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1. Wykaz skrotéow

APCs — komorki prezentujace antygen (antigen presenting cells)

DCs — komorki dendrytyczne (dendritic cells)

DENYV — wirus dengi (dengue virus)

ELISA — test immunoenzymatyczny (enzyme-linked immunosorbent assay)
ELISPOT — enzymatyczny test immunospot (enzyme-linked immunospot assay)
ER — retikulum endoplazmatyczne (endoplsmic reticulum)

HBV — wirus zapalenia watroby typu B (heptitis B virus)

HPV — wirus brodawczaka ludzkiego (human papilloma virus)

IFN-y — interferon y

IL-2 — interleukina 2

[1-4 — interleukina 4

KZM — kleszczowe zapalenie mozgu

NS — biatko niestrukturalne (non-structural protein)

NTA — analiza $ledzenia nanoczastek (nanoparticles tracking analysis)
ORF — otwarta ramka odczytu (open reading frame)

OUN - os$rodkowy uktad nerwowy

PRRs — receptory rozpoznajace wzorce (pattern recognition receptors)

TBEV — wirus kleszczowego zapalenia mozgu (tick-borne encephalitis virus)

TBEV-BKI — wirus kleszczowego zapalenia mozgu szczep bajkalski (tick-borne encephalitis

virus Baikalian strain)

TBEV-Eur — wirus kleszczowego zapalenia moézgu szczep europejski (tick-borne encephalitis

virus European strain)

TBEV-FE — wirus kleszczowego zapalenia moézgu szczep dalekowschodni (tick-borne

encephalitis virus Far-Eastern strain)

TBEV-Him — wirus kleszczowego zapalenia mozgu szczep himalajski (tick-borne encephalitis

virus Himalayan strain)



TBEV-Sib — wirus kleszczowego zapalenia mozgu szczep syberyjski (tick-borne encephalitis
virus Siberian strain)

UTR — region nieulegajacy translacji (untranslated region)

VLPs — czastki wirusopodobne (virus-like particles)

WHO — Swiatowa Organizacja Zdrowia (World Health Organization)
WNV — wirus Zachodniego Nilu (West Nile virus)

YFV — wirus zo6ttej goraczki (yellow fever virus)

ZIKV — wirus Zika (Zika virus)



2. Streszczenie

Wirus kleszczowego zapalenia méozgu (TBEV, ang. tick-borne encephalitis virus) stanowi
powazne zagrozenie dla zdrowia publicznego w réznych regionach Europy Srodkowe;,
Wschodniej i Potnocnej, a takze w pdinocnej Azji, powodujac powazne infekcje neurologiczne,
takie jak zapalenie modzgu czy zapalenie opon mozgowo-rdzeniowych. Gléwng droga
przenoszenia TBEV s3 ukaszenia kleszczy, jednak spozycie produktow mlecznych
pochodzacych od zakazonych zwierzat, takich jak kozy, bydlo i owce, rowniez stanowi
znaczacy czynnik ryzyka. Na rynku dostepne sg szczepionki przeciwko TBEV oparte
na inaktywowanym wirusie, jednak do tej pory nie zostala opracowana specyficzna terapia
antywirusowa. Pomimo znaczacego wzrostu liczby zakazen TBEV, w wielu dotknigtych
krajach wskazniki szczepien pozostaja niskie ze wzgledu na wysokie koszty istniejacych
szczepionek. Co wigcej, ze wzgledu na wysokie koszty nie sg one powszechnie stosowane jako
szczepionki weterynaryjne, co podkresla pilng potrzebe opracowania alternatywnych srodkow
zapobiegawczych.

Podejscie zaprezentowane w tej rozprawie, oparte na czgstkach wirusopodobnych (VLPs,
ang. virus-like particles,) TBEV, ktore nasladujg struktur¢ natywnych czastek wirusa, ale nie
posiadaja materiatu genetycznego, wykazato wysoki potencjal do zastosowania jako antygen
szczepionkowy. Znaczacym osiggnigciem byto wykazanie uzytecznosci stosowania systemu
ekspresyjnego opartego na pierwotniaku L. tarentolae do wydajnej produkcji VLPs TBEV.
Poprzez charakterystyke funkcjonalng potwierdzono, ze rekombinowane biatka strukturalne
(prtM/M 1 E) TBEV tworza VLPs, ktore sa wysoce rozpoznawane przez przeciwciata
neutralizujgce w analizach in vitro.

W celu oceny immunogennosci uzyskanych czastek, przeprowadzone zostaly badania
w mysim modelu zwierzecym. Zwierzgta zostaly zaszczepione trzema dawkami VLPs
w potaczeniu z adiuwantem AddaVax™, a uzyskane surowice poszczepienne zostaty poddane
analizie. Przeprowadzone badania wykazaty wysoki poziom przeciwciat przeciwko biatkom
TBEV oraz inaktywowanemu wirusowi. Test neutralizacji wirusa wykazal wysoka zdolnos¢ do
neutralizacji TBEV za pomoca surowic poszczepiennych, co potwierdzito skutecznos¢ VLPs
jako antygenu szczepionkowego. Wysoki potencjal uzyskanych VLPs do zastosowania
w potencjalnej szczepionce zostat tez potwierdzony w eksperymencie typu challenge, gdzie
immunizacja za pomocg VLPs w potaczeniu z adiuwantem zapewnita 100% ochrony przed

rozwini¢ciem objawow infekcji u myszy, ktérym podano $miertelng dawke wirusa.



Kolejnym etapem badan bylo znalezienie najskuteczniejszej drogi podania i potaczenia
z adiuwantem dla potencjalnej szczepionki. Opierajac si¢ na wcze$niejszych wynikach
wykazujacych skutecznos¢ immunizacji za pomoca VLPs w eksperymencie typu challenge,
w tym etapie badan gléownym celem byla ocena profilu odpowiedzi immunologiczne;j.
Wykorzystujac myszy jako model zwierzgecy, sze$¢ rdznych grup immunizowano VLPs
poprzez podanie podskorne (S.c.) lub domigsniowe (i.m.), z lub bez adiuwantow (AddaS03™
i Alhydrogel®+MPLA). Odpowiedz limfocytow T zostata zbadana za pomoca testu ELISPOT
(ang. enzyme-linked immunospot assay), wskazujagc na produkcje interferonu y glownie
w grupach adiuwantowanych Alhydrogel® + MPLA.

Ponadto oceniono odpowiedz przeciwcial, wykazujac wzrastajacy poziom przeciwcial po
kazdej dawce, przy czym znacznie wyzsze stezenia obserwowano w grupach, w ktérych
stosowano adiuwant. Dodatkowo, miana podklas IgG uwidocznily bardziej zréwnowazona
odpowiedz immunologiczng w grupach z adiuwantem, szczegoélnie w przypadku antygenu
z Alhydrogel®+MPLA, podawanego domigsniowo. Co wigcej analiza awidnoS$ci przeciwciat
ujawnita wyzszg awidno$¢ w grupach otrzymujacych VLPs z adiuwantem, podkreslajac rolg
adiuwantow w poprawie jakosci przeciwcial. Testy neutralizacji wykazaly wyzsze miana
w grupach myszy otrzymujacych VLPs z adiuwantem, zwtaszcza w podaniu i.m., co wskazuje
na wigkszy potencjal neutralizujacy wobec réznych szczepéw TBEV. Bioragc pod uwage
wszystkie czynniki, uzyskane wyniki sugeruja, ze VLPS w potaczeniu z Alhydrogel® i MPLA
podawane domigsniowo wywotuja silng i zrownowazong odpowiedz immunologiczna,
ze zwigkszong produkcja przeciwciat neutralizujagcych w poréwnaniu do poprzednich badan.
To zoptymalizowane podejscie do szczepien jest obiecujace w zakresie skutecznego
zapobiegania zakazeniom TBEV.

Podsumowujac, wyniki uzyskane w ramach realizacji niniejszej rozprawy doktorskiej
wskazuja, ze otrzymane VLPs TBEV sa bardzo dobrym kandydatem na alternatywnag
szczepionke przeciwko temu wirusowi. Badania majace na celu scharakteryzowanie
produkowanych rekombinowanych biatek wykazaly, ze s3 one funkcjonalne i tworza VLPs,
ktore zostaty wykorzystane do dalszych badan. Ich skuteczno$¢ w zapobieganiu infekcji zostata
wykazana w kilku etapach badan na zwierzetach. Potwierdzily one pelng skutecznos¢
w ochronie przed infekcja oraz pozwolily na wskazanie potencjalnie najskuteczniejszych
potaczenia z adiuwantem oraz drogi podania potencjalnej szczepionki.

VLPs produkowane s3 w niekonwencjonalnym systemie ekspresyjnym opartym
na pierwotniaku, dzigki czemu mozliwa jest wydajna produkcja i oczyszczanie czastek, a dzigki

temu niska cena potencjalnej szczepionki. Sprawia to, ze opracowana potencjalna szczepionka
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jest konkurencyjna wzgledem dostepnych obecnie szczepionek opartych na inaktywowanym
wirusie. Wdrozenie opracowanej rekombinowanej szczepionki o nizszych kosztach, mogtoby
Ww znacznym stopniu przyczynic¢ si¢ do zwigkszenia dostepnosci szczepionki przeciwko TBEV.
Koszty produkcji moglyby zosta¢ obnizone w stosunku do obecnie dostepnych szczepionek
ze wzgledu na wykorzystanie systemu ekspresji opartego na tanich odczynnikach, zastosowanie
prostych metod oczyszczania oraz oparcie preparatu na rekombinowanym antygenie, nie
wymagajacym przy produkcji tak wysokich zabezpieczen jak szczepionka inaktywowana
oparta na wirusie. Tania, ale skuteczna i bezpieczna szczepionka chronigca przed zakazeniem
wirusem TBEV mogtaby by¢ stosowana powszechnie. Niskie koszty szczepionki moglyby tez
pozwoli¢ na wykorzystanie jej jako szczepionki weterynaryjnej, ktdra obecnie nie jest dostepna.
Spozycie produktow mlecznych od zakazonych zwierzat jest jedng z drog przeniesienia wirusa
na ludzi. W zwigzku z tym wprowadzenie powszechnych szczepien dla zwierzat hodowlanych
przyczynitoby si¢ zar6wno do zmniejszenia rezerwuaru wirusa w srodowisku, jak rowniez

ograniczytoby mozliwos$ci zakazenia ludzi.
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3. Abstract (streszczenie w jezyku angielskim)

Tick-borne encephalitis virus (TBEV) represents a significant public health concern across
various regions of central, eastern, and northern Europe, as well as northern Asia, resulting
in severe neurological infections, such as encephalitis or meningitis. The primary mode
of transmission is through tick bites, although consumption of dairy products from infected
animals such as goats, cattle, and sheep also presents a notable risk factor. Vaccines based
on the inactivated virus are available against TBEV; however, no specific antiviral therapy has
been developed so far. Despite the substantial increase in the number of TBEV infections,
vaccination rates remain low in many affected countries due to the high costs of existing
vaccines. Moreover, due to the high costs they are not widely used as veterinary vaccine,
highlighting the urgent need for alternative preventive measures.

The approach presented in this dissertation based on TBEV virus-like particles (VLPs), that
mimic the structure of native viral particles but lack genetic material, exhibited high potential
as a vaccine antigen. Notably, a significant milestone was achieved by demonstrating the utility
of using the protozoan L. tarentolae expression system for the efficient production of TBEV
VLPs. Through functional characterization, it was confirmed that the recombinant structural
proteins (prM/M and E) of TBEV formed VLPs that were highly recognized by neutralizing
antibodies in in vitro analyses.

In order to assess the immunogenicity of the obtained particles, immunization studies were
carried out in a mice animal model. The animals were vaccinated with three doses of VLPs
in combination with the AddaVax™ adjuvant, and then the obtained post-immunization sera
were analyzed. Analyses showed high levels of antibodies against TBEV proteins and
the inactivated virus. The virus neutralization test showed a high ability to neutralize TBEV
using post-immunization sera, which confirmed the effectiveness of VLPs as a vaccine antigen.
The high potential of the obtained VLPs for use in a potential vaccine was also confirmed
in a challenge experiment, where immunization with VLPs in combination with an adjuvant
provided 100% protection against the development of symptoms of infection in mice
administered with a lethal dose of the virus.

The next stage of the research was to determine the most effective route of administration
and combination with an adjuvant for the potential vaccine. Building on previous findings that
demonstrated the efficacy of VLP immunization in challenge experiments, the focus at this
stage was to evaluate the resulting immune response profile. Using mice as an animal model,

six different groups were immunized with VLPs via subcutaneous (s.c.) or intramuscular (i.m.)
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administration, with or without adjuvants (AddaS03™ and Alhydrogel®+MPLA). T-cell
responses were analyzed using an enzyme-linked immunospot assay (ELISPOT), showing
interferon y production primarily in groups adjuvated with Alhydrogel®+MPLA.

Moreover, antibody responses were assessed, demonstrating increasing levels of antibodies
after each dose, with significantly higher concentrations observed in adjuvanted groups.
Additionally, 1gG subclass titers highlighted a more balanced immune response in adjuvanted
groups, particularly with Alhydrogel®+MPLA in i.m. administration. Furthermore, antibody
avidity analysis revealed higher avidity in adjuvanted groups, emphasizing the role of adjuvants
in enhancing antibody quality. Neutralization assays demonstrated higher titers in adjuvanted
groups, particularly in i.m. administration, indicating superior neutralizing potential against
various TBEV strains. Overall, the findings suggest that VLPs combined with Alhydrogel®
and MPLA in i.m. administration elicit a robust and balanced immune response, with enhanced
neutralizing antibody production compared to previous studies. This optimized vaccination
approach holds promise for effectively combating TBEV infections.

To sum up, the results obtained as part of this doctoral dissertation indicate that the obtained
TBEV VLPs are a very good candidate for an alternative vaccine against this virus. Studies
aimed at characterizing the produced recombinant proteins showed that they were functional
and formed VLPs, which were used for further research. Their effectiveness in preventing
infection has been demonstrated in several stages of animal testing. They confirmed full
effectiveness in protection against infection and allowed to indicate the potentially most
effective combination with an adjuvant and the route of vaccine administration.

VLPs are produced in an unconventional expression system based on a protozoan, thanks
to which efficient production and purification of particles is possible, and thus a low price
of the potential vaccine. This makes the developed potential vaccine competitive with currently
available vaccines based on inactivated virus. The implementation of the developed
recombinant vaccine with lower costs could significantly contribute to increasing
the availability of the TBEV vaccine. Production costs could be reduced compared to currently
available vaccines due to the use of an expression system based on cost-effective reagents,
the use of simple purification methods and the recombinant antigen, which does not require
such high levels of security during production as an inactivated virus-based vaccine. A cheap
but effective and safe vaccine protecting against TBEV infection could be widely used.
The low cost of the vaccine could also allow it to be used as a veterinary vaccine, which is not
currently available. Consumption of dairy products from infected animals is one of the ways

of transmitting the virus to humans. Therefore, introducing common vaccinations for farm
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animals would both contribute to reducing the reservoir of the virus in the environment

and would also limit the possibility of human infection.
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4. Lista publikacji wchodzacych w sklad rozprawy
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w ramach przygotowania tej rozprawy i stanowig opis realizacji opisanych ponizej zadan

(P1) Leishmania tarentolae as a platform for the production of vaccines against
viral pathogens. Zimna, M., Krol, E. (2024). NPJ Vaccines. 9(1):212.
https://doi:10.1038/s41541-024-01005-9

(P2) Functional characterization and immunogenicity of a novel vaccine
candidate against tick-borne encephalitis virus based on Leishmania-derived
virus-like particles. Zimna, M., Brzuska, G., Salat, J., Svoboda, P., Baranska, K.,
Szewczyk, B., Ruzek, D., Krol, E. (2023). Antiviral research, 209, 105511.
https://doi.org/10.1016/j.antiviral.2022.105511

(P3) Influence of adjuvant type and route of administration on the
immunogenicity of Leishmania-derived tick-borne encephalitis virus-like
particles - A recombinant vaccine candidate. Zimna, M., Brzuska, G., Salat, J.,
Ruzek, D., Krol, E. (2024). Antiviral research, 228, 105941.
https://doi.org/10.1016/j.antiviral.2024.105941

Publikacja P1 jest przegladem literatury na temat dotychczasowych zastosowan systemu

badawczych.
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5. Wstep
5.1. Wirus kleszczowego zapalenia mézgu

Kleszczowe zapalenie moézgu (KZM) jest jedng z najpowazniejszych chordb
wirusowych przenoszonych przez kleszcze, stanowigcg powazne zagrozenie zdrowotne
w wielu czgsciach Europy 1 Azji. Wywotuje ja wirus kleszczowego zapalenia mézgu (TBEV,
ang. tick-borne encephalitis virus), ktory zostal po raz pierwszy wyizolowany i opisany w 1937
roku przez radzieckiego wirusologa Leonida Zilbera, ktory zidentyfikowal go jako czynnik
etiologiczny odpowiedzialny za przypadki zapalenia mozgu wystepujace w regionach lesnych
Dalekiego Wschodu!. Infekcja TBEV moze prowadzi¢ do powaznych zaburzen
neurologicznych, a nawet $mierci. Ze wzgledu na brak specyficznego leczenia
przeciwwirusowego, kluczowa rolg w profilaktyce tej choroby odgrywaja szczepienia.
Szczepienia przeciwko TBEV, jako jedna z nielicznych skutecznych metod zapobiegania
kleszczowemu zapaleniu moézgu, staly si¢ istotnym narzedziem w walce z rosnacym

zagrozeniem epidemiologicznym?.
511 Klasyfikacja taksonomiczna

TBEV nalezy do rodzaju Orthoflavivirus (do niedawna Flavivirus), ktory sktada sig
z ponad 70 rozpoznanych wirusow, z ktorych wiele jest przenoszonych przez stawonogi, takie
jak komary i kleszcze. Rodzaj ten nalezy do rodziny Flaviviridae. Zaliczaja si¢ do niego takze
inne patogeny odpowiedzialne za powazne choroby u ludzi, takie jak wirus zottej goraczki
(YFV, ang. yellow fever virus), wirus dengi (DENV, ang. dengue virus), wirus Zachodniego
Nilu (WNV, ang. West Nile virus) oraz wirus Zika (ZIKV, ang. Zika virus). Zgodnie
z klasyfikacja przedstawiong przez Migdzynarodowy Komitet Taksonomii Wirusow (ICTV,
ang. International Committee on Taxonomy of Viruses) nazwa gatunkowa TBEV zostala
niedawno zmieniona na Orthoflavivirus encephalitidis, jednak nadal powszechnie stosowana
jest angielska nazwa, natomiast skrot TBEV nie zostal zmieniony®. TBEV jest jednym
z najwazniejszych przedstawicieli rodzaju Orthoflavivirus, szczegélnie w kontekscie chorob
przenoszonych przez kleszcze.

W ramach gatunku TBEV klasycznie wyroznia si¢ trzy glowne subtypy: europejski
(TBEV-Eur), syberyjski (TBEV-Sib) oraz dalekowschodni (TBEV-FE). Kazdy z nich
charakteryzuje si¢ specyficznymi cechami epidemiologicznymi, zasi¢ggiem geograficznym oraz

potencjalnym przebiegiem klinicznym choroby. TBEV-Eur wystepuje gltownie w Europie
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Srodkowej i Wschodniej, subtyp syberyjski TBEV-Sib jest spotykany na obszarach Rosji
I Syberii, natomiast TBEV-FE dominuje w regionach Dalekiego Wschodu, w tym w Rosji,
Chinach i Japonii. Oprocz rozmieszczenia geograficznego podtypy te wykazujg rdznice
w gatunkach wektorow i patogenicznosci, chociaz majg wspolng ogolng organizacje i strukture
genomu®,

W ostatnich latach, dzieki postgpowi w technikach molekularnych, zidentyfikowano
nowe subtypy TBEV, ktore poszerzyty nasza wiedzg na temat jego réznorodnosci genetycznej.
Odkrycie subtypow, takich jak np. subtyp bajkalski (TBEV-BkI) czy himalajski (TBEV-Him),
uwidocznilo jeszcze bardziej ztozono$¢ ewolucyjng wirusa i jego adaptacje do rdznych
ekologicznych nisz oraz zywicieli. Nowe subtypy moga mie¢ unikalne cechy epidemiologiczne
i patogenne, co podkresla koniecznos$¢ cigglego monitorowania wirusa w roéznych regionach

geograficznych®®,
5.1.2. Genom i bialka wirusowe

TBEV to maty, ostonkowy wirus RNA o jednoniciowym genomie RNA o0 dodatniej
polarnosci, ktorego dtugos¢ wynosi okoto 11 kb (Ryc. 1). Genom TBEV posiada pojedyncza
otwartg ramke odczytu (ORF, ang. open reading frame), ktora zajmuje prawie cata dtugosc¢
genomu i koduje pojedyncza poliproteing. Poliproteina ta ulega nastgpnie procesowi
posttranslacyjnej  proteolizy, katalizowanej zar6wno przez proteazy wirusowe,
jak 1 komorkowe, w wyniku czego powstaja poszczegolne biatka wirusowe. Biatka te dzielg si¢
na strukturalne oraz niestrukturalne’.

Na obu koncach genomu TBEV znajduja si¢ niekodujace regiony (UTR, ang.
untranslated regions). S'UTR i 3'UTR pelnig kluczowe funkcje w regulacji cyklu zyciowego
wirusa. 5'UTR jest zwigzany z inicjacjg translacji, natomiast 3'UTR bierze udziat
w stabilizowaniu RNA oraz w jego replikacji. Regiony te moga rowniez zawiera¢ elementy
strukturalne, ktore s3 istotne dla oddziatywan z biatkami wirusowymi i komérkowymi®,

Replikacja wirusa zachodzi w cytoplazmie zakazonej komorki, gdzie biatka
niestrukturalne tworza kompleks replikacyjny na zmodyfikowanych btonach retikulum
endoplazmatycznego (ER, ang. endoplasmic reticulum). NS5, kluczowa polimeraza RNA,

katalizuje synteze nowej nici RNA na matrycy genomu wirusa®,
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Rycina 1. Organizacja genomu, poliproteiny i pojedynczych bialek TBEV. Migjsca cigcia
dla wirusowej proteazy serynowej oznaczono czarnymi strzalkami, miejsca cigcia
dla peptydazy sygnatowej gospodarza pomaranczowymi strzatkami, nieznane miejsce cigcia
dla proteazy gospodarza niebieska strzatka, a miejsce ciecia dla furyny zielong strzatka

(na podstawie Pustijanac et al., 2023).

Biatka strukturalne TBEV obejmuja:

e C — bialko kapsydu, ktére formuje ostone wirusowego RNA, tworzac nukleokapsyd,

e prM/M — prekursor biatka btonowego, ktore podczas dojrzewania wirusa przeksztalca
si¢ w biatko M, chronigc biatko E przed przedwczesng aktywacja;

e E — biatko ostonkowe, kluczowe dla wigzania wirusa z receptorami na powierzchni

komoérek gospodarza oraz dla procesu fuzji blony wirusowej z btong komorkowa®.

