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1. Wykaz skréotow

(+)ssRNA - jednoniciowy kwas rybonukleinowy o dodatniej polarnosci (positive-sense
single-stranded ribonucleicacid)

APC - komorki prezentujgce antygen (antigen presenting cells)

AR - region antygenowy (antigenic region)

C - biatko rdzenia (core)

CD - (cluster of differentiation)

CD81 — antygen réznicowania 81 (cluster of differentiation 81)

ChAd3 — szympansi adenowirus 3 (chimpanzee adenovirus 3)

CLDN1 - klaudyna 1 (claudin 1)

CTLA-4 - antygen 4 cytotoksycznych limfocytow T (cytotoxic T cell antigen 4)

DAA:s - leki dziatajace bezposrednio na biatka zaangazowane w cykl replikacyjny wirusa
(direct acting antivirals)

E - glikoproteina powierzchniowa (envelope glycoprotein)

EMA — Europejska Agencja Lekow (European Medicines Agency)

HAV - wirus zapalenia watroby typu A (Hepatitis A virus)

HBV - wirus zapalenia watroby typu B (Hepatitis B virus)

HCC - rak watrobowokomorkowy (hepatocellular carcinoma)

HCV - wirus zapalenia watroby typu C (Hepatitis C virus)

HCVcc - infekcyjny HCV pochodzacy z hodowli komérkowych (cell culture HCV)
HIV - ludzki wirus uposledzenia odpornosci (Human Immunodeficiency virus)
HPV - wirus brodawczaka ludzkiego (Human papilomavirus)

HVR - region hiperzmienny (hypervariable region)

IFITM - biatka transbtonowe indukowane przez interferon (Interferon-induced
transmembrane proteins)

IFN-y — interferon gamma (interferon gamma)

IgG — Immunoglobulina G (immunoglobulin G)

iIgVR - migdzy genotypowy region zmienny (intergenotypic variable region)
IL-10 — interleukina 10 (interleukin 10)

IRES - struktura odpowiedzialna za wigzanie rybosomu (internal ribosomal entry site - IRES)



KLRGL1 — lektynopodobny receptor komoérek zabdjcow 1 z podrodziny G (killer cell lectin-
like receptor subfamily G member 1)

LDLR - receptor dla lipoprotein o matej gestosci (low density lipoprotein receptor)

mMAD — przeciwciatlo monoklonalne (monoclonal antibody)

MVA — modyfikowany wirus krowianki szczepu Ankara (modified vaccinia virus Ankara)
nAb — przeciwcialo neutralizujgce (neutralizing antibody)

NANBH - zapalenie watroby nie-A, nie-B (non-A, non-B hepatitis)

NPHYV - hepacivirus innych niz naczelne (non-primates hepacivirus)

NS - biatko niestrukturalne (nonstructural protein)

NTR — rejon niculegajacy translacji (non-translated region)

OCLN - okludyna (occludin)

ORF - otwarta ramka odczytu (open reading frame)

PAMP - motyw wzorcoOw molekularnych powigzany z patogenami (pathogen-associated
molecular pattern)

PD-1 - receptor programowanej $mierci 1 (programmed death receptor 1)
PRR - receptor rozpoznajacy wzorce (pattern recognition receptors)

RAVs - warianty wirusa posiadajgce mutacje skutkujace opornoscig na lek (resistance
associated variants)

RHV - hepacivirus gryzoni (rodent hepacivirus)

SHBsA(Q - male bialko powierzchniowe wirusa zapalenia watroby typu B (hepatitis B virus
small surface antigen)

SRBL1 - receptor zmiatajacy klasy B typu 1 (scavenger receptor class B type 1)

TIM-3 — transbtonowa immunoglobulina i mucyna 3 (T-cell immunoglobulin mucin-3)
TLR - receptor Toll-podobny (Toll-like receptors)

VLDL - lipoproteina o bardzo matej gestosci (very low density lipoprotein)

VLP — czgsteczka wirusopodobna (virus-like particle)

WHO - Swiatowa Organizacja Zdrowia (World Health Organization)



2. Streszczenie

Obecnie na $§wiecie zyje 58 milionéw ludzi zakazonych wirusem zapalenia watroby typu C (z
ang. hepatitis C virus - HCV). Intensywne badania prowadzone w ostatnich latach pozwolity
na opracowanie nowych, wysoce skutecznych lekoéw dziatajacych bezposrednio na czasteczki
wirusowe. Jednak ze wzgledu na braki w powszechnej diagnostyce osob zakazonych, wysokie
koszty lekow, a takze pojawianie si¢ wariantOw opornych na leczenie, opracowanie skutecznej
i powszechnie dostgpnej szczepionki chronigcej przed zakazeniem jest waznym celem
aktualnych badan nad HCV.

Powszechnie uwaza si¢, ze wysoka zmienno$¢ genetyczna wirusa HCV stanowi najwigksza
przeszkode w opracowaniu skutecznej szczepionki profilaktycznej. Obecnie mozemy wyr6znic¢
Co najmniej szes¢ gtdéwnych genotypow i dziewigcdziesiat podtypoéw wirusa HCV o znaczeniu
epidemiologicznym.

Gléwnym celem dla przeciwciatl neutralizujacych sa glikoproteiny powierzchniowe E1 1 E2
wirusa HCV zlokalizowane na powierzchni czasteczki wirusowej w postaci heterodimeru
E1E2. Ze wzglgdu na duza zmienno$¢ genetyczng E1E2, skuteczna szczepionka profilaktyczna
powinna by¢ nakierowana na regiony heterodimeru E1E2 o konserwowanej sekwencji
aminokwasowej, tak aby wzbudzane przez szczepienie przeciwciata byly zdolne do
neutralizacji r6znych szczepoéw wirusa HCV.

Jedng z metod wzbudzania odpowiedzi immunologicznej przeciwko pojedynczym epitopom
jest ich ekspozycja na powierzchni czasteczek wirusopodobnych (z ang. virus-like particles —
VLPs). Jednym z najlepiej poznanych bialek tworzacych VLPs jest mate biatko
powierzchniowe wirusa zapalenia watroby typu B (z ang. hepatitis B virus small surface
antigen— sHBsAg), ktore ze wzgledu na swojg zdolno$¢ do wzbudzania silnej odpowiedzi
immunologicznej, moze by¢ wykorzystywane jako nosnik eksponujacy sekwencje biatkowe
obcego pochodzenia.

W tym projekcie zaprojektowatam panel chimerycznych czastek sHBsAg, w ktorych silnie
konserwowane epitopy glikoproteiny E2 HCV zostaty wstawione do hydrofilowej petli biatka
sHBsAg pojedynczo lub w kombinacjach wieloepitopowych. Ekspresja chimerycznych VLPs
zostala przeprowadzona w systemie opartym na pierwotniaku Leishmania tarentolae, ktory
produkuje biatka posiadajgce ssaczy wzor N-glikozylacji. Oczyszczone, chimeryczne VLP
zastosowano nastgpnie do immunizacji myszy. Surowice myszy zostaly doktadnie
scharakteryzowane i przetestowane pod katem reaktywnosci krzyzowej i1 wlasciwosci

neutralizujacych wirusa HCV in vitro.



Badania pozwolily na wskazanie chimerycznej czasteczki wirusopodobnej HBV-HCV,
ktora w przyszlosci moglaby by¢ wykorzystana jako racjonalnie zaprojektowana

szczepionka przeciwko HCV i HBV.



3. Abstract (streszczenie w jezyku angielskim)

Hepatitis C virus (HCV) infection affects an estimated 58 million people worldwide. Extensive
research performed in the last couple of years led to a better understanding of the virus biology,
resulting in the discovery of the highly effective direct acting antivirals (DAAs), Unfortunately,
because of the high cost of the therapy, majority of the patients is still untreated. Therefore,
development of an effective and commonly available vaccine is a major goal of the current
HCYV research.

The major obstacle in the development of protective immunity against HCV is the high genetic
diversity of the virus, manifested primarily in the sequence of HCV envelope glycoproteins —
E1E2. EL1E2 glycoproteins heterodimer plays an important role in the virus-host interaction and
is the main target for the neutralizing antibodies. For that reason, the ideal prophylactic vaccine
should induce strong humoral response from the neutralizing antibodies against the highly
conserved epitopes accessible on the surface of the HCV E1E2 glycoproteins.

One method to elicit immunogenic response against single epitope is to expose it on the surface
of the virus like particles (VLPs). One of the best-known protein assembling into VLPs is the
small surface protein (SHBsAg) of hepatitis B virus (HBV), which is widely used as a
commercial prophylactic vaccine against hepatitis B virus. SHBSAQ tertiary structure forms a
hydrophilic loop containing the major B-cell epitopes also known as the “a”- determinant.
Because of its immunogenic potential and ability to tolerate insertions, SHBsAg can be applied
as an antigen carrier to deliver foreign sequences.

In this study | designed the panel of chimeric SHBsAg particles, in which multiple highly
conserved epitopes of HCV E2 glycoprotein were inserted into the hydrophilic loop of the
sHBsAg protein, individually or in multi-epitope combinations. The expression of the chimeric
proteins was performed in the Leishmania tarentolae expression system, which has the potential
to produce high-yields of proteins, characterized by the mammalian-like N-glycosylation
pattern. Purified, chimeric VLPs were used for mice immunization. Mouse sera were
thoroughly characterized and evaluated for their cross-reactivity and neutralizing activity.

The research indicated the chimeric HBV-HCV VLP that in the future could be used as a
rationally designed HCV and HBYV vaccine.
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4. Wstep

W 1975 roku podczas badan nad krwig przeznaczong do transfuzji, prowadzonych w
laboratorium Harvey’ego Altera, stwierdzono ze istnieje pula przypadkoéw zapalenia watroby,
ktora nie jest wywolana wirusem zapalenia watroby typu A (z ang. Hepatitis A Virus — HAV)
ani wirusem zapalenia watroby typu B (z ang. Hepatitis B Virus — HBV)!. Nowa choroba o
nieznanym podlozu etiologicznym zostata nazwana zapaleniem watroby nie-A, nie-B (z ang.
non-A, non-B hepatitis - NANBH). Pdzniejsze badania, podczas ktorych krew pacjentow
zakazonych NANBH podawano szympansom, wykazaly, ze czynnikiem zakaznym jest
najprawdopodobniej wirus ostonkowy, ktory zostal nazwany wirusem zapalenia watroby typu
C (z ang. Hepatitis C Virus — HCV)% W roku 1989 podczas badan prowadzonych przez
Michaela Houghtona na szympansach zakazonych HCV udalo si¢ sklonowaé i
zsekwencjonowac pierwszy genom wirusa i opracowac testy diagnostyczne, ktore pozwolity
na praktycznie catkowita eliminacje HCV z krwi przeznaczonej do transfuzji’®. Pozniejsze
badania nad wirusowg replikacja, biatkami oraz mechanizmami wej$cia doprowadzity do
opracowania klondow HCV zdolnych do namnazania si¢ w hodowlach komorkowych i w efekcie
do opracowania skutecznych lekow zwalczajacych infekcje HCV#®. Do dzisiaj jednak nie
opracowano szczepionki mogacej zapobiegac zakazeniom HCV. W 2020 roku Harvey Alter,
Michael Houghton oraz Charles Rice zostali nagrodzeni nagroda Nobla w dziedzinie fizjologii

i medycyny za odkrycie wirusa HCV?®,
4.1 Systematyka wirusa zapalenia watroby typu C

Wedtug klasyfikacji Miedzynarodowego Komitetu Taksonomii Wirusow, HCV nalezy do
rodziny Flavivirdae, do ktorej naleza tez takie wirusy jak wirus Dengi, wirus Zika czy wirus
odkleszczowego zapalenia mozgu, oraz do rodzaju Hepacivirus, wsrdd ktorego jest jedynym

wirusem zakazajacym ludzi’.

Systematyka gatunku wedlug Miedzynarodowego Komitetu Taksonomii Wiruséw
Rodzina -Flaviviridae
Rodzaj - Hepacivirus
Gatunek — Hepacivirus C
Podobnie jak reszta wiruséw z rodziny Flaviviridae HCV posiada genom w postaci dodatnio
spolaryzowanego jednoniciowego kwasu rybonukleinowego (z ang. positive-sense single-

stranded ribonucleicacid - (+)ssRNA) a w cyklu replikacji w komorkach gospodarza genom
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wirusa stuzy jako matrycowe RNA. Genom HCV ma dtugos¢ ok. 9600 nukleotydoéw | zawiera
pojedyncza otwarta ramke odczytu (z ang. open reading frame — ORF), oflankowang przez
silnie konserwowane rejony niculegajace translacji (z ang. non-translated regions - NTRs) 5’ i
3’. Rejony te zawierajg fragmenty RNA o zlozonej strukturze, niezb¢dne w prawidtowym
przebiegu translacji oraz replikacji genomu HCV (Ryc. 1). Rejon 5’NTR zawiera strukture
odpowiedzialng za wigzanie rybosomu (z ang. internal ribosomal entry site - IRES), ktora
rozpoczyna proces translacji ORF do wirusowej poliproteiny. Poliproteina HCV posiada okoto
trzy tysigce aminokwasow 1 jest cigta przez proteazy komorkowe oraz wirusowe na dziesigé
biatek — trzy bialka strukturalne oraz siedem bialek niestrukturalnych (z ang. nonstructural
proteins — NS). Proteazy gospodarza posrednicza w odcinaniu biatka rdzenia, glikoprotein E1
oraz E2 a takze cigciu pomigdzy biatkami p7 i NS2. Biatko NS2 posiada aktywnosc¢
autoproteazy i katalizuje cigcie pomigdzy sobg a proteaza wirusowa - NS3, ktora odcina swoj
kofaktor - NS4A a nastgpnie bierze udzial w uwalnianiu reszty biatek niestrukturalnych —
NS4B, NS5A oraz NS5B2 (Ryc. 1).

5 NTR 3'NTR

(+)ssRNA HCV ~ 9600 nukleotydéw jg

translacja

|

poliproteina ~ 3000 aminokwasow

v v ¢¢ v 'L v

<

biatka strukturalne biatka niestrukturalne

ciecia proteolityczne

komérkowe proteazy | lv wirusowe proteazy

E2 P7 NS2 NS3 NS4A NS4B NSS5A NS5B

C Ef
| | | [y | |

Rycina 1. Biatka kodowane przez genom HCV. Strzatkami zaznaczono miejsca ciecia przez

komorkowe (czerwone strzatki) oraz wirusowe proteazy (zielone strzatki). W wyniku ciecia

poliproteiny HCV powstajq trzy biatka strukturalne oraz siedem bialek niestrukturalnych (NS).

4.2 Budowa wirusa zapalenia watroby typu C oraz proces wejscia do komoérek

gospodarza
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Czasteczki HCV maja okoto 50-80 nm $rednicy, zbudowane sg z biatka rdzenia zwigzanego z
wirusowym materialem genetycznym tworzacym kapsyd wirusa, ktory otoczony jest btong
lipidowa z zakotwiczonymi w niej glikoproteinami powierzchniowymi E1 i E2 tworzacymi
kowalencyjnie zwigzany heterodimer. W zakazonym organizmie czasteczki HCV dodatkowo
tacza si¢ z pochodzacymi z komorek gospodarza apolipoproteinami, tworzac czasteczki

lipowirusowe® (Ryc. 2).

(+)ssRNA
' Biatko C (+)ssRNA

Apolipoprotein / Glikoproteina E2

~—— Biatko C

Glikoproteina E1

Rycina 2. Schemat przedstawiajgcy budowe czgsteczki HCV krgzgcej w organizmie
zakazonego pacjenta (po lewej). Mikrografia czgsteczki HCV krgzgcej w organizmie
zakazonego pacjenta (PO prawej).

Zrédlo mikrografii: Piver E, Boyer A, Gaillard J, et al Ultrastructural organization of HCV
from the bloodstream of infected patients revealed by electron microscopy after specific
immunocapture Gut 2017;66:1487-1495.

Obecnos¢ lipidéw na powierzchni czasteczek wirusowych jest kluczowa w procesie wejscia
HCV do komorek gospodarza. Poczatkowo czasteczki sa zageszczane na powierzchni komorek
poprzez oddziatywanie z glikozaminoglikanami, receptorami wigzacymi lipoproteiny o matej
gestosci (z ang. low density lipoprotein receptor — LDLR) oraz z receptorem zmiatajgcym klasy
B typu 1 (z ang. scavenger receptor class B type 1 — SRB1). Nastepnie wirus oddziatuje ze
swoistymi dla siebie komorkowymi receptorami wejscia, m.in. tetraspaning CD81 (z ang.
cluster of differentiation 81), oraz biatkami tworzacymi $ciste potaczenia miedzykomorkowe—
klaudyna 1 (z ang. claudin 1 — CLDN1) oraz okludyna (z ang. occludin — OCLN). Po zwigzaniu
receptoréow czasteczki wirusowe HCV wnikaja do komoérek gospodarza poprzez klatryno-
zalezng endocytozg, a fuzja bton zachodzi we wczesnych endosomach. Podczas fuzji nastepuje

odstonigcie kapsydu oraz uwolnienie wirusowego RNA do cytosolu w celu translacji i
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replikacji. Proces translacji rozpoczyna si¢ poprzez zwigzanie podjednostek rybosomu z
wirusowym RNA, a nastgpnie kompleks przylacza si¢ do blony szorstkiego retikulum
endoplazmatycznego. W procesie translacji powstaje pojedyncza poliproteina, ktora jest Cieta
przez komoérkowe 1 wirusowe proteazy. Biatka wirusowe w potaczeniu z biatkami gospodarza
indukuja przegrupowanie blon komoérkowych, tworzac ztozony kompleks bton (z ang.
membranous web), w ktorym zalezna od RNA polimeraza RNA — NS5B katalizuje synteze
RNA o0 ujemnej polarno$ci, ktory jest uzywany jako matryca do tworzenia potomnych kopii
RNA o polarnosci dodatniej ((+)sSRNA). Nowo zsyntetyzowane (+)sSRNA moze by¢ wigczane
do czastek nukleokapsydu, albo wykorzystywane w procesie translacji i replikacji w obrgbie
kompleksu replikacyjnego. Nowo powstate czasteczki wirusa gromadza si¢ w poblizu
komorkowych kropel lipidowych zawierajacych m.in. apolipoproteiny, a nastgpnie przechodzg
przez sie¢ aparatu Golgiego, gdzie taczg si¢ z lipoproteinami o bardzo matej gestosci (z ang.
very low density lipoprotein - VLDL). Takie dojrzale czasteczki lipowirusowe HCV sg
transportowane na powierzchni¢ komorki, gdzie taczg si¢ z btong komorkowsa hepatocytow i

sg uwalniane do przestrzeni miedzykomérkowej® 10,

4.3 Bialka strukturalne

HCV posiada trzy biatka strukturalne — biatko rdzenia (z ang. core — C) oraz glikoproteiny
powierzchniowe (z ang. envelope glycoproteins — E) E1 i E2.

Biatko C jest pierwszym biatkiem uwalnianym z wirusowej poliproteiny i charakteryzuje si¢
wysokim stopniem konserwacji sekwencji aminokwasowej. Region N-terminalny biatka C
wigze si¢ z (+)SSRNA HCV, tworzac nukleokapsyd. Biatko C oddziatuje réwniez z retikulum
endoplazmatycznym, btonami komorek gospodarza oraz kroplami lipidowymi, posredniczac w
sktadaniu dojrzatych czastek HCV. Bialko to pelni role¢ w modulacji szlakow sygnatowych
komorek gospodarza m. in. w szlakach odpowiedzialnych za apoptoze, metabolizm lipidow,
regulacje transkrypcji czy stres oksydacyjny'!. W zwigzku z wptywem biatka C na szlaki
komorkowe uwaza sig, ze jest ono jednym z wazniejszych czynnikéw w patologii zakazenia
HCV.

4.3.1 Heterodimer glikoprotein powierzchniowych — E1E2

E1 oraz E2 s3 biatkami transblonowymi typu I z N-koncowg ektodomeng i C-koncowa domena
hydrofobowg zakotwiczajacg je w blonie tworzgcej ostonke wirusa. Na powierzchni czgsteczki
wirusowe] E1 1 E2 tworzg heterodimer E1E2, ktéry peini kluczowa role w procesie wejscia

wirusa do komorki poprzez oddziatywanie z receptorami wejscia dla HCV?'2 Ponadto
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heterodimer bierze udziat w fuzji blony wirusowej z endosomem. Ze wzgledu na swoja
lokalizacje na powierzchni czastek wirusowych heterodimer E1E2 jest gléwnym celem dla
przeciwcial neutralizujgcych wirusa, badania nad szczepionkami opartymi na odpowiedzi
humoralnej sa wiec skoncentrowane na tych biatkach>4.

Biatko E1 (aminokwasy 192-383 wirusowej poliproteiny) posiada od 4 do 5 N-glikanéw, w
zalezno$ci od genotypu wirusa. E1 peini wazng rol¢ w faldowaniu glikoproteiny E2,
formowaniu heterodimeru E1E2 oraz podczas oddzialywania wirusa z receptorami

komoérkowymi®®.

Biatko El jest mniejszym z bialek tworzacych heterodimer E1E2 i
charakteryzuje si¢ Nizsza zmienno$cig Sekwencji aminokwasowej w poréwnaniu z E2. Nie jest
znana petna struktura E1, jak dotad otrzymano struktury krystalograficzne dla dwoch
odrebnych fragmentow glikoproteiny znajdujace si¢ w rejonach 192-271 i 314-324%Y co
sprawia, ze wiemy o tym biatku mniej niz o E2. El charakteryzuje si¢ mniejsza
immunogennoscig niz E2 i niewiele wiadomo o jego immunodominujacych rejonach, ale znane

sg nieliczne przeciwciala neutralizujace wigzace E1, m. in. przeciwciatlo H-111 wigzace rejon

192-202 oraz przeciwciata IGH526 and IGH505 wiazace rejon 313-32818:19,

Glowna rolg glikoproteiny E2 (aminokwasy 384-746 wirusowej poliproteiny) jest
oddzialywanie z receptorami na powierzchni komorki gospodarza. E2 posiada 9 silnie
konserwowanych wigzan dwusiarczkowych oraz 9-11 miejsc glikozylacji?®22. E2 jest biatkiem
charakteryzujacym si¢ wysoka zmienno$cig sekwencji, przy czym wigkszo$¢ zmian jest
zlokalizowana w trzech regionach hiperzmiennych (z ang. hypervariable region — HVR):
regionie hiperzmiennym 1 (HVR1, pozycje aminokwasow 384—409), regionie hiperzmiennym
2 (HVR2, 460-485) oraz migdzy genotypowym regionie zmiennym (igVR, 570-580) (Ryc. 3).
Rejony zmienne stanowig okoto 25% sekwencji E2. HVR1 jest domena immunodominujgcg w
obrebie glikoproteiny E2 a wskutek zmian wprowadzanych w jej obrebie powstaja warianty
HCV umozliwiajace ucieczke wirusa przed przeciwciatami neutralizujacymi®. Z drugiej
strony, glikoproteina E2 zawiera takze regiony o umiarkowanej lub silnej konserwacji
sekwencji aminokwasowej - w tym domeny posredniczace w interakcji wirusa z receptorami
komorkowymi, gtownie CD81. Takie rejony stanowig cel dla przeciwcial neutralizujacych o
szerokim spektrum dziatania i sg dobrym celem dla racjonalnie zaprojektowanych szczepionek
przeciwko HCV. Trzy epitopy o silnie konserwowanej sekwencji, bedace celami dla
przeciwcial neutralizujacych, to: epitop | znajdujacy si¢ w regionie N-terminalnym
glikoproteiny E2 (pozycje aminokwasow 412—423); epitop Il znajduje si¢ w warstwie przedniej
(434-446); i epitop 111 zlokalizowany w petli wiazacej CD81 (523-535) (Ryc. 3). Dodatkowo
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mozna wyrdznié rejon potencjalnego peptydu fuzyjnego (502-520)%*. Zamiennie z okresleniem
»epitopy” stosuje si¢ czasami okreslenie regionéw antygenowych, ktorych wyrdznia si¢ pieé (z
ang. antigenic regions 1-5, AR 1-5) lub domen oznaczanych literami alfabetu A-E?>2¢, Epitop
| dzieli kluczowe aminokwasy z domeng E; epitop II z domenami B, D i AR3; a epitop 1l z
domeng B i AR3. Co wiccej, dla niektorych przeciwcial wykazujacych aktywnosc
neutralizujgca, wymagana jest obecnos¢ petnego heterodimeru E1E2, takie przeciwciata wigza

rejony AR4 i AR5%,

384 410 434 446 459 486 523 535 569 581 718 746
 HVR1 B | ~ Ig\R TMD
412 lr 423 l 502l 520 l
epitop | epitop Il

p peptyd

Rycina 3. Budowa glikoproteiny E2 (384-746). W obrebie sekwencji mozna wyrdznié rejony

charakteryzujgce si¢ wysokq zmiennoscig (HVRI, HVR2 oraz IgVR) oraz rejony silnie
konserwowane bedgce celem dla przeciwcial neutralizujgcych wirusa (epitop 1, Il i 11l oraz

peptyd fuzyjny. 11 miejsc N-glikozylacji zostato oznaczone zottymi rgbami.

Struktura glikoproteiny E2 jest dobrze poznana, w ostatnich latach dwom grupom udato si¢
skrystalizowac ektodomene glikoproteiny E2, a otrzymane struktury pokazuja, ze zawiera ona
potozong centralnie strukture p-kanapki, stabilizowang przez wigzania dwusiarczkowe. Ten
centralny region jest otoczony przez N-koncowa ,warstwe przednig” oraz C-koncowa
,,warstwe tylna”?1?2, Badania struktury stanowig istotny postep w identyfikacji istotnych domen
antygenowych i regionéw glikoproteiny E2, co moze przetozy¢ si¢ na bardziej racjonalne
projektowanie szczepionek zdolnych do indukowania przeciwcial neutralizujacych. Jednak
skrystalizowane struktury E2 rdéznig si¢ migdzy sobg m. in. potozeniem mostkow
dwusiarczkowych oraz brakuje w nich kluczowych rejonéow E2 m. in. epitopu | oraz rejonu
hiperzmiennego 1. Dodatkowo E2 uzyty do badan nie byl w peli glikozylowany, a

krystalizacja E2 zostata przeprowadzona bez tworzacej heterodimer glikoproteiny E1.
4.4 Bialka niestrukturalne

Biatka niestrukturalne wirusa zapalenia watroby typu C to p7, NS2, NS3, NS4A, NS4B, NS5A,
NS5B (Ryc.1).

