of virus-neutralizing antibodies,
activation of CD4" T-cells, and formation of central and
effector memory T cells [7]. In one of the studies on the
immunogenic properties of VLPs in a mouse model, it
was shown that VLPs immunization promotes differen-
tiation of CD4" T-cells along the Th2-pathway with a
predominance of IL-4" phenotype [52]. A similar study
indirectly confirmed this result. After VLPs administra-
tion to mice, a robust humoral immune response was
observed; however, analysis of CD4" T-cells for IFN-y,
IL-2, and TNF-a showed no significant difference be-
tween experimental and control groups [53].

Vaccines based on viral vectors

Vaccines against TBE virus and diseases caused
by related viruses are also being developed using an
approach that has proven effective against other infec-
tions — viral vector-based vaccines. Such vaccines are
recombinant or modified viruses encoding specific an-
tigens and characterized by the ability or inability to
replicate after introduction into the body. The main ad-
vantage of vaccines based on viral vectors is their high
immunogenicity due to the intracellular expression
of antigens and the presence of the viral vector itself,
which can play the role of a natural adjuvant [50].

However, as with live attenuated vaccines, viral
vector-based approaches, especially those capable of
replication, raise questions about the safety of their use
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due to the increased risks of high viremia and the poten-
tial for acquisition of pathogenic properties. When viral
vector-based vaccines are administered, an anti-vector
immune response is formed, which reduces the efficacy
of the vaccines in re-immunization. The disadvantages
of such vaccines should also include complexity and
costliness of their production [50].

Vectors based on such viruses as recombinant in-
fluenza A virus, recombinant adenovirus, modified Vac-
cinia virus, etc. are used in works on the development
of experimental vaccines against flavivirus infections.
[7]. Various combinations of TBE virus antigens, which
are encoded in the genome of the viral carrier, make it
possible to modulate the immune response if necessary.
Thus, a number of studies have shown that various viral
vectors encoding NS1 sequences induce the synthesis
of virus-neutralizing antibodies and also provide partial
protection against TBE virus [54]. At the same time,
such vaccines can also activate the T-cell mediated im-
munity by inducing the formation of IFN-y, IL-2 and
TNF-a producing CD4*- and CDS8*-T-lymphocytes..
A modified Vaccinia virus Ankara encoding the TBE
virus prM and E protein sequence, when administered
to mice, also induced high levels of virus-neutralizing
antibodies and specific T-cell response, and provided
complete protection against virus infection [55]. Sim-
ilar results were obtained in a study investigating the
properties of a candidate vaccine against Zika fever
based on recombinant vesicular stomatitis virus encod-
ing prM, E and NS1 proteins [56].

Despite the effectiveness of using viral vectors as
a platform for vaccine development, only one vaccine
has reached the clinical trial stage to date. MV-ZIKV
against Zika fever has been developed on the platform
of the Schwarz strain of measles virus and is in Phase |
clinical trials [57].

MRNA and DNA vaccines

Recently, nucleic acid-based platforms, such as
DNA- and mRNA-based vaccines, have been active-
ly developed. The intracellular expression of antigens
encoded by nucleic acid-based vaccines allows for the
native structure of proteins due to posttranslational mo-
difications [58]. This is important for further processing
of the antigen, its presentation on the surface of immune
cells, and activation of both CD4*- and CD8" T cells.

The technology of production of such vaccines
does not require complex manipulations or work with
dangerous pathogens, which greatly facilitates the pro-
cess of their creation and reduces its overall cost [58].
Furthermore, the use of such vaccines is believed to be
safer compared to traditional approaches [59].

However, it should be noted that nucleic ac-
id-based vaccines in their naked form have low immu-
nogenicity; therefore, various delivery methods to im-
munocompetent cells, both chemical and physical, are
used to improve their efficacy [50].
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Several studies on obtaining experimental vac-
cines against TBE virus based on nucleic acids have
been published. An experimental vaccine was obtained
based on self-replicating non-infectious RNA of TBE
virus containing several deletions in the C-protein gene
region and point mutations in the prM gene region,
but without loss of replicative function. The resulting
mRNA vaccine effectively induced not only humoral
but also cellular response, activating CD8" cells as well
as the response of Thl-type CD4" T cells [60—62].

DNA vaccines have an advantage over mRNA
vaccines due to their greater stability and less demand-
ing storage conditions. The works of Y. Omori-Urabe
et al. [63] and a group of researchers from University
of Vienna (Austria) [64] described DNA constructs in
the form of plasmid and viral vectors encoding E and
prM proteins. Immunization with these constructs in-
duced a strong immune response and a high level of
virus-neutralizing antibodies. As a rule, the Thl path-
way of CD4"-cell differentiation accompanied by the
production of IFN-y, TNF-a and IL-2 was observed
during the administration of such vaccines; however,
some variability in the shift of the Th1/Th2 ratio was
demonstrated depending on the use of certain delivery
methods [64].

Several experimental mRNA and DNA vaccines
against other flavivirus infections (caused by dengue,
Zika, and West Nile viruses) are also currently in clini-
cal trials, and many others are being considered in pre-
clinical studies [50].