Bialka niestrukturalne (ang. non-structural, NS) petnig roznorodne funkcje zwigzane
z replikacja RNA oraz modulacja odpowiedzi immunologicznej gospodarza. W sktad tych
biatek wchodza:
e NSI1 - biatko sekrecyjne, uczestniczace w replikacji wirusa oraz w interakcji z uktadem
immunologicznym gospodarza;
e NS2A - biatko blonowe, zaangazowane w organizacj¢ kompleksu replikacyjnego;

o NS2B — kofaktor proteazy wirusowej NS3;
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e NS3 - proteaza wirusowa oraz helikaza, niezbedna dla replikacji wirusa,

e NS4A - biatko btonowe, ktére modyfikuje blony komodrkowe, tworzac platforme
dla replikacji wirusowego RNA,;

e NS4B - biatko pehiace funkcje regulatora replikacji oraz modulujacego odpowiedz
interferonowg;

e NS5 — najwieksze biatko niestrukturalne, bedace polimeraza RNA zalezng od RNA
oraz metylotransferaza, odpowiedzialng za synteze¢ i kapowanie nowo powstatego RNA

wirusa®.
5.1.3. Bialka powierzchniowe prM/M i E

Biatko prM (pre-membrane) jest syntetyzowane jako prekursor, ktory w procesie
dojrzewania wirusa ulega proteolitycznemu cigciu, prowadzacemu do powstania dojrzaltego
biatka M (membrane). prM pehi funkcje chaperonowa dla biatka E, chronigc je przed
przedwczesng aktywacja i nieprawidtowym faldowaniem w trakcie procesu morfogenezy
wirionu. Dopiero po osiagnigciu pelnej dojrzatosci wirionu w kwasnym $rodowisku
pecherzykéw wydzielniczych komorki gospodarza, proteaza furynowa katalizuje odcigcie
fragmentu pr od biatka prM, pozostawiajac w wirionie dojrzate biatko M,

Biatko prM sktada si¢ z dwoch domen: N-terminalnej domeny pr, ktéra zostaje odcigta
podczas dojrzewania wirionu, oraz domeny M, ktora posiada region transmembranowy
kotwiczacy bialtko w btonie wirusa. Po odcigciu fragmentu pr, dojrzate biatkko M pozostaje
w wirionie i petni funkcje strukturalna, stabilizujac ostonke wirusa®®.

Biatko E (envelope) jest gltownym Dbiatkiem powierzchniowym TBEV,
odpowiedzialnym za wejscie wirusa do komorki gospodarza poprzez wigzanie si¢ z receptorami
komorkowymi oraz fuzje ostonki wirusowej z btong komoérkowa gospodarza. Biatko E jest
glikoproteing zlozong z trzech gtownych domen: domeny I (DI), domeny II (DII) oraz domeny
[11 (DIII). Dodatkowo, w C-terminalnej cz¢$ci biatka E znajduje si¢ region stem, ktory taczy
ektodomene z dwoma regionami transmembranowymi kotwiczacymi biatko w blonie
wirusaltt?,

DI stanowi centralny rdzen strukturalny biatka E, do ktérego przytaczone sg pozostate
domeny. DIl zawiera region fuzji (fusion loop), ktory uczestniczy w fuzji btony wirusowej
z blong endosomalng komorki gospodarza, co jest kluczowym etapem w cyklu infekcyjnym
wirusa. Immunoglobulinopodobna DIII odgrywa kluczowa role w interakcji z receptorami na

powierzchni  komoérki  gospodarza?!3, Jest ona réowniez  szczegdlnie istotna
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z immunologicznego punktu widzenia, gdyz przeciwciata neutralizujgce, ktore moga blokowac
zakazenie wirusem, najczesciej celuja wlasnie w te domeneg!?,

N-glikozylacja jest istotng modyfikacja posttranslacyjng biatek prM/M i E, wptywajaca
na ich strukture, stabilno$¢ oraz funkcje biologiczne. W przypadku biatka prM, N-glikozylacja
zachodzi w N-koncowej cze$ci domeny pr, co jest wazne dla prawidtowego faldowania biatka
oraz jego funkcji chaperonowej wobec biatka E. Brak N-glikozylacji biatka prM moze
prowadzié¢ do nieprawidtowej morfogenezy wiriondw i obnizonej zakaznosci wirusa®®.

Biatko E réwniez podlega N-glikozylacji, co ma kluczowe znaczenie dla jego funkciji.
Glikozylacja moze wplywac na proces fuzji bton, stabilnos¢ biatka, a takze na zdolno$¢ wirusa
do unikania odpowiedzi immunologicznej gospodarza. Dodatkowo moze maskowac epitopy
biatka E, utrudniajgc rozpoznanie wirusa przez przeciwciatal®. Niemniej jednak, pewne
epitopy, zwlaszcza w obrebie domeny 111, pozostaja dostepne dla przeciwciat neutralizujacych,
co czyni DIII atrakcyjnym celem dla opracowywania szczepionek oraz terapii przeciwciatami
monoklonalnymi!*. N-glikozylacja moze tez wptywaé na zdolno§¢ biatka E do tworzenia
czastek wirusowych®®.

W dojrzatym wirionie TBEV bialka M 1 E s3 rozmieszczone w zewngtrznej btonie
lipidowej wirusa (Ryc. 2). Biatko E wystepuje w postaci homodimerow, ktore uktadajg
si¢ rownolegle do powierzchni wirionu. Kazdy homodimer biatka E jest silnie zakotwiczony
w blonie wirusowej za posrednictwem dwoch domen transmembranowych, przechodzacych
przez dwuwarstwe lipidowa. Biatko M jest rowniez zintegrowane z btong wirusowa, a jego
pojedyncza domena transmembranowa zakotwicza je w dwuwarstwie lipidowej. Biatko M,
pozostaje w bliskim kontakcie z biatkiem E, co wspiera stabilno$¢ ostonkiwirusa i zapewnia
prawidtowe utozenie bialek w btonie. Na powierzchni wirionu biatka E uktadajg si¢ w struktury
przypominajace kratke, tworzac $cisle przylegajace do siebie dimery. Takie ulozenie zapewnia
optymalng interakcj¢ z receptorami na powierzchni komorek gospodarza podczas

infekcjitt 1718,
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Rycina 2. Schemat bialek powierzchniowych E i M zakotwiczonych w blonie lipidowej
TBEV (na podstawie Pierson i Diamond, 2020).

Biatka prM 1 E wykazuja zdolno$¢ do samoorganizacji w struktury przypominajace
wirusy, nazywane czastkami wirusopodobnymi (VLPs, ang. virus-like particles). VLPs
to struktury sferyczne, ktore morfologicznie przypominaja wiriony, ale nie zawieraja materialu
genetycznego, co czyni je niezdolnymi do replikacji i zakazania komorek. Ta wiasciwos¢ jest
wynikiem interakcji miedzy biatkami prM 1 E, ktére nasladuja procesy zachodzace podczas
tworzenia pelnych wirionow. Proces ten nie wymaga obecno$ci innych wirusowych
komponentow, co wskazuje na kluczowa role biatek prM 1 E w samodzielnym formowaniu
struktur wirusopodobnych®2L,

Zdolno$¢ do tworzenia VLPs ma istotne znaczenie w kontek$cie badan nad
szczepionkami przeciwko TBEV. VLPs moga by¢ wykorzystane jako bezpieczna alternatywa
do szczepionek bazujacych na zywych, atenuowanych lub inaktywowanych wirusach,
poniewaz indukuja odpowiedZz immunologiczng podobna do odpowiedzi na zakazenie
wirusem, ale nie niosg ryzyka wywolania choroby?2. W szczegdlnosci, biatko E eksponowane
na powierzchni VLPs jest gtéwnym celem dla neutralizujacych przeciwciat, co czyni VLPs
obiecujaca platformg do opracowywania szczepionek przeciwko kleszczowemu zapaleniu

mozgu?®.
5.1.4. Struktura wirionu

TBEV jest wirusem ostonkowym o ikosaedralnej strukturze, ktorej §rednica wynosi

okoto 50 nm. Wirion sklada si¢ z ostonki lipidowej, w ktorej zakotwiczone sg biatka
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powierzchniowe, oraz nukleokapsydu, ktéry zawiera jednoniciowy RNA o dodatniej
polarno$ci. Struktura ta zmienia si¢ w miar¢ dojrzewania wirusa, co prowadzi do powstania
dwdch odmiennych form wirionu: niedojrzalej i dojrzatej czastki wirusowej* (Ryc. 3).

Niedojrzata czastka wirionu TBEV powstaje we wczesnych etapach cyklu
replikacyjnego wirusa, w retikulum endoplazmatycznym komorki gospodarza. W tej formie na
powierzchni wirionu obecne sg biatka prM 1 E, ktore tworzg struktury $cisle zwigzane z btong
lipidowa. W niedojrzalym wirionie heterodimery biatek prM i E zorganizowane sa w trimery,
ktore tworzg wyraznie widoczne wypukitosci na powierzchni wirionu. Obecno$¢ fragmentu pr
sprawia, ze petla fuzyjna biatka E jest chroniona przed przedwczesng fuzjg z blonami
komorkowymi?4,

Dojrzata czastka wirionu TBEV powstaje w po6zniejszych etapach cyklu replikacyjnego,
po przetransportowaniu niedojrzalych wirionow do aparatu Golgiego i wystawieniu ich na
dziatanie kwasnego S$rodowiska. Pod wplywem proteazy furynowej dochodzi
do proteolitycznego odcigcia fragmentu pr od biatka prM, co prowadzi do przeksztalcenia si¢
biatka E 1 powstania dojrzatej czastki wirusowej. W dojrzalej czastce wirionu biatka E
reorganizuja si¢, tworzac homodimery, ktore ukladaja si¢ na powierzchni wirionu
w uporzadkowang strukture o symetrii ikozaedralnej. Powierzchnia dojrzatego wirionu jest
gladka, z réwnomiernie rozmieszczonymi biatkami E, ktore leza ptasko na oslonce
lipidowej!t14.2,

Zmiany te sa niezb¢dne do przygotowania wirionu do interakcji z komorka gospodarza
oraz infekcji. W ten sposob dojrzewanie wirusa, polegajace na proteolitycznym odcigciu
fragmentu pr oraz reorganizacji biatek powierzchniowych, jest kluczowym etapem w cyklu
replikacyjnym TBEV, determinujacym jego zakaznos¢ i patogenno$¢?®.

Dojrzaty wirion TBEV charakteryzuje si¢ wigksza stabilnoscig 1 infekcyjnoscia
w poréwnaniu z forma niedojrzala. Homodimery bialka E odgrywaja kluczowa role w procesie
infekcji, posredniczac w interakcji wirusa z receptorami na powierzchni komorki gospodarza

oraz fuzji blon, co umozliwia przeniknigcie wirusowego RNA do wnetrza komorki?®.
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Rycina 3. Struktura niedojrzalego i dojrzalego wirionu TBEV (na podstawie Pierson
i Diamond, 2020).

5.1.5. Transmisja i wywolywane choroby

Zakazenie TBEV najczgsciej nastgpuje poprzez ukaszenie zakazonego kleszcza, ktory
przenosi wirusa na czlowieka (Ryc. 4a). Gtoéwnymi gatunkami kleszczy odpowiedzialnymi
za transmisj¢ TBEV sg Ixodes ricinus, powszechnie wystepujacy w Europie oraz Ixodes
persulcatus, ktory dominuje na obszarach Azji, w tym w Rosji?’. Kleszcze te sg kluczowymi
wektorami wirusa, a zakaZenie moze nastapi¢ juz w ciggu kilku minut po ugryzieniu?®,

Inng istotng droga zakazenia jest spozycie niepasteryzowanego mleka lub produktow
mlecznych pochodzacych od zakazonych zwierzat, takich jak kozy, owce czy krowy (Ryc. 4a).
Chociaz ta droga transmisji jest rzadsza, odnotowano przypadki zakazen po spozyciu mleka,
szczegolnie w regionach endemicznych dla TBEV2%30,

Gryzonie, takie jak myszy polne 1 nornice, stanowig gltowny rezerwuar wirusa
w srodowisku. Kleszcze zarazajg si¢ wirusem, gdy ssg krew zakazonych gryzoni, co pozwala

na dalsze przenoszenie wirusa na inne zwierzeta i ludzi®® (Ryc. 4c). Wirus moze réwniez

przetrwa¢ w populacjach kleszczy poprzez zjawisko transstadialne, gdzie przenoszony jest
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przez wszystkie stadia rozwoju kleszcza (larwa, nimfa, dorosty), oraz transowarialne, gdzie
przenoszony jest z matki na potomstwo3? (Ryc. 4b).

Oprocz ludzi 1 gryzoni, wirus TBEV moze zakazac¢ takze inne zwierzgta, w tym dzikie
ssaki, takie jak sarny, jelenie, dziki oraz r6zne gatunki ptakoéw, a takze zwierz¢ta hodowlane,
ktore moga stac sie nosicielami wirusa, wspomagajac jego rozprzestrzenianie si¢ w srodowisku.
Zwierzeta te nie wykazujg zazwyczaj objawoéw choroby, ale moga stanowi¢ wazny element
cyklu przenoszenia wirusa poprzez kleszcze, ktore sie na nich zywig®* %, Zrozumienie ré6znych
drog przenoszenia TBEV jest niezbgdne do wdrozenia skutecznych srodkow zapobiegania
1 kontroli w celu zmniejszenia czestosci wystgpowania zakazenia TBEV 1 choréb z nim

zwigzanych.
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Rycina 4. Sciezki transmisji TBEV (Created with BioRender.com).

Zakazenie wirusem kleszczowego zapalenia mozgu przebiega w dwoch fazach.
Pierwsza faza pojawia si¢ po okresie inkubacji trwajacym od 7 do 14 dni. U wigkszosci 0sob

zakazenie konczy si¢ na tym etapie, czesto przebiegajac bezobjawowo lub z bardzo tagodnymi
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objawami, takimi jak gorgczka, bol glowy, zmegczenie, bole migéni i stawow ktore moga
pozosta¢ niezauwazone®’. Szacuje sie, ze nawet do 70-98% wszystkich zakazeh TBEV moze
przebiega¢ bezobjawowo, co sugeruje, ze rzeczywista liczba przypadkow jest znacznie wyzsza
niz oficjalnie raportowana®,

U czes$ci pacjentow (okoto 20-30%), po kilku dniach poprawy, moze rozwing¢ si¢ druga
faza choroby, obejmujaca osrodkowy uktad nerwowy. W tej fazie wirus moze prowadzi¢ do
zapalenia mozgu, rdzenia krggowego lub opon moézgowo-rdzeniowych. Objawy moga
obejmowa¢ wysoka goraczke, silny bol glowy, sztywnos¢ karku, wymioty, zaburzenia
$wiadomosci, a w ciezkich przypadkach paraliz®®®. Smiertelnos¢ zwiazana z TBEV wynosi
okoto 1-2% w przypadku subtypu zachodniego, ale moze by¢ wyzsza w przypadku subtypow
dalekowschodniego i syberyjskiego, gdzie $miertelnos¢ moze siega¢ nawet 20-40% u os6b
z cigzkimi objawami neurologicznymi®. Wplyw na ryzyko ciezkiego przebiegu choroby
1 $mierci maja zarowno subtyp wirusa, jak i czynniki osobnicze, takie jak wiek i stan zdrowia

pacjenta®C.
5.1.6. Odpowiedz immunologiczna w infekcji TBEV

Infekcja TBEV stanowi istotne wyzwanie dla uktadu odpornosciowego, angazujac
odpowiedz immunologiczng na poziomie zaro6wno humoralnym, jak i komorkowym.
Zrozumienie mechanizméw tych odpowiedzi jest kluczowe dla opracowania skutecznych
strategii prewencyjnych i terapeutycznych?.

Po infekcji wirusem TBEV, uktad odporno$ciowy organizmu mobilizuje rozne
mechanizmy obronne. Kluczowg rol¢ odgrywa odpowiedz humoralna, w ramach ktorej
limfocyty B produkuja specyficzne przeciwciata neutralizujgce wirusa. Przeciwciata te petnig
fundamentalng role w ograniczaniu rozprzestrzeniania si¢ wirusa oraz zapobieganiu jego
wnikaniu do o$rodkowego uktadu nerwowego (OUN). Mechanizmy te obejmuja blokowanie
przylaczania wirusa do komoérek gospodarza, opsonizacje, czyli przylaczanie przeciwciat
do powierzchni wirionu, co utatwia fagocytoze, oraz aktywacje dopetniacza, prowadzaca do
lizy zainfekowanych komorek*#2,

Pomimo istotnosci odpowiedzi humoralnej, sama produkcja przeciwcial moze nie by¢
wystarczajaca do zapewnienia petnej ochrony przed infekcja OUN. W tym kontekscie, rola
odpowiedzi komoérkowej, w szczeg6lnosci limfocytow T, jest rowniez kluczowa. Limfocyty T,
w tym limfocyty T cytotoksyczne (CD8+) oraz limfocyty T pomocnicze (CD4+), angazujg si¢
w rozpoznawanie i eliminacj¢ zainfekowanych komorek oraz modulowanie odpowiedzi
immunologicznej. Limfocyty T cytotoksyczne rozpoznaja i niszcza komorki prezentujace
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antygeny wirusa, podczas gdy limfocyty T pomocnicze wspierajag odpowiedz humoralng
i komorkowa poprzez wydzielanie cytokin, takich jak interleukina-2 (IL-2), interleukina-4 (1L-
4) i interferon-gamma (IFN-y), ktoére wzmacniajg aktywno$¢ innych komoérek uktadu
odpornosciowego?> 44,

Réwnoczesnie, rownowaga mi¢dzy odpowiedzig Thl, a Th2 odgrywa kluczowa role
w kontekécie TBEV. Odpowiedz Thl, promujaca aktywacje makrofagéw i limfocytow T
cytotoksycznych, jest istotna dla zwalczania wiruséw wewnatrzkomorkowych. Z kolei
odpowiedz Th2 wspiera odpowiedz humoralng. Nalezy jednak podkresli¢, ze nadmierna
aktywacja odpowiedzi Thl moze prowadzi¢ do nadmiernej reakcji zapalnej, ktéra moze
sprzyjaé przenikaniu wirusa do OUN i powodowaé dodatkowe uszkodzenia neurologiczne®>4°.

W zwiagzku z tym skuteczna szczepionka przeciwko TBEV powinna indukowac
zrbwnowazong odpowiedz immunologiczng, angazujac zaréwno komponenty humoralne,
jak 1 komoérkowe. Kluczowe jest osiggnigcie odpowiedniej rownowagi miedzy odpowiedzig
Th1, a Th2, aby zapewni¢ pelng ochrong przed wirusem, jednoczesnie minimalizujac ryzyko

nadmiernej reakcji zapalnej. Takie podejscie moze znaczaco zwigkszy¢ efektywnosc

szczepionek w prewencji zakazen oraz ich powikltan, takich jak zapalenie mozgu.
5.1.7. Epidemiologia

Na przestrzeni ostatnich dwoch dekad odnotowano znaczacy wzrost zachorowan
na kleszczowe zapalenie mézgu w Europie, co plasuje t¢ chorobe jako druga najpowazniejsza
chorobe przenoszong przez kleszcze. Wedtug Swiatowej Organizacji Zdrowia (WHO, ang.
World Health Organization) rocznie notuje si¢ 10 000—-12 000 przypadkow kleszczowego
zapalenia mozgu, jednak ze wzgledu na znaczng liczbe bezobjawowych lub tagodnych
przypadkow, prawdziwa skala problemu moze byé znacznie niedoszacowana®’~°.

TBEV wystepuje przede wszystkim w regionach Europy i1 Azji o umiarkowanym
klimacie (Ryc. 5). W Europie najwicksza liczba przypadkow notowana jest w krajach Europy
Srodkowej, Wschodniej i Pétnocnej, takich jak Austria, Czechy, Stowacja, Niemcy, Polska,
kraje battyckie oraz Skandynawia, gdzie wirus jest endemiczny®®>2. W Rosji, ktora stanowi
jedno z gtéwnych ognisk zakazef, wirus rozprzestrzenia si¢ od zachodnich regiondéw az po
Syberie. W Azji zasiegg TBEV obejmuje m.in. Chiny i Japonig¢, gdzie dominuja inne subtypy
wirusa, takie jak syberyjski i dalekowschodni®*5. Historycznie, zasieg geograficzny TBEV
byt ograniczony do Azji Wschodniej 1 Europy Wschodniej, jednak obecnie szybko si¢
rozszerza; wirus wykrywany jest w niemal catej Europie, a niedawno zgloszono takze
przypadki w Afryce Poocnej®®°,
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Rycina 5. Przyblizony rozklad zachorowan na kleszczowe zapalenie mézgu na dzien 20

stycznia 2024 r. wedlug WHO https://www.cdc.gov/tick-borne-encephalitis/data-

maps/index.html.

Infekcje TBEV charakteryzuja si¢ sezonowym wystgpowanie, zaleznym od aktywnosci
gléwnego wektora, jakim sg kleszcze. Obszary o najwyzszym ryzyku zakazenia to te, gdzie
populacje kleszczy, gtownie Ixodes ricinus i Ixodes persulcatus, sa najbardziej aktywne,
szczegdlnie w lasach, na takach oraz na terenach wiejskich®. W ostatnich latach zmiany
klimatyczne, takie jak globalne ocieplenie, prowadza do wzrostu populacji rezerwuardéw
1 wektorow TBEV. Lagodne zimy oraz wcze$niejsze nadejscie wiosny moga zwickszac
populacje zywicieli 1 przyspiesza¢ rozwo6j kleszczy. W zwiagzku z tym w wyniku zmian
klimatycznych obserwuje si¢ rowniez wzrost czgsto$ci zachorowan na KZM oraz rozszerzanie
si¢ zasiggu wystepowania choroby na wyzsze szerokosci geograficzne oraz nowe obszary

gorskie, gdzie wezesniej przypadki TBEV byty rzadkos$cia lub w ogole nie wystgpowaty®61:62,
5.1.8. Metody prewencji i leczenia

Zapobieganie zakazeniom TBEV opiera si¢ gtownie na szczepieniach oraz unikaniu
ukaszen kleszczy, ktore sa gldownymi wektorami wirusa. Szczepienia sa najskuteczniejszym
sposobem zapobiegania chorobie. W Europie dostgpne sg dwie szczepionki, FSME-Immun®

firmy Pfizer oraz Encepur® firmy Novartis, obie oparte na wirusach subtypu europejskiego
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inaktywowanych formaldehydem. Szczepienia wymagaja podania trzech dawek w celu
osiggniecia pelnej ochrony, a dla utrzymania odporno$ci zalecane sa dawki przypominajace
co 3-5 lat, zwlaszcza u 0s6b starszych. Mimo wysokiej skutecznosci, szczepienia majg swoje
ograniczenia, w tym ryzyko niepelnej ochrony nawet po podaniu petnej serii>®3. W Polsce
szczepienia przeciwko TBEV nie naleza do szczepien obowigzkowych, sa jedynie
rekomendowane dla os6b z grup o podwyzszonym ryzyku, do ktérych naleza osoby pracujace
na terenach zielonych oraz le$nych, osoby czgsto przebywajace w lasach w celach
turystycznych oraz osoby podrézujace na tereny endemiczne TBEV 4,

Obok szczepien, kluczowe znaczenie majg srodki zapobiegawcze, takie jak noszenie
odpowiedniej odziezy, stosowanie repelentow oraz unikanie terenow, gdzie ryzyko kontaktu
z kleszczami jest najwicksze, zwlaszcza w okresie ich wzmozonej aktywnosci®.