16



Bialtko p7 jest malym hydrofobowym biatkiem transblonowym, tworzacym kanaly jonowe w
btonach komorek gospodarza. Podczas sktadania czastek wirusowych biatko p7 lokalizuje si¢
w retikulum endoplazmatycznym i bierze udziat w uwalnianiu biatka C z kropel lipidowych.
Dodatkowo aktywnos¢ biatka p7 jako kanatu jonowego podnosi niskie pH w komoérkowym
uktadzie wydzielniczym chronigc glikoproteiny powierzchniowe E1E2 przed inaktywacja?®’.
Biatko NS2 jest biatkiem transblonowym posiadajagcym aktywnos$¢ proteazy cysteinowej
uwalniajgce] w cieciu autokatalitycznym proteaze NS3. NS2 polaczeniu z innymi biatkami
wirusowymi odgrywa kluczowa role w indukcji zmian blonowych w procesie tworzenia czgstek
wirusowych?,

Biatko NS3 peli podwojng funkcj¢ proteazy serynowej oraz helikazy. Domena proteazy
serynowej NS3 katalizuje proteoliz¢ wirusowej poliproteiny i jest odpowiedzialna za wiekszo$¢
cig¢ uwalniajacych biatka niestrukturalne HCV. Ponadto NS3 odgrywa role¢ w ostabianiu
wrodzonej odpowiedzi immunologicznej gospodarza poprzez proteolityczng inaktywacje
czynnikéw komorkowych mogacych hamowac replikacje HCV. Domena helikazy NS3 rozwija
wirusowe RNA i wspiera proces replikacji wirusa. Proteaza NS3 jest jednym z najwazniejszych
celow w terapii zakazen HCV, w ktorej wykorzystuje si¢ Swoiste inhibitory hamujace
aktywnos¢ proteazy NS3/4A. Dodatkowo, biatko NS3 ma zdolno$¢ do wzbudzania silnej
odpowiedzi immunologicznej opartej na limfocytach cytotoksycznych i jest waznym celem dla
szczepionek o dziataniu profilaktycznym i terapeutycznym. %%,

Biatko NS4 jest prekursorem dwoch biatek: NS4A 1 NS4B. Biatko NS4A tworzy kompleks z
biatkiem NS3, jest kofaktorem proteazy NS3 i zakotwicza kompleks NS3/4A w btonie
retikulum endoplazmatycznego oraz zwigksza aktywnos$¢ helikazy NS3. Biatko NS4B
lokalizuje si¢ w retikulum endoplazmatycznym i jest odpowiedzialne za zmiany w blonie
cytoplazmatycznej komorki, indukujac rearanzacje bton i tworzgc wraz z innymi biatkami
niestrukturalnymi kompleks replikacyjny3%,

Biatko NS5A pelni funkcje metaloproteinazy cynkowe;j i reguluje replikacje i sktadanie czgstek
wirusa. Ponadto, NS5A oddziatuje z innymi biatkami wirusowymi (NS4B, NS5B), wirusowym
RNA 1 biatkami komorek gospodarza, biorac udziat w patogenezie HCV, modulacji szlakéw
sygnalizacji komorkowej, rozprzestrzenianiu si¢ wirusa i regulacji wrodzonej odpowiedzi
immunologicznej. W terapii zakazen HCV wykorzystuje si¢ swoiste inhibitory biatka
NS5A3334,

Biatko NS5B posiada funkcj¢ RNA-zaleznej polimerazy RNA, enzymu, ktory odgrywa
kluczowa rolg w replikacji HCV. Biatko NS5B jest waznym celem dla terapii antywirusowe;j.

Istniejg dwie glowne podklasy inhibitoréw polimerazy NS5B: analogi nukleotydow, ktore po
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wilaczeniu do nowo syntetyzowanej nici RNA indukuja zakonczenie tancucha oraz inhibitory
nienukleotydowe, ktore poprzez wigzanie z miejscami aktywnymi hamujg aktywnos$¢

polimerazy*>%,
4.5 Epidemiologia zakazen HCV

Na $wiecie zyje okoto 58 milionow oséb zakazonych wirusem HCV, co stanowi okoto 0,7%
populacji ludzkiej®’. W Polsce liczbe zakazonych szacuje si¢ na okoto 150 tys. 0s6b, okoto 0,4-
0,5% populacji kraju®. Wedtug szacunkéw Swiatowej Organizacji Zdrowia (World Health
Organization — WHO) co roku odnotowuje si¢ 1,5 miliona nowych infekcji HCV®.

Okoto 70% infekcji HCV przechodzi w faz¢ chroniczng, ktora przez lata moze nie dawac
zadnych swoistych objawow, dlatego tez zakazenia HCV cze¢sto nazywa si¢ ,,cichg epidemig”.
Przewlekla posta¢ choroby moze prowadzi¢ do cigzkiego uszkodzenia watroby, marskosci
watroby i w efekcie do rozwinigcia si¢ raka watrobowokomorkowego. Przebieg infekcji
wirusem HCV moze zakonczy¢ si¢ $miercia, w 2019 roku na $wiecie okoto 300 000 osob
zmarto w  nastgpstwie zakazenia, gléwnie z powodu marskosci 1 raka
watrobowokomorkowego®®. Wedtug szacunkéw Polaris Observatory Study, z powodu HCV w

Polsce umiera ok. 670 osdb rocznie®.

4.5.1 Drogizakazenia, dotkniete populacje
Ze wzgledu na pdzne rozpoznanie zakazen HCV, ustalenie drogi ktora doszto do zakazenia
pacjenta, czesto jest utrudnione. Do zakazenia dochodzi najczgéciej poprzez ponowne uzycie
lub nieodpowiednia sterylizacje sprzetu medycznego, zwlaszcza strzykawek i igiel w
placowkach stuzby zdrowia; przetaczanie krwi 1 produktow krwiopochodnych
niepoddawanych badaniom przesiewowym oraz wstrzykiwanie narkotykow przy wspolnym
korzystaniu ze sprzetu do iniekcji. Dodatkowo, do mniej powszechnych metod transmisji
wirusa mozna zaliczy¢ przeniesienie HCV z zakazonej matki na dziecko, praktyki seksualne,
ktore prowadza do kontaktu z krwig oraz wewnatrzrodzinng transmisje wirusa. Co istotne,
grupy podwyzszonego ryzyka zakazeniem HCV sg $ci§le zwigzane z rejonem, w ktorym
prowadzi si¢ badanie epidemiologiczne. W krajach o wysokim i §rednim dochodzie zazywanie
narkotykow droga iniekcyjng jest glowna przyczyna przenoszenia HCV. Natomiast w krajach
0 niskim dochodzie gtéwnym czynnikiem ryzyka nowych infekcji sa zabiegi medyczne

przeprowadzane w o$rodkach ochrony zdrowia®.
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45.2 Terapie zakazen HCV

Intensywne badania nad HCV pozwolity na doktadniejsze poznanie biologii wirusa i w efekcie

doprowadzily do odkrycia nowych lekow dziatajacych bezposrednio na biatka zaangazowane

w cykl replikacyjny HCV (ang. Direct acting antivirals - DAAS) (Tab. 1). Terapia DAA jest

skuteczna w przypadku zakazen wszystkimi genotypami wirusa, prowadzi do eliminacji

zakazenia U ponad 90% pacjentéw, trwa zazwyczaj 8-12 tygodni, a leczenie za pomocg

doustnych lekow jest obarczone znaczaco mniejsza ilo$cig skutkow ubocznych w poréwnaniu

z wezesniej uzywanymi terapiami opartymi na interferonie i ribawirynie'®. Co wiecej, terapia

DAA moze by¢ prowadzona nawet u osoéb z zaawansowang choroba watroby, biorcow

przeszczepu, pacjentow z niewydolno$cig nerek czy wspotzakazonych wirusem HBV i/lub

HIV.

Tabela 1.
Nazwa Mechanizm dzialania Genotypy HCV
Nazwa handlowa
Elbasvir-grazoprevir Elbasvir: inhibitor NS5A loraz 4
(Zepatier) Grazoprevir: inhibitor NS3/4A
Glecaprevir-pibrentasvir Glecaprevir: inhibitor NS3/4A 1-6
Mavyret Pibrentasvir: inhibitor NS5A
Sofosbuvir Sofosbuvir: inhibitor NS5B 1,23 0raz4
Sovaldi (1-6)
Sofosbuvir-ledipasvir Sofosbuvir: inhibitor NS5B 1,4,50raz 6
Harvoni Ledipasvir: inhibitor NS5A (1-6)
Sofosbuvir-velpatasvir Sofosbuvir: inhibitor NS5B 1-6
Epclusa Velpatasvir: inhibitor NS5A
Sofosbuvir-velpatasvir- Sofosbuvir: inhibitor NS5B 1-6

voxilaprevir

Vosevi

Velpatasvir: inhibitor NS5A
Voxilaprevir: inhibitor NS3/4A

Tabela 1. Bezinterferonowe terapie zakazern HCV. Zrédia:

EMA - https://www.ema.europa.eu/en/medicines/human

Hepatitis C online - https://www.hepatitisc.uw.edu/page/treatment
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4.6 Czy szczepionki przeciwko HCV sa potrzebne?

Leki DAA okazaly si¢ tak skuteczne, ze niektorzy zadajg sobie pytanie, czy mozliwa jest
kontrola zakazen lub nawet eliminacja HCV za pomocg samych terapeutykow i czy dalsze
badania nad biologia wirusa i szczepionkami profilaktycznymi maja w obecnej sytuacji

znaczenie medyczne.

4.6.1 Koszt terapii
Jedna z najwigkszych przeszkéd w powszechnym dostepie do terapii opartej na DAA jest
znaczacy koszt. Poczatkowo, gdy leki byty wprowadzane na rynek w Stanach Zjednoczonych,
cena leczenia wynosita okoto 50-100 tysiecy dolaréw za peten cykl podawania lekow*'. Od
tego czasu koszty leczenia stale spadajg i obecnie wynosza ponizej 25 tysiecy dolarow w
Stanach Zjednoczonych i okoto 35-60 tysiecy ztotych w Polsce® 3. Firmy farmaceutyczne
produkujace DAA stale obnizaja ceny terapii w krajach o niskich dochodach, jednoczes$nie
negocjujac znaczaco wyzsze ceny w krajach o wysokich dochodach. W Pakistanie
wprowadzenie lekow generycznych na licencji producenta obnizylo koszt peinej terapii
jednego pacjenta do 60 dolaréw**. Chociaz w przysztosci ceny DAA beda spadag¢, to obecnie
koszt jest jednym z czynniko6w uniemozliwiajacych wprowadzenie np. proponowanych terapii
prewencyjnych w grupach wysokiego ryzyka zakazenia HCV.
4.6.2 Diagnostyka osob zakazonych

Osoby przewlekle zakazone HCV pozostaja bezobjawowe przez kilka lat przed pojawieniem
si¢ objawow swoistych dla infekcji. Do konca 2019 roku na swiecie ze zdiagnozowang infekcja
HCV zyto okoto 15,2 milionéw ludzi, co szacunkowo stanowito okoto 21% wszystkich
zakazonych®. W tym samym roku okoto 9,4 milionéw zdiagnozowanych pacjentéw byto
leczonych DAA®®. W Unii Europejskiej aktualne wytyczne zalecaja badania przesiewowe w
okresie cigzy i wérod osob z grup wysokiego ryzyka wykonywane podczas rutynowych badan
lekarskich. Ta strategia odniosta sukces we Francji, gdzie odsetek osob przewlekle zakazonych
HCV znajacych swéj status znaczaco sie zwiekszyl i wynosi okoto 75%*. Dla poréwnania w
Polsce poziom wykrywalnosci zakazenia HCV wynosi okoto 10%*%%6, Podstawowy algorytm
diagnostyczny opiera na dwoch badaniach. Pierwszym z nich jest okreslenie obecnos$ci
przeciwcial anty-HCV, w przypadku pozytywnego wyniku konieczne jest wykonanie badania
na obecno$¢ materialu genetycznego wirusa w celu potwierdzenia aktywnego zakazenia.
Jednym z najwiekszych wyzwan w kontroli zakazen HCV jest rozpowszechnienie dostepu do
testow oraz obnizenie kosztow diagnostyki, szczegdlnie testow molekularnych opartych na

metodzie RT-PCR. Takie badania sa kosztowne, wymagaja specjalistycznego sprzgtu i
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przeszkolonej kadry, a ich cena w krajach o niskich dochodach moze przekraczac ceng terapii
opartej na DAA*47,
4.6.3 Reinfekcje

DAA bardzo skutecznie eliminuja wirusa, ale nie zapobiegajag ponownym zakazeniom i
przejsciu w fazg chroniczng. Badania wykazaty, ze ryzyko reinfekcji HCV wynosi 10-15% w
okresie 5 lat po ukonczeniu terapii DAA*, Ryzyko reinfekciji jest szczegdlnie duze w grupach
podwyzszonego ryzyka np. osob przyjmujacych narkotyki drogg dozylng, wérod ktorych
wskaznik rozpowszechnienia HCV moze siega¢ nawet 65%*°. Sytuacja wyglada podobnie w
krajach o niskich dochodach, gdzie HCV przenosi si¢ przez ryzykowne praktyki medyczne lub
przez transmisje wewnatrz spotecznosci. W tych populacjach ryzyka reinfekcji

prawdopodobnie mozna unikng¢ jedynie poprzez wprowadzenie szczepien profilaktycznych.

4.6.4 Rak watrobowokomorkowy
Chroniczna infekcja HCV jest jednym z czynnikéw predestynujacym wystapienie raka
watrobowokomorkowego (z ang. hepatocellular carcinoma — HCC), ktory jest trzecig
najczestsza przyczyng zgondéw Sspowodowanych nowotworami®®>2, Zmniejszenie ryzyka
wystgpienia HCC po skutecznej terapii bazujacej na interferonie zostato odnotowane w wielu
retrospektywnych badaniach®*°*, Podobng zalezno$¢ zaobserwowano dla terapii przy uzyciu
DAA>7, Jednak, zachorowalno$¢ na HCC po terapii HCV zalezy od stopnia zaawansowania
uszkodzen watroby w momencie rozpoczecia leczenia i utrzymuje si¢ na wyzszym poziomie
zwlaszcza wsrod pacjentow z zaawansowanym zwlOknieniem, marskos$cig watroby lub z
chorobami wspoétistniejacymi®®.
4.6.5 Selekcja wariantow HCV opornych na leczenie DAA

Niepowodzenie terapii za pomocg DAA jest wlasciwie zawsze zwigzane z pojawieniem si¢
wariantow HCV posiadajacych mutacje zwigzane z opornoscig na lek (z ang. resistance
associated variants — RAVs). Takie warianty moga krazy¢é w organizmie pacjenta przed
rozpoczeciem leczenia lub tez zosta¢ wyselekcjonowane podczas terapii DAA®®. Chociaz
negatywny wplyw RAVs na wynik terapii mozna najczgéciej przezwyciezy¢ poprzez
wydtuzenie czasu leczenia lub optymalizacje skladu DAA, to w skali epidemiologicznej
ucieczka przed terapiag moze doprowadzi¢ do selekcji RAVs jako powszechnie obecnych
wariantow wirusa HCV w populacji®*®. Dodatkowo, chociaz w tym momencie odsetek osob,
wsrdod ktorych terapia z uzyciem DAA doprowadzita do pojawienia si¢ RAVs, wynosi okoto
2%, to przy skali zakazen HCV liczba pacjentdow wymagajacych ponownego leczenia bedzie

wzrastata®®.
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Niezwykty sukces terapii opartej na DAA jest jednym z powodow dla ktorych WHO przyjeta
globalng strategie, ktora miata doprowadzi¢ do tacznego zmniejszenia o 90% zachorowalnos$ci
na wirusowe zapalenie watroby typu B i C oraz do 65% redukcji $Smierci spowodowanej przez
te wirusy®?. Na poczatku 2020 roku na calym $wiecie odnotowano okoto 58 min zakazen
wirusem HCV i chociaz liczba ta oznacza spadek 0 6,8 miliona w poréwnaniu z rokiem 2015,
prognozy przeprowadzone przez grupg Polaris Observatory HCV Collaborators sugeruja, ze
planowany spadek ilo$ci zakazen w skali globalnej do roku 2030 prawdopodobnie nie zostanie
osiagniety®’. Obecnie jedynie dwa czynniki chorobotwércze uznano za eradykowane — wirus
ospy prawdziwej oraz wirus pomoru bydla (ksiggosusz), w obu przypadkach kluczowym
czynnikiem umozliwiajacym eradykacje byty szczepionki®. Z tego powodu wigkszoéé 0séb
zajmujacych si¢ zagadnieniem zakazen wirusem HCV jest zgodna, Ze opracowanie szczepionki
chronigcej przed zakazeniem HCV znaczaco przyczynitoby si¢ do redukcji liczby zakazen i
zgondw, a dodatkowo byloby znaczaco tansze w poréwnaniu z alternatywnymi sposobami
kontroli epidemii HC\V/54-8,
4.6.6 Zmienno$¢ genetyczna HCV

Jedna z najwigkszych przeszkdd w opracowaniu skuteczniej szczepionki chronigcej przed
infekcja HCV jest niezwykta zmienno$¢ genetyczna wirusa. Mozemy wyrdzni¢ 6 gtdéwnych
genotypow HCV o znaczeniu klinicznym. Genotyp 1 dominuje w rejonach takich jak Europa,
Ameryki, Azja i Australia. Genotyp 2 wystepuje glownie w Afryce subsaharyjskiej i Azji
Wschodniej, Genotyp 3 odpowiada za wigkszo$¢ zakazen w rejonach szczegodlnie dotknigtych
epidemig HCV takich jak Indie oraz Pakistan oraz wystepuje z duzg czestotliwoscig w Europie,
Australii i Nowej Zelandii. Genotyp 4 dominuje w rejonach Bliskiego Wschodu oraz w krajach
Afryki polnocnej — w szczegdlnosci w Egipcie. Genotypy 5 i 6 wystepuja z niewielka
czestotliwosceig i razem odpowiadaja za mniej niz 5% wszystkich infekcji HCV. Genotyp 5
wystepuje z podwyzszong czgstotliwoscia w Republice Poludniowej Afryki, a genotyp 6 w
rejonie Azji potudniowowschodniej (Kambodza, Mjanma oraz Wietnam)®®. Dodatkowo w
obrebie genotypéw HCV mozna wyrdzni¢ 93 subtypy. Najwiecej subtypow zostato
wyszczegolnionych wsrdd genotypu 6 — az trzydziesci trzy, najmniej w genotypie 5 - zaledwie
jeden®. W skali globalnej genotyp 1a i 1b odpowiadaja za blisko potowe wszystkich zakazen
HCV™, a polaczone genotypy 1 oraz 3 stanowig blisko 70% wszystkich infekcji.
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Rycina 4. Rozpowszechnienie genotypow HCV na swiecie. Za: Polaris Observatory HCV
Collaborators. “Global prevalence and genotype distribution of hepatitis C virus infection in
2015: a modelling study.” The Lancet. Gastroenterology & hepatology vol. 2,3 (2017): 161-
176. doi:10.1016/52468-1253(16)30181-9

W Polsce w wyniku badan prowadzonych w latach 2013-2016 pokazano, ze zdecydowang
wigkszos¢ przypadkéw HCV w badanej grupie stanowig zakazenia genotypem 1b (ok. 80%),
w nastepnej kolejnosci zakazenia genotypem 3, 4, 1a oraz genotypem 2. Zakazenia genotypami
51 6 nalezg do rzadkosci i stanowity tylko 0.1% wszystkich zakazen w badanej grupie’?.
Dodatkowo, w przebiegu infekcji HCV nastgpuje roznicowanie si¢ tak zwanych
pseudogatunkow (z ang. quasispecies). Szybkie tempo mutacji genomu wirusowego skutkuje
powstaniem zréznicowanej populacji HCV w obrebie zainfekowanego organizmu, a stale
towarzyszaca presja ze strony uktadu immunologicznego powoduje selekcje wariantow wirusa
posiadajacych przewage ewolucyjng nad reszta wariantow 1 w przebiegu infekcji staja si¢ one
wariantami dominujgcymi’3 "4,

Pomimo intensywnie prowadzonych badan, zaréwno klinicznych jak i podstawowych, nad
odpowiedzig immunologiczng wzbudzang podczas zakazenia wirusem HCV elementy
kluczowe dla skutecznej ochrony przed zakazeniem nadal nie sg znane. Wiadomo jednak, ze
procz zroéznicowania genetycznego, istnieje kilka innych mechanizméw pozwalajgcych

wirusowi HCV na unikanie odpowiedzi ze strony uktadu immunologicznego.

4.7 Odpowiedz komorkowa
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Silna odpowiedz komodrkowa celujaca w wiele epitopdw pochodzacych z wirusa HCV moze
by¢ jednym z kluczowych czynnikéw w procesie eliminacji wirusa z zakazonego organizmu i
moze odgrywac kluczowg rolg podczas tworzenia szczepionki chronigcej przed chronicznym
zakazeniem HCV. Badania prowadzone na ludziach i szympansach podkreslajg wazng role
odpowiedzi komoérkowej opartej na limfocytach CD8+ oraz CD4+ w kontroli zakazenia HCV.
Zakazenie HCV w szympansach pozbawionych CD8+ lub CD4+ prowadzito do powstania
trwalej wiremii i zmian chorobowych w watrobach zakazonych zwierzat’7®,
Co ciekawe, swoista odpowiedz limfocytow CD4+ i CD8+ przeciwko HCV, zaréwno w
zakazeniach samoistnie ustepujacych jak i w zakazeniach przechodzacych w faze chroniczng
pojawia sie do$¢ pézno, okoto 6-10 tygodni po zakazeniu’’®%. Nie jest do konca jasne, czy
Kinetyka odpowiedzi ma wptyw na przebieg choroby, ale potencjalna szczepionka powinna
umozliwi¢ znacznie wczesniejszg odpowiedz limfocytéw T na infekcje, co mogloby zapewnié
kluczowa przewage w procesie zwalczania zakazenia.

4.7.1 Limfocyty CD4+
Jedng z cech charakterystycznych dla chronicznego zakazenia HCV jest brak proliferacji
limfocytow CD4+ swoistych dla HCV oraz ich zanikanie w przebiegu zakazenia®' 8. Z drugiej
strony, w przebiegu samoograniczajacej si¢ infekcji HCV identyfikuje si¢ wiele antygenow
HCYV indukujacych proliferacje CD4+ in vitro, a testy te pozostaja pozytywne przez lata po
ustapieniu infekcji®l. Nie wiadomo, jaki mechanizm prowadzi do ostabienia odpowiedzi
limfocytow CD4+, ale w przypadku stworzenia szczepionki opartej na odpowiedzi komdrkowe;j
kluczowym bedzie wzbudzenie i utrzymanie odpowiedzi komorkowej opartej na limfocytach
CDA4+ specyficznych wobec antygenow HCV.