Polyepitope vaccines

This vaccine platform specializes in the design of
specifically T-cell immunogens and relies on two main
strategies. The first polyepitope strategy is based on the
design of artificial genes, delivered either by plasmid
DNA or mRNA, or by a viral vector, encoding chains
of CD4* and CD8" epitopes of various virus proteins,
linked by linkers, lined up into a single artificial vac-
cine construct. This strategy gives the investigator the
freedom to choose epitopes, which provides a narrower
focus of responses on preferred epitopes [65]. Current
knowledge of the mechanisms of CD4*- and CD8"-re-
sponse formation to a productive viral infection allows
us to develop algorithms for optimal selection of T-cell
epitopes of the target pathogen, taking into account the
peculiarities of the major histocompatibility complex
(MHC) of a particular genotype. Currently, there are
epitope databases such as the Immune Epitope Database
[66], programs have been developed to predict T-cell epi-
topes in various viral proteins, and programs for rational
vaccine design, such as PolyCTLDesigner [67].

The second strategy is to construct chimeric im-
munogens created from longer stretches of proteins
covering the most conserved regions of viral proteins
where T-cell epitopes are concentrated [65]. Bioinfor-
matic approaches that are used in optimizing epitope

compounds for polyepitope vaccines are also used in
the design of conserved chimeric polyepitope proteins.

In the last three years, hundreds of papers have
been published on the design of polyepitope immuno-
gens for flaviviruses (Zika [68], dengue [69], Powas-
san [70, 71], and yellow fever [72] viruses), as well as
SARS-CoV-2 [73-77], Ebola virus [78-80], Marburg
virus [81], influenza [82—85], and others. The immuno-
genicity of polyepitope HIV-1 vaccines has been evalu-
ated in clinical trials [86, 87].

D.N. Kisakov et al. described an experimental
DNA TBE vaccine encoding an artificial polyepitope
immunogen of the TBE virus [88]. The immunogen in-
cluded predicted epitopes from the major proteins of
the TBE virus (NS1, NS3, NS5, and E) restricted by
the most common human allomorphs of HLA type I
molecules and allelic variants of MHC type [ molecules
characteristic of BALB/c mice. Administration of this
vaccine induces the formation of a protective virus-spe-
cific T-cell response in mice and provides 50% protec-
tion of immunised animals against infection with 100
LD50 of TBE virus (strain 205) [88].

Immunogens designed using computerized me-
thods of T-cell epitope prediction and rational design
of polyepitope antigens can become the basis for new
effective methods of immunoprophylaxis of infectious
diseases. They can be used to design both “universal”
antigenic constructs covering a significant part of the
target human population and personalized constructs
tailored to the genetic features of a particular patient
(taking into account his/her repertoire of allelic variants
of class I and/or Il MHC molecules).

With regard to vaccines against TBE virus the op-
timal way to improve vaccine efficacy may be an in-
tegrated strategy that combines the use of two immu-
nogens in a prime-boost system, one of which induces
virus-neutralizing antibodies (e.g., traditional inacti-
vated vaccine) and the other induces T-cell responses
(polyepitope immunogen).

Conclusion

With the accumulation of data on the peculiarities
of the adaptive immune response in TBE, the role of the
T-cell response in protective immunity during infection
and vaccination, as well as its influence on the outcome
of the disease, is becoming clearer. T-cell responses
following natural infection with TBE virus and after
vaccination with inactivated virus are different. During
viral infection, both Thl- and Th2-type CD4" T cells
and CD8* T cells are activated and play an important
role in the elimination of viral infection. The absence
of non-structural proteins of the TBE virus carrying the
main epitopes of CD8" T-lymphocytes in the composi-
tion of inactivated vaccines leads to the activation of
only a part of the T-cell immune response represent-
ed by CD4" T-cells of Th2-type, which mainly provide
support for the B-cell response. Thus, the incomplete-
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ness of the T-cell immune response occurring after vac-
cination with classical vaccines leads to reduced func-
tionality of memory cells, which may underlie the short
duration of the protective response to the vaccine.
Several questions regarding the T-cell response
remain unclear, including the role of CD8" in the de-
velopment of the pathologic process during infection.
Nevertheless, many researchers conclude that a high
level of virus-neutralizing antibodies combined with a
T-cell response, including the response of specific CD8*
T-cells, is a prerequisite for limiting the entry of TBE
into CNS organs and mitigating immune pathology.
Attention to the T-cell response continues to grow
also due to the need to improve classical inactivated
vaccines against TBE virus. Research into next-gener-
ation vaccines is focused on finding a strategy that pro-
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vides a balanced humoral and T-cell immune response.
To date, a number of different types of experimental
TBE vaccines are being studied, such as live-attenuated
vaccines, viral vector vaccines, subunit vaccines, vi-
rus-like particles, DNA and mRNA vaccines, and poly-
epitope immunogens. In our opinion, the most promis-
ing in terms of T-cell response activation are vaccines
based on T-cell polyepitope immunogens delivered in
the form of DNA or mRNA. The optimal way to im-
prove vaccine efficacy may be an integrated strategy
that combines the use of two immunogens in a prime-
boost system, one of which induces virus-neutralizing
antibodies and the other induces T-cell responses.

The development of a safe, effective TBE vaccine
that provides balanced T- and B-cell immunity will be a
major advance in the fight against TBE virus.
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