W leczeniu zakazen TBEV brakuje obecnie skutecznych lekow przeciwwirusowych.
Terapia ogranicza si¢ jedynie do leczenia objawowego, majacego na celu ztagodzenie
objawow, takich jak bol, goraczka i objawy neurologiczne®. Intensywne badania koncentruja
si¢ na poszukiwaniu nowych terapii oraz udoskonaleniu istniejacych metod zapobiegania,
w tym rozwijaniu rekombinowanych szczepionek, ktére moglyby oferowac¢ bardziej

dlugotrwata ochrone oraz bylyby bezpieczniejsze i bardziej dostgpne zaroéwno dla ludzi,

jak i zwierzat?.

5.2. Czastki wirusopodobne (VLPs) jako antygeny szczepionkowe

VLPs stanowig jedno z najnowoczesniejszych podejs¢ w  dziedzinie
immunoprofilaktyki, oferujac obiecujace mozliwosci w tworzeniu skutecznych 1 bezpiecznych
szczepionek. VLPs to struktury zbudowane z biatek wirusowych, ktore potrafig samoczynnie
si¢ sktada¢ w czastki o strukturze przypominajacej natywne wiriony. Kluczowym aspektem
dotyczacym VLPs jest fakt, Zze nie zawieraja one materialu genetycznego, co sprawia,
ze s3 bezpieczne 1 nie mogg replikowac si¢ w organizmie, jednoczesnie zachowujac zdolnos¢
do indukowania silnej odpowiedzi immunologicznej (Ryc. 6). W procesie produkcji
szczepionek opartych na VLPs nie ma potrzeby pracy z zywym wirusem, cCO Znaczaco
zmniejsza ryzyko dla srodowiska oraz personelu zaangazowanego w produkcje. Dzieki temu
VLPs stanowig bezpieczng platforme zaréwno dla opracowywania szczepionek, jak i badan

biomedycznych.
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wirion czgstka wirusopodobna

Rycina 6. Porownanie wirionu i czgstki wirusopodobnej na przykladzie TBEV

(na podstawie Pierson i Diamond, 2020).

Wykorzystanie VLPs jako antygendéw szczepionkowych bazuje na ich zdolnosci
do nasladowania naturalnych wiruséw, co umozliwia skuteczng prezentacje epitopow
wirusowych ukladowi immunologicznemu. Dzi¢gki swojej trojwymiarowej strukturze, VLPs
sa wysoce immunogenne, mogac efektywnie aktywowac zaré6wno odpowiedz humoralna,
jak 1 komorkowa. Antygeny prezentowane w formie VLPs s3 lepiej rozpoznawane przez
komorki dendrytyczne, co prowadzi do silniejszej aktywacji limfocytow T i1 B, a tym samym
do produkcji przeciwciat i tworzenia pamieci immunologicznej®®. VLPs wykazuja zdolno$¢
silnej aktywacji komoérek dendrytycznych (DCs, ang, dendritic cells), ktore sa najbardziej
efektywnymi komoérkami prezentujacymi antygeny (APCs, ang, antigen-presenting cells).
Aktywacja DCs jest kluczowa dla inicjacji odpowiedzi immunologicznej opartej
na limfocytach B 1 T. Proces ten rozpoczyna si¢ od wigzania VLPs z receptorami
rozpoznajacymi wzorce (PRRs, ang. pattern recognition receptors) na powierzchni DCs,
a nastgpnie ich internalizacji. Interakcje migdzy biatkami tworzacymi VLPs, a PRRSs,
w szczegolnosci te zwigzane z glikozylacja, stymuluja dojrzewanie DCs i prowadza do rozwoju
silnej odpowiedzi adaptacyjnej®®. Ponadto, VLPs charakteryzuja sie rozmiarami wahajacymi
si¢ od 20 do 200 nm, co jest optymalne do swobodnego drenazu do wegztow chtonnych
oraz ulatwia ich wychwytywanie przez APCs®®.

VLPs moga by¢ wykorzystywane do produkcji szczepionek przeciwko réznym
patogenom wirusowym, a takze do opracowywania szczepionek przeciwnowotworowych.

Przyktadem sukcesu tej technologii sg szczepionki oparte na VLPs przeciwko wirusowi
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brodawczaka ludzkiego (HPV, ang. human papilloma virus) — Gardasil® i Cervarix®, oraz
przeciwko wirusowi zapalenia watroby typu B (HBV, ang. hepatitis B virus) — Engerix-B®
i Recombivax HB®, ktore wykazuja wysoka skutecznos$¢ oraz profil bezpieczenstwa. Wysoka
elastycznos$¢ technologii VLPs pozwala rowniez na tworzenie szczepionek multiwalentnych,
zdolnych do ochrony przed kilkoma szczepami danego wirusa lub r6znymi patogenami, a takze
szczepionek chimerycznych, mogacych prezentowa¢ np. antygeny nowotworowe®.

W kontekscie rosnacego zapotrzebowania na nowe i bardziej skuteczne szczepionki,
VLPs oferujg unikalne korzysci, ktore moga znaczaco przyczyni¢ si¢ do poprawy globalnego
zdrowia publicznego. Wykorzystanie VLPs jako antygenow szczepionkowych nie tylko
zwigksza potencjat ochrony przed wirusami, ale rowniez otwiera nowe perspektywy w walce
z chorobami nowotworowymi i innymi patogenami, co czyni je kluczowym narzedziem

w nowoczesnej immunoprofilaktyce.
5.2.1. Strategie produkcji VLPs

Produkcja VLPs jest kluczowym elementem w opracowywaniu nowoczesnych
szczepionek, a rozne systemy ekspresyjne oferuja rozne zalety i wyzwania. Wsrdd najezesciej
stosowanych systemOw znajduja si¢ bakterie, drozdze, komorki owadzie 1 komorki ssacze,
z ktorych kazdy ma swoje unikalne wtasciwosci 1 zastosowania.

Systemy oparte na Escherichia coli sg cenione w produkcji VLPs za ich niskie koszty,
szybki wzrost 1 tatwo$¢ manipulacji. Mimo tych zalet, bakterie maja ograniczenia,
takie jak brak modyfikacji posttranslacyjnych i problem z rozpuszczalnoscig bialek.
Dodatkowo, moga nie zapewnia¢ prawidtowych wigzan disiarczkowych, a takze wprowadzac
endotoksyny, co moze wplywaé na jako$é¢ koncowego produktu®.

Systemy ekspresyjne oparte na drozdzach, takie jak Pichia pastoris i Saccharomyces
cerevisiae, sg szeroko wykorzystywane do produkcji VLPs dzigki ich zdolnosci
do wprowadzania modyfikacji posttranslacyjnych, takich jak glikozylacja. W poréwnaniu
do bakterii, drozdze oferuja lepsza jakos¢ biatek, cho¢ proces produkciji jest bardziej ztozony.
Mimo to, wydajnos¢ produkcji VLPs w drozdzach moze by¢ nizsza niz w systemach
bakteryjnych®. Drozdze moga jednak produkowa¢ funkcjonalne VLPs, wérod ktorych znajduja
si¢ np. zatwierdzone szczepionki oparte 0 VLPs Gardasil® i Cervarix®, ktore chronig przed
HPV®®

Systemy ekspresyjne oparte na komorkach owadzich 1 bakulowirusach sg cenione
za zdolno$¢ do efektywnej produkcji skomplikowanych biatek i VLPs. Proces produkcji polega
na hodowli komoérek owadzich, ktore nastepnie s3 infekowane rekombinowanymi
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bakulowirusami, co umozliwia wysoka wydajno$¢ ekspresji biatek. System ten jest
wszechstronny 1 efektywny, zdolny do wytwarzania duzych ilosci bialek o ztozonych
modyfikacjach posttranslacyjnych®”®  Przyktadem jest szczepionka Cervarix® przeciwko
HPV, ktéra wykorzystuje VLPs produkowane w komorkach owadzich®. Jednakze,
ograniczenia tego systemu obejmuja mozliwos¢ zanieczyszczenia biatek przez bakulowirusy,
trudnosci w skalowaniu produkcji oraz prostsze modyfikacje N-glikozylacji w poréwnaniu
do komorek ssaczych®”:,

Komoérki ssacze, takie jak linie komorkowe CHO, HEK293, czy BHK21, odgrywaja
kluczowa role w produkcji biatek terapeutycznych, w tym VLPs. Dzigki zdolnosci
do prawidlowego faldowania, sktadania i modyfikacji posttranslacyjnych biatek, komorki
ssacze sg idealnym systemem do wytwarzania skomplikowanych biatek wirusowych. Mimo
ich zaawansowanych mozliwo$ci, systemy oparte na komodrkach ssaczych sg kosztowne,
wymagaja duzych instalacji produkcyjnych, charakteryzuja si¢ stosunkowo powolnym

wzrostem i czgsto niskg wydajnoscig produkcji, co moze ograniczad ich zastosowanie w duzej

skali®®7©,
5.2.2. System ekspresji Leishmania taretolae

W poszukiwaniach optymalnych systemow ekspresyjnych do  produkcji
rekombinowanych biatek, w tym bialek wirusowych i VLPs, coraz wigksze zainteresowanie
budzi system oparty na pierwotniaku Leishmania tarentolae. Tradycyjne systemy ekspresyjne,
takie jak Escherichia coli, drozdze, owady czy komorki ssakow, jak pokazano powyzej,
posiadajg zardwno swoje zalety, jak i ograniczenia. L. tarentolae, jednokomorkowy organizm
eukariotyczny nalezacy do rodziny kinetoplastydow, staje si¢ obiecujaca alternatywa,
m.in. w produkcji biatek wirusowych?.

L. tarentolae oferuje szereg korzysci, ktore zwigkszaja atrakcyjnosé tego systemu
ekspresyjnego. Przede wszystkim, ten organizm charakteryzuje si¢ zdolnoScia
do przeprowadzania modyfikacji posttranslacyjnych, takich jak glikozylacja, ktéra jest
kluczowa dla funkcjonalnosci wielu bialek wirusowych. Co wigcej, L. tarentolae posiada
prosty system genetyczny, co umozliwia latwa manipulacj¢ genami i wprowadzenie
odpowiednich konstrukcji ekspresyjnych. Ponadto, kultury L. tarentolae moga by¢ prowadzone
na duza skal¢ w warunkach tanich i prostych do utrzymania, co jest istotnym czynnikiem
w produkcji biatek na potrzeby badan i przemystu’*"3,

W kontekscie ekspres;ji bialek wirusowych, system L. tarentolae pozwala na produkcje

biatek o wysokiej ztozonosci, w tym biatek strukturalnych wirusow, ktére moga by¢ trudne
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do wyprodukowania w innych systemach. Dzigki zdolnos$ci do zachowania natywne;j struktury
bialek, L. tarentolae staje si¢ narzedziem o rosnagcym znaczeniu w badaniach nad wirusami oraz
w produkcji VLPs, ktore sg kluczowe dla rozwoju nowoczesnych szczepionek i terapii’*’®.

Wykorzystanie L. tarentolae w ekspres;ji biatek wirusowych oferuje nowe mozliwoS$ci
w produkcji biofarmaceutykow, ktoére moga przewyzszaé tradycyjne metody pod wzgledem
wydajnosci, kosztow oraz jakosci produktow’”’8. Dalsze badania nad optymalizacja tego
systemu mogg prowadzi¢ do jego szerokiego zastosowania, zar6wno w nauce podstawowej,
jak 1 w przemystowej produkcji biatek rekombinowanych.

System ekspresyjny oraz jego zastosowania do produkcji bialek wirusowych,
w tym VLPs, zostaly dokladniej opisane w publikacji przegladowej, ktéra stanowi czgsé

niniejszej rozprawy doktorskiej i zostata w catosci przedstawiona w punkcie 7.1.
5.2.3. Formulacja szczepionek opartych o VLPs

Formulacja szczepionek opartych na VLPs stanowi kluczowy aspekt w opracowywaniu
skutecznych i1 bezpiecznych szczepionek. VLPs, ze wzgledu na swoja strukturg, moga by¢
doskonatymi antygenami, jednakze sama ich obecno$¢ nie zawsze zapewnia wystarczajaca
odpowiedZz immunologiczng. Dlatego istotnym elementem formulacji szczepionek jest dodanie
adiuwantow — substancji, ktore wspomagaja 1 wzmacniaja odpowiedZz immunologiczng
organizmu na antygen zawarty w szczepionce. Adiuwanty moga dziata¢ poprzez rdzne
mechanizmy, takie jak zwigkszenie prezentacji antygendow, aktywacja komorek
dendrytycznych czy stymulacja odpowiedzi komoérkowej. Istnieje wiele typow adiuwantow,
kazdy ukierunkowany na wywotanie okreslonego rodzaju odpowiedzi immunologiczne;j,
jak odpowiedz komorkowa (Thl) czy humoralna (Th2). Dobdr odpowiedniego adiuwantu
do konkretnego antygenu jest niezbedny, aby osiggna¢ optymalng odpowiedZz ochronng
i skutecznosé¢ szczepionki'®.

W opisanych w niniejszej rozprawie badaniach pierwszym wykorzystanym adiuwantem
byt AddaVax™ (InvivoGen), bedacy nanoemulsjg na bazie skwalenu 1 stanowigcy analog
licencjonowanego adiuwantu MF59® (Novartis). AddaVax™ i1 MF59® sg emulsjami
olejowymi w wodzie, ktore dziatajg na kilka sposobow: zwigkszaja lokalne zapalenie w miejscu
podania szczepionki, co poprawia migracje komodrek dendrytycznych do weziow chlonnych
oraz zwigkszaja prezentacj¢ antygendéw. Dzigki temu aktywacja limfocytow T i B jest bardziej
efektywna, co z kolei prowadzi do silniejszej odpowiedzi immunologicznej. MF59®
jest wykorzystywany w szczepionkach przeciwko grypie sezonowej, takich jak Fluad®,
co potwierdza jego skuteczno$¢ i bezpieczenstwo®®8L,
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Dodatkowo, w kolejnych etapach badan opisanych w niniejszej rozprawie
wykorzystane zostaly dwa inne adiuwanty/kombinacje adiuwantow: AddaS03™ (InvivoGen),
analog ASO3® (GlaxoSmithKline), oraz potaczenie MPLA (Monophosphoryl Lipid A)
(InvivoGen) z Alhydrogel® (InvivoGen). AddaS03™ jest nanoemulsjg skwalenu wzbogacong
0 DL-a-tokoferol i polysorbat 80. DL-a-tokoferol, forma witaminy E, wspomaga zar6wno
odpowiedz komoérkowsa, jak i humoralng, a polysorbat 80 zwigksza stabilno$¢ emuls;ji.
AddaS03® dziata poprzez stymulacj¢ odpowiedzi immunologicznych, zwigkszajac produkcje
cytokin 1 chemokin oraz wspomagajac migracje kluczowych komoérek odpornosciowych
do weztéw chtonnych®%°, AS03® jest stosowany w szczepionkach przeciwko pandemicznemu
szczepowi grypy H5N1 oraz w badaniach nad szczepionkami przeciwko malarii®®®’.

Alhydrogel® to zelowa zawiesina wodorotlenku glinu, ktora dziata jako adiuwant
poprzez zwigkszenie prezentacji antygenow przez APCs, a tym samym silniejsze indukowanie
odpowiedzi Th2, co sprzyja produkcji przeciwcial. MPLA, pozyskiwana z lipopolisacharydow
bakterii Salmonella minnesota, aktywuje receptor Toll-4 (TLR4), co prowadzi do silnej
odpowiedzi Thl. MPLA stymuluje szlak NF-xB, prowadzac do produkcji prozapalnych
cytokin, co wspomaga odpowiedz komorkowa® 8. Potaczenie MPLA z Alhydrogel® jest
analogiczne do licencjonowanego adiuwantu AS04® (GlaxoSmithKline) stosowanego
w szczepionkach takich jak Fendrix® (przeciwko HBV) i Cervarix®%°°!, Promuje zaréwno
odpowiedz Thl, jak i Th2, co zwieksza 0gdlng skutecznos$é¢ szczepionki®>%,

Dodatkowo, dla skutecznosci szczepionki kluczowe znaczenia ma jej droga podania.
W zaleznosci od rodzaju szczepionki, moze to obejmowac podanie domig$niowe, podskorne,
doustne czy donosowe, co wpltywa na sposob aktywacji uktadu odpornosciowego i1 rozwdj
ochronnej odpowiedzi. Na przyktad, szczepionki podawane droga domig$sniowa moga lepiej
stymulowa¢ odpowiedZ humoralng, podczas gdy szczepionki doustne moga wywotaé
odpowiedz sluzowkowa. Ostateczne rezultaty ochrony zaleza od odpowiedniego potaczenia
VLPs, adiuwantow i drogi podania, co jest istotnym aspektem w projektowaniu skutecznych

strategii szczepien®*.
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6. Cel badan

Infekcje TBEV sg jedna z gléwnych przyczyn zachorowan na zapalenie moézgu
oraz zapalenie opon moézgowo-rdzeniowych. Glowna droga zakazenia u ludzi i zwierzat
to ukaszenie przez zakazonego kleszcza. Ze wzgledu na zmiany klimatyczne, ktore
przyczyniaja si¢ do wydtluzenia okresu wegetacji kleszczy, wzrasta prawdopodobienstwo
zakazenia ta droga. Inng metodg zakazenia u ludzi jest spozycie nabialu produkowanego
z niepasteryzowanego mleka pochodzacego od zakazonych zwierzat. Coraz popularniejsze
spozywanie lokalnych produktow, ktére moga pochodzi¢ od zakazonych zwierzat, czgsto
prowadzi do wystepowania ognisk infekcji obejmujacych co najmniej kilka przypadkow.
Dostepne szczepionki przeciwko TBEV oparte s3 na inaktywowanym wirusie i wymagaja
podania kilku dawek. Ponadto, ze wzgledu na wysoki koszt, szczepienia przeciwko TBEV nie
sg obowigzkowe, a jedynie rekomendowane dla 0sob z grup ryzyka. Z tego wzgledu nie sg tez
stosowane jako szczepionka weterynaryjna. Opracowanie alternatywnej szczepionki, ktora
moglaby by¢ stosowana jako tansza szczepionka dla ludzi lub szczepionka weterynaryjna,
mogloby zwigkszy¢ powszechnos¢ szczepien przeciwko TBEV, a w konsekwencji w znacznym

stopniu obnizy¢ zachorowalno$¢ na kleszczowe zapalenie mozgu.

W zwiagzku z tym celem niniejszej rozprawy bylo opracowanie potencjalnej
szczepionki przeciwko TBEV, opartej na rekombinowanych czastkach wirusopodobnych,
przy wykorzystaniu innowacyjnego systemu ekspresyjnego opartego na pierwotniaku

L. tarentolae.

Powyzszy cel zostal podzielony na nastepujace zadania badawcze:

e Zaprojektowanie konstruktu niosgcego geny wirusa TBEV pozwalajgcego
na wydajng produkcje VLPs.

e Wyprodukowanie VLPs w systemie ekspresyjnym L. tarentolae oraz oczyszczenie
uzyskanych czastek.

e Charakterystyka funkcjonalna uzyskanych VLPs i ocena ich antygenowosci.

e Charakterystyka odpowiedzi immunologicznej po podaniu VLPSs oraz skuteczno$ci
w zapewnianiu ochrony przed infekcja, w celu oceny potencjalu w zastosowaniu
jako szczepionka profilaktyczna w mysim modelu zwierzecym.

e  Wybdr adiuwantu oraz drogi podania preparatu szczepionkowego, ktore pozwolg

na zapewnienie jak najwyzszego poziomu ochrony.
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7. Kopie publikacji wchodzacych w sklad rozprawy

7.1. (P1) Leishmania tarentolae as a platform for the production of vaccines against
viral pathogens. Zimna, M., Krol, E. (2024). NPJ Vaccines. 9(1):212.
https://doi:10.1038/s41541-024-01005-9
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Leishmania tarentolae as a platform for
the production of vaccines against viral

pathogens

M| Check for updates

Marta Zimna® & Ewelina Krol ®

Infectious diseases remain a persistent public health problem and a leading cause of morbidity and
mortality in both humans and animals. The most effective method of combating viral infections is the
widespread use of prophylactic vaccinations, which are administered to both people at risk of disease
and animals that may serve as significant sources of infection. Therefore, it is crucial to develop
technologies for the production of vaccines that are highly effective, easy to transport and store, and
cost-effective. The protein expression system based on the protozoan Leishmania tarentolae offers
several advantages, validated by numerous studies, making it a good platform for producing vaccine
antigens. This review provides a comprehensive overview into the potential applications of L.

tarentolae for the safe production of effective viral antigens.

Infectious diseases are a serious and growing threat to public health. Re-
emerging and new pathogens often appear due to the transmission of animal
viruses to humans and can potentially pose significant public health risks.
Over the last 40 years, at least 30 new pathogens that threaten human health
have been identified, most of which were zoonotic'*

The emergence of new pathogens frequently occurs in countries with
low socioeconomic status, but it is also crucial to consider how easily these
pathogens can spread globally'. The recent COVID-19 pandemic demon-
strated this widespread transmission, with health, social and economic
effects that will be felt for a long time. The pandemic also underscored the
importance of responding to emerging threats and ensuring universal access
to vaccines’™. Outbreaks of other infectious diseases, such as the Zika and
Ebola virus epidemics, have similarly highlighted the need to respond swiftly
to new emerging pathogens.

In recent years, climate change has contributed to an increase in epi-
demiological risk. The extended activity period of insect vectors (e.g.
mosquitos and ticks) and the expansion of their habitats may lead to a rise in
diseases caused by arboviruses, such as chikungunya virus, dengue virus,
tick-borne encephalitis virus (TBEV) and West Nile virus®’. The benefits of
widespread preventive vaccination are undeniable. Vaccination has led to
the eradication of smallpox in humans and rinderpest in cattle. Additionally,
thanks to vaccination, poliovirus is close to being eradicated, and many
other infectious diseases have been brought under control. The widespread
use of vaccines offers enormous health and socioeconomic benefits"*’.

Historically, antiviral vaccines were often based on inactivated or
attenuated viruses, but these approaches carried risks such as
potential reversion to virulence or incomplete inactivation. While

these drawbacks are no longer major concerns, they were among the
factors driving the development of new vaccine strategies. Conse-
quently, contemporary research has focused on developing recom-
binant vaccines based on safer and more precisely engineered viral
components, thereby minimizing the risk of adverse outcomes and
increasing vaccine efficacy. Vaccine development remains time-
consuming and costly; therefore, alternative expression systems that
can offer cost-effective and faster production processes, thereby
increasing accessibility and frequency of use, deserve special atten-
tion. One such achievement is an expression system based on
Leishmania tarentolae, which has been gaining popularity in recent
yearslli,ll'

L. tarentolae as an unconventional expression system

The main expression systems used to produce recombinant vaccine anti-
gens are based on mammalian and insect cells, yeast, or bacteria. A com-
parison of these systems regarding production costs, growth kinetics and
yields are present in Table 1. Since no single expression system is universally
applicable, the development of new systems facilitates the efficient pro-
duction of antigens.