4.7.2 Limfocyty CD8+
Podobnie jak w przypadku limfocytow CD4+, silna i szeroko zakrojona odpowiedz CD8+
zostata zaobserwowana w przebiegu zakazenia o charakterze samoograniczajacym sig.
Podobnie jak w przypadku odpowiedzi CD4+, silng odpowiedz CD8+ obserwowano w
przypadku choroby samoograniczajacej. Jednak jesli pacjentow badano w ciggu pierwszych 6
miesiecy od zakazenia HCV, podobnie silng odpowiedz CD8+ mozna byto zaobserwowaé u
pacjentow z chronicznym przebiegiem infekcji’"#®, Limfocyty CD8+ rozpoznajace HCV
wystepuja w wigkszej ilosci w pordwnaniu z komérkami CD4+, z tego powodu mechanizmy i
dynamika odpowiedzi opartej na limfocytach CD8+ sa lepiej poznane.
Wyrodznia si¢ dwa mechanizmy zaangazowane w unikanie odpowiedzi immunologicznej CD8+

w chronicznym przebiegu HCV. Jednym z nich jest pojawienie si¢ wariantow wirusa niosacych
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zmiany w epitopach bedacych celem dla limfocytoéw CD8+, ktore skutkuja brakiem odpowiedzi
ze strony komérek swoistych wzgledem epitopu®® 88,

Innym istotnym mechanizmem, ograniczajacym skuteczno$¢ odpowiedzi limfocytow T w
chronicznej infekcji HCV, jest tak zwane ,wyczerpanie” limfocytow CD8+, proces ten
charakteryzuje si¢ narastajacg niezdolno$cig komorek do wykonywania funkcji efektorowych,
a na jej koncowym etapie apoptoza populacji limfocytow T swoistych dla HCV®, Coraz
wiegcej badan sugeruje, ze zardbwno wewnetrzne szlaki sygnalizacyjne (takie jak aktywacja
receptorow hamujagcych aktywnos¢ limfocytow T), jak rowniez zewngtrzne szlaki regulacyjne
(np. cytokiny immunoregulacyjne oraz aktywnos¢ limfocytow T regulatorowych) biorg udziat
w procesie wyczerpania limfocytow T. Co ciekawe, wyczerpanie odpowiedzi cytotoksycznej
jest odpowiedzialne nie tylko za utrzymanie wiremii, ale moze réwniez ograniczal
immunopatologie zwigzang z HCV®:%2, Wykazano, ze w przebiegu infekcji HCV swoiste dla
wirusa limfocyty T CD8+ moga eksprymowaé rézne kombinacje receptorow hamujacych
aktywnos$¢ tych komorek, miedzy innymi PD-1, CTLA-4, CD160, TIM-3, CD244 oraz
KLRG1%%, Podczas chronicznej infekcji ciggta stymulacja limfocytow CD8+ swoistym dla
nich antygenem prowadzi do zwickszenia ilosci receptoréow i w efekcie do wyczerpania
odpowiedzi komodrkowej. W przypadku zewngtrznych szlakéw sygnalizacyjnych kluczowa
rolg petnig cytokiny regulujace aktywnos¢ limfocytow, przede wszystkim IL-10 oraz limfocyty
regulatorowe CD4+Foxp3+, ktore hamuja aktywno$¢ limfocytow CD8+, a w przypadku
przedhuzonej obecnosci swoistych antygenéw moga prowadzi¢ do wygaszenia odpowiedzi
komorkowej®>%-1% Ograniczenie aktywnosci cytotoksycznej limfocytow T jest szczegolnie
widoczne w miejscu rozwoju wiremii - watrobie, gdzie st¢zenie antygenu jest najwicksze i
gdzie funkcjonuje wiele mechanizméw immunosupresyjnych, dodatkowo regulujacych funkcje

limfocytow T CD8+91:92100101
4.8 Odpowiedz humoralna

Odpowiedz uktadu immunologicznego oparta na produkcji przeciwciat neutralizujacych (z ang.
neutralizing antibodies - nAb) jest kluczowym elementem obrony organizmu w przebiegu
infekcji wirusowej. Wigkszo$¢ dostgpnych szczepionek chronigcych przed zakazeniami
wirusowymi ma na celu wzbudzenie wtasnie odpowiedzi nAb02103,

Rola przeciwciat neutralizujacych w zakazeniu HCV nie jest do konca jasna. Z jednej strony w
wiadomo, ze odpowiedz nAb nie jest niezbedna do usuniecia wirusal®, jednak wiele badan

wykazalo, ze nAb mogg odgrywac istotng role w kontroli i zwalczaniu infekcji HCV. W
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badaniach na grupie kobiet zakazonych tym samym szczepem wirusa HCV pokazano, ze
istnieje silna korelacja pomi¢dzy usunigciem wirusa, & wzbudzeniem nAb w poczatkowe;j fazie
zakazenia HCV!®, Podobne wnioski zostaty opisane w innych pracach, gdzie pojawienie si¢
przeciwcial o szerokim spektrum neutralizacji korelowalo z samoistnie ustgpujacym
zakazeniem HCV!. Co ciekawe, istniejg takze doniesienia, ze u pacjentdw z rozpoznanym
chronicznym zakazeniem HCV, pojawienie si¢ nAb korelowato ze zwalczeniem infekcji, co
moze dawac nadzieje, ze szczepionka wzbudzajaca silng odpowiedz nAb moze mie¢ dziatanie

terapeutyczne'®’

. Podobne wyniki otrzymano przypadku biernej immunizacji w modelu
zwierzgcym, gdzie podanie zakazonym szympansom surowicy lub nAb znaczaco obnizato
poziom wiremii, a podanie nAb chimerycznym myszom z przeszczepem ludzkiej watroby
zakazonych HCV prowadzilo do eliminacji wiremii'®®'%, Te badania potwierdzaja zdolnos¢
odpowiedzi humoralnej do kontroli zakazenia i1 zapobiegania chronicznemu zapaleniu watroby
wywolanemu przez HCV. Badanie przeprowadzone na osobach przyjmujacych narkotyki droga
dozylng pokazato, ze w przypadku reinfekcji osob, ktore spontanicznie pozbyly si¢ wirusa w
przebiegu pierwszej infekcji, procent os6b ponownie zwalczajacych wirusa siggat 83% 1 byt
ok. 3-krotnie wigkszy niz odsetek zaobserwowany podczas infekcji pierwotnej''°, Dodatkowo
z surowicy pacjentow mozna bylo wyizolowaé przeciwciata zdolne do neutralizacji
heterologicznych szczepow HCV, takie przeciwciala nie sg zazwyczaj obecne w surowicy

pacjentéow zakazonych chronicznie!'

. Przewaga szczepionek wzbudzajacych odpowiedz
humoralng nad szczepionkami celujacymi w odpowiedz komorkowa polega na zdolnosci
wzbudzenia tzw. odpornos$ci sterylizacyjnej, w wyniku ktérej po wniknigciu czasteczek
wirusowych do organizmu sg one natychmiast wigzane przez przeciwciata neutralizujace. W
zwigzku z tym nie dochodzi do replikacji wirusa, a w obrazie klinicznym nie wida¢ wzrostu
poziomu wiremii.

W innym badaniu bierny transfer immunoglobulin poliklonalnych z surowicy chronicznie
zakazonego dawcy zapobiegal zakazeniu chimerycznych myszy z przeszczepem ludzkiej
watroby zaréwno przez homologiczne, jak i heterologiczne szczepy HCV!1'2 Podobne
wyniki uzyskano dla szympansoéw, u ktorych podanie 1gG anty-HCV zapobiegato zakazeniu
wirusem ze szczepu homologicznego, ale nie heterologicznego!!®. Potencjalng zdolno$¢ nAb
do zapobiegania zakazeniu HCV potwierdzaja takze retrospektywne badania na biorcach
przeszczepu watroby. Badanie wykazalo, ze podanie surowicy z immunoglobulinami
skierowanych przeciwko wirusowi zapalenia watroby typu B pacjentom zakazonych HCV
zmniejsza reinfekcje przeszczepu przez HCV!!*, Badacze wysuneli hipoteze, ze uzyta surowica

byta dodatkowo zanieczyszczona przeciwciatami anty-HCV. Co ciekawe, pacjenci niezakazeni
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HCV poddawani przeszczepowi i leczeni ta samg surowicg wykazywali znaczaco mniejsza
czestotliwosé zakazen HCVI4,

Powyzsze badania sugerujg, ze silna odpowiedZz immunologiczna oparta na przeciwciatach
moze przynajmniej czesciowo kontrolowac infekcje HCV a odpowiedz sterylizujgca jest
mozliwa do osiagnigcia, jezeli indukowane przeciwciata beda wystgpowaé¢ w odpowiednio

wysokim stezeniu i beda zdolne do neutralizacji wielu szczepow HCV.
4.9 Mechanizmy ucieczki przed przeciwcialami neutralizujacymi

Glownym celem dla przeciwcial neutralizujacych skierowanych przeciwko HCV jest
heterodimer glikoprotein E1E2 posredniczacy w procesie wejscia HCV do komorek
gospodarza. nAb blokujag oddziatywanie glikoprotein E1E2 2z receptorami wejscia,
uniemozliwiajgc HCV wnikanie do komorek w procesie nazywanym neutralizacja wirusa.
Podobnie jak w przypadku odpowiedzi komoérkowej, obserwuje si¢ wiele mechanizmow
umozliwiajacych przetrwanie HCV w obecnos$ci przeciwciat neutralizujacych. HCV krazy w
zakazonym organizmie jako pula pseudogatunkow, réznigcych sie genetycznie i antygenowo.
Takie warianty w wyniku presji immunologicznej stale ewoluuja, co prowadzi do selekcji
mutantéw, ktére nie sg neutralizowane przez krazace w zakazonym organizmie nAb"311>116,
Wigkszo$¢ zmian powstatych podczas ucieczki przed przeciwciatami jest akumulowana w
sekwencji glikoprotein E1E2, bedacych gtéwnym celem odpowiedzi humoralnej i prowadzi do
unikniecia odpowiedzi immunologicznej gospodarzal'’. Przykladem takich zmian mogg by¢
mutacje w obrebie epitopu II — D431A, ktore prowadza do utraty powinowactwa ze strony
neutralizujacego przeciwciata CBH-2118 Jub mutacja W420R, w wyniku ktorej zanika wigzanie
Z silnie neutralizujgcym przeciwciatem AP33119120,
49.1 Zmiana konformacji w obrebie epitopow

Konserwowane epitopy uczestniczace w wigzaniu receptora wejscia CD81 wykazujg niezwykta
elastyczno$¢ konformacyjna, ktora umozliwia ucieczke wirusa przed przeciwciatami o
szerokim spektrum neutralizacji. Ryc. 5 pokazuje epitopy glikoproteiny E2 (I, Il oraz 1I)

przyjmujace rézne konformacje po zwigzaniu z przeciwciatami.
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Rycina 5. Konformacje epitopow 1, I1 i III w kompleksie z przeciwcialami.
Konformacje epitopu |: (gérna) p-zwrot o strukturze szpilki do wilosow (konformacja
zamknieta) W kompleksie z nAb HCV1 (PDB: 4DGY); (srodkowa) konformacja otwartej petli
w kompleksie z nAb 3/11 (PDB: 4WHY); (dolna) konformacja petli podtotwartej z
antyrownolegtq f-kartkg w kompleksie z nAb HC33.1 (PDB:4XVJ).
Konformacje epitopu Il: (gérna) krétka a-helisa w kompleksie z nAb HC84.27 (PDB: 4JZ0);
(dolna) krotkaa-helisa w stanie otwartym w kompleksie z nAb mAb#8 (PDB: 4HZL).
Konformacje epitopu Ill: (gérna) otwarta i ustabilizowana ni¢ w konformacji p-kartki w
kompleksie z przeciwciatem AR3C (PDB: 4MWF); (dolna) helikalna, nieuporzqdkowana
konformacja w kompleksie z mAb DAO5 (PDB: 5NPJ).
Rysunek modyfikowany zZrodto: Sepulveda-Crespo, Daniel et al. “Hepatitis C virus vaccine
design: focus on the humoral immune response.” Journal of biomedical science vol. 27,1 78. 6
Jul. 2020, doi:10.1186/s12929-020-00669-4

4.9.2 Ucieczka poprzez wprowadzanie zmian poza epitopem
Ucieczka przed przeciwciatami neutralizujagcymi poprzez wprowadzanie zmian w domenach
polozonych z dala od epitopu wigzacego dane przeciwcialo jest dobrze poznanym
mechanizmem  wystepujacym  wsrod  wirusow.  Ztozona  struktura  glikoprotein
powierzchniowych E1E2 pozwala na pewna dynamik¢ w obrgbie domen, a zmiana
aminokwasu w jednym miejscu moze mie¢ wplyw na konformacje lub dostgpnosé¢ epitopow

potozonych z dala od miejsca zmiany. Przykladowo, zmiany w obrebie sekwencji
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aminokwasowej HVR1 moga wptywac¢ na konformacje i zdolno$¢ wigzania przeciwciat w
obrebie epitopu I polozonego w dalszej czesci glikoproteiny E2'2!. Podobnie, zmiany
wprowadzone w obrebie rdzenia glikoproteiny E2 w pozycjach S501N oraz V506A moga
wplywaé na konformacje petli wigzacej CD81 —w tym rejonu epitopu | oraz epitopu 111122,
4.9.3 Mechanizm ,,przynety dla przeciwcial”

Wigkszos¢ odpowiedzi opartej na przeciwciatach zar6wno w ostrych jak i chronicznych
zakazeniach HCV jest skierowana przeciwko regionom hiperzmiennym zlokalizowanym w
sekwencji glikoproteiny E2, a wirus pozbawiony rejonu HVR1 jest znaczaco bardziej podatny
na neutralizacje. HVR znajduja si¢ pod stala presja ze strony uktadu immunologicznego i
charakteryzuja si¢ zdolnoscig do wprowadzania i tolerowania duzej ilo§ci zmian w sekwencji
aminokwasowej. Przeciwciata przeciwko regionom HVR sg zwykle swoiste dla danego
wariantu wirusa i czesto nie maja wlasciwosci neutralizujacych?. Ta immunodominacja
rejondow HVR potaczona z ich zdolnos$cig do unikania odpowiedzi immunologicznej poprzez
ciagle wprowadzanie zmian w rejonach wiazacych przeciwciata jest opisywana jako
mechanizm ,,przynety dla przeciwcial”. Mechanizm ten chroni bardziej konserwowane rejony
glikoproteiny E2 niezbgdne do wigzania receptorow wejscia HCV i pomaga w ucieczce wirusa

przed przeciwciatami neutralizujgcymil?-1%,

4.9.4 Glikozylacja heterodimeru E1E2
Zarowno E1 jak i E2 sg silnie glikozylowanymi biatkami, posiadajacymi odpowiednio 4-5 oraz
9-11 miejsc glikozylacji. Glikany pelnig istotng rolg w procesie wejscia wirusa do komorki,
podczas ktorego reszty cukrowe oddziatywajg z lektynami na powierzchni nabtonka w obrebie
watroby, zageszczajac czasteczki HCV przed procesem wejécia do hepatocytow?%127, |Istnieje
kilka modeli thumaczacych role N-glikozylacji E1E2 w ucieczce przed odpowiedzig humoralng.
Najprostszym z nich jest tak zwana ,.tarcza glikanowa”, ktora pelni role sterycznej przeszkody
W wigzaniu przeciwciat do epitopu w obrgbie glikoproteiny. Charakterystyka mutantow N-
glikozylacji w zakazeniach HCV w hodowli komorkowej (cell culture derived HCV — HCVcc)
wykazata, ze co najmniej pie¢ glikanow (E2N1, E2N2, E2N4, E2N6 oraz E2N11) zmniejsza
wrazliwos¢ wirusa na przeciwciata neutralizujagce wigzace si¢ W miejscu oddzialywania
glikoproteiny E2 z receptorem CD81, jednak nie maja one wptywu na rozpoznawanie epitopow
znajdujacych sie w obrebie HVR1!%, Nastepnym mechanizmem jest przesunigcie miejsca
glikozylacji (z ang. glycan shift), ktory zostat opisany jako mechanizm ucieczki przed presja ze
strony silnie neutralizujacych przeciwcial wigzacych si¢ w obrgbie epitopu I glikoproteiny E2.

Przesuniecie glikanu E2N1 z pozycji N417 do N415 prowadzi do utraty powinowactwa przez
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silnie dzialajace przeciwciata o szerokim spektrum neutralizacji takie jak AP33 czy
HCV11%6129 przeciwciata te wigza epitop I w konformacji p-zwrotu (z ang. B-hairpin), w
ktorym tancuchy boczne glikanu E2N1 w pozycji N417 sg skierowane w kierunku od
przeciwciala, jednak w przypadku przesunigcia miejsca glikozylacji w pozycj¢ N415 tancuch
boczny tworzy steryczng przeszkode uniemozliwiajaca wiazanie przeciwciat'?,

495 ,,0ddychanie” glikoprotein E1E2
Ostatnio przeprowadzone badania podwazaja model bezposredniego, sterycznego ostaniania
epitopoéw przez glikany. Badania sugeruja, ze ochronne dziatanie glikanow moze polega¢ na
modulowaniu dostepu do epitopdw poprzez wptywanie na stabilnos¢ konformacji glikoprotein
E1E2 i jej zmiane mi¢dzy konformacjg zamknieta (odporng na neutralizacj¢) i otwartg
(wrazliwg na neutralizacje¢). Dodatkowo zauwaz ono, ze usunigcie rejonu HVR1 prowadzito do
trwalego przesunigcia konformacji do pozycji otwartej, niezaleznie od statusu glikozylacji
E1E21%0,
Model ten, cho¢ nie do konca dobrze poznany, podkresla niezwykla plastyczno$¢ glikoprotein
E1E2 oraz epitopéw biorgcych udziat w wigzaniu receptoréw wejscia, rolg¢ N-glikozylacji oraz
immunodominujacych rejondéw hiperzmiennych.

4.9.6 Inne mechanizmy
Jeszcze innym mechanizmem unikania przez HCV przeciwcial neutralizujacych jest jego
zdolno$¢ do rozprzestrzeniania sie poprzez bezposrednia transmisje z komorki do koméorkit®.
HCV rozprzestrzenia si¢ przez przestrzenie mi¢dzykomorkowe w formie czgsteczek
lipowirusowych — kompleksu czasteczek wirusowych oraz lipoprotein o malej lub bardzo mate;

gestoéci pochodzacych z komorek gospodarza'®?

. Czasteczki lipowirusowe HCV sg podobne
do naturalnie wystepujacych czasteczek lipidow o bardzo matej gestosci, w ktorych wigkszos¢
bialek wirusowych pozostaje przystonigta przez lipoproteiny. Taka forma mimikry pozwala
wirusowi na unikanie odpowiedzi ze strony przeciwciat neutralizujacych®*****. Dodatkowo,
podczas produkcji HCV w hodowlach komorkowych zauwazono, ze komorki produkuja
czasteczki lipidowe z zakotwiczong glikoproteing E2. Takie kompleksy moga stanowic
~przynete dla przeciwcial” 1 podczas naturalnej infekcji obniza¢ poziom przeciwcial
neutralizujacych skierowanych przeciwko zakaznym czasteczkom wirusowym?®,

Ponadto wykazano, ze wyizolowane od pacjentow warianty HCV, u ktérych nastapita ucieczka
HCYV przed uktadem immunologicznym, posiadajg zwigkszong opornos¢ na aktywnos¢ biatek
transbtonowych indukowanych przez interferon (z ang. Interferon-induced transmembrane

proteins - IFITM) co wspomagato ucieczke HCV przed nAb*3®.
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4.10 Modele zwierzece w badaniach nad szczepionka

Brak modeli zwierzecych dla zakazen HCV, w ktorych nastgpowaloby wydajne namnazanie
wirusa i skierowana bytaby przeciwko niemu swoista odpowiedz ze strony uktadu
immunologicznego jest jedng z gldéwnych przeszkdd w prowadzeniu badan nad szczepionka
HCV. HCV wykazuje $cisty tropizm gatunkowy dla ludzi, a jedynym naturalnym modelem
zwierzecym jest szympans, ktory nie jest obecnie dostepny do badan nad HCV z powodu
ograniczen etycznych.

Szympansy odegraty kluczowa role w badaniach nad odkryciem i charakterystyka czynnika
zakaznego powodujacego zapalenie watroby typu Nie-A-Nie-B, prowadzonych w latach 70 i
80 XX wieku, a dlugoterminowa obserwacja tych zwierzat potwierdzita mozliwo$¢ przejscia
infekcji HCV w faze chroniczng®®*°. Surowice pochodzace z szympanséw zakazonych
wirusem zapalenia watroby typu Nie-A-Nie-B doprowadzily do izolacji i identyfikacji HCV,
do powstania testow umozliwiajacych wykrycie HCV w krwi pochodzacej od dawcoéw oraz do
opracowania terapii z wykorzystaniem DAA,

Aby wypehi¢ luke po modelu szympansim, przez lata prowadzono badania nad opracowaniem
modelu infekcji HCV opartego na matych zwierzetach. W tym celu powstato kilka szczepow
myszy, ktore mogg podtrzymywac aktywna replikacj¢ HCV 1 w niektorych przypadkach mozna
je wykorzysta¢ do oceny odpowiedzi immunologicznej in vivo*®#, Pierwszym modelem sa
myszy bedace biorcami ksenoprzeszczepoéw ludzkich hepatocytow. Model ten podtrzymuje
wysoki poziom replikacji wirusa 1 jest niezwykle cenny w badaniach nad wejsciem HCV do
komorek gospodarza oraz aktywnosScig lekow antywirusowych. Jednak myszy poddawane
przeszczepom maja uposledzony uktad immunologiczny, co ogranicza ich zastosowanie w
badaniach nad szczepionkg HCV*#!, Innym podejéciem jest wprowadzenie do mysich komérek
gendéw kodujacych ludzkie receptory wejscia dla HCV m. in. CD81 czy OCLN. Niewatpliwg
zaleta tego systemu jest mozliwos$¢ badania odpowiedzi immunologicznej w przebiegu infekcji
HCV. Minusem jest jednak to, ze transgeniczne myszy charakteryzuja si¢ niezwykle niskim
poziomem replikacji wirusa®4!.

Biorgc pod uwage wyzwania w opracowaniu zwierzecego modelu infekcji HCV, rozsagdnym
rozwigzaniem wydaje si¢ uzycie jako modelu wirusa blisko spokrewnionego z HCV.
Najblizszym krewnym HCV jest Hepacivirus innych niz naczelne (z ang. non-primates
hepacivirus - NPHV), ktory wystepuje w populacji koni domowych. Zakazenie NPHV koni
moze wywolaé infekcje chroniczna prowadzaca do patologii watroby'#?. Jednak kon nie jest

fatwo dostepnym czy tatwym w pracy modelem zwierzgcym, co ogranicza jego ogolne
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zastosowanie. W 2014 roku w watrobie szczuréw norweskich w Nowym Jorku odkryto wirusa
Hepacivirus gryzoni (z ang. rodent hepacivirus - RHV), ktory charakteryzuje si¢ wysokim
podobienstwem do HCV!*, Zakazenie immunokompetentnych myszy laboratoryjnych#* i

szczurow!

4 spowodowato silng hepatotropows infekcje wirusowa. Cho¢ w modelu mysim
wiremia ustgpowala samoistnie, t0 U SzCzuréw pozostawata na wysokim poziomie, powodujac
zapalenie watroby, pobudzenie odpowiedzi immunologicznej i dysfunkcje limfocytow T4, co
podkresla uzytecznos¢ RHV w pracach nad szczepionkg HCV.

Brak modeli zwierzecych dla zakazenia HCV w potaczeniu z dostgpem do wysoko skutecznych
terapii DAA podsycit dyskusje na temat modelu kontrolowanego zakazenia cztowieka, ktory
znaczgco przyspieszytby prace nad szczepionkag HCV. W takich badaniach zdrowi ochotnicy
zostaliby zaszczepieni eksperymentalng szczepionka lub placebo, a nastepnie zakazeni dobrze
scharakteryzowanym szczepem HCV w celu oceny skuteczno$ci immunogenu. Takie podejscie
ma wiele zalet, migdzy innymi dlatego, ze kandydatow na szczepionki HCV mozna byloby
szybko zidentyfikowa¢ pod katem skutecznosci w $cisle kontrolowanych warunkach, a
nastepnie szybko przejs¢ do dalszych testow w populacjach wysokiego ryzyka.
Zminimalizowaloby to ogromne koszty finansowe i spoteczne zwigzane z prowadzeniem
dhugoterminowych badan na populacjach wysokiego ryzyka, ktore bez watpienia sg waskim
gardlem w badaniach nad szczepionkg. Pomimo potencjalnych zalet perspektywa modelu
kontrolowanego zakazenia cztowieka budzi wiele obaw zaréwno natury etycznej jak i

naukowe;j'46:147,
411 Badania nad szczepionka HCV

Przez lata wiele potencjalnych szczepionek przeciwko HCV majacych wzbudzi¢ odpowiedz
humoralng 1/lub komoérkowa zostalo ocenionych pod katem immunogennos$ci w rdéznych
modelach zwierzecych®. Podejécia szczepionkowe obejmowaly immunizacje inaktywowanym
wirusem, calymi biatkami wirusowymi, czasteczkami wirusopodobnymi czy Syntetycznymi
peptydami. Testowano takze preparaty oparte na DNA, RNA i rekombinowanych wektorach
wirusowych. Tylko niewielka cze$¢ szczepionek testowana w modelach przedklinicznych
zostala przetestowana pod katem ochrony przed zakazeniem w modelu szympansim a sposrod
tych, ktore wykazaly pewien stopien skuteczno$ci w zapobieganiu przewleklej infekcji w
szympansach, tylko dwie przeszty do testow klinicznych. W tym momencie ze wzgledu na brak

modelu szympansiego droga do testow klinicznych nie jest do konca jasna.
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Szczepionki indukujace odpowiedz ze strony limfocytow T s3a zwykle skoncentrowane na
stosunkowo konserwowanych biatkach HCV, takich jak niestrukturalne biatka NS3, NS4 czy
NS5 oraz na strukturalnym biatku rdzenia. Jedng z bardziej obiecujgcych szczepionek byta
opracowana przez Okairos Corporation (obecnie GlaxoSmithKline) dwudawkowa
szczepionka, w ktorej w pierwszej dawce podawano wektor oparty na modyfikowanym
adenowirusie szympansim niosgcym sekwencje kodujace biatka niestrukturalne HCV (ChAd3-
NS). W drugiej dawce podawano wektor oparty na zmodyfikowanym wirusie krowianki ze
szczepu Ankara (MVA-NS) z podobng kasetg zawierajacg biatka niestrukturalne wirusa HCV.
Taki sktad antygenoéw zostal po raz pierwszy przetestowany na szympansach, u ktérych
immunizacja adenowirusem, po ktorej podano dawke przypominajaca zawierajaca plazmidowe
DNA, indukowata dtugo utrzymujacg si¢ odpowiedz limfocytéw T CD4+ i CD8+'%8, Podanie
szczepionki, a nastepnie zakazenie szympansow HCV spowodowalo szybka aktywacje
odpowiedzi komoérek T pamigci i znaczne zahamowanie ostrej fazy wiremii. Szczepionka ta
zostala przetestowana na ochotnikach W pierwszej fazie badan klinicznych i wzbudzita silng
odpowiedz swoistych dla HCV limfocytow CD4+ i CD8+'%°, Po tym sukcesie szczepionka
zostata przetestowana w drugiej fazie badan klinicznych na osobach z grup podwyzszonego
ryzyka zakazeniem HCV. Niestety, Chociaz u wigkszosci zaszczepionych schemat szczepien
stymulowal odpowiedzi limfocytow T swoistych dla HCV, nie zaobserwowano U nich
profilaktycznego efektu dzialania szczepionki oraz zmniejszenia wystepowania przewlektego
zakazenia HCV®, Przyczyny niepowodzenia tych dtugich i kosztownych badan klinicznych nie
sg do konca znane, ale mogg wskazywacé na potrzebg szczepionki, ktora indukuje zaréwno
komorkowa jak 1 humoralng odpowiedZ immunologiczng.

Szczepionki majgce na celu wywotanie odpowiedzi humoralnej oparte sg na glikoproteinach
E1, E2 lub heterodimerze E1E2, ktore sa gtownymi celami dla przeciwciat neutralizujacych. W
ramach tego podejscia, jak dotad najbardziej zaawansowanym kandydatem jest
rekombinowany heterodimer E1E2 pochodzacy z genotypu 1la HCV podawany w obecnosci
adjuwantu typu olej w wodzie — MF59. W badaniach prowadzonych na szympansach pokazano
dziatanie ochronne szczepionki podczas infekcji wirusem pochodzacym z homologicznego
szczepu®®. Podczas zakazenia szczepem heterologicznym szczepionka nie zapewniala
sterylizujgcej odpornosci, ale opdzniala poczatek wiremii i tagodzita przebieg infekcji w
poréwnaniu z nieszczepionymi kontrolami'®. W testach klinicznych fazy | prowadzonych na
zdrowych ochotnikach pokazano, ze szczepionka zawierajaca heterodimer E1E2 w potaczeniu
z adjuwantem wykazywata wysoKi profil bezpieczenstwa i indukowata odpowiedz przeciwciat

neutralizujacych o szerokim spektrum dziatania'®!°21%3, Jednakze ze wzgledu na trudnosci z
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produkcja i oczyszczaniem heterodimeru E1E2 badania nie byty kontynuowane w drugiej fazie
badan klinicznych.

Podsumowujac, idealna szczepionka HCV powinna indukowa¢ odpowiedz immunologiczng
chronigca przed zakazeniem lub przynajmniej przed przejSciem infekcji w fazg chroniczng.
Szczepionka powinna wzbudza¢ silng odpowiedz cytotoksyczng poprzez aktywacje
limfocytow CDS8+ oraz CD4+, lecz rownie istotne jest uzyskanie odpowiedzi ze strony
przeciwcial neutralizujacych o szerokim spektrum dziatania, ktére s niezbedne w osiggni¢ciu
sterylizujacej odpowiedzi immunologicznej i prawdopodobnie w zapobieganiu chronicznej
infekcji HCV.

412 Czasteczki wirusopodobne

Jedna z metod wzbudzania silnej odpowiedzi immunologicznej jest wykorzystanie czasteczek
wirusopodobnych (z ang. virus-like particles — VLP). Powstawanie VLP opiera si¢ na
naturalnej zdolnosci biatek wirusowych, zwykle biatek powierzchniowych lub biatek kapsydu,
do spontanicznej samoorganizacji w nanostruktury o dobrze zdefiniowanej geometrii. VLP
sktadajg si¢ z wielu kopii jednego lub wigcej biatek wirusowych i nasladujg ogolng strukture
natywnych, zakaznych czasteczek wirusowych.

Ta wysoce uporzadkowana struktura sprawia, ze w konteks$cie odpowiedzi immunologiczne;j
VLP prezentuja si¢ jako motywy wzorcoOw molekularnych powigzanych z patogenami (z ang.
pathogen-associated molecular patterns - PAMP). Poniewaz motywy te sg unikalne dla
czynnikow zakaznych, uklad odporno$ciowy ssakow silnie reaguje na VLP, aktywujac
receptory Toll-podobne (z ang. Toll-like receptors - TLR) oraz inne receptory rozpoznajace
wzorce (z ang. Patern recognition receptors — PRR)™. Ponadto, ze wzgledu wysoce
powtarzalng powierzchni¢, VLP indukujg silng odpowiedz humoralng poprzez bezposrednig
multimeryzacje receptoréow na powierzchni limfocytow B!, ktéra moze prowadzi¢ do
aktywacji limfocytow B niezaleznej od limfocytow T. Poza tym PAMP stymuluja wychwyt
antygenu przez komorki prezentujace antygen (z ang. antigen presenting cells - APC),
szczegoOlnie przez komorki dendrytyczne, i ulatwiaja prezentacje antygenow komodrkom
swoistej odpowiedzi immunologicznej!®. Poniewaz wychwyt antygenu jest procesem silnie
zaleznym od wielkos$ci antygenu, APC s3 w stanie wychwytywaé antygeny o wymiarach
zblizonych do wielko$ci patogendéw (z optimum pomigdzy 20 a 200 nm), a komorki
dendrytyczne optymalnie wychwytuja antygeny o $rednicach okoto 40 nm®®%%’, Ze wzgledu
na fakt, ze VLP wykazujg odpowiednig wielko$¢ dla wychwytu przez komorki prezentujgce
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antygen, a obecne na ich powierzchni PAMP ulatwiaja aktywacje swoistej odpowiedzi
immunologicznej, VLP sg czgsto opisywane jako ,,samoadiuwantujgce” systemy dostarczania

immunogenu®®®

. W praktyce oznacza to, ze w celu wywotania skutecznej odpowiedzi
immunologicznej w szczepionkach VLP mozna uzy¢ mniejszej ilosci antygenu w stosunku do
preparatow zawierajacych ten sam antygen w formie monomeryczne;j.

VLP charakteryzuja si¢ tez dobrym profilem bezpieczenstwa, poniewaz czasteczki nie
zawieraja wirusowego materialu genetycznego, €O calkowicie znosi ryzyko zwigzane z
procesami replikacji, insercji, rewersji, rekombinacji lub reasortacji wirusa. Dodatkowo,
szczepionki oparte na VLP mozna produkowaé bez konieczno$ci namnazania zakaznych
wirusow, Stad kwestie bezpieczenstwa zwigzane z bezpieczenstwem personelu czy ucieczka
patogennego wirusa z zaktadow produkcyjnych sa wyeliminowane.

Obecnie w szczepieniach ludzi wykorzystywane sg trzy szczepionki oparte na VLPs — pierwsza
z nich jest szczepionka przeciwko HBV, oparta na malym biatku powierzchniowym wirusa
zapalenia watroby typu B (z ang. hepatitis B small surface antigen — SHBsAQ) zatwierdzona

19 Wiele lata pdzniej

przez amerykanska Agencje ds. Zywnosci i Lekéw w 1986 roku
akceptacje uzyskata szczepionka przeciwko wirusowi brodawczaka ludzkiego (Human
papilomavirus - HPV)®°, W ostatnim czasie do uzytku w krajach Afryki subsaharyjskiej weszta
dtugo wyczekiwana szczepionka chroniaca przed malarig — Mosquirix!®t. Szczepionka ta opiera
si¢ na fragmentach biatka circumsporozoitowego w fuzji z biatkiem sHBsAg, tworzac
kompleks, ktory ulega koekspresji z nadmiarem sHBsAg w efekcie prowadzac do powstania
VP2,

SHBsAg jest jednym z najlepiej scharakteryzowanych biatek tworzacych VLP®, VLP
zbudowane z sHBsAg majg $rednice okoto 20 nm i sa powszechnie wykorzystywane jako
komercyjna szczepionka chronigca przed zakazeniem HBV!%°163164 \W przebiegu naturalnej
infekcji HBV zbudowane z biatka sHBsAg VLP, nazywanego czasami ,antygenem
australijskim”, s3 produkowane w zakazonych komdrkach, a nastgpnie uwalniane do
przestrzeni miedzykomorkowej'®. Takie VLP spehiaja funkcje ,,przynet” dla uktadu
immunologicznego, prowadzac do wyczerpania komorek odpornosciowych i wytworzenia
tolerancji immunologicznej'®®. Struktura biatka sHBsAg tworzy duza, hydrofilowa petle
zewnatrzkomoérkowg nazywang determinantg ,,a”, zawierajacg gtowne epitopy rozpoznawane
przez limfocyty B. Petla dobrze toleruje insercje obcych sekwencji oraz umozliwia ich
skuteczng ekspozycje na powierzchni czasteczek wirusopodobnych!®. VLP oparte o biatko

sHBsAg s3 czesto wykorzystywane do prezentowania obcych antygenow, w tym antygenow
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pochodzacych z wirusow grypy, flawiwirusow, HIV, SARS-CoV2 czy wspomnianego powyzej
zarodZca malarii'62166-168,

Ze wzgledu na zdolnos¢ VLP opartych na sHBsAg do wzbudzania silnej odpowiedzi
immunologicznej, czasteczki byly wykorzystywane do ekspozycji sekwencji pochodzacych z
HCV, w tym rejonu HVR1 wyeksponowanego na petli zewnatrzkomérkowej sHBSAQ oraz
skroconych form biatek E1 oraz E2 w fuzji z biatkiem sHBsAg'®®172 Jak wspomniano
powyzej, rejon HVR1 charakteryzuje si¢ duzg immunogennos$cig, ale skierowane przeciwko
niemu przeciwciala sg albo nieneutralizujgce, albo neutralizujg tylko szczepy homologiczne.
Glikoproteiny E1 oraz E2 sa potencjalnie dobrymi antygenami, mogacymi wzbudzaé silng
odpowiedz przeciwcial neutralizujacych, ale VLP powstate w wyniku fuzji biatka sHBsAg z
glikoproteinami HCV wzbudzaly przeciwciata zdolne do neutralizacji tylko waskiej grupy
izolatéw HCV.

Alternatywnym podej$ciem jest stworzenie szczepionki, w ktorej immunogenami beda silnie
konserwowane epitopy pochodzace z glikoproteiny E2 HCV odpowiedzialne za wigzanie
receptora wejscia dla HCV — CD81, a wiec bedacych celem dla przeciwcial neutralizujacych.
Ogolnie rzecz bioragc, szczepionki oparte na krotkich fragmentach biatek np. syntetycznych
peptydach sg stabo immunogenne, co zostalo pokazane w badaniu immunogennosci
cyklicznego wariantu epitopu | glikoproteiny E2 gdzie wzbudzone przeciwciata stabo wigzaty
si¢ do kompleksu E1E2 i nie neutralizowaty wirusa in vitro'’3, Z tego wzgledu uznaje sig, ze
krotkie fragmenty biatek np. epitopy I, II i1 III glikoproteiny E2 wykorzystywane jako
Immunogenny wymagaja zwickszenia masy molekularnej i multimeryzacji poprzez potaczenie

z nosnikami np. VLP.

5. Literatura:

1.  Feinstone, S. M., Kapikian, A. Z., Purcell, R. H., Alter, H. J. & Holland, P. V. Transfusion-
Associated Hepatitis Not Due to Viral Hepatitis Type A or B. New England Journal of Medicine
292, 767770 (1975).

2. Houghton, M. The long and winding road leading to the identification of the hepatitis C virus.
Journal of Hepatology 51, 939-948 (2009).

3. Choo, Q.-L. et al. Isolation of a cDNA cLone Derived from a Blood-Borne Non-A, Non-B Viral
Hepatitis Genome. Science 244, 359-362 (1989).

4. Kato, T. et al. Sequence analysis of hepatitis C virus isolated from a fulminant hepatitis patient*.
Journal of Medical Virology 64, 334-339 (2001).

5. Lindenbach, B. D. et al. Complete Replication of Hepatitis C Virus in Cell Culture. Science 309,
623-626 (2005).

6. The Nobel Prize in Physiology  or Medicine 2020. NobelPrize.org

https://www.nobelprize.org/prizes/medicine/2020/summary/.

Simmonds, P. et al. ICTV Virus Taxonomy Profile: Flaviviridae. J. Gen. Virol. 98, 2-3 (2017).

8.  Dubuisson, J. & Cosset, F.-L. Virology and cell biology of the hepatitis C virus life cycle — An
update. Journal of Hepatology 61, S3-S13 (2014).

~

36



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34,

Lindenbach, B. D. & Rice, C. M. The ins and outs of hepatitis C virus entry and assembly. Nat
Rev Microbiol 11, 688-700 (2013).

Hepatitis C Online. https://www.hepatitisc.uw.edu/.

Mahmoudvand, S., Shokri, S., Taherkhani, R. & Farshadpour, F. Hepatitis C virus core protein
modulates several signaling pathways involved in hepatocellular carcinoma. World J
Gastroenterol 25, 42-58 (2019).

The ins and outs of hepatitis C virus entry and assembly - PMC.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3897199/.

Frey, S. E. et al. Safety and immunogenicity of HCV E1E2 vaccine adjuvanted with MF59
administered to healthy adults. Vaccine 28, 6367-6373 (2010).

Sepulveda-Crespo, D., Resino, S. & Martinez, I. Hepatitis C virus vaccine design: focus on the
humoral immune response. Journal of Biomedical Science 27, 78 (2020).

Frontiers | Role of Hepatitis C Virus Envelope Glycoprotein E1 in Virus Entry and Assembly.
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01411/full.

El Omari, K. et al. Unexpected structure for the N-terminal domain of hepatitis C virus envelope
glycoprotein E1. Nat Commun 5, 4874 (2014).

Kong, L. et al. Structure of hepatitis C virus envelope glycoprotein E1 antigenic site 314-324 in
complex with antibody IGH526. J Mol Biol 427, 2617-2628 (2015).

Meunier, J.-C. et al. Isolation and Characterization of Broadly Neutralizing Human Monoclonal
Antibodies to the E1 Glycoprotein of Hepatitis C Virus. Journal of Virology 82, 966-973 (2008).
Keck, Z.-Y. et al. Human monoclonal antibody to hepatitis C virus E1 glycoprotein that blocks
virus attachment and viral infectivity. J Virol 78, 7257-7263 (2004).

Helle, F. et al. Role of N-linked glycans in the functions of hepatitis C virus envelope proteins
incorporated into infectious virions. J Virol 84, 11905-11915 (2010).

Khan, A. G. et al. Structure of the core ectodomain of the hepatitis C virus envelope glycoprotein
2. Nature 509, 381-384 (2014).

Kong, L. et al. Hepatitis C virus E2 envelope glycoprotein core structure. Science 342, 1090-1094
(2013).

Law, J. L. M. et al. Role of the E2 Hypervariable Region (HVR1) in the Immunogenicity of a
Recombinant Hepatitis C Virus Vaccine. J. Virol. 92, (2018).

Krey, T. et al. The Disulfide Bonds in Glycoprotein E2 of Hepatitis C Virus Reveal the Tertiary
Organization of the Molecule. PLOS Pathogens 6, €1000762 (2010).

Keck, Z. et al. Cooperativity in Virus Neutralization by Human Monoclonal Antibodies to Two
Adjacent Regions Located at the Amino Terminus of Hepatitis C Virus E2 Glycoprotein. J Virol
87, 37-51 (2013).

Brasher, N. A. et al. B cell immunodominance in primary hepatitis C virus infection. Journal of
Hepatology 72, 670-679 (2020).

Gentzsch, J. et al. Hepatitis C Virus p7 is Critical for Capsid Assembly and Envelopment. PLoS
Pathog 9, e1003355 (2013).

Popescu, C.-l. et al. NS2 Protein of Hepatitis C Virus Interacts with Structural and Non-Structural
Proteins towards Virus Assembly. PLoS Pathog 7, €1001278 (2011).

Matthew, A. N. et al. Avoiding Drug Resistance by Substrate Envelope-Guided Design: Toward
Potent and Robust HCV NS3/4A Protease Inhibitors. mBio 11, e00172-20 (2020).

Page, K. et al. Randomized Trial of a Vaccine Regimen to Prevent Chronic HCV Infection. N Engl
J Med 384, 541-549 (2021).

Morikawa, K. et al. Nonstructural protein 3-4A: the Swiss army knife of hepatitis C virus. J Viral
Hepat 18, 305-315 (2011).

Paul, D., Hoppe, S., Saher, G., Krijnse-Locker, J. & Bartenschlager, R. Morphological and
biochemical characterization of the membranous hepatitis C virus replication compartment. J Virol
87, 10612-10627 (2013).

Gitto, S., Gamal, N. & Andreone, P. NS5A inhibitors for the treatment of hepatitis C infection.
Journal of Viral Hepatitis 24, 180-186 (2017).

Coordination of Hepatitis C Virus Assembly by Distinct Regulatory Regions in Nonstructural
Protein 5A | PLOS Pathogens.
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1005376.

37



35.

36.

37.

38.

39.

40.
41,

42.

43.

44,

45,

46.

47,

48.

49,

50.

51.

52.

53.

54,

55.

56.

Ganta, N. M. et al. A review on HCV inhibitors: Significance of non-structural polyproteins. Eur
J Med Chem 164, 576601 (2019).

Gupta, S. P. Chapter 3 - Inhibition of Viruses: Promising Targets and Their Importance. in Studies
on Hepatitis Viruses (ed. Gupta, S. P.) 35-65 (Academic Press, 2018). doi:10.1016/B978-0-12-
813330-9.00003-X.

Polaris Observatory HCV Collaborators. Global change in hepatitis C virus prevalence and
cascade of care between 2015 and 2020: a modelling study. Lancet Gastroenterol Hepatol 7, 396
415 (2022).

Halota, W. et al. Recommendations of the Polish Group of Expertsfor HCV for the treatment of
hepatitis C in 2020. ceh 6, 163-169 (2020).

World Health Organization. Hepatitis C Fact sheet. https://www.who.int/news-room/fact-
sheets/detail/hepatitis-c.

Countries Database — CDA Foundation. https://cdafound.org/polaris-countries-database/.
Rosenthal, E. S. & Graham, C. S. Price and affordability of direct-acting antiviral regimens for
hepatitis C virus in the United States. Infect Agent Cancer 11, 24 (2016).

Barber, M. J., Gotham, D., Khwairakpam, G. & Hill, A. Price of a hepatitis C cure: Cost of
production and current prices for direct-acting antivirals in 50 countries. Journal of Virus
Eradication 6, 100001 (2020).

Obwieszczenie Ministra Zdrowia z dnia 21 czerwca 2022 r. w sprawie wykazu refundowanych
lekéw, S$rodkow spozywcezych specjalnego przeznaczenia zywieniowego oraz wyrobow
medycznych na 1 lipca 2022 r. - Ministerstwo Zdrowia - Portal Gov.pl. Ministerstwo Zdrowia
https://www.gov.pl/web/zdrowie/obwieszczenia-ministra-zdrowia-w-sprawie-wykazu-
refundowanych-lekow-srodkow-spozywczych-specjalnego-przeznaczenia-zywieniowego-oraz-
wyrobow-medycznych-ktory-wejdzie-w-zycie-1-lipca-2022-r.

Chhatwal, J. et al. Assessment of the Feasibility and Cost of Hepatitis C Elimination in Pakistan.
JAMA Network Open 2, €193613 (2019).

Brouard, C. et al. The Undiagnosed Chronically-Infected HCV Population in France. Implications
for Expanded Testing Recommendations in 2014. PLOS ONE 10, e0126920 (2015).
Mastalerz-Migas, A., Flisiak, R., Drobnik, J., Tomasiewicz, K. & Pawlowska, M. Stanowisko
Polskiego Towarzystwa Epidemiologéow i Lekarzy Chordéb Zakaznych, Polskiego Towarzystwa
Hepatologicznego i Polskiego Towarzystwa Medycyny Rodzinnej w zakresie diagnostyki zakazen
HCV w ramach podstawowej opieki zdrowotnej. Lekarz POZ 7, (2021).

Roingeard, P. & Beaumont, E. Hepatitis C Vaccine: 10 Good Reasons for Continuing. Hepatology
71, 1845-1850 (2020).

Simmons, B., Saleem, J., Hill, A., Riley, R. D. & Cooke, G. S. Risk of Late Relapse or Reinfection
With Hepatitis C Virus After Achieving a Sustained Virological Response: A Systematic Review
and Meta-analysis. Clin Infect Dis 62, 683-694 (2016).

Martin, N. K., Vickerman, P., Dore, G. & Hickman, M. The HCV epidemics in key populations
(including PWID, prisoners, and MSM): the use of DAAs as treatment for prevention. Curr Opin
HIV AIDS 10, 374-380 (2015).

Veracruz, N., Gish, R. G., Cheung, R., Chitnis, A. S. & Wong, R. J. Global incidence and mortality
of hepatitis B and hepatitis C acute infections, cirrhosis and hepatocellular carcinoma from 2010
to 2019. Journal of Viral Hepatitis 29, 352-365 (2022).

Cancer (IARC), T. I. A. for R. on. Global Cancer Observatory. https://gco.iarc.fr/.

El-Serag, H. B. & Kanwal, F. Epidemiology of hepatocellular carcinoma in the United States:
where are we? Where do we go? Hepatology 60, 1767-1775 (2014).

Brown, J. L. Interferon therapy reduces the risk for hepatocellular carcinoma. Gut 47, 610-611
(2000).

Janjua, N. Z. et al. Long-term effect of sustained virological response on hepatocellular carcinoma
in patients with hepatitis C in Canada. J Hepatol 66, 504-513 (2017).

Baumert, T. F., Jiihling, F., Ono, A. & Hoshida, Y. Hepatitis C-related hepatocellular carcinoma
in the era of new generation antivirals. BMC Med 15, 52 (2017).

Guarino, M. et al. Incidence of HCC recurrence after DAA treatment for HCV in a multicentre
Italian cohort study. Liver Cancer International 1, 12-24 (2020).

38



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77,

78.

79.

80.

81.

82.

Muzica, C. M. et al. Hepatocellular carcinoma after direct-acting antiviral hepatitis C virus
therapy: A debate near the end. World J Gastroenterol 26, 6770-6781 (2020).

Liu, Z. et al. Prevalence of HCV resistance-associated substitutions among treatment-failure
patients receiving direct-acting antiviral agents. Journal of Viral Hepatitis 27, 585-592 (2020).
Baumert, T. F., Berg, T., Lim, J. K. & Nelson, D. R. Status of Direct-Acting Antiviral Therapy for
Hepatitis C Virus Infection and Remaining Challenges. Gastroenterology 156, 431-445 (2019).
Pawlotsky, J.-M. Hepatitis C Virus Resistance to Direct-Acting Antiviral Drugs in Interferon-Free
Regimens. Gastroenterology 151, 70-86 (2016).

Bourliére, M. et al. Sofosbuvir, Velpatasvir, and Voxilaprevir for Previously Treated HCV
Infection. N Engl J Med 376, 2134-2146 (2017).

Interim  guidance  for  country  validation of viral  hepatitis elimination.
https://www.who.int/publications-detail-redirect/9789240028395.

Disease Eradication: What Does It Take to Wipe out a Disease? ASM.org
https://asm.org/Articles/2020/March/Disease-Eradication-What-Does-It-Take-to-Wipe-out.
Stone, J. et al. The Potential Impact of a Hepatitis C Vaccine for People Who Inject Drugs: Is a
Vaccine Needed in the Age of Direct-Acting Antivirals? PLoS ONE 11, 0156213 (2016).

Cox, A. L. Challenges and Promise of a Hepatitis C Virus Vaccine. Cold Spring Harb Perspect
Med 10, a036947 (2020).

Bailey, J. R., Barnes, E. & Cox, A. L. Approaches, Progress, and Challenges to Hepatitis C
Vaccine Development. Gastroenterology 156, 418-430 (2019).

Hahn, J. A. et al. Potential impact of vaccination on the hepatitis C virus epidemic in injection
drug users. Epidemics 1, 47-57 (2009).

Krahn, M. D. et al. Potential cost-effectiveness of a preventive hepatitis C vaccine in high risk and
average risk populations in Canada. Vaccine 23, 1549-1558 (2005).

Blach, S. et al. Global prevalence and genotype distribution of hepatitis C virus infection in 2015:
a modelling study. The Lancet Gastroenterology & Hepatology 2, 161-176 (2017).

ICTV. https://talk.ictvonline.org/ictv_wikis/flaviviridae/w/sg_flavi/634/table-1---confirmed-hcv-
genotypes-subtypes-march-2022.

Petruzziello, A., Marigliano, S., Loquercio, G., Cozzolino, A. & Cacciapuoti, C. Global
epidemiology of hepatitis C virus infection: An up-date of the distribution and circulation of
hepatitis C virus genotypes. World J Gastroenterol 22, 7824—7840 (2016).

Flisiak, R. et al. Prevalence of HCV genotypes in Poland — the EpiTer study. Clin Exp HEPATOL
2,144-148 (2016).

Farci, P. et al. The Outcome of Acute Hepatitis C Predicted by the Evolution of the Viral
Quasispecies. Science 288, 339-344 (2000).

Tsukiyama-Kohara, K. & Kohara, M. Hepatitis C Virus: Viral Quasispecies and Genotypes.
International Journal of Molecular Sciences 19, 23 (2018).

Shoukry, N. H. et al. Memory CD8+ T cells are required for protection from persistent hepatitis
C virus infection. J Exp Med 197, 1645-1655 (2003).

Grakoui, A. et al. HCV persistence and immune evasion in the absence of memory T cell help.
Science 302, 659-662 (2003).

Cox, A. L. et al. Comprehensive analyses of CD8+ T cell responses during longitudinal study of
acute human hepatitis C. Hepatology 42, 104-112 (2005).

Neumann-Haefelin, C. & Thimme, R. Success and Failure of Virus-Specific T Cell Responses in
Hepatitis C Virus Infection. DDI 29, 416422 (2011).

Thimme, R. et al. Determinants of Viral Clearance and Persistence during Acute Hepatitis C Virus
Infection. Journal of Experimental Medicine 194, 1395-1406 (2001).

Klenerman, P. & Thimme, R. T cell responses in hepatitis C: the good, the bad and the
unconventional. Gut 61, 1226-1234 (2012).

Wiesch, J. S. zur et al. Broad Repertoire of the CD4+ Th Cell Response in Spontaneously
Controlled Hepatitis C Virus Infection Includes Dominant and Highly Promiscuous Epitopes. The
Journal of Immunology 175, 3603-3613 (2005).

Schulze zur Wiesch, J. et al. Broadly directed virus-specific CD4+ T cell responses are primed
during acute hepatitis C infection, but rapidly disappear from human blood with viral persistence.
Journal of Experimental Medicine 209, 61-75 (2012).

39



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Day, C. L. et al. Broad Specificity of Virus-Specific CD4+ T-Helper-Cell Responses in Resolved
Hepatitis C Virus Infection. Journal of Virology 76, 12584-12595 (2002).

Lechner, F. et al. Analysis of Successful Immune Responses in Persons Infected with Hepatitis C
Virus. Journal of Experimental Medicine 191, 1499-1512 (2000).

Urbani, S. et al. Outcome of acute hepatitis C is related to virus-specific CD4 function and
maturation of antiviral memory CD8 responses. Hepatology 44, 126-139 (2006).
Neumann-Haefelin, C. et al. Human leukocyte antigen B27 selects for rare escape mutations that
significantly impair hepatitis C virus replication and require compensatory mutations. Hepatology
54, 1157-1166 (2011).