L. tarentolae is a single-cell, flagellated protozoan isolated from the
lizards Tarentolae annularis and Tarentolae mauritanica in 1921 in Sudan
and in 1934 in Algeria, respectively'>"”. This protozoan was first used as an
expression system by Breitling et al. in 2002 to obtain EGFP and human
erythropoietin (hEPO), resulting in the efficient production of both pro-
teins, including posttranslational modifications. To ensure that hEPO was
secreted from cells and properly glycosylated, its signal peptide was replaced
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Table 1 | Comparison of the main characteristics of different expression systems

Expression system Growth rate Costs Protein yield Scale-up capacity Contamination risk
Bacteria High (division time 20-30 min) Low High High Endotoxins

Yeast Moderate (division time 2-4 h) Low Moderate to high High Low

Insect cells/baculovirus Low (division time 18-24 h) High Moderate to high Moderate Baculovirus
Mammalian cells Low (division time 20-24 h) High Moderate to high Moderate Viruses

L. tarentolae Moderate (division time 6-8 h) Low to moderate Moderate High Low

signal peptide

target gene

protein tag

utr2

antibiotic
resistance
gene

utr3

Fig. 1 | Map of a standard expression vector used for protein production in L.
tarentolae. Standard vector comprises of untranslated regions (utrl, utr2, utr3), 5’
and 3’ small subunit of L. tarentolae rRNA gene (3’ ssu, 5 ssu) and antibiotic
resistance gene. The gene of interest may be preceded by a sequence for the signal
peptide (mainly a signal peptide from the secreted acid phosphatase SAP1 of
Leishmania mexicana) for secreted proteins, followed by the protein tag sequence if
needed. Origin of replication from E. coli (E. coli ori) and p-lactomase (bla) are
required for plasmid propagation in bacteria. Created with BioRender.com.

with a signal peptide from secreted acid phosphatase (SAP1) of Leishmania
mexicana'*. SAP1 has been well characterized, and its signal peptide is often
used for the production of heterologous proteins in L. tarentolae (Fig. 1)'*'"°.

L. tarentolae is a biosafety level 1 organism; therefore, it does not
require special containment, contributing to its low production costs. This
protozoan is relatively easy to cultivate in liquid, aerated culture in a simple
incubator at 26 °C. Unlike mammalian cells, it does not require incubators
with specific CO, levels. It is also suitable for scale-up and cultivation in
bioreactors (Fig. 2), with a high growth rate of 6-8 h for generation and the
ability to reach high cell densities (>10° cells/mL). Additionally, as a lizard
parasite that is nonpathogenic to mammals, there is no risk of preexisting
immunity, which is often a problem with some systems. These factors make
L. tarentolae a good candidate for producing human vaccines or veterinary
vaccines for domestic and farm animals"”.

Currently, a commercially available LEXSY system can be used for
producing recombinant proteins by L. tarentolae. This system, developed by
the German company Jena Bioscience (“LEXSY - Eukaryotic protein
expression in Leishmania tarentolae.” https://www.jenabioscience.com/
lexsy-expression) (Fig. 2), allows for the production of proteins, both
intracellularly and secreted into the medium, which facilitates easier pur-
ification. L. tarentolae secretes only a small amount of endogenous proteins,
and the cultivation medium does not contain many proteins; therefore, the

recombinant protein constitutes the majority of the proteins in the
medium'®"’. In recent years, the protein expression system in L. tarentolae
has been continuously improved, increasing its utility in this field***'. For
viral antigens produced in L. tarentolae, the production efficiency varied
from 0.5 to 20 mg/L of culture depending on the antigen (Table 2). The low
costs associated with the L. tarentolae system are mainly due to minimal
cultivation requirements and inexpensive culture media. L. tarentolae can be
cultivated in brain-heart infusion-based (BHI) or yeast-soybean-based
media supplemented with hemin. Although L. tarentolae typically requires
animal components, these can be replaced by recombinant
nutriments'*'****. For the production of viral antigens discussed in this
publication, BHI supplemented with porcine hemin was the most com-
monly used medium (Table 2). Since both components are of animal origin,
their use in vaccine production may incur additional costs due to the need
for stringent testing. Other media used for producing viral antigens were
SDM-79 and M199. These media based on a mixture of inorganic salts,
amino acids, vitamins and other additives, reduce the need for animal
components, but were sometimes supplemented with hemin or inactivated
bovine serum (FBS). Notably, one study comparing BHI and M199 media
reported a higher yield of antigen production with the synthetic M199
medium®™. This suggests that the production of other antigens could also be
optimized to minimize or eliminate the use of animal components. Addi-
tionally, yeast extract medium has been found suitable for Lesihmania
culture, and resulted in higher cell densities than for BHI medium?. Since
avoiding animal components is required whenever possible in vaccine
production, especially for human vaccines, this aspect of vaccine antigens
production in L. tarentolae still requires improvement. The challenge of
eliminating animal-derived elements from the medium remains a sig-
nificant hurdle that must be overcome to ensure the safety and efficacy of the
produced vaccines before the L. tarentolae system can be applied to clinical-
grade material production.

Stable cells lines of L. tarentolae can be efficiently obtained with
electroporation-mediated transfection with various expression vectors. A
schematic representation of a standard vector used for protein expression in
L. tarentolae is shown in Fig. 1. Depending on the system, heterologous
protein production can be constitutive or inducible'*”’. Due to these con-
ditions and rapid growth, protein production costs in Leishmania tarentolae
are generally lower than in mammalian cells, though not necessarily cheaper
than in yeast or bacteria (Table 1).

L. tarentolae can be used for producing proteins that require post-
translational modifications. This organism can produce glycoproteins with
glycosylation patterns highly similar to those in mammalian cells, likely due
to its parasitic lifestyle (Fig. 3). This is a notable advantages of the L. tar-
entolae system, distinguishing it from other systems such as yeast or bac-
teria. The N-glycosylation profile of L. tarentolae was first investigated in
recombinant hEPO, which contained biantennary N-glycans similar to
those found in higher eukaryotes but lacking sialylation'*". Since glycosy-
lation can influence protein immunogenicity, it is a significant feature of L.
tarentolae that makes it a promising potential expression system for the
production of vaccines against viral targets””’. O-glycosylation, present in
viral proteins, has also been reported in Leishmania™”. Disulfide bridges,
important for protein functionality, have been shown to form in L. tar-
entolae. Functional proteins requiring this modification, such as human
laminin-332 or the hepatitis C virus (HCV) E1E2 glycoprotein complex,
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Fig. 2 | The production of recombinant proteins in
L. tarentolae. Stages required to produce recombi-
nant proteins in L. tarentolae expression system has
been shown in the figure above. Created with
BioRender.com.
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have been successfully obtained using this system™*". For proteins lacking a
signal peptide, cleavage of N-terminal methionine might also be important.
The presence of methionine aminopeptidase in Leishmania cells allows for
similar N-terminal methionine cleavage as in mammalian cells”. The
Leishmania tarentolae expression system is distinguished by its ease of
cultivation, rapid growth rate, extensive genetic manipulation tools, and
ability to express proteins from higher eukaryotes, making it highly
advantageous for a wide range of biotechnological research and applica-
tions. The numerous benefits of L. tarentolae in vaccine production have
been explored in several studies, which will be discussed in this publication
(Table 2). Several different strategies based on this protozoan system have
been utilized (Fig. 4).

Subunit vaccine candidates against viral pathogens produced in
L. tarentolae

There are various strategies used in vaccine development. To increase global
vaccination coverage, factors such vaccine cost and storage conditions must
be considered. For instance, vaccines based on recombinant proteins or
virus-like particles (VLPs) may be more accessible compared to mRNA-
based vaccines, which require transport and storage at —80 °C. Generally,
vaccines based on recombinant proteins or VLPs are stable in 4 °C for
months or even years, and can tolerate higher temperatures for shorter
periods™*'. Another crucial aspect of vaccine development is the production
of veterinary vaccines. These vaccines are essential for protecting both
animal and human health by preventing the spread of zoonotic diseases that
can be transmitted between animals and humans. Recombinant subunit
protein vaccines are particularly promising in veterinary medicine due to
their ability to provide targeted protection against specific pathogens, reduce
the risk of zoonotic disease transmission, and enhance overall animal and
public health.

The first viral protein produced in L. tarentolae was influenza
hemagglutinin (HA), the major antigenic determinant of the influenza
virus. HA is a membrane protein containing disulfide bridges and N-gly-
cosylation sites”. Despite available seasonal vaccines, influenza pandemics
continue to emerge. Each year, annual epidemics result in approximately 3
to 5 million cases of severe illness and cause around 290,000 to 650,000
deaths related to respiratory issues (“World Health Organization. Influenza

(Seasonal).” https://www.who.int/news-room/fact-sheets/detail/influenza-
(seasonal)). Complications from influenza, such as bronchitis, pneumonia,
cardiovascular issues, acute respiratory failure, and secondary bacterial
infections, can be severe and even fatal, especially in immunocompromised
individuals, the elderly, and children™. Studies have shown that vaccination
is the most effective way to prevent influenza outbreaks”. However, wide-
spread vaccine distribution in a short time is essential. Challenges with
influenza vaccination include the virus’s variability, which necessitates the
production of vaccines for different subtypes each year. Current reliance on
egg-based production could be supplemented by recombinant antigens,
potentially increasing the availability of influenza vaccines™”.

Pion et al. successfully produced properly glycosylated HA using the
L. tarentolae system. The glycosylation of HA is crucial for proper folding
and affects immunogenicity. However, it is important that the protein is not
hyperglycosylated, which is a common issue in the yeast system, as oligo-
saccharides in inappropriate positions can mask antigenic sites. The HA
protein produced in L. tarentolae also induced an immune response in mice,
although the use of an adjuvant was necessary”’.

Hepatitis C virus (HCV) is another pathogen for which the protozoal
expression system was used to produce a vaccine antigen. HCV infections
cause around 64,000 deaths annually, with around 58 million people
chronically infected worldwide. Transmission mainly occurs through
infected blood, often via shared needles or unsafe medical procedures.
Untreated HCV can lead to chronic liver disease, cirrhosis, and increased
risk of liver cancer. Despite extensive research, no vaccine has been
approved against this virus*. The LEXSY system was first used to produce
HCV vaccine antigens in a study published by Grzyb et al’'. The HCV
envelope glycoproteins E1 and E2 were successfully produced and found to
be highly immunogenic in mice. These glycoproteins are key components of
the viral envelope, facilitating viral entry into host cells and playing a crucial
role in the virus’s ability to infect hepatocytes.

Another study demonstrated that this system could also be employed
to produce HCV VLPs, composed of the E1 and E2 glycoproteins along with
core nucleocapsid proteins. The VLPs were used for immunization studies
and compared to DNA-based vaccines. The findings revealed that immu-
nization with VLPs induced both humoral and cellular responses in a mouse
model and was more effective than DNA-based immunization''.
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63

n.a.

BHI medium

Prophylactic vaccine

Major capsid protein L1

Live-vector

61,62

31

M199 medium, hemin, FBS

Prophylactic vaccine

E7 protein

Live-vector

1mg/L

BHI medium, hemin
M199 medium

Prophylactic vaccine

E1-E1 glycoprotein complex

Core, core-E1-E2

Recombinant protein

VLPs

HCV

41

4-6 mg/L

Prophylactic vaccine

64

n.a.

M199 medium, hemin, FBS

Prophylactic vaccine

HCV epitopes fused with heat shock protein gp96

Live-vector

VLPs

42,43
47

15-20 mg/L
7-10 mg/L

BHI medium, hemin

Prophylactic vaccine

HBV sHBsAg with HCV E2 glycoprotein epitopes

HBV/HCV
TBEV

BHI medium, hemin

Prophylactic vaccine

prME proteins

VLPs

55

n.a.

BHI medium

Prophylactic vaccine

Capsid VP1 protein

VLPs

NoV

56
65

n.a.

BHI medium

Cancer immunotherapy

Capsid VP1 protein with tumor-associated MUC1 epitope

VLPs

BHI medium, hemin n.a.

Prophylactic vaccine

Spike protein, spike protein receptor-binding domain (RBD)

Inactivated-carrier

SARS-CoV-2

67

Diagnostic antigen BHI medium, hemin 2.3mg/L

Spike protein receptor-binding domain (RBD)

Recombinant protein

n.a. not available.
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Fig. 3 | N-glycosylation patterns in different expression systems. Schematic
representation of typical glycan residues in different expression systems has been
shown above. Created with BioRender.com.

Additionally, different studies have proposed the development of a
bivalent vaccine against hepatitis B virus (HBV) and HCV. Subviral particles
built from small surface antigens (sHBsAgs) of HBV, produced in L. tar-
entolae, were used as a platform to present several epitopes of the HCV E2
glycoprotein. HBV particles composed of sHBsAg have been previously
proven to be highly immunogenic and are currently used as anti-HBV
vaccines, making them promising candidates for a chimeric, bivalent HBV-
HCV vaccine. The studies confirmed that chimeric HBV-HCV antigens are
highly immunogenic, providing both cellular and humoral responses
against HBV, as well as cross-reactive humoral responses against HCV*>*.

An important aspect of the emergence of infectious diseases is the
potential for viral pathogens to transfer from animals to humans. This
applies not only to viruses that may pose a threat in the future but also to
known pathogens such as tick-borne encephalitis virus. TBEV is trans-
mitted to humans through tick bites in wooded areas of Europe and Asia
and through unpasteurized dairy products from infected animals. TBEV
causes tick-borne encephalitis, which leads to symptoms like fever, head-
ache, and fatigue. In severe cases, it can cause encephalitis or meningitis,
leading to potential long-term neurological complications. Currently, five
vaccines against TBEV are based on inactivated virus. In the EU, two vac-
cines are available: Pfizer's FSME-Immun® and Bavarian Nordic’s Ence-
pur®, both of which use formaldehyde-inactivated whole virus particles.
Widespread vaccination of farm animals could reduce the number of
human infections and lower the reservoir of TBEV in the environment.
However, the high cost of these inactivated TBEV vaccines limits their use in
livestock, making cheaper alternatives needed**.

A recent study described a vaccine candidate based on TBEV VLPs
produced in L. tarentolae. Two TBEV structural proteins, prM and E, were
efficiently produced in glycosylated form and assembled into VLPs, which
were recognized by virus-neutralizing antibodies. Notably, these VLPs were
enveloped but have been secreted and purified from the culture medium,
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Fig. 4 | Scheme of different approaches to the ( e . y o i N
production of antiviral vaccines with the use of L. Esimayaiienioioes il icivagenes
tarentolae. L. tarentolae can be used as an expres-
sion system (subunit vaccines) or serve as a whole-
cell vaccines. Created with BioRender.com.
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indicating that VLP budding was possible, although the mechanism remains
unknown. The VLPs were purified and used in animal models, where they
were proven to be highly effective in protecting mice from TBEV infection in
a challenge experiment. Therefore, TBEV VLPs produced in L. tarentolae
could be a promising candidate for a low-cost human vaccine, as well as a
veterinary vaccine”.

Increasing vaccine availability is crucial for diseases like cervical cancer,
which is primarily caused by human papilloma virus (HPV). HPV is mainly
transmitted through sexual contact and direct skin-to-skin contact, with
over 80% of sexually active individuals expected to contract the virus at some
point. The high cost of HPV vaccines limits their accessibility in developing
countries, where 85% of cervical cancer cases occur™. Increased vaccination
rates could significantly reduce the number of cervical cancer cases”.
Currently, HPV vaccines based on VLPs are produced in yeast (Gardasil®)
and insect cells (Cervarix®)’'.

Bolhassani et al. proposed an alternative HPV vaccine, also based on
HPV VLPs, but produced using the L. tarentolae system. The particles were
successfully obtained, and their efficacy as vaccine antigens was confirmed
in studies with mice. The results showed that the antibody levels were
comparable to those in animals immunized with VLPs produced in insect
cells, indicating a high degree of similarity between the produced particles.
These VLPs were also the first produced using the L. tarentolae system™.

The production of VLPs using the L. tarentolae system has also been
explored in the development of a vaccine for norovirus (NoV). NoVs are
highly infectious and are the leading cause of gastroenteritis worldwide. While
infections are usually self-limiting, they can persist in vulnerable populations,
potentially leading to fatal outcomes. Human transmission occurs mainly via
oral-fecal and vomit-oral routes, with no other known reservoirs™*. NoVs
cause approximately 685 million cases of acute gastroenteritis and over
200,000 deaths annually, primarily in developing nations. The global eco-
nomic burden of NoV infections exceeds $60 billion due to healthcare costs
and lost productivity. Despite these impacts, there is currently no available
vaccine for NoV, making vaccine development a priority™.

A VLP-based vaccine consisting of the NoV capsid VP1 protein pro-
duced in the LEXSY system, as proposed by Panasiuk et al., could be a good
candidate. The study demonstrated that the VLPs were properly folded and
stimulated the production of neutralizing antibodies™. Additionally, these
VLPs were also used as a platform to present the tumor-associated mucin 1
(MUC1) epitope. Immunization with chimeric NoV VP1-MUC1 VLPs led
to the production of significant levels of MUCI-specific IgG antibodies,
indicating that these chimeric VLPs hold promise for cancer
immunotherapy™.

L. tarentolae as a live vector vaccine

Another approach to developing vaccines against viral pathogens by
L. tarentolae is the use of live vector vaccines that specifically target dendritic
cells (DCs) and lymphoid organs (Fig. 4). Such vaccine antigens stimulate
the production of interferon gamma (IFN-y) and elicit a strong T-cell
response. Unlike viral vectors, L. tarentolae cannot multiply in DCs and is
completely cleared from murine hosts within a few days, eliminating the
need for additional modifications in the genome to prevent replication’”.
Additionally, L. tarentolae offers the advantage of inserting long fragments
of exogenous DNA, making it a promising vaccine vector"’.

The first antiviral vaccine candidate developed using L. tarentolae was a
live vaccine expressing the human immunodeficiency virus 1 (HIV-1)
structural protein. HIV is a retrovirus that targets CD4 cells, compromising
the immune system. Transmission occurs mainly through unprotected sex,
sharing needles, and from mother to child during childbirth or breast-
feeding. By the end of 2022, around 39 million people were infected globally,
with sub-Saharan Africa being the most affected region. Although no vac-
cine is available, antiretroviral therapy helps to manage the disease™®. In
this vaccine, the HIV-1 Gag protein was successfully expressed in L. tar-
entolae and underwent proper proteolytic processing. The antigen’s ability
to stimulate an antiviral response was tested in mice and human lymphoid
tissue cultures, where it triggered a protective immune response™’.

This strategy was similarly applied to vaccines for HPV and HCV. For
HPV, L. tarentolae carrying the gene for the nonstructural E7 protein
induced high levels of both humoral and cellular responses. It also acted as
an immunostimulatory adjuvant, showing comparable efficacy to DNA
vaccines and inhibiting tumor growth in animal models**>. A strong
antibody response was also observed when the E7 gene was replaced with
the gene encoding HPV L1 structural protein®. In the case of HCV, mice
immunized with L. tarentolae carrying HCV epitopes fused with the
N-terminal domain of the heat shock protein gp96 demonstrated a strong
cellular and antibody response. The live recombinant L. farentolae vaccine
was effective both with and without an adjuvant, and the immune response
was long-lasting™.

L. tarentolae as an inactivated delivery platform

Another approach used L. tarentolae as a carrier of SARS-CoV-2 antigens in
mucosal vaccination (Fig. 4). This strategy can elicit a different immune
response profile to the more common intramuscular or subcutaneous
administration. A vaccine administered via mucosal routes could comple-
ment current vaccines and potentially provide a longer-lasting immune
response. In this study, parasites expressing the SARS-CoV-2 spike protein
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or a fragment of the spike RBD domain were inactivated with formalin and
administered rectally. The immune responses were compared to those
administered the purified antigen without a carrier. Notably, rectal
administration of the antigen alone did not elicit any detectable immune
response, but when the antigen was delivered using the L. tarentolae carrier,
it triggered a strong immune response, even without the need for an adju-
vant. This demonstrated that L. tarentolae can function as an efficient and
safe delivery platform, and possibly an adjuvant for viral antigens®.

L. tarentolae - a tool for the production of viral diagnostic
antigens

Viral proteins produced in the LEXSY system can also be used as diagnostic
antigens. The COVID-19 pandemic underscored the importance of the
rapidly developing diagnostic tools for emerging pathogens, as quick
infection detection is critical for containing infectious diseases®. While
SARS-CoV-2 diagnostic tests typically use antigens produced in mamma-
lian cells due to the need for glycosylation and proper folding, antigens
produced in L. tarentolae have also proven effective in diagnostic assays,
yielding comparable results. For instance, the SARS-CoV-2 spike protein
receptor-binding domain was efficiently produced in L. tarentolae and used
to measure antibody levels in human serum samples®”. Additionally, the
hepatitis E virus (HEV) capsid protein was successfully produced in this
system with high purity, and the developed ELISA test showed 92.4%
agreement with a commercial HEV test, demonstrating the strong potential
of Leishmania-derived antigens”. Furthermore, L. tarentolae was used to
produce the Hendra virus (HeV) attachment glycoprotein, which could aid
in developing diagnostic assays for HeV®.

While mammalian cells are recommended for producing diagnostic
antigens for viral infections in humans and other mammals, this approach
has limitations, such as high production costs due to slow cell growth, and
expensive media and culture requirements. The LEXSY system offers a cost-
effective alternative, as demonstrated by its ability to produce antigens that
can be as effective as those from mammalian cells. Thus, L. tarentolaehas the
potential to be utilized in the future development of serological tests™".

Discussion

Vaccines are the best line of defense against infectious diseases. Due to the
growing risk of emerging infectious diseases, it is important to develop
technologies that enable the rapid development of new vaccine antigens. It is
also essential to ensure the widest possible availability of vaccines globally,
not only in high-income countries. Vaccine platforms are not universally
applicable to all pathogens; therefore, having a variety of expression systems
and other vaccine solutions increases the likelihood of developing effective
vaccines.

In recent years, interest in L. tarentolae as an expression system for the
production of vaccine antigens, both for human and veterinary purposes,
has grown. The low cost of vaccine production using L. tarentolae makes it
particularly attractive in this regard. The use of vaccines based on selected
virus antigens, rather than the whole virus (attenuated or inactivated), is also
important in the context of applying the DIVA (Differentiating Infected
from Vaccinated Animals) strategy.