Neumann-Haefelin, C. et al. Analysis of the Evolutionary Forces in an Immunodominant CD8
Epitope in Hepatitis C Virus at a Population Level. Journal of Virology 82, 3438-3451 (2008).
Thimme, R. T cell immunity to hepatitis C virus: Lessons for a prophylactic vaccine. Journal of
Hepatology 74, 220-229 (2021).

Angelosanto, J. M., Blackburn, S. D., Crawford, A. & Wherry, E. J. Progressive Loss of Memory
T Cell Potential and Commitment to Exhaustion during Chronic Viral Infection. Journal of
Virology 86, 81618170 (2012).

Wherry, E. J. T cell exhaustion. Nat Immunol 12, 492499 (2011).

Amoras, E. da S. G. et al. Intrahepatic interleukin 10 expression modulates fibrinogenesis during
chronic HCV infection. PLOS ONE 15, 0241199 (2020).

Manigold, T. & Racanelli, V. T-cell regulation by CD4 regulatory T cells during hepatitis B and
C virus infections: facts and controversies. The Lancet Infectious Diseases 7, 804—813 (2007).
Blackburn, S. D. et al. Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors
during chronic viral infection. Nat Immunol 10, 29-37 (2009).

Bengsch, B. et al. Coexpression of PD-1, 2B4, CD160 and KLRG1 on Exhausted HCV-Specific
CD8+ T Cells Is Linked to Antigen Recognition and T Cell Differentiation. PLOS Pathogens 6,
€1000947 (2010).

McMahan, R. H. et al. Tim-3 expression on PD-1" HCV-specific human CTLs is associated with
viral persistence, and its blockade restores hepatocyte-directed in vitro cytotoxicity. J Clin Invest
120, 45464557 (2010).

Rushbrook, S. M. et al. Regulatory T Cells Suppress In Vitro Proliferation of Virus-Specific CD8+
T Cells during Persistent Hepatitis C Virus Infection. Journal of Virology 79, 7852—7859 (2005).
Pearson, S. S. et al. Functional Suppression by FoxP3+CD4+CD25high Regulatory T Cells during
Acute Hepatitis C Virus Infection. The Journal of Infectious Diseases 197, 46-57 (2008).
Boettler, T. et al. T Cells with a CD4+CD25+ Regulatory Phenotype Suppress In Vitro
Proliferation of Virus-Specific CD8+ T Cells during Chronic Hepatitis C Virus Infection. Journal
of Virology 79, 7860-7867 (2005).

Accapezzato, D. et al. Hepatic expansion of a virus-specific regulatory CD8(+) T cell population
in chronic hepatitis C virus infection. J Clin Invest 113, 963-972 (2004).

Kroy, D. C. et al. Liver Environment and HCV Replication Affect Human T-Cell Phenotype and
Expression of Inhibitory Receptors. Gastroenterology 146, 550-561 (2014).

Knolle, P. A. & Thimme, R. Hepatic Immune Regulation and Its Involvement in Viral Hepatitis
Infection. Gastroenterology 146, 1193-1207 (2014).

Nabel, G. J. Designing Tomorrow’s Vaccines. New England Journal of Medicine 368, 551-560
(2013).

Caradonna, T. M. & Schmidt, A. G. Protein engineering strategies for rational immunogen design.
npj Vaccines 6, 1-11 (2021).

Semmo, N. et al. Maintenance of HCV-specific T-cell responses in antibody-deficient patients a
decade after early therapy. Blood 107, 45704571 (2006).

Rapid induction of virus-neutralizing antibodies and viral clearance in a single-source outbreak of
hepatitis C | PNAS. https://www.pnas.org/doi/full/10.1073/pnas.0607026104.

Osburn, W. O. et al. Clearance of hepatitis C infection is associated with the early appearance of
broad neutralizing antibody responses. Hepatology 59, 2140-2151 (2014).

Raghuraman, S. et al. Spontaneous clearance of chronic hepatitis C virus infection is associated
with appearance of neutralizing antibodies and reversal of T-cell exhaustion. J Infect Dis 205,
763-771 (2012).

40



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

de Jong, Y. P. et al. Broadly neutralizing antibodies abrogate established hepatitis C virus
infection. Sci Transl Med 6, 254ral129 (2014).

Krawczynski, K. et al. Effect of immune globulin on the prevention of experimental hepatitis C
virus infection. J Infect Dis 173, 822-828 (1996).

Osburn, W. O. et al. Spontaneous Control of Primary Hepatitis C Virus Infection and Immunity
Against Persistent Reinfection. Gastroenterology 138, 315-324 (2010).

Meuleman, P. et al. In vivo evaluation of the cross-genotype neutralizing activity of polyclonal
antibodies against hepatitis C virus. Hepatology 53, 755-762 (2011).

Vanwolleghem, T. et al. Polyclonal immunoglobulins from a chronic hepatitis C virus patient
protect human liver-chimeric mice from infection with a homologous hepatitis C virus strain.
Hepatology 47, 18461855 (2008).

Bukh, J. et al. Immunoglobulin with High-Titer In Vitro Cross-Neutralizing Hepatitis C Virus
Antibodies Passively Protects Chimpanzees from Homologous, but Not Heterologous, Challenge.
Journal of Virology 89, 9128-9132 (2015).

Feray, C. et al. Incidence of Hepatitis C in Patients Receiving Different Preparations of Hepatitis
B Immunoglobulins after Liver Transplantation. Ann Intern Med 128, 810-816 (1998).

Forns, X., Purcell, R. H. & Bukh, J. Quasispecies in viral persistence and pathogenesis of hepatitis
C virus. Trends Microbiol 7, 402—410 (1999).

Viral entry and escape from antibody-mediated neutralization influence hepatitis C virus
reinfection in liver transplantation | Journal of Experimental Medicine | Rockefeller University
Press.  https://rupress.org/jem/article/207/9/2019/40978/Viral-entry-and-escape-from-antibody-
mediated.

Bankwitz, D. et al. Hepatitis C Virus Hypervariable Region 1 Modulates Receptor Interactions,
Conceals the CD81 Binding Site, and Protects Conserved Neutralizing Epitopes. J Virol 84, 5751—
5763 (2010).

Keck, Z.-Y. et al. A point mutation leading to hepatitis C virus escape from neutralization by a
monoclonal antibody to a conserved conformational epitope. J Virol 82, 6067-6072 (2008).
Owsianka, A. M. et al. Identification of conserved residues in the E2 envelope glycoprotein of the
hepatitis C virus that are critical for CD81 binding. J Virol 80, 8695-8704 (2006).

Tarr, A. W. et al. Characterization of the hepatitis C virus E2 epitope defined by the broadly
neutralizing monoclonal antibody AP33. Hepatology 43, 592-601 (2006).

Augestad, E. H. et al. Global and local envelope protein dynamics of hepatitis C virus determine
broad antibody sensitivity. Science Advances 6, eabb5938.

Mutations in Hepatitis C Virus E2 Located outside the CD81 Binding Sites Lead to Escape from
Broadly Neutralizing Antibodies but Compromise Virus Infectivity | Journal of Virology.
https://journals.asm.org/doi/full/10.1128/JV1.00248-09.

Prentoe, J., Velazquez-Moctezuma, R., Foung, S. K. H., Law, M. & Bukh, J. Hypervariable region
1 shielding of hepatitis C virus is a main contributor to genotypic differences in neutralization
sensitivity. Hepatology 64, 1881-1892 (2016).

Prentoe, J. & Bukh, J. Hypervariable Region 1 in Envelope Protein 2 of Hepatitis C Virus: A
Linchpin in Neutralizing Antibody Evasion and Viral Entry. Frontiers in Immunology 9, (2018).
Prentoe, J. et al. Hypervariable region 1 differentially impacts viability of hepatitis C virus strains
of genotypes 1 to 6 and impairs virus neutralization. J Virol 85, 2224-2234 (2011).

Lavie, M., Hanoulle, X. & Dubuisson, J. Glycan Shielding and Modulation of Hepatitis C Virus
Neutralizing Antibodies. Front. Immunol. 9, 910 (2018).

Lozach, P.-Y., Burleigh, L., Staropoli, I. & Amara, A. The C Type Lectins DC-SIGN and L-SIGN.
Glycovirology Protocols 379, 51-68 (2007).

Helle, F. et al. The Neutralizing Activity of Anti-Hepatitis C Virus Antibodies Is Modulated by
Specific Glycans on the E2 Envelope Protein. J Virol 81, 8101-8111 (2007).

Pantua, H. et al. Glycan Shifting on Hepatitis C Virus (HCV) E2 Glycoprotein Is a Mechanism
for Escape from Broadly Neutralizing Antibodies. Journal of Molecular Biology 425, 1899-1914
(2013).

Prentoe, J. et al. Hypervariable region 1 and N-linked glycans of hepatitis C regulate virion
neutralization by modulating envelope conformations. Proc Natl Acad Sci USA 116, 10039-10047
(2019).

41



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Brimacombe, C. L. et al. Neutralizing antibody-resistant hepatitis C virus cell-to-cell transmission.
J Virol 85, 596-605 (2011).

Wrensch, F. et al. Hepatitis C Virus (HCV)-Apolipoprotein Interactions and Immune Evasion and
Their Impact on HCV Vaccine Design. Front Immunol 9, 1436 (2018).

Vieyres, G. & Pietschmann, T. HCV Pit Stop at the Lipid Droplet: Refuel Lipids and Put on a
Lipoprotein Coat before Exit. Cells 8, 233 (2019).

Dreux, M. et al. High density lipoprotein inhibits hepatitis C virus-neutralizing antibodies by
stimulating cell entry via activation of the scavenger receptor Bl. J Biol Chem 281, 18285-18295
(2006).

Deng, L. et al. Syntenin regulates hepatitis C virus sensitivity to neutralizing antibody by
promoting E2 secretion through exosomes. J Hepatol 71, 52-61 (2019).

Wrensch, F. et al. IFITMs mediate viral evasion in acute and chronic hepatitis C virus infection.
Hepatology 70, 1506-1520 (2019).

Alter, H. J., Purcell, R. H., Holland, P. V. & Popper, H. Transmissible agent in non-A, non-B
hepatitis. Lancet 1, 459-463 (1978).

Bradley, D. W. et al. Persistent non-A, non-B hepatitis in experimentally infected chimpanzees. J
Infect Dis 143, 210-218 (1981).

Lanford, R. E., Walker, C. M. & Lemon, S. M. The Chimpanzee Model of Viral Hepatitis:
Advances in Understanding the Immune Response and Treatment of Viral Hepatitis. ILAR J 58,
172-189 (2017).

Yong, K. S. M., Her, Z. & Chen, Q. Humanized Mouse Models for the Study of Hepatitis C and
Host Interactions. Cells 8, 604 (2019).

Vercauteren, K., de Jong, Y. P. & Meuleman, P. Animal models for the study of HCV. Curr Opin
Virol 13, 67-74 (2015).

Scheel, T. K. H. et al. Characterization of nonprimate hepacivirus and construction of a functional
molecular clone. Proc Natl Acad Sci U S A 112, 2192-2197 (2015).

Firth, C. et al. Detection of zoonotic pathogens and characterization of novel viruses carried by
commensal Rattus norvegicus in New York City. mBio 5, e01933-01914 (2014).

Billerbeck, E. et al. Mouse models of acute and chronic hepacivirus infection. Science 357, 204—
208 (2017).

Trivedi, S. et al. Viral persistence, liver disease, and host response in a hepatitis C-like virus rat
model. Hepatology 68, 435-448 (2018).

Liang, T.J., Feld, J. J., Cox, A. L. & Rice, C. M. Controlled Human Infection Model — Fast Track
to HCV Vaccine? New England Journal of Medicine 385, 1235-1240 (2021).

Barnes, E., Cooke, G. S., Lauer, G. M. & Chung, R. T. Implementation of a controlled human
infection model for evaluation of HCV vaccine candidates. Hepatology n/a,.

Park, S.-H. et al. Successful vaccination induces multifunctional memory T-cell precursors
associated with early control of hepatitis C virus. Gastroenterology 143, 1048-1060.e4 (2012).
Swadling, L. et al. A Human Vaccine Strategy Based On Chimpanzee Adenoviral and MVA
Vectors That Primes, Boosts and Sustains Functional HCV Specific T-Cell Memory. Sci Transl
Med 6, 261ral53 (2014).

Choo, Q. L. et al. Vaccination of chimpanzees against infection by the hepatitis C virus. Proc Natl
Acad Sci U S A 91, 1294-1298 (1994).

Houghton, M. Prospects for prophylactic and therapeutic vaccines against the hepatitis C viruses.
Immunol Rev 239, 99-108 (2011).

Law, J. L. M. et al. A Hepatitis C Virus (HCV) Vaccine Comprising Envelope Glycoproteins
gpE1/gpE2 Derived from a Single Isolate Elicits Broad Cross-Genotype Neutralizing Antibodies
in Humans. PLoS One 8, (2013).

Kachko, A. et al. Antibodies to an interfering epitope in hepatitis C virus E2 can mask vaccine-
induced neutralizing activity. Hepatology 62, 1670-1682 (2015).

Zepeda-Cervantes, J., Ramirez-Jarquin, J. O. & Vaca, L. Interaction Between Virus-Like Particles
(VLPs) and Pattern Recognition Receptors (PRRs) From Dendritic Cells (DCs): Toward Better
Engineering of VLPs. Frontiers in Immunology 11, (2020).

Kouskoff, V., Lacaud, G. & Nemazee, D. T cell-independent rescue of B lymphocytes from
peripheral immune tolerance. Science 287, 2501-2503 (2000).

42



156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

1609.

170.

171.

172.

173.

Vaccine delivery: a matter of size, geometry, kinetics and molecular patterns | Nature Reviews
Immunology. https://www.nature.com/articles/nri2868.

Reddy, S. T., Rehor, A., Schmoekel, H. G., Hubbell, J. A. & Swartz, M. A. In vivo targeting of
dendritic cells in lymph nodes with poly(propylene sulfide) nanoparticles. J Control Release 112,
26-34 (2006).

Ludwig, C. & Wagner, R. Virus-like particles—universal molecular toolboxes. Current Opinion
in Biotechnology 18, 537-545 (2007).

Zhao, H., Zhou, X. & Zhou, Y .-H. Hepatitis B vaccine development and implementation. Human
Vaccines & Immunotherapeutics 16, 1533 (2020).

Koutsky, L. The Epidemiology behind the HPV Vaccine Discovery. Annals of Epidemiology 19,
239-244 (2009).

WHO  recommends groundbreaking malaria  vaccine for  children at  risk.
https://mww.who.int/news/item/06-10-2021-who-recommends-groundbreaking-malaria-vaccine-
for-children-at-risk.

Laurens, M. B. RTS,S/AS01 vaccine (Mosquirix™): an overview. Hum Vaccin Immunother 16,
480489 (2019).

Valenzuela, P., Medina, A., Rutter, W. J., Ammerer, G. & Hall, B. D. Synthesis and assembly of
hepatitis B virus surface antigen particles in yeast. Nature 298, 347-350 (1982).

Cao, J. et al. Cryo-EM structure of native spherical subviral particles isolated from HBV carriers.
Virus Research 259, 90-96 (2019).

Vaillant, A. HBsAg, Subviral Particles, and Their Clearance in Establishing a Functional Cure of
Chronic Hepatitis B Virus Infection. ACS Infect. Dis. 7, 1351-1368 (2021).

Cheong, W.-S., Reiseger, J., Turner, S. J., Boyd, R. & Netter, H.-J. Chimeric virus-like particles
for the delivery of an inserted conserved influenza A-specific CTL epitope. Antiviral Res. 81, 113—
122 (2009).

Berkower, I., Raymond, M., Muller, J., Spadaccini, A. & Aberdeen, A. Assembly, structure, and
antigenic properties of virus-like particles rich in HIV-1 envelope gp120. Virology 321, 75-86
(2004).

SARS-CoV-2 receptor binding domain displayed on HBsAg virus—like particles elicits protective
immunity in macaques. https://www.science.org/doi/10.1126/sciadv.abl6015.

Vietheer, P. T. K., Boo, I., Drummer, H. E. & Netter, H.-J. Immunizations with chimeric hepatitis
B virus-like particles to induce potential anti-hepatitis C virus neutralizing antibodies. Antivir Ther
12, 477-487 (2007).

Netter, H. J., Macnaughton, T. B., Woo, W.-P., Tindle, R. & Gowans, E. J. Antigenicity and
Immunogenicity of Novel Chimeric Hepatitis B Surface Antigen Particles with Exposed Hepatitis
C Virus Epitopes. J Virol 75, 2130-2141 (2001).

Beaumont, E., Patient, R., Hourioux, C., Dimier-Poisson, |. & Roingeard, P. Chimeric hepatitis B
virus/hepatitis C virus envelope proteins elicit broadly neutralizing antibodies and constitute a
potential bivalent prophylactic vaccine. Hepatology 57, 1303-1313 (2013).

Patient, R., Hourioux, C., Vaudin, P., Pages, J.-C. & Roingeard, P. Chimeric hepatitis B and C
viruses envelope proteins can form subviral particles: implications for the design of new vaccine
strategies. N Biotechnol 25, 226-234 (2009).

Sandomenico, A. et al. Generation and Characterization of Monoclonal Antibodies against a
Cyclic Variant of Hepatitis C Virus E2 Epitope 412-422. J Virol 90, 3745-3759 (2016).

43



6. Cele badan

1. Opracowanie potencjalnych szczepionek opartych na chimerycznych czasteczkach
wirusopodobnych HBV-HCV zbudowanych z matego biatka powierzchniowego wirusa
zapalenia watroby typu B (SHBSAQ), prezentujacych na swojej powierzchni silnie
konserwowane epitopy pochodzace z glikoproteiny powierzchniowej E2 wirusa HCV.

2. Charakterystyka swoistej odpowiedzi immunologicznej wzbudzanej przez chimeryczne
czagsteczki wirusopodobne i ocena ich potencjalu w zastosowaniu jako szczepionka
przeciwko HCV.

3. Opracowanie metod produkcji czasteczek wirusopodobnych HBV-HCV w systemie

opartym na pierwotniaku L. tarentolae.

Glikoproteina E2 HCV
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Rycina 6. Konstrukcja chimerycznych czgsteczek wirusopodobnych sHBsAg HCYV.
Wyselekcjonowane, silnie konserwowane epitopy glikoproteiny E2 wirusa HCV zostaly

wbudowane w hydrofilowq petle biatka sHBsAg tworzqc chimeryczne VLP sHBsAg HCV.
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7. Omowienie uzyskanych wynikow badan

Szczegbdtowy opis materialdw, metodyki i wynikow badan wraz z dyskusjg zawarty jest
w publikacjach sktadajacych si¢ na niniejszg rozprawe doktorska:

1. Immunogenicity of Leishmania-derived hepatitis B small surface antigen particles
exposing highly conserved E2 epitope of hepatitis C virus. Czarnota A, Tyborowska J,
Peszynska-Sularz G, Gromadzka B, Bienkowska-Szewczyk K, Grzyb K. (2016)
Microbial Cell Factories https://doi.org/10.1186/s12934-016-0460-4

2. Specific Antibodies Induced by Immunization with Hepatitis B Virus-Like Particles

Carrying Hepatitis C Virus Envelope Glycoprotein 2 Epitopes Show Differential
Neutralization Efficiency. Czarnota A, Offersgaard A, Pihl AF, Prentoe J, Bukh J,
Gottwein JM, Bienkowska-Szewczyk K, Grzyb K. (2020) Vaccines (Basel)
https://doi.org/10.3390/vaccines8020294

3. The effect of glycan shift on antibodies against HCV E2 412-425 epitope elicited by
chimeric sHBsAg-based virus-like particles. Czarnota A, Offersgaard A, Owsianka A.,
Bukh J, Gottwein JM., Patel AH, Bienkowska-Szewczyk K, Grzyb K. (2023)
Microbiology Spectrum https://doi.org/10.1128/spectrum.02546-22

Streszczenia publikacji skladajgcych si¢ na rozprawe doktorska:

7.1 Praca 1.
Immunogenicity of Leishmania-derived hepatitis B small surface antigen particles
exposing highly conserved E2 epitope of hepatitis C virus.

Czarnota A, Tyborowska J, Peszynska-Sularz G, Gromadzka B, Bienkowska-Szewczyk K,
Grzyb K. (2016) Microbial Cell Factories https://doi.org/10.1186/s12934-016-0460-4

7.1.1 Cel pracy i uzasadnienie badan:
Celem pracy byto zaprojektowanie 1 produkcja czagsteczek wirusopodobnych opartych na
matym biatku powierzchniowym wirusa zapalenia watroby typu B prezentujgcym na swojej
powierzchni sekwencj¢ aminokwasowsa epitopu I glikoproteiny E2 HCV (Ryc. 7). Takie
czasteczki zostaly nastgpnie wykorzystane przy formulacji preparatu uzytego do szczepien
myszy. Nastepnym celem byla dokladna charakterystyka wzbudzonej odpowiedzi
immunologicznej, zarowno humoralnej jak 1 cytotoksycznej, skierowanej przeciwko biatku

no$nikowemu sHBsAg, epitopowi I oraz pelnej formie glikoproteiny E2 HCV.
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Jedna z najwazniejszych przeszkod w stworzeniu szczepionki chronigcej przed zakazeniem
HCV jest wysoka zmienno$¢ genetyczna wirusa. Glownym celem dla przeciwciat

neutralizujgcych wirusa jest glikoproteina E2 potozona na powierzchni czasteczek wirusowych.

W obrebie glikoproteiny E2 mozna wyrézni¢ kilka rejondéw o wysokiej zmiennos$ci a takze
rejony silnie konserwowane. Jednym z takich rejondéw jest epitop I potozony ponizej HVR1 w
pozycji 412-423, konserwowany w ponad 5500 sekwencjach glikoproteiny E2 zdeponowanych
w bazie GeneBank. Epitop I jest dobrze zdefiniowanym celem dla wielu przeciwciat o szerokim
spektrum neutralizacji, w tym dla monoklonalnego przeciwciata AP33, a przeciwciala wigzace
si¢ z tym rejonem cz¢sto rozpoznajg epitop w formie liniowej. Cechy te sprawiaja, ze rejon
412-423 jest doskonalym antygenem do prezentacji w szczepionce opartej na epitopach

skierowanej przeciwko HCV.

Aby skutecznie wzbudzi¢ odpowiedZ immunologiczng przeciwko kréotkiemu epitopowi I, zostat
on zaprezentowany na powierzchni VLPs opartych na biatku sHBsAg, ktore jest obecnie
stosowane na catym S$wiecie jako komercyjna, rekombinowana szczepionka przeciw
wirusowemu zapaleniu watroby typu B. Trzeciorzgdowa struktura sHBsAg tworzy hydrofilowa
petle zawierajaca epitopy wzbudzajace silng odpowiedz humoralng, znane réwniez jako
determinanta ,,a”. Ze wzglgdu na swoj potencjal immunogenny VLPs oparte na sHBsAg moga

mie¢ zastosowanie jako nosnik obcych antygenow.

7.1.2 Wyniki:
Jednym z innowacyjnych aspektow tej pracy byto wyprodukowanie VLPs opartych na SHBSAg
w systemie ekspresyjnym opartym na pierwotniaku L. tarentolae. System L. tarentolae
umozliwia produkcje rekombinowanych biatek o wzorze N-glikozylacji zblizonym do tego
opisywanego dla komoérek ssaczych. Ponadto L. tarentolae moze rosnaé¢ w biofermentorach do
duzej gestosci komorek, a wydajno$¢ produkcji rekombinowanego biatka moze siggac kilku

miligramow na litr hodowli.

W pracy opisano dwa konstrukty, pierwszy z nich zostat oznaczony jako SHBSAg_412-425, w
ktérym sekwencja kodujaca rejon 412-425 glikoproteiny E2 HCV zostata wstawiona do
sekwencji biatka sHBsAg (serotyp adw2) w pozycjach aminokwasowych P127 i A128 (Ryc.
7). W konstrukcie wykorzystano sekwencj¢ odpowiadajgca epitopowi I glikoproteiny E2 HCV
— 412-423 z dolaczonymi dwoma aminokwasami S424 oraz T425, ktére pozwolily na
zachowanie naturalnie wystepujacego miejsca N-glikozylacji w pozycji N423 (N2).

Dodatkowo zaprojektowano kontrolny konstrukt sHBsAg wt nieposiadajacy insercji obcej
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sekwencji. Uzyskane sekwencje sHBsSAg_412-425 oraz sHBsAg_wt wklonowano do wektora
PLEXSY _I-blecherry3, ktéry umozliwia integracje sekwencji kodujacej rekombinowane biatka
do genomu pierwotniaka L. tarentolae i indukowalng ekspresje¢ transgenu z promotora T7 pod

kontrolg operatora tetracyklinowego.

412-425 QLINTNGSWHINST

P127/A128
4

1 5'1 2F25 240

sHBsAg_412-425 E

Rycina 7. Konstrukcja chimerycznego biatka sHBsAg 412-425. Sekwencja epitopu 412-425
pochodzgca z izolatu HCV H77C uzyta do skonstruowania chimerycznego biatka SHBsAg_412-
425. sHBsSAQ_412-425 zostal stworzony poprzez insercje sekwencji 412-425 do sekwencji
kodujgcej petle hydrofilowq biatka sHBsAg w pozycji P127/A128 — miejsce insercji zaznaczone

Z czarng strzatkq.

Oba chimeryczne biatka byty produkowane w hodowlach zawiesinowych L. tarentolae zgodnie
z instrukcjami producenta (Jena Bioscience). W skrocie, zlinearyzowane plazmidy
wprowadzono do komoérek L. tarentolae poprzez elektroporacje, a transfekowane komorki
selekcjonowano poliklonalnie z wykorzystaniem antybiotyku selekcyjnego. Tak uzyskane
stabilne linie komorkowe mogly by¢ nastgpnie uzyte do nadprodukeji biatka prowadzonej
poprzez dodanie tetracyklin. Komoérki hodowano w kolbach z wytrzasaniem do koncowej

gestosci optycznej 4-5 przy 600 nm (ODeoo).