A major advantage of this system is its combination of rapid pro-
liferation with good production efficiency and appropriate post-
translational modifications, while avoiding drawbacks such as hyperglyco-
sylation (as seen in yeast) or endotoxin contamination (as seen in bacteria).
However, there are currently no approved vaccines produced using this
system, and further studies are needed before they can reach the market.
Nonetheless, the studies cited here demonstrate the high potential of the
L. tarentolae system in this area. Considering all the above factors, it is
increasingly likely that this protozoan-based expression system will become
an important component of future recombinant vaccines.
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ARTICLE INFO ABSTRACT
Keywords: Tick-borne encephalitis virus (TBEV) is a major cause of neurological infections in many regions of central,
Tick-borne encephalitis virus eastern and northern Europe and northern Asia. In approximately 15% of cases, TBEV infections lead to the

Virus-like particles
Vaccine
Leishmania tarentolae

development of severe encephalitis or meningitis. The main route of TBEV transmission is tick bites; however,
ingestion of dairy products from infected animals (goats, cattle and sheep) is also a frequent cause of the disease.
Therefore, vaccination of livestock in virus endemic regions could also contribute to the decrease in TBEV
infection among humans. Although few vaccines against TBEV based on inactivated viruses are available for
humans, due to high costs, vaccination is not mandatory in most of the affected countries. Moreover, there is still
no vaccine for veterinary use. Here, we present a characterization and immunogenicity study of a new potential
TBEV vaccine based on virus-like particles (VLPs) produced in Leishmania tarentolae cells. VLPs, which mimic
native viral particles but do not contain genetic material, show good immunogenic potential. For the first time,
we showed that the protozoan L. tarentolae expression system can be successfully used for the production of TBEV
virus-like particles with highly efficient production. We confirmed that TBEV recombinant structural proteins
(prM/M and E) from VLPs are highly recognized by neutralizing antibodies in in vitro analyses. Therefore, VLPs in
combination with AddaVax adjuvant were used in immunization studies in a mouse model. VLPs proved to be
highly immunogenic and induced the production of high levels of neutralizing antibodies. In a challenge
experiment, immunization with VLPs provided full protection from lethal TBE in mice. Thus, we suggest that
Leishmania-derived VLPs may be a good candidate for a safe alternative human vaccine with high efficiency of
production. Moreover, this potential vaccine candidate may constitute a low-cost candidate for veterinary use.

1. Introduction serious diseases that are medically important. Tick-borne encephalitis
virus (TBEV), an important representative of this group, can cause a

Infectious diseases remain the leading cause of morbidity and mor- disorder of the central nervous system that may lead to serious medical
tality in humans and animals worldwide. Respiratory viral infections complications, including meningitis and meningoencephalitis (Dumpis
and arboviral infections represent the major categories of emerging viral etal., 1999). The main route of TBEV transmission is tick bites; however,
infections globally. Flaviviruses are vector-borne positive sense RNA other routes, such as the consumption of unpasteurized milk and milk
viruses that can emerge unexpectedly in human populations and cause products from infected animals such as goats, cows and sheep, remain
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important (Ruzek et al., 2010).

The geographical range of TBEV, in the past confined to East Asia and
Eastern Europe, is quickly increasing; at present, it is detected in almost
all of Europe (Yoshii, 2019; Mansbridge et al., 2022). Recently, TBEV
has also been reported in North Africa (Khamassi Khbou et al., 2020;
Fares etal., 2021). The incidence of TBE has increased over 400% during
the past 20 years in Europe, which makes tick-borne encephalitis (TBE)
the second most serious disease transmitted by ticks (Donoso Mantke
et al., 2011). According to World Health Organization data, 10,000-12,
000 tick-borne encephalitis cases are reported each year (World Health
Organization, 2017).

TBEV is a small enveloped, single-stranded RNA virus with a
positive-polarity RNA genome of approximately 11 kb (Ruizek et al.,
2019). The viral RNA contains a single open reading frame (ORF), which
is translated to a large polyprotein cleaved co- and post-translationally
by cellular and viral proteases to yield three structural (E, C and M)
and seven nonstructural proteins involved in the replication cycle of the
virus within a cell (Barrows et al., 2018). Two viral proteins (glyco-
protein E and the small membrane protein M) play a major role in viral
entry into target cells. Envelope E glycoprotein, as the most exposed
structural element of virions, participates in the assembly of infectious
particles and plays a role in viral entry, since it allows interactions with
specific cell surface receptors and induces fusion between the viral en-
velope and the host cell membrane. It is composed of three structural
domains and a transmembrane domain that is required for anchoring the
protein in a lipid membrane. Domain I contains an N-glycosylation site
and fusion-loop peptide is located in the domain II (Lattova et al., 2020).
Domain I and II together are responsible for E protein dimerization.
Immunoglobulin-like domain III is the most likely candidate for in-
teractions with cellular receptors. It has also been shown that during
infection, most neutralizing antibodies are directed against domain III of
glycoprotein E (Zhang et al., 2017). The prM/M glycoprotein is a small
membrane protein that is cleaved to the pr peptide and M protein pre-
sent in mature virions during maturation of viral particles. One N-gly-
co-site is present in the pr fragment. The exact role of the prM protein in
flaviviruses has not been fully determined, but it is believed to be a
chaperone-like protein assisting in proper folding of E glycoprotein. This
protein is also required for pH-dependent rearrangements during virion
maturation and protection from premature fusion with cellular mem-
branes (Roby et al., 2015).

Despite numerous strategies of research, there is currently no
licensed therapeutic agent available for the treatment of TBEV in-
fections. Patients diagnosed with TBE infection are usually treated to
alleviate the symptoms. As there are no treatment procedures available,
it is important to search for innovative prevention methods and poten-
tial therapies. Vaccination is the most effective means of disease pre-
vention. Five vaccines against TBE based on inactivated virus are
currently on the market; in the EU, two vaccines are marketed: FSME-
Immun® by Pfizer and German Encepur® by Novartis. Both vaccines are
based on formaldehyde-inactivated European subtype whole virus par-
ticles. Although vaccines are safe and highly effective, some drawbacks
exist, and the vaccination schedule requires three doses to stimulate the
development of a protective antibody response. Additionally, booster
vaccinations are required every 3-5 years to maintain protective im-
munity, especially in the elderly population; vaccine failures even after a
complete series of vaccine doses have been reported. Moreover, the
production of inactivated vaccines carries the inherent risk of utilizing
large quantities of potentially highly pathogenic viruses (Lehrer and
Holbrook, 2011). Due to the high costs and required multiple doses,
vaccination coverage in humans remains low in several endemic
countries.

Currently produced human TBEV vaccines are not approved for
veterinary use, and production cost limits their potential use for im-
munization of animals. A candidate vaccine for veterinary use has been
developed, but it is also based on inactivated TBEV and has not yet been
approved for clinical use (Salat et al., 2018). Given all the drawbacks of
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existing vaccines, there is an urgent need for the improvement of
existing TBEV vaccines and the introduction of new cheap vaccines that
would be widely available for humans and could also be used for
vaccination of animals to prevent the routes of transmission and reduce
the number of reservoirs of virus in the environment. The intensive ef-
forts of many laboratories mainly concentrate on recombinant vaccines
such as DNA vaccines or virus-like particles (VLPs) (Ruzek et al., 2019;
Barrett et al., 2003).

Virus-like particles based on recombinant proteins structurally very
similar to the natural virions may provide alternative, specific antigens
used for vaccination purposes. Biological carriers in the form of virus-
like particles are an innovative approach to the construction of vac-
cines due to morphological, biophysical and antigenic properties almost
identical to those of natural virions as well as the lack of genetic material
(Lua et al., 2014). VLPs are spontaneously produced during flavivirus
infection or may be produced in various expression systems as an
alternative to authentic antigens, eliminating biosafety problems (Rus-
sell et al., 1980). As there is no need to work with the virus, VLPs are also
much safer to produce than inactivated vaccines. Some VLP-based vac-
cines against hepatitis B virus and human papilloma virus have been
approved by the FDA for use in humans (Lua et al., 2014; Fuenmayor
et al., 2017). VLPs based on the prM and E proteins of TBEV are
immunogenic and can potentially be used as vaccine antigens (Heinz
et al., 1995).

The main eukaryotic platforms for the production of recombinant
proteins are mammalian, insect and yeast expression systems. Here, we
propose a new TBE vaccine candidate based on virus-like particles
produced in unconventional Leishmania tarentolae expression system.
This system has been previously successfully used for the production of
different proteins, especially those that require post-translational mod-
ifications, such as glycosylation (Aparecida et al., 2019). For the first
time, we showed that an L. tarentolae expression system can be suc-
cessfully used to produce TBEV VLPs with high production efficiency.
The system leads to the production of recombinant TBEV VLPs with
mammalian-type N-glycosylation patterns.

The vaccine was tested in mice, and we demonstrated its safety and
effectivity. The produced VLPs elicited good titers of neutralizing anti-
bodies, making them good candidates for a safe alternative human
vaccine with low cost and high efficiency of production. Moreover, this
potential vaccine candidate may represent a low-cost candidate for
veterinary use to protect susceptible animals from symptomatic TBE or
to vaccinate small ruminants to prevent milk-borne TBEV infections in
humans.

2. Materials and methods
2.1. Plasmids

The construction of the genes used for the production of recombinant
proteins is summarized in Fig. 1. Sequences of TBEV structural prM and
E proteins (Neudoerfl strain) were separated by the sequence of P2A self-
cleavage peptide to provide efficient separation of prM and E proteins.
Additionally, a linker of 3 amino acids was added following the P2A
sequence to reduce spherical hindrance in the structure of proteins. The
construct was obtained by gene synthesis using L. tarentolae-adapted
codons (GeneArt Thermo Fisher Scientific). Synthesized genes were
ligated into Sall and NotlI restriction sites in the pLEXSY_I-blecherry3
vector (Jena Bioscience).

For the production of antigens used for assessing antibody titers in
postimmunization sera in HEK293T cells, plasmids coding for full-length
prM-E proteins and E protein without a transmembrane domain were
used. The prM-E construct was used to obtain mammalian-derived TBEV
VLPs, as these proteins are expressed together in mammalian cells from
such particles.
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Fig. 1. Schematic illustration of the amino acid
]’GSG '{ P2A l 8s I E sequence of the prMP2AE construct used for the

construction of the L. tarentolae stable cell line. ssL—
signal sequence LMSPA1 phosphatase from L. mexicana, region 1-23 in the amino acid sequence of this protein, (GenBank accession number: CAA87090.1); prM —
premembrane protein of TBEV, region 114-281 in the amino acid sequence of Neudoerfl strain polyprotein (GenBank accession number: AAA86870.1); GSG - linker
sequence; P2A - self-cleavage peptide from swine Teschovirus-1, region 979-997 in the amino acid sequence of polyprotein of this virus (GenBank accession number:
NP_653143.1); ss — signal sequence for E protein of TBEV from transmembrane domains of the prM protein, region 212-281 in the amino acid sequence of the

| sel. [ prv

Neudoerfl strain polyprotein; E — envelope protein of TBEV, region 282-776 in the amino acid sequence of the Neudoerfl strain polyprotein.

2.2. L. tarentolae cultivation and protein expression

Recombinant prMP2AE proteins were expressed using L. tarentolae
cells in the inducible expression system LEXSY according to the guide-
lines of the manufacturer (Jena Bioscience). Briefly, a plasmid was
introduced into cells by electroporation to obtain a stable cell line.
Transfected cells were subjected to polyclonal selection by bleomycin
(100 pg/mL). Recombinant cell lines were cultured in selective medium
with hemin at 26 °C under aerated conditions and protected from light.
For recombinant protein expression, cells were induced by adding
tetracycline (15 pg/mL) and grown in agitated culture for 72 h.

2.3. SDS-PAGE and western blotting

Analysis of protein expression and purification was conducted using
SDS-PAGE. Samples were run in reducing or nonreducing conditions on
10-20% gradient Tris-glycine gels in Tris-glycine SDS running buffer.
After electrophoresis, the gel was used for either Coomassie staining or
western blotting. Coomassie staining was performed using Imperial™
Protein Stain (Thermo Fisher Scientific). For western blotting, the pro-
teins were transferred onto PVDF membranes using wet overnight
transfer in buffer containing 25 mM Tris-Base and 150 mM glycine. After
the membrane was blocked with 5% nonfat milk in TBS-T (TBS buffer
with 0.1% Tween-20 (v/v)), proteins were detected with a specific
monoclonal anti-Flavivirus group antigen antibody (4G2) (Absolute
Antibody) (1:2000 dilution), monoclonal anti-TBEV E protein antibody
19/786 kindly provided by Professor Matthias Niedrig (1:1000 dilution)
or in-house produced polyclonal rabbit serum anti-prM protein (1:1000
dilution) followed by anti-mouse or anti-rabbit peroxidase HRP-
conjugated secondary antibodies (Santa Cruz Biotechnology) (diluted
1:3000). Blots were developed using a Super Signal™ West Pico Plus
Substrate system (Thermo Fisher Scientific) using the Chemidoc system
Alliance™ Q9-Series (UVITEC).

2.4. Ultracentrifugation in sucrose density gradient

The medium from induced cells was collected and ultracentrifuged
through a 20% (w/w) sucrose cushion in TNE buffer (10 mM Tris-HCl,
150 mM NaCl, 2 mM EDTA, pH 7.4) for 3 h at 130,000xg. The super-
natant was removed, and the pellet was resuspended overnight in PBS
with protease inhibitors. Subsequently, a sample was treated with or
without 1% Triton X-100 on ice for 1 h, overlaid on a 20-60% (w/w)
sucrose gradient in TNE buffer and ultracentrifuged for 16 h at
135,000xg. A total of 7 fractions were collected and analyzed by
western blotting and Coomassie staining as described above.

2.5. Analysis of N-glycosylation

N-glycosylation was analyzed with PNGase F (Thermo Fisher Sci-
entific). The sample of purified VLPs was divided into two equal por-
tions. Samples were incubated in denaturing conditions, and one sample
was treated with PNGase F for 16 h at 37 °C, while a second one was an
undigested control also incubated for 16 h at 37 °C. After digestion, the
samples were analyzed by mobility shift assays with western blotting as
described above.

2.6. ELISAs for VLP characterization

ELISA plates were coated overnight at 4 °C with purified VLPs at 5
pg/ml in PBS buffer at pH 7.4. Then, the plate was blocked with 3% BSA
(w/v) in PBS-T (PBS buffer with 0.05% Tween-20 (v/v)) for 2 h at RT.
Three different primary antibodies were used: mouse monoclonal anti-
Flavivirus group antigen antibody (4G2) (Absolute Antibody), mouse
monoclonal neutralizing antibody 19/1786 and polyclonal rabbit serum
anti-prM protein in dilutions from 1:100 to 1:500,000. The antibodies
were diluted in 0.3% BSA w PBS-T, and the plate was incubated for 1 h at
RT. Primary antibodies were detected with anti-mouse or anti-rabbit
peroxidase HRP-conjugated secondary antibodies (Santa Cruz Biotech-
nology) diluted 1:1500 in 0.3% BSA in PBS-T. The reaction was visu-
alized with TMB Substrate Solution (Thermo Fisher Scientific). After the
reaction was stopped with 0.5 M HSO4 the signal intensity was
measured at 450 nm with a plate reader (Tecan).

2.7. Electron microscopy and immunogold labeling

For visualization of particles, fractions from density gradient ultra-
centrifugation were diluted 1:10 in PBS and deposited on carbon-coated
200 mesh nickel grids. Negative staining was performed with 2% uranyl
acetate. For immunogold labeling, grid-deposited particles were blocked
with Blocking Solution for Goat Gold Conjugates (Aurion). Grids were
washed three times with incubation buffer (PBS buffer with 0.1% BSA-c
(Aurion)) and incubated with primary 4G2 or 19/1786 antibodies
diluted 1:40 in incubation buffer for 1 h at RT. Following six washes with
incubation buffer, labeling was performed with goat anti-mouse IgG
conjugated with 6 nm gold particles (Aurion) diluted 1:40 in incubation
buffer for 1 h at RT, washed again and fixed with 4% paraformaldehyde.
After washing, the grids were stained with 2% uranyl acetate. Samples
were analyzed using a transmission electron microscope Tecnai G2
Spirit BioTWIN (FEI) (Faculty of Biology, University of Gdansk, Gdansk,
Poland).

2.8. Nanoparticle tracking analysis

Size distribution and concentration analyses were carried out using
an NS300 NanoSight NTA (Malvern Panalytical). Samples were pre-
pared by dilution with sterile PBS buffer to reach a concentration of 0.1
mg/ml and were measured with five 60 s tracking repetitions. Data were
analyzed using NTA 3.4 Software (Malvern Panalytical).

2.9. Immunization protocol

Groups of 6 female BALB/c mice, 6-8 weeks of age, were immunized
subcutaneously with a mixture of antigen and adjuvant. Mice were
immunized with 10 pg of antigen in sterile PBS buffer on Days 0, 14 and
28. The total protein content in the VLP antigen for immunization was
quantified using a Quick Start™ Bradford Protein Assay (Bio-Rad).
AddaVax (InvivoGen) was used as an adjuvant. Antigen was mixed with
AddaVax in a 1:1 (v/v) ratio directly before the injection. For the first
dose, animals were immunized with 200 pl of antigen-adjuvant mixture
administered in two places of injection, 100 pl for each place of injection
(10 pg of protein in 100 pl of PBS + 100 pl of AddaVax divided into two
portions of 100 pl). For the second and third doses, the volume of
antigen-adjuvant mixture was 100 pl administered in one place of
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injection (10 pg of protein in 50 pl of PBS + 50 pl of AddaVax). The mice
used as a negative control were immunized with adjuvant and PBS
buffer only. On Day 42, the mice were sacrificed, and the sera were
collected for immunological response analysis. All experiments on ani-
mals were conducted by an accredited company (Tri-City Academic
Laboratory Animal Centre, Medical University of Gdansk, Gdansk,
Poland) in accordance with the current guidelines for animal experi-
mentation. The protocols were approved by the Local Committee on the
Ethics of Animal Experiments of the University of Science and Tech-
nology in Bydgoszcz (Permit Number: 17/2020). All surgeries were
performed under isoflurane anesthesia, and all efforts were made to
minimize suffering.

2.10. Preparation of antigens for mouse sera titration

HEK293T cells were transfected with plasmids coding for full-length
prM-E proteins or E protein and cultivated for 72 h. Next, the cells and
medium were collected for analysis and protein or VLP purification. E
protein was purified from the cell lysate on Ni-NTA resin. Cells were
lysed in buffer containing 300 mM NaCl, 0.5% Triton X-100, 5% glyc-
erol, and 10 mM imidazole, pH 8, and sonicated. The lysate was purified
on HisPur Ni-NTA Spin Columns (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Culturing medium from cells trans-
fected with prM-E proteins was used for VLP purification. They were
purified by ultracentrifugation as described above.

2.11. Analysis of mouse serum antibody titers by ELISAs

Collected mouse sera were divided into two groups. The antibody
response against TBEV was measured using 10 pg/ml mammalian cell-
derived TBEV VLPs and 15 pg/ml mammalian cell-derived TBEV E
protein. The antibody response for both antigens was measured with
ELISAs. After overnight coating, the plates were blocked for 2 h with 3%
BSA (w/v) in PBS-T. Serially diluted mouse sera were added to the plate
and incubated for 2 h. The binding of antibodies from sera to recombi-
nant proteins was detected with secondary goat anti-mouse HRP-con-
jugated antibodies (Santa Cruz Biotechnology) (dilution 1:1500) and
TMB Substrate Solution (Thermo Fisher Scientific). After the reaction
was stopped with 0.5 M H,SOy, the signal intensity was measured at 450
nm with a plate reader (Tecan).

The titers of anti-TBEV antibodies were also analyzed by a com-
mercial IMMUNOZYM FSME IgG All-Species kit (Progen GmbH). In this
test, IgG antibodies in the sera of immunized mice were quantified ac-
cording to the manufacturer’s guidelines. This test allowed the deter-
mination of specific IgG antibodies against TBEV in Vienna Units (VIEU/
ml) based on a standard curve and reaction with inactivated virus.

2.12. Viruses

For the virus neutralization assay and challenge experiment, we used
the TBEV strain Hypr (Czech prototype strain originally isolated in
Czechoslovakia in 1953 from the blood of a 10-year-old child infected
with TBEV) passaged five times in the brains of suckling mice and once
in porcine stable kidney (PS) cells before its use in the present study. The
virus was provided by the Collection of Arboviruses, Biology Centre of
the Czech Academy of Sciences (https://arboviruscollection.bcco.cz).

2.13. Virus neutralization assay

Sera were inactivated by heat (56 °C for 30 min) and diluted 1:4 in
Leibowitz L-15 medium (Sigma-Aldrich) with 3% fetal bovine serum,
100 U/mL penicillin, 100 pg/mL streptomycin, and 1% glutamine
(Sigma-Aldrich. Subsequently, 2-fold serial dilutions of the samples in L-
15 medium (50 pL/well) were incubated with 10° PFU/mL of TBEV
strain Hypr (50 pL/well) in 96-well plates for 90 min at 37 °C. The virus
dose was adjusted to produce a near confluent cytopathic effect with

Antiviral Research 209 (2023) 105511

90-95% cytolysis. Porcine kidney stable cells (PS) were then added (3 x
10* cells in 100 pL per well). After 5 days of incubation, the cytopathic
effect was examined using an inverted microscope (Olympus). The
highest serum dilution that inhibited the cytopathic effect of the virus
was considered the endpoint titer. Samples with a titer of 1:20 and
higher were considered positive for the presence of anti-TBEV neutral-
ization antibodies. The data represent the mean values from two inde-
pendent experiments performed in duplicate.

2.14. Challenge experiment

Ten female BALB/c mice, 6 weeks of age (Envigo), were immunized
according to the immunization protocol described above with a mixture
of antigen and adjuvant. The other ten mice injected with adjuvant only
served as a control group. For evaluation of the protective effect of
vaccination, all immunized and control mice were infected intraperito-
neally with TBEV (10 PFU per mouse, strain Hypr) 18 days after the
third dose injection. The morbidity and survival of the infected mice
were evaluated daily during a four-week experimental period. Mice
were euthanized when severe signs of TBE neuroinfection occurred. The
challenge experiment was performed in accordance with Czech law and
guidelines for the use of laboratory animals. The protocol was approved
by the Departmental Expert Committee for the Approval of Projects of
Experiments on Animals of the Ministry of Agriculture of the Czech
Republic and the Committee on the Ethics of Animal Experimentation at
the Veterinary Research Institute (Approval No. 26674/2020-MZE-
18134).

2.15. Statistical analysis and graphic design

Statistical analyses were performed using the GraphPad Prism 9.3.1
software.
The graphic design was performed with BioRender.

3. Results
3.1. Expression and characterization of Leishmania-derived TBEV VLPs

TBEV prM and E proteins were previously shown to form virus-like
particles when expressed together in eukaryotic cells (Allison et al.,
1995; Schalich et al., 1996). In the present study, the prMP2AE construct
(Fig. 1) based on both proteins was used to produce TBEV VLPs in the
L. tarentolae expression system. Sequences of the prM and E genes were
cloned into the pLEXSY I-blecherry3 vector. The original signal
sequence for the prM protein was replaced with the one from the
PLEXSY I-blecherry3 vector—a signal peptide for LMSAP1 phosphatase
from L. mexicana, which is naturally secreted from cells. This substitu-
tion was made for higher production of protein secreted into the culture
medium and to provide proper post-translational processing (Wiese
et al.,, 1995). The sequences of the prM and E protein genes were
separated by P2A peptide sequence. The P2A peptide from porcine
teschovirus-1 was added to facilitate the separation of proteins and
further VLP formation (Fig. S1). The genetic sequence of the P2A peptide
was introduced after the prM protein gene, followed by the signal
sequence (ss) (second transmembrane domain of prM protein) and the E
protein gene. The P2A sequence is preceded by a short, 3 amino acid
linker to avoid spherical hindrance (Kim et al.,, 2011). The genetic
sequence of the whole prMP2AE construct was codon-optimized for the
L. tarentolae expression system.