W celu analizy ekspresji rekombinowanych biatek wykorzystano immunofluorescencje
komorek pierwotniaka L. tarentolae, SDS-PAGE potaczony z Western blottingiem oraz test
ELISA.

Barwienie immunofluorescencyjne komoérek L. tarentolae pokazato, ze sHBsAg wt oraz
SHBsAQ_412-425 sg zlokalizowane glownie w cytozolu pierwotniaka, prawdopodobnie w
retikulum endoplazmatycznym. Nie zaobserwowano sekrecji biatek do pozywki hodowlane;j.
Analiza Western blot lizatow komorkowych wykazata, ze w warunkach redukujacych masy

czasteczkowe monomerow sHBsAg wt 1 sHBsAg 412-425 wynosity odpowiednio okoto 27 1
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30 kDa. Roznica w masach czasteczkowych monomeréw jest prawdopodobnie zwigzana nie
tylko z insercja 14 aminokwasow epitopu I, ale takze z masg czasteczkowg N-glikanow. Biatko
chimeryczne 412-425 sHBsAg zawiera dwa dodatkowe miejsca N-glikozylacji w poréwnaniu
z SHBsAg_wt. N-glikozylacje sHBsAg 412-425 potwierdzono trawieniem endoglikozydazg -
PNGaza F. W tescie ELISA chimeryczne czasteczki SHBSAgQ_412-425 byly swoiscie
rozpoznawane przez monoklonalne przeciwciata AP33, bez reaktywnos$ci krzyzowej z biatkiem
sHBsAg wt oraz przez poliklonalne przeciwciata anty-HBsAg, ktore wigzaty si¢ rowniez z

biatkiem sHBsAg wt.

Analiza w transmisyjnym mikroskopie elektronowym potwierdzita tworzenie si¢ czasteczek
wirusopodobnych opartych na biatku sHBsAg 412-425, a ich ksztalt przypominat prawidiowo
ztozone VLPs sHBsAg ulegajace ekspresji w ukladach ekspresyjnych ssakéw lub drozdzy.
Dodatkowo potwierdzitam prawidlows prezentacj¢ epitopu I na powierzchni czgsteczek
SHBsAg_412-425 za pomoca techniki immunobarwienia w obrazie mikroskopu
elektronowego, w ktorej uzyto przeciwcial AP33 oraz przeciwcial drugorzgdowych

skoniugowanych z nanoczasteczkami ztota.

Otrzymane czasteczki wirusopodobne byly oczyszczane z lizatu komoérkowego za pomoca
ultrawirowania w gradiencie jodiksanolu. Po zebraniu frakcji zawierajacych najwigkszg ilos¢
rekombinowanego bialka 1 wymianie buforu na PBS probki byly wykorzystywane do

formulacji preparatow szczepionkowych.

Aby wykaza¢ immunogenno$¢ czasteczek sHBsAg i 412-425_sHBsAgQ, dwie grupy myszy
BALB/c szczepiono podskornie frakcjami zawierajagcymi czgsteczki SHBSAgQ_wt lub
SHBsAg_412-425. Dodatkowa grupg stanowila grupa kontrolna, ktérej podano PBS. Wszystkie
myszy szczepiono w obecnosci opartego na skwalenie adjuwantu typu olej w wodzie —
AddaVax, analogu adjuwantu MF59, ktory jest zarejestrowany w Europie do stosowania u
ludzi. Dwa tygodnie po ostatnim szczepieniu ze zwierzat pobrano §ledziony oraz krew, ktore
zostaly wykorzystane do badan nad odpowiedzig komérkowa oraz humoralng wzbudzang przez

VLPs.

W celu sprawdzenia odpowiedzi komorkowej wzbudzanej przez VLPs wykorzystano metode
ELISpot, w ktorej wykrywano produkcje IFN-y. W tym celu z mysich $ledzion wyizolowano
splenocyty, ktore nastepnie stymulowano pulami peptydow pokrywajacymi cata sekwencje
aminokwasowg biatka sHBsAg. Peptydy podzielono na trzy pule odpowiadajace pozycjom
aminokwasow: 1-99 (P1), 100-188 (P2) i 189-240 (P3). Najsilniejszg odpowiedz komorkowsa
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zaobserwowano dla splenocytow z myszy szczepionych sHBsAg_412-425 stymulowanych
peptydami z pul z P1 oraz P3 (odpowiadajacym N- i C-terminalnym domenom biatka sHBsAg).

Analiza mysich surowic wykazata, ze zar6wno sHBsAg 412-425 jak i sHBsAg wt sg zdolne
do wzbudzenia silnej i swoistej odpowiedzi humoralnej. Surowice silnie reagowaty na antygeny
stosowane do immunizacji, osiggajac miano siggajace 5x10°. Szczegdtowa charakterystyka
surowicy wykazala reaktywnos$¢ krzyzowa zaré6wno z oczyszczonym biatkiem SHBSAgQ
pochodzacym z drozdzy (yeast-derived sHBsAg - yHBsAQ), jak i z dostepng w handlu
szczepionka przeciwko HBV (Engerix-B). Sugeruje to, ze insercja 14 aminokwaséw epitopu [
w czasteczce sHBsAg nie eliminuje odpowiedzi humoralnej przeciwko samemu biatku
sHBsAg. Jednak odpowiedZz immunologiczna przeciwko biatku SHBsAg byla nizsza w grupie
myszy SHBsSAQ_412-425 w poréwnaniu z grupa myszy szczepionych konstruktem
SHBsAg_wt.

Surowice z grupy sHBsAg_412-425 reagowaly nie tylko z biatkiem sHBsAg, ale takze z
syntetycznym peptydem odpowiadajacym regionowi 412-425 glikoproteiny E2 HCV. Krzywa
standardowa AP33 wykazata, ze ilo$¢ przeciwcial w surowicy sHBsAg 412-425 skierowanych
przeciw epitopowi 412-425 odpowiadata stezeniu przeciwciata AP33 wynoszacemu okoto 0,9

mg/ml.

Ponadto  postanowiliSmy  przetestowal reaktywno$¢ krzyzowa surowic = myszy
immunizowanych VLPs sHBsAg_412-425 z kompleksami glikoprotein E1E2 pochodzacymi
z roznych genotypow HCV. Surowice rozpoznawaly glikoproteiny E2 pochodzace z
genotypow la, 1b, 2b, 3a, 4 oraz 6 HCV, ale nie rozpoznawaty E2 pochodzacego z genotypu
piatego. Wynikato to z faktu, ze uzyty przez nas izolat 5a-UKN.5.14.4 posiada zmiany w
sekwencji aminokwasowej epitopu I, w poroéwnaniu z sekwencja zrodlowa epitopu I
prezentowanego na VLPs sHBsSAg_412-425, w tym zmiang W420R uniemozliwiajaca
wigzanie si¢ przeciwcial AP33 do kompleksu glikoprotein E1E2, co moze sugerowac
podobienstwo pomiedzy przeciwciatami AP33 oraz przeciwciatami sHBsAg 412-425 we

wzorze wigzania do epitopu I glikoproteiny E2 HCV.

7.1.3 Wnioski:
1. Biatko sHBsAg jest wydajnie produkowane w komorkach L. tarentolae. Podobnie jak
w systemie drozdzowym, biatko sHBsAg zatrzymywane jest we frakcji

cytoplazmatycznej i nie ulega sekrecji do pozywki.
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2. Pierwszy raz opisano produkcje VLP opartych na biatku sHBsAg w systemie L.
tarentolae.

3. Bialka sHBsAg wt oraz sHBsAg 412-425 otrzymane w L. tarentolae byly N-
glikozylowane.

4. Epitop I byl pomyslnie prezentowany na powierzchni czasteczek wirusopodobnych, a
jego insercja w obrebie hydrofilowej petli biatka sHBsAg nie zaburza produkcji biatka
oraz tworzenia si¢ chimerycznych VLPs.

5. Otrzymane biatka wzbudzaja odpowiedz komorkowa przeciwko biatku sHBsAg,
glownie przeciwko epitopom znajdujacym si¢ w N- i C- terminalnej domenie
transmembranoweyj.

6. Wykazano silng odpowiedz humoralng wzbudzong przez VLPs. Surowice
SHBsAg_412-425 wiazatly zardwno syntetyczny peptyd odpowiadajacy sekwencji
aminokwasowej 412-425, jak i pochodzace z drozdzy biatka HBsAg. Odpowiedz
immunologiczna przeciwko biatku HBsAg byta stabsza w grupie myszy sHBsAg 412-
425 niz w grupie sHBsAg wt.

7. W warunkach denaturujgco/redukujacych surowice 412-425 sHBsAg wigzaty
glikoproteing E2 pochodzaca z réznych genotypéw HCV, co wskazuje na obecnosé
przeciwcial o reaktywnosci krzyzowe;.

8. Chimeryczne VLP sHBsAg_412-425 moga by¢ przydatne w opracowaniu racjonalnie
zaprojektowanej, biwalentnej szczepionki profilaktycznej przeciwko dwom gléwnym

ludzkim patogenom hepatotropowym.

7.2 Praca 2.

Specific Antibodies Induced by Immunization with Hepatitis B Virus-Like Particles
Carrying Hepatitis C Virus Envelope Glycoprotein 2 Epitopes Show Differential

Neutralization Efficiency.

Czarnota A, Offersgaard A, Pihl AF, Prentoe J, Bukh J, Gottwein JM, Bienkowska-Szewczyk
K, Grzyb K. (2020) Vaccines (Basel) https://doi.org/10.3390/vaccines8020294

7.2.1 Cel pracy i uzasadnienie badan:
Istnieje wiele zidentyfikowanych, konserwowanych epitopow glikoproteiny E2 wiazacych
przeciwciala neutralizujace rézne genotypy HCV. Wzbudzenie odpowiedzi immunologiczne]

skierowanej przeciwko nie jednemu, lecz wielu silnie konserwowanym epitopom moze by¢
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kluczowe w projektowaniu pan-genotypowej szczepionki przeciwko HCV. Regiony silnie
konserwowane w sekwencji glikoproteiny E2 odgrywaja wazng rol¢ w wigzaniu czasteczki
wirusowej do receptorow komorki gospodarza i moga stanowi¢ doskonaty cel dla przeciwciat
neutralizujgcych. Jednymi z takich rejonow sg sekwencje 412-423 i 434-446 (tzw. epitop | oraz
epitop 1), oraz sekwencje zlokalizowane w dalszych domenach antygenowych - rejony 502-
520 oraz 523-535. Wszystkie wymienione rejony sg konserwowane w sekwencji biatka E2 oraz
odgrywaja kluczowa rolg¢ w oddziatywaniu glikoproteiny E2 z receptorem wejscia dla wirusa —

biatkiem CD81. Kazdy z tych rejonow opisano takze jako cel dla przeciwcial neutralizujacych

HCV.

Epitop | (rejon 412-423 glikoproteiny E2 HCV) jest waznym celem dla przeciwcial o szerokim
spektrum neutralizacji 1 byl wczesniej brany pod uwage jako cel terapii opartej na
przeciwcialach. Opublikowane przez nas wczesniejsze wyniki (Czarnota, 2016) podkreslaja
zdolnos$¢ epitopu I do indukowania przeciwciat reagujacych krzyzowo z glikoproteing E2
pochodzaca z réznych genotypoéw wirusa HCV. Rola przeciwciat wigzacych rejon 434-446
(epitop II) jest dyskusyjna. W czgsci prac przeciwciala wigzace ten rejon wzmacniaty
neutralizacj¢ HCV, w ktorej posredniczyty przeciwciata skierowane przeciwko epitopowi I. W
innych pracach sugerowano, ze epitop II moze wzbudza¢ przeciwciala nieneutralizujace,
interferujace z neutralizujagcymi przeciwciatami wigzacymi epitop |. Rejon 523-535 (epitop I11)
znajduje si¢ na C-koncu petli wigzacej receptor CD81 1 jest waznym celem dla wielu
przeciwcial neutralizujgcych o szerokim spektrum dzialania. Co istotne, wigkszos¢
monoklonalnych przeciwcial przeciwko epitopowi Il zostalo wyizolowanych z o0so6b
zakazonych i ma charakter przeciwciat konformacyjnych. Mniej poznanym epitopem jest rejon
502-520, ktory zostat opisany jako potencjalny peptyd fuzyjny, majacy znaczenie w procesie

wigzania HCV z receptorami wejscia do komoérki gospodarza.

Z uwagi na niezwykla zmienno$¢ HCV 1 mozliwo$¢ pojawienia si¢ zmian w sekwencjach
epitopow, ktore umozliwityby ucieczke przed przeciwciatami neutralizujacymi, wzbudzenie
silnej odpowiedzi przeciwciat skierowanych przeciwko wielu konserwowanym rejonom
wydaje si¢ kluczowe w uzyskaniu uniwersalnej szczepionki opartej na epitopach chronigcej

przed zakazeniem wirusem HCV.

7.2.2 Wyniki:
Sekwencje kodujace regiony glikoproteiny E2 (genotyp 1a, izolat H77C) obejmujace reszty
412-425, 434-446, 502-520 oraz 523-535 zostaty wstawione pojedynczo lub w kombinacjach
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do sekwencji hydrofilowej petli biatka sHBsAg w pozycjach odpowiadajacych aminokwasom
1110/S117 (A111-116) i P127/A128 (Ryc. 8).

A 412-425 QLINTNGSWHINST
434-446 NTGWLAGLFYQHK
502-520 VAGPVYAFTPSPVVWGTTD
523-535 GAPTYSWGANDTD
1110/S117(A111-116) P127/A128
VvV Vv
B 1 502-520 545
Y ( (
sHBsAg_502-520 % |
434-446
1 233
\ A\ ¢ (
sHBsAg_434-446 g |
1 523-535 239
(
sHBsAg_523-535 M |
1 ?4—;46 %23?535 246
sHBsAg_434-446_523-535 E Z:[
’ 434-446 412-425 247
\
sHBsAg_434-446_412-425 | E @
’ 502-520 523-535 252
1
sHBsAg_502-520_523-535 | E Z

Rycina 8. Konstrukcja chimerycznych biatek HBV-HCV. (A) Sekwencje epitopow
pochodzgcych z izolatu HCV H77C uzytych do skonstruowania chimerycznych bialek.
Podkreslona alanina [A] oznacza miejsce, w ktorym cysteina zostata zamieniona na alaning.
(B) Rekombinowane konstrukty zostaly stworzone poprzez insercje sekwencji kodujgcych
epitopy E2 HCV do sekwencji kodujgcej petle hydrofilowg biatka sHBsAg w pozycjach
1110/S117(4111-116) i/lub P127/A128 — miejsca insercji sq zaznaczone z czarnymi strzatkami.
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Chimeryczne czasteczki VLP wyprodukowano w hodowlach komorkowych pierwotniaka L.
tarentolae o duzej gestosci. Ekspresje biatek w lizatach komoérkowych potwierdzono metodg
SDS-PAGE, a nastgpnie Western blot z wykorzystaniem przeciwcial anty-sHBsAg. W
warunkach redukujacych masy czasteczkowe monomerdéw biatek chimerycznych miescity si¢
w zakresie 27-35 kDa. W przypadku wszystkich bialek chimerycznych wykryto takze
multimery o wyzsze] masie czgsteczkowej. Chimeryczne VLP zaggszczono 1 czg¢sciowo
oczyszczono poprzez ultrawirowanie w gradiencie jodiksanolu. Sktadanie czastek
potwierdzono za pomocg transmisyjnej mikroskopii elektronowej. We frakcjach zawierajgcych

chimeryczne bialka obecne byly VLP o $rednicy okoto 20-30 nm.

Aby zbada¢ immunogenno$¢ uzyskanych VLP, osiem grup myszy BALB/c zaszczepiono
podskornie frakcjami po oczyszczaniu zawierajgcymi rekombinowane VLPS. Wszystkie myszy
immunizowano w obecnosci adiuwantu AddaVax. Po przeprowadzeniu pelnego cyklu
immunizacji stwierdzili$my obecno$¢ wysokiego miana swoistych przeciwciat skierowanych
przeciwko biotynylowanym peptydom, odpowiadajacym sekwencjom glikoproteiny E2
eksponowanym na powierzchni chimerycznych VLP. Wyniki te dowodza, ze immunizacja
czasteczkami zawierajacymi zarowno pojedyncze jak i podwojne obce epitopy moze wywotaé
silng odpowiedZz przeciwcial przeciwko wszystkim eksponowanym epitopom HCV.
Szczegdtowa charakterystyka surowicy wykazata takze silng reaktywnos$¢ z oczyszczonym
biatkiem sHBsAg pochodzacym z drozdzy (yHBsAg) dla surowic pobranych od myszy
immunizowanych sHBsAg_502-520, sHBsAg_523-535 oraz sHBsAg_412-425 — uzyskane
miano przeciwcial byto poréwnywalne z mianem przeciwcial dla surowic po szczepieniu VLP
sHBsAg wt. Stabsze odpowiedzi lub ich brak obserwowano po immunizacji przy uzyciu
SHBsAQ_434-446 i1 wszystkich VLP eksponujacych po dwa epitopy (sHBsAg 434-446_523-
535, sHBsAg_434-446_412-425 i sHBsAg_502-520_523-535).

Nastepnie przetestowaliSmy reaktywno$¢ krzyzowa surowic przeciwko kompleksom E1E2
pochodzacych z genotypow 1-6 wirusa HCV w testach ELISA. W warunkach redukujaco-
denaturujacych sze$¢ z siedmiu surowic rozpoznato glikoproteiny E1E2 pochodzace z
genotypoéw la, 1b, 2a, 2b, 3a, 4a oraz 6a wirusa HCV. Surowice pochodzace od myszy
immunizowanych VLP niosagcymi epitop 412-425 nie rozpoznawaly tylko glikoprotein E1E2
pochodzacych z genotypu Sa. Jest to zgodne z poprzednio opisanymi wynikami i wynika z

obecno$ci zmian w pigciu aminokwasach w regionie 412-425 w poréwnaniu z sekwencja
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zrédtowa pochodzaca z genotypu la. Przeciwciata wzbudzone przez VLP prezentujace epitopy
502-520 lub 523-535 wigzaty wszystkie badane zdenaturowane kompleksy E1E2. Wykazatam
takze, ze czasteczki VLP sHBsAg 434-446 nie wzbudzily zadnych przeciwcial zdolnych do

wigzania si¢ z glikoproteinami E1E2.

Co ciekawe, zaobserwowatam znaczng zmienno$¢ migdzy surowicami w profilu wigzania
natywnych kompleksow E1E2 pochodzacych z komorek ssaczych. Najszersza reaktywnosé
krzyzowa stwierdzono w przypadku surowic z myszy immunizowanych VLP prezentujacych
epitop 412-425 (SHBsAgQ_412-425 oraz sHBsAQ__ 434-446_412-425), poniewaz nie
rozpoznaly one jedynie powyzej opisanego kompleksu E1E2 pochodzacego z genotypu 5a
zawierajacego mutacje W420R. Surowice myszy immunizowanych VLP niosgcymi epitop
523-535 (sHBsAg_523-535, sHBsAg_434-446 523-535 oraz sHBsAg_502-520 523-535)
rozpoznawaty heterodimer E1E2 z genotypow la, 1b, 2a oraz 5a, ale nie 3a. Dodatkowo
zaobserwowano ograniczone rozpoznawanie kompleksu E1E2 pochodzacego z genotypoéw 2b
oraz 6a. Surowice z myszy immunizowanych konstruktami sHBsAg_502-520 i SHBsAg_434-

446 nie rozpoznaty zadnego z testowanych natywnych heterodimerow E1E2.

Ostatnim etapem badan byla ocena wiasciwosci neutralizujacych przeciwcial IgG
oczyszczonych z mysich surowic przeciwko infekcyjnemu HCV pochodzacemu z hodowli
komoérkowych (HCVcc). Ten kluczowy etap do$wiadczen zostal wykonany we wspotpracy z
zespotem z Uniwersytetu w Kopenhadze. Wspotpraca umozliwila nam rozszerzenie panelu
testowanych genotypow HCVcc z dwoch (1a oraz 2a) do o$miu (1a, 1b, 2a, 2b, 3a, 4a, 5a oraz
6a), tym samym byli§my w stanie obja¢ analizg wszystkie najwazniejsze genotypy wirusa HCV
krazace w populacji ludzkiej. W wyniku przeprowadzonych testow stwierdzono, ze efekt
neutralizacji mozna bylo zaobserwowac tylko w przypadku przeciwcial pochodzacych od
myszy immunizowanych VLP prezentujacych epitop 412-425 (sHBsAg_412-425 i
SHBsAQ_434-446_412-425). Przeciwciala te wykazaly najsilniejsza skuteczno$¢ neutralizacji
wobec wiruséw genotypu la, 1b, 4a oraz 5a, przy 80-100% neutralizacji przy najwyzszych
stezeniach IgG. Ponadto przeciwciata neutralizowaty wirusy pochodzace z genotypu 2a i 2b z
nizsza skutecznoscia, zblizajac si¢ do ~ 60% neutralizacji przy najwyzszych stezeniach IgG.
Natomiast w przypadku wiruséw o genotypach 3a i 6a obserwowano mniej niz 50%

neutralizacji przy najwyzszym badanym stezeniu przeciwcial.

W przypadku wirusOw genotypu 6a postawiono hipoteze, ze brak wigzania moze by¢

spowodowany przez adaptacyjng zmian¢ w sekwencji aminokwasowej (N417T), powodujaca
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przesunigcie miejsca glikozylacji z N417 na N415. Z drugiej strony zaobserwowany przez nas

brak neutralizacji genotypu 3a czy slabsza neutralizacja genotypéw 2a i 2b nie byly

bezposrednio zwigzany ze zmianami w sekwencji aminokwasowej rejonu 412-425

pochodzacego z tych genotypow, ale najprawdopodobniej wynikaty ze zjawiska ,,przystaniania

epitopu”. Zjawisko to jest opisane dla glikoproteiny E2 i moze przyja¢ form¢ maskowania przez

gestg sie¢ glikandw, eksponowania bardziej immunogennych epitopdw, zmiany struktury

epitopu czy nawet calej struktury domen docelowego biatka w sposob uniemozliwiajgcy

wigzania przeciwciat neutralizujgcych.

7.2.3 Wnioski:

1.

Uzyskalismy ekspresje chimerycznych czasteczek wirusopodobnych opartych na biatku
sHBsAg prezentujacych na swojej powierzchni liniowe epitopy pochodzace z
glikoproteiny E2 wirusa HCV (epitopy 412-425, 434-446, 502-520, 523-535) w formie
pojedynczej lub podwojne;j.

Linia L. tarentolae produkujaca biatko sHBsAg 434-446 osiggata znaczaco nizsza
gesto$¢ optyczng. Biatko, cho¢ tworzyto VLPs, bylo obecne w lizacie komoérkowym w
istotnie mniejszej ilo$ci. Immunizacja myszy wykazata, ze przeciwciata wzbudzane
przez VLPs sHBsAg_434-446 wiazaty peptyd odpowiadajacy sekwencji epitopu II,
jednak nie wigzaly biatka HBsAg w tescie ELISA. Wynik ten moze sugerowac, ze
epitop 434-446 moze mie¢ wplyw na strukturg lub immunogenno$¢ hydrofilowej petli
biatka sHBsAg.

Przeciwciata wzbudzone przez VLPs prezentujace na swojej powierzchni pojedynczy
epitop 412-425, 502-520 lub 523-535 wydajnie wigza si¢ z biatkiem nos$nikowym
(sHBsAg). Stabe wigzanie lub catkowity jego brak zaobserwowano dla przeciwciat
wzbudzonych przez czasteczki prezentujace pojedynczy epitop 434-446 oraz przez
czasteczki prezentujace podwdjne epitopy.

Wszystkie uzyskane czasteczki wzbudzaja przeciwciala wydajnie wigzace si¢ z
peptydami pokrywajacymi sekwencj¢ wykorzystanych epitopow.

Przeciwciata wzbudzone poprzez szczepienie VLPs prezentujacymi epitopy 412-425
oraz 523-535 sa w stanie wigza¢ si¢ do natywnej formy kompleksu glikoprotein E1E2
pochodzacego z roznych genotypoéw wirusa HCV.

Efekt neutralizacji HCVcc jest obecny tylko w surowicach zwierzat szczepionych
konstruktami eksponujacymi epitop 412-425 glikoproteiny E2. Takie surowice

charakteryzowaty si¢ wysokim mianem przeciwcial zdolnych do neutralizacji wirusa
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HCYV pochodzacego z r6znych genotypow krazacych w populacji ludzkiej. Przeciwciata
skierowane przeciwko epitopowi 523-535 nie neutralizowaly HCVcc, co podkresla
znaczenie przeciwciat konformacyjnych skierowanych przeciwko temu epitopowi dla
skutecznej neutralizacji wirusa.

7. Roéznice w poziomach neutralizacji HCVcc przez przeciwciata sHBsAg 412-425 nie
mogly by¢ wyjasnione wylacznie przez réznice w sekwencjach epitopu I w réznych
genotypach HCV. Ten wynik sugeruje wplyw zjawiska ,,przystaniania epitopu” w
ucieczce HCV przed przeciwcialami neutralizujgcymi.

8. Wyniki badan potwierdzaja , ze epitop I pozostaje najbardziej obiecujacym celem dla

racjonalnie zaprojektowanych szczepionek chronigcych przed zakazeniem HCV.

7.3 Praca 3.

The effect of glycan shift on antibodies against HCV E2 412-425 epitope elicited by
chimeric sHBsAg-based virus-like particles.

Czarnota A, Offersgaard A, Owsianka A, Bukh J, Gottwein JM, Patel AH, Bienkowska-
Szewczyk K, Grzyb K. (2023) Microbiology Spectrum
https://doi.org/10.1128/spectrum.02546-22

7.3.1 Cel pracy i uzasadnienie badan:
We wczesniejszych badaniach (Czarnota 2016, Czarnota, 2020) pokazatam, ze VLPs oparte na
biatku sHBsAg prezentujace na swojej powierzchni epitop I glikoproteiny E2 HCV s3 silnie
immunogenne 1 wzbudzaja przeciwciala neutralizujgce wirusy pochodzace z réznych
genotypow HCV. Sugeruje to, ze epitop I jest interesujacym celem dla racjonalnie

zaprojektowanych szczepionek przeciwko HCV.