The expression of recombinant proteins was carried out in cell cul-
tures of recombinant protozoa using an inducible stable cell line of
L. tarentolae (Kushnir et al., 2005). The production was performed for 72
h after tetracycline induction. Protein expression in the cell extract and
culture medium was confirmed by immunoblotting with specific anti-
bodies (Fig. 2). Both prM/M and E proteins were detected in cell extracts
at high levels. These proteins were also secreted in substantial amounts
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Fig. 2. Analysis of the production of prM and E proteins by L. tarentolae.
Western blot analysis of prM and E protein production in cell extract and me-
dium with 4G2 anti-E mAbs (top) and L24 anti-prM serum (bottom) under
nonreducing conditions. Cell extract and medium from wild-type L. tarentolae
(wt) were used as a negative control.

into the culture medium, which was chosen for further analyses. The
molecular mass of the E protein was determined to be approximately 50
kDa. Two forms of prM/M were detected at approximately 17-20 kDa.
The uncleaved prM protein has a theoretical mass of ~26 kDa, a pr
fragment of ~17 kDa and a mature M protein of approximately 10 kDa.
At least one of the detected forms may correspond to the pr fragment or
uncleaved prM protein; in particular, we did not observe any band that
could correspond to the M protein. This finding may indicate that the pr
fragment is still not fully cleaved from the M protein and that the pr
fragment as well as the intact prM protein may be present. As according
to prediction using NetPhos-3.1 software (DTU Health Tech) prM pro-
tein has 11 sites of high phosphorylation potential, the presence of two
bands may also be attributed to phosphorylated and unphosphorylated
forms of this protein.

To confirm that recombinant proteins form VLPs in the culture me-
dium, we conducted further analyses. The formation of higher density
structures was first confirmed by ultracentrifugation of VLPs from the
culture medium in a sucrose density gradient. Seven fractions were
harvested and analyzed by immunoblotting. Both proteins were detec-
ted in fractions with approximately 36-44% sucrose concentration
(Fig. 3a). According to Schalich et al. (1996), the buoyant density of
TBEV VLPs is approximately 1.14 g/cm®, which is in agreement with our
results, as a sucrose density of 36% (w/w) corresponds to approximately
1.15 g/cm®. Furthermore, we analyzed the detergent sensitivity of the
obtained VLPs. VLPs were treated with the strong nonionic detergent
Triton X-100 and again ultracentrifuged in a sucrose density gradient
(Fig. 3b). After treatment, the majority of both proteins were detected in
fractions with a lower sucrose density and/or the proteins did not effi-
ciently enter the gradient. As Triton breaks down higher protein and
membrane structures, the results may indicate that some complex,
enveloped particles are being formed. Coomassie staining of the
collected fractions showed that ultracentrifugation allowed VLP purifi-
cation (Fig. 3c). The fractions with the highest concentrations of VLPs
were combined, and the protein concentration was determined by the
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Bradford method. The efficiency of VLP production was approximately
7-10 mg per 1 L of Leishmania culture.

To finally confirm VLP formation, we performed transmission elec-
tron microscopy analysis. The analyzed samples contained spherical
particles with a diameter of approximately 50-60 nm (Fig. 3d). Addi-
tionally, the quality of the obtained particles was verified with immu-
nogold labeling. Two specific monoclonal antibodies against the E
protein, a 4G2 antibody against the fusion loop epitope and a 19/1786
neutralizing antibody that binds to the conformational epitope between
the DI-DIII domains of the E protein, were used (Fiizik et al., 2018). Both
antibodies reacted with VLPs, suggesting that these epitopes are prop-
erly exposed on the surface of the produced particles.

Moreover, nanoparticle tracking analysis (NTA) was performed to
assess the size distribution and concentration of purified VLPs. The
analysis showed that the population of particles was homogenous in size
(Fig. 3e). The mean hydrodynamic diameter was calculated to be 159.5
=+ 2.0 nm. Since the same analysis performed on purified medium from
wild-type L. tarentolae showed only the presence of much smaller par-
ticles (Fig. S2), this suggests that analyzed particles are proper VLPs
particles.

The estimated number of VLPs purified from 1 L of culture was
calculated to be 9.1 x 10'°. NTA also allowed the stability assessment of
VLPs. Analysis was carried out on two samples, one freshly purified and
one stored at 4 °C for 18 months after purification. There was only a
slight change in particle distribution between the samples, which may
suggest that the VLPs can be successfully stored for long periods of time.
This was also confirmed by ELISA, western blotting and Coomassie
staining, which did not show differences between the freshly purified
sample and the one stored at 4 °C for 18 months after purification
(Fig. S3).

Purified VLPs were subjected to further functional analyses. The
antigenic properties of VLPs were assessed by ELISAs using the same
antibodies as in immunogold labeling: the specific monoclonal anti-
bodies 4G2 and 19/1786 as well as anti-prM polyclonal serum (Fig. 4a).
ELISAs clearly indicated that the produced VLPs are specifically and
strongly recognized by the 19/1786 antibody. As the 19/1786 antibody
is a neutralizing antibody, the strong binding with VLPs may suggest the
proper conformation of the E glycoprotein. The detection with anti-prM
serum was not as efficient in the ELISA test. Strong recognition by this
serum in a previous Western blot assay may suggest that the produced
and purified VLPs may be a combination of mature or only partially
mature particles. The produced VLPs were also weakly recognized by
the 4G2 antibody; thus, we believe that the fusion loop is covered by the
prM protein or hidden in the produced VLPs.

Furthermore, N-glycosylation of prM/M and E proteins present on
VLPs was analyzed by treatment with endoglycosidase PNGase F
(Fig. 4b). Both the E and prM (pr fragment) proteins possess one N-
glycosylation site. In both cases, a shift in molecular mass was observed
by western blots after enzyme treatment, which proved that both pro-
teins are glycosylated. Moreover, both forms of the prM/M protein were
affected by PNGase F treatment, which confirmed that the detected
prM/M proteins were in the form of pr fragments or uncleaved prM
proteins. However, taken together, the efficient expression and the data
from functional analysis suggest that VLPs may have high potential as
good immunogens. Therefore, VLPs purified from the cell culture me-
dium were used for immunization studies in an animal model.

3.2. Immunogenicity of Leishmania-derived TBEV VLPs

For determination of the immunogenicity of TBEV VLPs, a group of
BALB/c mice were immunized subcutaneously with 3 doses of 10 pg of
VLPs in combination with an adjuvant on Days 0, 14 and 28. AddaVax, a
squalene-based oil-in-water nanoemulsion, was used as the adjuvant to
improve the immunogenic response. AddaVax is an analog of the MF59
adjuvant licensed for human use in Europe. Blood samples were taken
before each immunization and 14 days after the last vaccination (on Day
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Fig. 3. Analysis of virus-like particle formation. a
Western blot analysis of fractions collected after ul-
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(0-60% sucrose/TNE) with 4G2 anti-E Abs (top) and
L24 anti-prM serum (bottom) under nonreducing
conditions. Prior to ultracentrifugation, the sample
was treated with Triton X-100. ¢ Coomassie staining
of fractions collected after ultracentrifugation in a
sucrose density gradient (0-60% sucrose/TNE) of
samples not treated with Triton X-100 under reducing
conditions. M — molecular marker. d Transmission
electron micrographs of virus-like particles. After ul-
tracentrifugation in a sucrose density gradient, the
particles were negatively contrasted with 2% uranyl
acetate and analyzed with a transmission electron
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microscope (left). For confirmation of the specificity
of the observed particles, immunogold labeling with
4G2 (middle) and 19/1786 (right) anti-E mAbs and
secondary Abs conjugated with 6 nm gold particles
was performed. Scale bar 100 nm e Analysis of the
size distribution and quantification of freshly purified
VLPs (left) and VLPs after 18 months of storage at
4 °C. Histograms show the average size distribution of
the measured particles. Numbers in blue indicate the
size of particles from each peak, and the red surface
corresponds to the standard deviation values.

Numbers on the y-axis are the results from samples
with a concentration of 0.1 mg/ml VLPs.
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42). Mice in the control group were immunized with the same schedule
only with PBS buffer in the presence of AddaVax adjuvant. Animals did
not show any side effects during vaccination. Sera were pooled, and the
humoral response elicited by immunization was analyzed by deter-
mining specific antibody titers using an ELISA test (Fig. 5). VLPs
(Fig. 5a) and E protein (Fig. 5b) produced in mammalian cells were used
as antigens for titration. The obtained results confirmed that full im-
munization with the produced VLPs resulted in high antibody titers
reaching 1 x 10°. Analyses of antibody levels after each immunization
showed that the titer in the experimental group began to grow after the

second immunization, while the level of antibodies in sera from the
control group did not show significant changes. Similar levels of anti-
bodies for these two antigens may suggest that most of them are directed
against the E protein. The commercially available test based on inacti-
vated virus allowed estimation of antibody levels in the sera of vacci-
nated mice in Vienna Units (Fig. 5¢). In the experimental group, the
specific antibody concentration was approximately 55 VIEU/mL, while
in the control group, it was equal to approximately 5 VIEU/mL. The level
of antibodies after final immunization was significantly higher than in
the control animals in all tests. Subsequently, the neutralizing potential
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Fig. 5. Analysis of the humoral response after im-
munization with Leishmania-derived VLPs in BALB/c
mice. VLPs + AddaVax refers to a group immunized
with antigen, and PBS + AddaVax is a control group
vaccinated only with adjuvant. a The results show
antibody titers in mouse sera before every immuni-
zation and 14 days after the last immunization.
Mammalian-derived VLPs (10 pg/mL) were used as
an antigen. Baseline was established as the serum
antibody level prior to the vaccination. P values were
calculated using the multiple t-test (****, P < 0.05). b
Titers of anti-E antibodies in sera of immunized mice
14 days after the last immunization. The plate was
coated with 15 pg/mL purified E protein. The P value
was calculated using the unpaired t-test (*, P < 0.05).
Antibody titers were calculated as the highest serum
dilution for which absorbance value was higher than
the mean background value plus two standard de-
viations (a, b). ¢ The concentration of anti-TBEV
antibodies in mouse sera 14 days after the last im-
munization based on the standard curve. The P value
was calculated using the unpaired t-test (****, P <
0.0001). The data represent the values from three
independent experiments performed in duplicate, and
error bars indicate standard deviations.

Fig. 6. Efficacy of vaccine candidate in challenge
experiments. a Experimental protocol. Mice were
immunized with three doses of the vaccine candidate
(VLPs + AddaVax) two weeks apart. A control group
was injected with the adjuvant only (PBS + Adda-
Vax). Eighteen days after injection of the third dose,
the mice were challenged with authentic TBEV.
Morbidity and survival were assessed during a four-
week experimental period. (Figure created with
Servier Medical Art, available at www.servier.com). b
Kaplan-Meier survival curve. The P value was
calculated using the Mantel-Cox test (***, P <
0.001). ¢ Histograms show disease progression in the
control group receiving adjuvant alone (left) and in
the group immunized with the vaccine candidate
(right).
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of postimmunization sera was analyzed. The experiment was conducted
with the TBEV Hypr strain. The sera from the experimental group were
able to neutralize the virus up to a dilution of 1:160. The serum from the
control group did not show any neutralizing potential. Finally, a chal-
lenge experiment with a lethal dose of TBEV was performed to verify
whether immunization with the prepared vaccine would protect animals
from the development of TBE (Fig. 6a). All vaccinated and infected mice
survived until the end of the experiment at 28 days post-infection
(Fig. 6b) and did not show any symptoms of TBE (Fig. 6¢). In contrast,
mice from the control group started to develop symptoms on the sixth
day post-infection and had to be euthanized by the eleventh day after
infection. Therefore, we can conclude that VLPs produced in L. tarentolae
were highly immunogenic, causing effective production of neutralizing
antibodies and providing protection against a lethal dose of TBEV, as
confirmed in the challenge experiment.

4. Discussion

Despite available vaccines, TBEV is still a major concern in many
European and Asian countries (Bogovic, 2015). This report is the first to
evaluate the production of TBEV VLPs in the L. tarentolae expression
system, which provides post-translational processing, including glyco-
sylation processes, very similar to that of mammalian cells. Only a few
viral antigens have been previously successfully produced in the
L. tarentolae system (Breton et al., 2007; Baechlein et al., 2013; Pion
et al., 2014; Grzyb et al., 2016; Czarnota et al., 2016; Fischer et al.,
2016). L. tarentolae cultures can be easily scaled up; therefore, they are
good candidates for industrial scale production. The use of this expres-
sion system could also lead to significantly lower vaccine production
costs than are currently incurred for inactivated vaccines. Production
costs in the L. tarentolae system are lower than in mammalian cells, due
to lower costs of the culture medium as well as lower requirements for
cell cultures. The purification procedure can also be carried out more
easily and at a lower cost because the culturing medium for L. tarentolae
has fewer components than the medium for mammalian cells. All these,
in turn, could directly translate into greater availability of the TBEV
vaccine. Additionally, it may lead to the development of a cheap vet-
erinary vaccine, as immunization of animals can be a way to reduce viral
reservoirs and reduce transmission to humans (Salat and Rizek, 2020).
In our study, the introduction of additional elements (e.g., the signal
sequence from L. mexicana and P2A peptide) in addition to the se-
quences of the TBEV structural proteins made it possible to obtain a very
high yield of recombinant particles. Although some studies have shown
that the addition of the L. mexicana signal peptide can impair the pro-
duction of some recombinant proteins (Breton et al., 2007; Pion et al.,
2014), our results confirmed the data obtained by Wiese et al., 1995)
and Grzyb et al., 2016 (Wiese et al., 1995; Grzyb et al., 2016), which
indicated that proteins fused with this signal sequence are efficiently
produced and successfully secreted into the culture medium. Codons
were optimized to obtain the highest possible production efficiency
(Breton et al., 2007). Moreover, to our knowledge, the P2A peptide was
successfully used for the first time to facilitate the separation of the
TBEV prM and E proteins. All these factors allowed not only a high
expression efficiency but also a very high secretion of particles into the
culture medium, which translates into the ease of their purification
using a one-step purification process (Figs. 2 and 3a, c¢). VLP formation
was further confirmed by electron microscopy analysis using immuno-
gold labeling with two different antibodies recognizing the E protein
(Fig. 3d). A high level of recognition of particles by neutralizing
19/1786 antibody suggests that the exposition of important epitopes is
correct and therefore can induce a strong immunological response
(Fiizik et al., 2018).

L. tarentolae has been shown to be the first single-cell organism able
to produce biantennary N-glycans similar to those in higher eukaryotic
organisms, lacking only sialylation (Breitling et al., 2002). Both the
TBEV prM and E proteins have one N-glycosylation site. The role of these
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glycans is still not fully understood, but it has been shown that the
removal of N-glycans from the E protein reduces the infectivity of viral
particles (Yoshii et al., 2013). Therefore, it is important that the glyco-
sylation pattern is also maintained in the vaccine candidate antigen so
that the immune response induced by the vaccine provides the highest
possible level of protection from the native virus. It has also been shown
that glycosylation may be important for TBEV VLP secretion (Goto et al.,
2005). In this study, the glycosylation profile of proteins composing
VLPs was also examined. We confirmed that both the prM and E proteins
were fully glycosylated, as shown by PNGase F treatment (Fig. 4b).

The strong immunogenicity potential of Leishmania-derived TBEV
VLPs was confirmed by immunization of mice. Our study showed that
immunization with VLPs results in high antibody titers measured by
ELISAs with heterologous-derived antigens from mammalian cells
(Fig. 5), and the sera from immunized animals had strong neutralizing
properties against the virus. Moreover, immunization with VLPs pro-
tected mice from developing any TBE symptoms in experimental infec-
tion with a lethal dose of TBEV (Fig. 6). Without a doubt, the high safety
profile and strong immunogenic potential of the vaccine antigen char-
acterized in this study call for further investigation of these promising
observations.

To our knowledge, this is the first study undertaken to prove that the
production of flaviviral VLPs is possible in a system based on the pro-
tozoa L. tarentolae. We have also shown that the particles produced in
this system have strong immunogenic properties and are a good candi-
date for a cost-efficient and highly effective TBEV vaccine. Further
studies, such as the analysis of protection from other virus subtypes and
safety studies, need to be conducted to confirm the high potential of this
vaccine antigen. However, based on the present study, we believe that
the VLP particles described in this report may be good candidates for the
production of TBEV vaccines on an industrial scale.
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Supplementary figure 1. Comparison of efficiency of production of construct without (prME)
and with P2A peptide (prMP2AE). a Analysis of the secretion of prM and E proteins to the
medium for prME and prMP2AE constructs in different time points. Western blot analysis of
prM and E protein production in cell extract and medium with 4G2 anti-E mAbs (top) and L24
anti-prM serum (bottom) under nonreducing conditions. b Coomassie staining of fractions
collected after ultracentrifugation in a sucrose density gradient (0-60% sucrose/TNE) for prME

and prMP2AE constructs under reducing conditions. M — molecular marker.
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Supplementary figure 2. Analysis of the size distribution and quantification of particles in
purified medium from wild-type L. tarentolae. Histograms show the average size distribution
of the measured particles. Numbers in blue indicate the size of particles from each peak, and
the red surface corresponds to the standard deviation values.
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Supplementary figure 3. Analysis of VLPs stability. a Recognition of particles stored in 4 °C
for 18 months with specific antibodies. The 4G2 and 19/1786 anti-E mAbs and L24 anti-prM
serum were used. The plate was coated with 5 pg/mL of VLP protein. For each antibody, the
mean from two independent experiments performed in duplicate is shown. Error bars indicate
standard deviations. b Western blot analysis of freshly purified sample and purified sample
stored in 4 °C for 18 months with 4G2 anti-EAbs (fop) and L24 anti-prM serum (bottom) under
nonreducing conditions. ¢ Coomassie staining of freshly purified sample and purified sample
stored in 4 °C for 18 months under nonreducing conditions. M — molecular marker.
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Tick-borne encephalitis virus (TBEV) is a tick-borne flavivirus that induces severe central nervous system dis-
orders. It has recently raised concerns due to an expanding geographical range and increasing infection rates.
Existing vaccines, though effective, face low coverage rates in numerous TBEV endemic regions. Our previous
work demonstrated the immunogenicity and full protection afforded by a TBEV vaccine based on virus-like
particles (VLPs) produced in Leishmania tarentolae cells in immunization studies in a mouse model. In the pre-
sent study, we explored the impact of adjuvants (AddaS03™, Alhydrogel®+MPLA) and administration routes
(subcutaneous, intramuscular) on the immune response. Adjuvanted groups exhibited significantly enhanced
antibody responses, higher avidity, and more balanced Th1/Th2 response. IFN-y responses depended on the
adjuvant type, while antibody levels were influenced by both adjuvant and administration routes. The combi-
nation of Leishmania-derived TBEV VLPs with Alhydrogel® and MPLA via intramuscular administration emerged
as a highly promising prophylactic vaccine candidate, eliciting a robust, balanced immune response with sub-
stantial neutralization potential.

1. Introduction

Infectious diseases remain a substantial global health concern for
both humans and animals. Especially important are respiratory viral and
arboviral infections. Flaviviruses are a class of vector-borne positive-
sense RNA viruses. They are particularly important, given their potential
to emerge unexpectedly and induce severe medical conditions (Pierson
and Diamond, 2018). Climate change contributes to the prolonged
presence of vectors transmitting flaviviruses, including ticks and
mosquitoes. Therefore it heightens the risk of infection with these vi-
ruses (Tsoumani et al., 2023). Tick-borne encephalitis virus (TBEV)
infection can result in central nervous system (CNS) disorders like
meningitis and meningoencephalitis. Its primarily transmitted through
tick bites (Dumpis et al., 1999). TBEV was first identified in 1937 in the
Soviet Union. Since then, its geographical presence has expanded. Now

* Corresponding author. Abrahama 58, 80-307 Gdansk, Poland.

it has been identified in many European countries, East Asia, and
recently reported in North Africa (Fares et al., 2021; Mansbridge et al.,
2022; Yoshii, 2019). The incidence of tick-borne encephalitis has
notably increased in Europe over the past two decades, ranking it as the
second most severe tick-transmitted disease. The World Health Orga-
nization reports 10,000-12,000 annual cases of tick-borne encephalitis,
with a considerable number of infections being asymptomatic or dis-
playing nonspecific symptoms, implying a significantly underreported
magnitude of the issue (Donoso Mantke et al., 2011; World Health Or-
ganization, 2017).

As of now, no licensed therapeutic agent exists for treating TBEV
infections, and the standard approach involves symptom relief. Conse-
quently, preventive vaccination stands as the most effective means of
combatting this virus infection. In Europe (outside Russia), two vaccines
against TBEV are available: FSME-Immun® (Pfizer) and Encepur®
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(Novartis). Both vaccines are based on formaldehyde-inactivated Euro-
pean subtype whole virus particles and incorporate aluminum hydrox-
ide as an adjuvant to booster the immune response (Lehrer and
Holbrook, 2011).

In our previous work, we described the characterization of TBEV
virus-like particles (VLPs) produced for the first time in the Leishmania
tarentolae expression system. These VLPs exhibited promising potential
as a vaccine candidate. The TBEV envelope is comprised of two essential
proteins: the envelope glycoprotein (E) and the membrane protein (M).
The glycoprotein E, positioned as the outermost and visually prominent
structural element of virions, plays a crucial role in the formation of
infectious particles (Barrows et al., 2018). Numerous studies, including
our previous work, have demonstrated the ability of glycoprotein E to
form VLPs in conjunction with the M protein. These non-infectious
particles, incorporating both proteins within a lipid membrane, have
been explored as a prospective vaccine antigen (Tang et al., 2023; Yoshii
et al., 2008; Yun et al., 2014; Zimna et al., 2023).

Due to their high effectiveness in animal studies and providing
complete protection against the disease in challenge experiment, TBEV
VLPs have a high potential for future use as a vaccine antigen (Zimna
et al., 2023). The VLPs present a less complex production process
compared to currently used inactivated vaccines, offering a potential for
easier commercialization. Additionally, they provide the possibility of
implementing the DIVA (Differentiating Infected from Vaccinated Ani-
mals) strategy. In our current study, we specifically investigated the
influence of adjuvants and the route of vaccine administration on the
immune response elicited by these VLPs. This analysis aimed to identify
the optimal combination for achieving the highest level of protection.
Antibody responses are pivotal in the defense against viral infections,
offering protection through various mechanisms such as blocking virus
binding, opsonization, phagocytosis, and lysis of infected cells.
Furthermore, a balanced Th1/Th2 response is crucial for effective im-
munity. Given that the type of immune response is significantly influ-
enced by the adjuvant used, its careful selection is paramount for the
efficacy of a potential vaccine (Ellebedy and Ahmed, 2016).

In our previous proof-of-concept study involving Leishmania-derived
VLPs, we utilized AddaVax™ (InvivoGen) as the adjuvant. AddaVax™ is
a squalene-based oil-in-water nanoemulsion, analogous to the MF59®
(Novartis) adjuvant. The MF59®-adjuvanted seasonal influenza vaccine,
Fluad®, originally licensed in 1997 for elderly use, has subsequently
received approval for inclusion in human vaccines across more than 30
countries (Ko and Kang, 2018; O’Hagan et al., 2013, 1997).