Znanych jest wiele neutralizujacych przeciwcial wigzacych si¢ z epitopem I, w tym mysie
przeciwciato AP33 czy ludzkie przeciwciata HC33.1 i HCV1. Epitop | posiada miejsce N-
glikozylacji N417, definiowane przez klasyczng sekwencje sygnatlowa N-X-S/T. Zmiana N417
na S417 lub T417 (N417S/T) moze przesung¢ miejsce N-glikozylacji (N1) na pozycje N415.
Ten mechanizm wraz ze zmiennos$cig sekwencji aminokwasowej czy oslaniania czasteczek
wirusowych za pomocg glikanéw, stanowi jedng z wielu poznanych strategii wirusa HCV na
ucieczke przed uktadem immunologicznym gospodarza. Cho¢ warianty wirusa HCV niosgce

zmiany przesuni¢cia glikanow N417S/T wystepuja z malg czestotliwoscia w naturalnej
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populacji HCV, sa one silnie selekcjonowane podczas immunoterapii za pomoca
neutralizujgcych przeciwcial monoklonalnych wigzacych epitop 1. Sugeruje to, ze w przypadku
szczepionek wzbudzajgcych odpowiedZz humoralng przeciwko epitopowi | powinno sie¢
scharakteryzowac¢ wigzanie do obu glikowariantow E2 oraz zaproponowa¢ antygeny zdolne do
przezwycig¢zenia mechanizméw ucieczki wirusa przed uktadem immunologicznym zwigzanych

ze zjawiskiem przesuni¢cia glikanow.

7.3.2 Wyniki:
Aby zbadaé¢ ucieczke HCV zwigzang z przesuni¢ciem glikanéw, skonstruowatam VLPs
sHBsAg N417S niosagce sekwencj¢ 412-425 E2 ze zmiang N417S (QLINTSGSWHINST),
wprowadzajac w ten sposob sekwencje sygnatowa przesuwajacg glikan N1 z pozycji N417 na
N415. sHBsSAg_N417S poréownano z wczesniej opisanymi VLPS SsHBsAg_412-425
prezentujacymi epitop 412-425 typu dzikiego (QLINTNGSWHINST) (Ryc. 9).

P127/A128
. 4
] 412-425 540
;
sHBsAg_412-425 a
@ N417S
] 412-425 240
’
r/
sHBsAg_N417S %

Rycina 9. Schemat utworzenia chimerycznego biatka sHBsAg N417S. Konstrukt
sHBsAg N417S zostat stworzony poprzez wprowadzenie zmiany N417S do sekwencji epitopu
HCV biatka sHBsAg 412-425. W obu konstruktach epitopy HCV zostaly wprowadzone do
sekwencji kodujqcej petle hydrofilowg biatka sHBsAg w pozycji P127/4128 — miejsce insercji

zaznaczone z czarng strzatkq.

Produkcje VLPs przeprowadzono zgodnie z opisanym wcze$niej protokotem (Czarnota, 2016
oraz Czarnota, 2020).W celu dokladniejszej analizy otrzymanych VLPs wykorzystano
przeciwciala AP33, swoiscie wigzace epitop I typu dzikiego. We wczedniejszych badaniach
opisano brak wigzania AP33 w przypadku, gdy do kompleksu glikoprotein ELE2 wprowadzono
zmiang N417S/T. Jednak w przypadku VLPs sHBsAg N417S zaobserwowalismy, ze pomimo
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zmiany N417S, zarowno w tescie ELISA jak i w barwieniu z uzyciem przeciwciat
skoniugowanych z nanoczasteczkami ztota, AP33 wigzaly epitop 412-425:N417S
prezentowany na powierzchni VLP z taka samg wydajnoscig jak epitop 412-425:WT
prezentowany na powierzchni sHBsAg_412-425. Mozna to wyjasni¢ faktem, ze prezentacja
epitopu 412-425:N417S na powierzchni VLPs rézni si¢ konformacyjnie od prezentacji w
kontekscie natywnego kompleksu glikoprotein ELIE2. Wigzanie AP33 zaobserwowano takze
dla VLP sHBsAg_N417S produkowanych w komorkach ssaczych HEK293-F, co wyklucza
mozliwo$¢, ze wigzanie AP33 jest spowodowane zmianami we wzorze glikozylacji bialek
produkowanych w systemie L.tarentolae. Immunizacja myszy wykazata, ze zarowno VLPs
SHBsAg_412-425, jak i sHBsAg N417S wywotuja swoista odpowiedz przeciwciat skierowang
przeciwko peptydom odpowiadajacym sekwencjom aminokwasowym epitopow 412-425:WT
oraz 412-425:N417S. Wyniki te sugeruja, ze immunizacja VLP niosacymi epitop 412-425
moze wywola¢ odpowiedz przeciwcial przeciwko liniowym peptydom niezaleznie od zmiany

N417S.

Warto podkresli¢, ze przeciwciata wzbudzone zarowno przez VLP sHBsAg 412-425, jak i
SHBsAg N417S wykazywaty znaczace roznice w wigzaniu glikoprotein E1E2 w zaleznosci od
ich statusu N-glikozylacji. Surowice SHBsSAg_412-425, podobnie jak AP33, skutecznie wigzaty
si¢ z E1E2 z miejscem glikozylacji N1 w pozycji N417 (E1E2:WT) zarowno w warunkach
natywnych, jak i zdenaturowanych/zredukowanych; jednak nie rozpoznawaty one natywnego
kompleksu E1E2 ze zmiang N417S (E1E2:N417S). Wigzanie to mozna bylo czgsciowo
przywroci¢  przez  inkubacje  surowic =~ sHBsAg 412-425 lub  AP33  ze
zdenaturowanym/zredukowanym kompleksem E1E2:N417S, a efekt ten nie zostal zmieniony
przez dodatkowa deglikozylacje. Wyniki te sugeruja, ze brak wigzania mysich surowic
SHBsSAQ_412-425 z E1E2:N417S nie jest zwigzany jedynie z obecno$cig miejsca N-
glikozylacji w pozycji N415, ani ze zmiang aminokwasé6w w epitopie I, ale

najprawdopodobniej jest skutkiem zmiany konformacyjnej w obrebie epitopu 1.

W przypadku surowic SHBSAg_N417S zaobserwowalismy bardzo dobre powinowactwo do
glikoprotein E1E2:N417 1 catkowity brak wigzania do kompleksu E1E2:WT, zaréwno w
warunkach natywnych jak 1 denaturujaco/redukujacych. Stabe wigzanie surowicy
SHBSAg_N417S z E1IE2:WT zaobserwowano tylko po catkowitej deglikozylacji kompleksu.
Wynik ten sugeruje, ze wigzanie przeciwcial wzbudzonych przez sHBsAg_N417S jest

przynajmniej czg$ciowo ograniczone przez obecno$¢ N-glikanu w pozycji N417.
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Aby poroéwna¢ profil wigzania surowicy sHBsAg 412-425 1 przeciwcial AP33,
przeprowadzilam analiz¢ z wykorzystaniem panelu mutantow kompleksu glikoprotein E1E2
pochodzacych z genotypu la H77C, w ktorych kazdy aminokwas w epitopie 412-423 zostat
zastgpiony alaning. Surowica SHBsAgQ_412-425 nie wigzata mutantow posiadajagcych zmiane
w pozycjach L413, G418 oraz W420, a dla pozycji N415 zaobserwowatam znaczace obnizenie
powinowactwa. Otrzymany profil wigzania byt analogiczny do profilu otrzymanego dla nAb
AP33 i zgodny z doniesieniami literaturowymi opisujgcymi aminokwasy kluczowe dla

przeciwciat AP33.

Wyniki testu neutralizacji wirusa HCVcc dodatkowo podkres$lajg roznice w wigzaniu surowicy
SHBsAQ_412-425 i sHBsAg_N417S do glikoprotein E1E2. Przeciwciata oczyszczone z
surowic SHBSAQ_412-425 skutecznie neutralizowaly izolaty pochodzace z genotypu la
(H77:WT) jak i genotypu 2a (Jc1:WT) Jcl, ale nie wykazywatly aktywnosci neutralizujacej w
stosunku do izolatow z wprowadzong zmiang N417S (H77:N417S oraz Jcl:N417S).
Analogiczne wyniki uzyskano dla przeciwciat AP33. Z kolei przeciwciata SHBSAg_N417S nie
neutralizowaty H77:WT, Jc1:WT, czesciowo neutralizowaty Jc1:N4178S, ale nie H77:N4178S.

W naszym poprzednim badaniu zaobserwowalismy wysoce skuteczng neutralizacje HCVcc
pochodzacego z genotypu 5a przez surowice SHBsAg_412-425. Z drugiej strony, surowica ta
nie neutralizowala genotypu 6a. Poniewaz sekwencja 412-425 w izolatach pochodzacych z
genotypow Sa 1 6a HCVcc rozni si¢ tylko zmiang N417T, zaproponowaliSmy, ze brak wigzania
moze wynika¢ z przesunigcia miejsca glikozylacji. W niniejszym badaniu potwierdzili$my
wysoce skuteczng neutralizacj¢ HCVcc genotypu Sa przez przeciwciata sHBsAg 412-425 oraz
AP33. Zgodnie z oczekiwaniami, nie zaobserwowano neutralizacji genotypu 5a HCVcc przez
przeciwciata oczyszczone z surowicy SHBsAg_N417S. Jednak przeciwciata indukowane
sHBsAg N417S nie zneutralizowaly réwniez genotypu 6a HCVcc. Wyniki te sugeruja, ze
przeciwciala wzbudzane przez VLP sHBsAg N417S maja ograniczong zdolno$¢ do

neutralizacji in vitro.

7.3.3  Wnioski:
1. Uzyskalismy ekspresje chimerycznych VLPs sHBSAg_N417S prezentujacych na
swojej powierzchni epitop 1 z wprowadzong zmiang N417S skutkujaca przesunigcie

miejsca glikozylacji z pozycji N417 na N415.
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Epitop 412-425:N417S prezentowany na powierzchni VLPs opartych na sHBsAg jest
rozpoznawany przez przeciwciata AP33, ktére w kontekscie kompleksu glikoprotein
E1E2 sg wrazliwe na zmian¢ N417S.

Przeciwciata wzbudzone przez sHBsAg N417S jak i sHBsAg 412-425 wigza si¢ z
peptydami odpowiadajacym sekwencja aminokwasowa epitopowi I typu dzikiego (412-
425:WT) jak i epitopowi ze zmiang N417S (412-425:N417S). Ten wynik sugeruje, ze
obecnos¢ N lub S w pozycji 417 nie ma wplywu na wigzanie surowic.

Surowice sHBsAg_412-425 oraz sHBsAg N417S wykazuja odmienne wzory wigzania
do kompleksu glikoprotein E1E2. Surowica SHBSAg_412-425 wykazuje wrazliwo$¢ na
obecno$¢ zmiany N4178S, jednak nie jest to jedynie zwigzane z obecnoscig miejsca N-
glikozylacji w pozycji N415, ale najprawdopodobniej jest takze skutkiem zmiany
konformacyjnej w obrebie epitopu I. Z kolei wyniki otrzymane dla surowicy
sHBsAg N417S sugeruja, ze jej wigzanie jest przynajmniej czg$ciowo ograniczone
przez obecnosé N-glikanu w pozycji N417.

Doswiadczenia przeprowadzone z kompleksami glikoprotein EI1E2 oraz testy
neutralizacji pokazaty, ze przeciwciala skierowane przeciwko epitopowi I wzbudzone
przez VLPs sHBsAg_412-425 wykazuja wzoér wigzania analogiczny do przeciwcial
AP33.

Otrzymane wyniki nasuwajg pytanie o wplyw zmian znajdujacych si¢ poza epitopem I
na lokalng konformacje epitopu i wigzanie przeciwcial oraz sugeruja, ze przyszie
antygeny szczepionkowe powinny wzbudza¢ odpowiedz humoralng przeciwko
glikoproteinom E2 prezentujagcym wiele wariantow glikozylacji 1 konformacji epitopu
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9.

Whioski koncowe:

System oparty na pierwotniaku L. tarentolae pozwala na wydajna produkcj¢ VLPs
opartych na biatku sHBsAg. Czasteczki wyprodukowane w tym systemie nie sg
eksportowane do pozywki hodowlanej 1 muszg zosta¢ oczyszczone z lizatu
komoérkowego. Zarowno czasteczki zbudowane z biatka typu dzikiego (sHBsAg wt)
jak 1 chimeryczne czasteczki HBV-HCV byly modyfikowane potranslacyjnie poprzez
N-glikozylacje.

Prezentacja epitopu | glikoproteiny E2 HCV na powierzchni czastek wirusopodobnych
(VLPs) opartych na powierzchniowym biatku wirusa HBV (sHBsAg) powoduje
wzbudzenie silnej odpowiedzi humoralnej. Powstate przeciwciata neutralizujg rézne
genotypy wirusa HCV in vitro, przy czym charakteryzuje je profil wigzania podobny
do przeciwciata monoklonalnego AP33.

Wiasciwosci antygenowe epitopu | glikoproteiny E2 pokazuja, ze moze by¢ on
elementem racjonalnie zaprojektowanej szczepionki chronigcej przed zakazeniem
wirusem HCV.

Ze wzgledu na wystepowanie glikowariantow epitopu [ glikoproteiny E2
umozliwiajacych ucieczke przed przeciwciatami wigzacymi ten epitop, w przysztosci
konieczne bedzie opracowanie antygenu lub kombinacji antygenéw prezentujacych
epitop | w optymalnej konformacji.

Biatko sHBsAg wykorzystane jako no$nik w chimerycznych czasteczkach HBV-HCV
zachowuje swoja immunogenno$¢ i wzbudza silng, swoista odpowiedZ zaréwno
humoralng jak i komérkowa. Chimeryczne czasteczki HBV-HCV mogtyby by¢ uzyte
jako biwalentna szczepionka przeciwko HCV i HBV.
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Abstract

Background: Hepatitis C virus (HCV) infection is a major health problem worldwide, affecting an estimated 2-3 % of
human population. An HCV vaccine, however, remains unavailable. High viral diversity poses a challenge in developing a
vaccine capable of eliciting a broad neutralizing antibody response against all HCV genotypes. The small surface antigen
(sHBsAQg) of hepatitis B virus (HBV) has the ability to form highly immunogenic subviral particles which are currently used
as an efficient anti-HBV vaccine. It also represents an attractive antigen carrier for the delivery of foreign sequences. In
the present study, we propose a bivalent vaccine candidate based on novel chimeric particles in which highly conserved
epitope of HCV E2 glycoprotein (residues 412-425) was inserted into the hydrophilic loop of sHBsAg.

Results: The expression of chimeric protein was performed in an unconventional, Leishmania tarentolae expression sys-
tem resulting in an assembly of particles which retained immunogenicity of both HCV epitope and sHBsAg protein. Direct
transmission electron microscopy observation and immunogold staining confirmed the formation of spherical particles
approximately 22 nm in diameter, and proper foreign epitope exposition. Furthermore, the sera of mice immunized with
chimeric particles proved reactive not only to purified yeast-derived sHBsAg proteins but also HCV E2 412-425 synthetic
peptide. Most importantly, they were also able to cross-react with E1E2 complexes from different HCV genotypes.

Conclusions: For the first time, we confirmed successful assembly of chimeric sHBsAg virus-like particles (VLPs) in
the L. tarentolae expression system which has the potential to produce high-yields of properly N-glycosylated mam-
malian proteins. We also proved that chimeric Leishmania-derived VLPs are highly immunogenic and able to elicit
cross-reactive antibody response against HCV. This approach may prove useful in the development of a bivalent pro-
phylactic vaccine against HBV and HCV and opens up a new and low-cost opportunity for the production of chimeric
sHBsAg VLPs requiring N-glycosylation process for their proper functionality and immunogenicity.

Keywords: Hepatitis C virus (HCV), HBV small surface antigen (sHBsAg), VLP, Leishmania tarentolae, Vaccine

Background

Although recent advances in hepatitis C treatment give
reasons for optimism, a prophylactic vaccine for hepati-
tis C virus (HCV) remains an elusive goal. The recently
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developed direct-acting antiviral drugs (DAAs) have
improved the sustained viral response (SVR) rates up to
even 99 % for Sofosbuvir/Ledipasvir therapy [1]. Unfortu-
nately, the cost of the DAA therapy is still extremely high
[2]. Considering the above, the development of an effec-
tive prophylactic vaccine against HCV should be a medi-
cal priority. HCV infection affects an estimated 2-3 %
of human population and the number is even higher in
undeveloped countries, including Egypt with the HCV
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prevalence of 20 % [3]. Approximately 70-80 % of the
infected individuals develop chronic liver disease, which
can lead to cirrhosis and liver carcinoma.

HCV is a member of the Flaviviridae family. Its sin-
gle stranded positive-sense RNA genome codes for both
structural and non-structural viral proteins. The HCV
nucleocapsid is surrounded by E1E2 envelope glycopro-
teins embedded in a lipid envelope. E1 and E2 glycopro-
teins constitute a potential target for the development of a
prophylactic HCV vaccine, as they are involved in virus—
host interaction, and the antibodies directed against these
proteins seem to neutralize HCV [4]. Due to the fact that
resolution of HCV infection is mediated not only by a
broad and potent T cell response [5], but also by the neu-
tralizing antibodies (nAbs) raised mainly against HCV
E1E2 heterodimer [6, 7], a prophylactic vaccine consist-
ing of adjuvanted recombinant E1E2 heterodimer was
proposed. The most advanced approach included immu-
nization with E1E2 complex expressed in Chinese ham-
ster ovary (CHO) cell line. Phase I clinical trials indicated
that immunization with glycosylated envelope proteins
resulted in potent nAbs and CD 4" T-cell responses [8, 9.

The major obstacle in the development of a protective
immunity against HCV is its high genetic diversity and
variability. In recent studies, HBV capsid-like particles
(CLPs) were used to present variants of the HCV E2 gly-
coprotein hyper-variable region 1 (HVR1). HVRI is one
of the most immunogenic regions of glycoprotein E2, but
its constant evolution and diversity along HCV genotypes
leads to limited cross-reactivity of the elicited antibodies
[10]. The region located downstream of HVR1 contains a
potent and highly conserved epitope first identified by the
mouse monoclonal antibody AP33. The region, spanning
residues 412-423 of glycoprotein E2, can elicit broadly
nAbs capable of inhibiting HCV, both in vitro and in vivo
[11, 12]. Epitope AP33 is highly conserved among over
5500 E2 sequences in the GenBank database and mostly
regarded as a linear epitope [11]. These features make
412-423 residues a perfect peptide antigen expressed
on various antigen carriers. Moreover, the region is only
13 amino acids long and does not include any additional
cysteine residue that could result in formation of non-
authentic disulfide bonds and disrupt the carrier struc-
ture [13]. In general, peptide vaccines used in isolation are
weakly immunogenic and require some carries for deliv-
ery [14]. This finds support in a recently published report
which shows that monoclonal antibodies (mAbs) gen-
erated against a cyclic variant of the AP33 epitope bind
poorly to E2 and do not neutralize the virus [15].

Yeast-derived HBV small surface antigen (sHBsAg)
forms particles 22 nm in diameter currently used world-
wide as the commercial recombinant hepatitis B vac-
cine. sHBsAg tertiary structure forms a highly conserved,
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hydrophilic loop containing the major B-cell epitopes
also known as the “a”’-determinant [16, 17]. Because of its
immunogenic potential, sHBsAg was also applied as an
antigen carrier to deliver foreign sequences and induce
anti-foreign humoral and cellular responses [13, 18—-25].

The present study focused on construction, characteri-
zation and immunological studies of novel sHBsAg chi-
meric particles produced in the L. tarentolae expression
system. The system enables production of recombinant
proteins with their mammalian-like N-glycosylation pat-
tern. Moreover, L. tarentolae can grow in biofermenters to
a high cell density and the recombinant protein produc-
tion yield can reach several milligrams per liter of culture
[26, 27]. Here, we propose a new vaccine candidate based
on chimeric particles in which the HCV E2 glycoprotein
region (aa 412-425) is inserted within the “a”’-determi-
nant loop of sHBsAg. We show that Leishmania-derived
HBV/HCV chimeric particles elicit promising titers of
cross-reactive antibodies against HCV. These particles
also induce both humoral and cellular immune response
against HBV, opening a new and low-cost approach to
bivalent vaccine development.

Results

Expression and characterization of sHBsAg and 412-425_
sHBsAg particles

The HCV E2 glycoprotein region spanning 412-425
residues was chosen as the epitope of broadly neutraliz-
ing properties [28] and inserted into the major antigenic
loop of HBV sHBsAg protein (Fig. 1). The expression
of the recombinant proteins was carried out in high-
density cell cultures of recombinant parasites, using
tetracycline-inducible L. tarentolae expression system.
The expression of proteins was confirmed by immuno-
fluorescence (Fig. 2a), western blot (Fig. 2b) and ELISA
(Fig. 2c) with protein-specific antibodies: anti-HBsAg
and anti-E2 (AP33). The confocal studies indicate that
both proteins are predominantly located in the cytosol
of L. tarentolae cells, probably in endoplasmic reticu-
lum (ER). No particle secretion into the culture medium
was observed. The western blot analysis of cell lysates
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Fig. 1 Schematic illustration of the sHBsAg sequence with the
foreign HCV E2 412-425 epitope inserted into the “a”-determinant
region. The sHBsAg insertion site corresponding to amino acid posi-
tions 127 and 128 is marked red. The numbering corresponds to the
amino acid positions in the sHBsAg protein. The 412-425 epitope of
the HCV E2 glycoprotein is shown in green
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Fig. 2 Characterization of the particles expressed in the L. tarentolae system. a Immunofluorescence of recombinant L. tarentolae cells transfected
with plasmids expressing 412-425_sHBsAg and sHBsAg. Cells transfected with empty pLEXSY_I-blecherry3 plasmid were used as negative control
(NC). The staining was carried out using AP33 mAbs (blue) and anti-HBsAg Abs (green), scale bar = 5 um. b Western blot analysis of the Leishmania-
derived particles in reducing conditions. sHBsAg and 412-425_sHBsAg were treated with PNGase F and detected using the anti-HBsAg specific
antibody. G represents the glycosylated and DG deglycosylated form of protein. ¢ Recognition of particles with anti-HBsAg and AP33 Abs in the
ELISA tests. ELISA plates were coated with serial dilutions of recombinant L. tarentolae cell lysates containing sHBsAg and 412-425_sHBsAg particles.
The dilution factor is depicted on x-axis. For each ELISA assay, the mean from three independent experiments performed in duplicate is shown. The
mean A, values and standard deviations are shown on the y-axis. The background from the L. tarentolae wild-type cell lysate in each dilution was
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showed that in reducing conditions, the molecular
masses of monomers of sHBsAg and 412-425_sHB-
sAg were approximately 27 and 30 kDa, respectively
(Fig. 2b). The difference in the molecular masses of the
monomers is probably associated not only with the
insertion of the 14 aa long fragment but also with the
molecular mass of the N-glycans. The chimeric pro-
tein 412-425_sHBsAg contains two additional N-gly-
cosylation sites at positions 417 and 423 versus the
wild-type sHBsAg. N-glycosylation of 412-425_sHB-
sAg was confirmed by reaction with PNGase F, where
a decrease in the protein molecular weight after endo-
glycosidase digestion was observed (Fig. 2b). In ELISA

test, 412—425_sHBsAg chimeric particles were specifi-
cally and efficiently recognized by neutralizing AP33
mAb with no cross-reactivity with sHBsAg particles.
412-425_sHBsAg particles were also recognized by pol-
yclonal anti-HBsAg antibodies at the efficacy similar to
that of sHBsAg (Fig. 2¢).

The sHBsAg and 412-425_sHBsAg particles were
partially purified from cell lysate by ultracentrifugation
on OptiPrep gradient, and 0.5 mL fractions were har-
vested and analyzed by western blot using anti-HBsAg
antibodies. The purity of the fractions was estimated
with Coomassie stained SDS-PAGE gel (Fig. 3). Multim-
ers of higher molecular mass were also detected for both
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proteins. Fractions with the highest concentration of par-
ticles were pooled, and protein concentration measured
by Bradford assay reached 15-20 mg/L of the induced cell
culture. Interestingly, one-step purification process of the
particles on OptiPrep gradient proved effective. Finally,
electron microscopy analysis of the 412-425_sHBsAg
fraction showed spherical-particles approximately 22 nm
in diameter, with morphology resembling the icosahedral
structures of P. pastoris-derived particles [29]. Addition-
ally, immunogold labeling of 412-425_sHBsAg particles
with AP33 antibodies specific to the 412-425 epitope
revealed selective labeling of 22 nm particles, which
suggests strongly that the 412-425 epitope is properly
exposed on the surface of sHBsAg particles (Fig. 4). In
summary, these results confirm an efficient expression of
both sHBsAg and 412-425_sHBsAg proteins as well as
a proper exposition of the 412-425 epitope on sHBsAg
carrier.