In this study, we opted to employ two other adjuvants: AddaS03™
(InvivoGen) and a combination of MPLA (Monophosphoryl Lipid A)
(InvivoGen) with Alhydrogel® (InvivoGen). AddaS03™, an analog of
AS03® (GlaxoSmithKline), like the previously used AddaVax™, is a
squalene-based oil-in-water nanoemulsion. However, it also contains
DL-a-tocopherol and the surfactant polysorbate 80 (Tween® 80) for
enhanced stability (“https://www.invivogen.com/addas03-adjuvant,”
n.d.). ASO3® is included in pandemic H5N1 influenza vaccines and has
been used in studies for malaria vaccine (Stanisic and Good, 2023;
Wilkins et al., 2017). It has been demonstrated to induce transient
NF-xB-dependent innate immune responses, promoting the production
of cytokines and chemokines at the injection site and in the draining
lymph nodes. This, in turn, facilitates the migration of crucial immune
cells. A notable characteristic of ASO3® is its inclusion of
DL-a-tocopherol, the most bioavailable form of vitamin E. This distin-
guishes ASO3® from other oil-in-water adjuvants, allowing it to
augment both cell-mediated and humoral immune responses compared
to vaccines without adjuvants (Garcon et al., 2012; Morel et al., 2011;
Shi et al., 2019).

Alhydrogel® is an aluminum hydroxide wet gel suspension known
for its mechanism of action in enhancing antigen presentation by
antigen-presenting cells (APCs). It achieves this by increasing antigen
uptake, leading to the induction of a Th2 response. Additionally, Alhy-
drogel® can activate innate immunity pathways by stimulating pattern
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recognition receptors (PRRs) (“https://www.invivogen.com/alhy-
drogel,” n.d.). MPLA, extracted from the lipopolysaccharide (LPS) of
Salmonella minnesota, exerts its action by activating Toll-like receptor 4
(TLR4). This activation strongly induces a Thl response through the
NF-kB-dependent pathway, leading to the production of proin-
flammatory cytokines (“https://www.invivogen.com/mpla-vaccigrade,
” n.d; Iwasaki and Medzhitov, 2004). The combination of MPLA with
Alhydrogel® functions as an analog of AS04® (GlaxoSmithKline), a
formulation utilized in licensed VLP-based vaccines such as Fendrix®
(against HBV) and Cervarix® (against HPV) (Cimica and Galarza, 2017;
Rachel Skinner et al., 2016). In this vaccine formulation, MPLA and an
antigen are adsorbed on aluminum hydroxide, promoting the stimula-
tion of both Thl and Th2 responses while providing stability to the
vaccine formulation (Didierlaurent et al., 2017; Giannini et al., 2006).

In this study, we conducted a comprehensive analysis of both hu-
moral and cellular responses, along with evaluating the virus neutral-
izing potential of sera from mice immunized with Leishmania-derived
TBEV VLPs in combination with the described adjuvants, administered
via subcutaneous (s.c.) and intramuscular (i.m.) routes.

2. Materials and methods
2.1. Production of VLPs

VLPs were produced as described before (Zimna et al., 2023). Briefly,
recombinant prMP2AE proteins based on TBEV Neudorfl strain were
expressed using L. tarentolae stable cell line. The medium from induced
cells was collected and ultracentrifuged in a two-step process. Subse-
quently, buffer was exchanged to sterile PBS and purified antigen was
used for immunization.

2.2. Immunization protocol

Groups of 6 (3 for control groups) female BALB/c mice, 6-8 weeks of
age, were immunized subcutaneously or intramuscularly with a mixture
of antigen and adjuvant or antigen without any adjuvant (as summa-
rized in Fig. 1). Mice were immunized with 10 pg of antigen in sterile
PBS buffer or water on Days 0, 14 and 28. The total protein content in
the VLP antigen for immunization was quantified using a Quick Start™
Bradford Protein Assay (Bio-Rad). Two types of adjuvants were used:
AddaS03™ and Alhydrogel® in combination with MPLA. All adjuvants
were purchased from InvivoGen. Antigen was mixed with AddaS0™3
directly before administration and in case of combination with Alhy-
drogel® and MPLA, the antigen was mixed with adjuvant 36 h before
administration. The total volume of one dose was 100 pl in subcutaneous
administration and 50 pl in intramuscular administration. Control
groups were immunized with adjuvant and PBS/water depending on the
adjuvant or with PBS only. On Day 42, the mice were sacrificed, and the
sera were collected for immunological response analysis. All experi-
ments on animals were conducted by an accredited company (Tri-City
Academic Laboratory Animal Centre, Medical University of Gdansk,
Gdansk, Poland) in accordance with the current guidelines for animal
experimentation. The protocols were approved by the Local Committee
on the Ethics of Animal Experiments of the University of Science and
Technology in Bydgoszcz (Permit Number: 24/2022). All surgeries were
performed under isoflurane anesthesia, and all efforts were made to
minimize suffering.

2.3. ELISPOT assay

T-cell response was analyzed by an enzyme-linked immune spot
assay (ELISPOT) detecting IFN-y after stimulation of mouse splenocytes
according to the manufacturer’s instructions (BD Sciences). Briefly, 96-
well ELISPOT plates were coated with anti-mouse IFN-y antibody and
blocked using RPMI Medium 1640 supplemented with 10% FBS, 25 mM
HEPES buffer, Pen-strep antibiotic and 2 mM L-glutamine (Thermo
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Fig. 1. Schematic illustration of the immunization study. a Visual representation of the immunization schedule. b Immunization dosing for each experimental and
control group of BALB/c mice (n = 6 for experimental groups, n = 3 for control groups).

Fisher Scientific). Splenocytes were isolated from the mice in the 42nd
day after the first immunization by passage through 70 pm strainers
followed by treatment with ACK lysing buffer (Thermo Fisher Scienti-
fic). After washing, splenocytes were seeded at 5 x 10° cells/well and
stimulated overnight at 37 °C with 4 groups of synthetic peptides
overlapping regions of prM and E proteins (ProteoGenix) at the con-
centration of 2 pg/mL. Concanavalin A was used as a positive control
and complete medium was used as a negative control. The mean number
of spots from duplicate wells were calculated for each animal and
adjusted to represent the mean number of spots forming cells (SFC) per
10° splenocytes. For additional analyses splenocytes from all animals
from the group were pooled together and stimulated with the VLPs used
and an immunogen at the concentration of 10 pg/mL. Other steps of the
experiment were performed as described above.

2.4. Analysis of antibody levels

The titers of anti-TBEV antibodies were analyzed by a commercial
IMMUNOZYM FSME IgG All-Species kit (Progen GmbH) based on an
inactivated virus as an antigen. Total anti-TBEV IgG antibodies in the
post-immunization sera were quantified according to the manufac-
turer’s protocol. Concentration of antibodies was calculated based on a
standard curve and expressed in Vienna Units (VIEU/mL). Second test
used for titration of IgG antibodies was ELISA based on mammalian-
produced VLPs (purified as described previously (Zimna et al., 2023)).
96-well ELISA plate was coated overnight with 5 pg/mL of mammalian
cell-derived TBEV VLPs. Then the plates were blocked for 2 h with 3%
BSA (w/v) in PBS-T. Serially diluted mouse sera were added to the plate
and incubated for 2 h. The binding of antibodies from sera to recombi-
nant proteins was detected with secondary goat anti-mouse HRP-con-
jugated antibodies (Santa Cruz Biotechnology) for total IgGs or with one
of the following antibodies for the detection of specific class of IgGs:
goat, cross-adsorbed anti-mouse IgG1l (Thermo Fisher Scientific), goat
anti-mouse IgG2a (Thermo Fisher Scientific), goat, cross-adsorbed
anti-mouse IgG2b (Thermo Fisher Scientific) or goat, cross-adsorbed
anti-mouse IgG3 (Thermo Fisher Scientific). TMB Substrate Solution
(Thermo Fisher Scientific) was used for detection of bound antibodies.
After the reaction was stopped with 0.5 M H3SOy, the signal intensity
was measured at 450 nm with a plate reader (Tecan).

2.5. Evaluation of antibodies avidity

Avidity of antibodies was determined as described before (Brzuska
et al., 2023). Serum samples were subjected to ELISA based on
mammalian-produced VLPs as described above. In order to determine
avidity of antibodies potassium thiocyanate (KSCN) was used as a cha-
otropic agent. After coating and blocking the plate, it was incubated
with serum samples diluted 1:50 (dilution allowing to achieve the A4s¢
value of ~2.2-2.5) for 2 h. Then the plate was treated with 1.5 M KSCN
(200 pL/well) for 30 min at room temperature. After the secondary goat
anti-mouse HRP-conjugated antibodies (Santa Cruz Biotechnology)
were added, the protocol was followed as described above. Avidity index
was calculated as a ratio of mean absorbance value from KSCN treated
sample to the non-treated sample and expressed as a percentage.

2.6. Viruses

For the virus neutralization assay, we used the following TBEV
strains: Hypr (originally isolated in Czechoslovakia in 1953 from a 10-
year-old child; passaged five times in the brains of suckling mice and
once in BHK-21 cells before its use in the present study), 9001 (originally
isolated in 1978 from Ixodes ricinus ticks in Czechoslovakia; passaged
two times in the brains of suckling mice, once in PS cells and then again
in the brains of suckling mice), and Neudoerfl (originally isolated in
1971 from I ricinus ticks in Austria; passaged five times in the brains of
suckling mice, and once in UKF-NB-4, before its use in the present
study). These viruses were sourced from the Collection of Arboviruses,
Biology Centre of the Czech Academy of Sciences (https://arbovirusco
llection.beco.cz) for strains Hypr and 9001, and from Prof. Franz X.
Heinz at the Medical University of Vienna, Austria, for strain Neudoerfl.

2.7. Virus neutralization test

Sera were inactivated by heat (56 °C for 30 min) and diluted 1:4 in
Leibowitz L-15 medium (Sigma-Aldrich) with 3% fetal bovine serum,
100 U/mL penicillin, 100 pg/mL streptomycin, and 1% glutamine
(Sigma-Aldrich. Subsequently, 2-fold serial dilutions of the samples in L-
15 medium (50 pL/well) were incubated with 10° PFU/mL of TBEV
(strain Hypr/9001/Neudoerfl) (50 pL/well) in 96-well plates for 90 min
at 37 °C. The virus dose was adjusted to produce a near confluent
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cytopathic effect with 90-95% cytolysis. Porcine kidney stable cells (PS) all groups, though in the group without any adjuvant, its level was lower
were then added (3 x 10* cells in 100 pL per well). After 5 days of in- than in adjuvanted groups. For both groups with adjuvant, the level of

cubation, the cytopathic effect was examined using an inverted micro- response was similar, despite the fact that in ELISPOT with peptides
scope (Olympus). The highest serum dilution that inhibited the stimulation, the group with AddaS03™ showed a much lower level of
cytopathic effect of the virus was considered the endpoint titer. Samples response.

with a titer of 1:20 and higher were considered positive for the presence

of anti-TBEV neutralization antibodies. 3.2. Antibody response

2.8. Statistical analysis and graphic design Antibody response was analyzed in the preimmune sera and in the
sera collected after each immunization to assess the kinetics of anti-
bodies generated in response to immunization (Fig. 3). Sera from ani-
mals from each group were pooled together for all experiments. The IgG
titers were first measured with a commercial test based on inactivated

Statistical analyses were performed using the GraphPad Prism 9.3.1
software. The graphic design was performed with BioRender.

3. Results virus (Fig. 3a). In all analyzed groups, the level of antibodies increased
after each dose. After the prime immunization, the level of antibodies

The goal of this study was to analyze the immunogenicity of was similar for adjuvanted and non-adjuvanted groups; however, after
Leishmania-derived VLPs in combination with different adjuvants and boosting doses, a significant difference between these groups was
via various routes of administration. Production of VLPs was conducted noticed. Concentration of antibodies was rising in all groups; however,
as described before (Zimna et al., 2023). Since we demonstrated the the increase was much higher in adjuvanted groups than in non-
effectiveness of immunization with such VLPs in a previous challenge adjuvanted ones. It is worth noting that the levels of antibodies were
experiment, here we decided to focus on the profile of the immune different for the same adjuvant but used in different routes of adminis-
response and determine whether changes in the adjuvant type or route tration. The highest concentrations of antibodies were observed for the
of administration could increase the level of immune response compared group with AddaS03™ in s.c. administration and the group with Alhy-
to the previously used AddaVax™ in s.c. administration. We performed drogel®+MPLA in i.m. administration for which it reached over 300
immunological studies in a mouse animal model. Six different groups of VIEU/mL. The highest increase in antibodies concentration after the last
mice were immunized with VLPs: three via s.c. and three via i.m. boosting was detected in the AddaS03™ s.c. group, where it was almost
administration, each with different combinations of adju- tripled. Interestingly, in our previous study where mice were immunized

vants—AddaS03™ and Alhydrogel®+MPLA, or VLPs without any according to the same schedule but with AddaVax™ instead of
adjuvant (Fig. 1). Control groups were immunized with PBS or water AddaS03™ the level of antibodies reached less than 60 VIEU/mL (Zimna

with the respective adjuvant. et al., 2023). In fact, the level of antibodies after the second dose of
immunization in all adjuvated groups was already higher than after the
3.1. T-cell response last (third) dose in our previous study. In that case, vaccination provided
full protection in the challenge experiment. Therefore, since the
T-cell response was analyzed by an ELISPOT detecting interferon- currently reached antibody levels are already higher after the second
gamma (IFN-y) secretion by isolated murine splenocytes after stimula- dose, it is possible that administering only two doses with the currently
tion with a mitogen (peptides covering prM and E proteins or VLPs) used adjuvants would have already provided a sufficient level of pro-
(Fig. 2). No IFN-y production was detected for pools covering pr and M tection.The level of antibodies was also assessed with ELISA based on
regions (data not shown). For the E protein, the response was detected mammalian-derived VLPs (Fig. 3b). In this case, in non-adjuvanted
only for both groups adjuvated with Alhydrogel®+MPLA for peptides groups, antibodies were not detected until the first boosting dose and
covering the E ectodomain (Fig. 2a). The response was slightly higher in did not increase after the second boosting dose. The titer was also lower
s.c. administration; however, the difference was not statistically signif- than in adjuvanted groups. In all adjuvanted groups, the titer was at the
icant. Some slight response to E ectodomain peptides was also detected same level. The antibodies were detected already after the prime dose
for the group immunized with AddaS03™ in i.m. administration. As an and reached the highest level after the first boost. Interestingly, after the
additional analysis, we performed ELISPOT in which splenocytes from second boosting dose, a 1-log decrease in the titer was observed in all
the groups in i.m. administration were stimulated with the same VLPs as adjuvanted groups. Moreover, titers of different IgG classes were
those used for immunization (Fig. 2b). IFN-y production was detected in determined to further assess the immune response (Fig. 3c). IgG1, IgG2a,
a mitogen - E protein derived peptides b mitogen - VLPs (immunogen)
L 80+ == VLPs+AddaSO3 s.c.
- - == VLPs+Alhydrogel+MPLA s.c.
§ 120 § 50_. JJ} mmm VLPss.c.
= bt ‘e 507 == VLPs+AddaSO3 im.
E 80 E 40- ES == VLPs+Alhydrogel+MPLA i.m.
» 60 o 30
uz?: 40 E>- 20_' == VLPsim.
20 é = ol L e baseline
0 = B ]

E DI-DIII pepti E st h

Fig. 2. Analysis of cellular response to E protein derived peptides and VLPs used as an immunogen by IFN-y ELISPOT. a Box plot diagram of IFN-y spot-forming cells
(SFC) per 10° mouse splenocytes. Splenocytes from six individual BALB/c mice per immunized group were stimulated with pools of 15-mer overlapping peptides
covering ectodomain and stem-anchor regions of E protein (2 pg/mL). The box region is the 25 to 75th percentile and whiskers are min. and max. values; the
horizontal line indicates the median value and+indicates the mean value. b Column diagram of IFN-y spot-forming cells (SFC) per 10° mouse splenocytes. Sple-
nocytes from six immunized BALB/c mice per group were pooled together and stimulated with Leishmania-derived VLPs (10 pg/mL). Baseline was determined as the
mean value for all control groups.
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Fig. 3. Analysis of the humoral response after immunization with Leishmania-derived VLPs in BALB/c mice. a The concentration of anti-TBEV antibodies in mouse
sera before prime immunization and after each dose based on the standard curve. b The antibody endpoint titers against mammalian-derived VLPs (10 pg/mL) in
mouse sera before prime immunization and after every dose. ¢ The antibody endpoint titers of different IgG classes against mammalian-derived VLPs (10 pg/mL) in
mouse sera in the 42nd day after prime immunization. The antibody endpoint titer was calculated as the highest dilution for which the mean absorbance value is
greater than twice the mean absorbance value in the same dilution of serum of the corresponding control group (b, ¢). All data represent the values from two in-

dependent experiments performed in triplicate.

and IgG2b levels were higher in the adjuvanted groups compared to
groups immunized only with VLPs. IgG1l antibody titers were higher
than other IgG titers for all groups, indicating that the immune response
is shifted towards Th2 response. For the adjuvanted groups, IgG2a level
was the same, except for Alhydrogel®+MPLA in i.m. administration for
each it was elevated compared to other groups and closer to the level of
IgG1. IgG2b antibodies were only detected in adjuvanted groups. Their
level did not differ much between different adjuvants, however, for both
adjuvants, it was higher in i.m. than in s.c. administration. IgG3 anti-
bodies were not detected in any group (data not shown). Overall, the
most balanced type of response was present in the group immunized
with Alhydrogel®+MPLA in i.m. administration and the obtained re-
sults emphasize the role of adjuvants in shaping the immune response
profile.

Furthermore, we analyzed the avidity of antibodies directed against
mammalian-derived VLPs to further characterize the immune response.
We performed ELISA with KSCN as a chaotropic agent using sera
collected after the final dose of immunization (Fig. 4). In all adjuvanted
groups, the avidity was very high, reaching 100%, regardless of the type
of adjuvant or route of administration. However, in the groups immu-
nized without any adjuvant, the avidity was much lower, below 50%.

3.3. Virus neutralization

Finally, we analyzed the neutralizing potential of antibodies elicited
by immunization in different groups. Three different strains of TBEV
were used for this experiment (Fig. 5). In non-adjuvanted groups, the
titer of neutralization was above the baseline based on control groups;
however, it was still below 1:20, which was considered the lowest
positive result, confirming that the presence of adjuvant is necessary to
provide a sufficient level of immune response. In adjuvanted groups, the
neutralization titer was higher in i.m. administration for all virus sub-
types and depended more on the route of administration than the
adjuvant type. The highest titers of neutralization were detected for both
adjuvants in i.m. administration for Neudorfl strain. Interestingly, in s.c.

VLPs+AddaSO3 s.c.
VLPs+Alhydrogel+MPLA s.c.
VLPs s.c.

VLPs+AddaSO3 i.m.

(2]
o

VLPs+Alhydrogel+MPLA i.m.

foonrnl

avidity index [%]

VLPs i.m.

0

Fig. 4. The avidity of IgG antibodies directed against TBEV VLPs. The avidity
ELISA was conducted using KSCN solution to measure the binding strength of
1gGs in the sera from the day 42nd after first immunization to mammalian-
derived VLPs. The avidity index was calculated as a ratio of sample treated
with KSCN solution to non-treated sample and expressed as a percentage. The
data represent the values from two independent experiments performed
in triplicate.

administration, the neutralization titers were higher for Hypr strain,
despite immunization with VLPs based on Neudorfl strain. The lowest
neutralizing potential of postimmunization sera was detected for 9001
strain; however, in adjuvanted groups, it was still above 1:20, indicating
the potential for virus neutralization during infection.

Overall, the results from all performed analyzes indicate that the
VLPs exhibit the highest potential as a vaccine antigen if combined with
Alhydrogel® and MPLA in i.m. administration, compared to other
groups. Both antibody level and the sera neutralization titer were also
higher than in our previous study, where VLPs were used for immuni-
zation in combination with AddaVax™ in s.c. administration (Zimna
et al.,, 2023). T-cell response was also present, which has not been
detected previously. As the vaccination in the previous study was
effective in the challenge experiment and provided complete protection
from infection, we believe that the proposed variant of immunization
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Fig. 5. TBEV neutralization assay. Virus neutralization test was conducted with
sera collected from immunized mice on day 42 post-primary immunization. The
neutralizing capacity of the sera against three different TBEV strains (Hypr,
Neudoerfl, and 9001) was assessed. The highest serum dilution inhibiting the
virus’s cytopathic effect was identified as the endpoint titer. The data represent
mean values derived from a single experiment conducted in duplicate. Baseline
was determined as the mean value for all control groups.
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would also be effective in such experiment. Considering all the data, we
believe that proposed vaccine may yield optimum results in providing a
balanced immune response and eliciting high titers of neutralizing
antibodies.

4. Discussion

Recombinant vaccines present a promising solution to the limited
use of inactivated vaccines against TBEV in endemic areas with low
vaccination coverage. Our previous study demonstrated that a potential
recombinant vaccine, leveraging TBEV VLPs produced in the
L. tarentolae system, offers a cost-effective and easily producible candi-
date with remarkable efficacy in protecting against TBEV infections
(Zimna et al., 2023). Here, our research concentrates on identifying the
most effective adjuvant and administration route to elicit an optimal
immune response. Given the significance of a balanced Th1/Th2 im-
mune response for adequate protection, we employed adjuvants
designed to stimulate both response types (Howard et al., 2022; Newton
et al., 2016). While the role of cellular response in TBEV remains
incompletely understood, existing studies suggest that relying solely on
humoral response may not suffice to prevent the virus from infecting the
CNS (Dorrbecker et al., 2010). Additionally, studies indicate that an
excessively robust inflammatory response might facilitate the invasion
of the CNS. Consequently, maintaining a delicate balance between Th1
and Th2 responses becomes even more crucial in the context of TBEV
infection (Bogovic et al., 2019).

Previous analyses, as well as our present study, consistently
demonstrate that the magnitude and nature of the immune response are
profoundly influenced by the choice and type of adjuvant. While VLPs
alone elicited an immune response, the addition of an adjuvant signifi-
cantly enhanced the response. Intriguingly, the impact of the same
adjuvant varied depending on the route of administration. This un-
derscores the importance of considering the route of vaccine
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administration in conjunction with adjuvant selection, as numerous
studies emphasize its role in shaping the immune response during vac-
cine development (Durando et al., 2011; Mohanan et al., 2010; Schmidt
et al., 2016). In this context, the incorporation of an adjuvant not only
elevated the magnitude of the immune response but also contributed to
a more favorable equilibrium between Th1l and Th2 responses. More-
over, it exerted a discernible impact on the quality of antibodies
generated post-immunization, markedly enhancing their avidity. The
heightened avidity of antibodies holds significance not only for
heightened protection but also for the sustenance of a more enduring
immune response (Bachmann et al., 1997; Tsai et al., 2013).

Our findings also reveal that the neutralization titer does not
necessarily align with the highest antibody levels in the same groups.
For instance, the group with the AddaS03™ adjuvant in s.c. adminis-
tration exhibited a much higher antibody level than the group with the
same adjuvant in intramuscular i.m. administration. However, the
neutralization titer was higher after i.m. administration. Similarly, the
level of antibodies in s.c. administration was much higher than in our
previous study with a similar adjuvant, AddaVax™, also in s.c. admin-
istration, but there was no significant difference in the neutralization
titer. This suggests that a significant portion of the antibodies induced by
immunization with AddaS03™ in s.c. administration may not be
neutralizing or may not have a strong affinity towards the virus.

Regarding the induction of Thl response, the most robust results
were obtained for the combination of Alhydrogel® and MPLA in both
tested routes of administration. IFN-y production was slightly higher in
s.c. administration. After i.m. administration with this adjuvant, the
levels of IgG2a and 2b were slightly higher than in other adjuvanted
groups, which may suggest that the response was more shifted towards
Th1 type (and thus better balanced with Th2). However, in neither case,
the difference was statistically significant.All the presented results
affirm the high utility of Leishmania-derived VLPs as a vaccine antigen
for preventing TBEV infections. To ensure a high level of immune
response and its proper balance, the use of an adjuvant is necessary.
After considering all the presented data, we believe that the most
effective adjuvant is the combination of Alhydrogel® and MPLA
administered intramuscularly. This immunization variant resulted in a
high titer of antibodies with high avidity, a high titer of virus neutrali-
zation, and the most balanced immune response. The detection of an
IFN-y response in the ELISPOT test, along with the analysis of antibody
isotypes, confirmed a better balance between Thl and Th2 response
than in the other immunization variants. Therefore, we consider this
variant as an ideal candidate for a prophylactic vaccination against
TBEV.
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8. Podsumowanie badan

8.1. Produkcja 1 charakterystyka VLPs TBEV produkowanych w systemie
ekspresyjnym L. tarentolae

Wyniki przedstawione w publikacji P2 potwierdzily po raz pierwszy, ze system
ekspresyjny L. tarentolae pozwala na uzyskanie funkcjonalnych VLPs TBEV. VLPs ztozone
byty z biatek E i prM/M TBEV, ktore posiadajg zdolno$¢ tworzenia VLPS po wspolnej ekspresji
gendow biatek w komorkach eukariotycznych. Konstrukt prMP2AE (P2 Fig.1), zawierajacy
geny obu biatek, wprowadzono do komoérek L. tarentolae i otrzymano lini¢ stabilng. Geny
TBEV pochodzity ze szczepu Neudoerfl, nalezacego do subtypu europejskiego. Naturalna
sekwencja sygnatowa biatka prM zostala zastgpiona przez sekwencje sygnatowsg dla fosfatazy
LMSAP1 z gatunku L. mexicana w celu zwigkszenia poziomu sekrecji rekombinowanych
biatek. Dodatkowo pomiedzy sekwencje gendéw biatek prM i E wprowadzono sekwencje
peptydu P2A ze $winskiego teschowirusa-1, aby ufatwi¢ rozdzielanie biatek i wydajne
tworzenie VLPs (P2 Fig. S1).

Produkcja i sekrecja obu biatek w komorkach L. tarentolae zostata potwierdzona przy
wykorzystaniu metody western blotting (P2 Fig 2). Masa czasteczkowa biatka E wynosila
zgodnie z oczekiwaniami okoto 50 kDa. Dla biatka prM/M zaobserwowano dwie formy przy
17-20 kDa, co wskazato na prawdopodobnie niepelne odcinanie fragmentu pr od biatka M,
a wiec niepelne dojrzewanie czastek. Ze wzgledu na wysoki poziom sekrecji obu biatek
do dalszych analiz wykorzystano pozywke hodowlana. We frakcji tej znajduje si¢ mniej
zanieczyszczen niz we frakcji komodrkowej, co przyczynia si¢ do wyzszej czystoSci
uzyskiwanych VLPs. Czastki w pozywce hodowlanej charakteryzuja si¢ rowniez wyzszym
poziomem homogennosci niz we frakcji komorkowe;.

Kolejne przeprowadzone analizy potwierdzity, ze uzyskiwane rekombinowane biatka
sktadaja sie w VLPs. Jedng z zastosowanych metod byto ultrawirowanie w gradiencie gestosci
sacharozy i badanie wrazliwo$ci na detergent (Triton X-100) (P2 Fig. 3ab). Wykazato ono,
ze oba produkowane biatka TBEV znajduja si¢ w tej samej frakcji, ktorej gestos¢ odpowiada
gestosci wyporu VLPs TBEV. Natomiast w przypadku probki traktowanej detergentem przed
natozeniem na gradient gestosci sacharozy oba biatka zostaly wykryte we frakcjach o nizszej
gestosci, co sugeruje, ze struktura VLPs ztozonych z bialek TBEV zakotwiczonych w btonach
zostata zaktocona. Barwienie zebranych frakcji rozdzielonych w zelu poliakryloamidowym
za pomocg Coomassie wykazalo, ze ultrawirowanie w gradiencie gestosci umozliwito
oczyszczenie VLPs (P2 Fig. 3c). Przeprowadzone badania wykazaly rowniez wysoka
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wydajnos$¢ produkcji, na poziomie 7-10 mg biatka na 1 litr hodowli w skali laboratoryjne;.
Wskazuje to na wysoki potencjat do przeniesienia na skale przemystowa i wydajnej produkcji
preparatu szczepionkowego.

Transmisyjna mikroskopia elektronowa potwierdzita obecno$¢ kulistych czastek
0 $rednicy okoto 50-60 nm, a wigec odpowiadajgcych rozmiarom VLPs TBEV (P2 Fig. 3d).
Natomiast wykorzystanie znakowania typu Immunogold ze specyficznymi przeciwciatami
skierowanymi przeciwko bialku E potwierdzito, ze sg to struktury VLPs TBEV. Wysoki
poziom rozpoznania przez przeciwciala neutralizujgce TBEV wskazal rowniez, ze uzyskane
VLPs mogg posiada¢ wysoki potencjat immunogenny. Analiza §ledzenia nanoczastek (NTA,
ang. nanoparticels tracking analysis) wykazata jednorodny rozktad wielkosci czastek,
ze $rednig $rednicg hydrodynamiczng 159,5 + 2,0 nm, co wskazuje na prawidtowe tworzenie
si¢ VLPs (P2 Fig. 3e). Podobne czastki nie zostaly wykryte w pozywce z L. tarentolae
bez wprowadzonych genéw TBEV (P2 Fig. S2). Ponadto ocena stabilnosci wykazata jedynie
nieznaczne zmiany w rozktadzie czastek po 18 miesigcach przechowywania w temperaturze
4°C, co sugeruje dtugoterminowg stabilnos¢ VLPs (P2 Fig. 3f). W czastkach przechowywanych
przez dhugi okres w 4°C nie zaobserwowano tez zmian W tescie ELISA (ang, enzyme-likned
immusorbent assay), analizie western blotting, ani barwieniu Coomassie (P2 Fig. S3)
W poréwnaniu ze $wiezo przygotowanym preparatem.

Oczyszczone VLPs zostaly poddane analizom funkcjonalnym w celu oceny
ich wlasciwos$ci antygenowych 1 stanu glikozylacji. Testy ELISA wykorzystujace specyficzne
przeciwciala monoklonalne (4G2 1 19/1786) przeciwko biatku E i surowice poliklonalng anty-
prM ujawnity odrebne wzorce rozpoznawania (P2 Fig. 4a). Przeciwciato 19/1786, posiadajace
zdolnos¢ neutralizacji TBEV, wykazywalo silne wigzanie z VLPS, co wskazuje na prawidtowa
konformacje glikoproteiny E. Rozpoznanie przez surowic¢ skierowang przeciwko biatku prM
byto znacznie stabsze (mimo silnego rozpoznania w analizie western blotting), co sugeruje,
ze uzyskane VLPs mogg by¢ czeSciowo dojrzate lub stanowi¢ mieszaning dojrzatych
i niedojrzatych czastek. Podobnie niski poziom rozpoznania czastek przez przeciwciato 4G2
moze sugerowac¢ maskowanie petli fuzyjnej przez biatko prM (a wigc niepetne lub brak odcigcia
fragmentu pr) lub jej ukrycie w strukturze VLPs.

N-glikozylacja bialek prM/M 1 E, zostala potwierdzona przez traktowanie
endoglikozydazg PNGaza F (P2 Fig. 4b). Analiza western blotting wykazata zmiang masy
czasteczkowej po obrobce enzymatycznej, potwierdzajac obecnos¢ reszt cukrowych w obu
biatkach. Co wigcej, traktowanie PNGaza F miato wplyw na obie formy biatka prM/M,

co potwierdzito obecnos¢ fragmentu pr lub nieprzecigtego biatka prM. Pomimo tego, uzyskane
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dane dotyczace wysokiej wydajnosci produkcji i1 analizy funkcjonalnej sugeruja, ze VLPS

wykazuja znaczny potencjat do zastosowania jako immunogen.

8.2. Ocena immunogennosci VLPs TBEV produkowanych w systemie ekspresyjnym

L. tarentolae

Kolejnym etapem badan byta ocena immunogennos$ci uzyskanych VLPs w modelu
zwierzecym. W tym celu grupa 6 myszy BALB/c zostala zaszczepiona trzema dawkami VLPs
(10 pg na dawke) w polaczeniu z adiuwantem AddaVax™, opartym na nanoemulsji skwalenu
w wodzie. Immunizacja zostata wykonana podskoérnie, a poszczegolne dawki podane zostaty
w odstepach 14 dni. Grupa kontrolna zostata zaszczepiona wedlug takiego samego schematu,
jednak zamiast VLPs otrzymata sam adiuwant. Uzyskane surowice zostaly wykorzystane
do oceny odpowiedzi humoralnej za pomocg testow ELISA oraz zdolnosci neutralizacji TBEV.

Przeprowadzone testy ELISA oparte byly na VLPs TBEV oraz biatku E TBEV
produkowanych w komoérkach ssaczych (P2 Fig. 5ab). W oby wypadkach miana przeciwciat
w grupie eksperymentalnej po penej immunizacji siegaty 1x10°. Poziom przeciwciat w grupie
eksperymentalnej zaczat znacznie wzrasta¢ po podaniu drugiej dawki, podczas gdy grupa
kontrolna wykazywata tylko minimalne zmiany, ktore najprawdopodobniej wynikaty z podania
adiuwantu. Poréwnywalne poziomy przeciwciat przeciwko obu antygenom w tescie ELISA
sugerowaty, ze dominujace byly przeciwciata skierowane przeciwko biatku E. Do oceny
poziomu przeciwcial po immunizacji zostal wykorzystany réwniez komercyjny test ELISA
oparty na inaktywowanym wirusie (P2 Fig. 5c). W grupie eksperymentalnej stezenie
przeciwcial przeciwko TBEV wyniosto 55 VIEU/mI, natomiast w grupie kontrolnej
5 VIEU/ml.

Uzyskane surowice poszczepienne wykorzystano tez do oceny ich wlasciwosci
neutralizujagcych TBEV (we wspotpracy z Veterinary Research Institute, Brno). Surowica
z grupy ecksperymentalnej neutralizowata TBEV szczepu Hypr (subtyp europejski)
do rozcienczenia 1:160, podczas gdy surowica z grupy kontrolnej nie wykazywata potencjatu
neutralizacyjnego wzgledem TBEV.

Ostatecznym eksperymentem potwierdzajagcym skuteczno$§¢ immunizacji za pomoca
opisanych VLPs byl eksperyment typu challenge (P2 Fig. 6) przeprowadzony réwniez
we wspotpracy z Veterinary Research Institute, Brno. Myszy BALB/c zostaty zaszczepione
wedtlug opisanego wyzej schematu, a nast¢pnie podano im letalng dawke wirusa. Zwierzgta
po infekcji byly poddawane obserwacji przez 28 dni. W grupie badanej nie zaobserwowano
zadnych objawow infekcji, natomiast w grupie kontrolnej migdzy szostym a jedenastym dniem
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od infekcji wszystkie myszy zaczeglty wykazywacé objawy neurologiczne i zostaty poddane
eutanazji. Eksperyment ten potwierdzit, Zze immunizacja za pomocg uzyskanych VLPs TBEV
w potaczeniu z adiuwantem AddaVax™ zapewnia petng ochrong przed infekcjag TBEV.
Podsumowujac, VLPs TBEV produkowane w L. tarentolae wykazaly wysoka
immunogenno$¢, wywotujac silng produkcje przeciwceial neutralizujacych i zapewniajgc peing

ochrong przed infekcjag TBEV.

8.3. Wplyw adiuwantu i drogi podania na immunogenno$¢ VLPs TBEV

produkowanych w systemie ekspresyjnym L. tarentolae

Po potwierdzeniu skuteczno$ci immunizacji za pomoca opisanych VLPs, kolejnym
etapem bylo zbadanie wpltywu adiuwantéw oraz drogi podania preparatu na immunogenno$¢
czastek, tak, aby wybra¢ optymalng formulacj¢ potencjalnej szczepionki. W zwigzku z tym,
ze poprzednie etapy badan potwierdzily, ze immunizacja za pomoca uzyskanych VLPs
zapewnia petng ochrong podczas infekcji w eksperymencie typu challenge, na tym etapie badan
celem byto scharakteryzowanie odpowiedzi immunologicznej dla roéznych wariantéw
immunizacji.

W badaniu wykorzystano ten sam model zwierzgcy, oparty na myszach szczepu
BALB/c. Schemat szczepien rowniez obejmowat podanie 3 dawek po 10 ug w odstgpach
14 dni (P3 Fig. 1). Jako adiuwanty zastosowano AddaS03™ oraz kombinacj¢
Alhydrogel®+MPLA. AddaS03™, podobnie jak stosowany wczesniej AddaVax™, jest oparty
na nanoemulsji skwalenu w wodzie, jednak zawiera rowniez D-o-tokoferol oraz $rodek
powierzchniowo czynny polisorbat 80 (Tween® 80) zwigkszajacy stabilno$é. Wzmacnia
on zalezng od NF-kB wrodzong odpowiedZ immunologiczng, promujac wytwarzanie cytokin
1 migracje komoérek odpornosciowych, poprawiajac zarowno komoérkowa, jak 1 humoralng
odpowiedZ immunologiczng. Alhydrogel® zwigksza prezentacj¢ antygenu przez APC,
prowadzac do odpowiedzi Th2, podczas gdy MPLA aktywuje TLR4, indukujac odpowiedZ Thl
poprzez szlak zalezny od NF-kB. Oba warianty adiuwantéw powinny stymulowaé zar6wno
odpowiedz humoralna, jak 1 komorkowa, prowadzac do rownowagi miedzy nimi. Oprdocz grup
szczepionych VLPs w potaczeniu z opisanymi adiuwantami, analizowano tez podanie preparatu
zawierajacego tylko VLPs, bez zadnego adiuwantu. Wszystkie te formulacje zostaly podane
w dwoch drogach podania — podskornej i domigsniowej. Dla kazdej z badanych grup utworzono
odpowiednig grupe kontrolna, szczepiong wedlug tego samego schematu, odpowiednim

adiuwantem/buforem, ale bez VVLPs.
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Odpowiedz komoérkowa byta analizowana za pomocg testu ELISPOT wykrywajacego
IFN-y (P3 Fig. 2). Splenocyty izolowane ze $ledzion myszy po immunizacji stymulowane byty
za pomocg peptydow pokrywajacych nachodzace na siebie fragmenty ektodomeny biatka E
TBEV. Analiza odpowiedzi wykazata, ze produkcja IFN-y stymulowana byla jedynie
w grupach, ktérym podawano VLPs w potaczeniu z Alhydrogel® + MPLA (P3 Fig 2a).
Ta kombinacja adiuwantéw stymulowata produkcj¢ IFN- vy w obu drogach podania, jednak przy
podaniu podskérnym byla ona nieznacznie wyzsza. Jako dodatkowa analize dla grup
szczepionych domig$niowo splenocyty stymulowano rowniez za pomocg VLPs, ktore
stosowane byly do immunizacji (P3 Fig. 2b). W tym wypadku odpowiedz IFN-y
zaobserwowano we wszystkich grupach, jednak w obu grupach adiuwantowanych poziom
odpowiedzi byt zblizony i wyzszy niz w grupie immunizowanej samymi VLPs.

Odpowiedz humoralna zostala przeanalizowana za pomocg testu ELISA opartego
na VLPs TBEV produkowanych w komorkach ssaczych oraz komercyjnego testu ELISA
opartego na inaktywowanym wirusie (P3 Fig. 3). Do analiz wykorzystane zostaty koncowe
surowice pobrane po podaniu ostatniej dawki, a takze surowice pobrane przed szczepieniem
1 po podaniu kazdej dawki, aby okresli¢ kinetyke zmian poziomu przeciwcial. Surowice
poszczegolnych osobnikow W kazdej grupie zostaty potaczone i w ten sposob wykorzystane
we wszystkich przeprowadzonych testach. Wszystkie analizowane grupy wykazywaty wzrost
poziomu przeciwcial po kazdej dawce szczepionki. Po pierwszej dawce poziomy przeciwciat
byly podobne w grupach adiuwantowanych i bez adiuwantu (P3 Fig. 3ab). Po podaniu
kolejnych dawek odnotowano znaczny wzrost poziomu przeciwciat. Szczegdlnie zauwazalny
byt on w grupach adiuwantowanych, a najwigksze stezenia uzyskano w grupach z adiuwantami
AddaS03™ w podaniu podskoérnym oraz Alhydrogel®+MPLA w podaniu domig$niowym,
przekraczajac 300 VIEU/mL. Dla grupy z AddaS03™ w podaniu podskornym odnotowano
najwigkszy wzrost poziomu przeciwciat po podaniu ostatniej dawki, byt on niemal trzykrotny.
W poréwnaniu z wczesniejszym badaniem, w ktorym uzywano adiuwantu AddaVax™,
stezenia przeciwcial byly znaczaco wyzsze. W zwigzku z tym, ze w poprzednim badaniu
immunizacja zapewniata petng ochrong¢ przed infekcja przy nizszych stezeniach przeciwcial,
prawdopodobne jest, ze przy opisanych nowych formulacjach dwie dawki mogg by¢
wystarczajace do zapewnienia pelnej ochrony. W celu doktadniejszego scharakteryzowania
odpowiedzi immunologicznej zbadany zostat rowniez poziom przeciwciat dla poszczegdlnych
klas 1gG (P2 Fig. 3c). W grupach adiuwantowanych poziomy przeciwciat IgG1, IgG2a i IgG2b
byly wyzsze niz w grupach bez adiuwantu. Dominujace byly przeciwciata klasy IgGl,

co wskazuje na przewage odpowiedzi Th2. W grupie z Alhydrogel®+MPLA w podaniu
67



domieg$niowym poziom IgG2a byt wyzszy, osiggajac poziom zblizony do IgG1, co wskazywato
na lepsze zbalansowanie odpowiedzi Th1l/Th2. 1gG2b wykryto tylko w grupach
adiuwantowanych, a ich poziom byt wyzszy przy podaniu domi¢$éniowym niz podskérnym.
Najbardziej zrownowazong odpowiedz uzyskano w grupie z adiuwantem Alhydrogel®+MPLA
w podaniu domig$niowym, co podkresla role adiuwantéw oraz drogi podania preparatu
w ksztaltowaniu odpowiedzi immunologicznej. Przeprowadzona zostata tez ocena poziomu
awidnosci przeciwcial (P3 Fig. 4), ktoéra wykazata, ze w grupach adiuwantowanych byta ona
bardzo wysoka, osiagajac 100%, niezaleznie od rodzaju adiuwantu czy sposobu podania.
Natomiast w grupach bez adiuwantu awidno$¢ byta znacznie nizsza, ponizej 50%.

Jako ostatni etap badan przeprowadzona zostata analiza potencjalu neutralizujacego
przeciwcial z wykorzystaniem trzech réznych szczepow wirusa (P3 Fig 5.) (we wspolpracy
z Veterinary Research Institute, Brno), ktoéra wykazata, ze w grupach bez adiuwantu miano
neutralizacji byto ponizej ustalonego progu 1:20, co potwierdzito konieczno$¢ stosowania
adiuwantu dla uzyskania wystarczajacego poziomu odpowiedzi immunologicznej. W grupach
adiuwantowanych miano neutralizacji byto wyzsze przy podaniu domigéniowym
dla wszystkich szczepéw wirusa, niezaleznie od zastosowanego adiuwantu. Wysokie miana
neutralizacji we wszystkich adiuwantowanych grupach dla trzech réznych szczepow TBEV
wskazuja, ze przeciwciata powstajace w wyniku immunizacji moga skutecznie neutralizowaé
wirusa podczas infekcji.

Uzyskane wyniki wskazuja, ze VLPs wykazuja najwigkszy potencjat jako antygen
szczepionkowy w potaczeniu z adiuwantem w postaci Alhydrogel®+MPLA w podawaniu
domig$niowym, przewyzszajac inne grupy zarowno pod wzgledem poziomu przeciwciat,
jak 1 miana neutralizacji surowicy. Ta kombinacja wykazata rowniez wyzsza skutecznos¢
w poréwnaniu z poprzednim badaniem z AddaVax™ w podawaniu podskérnym. Dodatkowo,
nowe podejScie do immunizacji wywotalo odpowiedz limfocytow T, ktéra wczesniej nie
zostala wykryta. Wyniki te sugerujg, ze ten wariant immunizacji z wysokim
prawdopodobienstwem bylby réwnie skuteczny w eksperymencie typu challenge,
przy jednoczesnym zapewnieniu zrownowazonej odpowiedzi immunologicznej i wysokiego

miana przeciwcial neutralizujacych.
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. Whnioski koncowe

e System ekspresyjny Leishmania tarentolae moze by¢ skutecznie wykorzystywany
do produkcji funkcjonalnych VLPs TBEV z wysoka wydajnoscia.

e Uzyskane w tym systemie VLPs sg wysoce immunogenne i stymuluja produkcje
wysokich pozioméw przeciwciat neutralizujacych wirusa.

e Szczepienie preparatem zawierajacym VLPs w polaczeniu z adiuwantem zapewnia
petna ochrong przed rozwinigciem objawow infekcji w modelu mysim.

e Zastosowanie adiuwantu znaczaco zwigksza poziom odpowiedzi immunologicznej
po szczepieniu VLPs TBEV.

e Droga podania antygenu w postaci VLPs ma wplyw na profil odpowiedzi
immunologicznej oraz stopien neutralizacji wirusa.

e Profil odpowiedzi immunologicznej r6zni si¢ w zaleznosci od stosowanego adiuwantu,
ale nie wptywa to znaczgco na poziom neutralizacji wirusa.

e Czastki VLPs w polaczeniu z tym samym adiuwantem stymuluja odpowiedz
immunologiczng o réznym profilu w zalezno$ci od drogi podania antygenu.

e Najwyzszy poziom odpowiedzi immunologicznej z uzyskaniem odpowiedniej
rownowagi miedzy odpowiedzig humoralng, a komoérkowa wzbudza immunizacja
z uzyciem VLPs w polaczeniu z kombinacja adiuwantéw Alhydrogel®+MPLA
w podaniu domigsniowym.

e VLPs TBEV produkowane w systemie ekspresyjnym L. tarentolae sa dobrym

kandydatem na szczepionke profilaktyczng przeciwko temu wirusowi.
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