Immunogenicity of sHBsAg and 412-425_sHBsAg particles
To demonstrate immunogenicity of sHBsAg and chi-
meric 412—-425_sHBsAg particles, two groups of BALB/c
mice were immunized subcutaneously on days: 0, 14, and
28 with fractions containing sHBsAg or 412-425_sHB-
sAg particles. All mice were immunized in presence of a
squalene-based oil-in-water nanoemulsion adjuvant. Two
weeks after the last vaccination, splenocytes were isolated
and T cell response was analyzed by gamma interferon

fractions

8 9 10 8 9 10 9

10 9 10

e S

CB WwB CB WB
412-425_sHBsAg sHBsAg

Fig. 3 OptiPrep density gradient centrifugation of recombinant
particles. Seventeen fractions of 0.5 mL each were harvested from the
top of the OptiPrep gradient after centrifugation. The aliquots of each
fraction were analyzed by SDS-PAGE Coomassie blue staining (CB)
and western-blot (WB) with anti-HBsAg Abs. The figure represents the
results of fractions 8-10 where the highest amount of particles was
detected
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Fig. 4 Electron micrograph of chimeric 412-425_sHBsAg parti-

cles. After centrifugation on OptiPrep gradient, the particles were
negatively stained with uranyl acetate and analyzed by electron
microscopy (top). Numerous particles approximately 22 nm in
diameter were observed. The exposition of the 412-425 epitope was
studied by immunogold labeling using AP33 mAbs and secondary
goat anti-mouse Abs conjugated with 6 nm gold particles (bottom).
Scale bar 100 nm

(IEN-y) enzyme-linked immune spot (ELISPOT) assay.
For splenocytes stimulation we designed peptides cover-
ing the entire sHBsAg protein sequence, 15 amino acids
in length with an overlap of 10. The peptides were divided
into three pools corresponding to amino acid positions:
1-99 (P1 n =19), 100-188 (P2 n = 16) and 189-240 (P3
n = 9). IEN-y ELISPOT data were found comparable for
both antigens, however a more potent cellular response
was noted for 412-425 sHBsAg. The strongest T-cell
response was observed for pools 1 and 3 (Fig. 5).

Two weeks after the last immunization blood samples
were collected and the antibody titers determined. Pooled
sera reacted strongly to the antigens used for immuniza-
tion, with the endpoint titer reaching as high as 5 x 10°
(Fig. 6a). Weaker antibody response was observed for
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Fig.5 Analysis of cellular response in BALB/c mice immunized with Leishmania-derived particles. Box plot of antigen-specific IFN-y ELISPOT

responses in sHBsAg (right) and 412-425_sHBsAg (left) groups of immunized mice. Splenocytes from six immunized BALB/c mice per group were
stimulated with 20 ug/well of 43 different 15-mer overlapping peptides spanning the sHBsAg protein sequence pooled into three groups (P1, P2,
P3).The splenocytes were collected 2 weeks after the last immunization. The gray region is the 25-75th percentile; the horizontal lines indicate the
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412-425_sHBsAg particles when detected with sera from
sHBsAg immunized mice (Fig. 6a right). Detailed serum
characterization showed cross-reactivity with both puri-
fied yeast-derived HBsAg protein (yHBsAg) and a com-
mercially available HBV vaccine (Engerix-B) (Fig. 6b).
The results proved that sera from both groups of mice
contained high titers of anti-sHBsAg antibodies, and
this suggests that 14 aa foreign epitope insertion within
sHBsAg particle does not interfere dramatically with the
humoral response against sHBsAg protein itself. Simi-
lar induction of anti-HBsAg antibodies was observed in
mice immunized with chimeric HBsAg particles which
delivered HCV-specific cysteine-containing sequence
[13]. However, the immune response against sHBsAg
protein was lower in the 412-425_sHBsAg group of mice
compared to the sHBsAg wild-type group. Of note, the
absorbance values obtained for the purified yHBsAg pro-
tein were higher than those obtained from the vaccine
(Fig. 6b). This can be caused by the fact that sHBsAg par-
ticles in vaccines are associated to aluminium hydroxide
which can lower test sensitivity due to epitope coverage
[30].

Next, we studied the antibody response of 412-425_
sHBsAg particles to 412—425 epitope. Interestingly, sera
from the 412-425_sHBsAg group were able to recognize
not only the sHBsAg protein (as mentioned above), but
also synthetic peptide corresponding to the 412-425
region of HCV E2 glycoprotein. The endpoint titer in
peptide ELISA test reached 10%. The AP33 standard
curve showed that the amount of anti-412-425 epitope
antibody in serum corresponded to AP33 antibody con-
centration of approximately 0.9 mg/mL (Fig. 6¢). Fur-
thermore, we decided to test cross-reactivity of the sera
from 412-425_sHBsAg immunized mice against E1E2

complex from different HCV genotypes. As expected, the
antisera recognized E2 glycoproteins from HCV geno-
types 1la, 1b, 2b, 3a, 4, and 6, but failed to recognize E2
derived from genotype five (Fig. 6d). That was due to the
fact that genotype five isolate had 4 amino acid changes
in region 412—423 in comparison with the sequence used
to create 412—425_sHBsAg protein. Such a modification
may influence epitope recognition as well as neutraliza-
tion of the HCV pseudotype particles (HCVpp) [11]. All
facts considered, the 412—-425_sHBsAg sera were found
broadly cross-reactive across the HCV genotypes.

To recapitulate, the immunization studies confirmed
that both Leishmania-derived particles are highly immu-
nogenic in mice. Moreover, the 412-425_sHBsAg sera
recognized efficiently both the 412-425 peptide and
mammalian cell culture-derived E2 protein from dif-
ferent HCV genotypes, as well as yeast-derived sHBsAg
proteins.

Discussion

Despite the discovery of highly effective antiviral agents,
3—4 million new HCV infections every year still represent
a major health problem. Therefore, the development of
an effective and a low-cost prophylactic vaccine is needed
to control global HCV infection. For years, humoral
response and nAbs were considered to play a side role in
HCYV infection process. However, recent studies suggest
that nAbs play an active role in HCV spontaneous res-
olution [6, 7, 31]. During the infection, all known nAbs
target epitopes within the HCV envelope glycoproteins
E1 and E2, prevailingly the E2 epitopes. The ectodomain
of the E2 glycoprotein contains three regions of vari-
ability that are targeted by nAbs—HVR1, HVR2, plus the
intergenotypic variable region. HVRI1 is a 2628 aa long
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Fig. 6 Analysis of the humoral response induced by Leishmania-derived particles in BALB/c mice. a Analysis of the antibody endpoint titers of the
pooled mouse antisera specific to the recombinant particles. ELISA plates were coated with 412-425_sHBsAg (right) or SHBsAg (left) particles. b
Analysis of the interaction of immune sera with yeast-derived HBsAg proteins. ELISA plates were coated with 5 pg/mL of purified HBsAg protein
from P, pastoris (yHBsAQ) (right) or commercially available vaccine against HBV (Engerix-B) (left). € Analysis of the antibody response to the 412-425
synthetic peptide. ELISA plates were coated with 20 pg of 412-425 peptide. AP33 mAb was used to estimate concentration of Abs specific to the
412-425 region in serum. Dilution factor of the pooled 412-425_sHBsAg sera and concentration of the AP33 antibody are shown on x-axis (bottom
and top, respectively). The 412-425_sHBsAg sera values are represented with bars, the AP33 values are marked with solid line. Mean A5, values and
standard deviations are shown on the y-axis. The background from the negative control serum in each dilution was subtracted from the obtained
results (@, b, €). For each ELISA assay, the mean from three independent experiments performed in duplicate is shown. Asterisks indicate statistical
significance (*P < 0.05, paired two-tailed t-test) (a, b). The solid horizontal line (a, b) indicates the cutoff value (three times the mean background
value). d Analysis of cross-reactivity of the 412-425_sHBsAg sera to the ETE2 complex from different HCV genotypes. The figure represents western
blotting in reducing conditions with 412-425_sHBsAg sera diluted 1:500. As an antigen, extracts of HEK293 cells transfected with plasmids express-
ing E1E2 glycoproteins from different HCV genotypes were used. Non-transfected HEK293 cell lysate was used as negative control (NC)
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fragment responsible for interactions with cellular SR-BI
receptor [32]. Because of its high immunogenicity, HVR1
was often considered a potential vaccine epitope. How-
ever, a recent approach where HVR1 is used as an antigen
carried on HBV capsid-like particles showed deficiency
in the HCVpp and cell culture HCV (HCVcc) cross-neu-
tralization [10]. Unfortunately, HVR1 is the most variable
region of HCV and the high rate of mutation within this
region results in poor cross-neutralization across differ-
ent HCV isolates. It has been reported that HVR1 plays
the role of a major epitope decoy that elicits isolate-spe-
cific nAbs from which the HCV can easily escape [33].

It has previously been demonstrated that CD81-bind-
ing regions of HCV E2 glycoprotein are highly conserved
and represent the main target for the broad range of nAbs
[11, 31, 34, 35]. Thus, the intrinsically conserved epitopes
able to induce cross-neutralizing antibodies seem to be
essential in vaccine development. The recent data suggest
that recombinant E1E2 complex is capable of eliciting
antibodies that bind the conserved residues overlapping
epitopes of many broadly cross-neutralizing antibodies
targeting E2-CD81 interaction [36].

In this study, we decided to design particles carry-
ing broadly-neutralizing 412—425 epitope and insert it
into the major antigenic loop of sHBsAg protein. Both
sHBsAg (wild-type) and 412-425_sHBsAg (chimeric)
proteins were expressed in L. tarentolae cells at similar
efficiencies. The fact indicates that epitope insertion did
not impair the protein folding. This is consistent with
observation from previous study which showed that
“a”’-determinant of sHBsAg can support 36 amino acids
insertions without an impact on the particle expression
efficiency [23]. The insertion of 412-425 epitope in “a”-
determinant was confirmed by cell lysate ELISA and
immunogold labeling of particles with AP33 antibodies.
The EM analysis revealed that 412—-425_sHBsAg particles
were present in the cell lysate and their shape resembled
the correctly assembled sHBsAg particles expressed in
the mammalian or yeast expression systems [29, 37].

Over the last few years, new vaccination approaches
involving VLP-based vaccines have been developed. VLP
are effective immunogens and due to their highly organ-
ized structure they are able to elicit both the nAbs and
T-cell responses [38]. sHBsAg has been shown to self-
assemble into highly immunogenic, non-infectious subvi-
ral particles, and is used worldwide as a safe, commercial
hepatitis B vaccine. The sHBsAg protein was previously
expressed in mammalian [37], baculovirus [39], E.coli
[40], and yeast systems utilizing P pastoris [29, 41], S.
cerevisiae [42], H. polymorpha [37], and Y. lipolytica [43].
The choice of S. cerevisiae yeast for commercial produc-
tion of sHBsAg was dictated by low cultivation costs and
high protein yield. However, unlike in the mammalian
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expression system, the yeast-derived sHBsAg is not gly-
cosylated, which is a major drawback of the yeast-based
systems. Noteworthy, sHBsAg expression in mammalian
cells leads to particle secretion [18, 23, 44]. The process
significantly simplifies purification of particles from the
culture medium. On the other hand, particle secretion
was never observed in yeast systems where protein was
retained within ER partially assembling into multi-layer
lamellar structures. There is no evidence for the pres-
ence of the particles within the yeast cells [29]. Impor-
tantly, the assembly of L. tarentolae expressed particles
was confirmed by electron microscopy, though we never
observed any particle secretion into the culture medium.
They are possibly retained in ER, just as the yeast-derived
virus-like particles (VLPs), and the assembly of the parti-
cles probably occurs after the cell lysis in the subsequent
down-stream processing.

This report is the first to describe efficient expression
of sHBsAg in a eukaryotic protozoan L. tarentolae-based
expression system. The L. tarentolae system has recently
been used to express immunogenic human papilloma-
virus (HPV) L1 VLPs [45] and to produce recombinant
proteins with the N-glycosylation pattern similar to the
mammalian one, as demonstrated for erythropoietin [26]
and soluble amyloid precursor protein alpha (sAPPal-
pha) [46]. Region 412-425 of the HCV E2 glycoprotein
includes two highly conserved glycosylation sites which
have recently been shown to play an important role in
epitope recognition by the broadly neutralizing mono-
clonal antibodies AP33, HCV1 [47], and HC33.11 [48].
Moreover, it has previously been shown that the struc-
ture of oligosaccharides attached to hemagglutinin can
play an important role in its immunogenicity [49]. The
N-glycosylation pattern of L. tarentolae-derived particles
should be further analyzed, although higher mass of the
412-425_sHBsAg protein and the results of deglycosyla-
tion with PNGase F suggest the presence of additional
N-glycans.

Recently, various strategies of using sHBsAg as the pro-
phylactic HCV vaccine candidates have been investigated.
It has been shown that pre-existing immunity to sHB-
sAg does not impede immune response against foreign
epitopes or proteins carried on an sHBsAg particle. This
suggests that chimeric HBsAg-based particles can be used
in the booster dose strategy in individuals previously vac-
cinated against HBV [50, 51]. The use of sHBsAg particles
as carriers of small HCV epitopes inserted into the anti-
genic external hydrophilic loop was reported in several
studies [23, 24, 52]. Another approach involved the design
of chimeric HBV-HCV particles in which the N-terminal
transmembrane domain (TMD) of the sHBsAg protein
was replaced with the TMD of HCV full-length E1 or
E2 proteins [19]. Those chimeric particles expressed in
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CHO cells elicited strong antibody response against both
HBsAg and HCV envelope proteins in immunized rab-
bits [53]. Moreover, the sera displayed cross-neutralizing
activity against HCVpp and HCVcc, although the T-cell
response of chimeric particles was not analyzed. Here, we
tested the ability of Leishmania-derived particles to elicit
a cellular response using an in vitro T cell activation assay.
The strongest response occurred against sHBsAg peptide
pools one and three. These results are in agreement with
other reports suggesting that most T-cell immunodomi-
nant epitopes are located outside the “a’-determinant
region [54, 55]. It also proves that the location of a foreign
epitope does not interfere with cellular response against
chimeric VLPs. Not surprisingly, no cellular response was
detected when splenocytes were stimulated with 412—425
synthetic peptide (the results not shown). The outcome
supports the previous findings, namely that almost no cel-
lular epitopes were present on HCV envelope glycopro-
teins versus the core or NS proteins [5, 56]. Additionally,
we observed a higher cellular response in mice immu-
nized with chimeric 412-425_sHBsAg particles than in
those immunized with wild-type particles. An N-glycan
structural analysis confirmed that L. tarentolae is able to
produce mammalian-like, as well as mannose-terminated
N-glycans [26]. Several reports show that mannosylation
of particles enhances antigen uptake and processing by
the antigen presenting cells [57-59]. Possibly, additional
N-glycans present in 412-425_sHBsAg particles are
mannose-terminated and may promote a stronger cellu-
lar response. Nevertheless, it should be emphasized that
no significant differences in the humoral responses were
observed.

The antibody response to mammalian and vyeast-
derived sHBsAg is well documented [37, 60]. In this
study, we proved strong immunogenicity of L. tarentolae-
derived particles, since the antibody titers in the sera of
both analyzed mouse groups reached 5 x 10° (Fig. 6a).
The 412-425_sHBsAg sera were able to detect both
synthetic peptide (Fig. 6¢c) and yeast-derived sHBsAg
proteins (Fig. 6b). However, immune response against
sHBsAg protein was weaker in the 412-425_sHBsAg
group of mice than in the sHBsAg wild-type group. This
is consistent with the previous findings which described
lessening of the anti-sHBsAg immune response in ani-
mals immunized with chimeric particles versus those
immunized with wild-type particles [24]. It has also been
demonstrated that changes within external hydrophilic
loop are strongly associated with the sHBsAg protein
antigenicity [61]. Furthermore, our findings proved that
412-425_sHBsAg sera were able to recognize not only
the synthetic peptide, but also HCV E2 glycoprotein
of most virus genotypes, which indicated presence of
broadly cross-reactive antibodies (Fig. 6d).
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There is abundant evidence clearly demonstrating the
importance of the cross-neutralizing antibodies in spon-
taneous clearance of HCV infection. Promising results
have been obtained for adenovirus-based vaccine proved
to induce a broad, strong and long-lasting T-cell response
in healthy humans [62]. Thus, the development of a pro-
phylactic vaccine can be achieved by combination of
antigens which are able to elicit simultaneous T and B
cell responses, both crucial for the successful protection
against HCV [10, 36, 63].

Conclusions

Since HCV displays high genetic diversity, the ideal pro-
phylactic vaccine should elicit antibodies against the
highly conserved viral regions. Our results indicate that
chimeric sHBsAg VLPs carrying a highly conserved HCV
epitope may elicit cross-reactive antibodies against HCV
while preserving anti-sHBsAg “a’-determinant immu-
nogenicity. This approach, combined with a vaccine
inducing a strong T-cell response against HCV, may be
useful in developing a cost-effective bivalent prophylac-
tic vaccine against the two main hepatotropic human
pathogens. Moreover, chimeric sHBsAg particles were
successfully expressed in L. tarentolae system, which
can be considered an alternative to mammalian cells for
large-scale production of N-glycosylated VLPs for phar-
maceutical purposes.

Methods

Plasmids

Figure 1 summarizes the construction of the 412-425_
sHBsAg chimeric gene used in this work. The region
of HCV E2 glycoprotein, spanning the 412-425 resi-
dues (isolate H77¢, GenBank accession no. AF011751)
was inserted within HBV subtype adw2 sHBsAg amino
acid positions 127P and 128A (GenBank accession no.
AF397207.1). The construct was obtained by gene syn-
thesis using L. tarentolae-adapted codon (GeneArt—
Thermo Fisher Scientific). The gene coding for sHBsAg
was synthetized as mentioned above. Synthetized genes
were ligated into BglII—Notl restriction sites in the
PLEXSY I-blecherry3 vector (Jena Bioscience). For HCV
E2 glycoprotein expression in human epithelial kidney
(HEK) 293 cells, we used plasmids coding for full-length
E1E2 derived from HCV genotypes: 1a (isolate H77.20);
1b (UKN1B.12.6); 2a (UKN2A.2.4); 3a (UKN3.1.9); 4
(UKN4.21.16); 5 (UKN5.14.4); and 6 (UKNG6.5.8) — kindly
provided by J. Ball.

Leishmania tarentolae cultivation and protein expression

HBYV small surface antigen and 412-425_sHBsAg pro-
teins were expressed using the inducible LEXSY expres-
sion system according to the manufacturer’s instructions
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(Jena Bioscience). Briefly, the plasmids were transfected
into L. tarentolae cells by electroporation. Transfected
cells were selected with bleomycin (100 pg/mL) in sus-
pension culture. Subsequently, recombinant cell lines
were cultivated in 25 cm? tissue culture flasks filled with
10 mL of selective medium supplemented with hemin at
26 °C and kept away from light. The T7 promoter driven
transcription was induced by adding tetracycline to the
final concentration of 15 pg/mL. Cells were grown in
500 mL shake flasks for 72 h, at 26 °C, in agitated culture
to the final optical density of 4-5 at 600 nm (ODg).

Indirect immunofluorescence

For immunofluorescence labeling, tetracycline-induced
L. tarentolae cells were washed with PBS and fixed in
4 % paraformaldehyde for 30 min at RT. Lysine-coated
glass coverslips were covered with fixed cell suspension
and left to dry at RT. Next, the cells were permeabilized
with 0.2 % Triton X-100 in PBS for 10 min at RT. Subse-
quently, the coverslips were incubated with primary rab-
bit anti-HBsAg (Abcam) and mouse anti-E2 AP33 (kindly
provided by A. Patel) antibodies diluted to 1:1000 in PBS-
BSA buffer [0.5 % (w/v) BSA] for 1 h at RT. The cover-
slips were then washed with PBS and incubated with
Alexa Fluor 633-labeled goat anti-mouse and Alexa Fluor
488-labeled goat anti-rabbit secondary antibodies (1:1000
in PBS-BSA) for 1 h at RT. After washing, the coverslips
were mounted onto microscope slides with ProLong
Gold antifade reagent.

SDS-PAGE and western blot

Analysis of the particle expression was carried out by
SDS-PAGE using 4-12 % gradient Bis—Tris gels in MES
SDS running buffer. After electrophoresis, proteins were
transferred onto PVDF membrane using electroblotting,
and subsequently the membranes were blocked over-
night at 4 °C with 3 % nonfat milk in TBST [TBS buffer,
0.1 % (v/v) Tween-20]. Following blocking, membranes
were incubated for 1 h at RT with primary anti-HBsAg
antibodies diluted in TBST, washed with TBST, and then
incubated with goat anti-rabbit secondary AP—conju-
gated antibodies (Santa Cruz Biotechnology). The results
were developed using the BCIP/NBT substrate.

For testing serum cross-reactivity, HEK 293 cells were
transfected with plasmids expressing glycoproteins E1E2
derived from different HCV genotypes. 72 h after trans-
fection, cells were washed with PBS buffer and lysed in
lysis buffer (PBS buffer, 1 % Triton X-100). The clarified
cell lysates were separated using SDS-PAGE and trans-
ferred onto PVDF membrane as described above. Fol-
lowing the blocking, the membranes were incubated for
1 h at RT with a mixture of pooled 412-425_sHBsAg sera
diluted 1:500, washed with TBST and then incubated
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with goat anti-mouse secondary HRP—conjugated anti-
bodies (Santa Cruz Biotechnology).

PNGase F treatment

412-425_sHBsAg and sHBsAg cell lysates were boiled for
10 min in denaturing buffer (0.5 % SDS, 40 mM DTT).
The samples were divided into two equal portions and
incubated for 16 h at 37 °C, with or without PNGase F,
according to the manufacturer’s instructions (New Eng-
land Biolabs). The results were visualized with western
blot using anti-HBsAg antibodies as described above.

Cell lysis and ultracentrifugation

Hundred milliliter of tetracycline-induced cell culture
was centrifuged at 4 °C, 8000 rpm, for 15 min. The cell
pellet was either stored at —20 °C until use or immedi-
ately resuspended in 10 mL of ice-cold lysis buffer [PBS
buffer, 0.6 % (v/v) Tween-20]. Cells were sonicated and
the suspension was clarified by centrifugation at 4 °C,
8000 rpm, for 35 min.; the supernatant was left for
16-24 h at RT for particle formation. Subsequently, the
lysate was layered on an OptiPrep (Sigma-Aldrich) gra-
dient formed in ultra-clear tubes [2 mL of 30 % (v/v)
OptiPrep, 2 mL 24 % (v/v) OptiPrep, 1.5 mL 18 % (v/v)
OptiPrep, 1.5 mL 12 % (v/v) OptiPrep, and 1.5 mL 6 %
(v/v) OptiPrep in ultra-clear water] and ultracentrifuged
at 27,000 rpm for 16 h at 4 °C. Then, 500 pL fractions
were harvested and analyzed by western blot using anti-
HBsAg rabbit polyclonal antibodies (Abcam). Purity of
the fractions was analyzed by SDS-PAGE with Coomas-
sie R-250 staining. sHBsAg positive fractions of the high-
est purity were pooled, and OptiPrep buffer was replaced
with PBS using Amicon Ultra 100 K centrifugal units
(Merck Millipore). The thus prepared samples were used
for further analysis.

Cell lysate ELISA

ELISA 96-well plates were left for coating with cell
lysates diluted in PBS for 16 h at 4 °C. Each well was then
blocked with 3 % (w/v) BSA in PBST [PBS buffer, 0.05 %
(v/v) Tween-20] for 2 h at RT. Primary mouse monoclo-
nal AP33 and rabbit polyclonal anti-HBsAg (Acris Anti-
bodies) were diluted in PBST with 0.3 % (w/v) BSA and
added to the wells. After the washing, primary antibod-
ies were detected with the goat anti-mouse or goat anti-
rabbit secondary HRP-conjugated antibodies (Santa Cruz
Biotechnology). The reaction with TMB substrate was
stopped with 0.5 M H,SO, and signal intensity at 450 nm
was measured using plate reader (TECAN).

Immunization protocol
Groups of 6 BALB/c female mice, 6-8 weeks of age,
were immunized subcutaneously with squalene-based
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oil-in-water nanoemulsion adjuvant (Addavax, Invivo-
Gen). The mice were immunized with 15 pg of protein on
day 0, and with 10 pg on days: 14 and 28. The mice used
as negative controls were immunized with PBS-adjuvant
mixture alone. All experiments on animals were conducted
by an accredited company (Tri-City Academic Laboratory
Animal Centre, Medical University of Gdansk), in accord-
ance with the current guidelines for animal experimenta-
tion. The protocols were approved by the Committee on
the Ethics of Animal Experiments of the Medical Univer-
sity of Gdansk (Permit Number: 46/2012). All surgery was
performed under isoflurane anesthesia, and all efforts were
made to minimize suffering.

Analysis of antibody response

Mouse sera were collected on day 42 and pooled into
two groups. Antibody response was measured by direct
solid-phase ELISA using immunogens 10 pg/mL, 412—
425 synthetic peptide (QLINTNGSWHINST) 20 pg/mL
(JPT-Innovative Peptide Solutions), commercial vaccine
against HBV 5 pg/mL (Engerix-B, GlaxoSmithKline) or
yeast-derived HBsAg protein 5 pg/mL (Acris Antibod-
ies). Plates were blocked for 2 h with 3 % (w/v) BSA in
PBST. Following the blocking and washing, serial diluted
mouse sera were added to the wells and incubated for 1 h
at RT. Diluted primary mouse AP33 mAb were used as
reference. Secondary goat anti-mouse or goat anti-rabbit
Abs were used for detection.

Statistical analysis
Statistical analyses were performed using the SigmaPlot
12.0 software (SYSTAT Software).

ELISPOT assay

T-cell response was analyzed by ELISPOT assay for
detection of IFN-y according to the manufacturer’s
instructions (BD Biosciences). Briefly, ELISPOT 96-well
plates were coated with purified anti-mouse IFN-y anti-
body and blocked using RPMI Medium 1640 (Thermo
Fisher Scientific) supplemented with 10 % fetal bovine
serum, 100 pg/mL penicillin, and 2 mM L-glutamine.
Splenocytes were isolated from the mice 42 days after
immunization by passage through 70 um strainers fol-
lowed by treatment with ACK lysing buffer (Thermo
Fisher Scientific). After washing, splenocytes were
seeded at 5 x 10° cells/well and stimulated overnight at
37 °C with overlapping peptides (JPT-Innovative Peptide
Solutions) pooled into 3 groups spanning the sHBsAg
amino acid sequence at the concentration of 20 pg/mL.
Concanavalin A was used as positive control. The mean
number of spots from duplicate wells were calculated for
each animal and adjusted to represent the mean number
of spots per 10° splenocytes.
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Electron microscopy and immunogold labeling

For visualization of the particles, the Optiprep gradient
fractions were diluted 1:5 in PBS and deposited on form-
var-carbon coated 200 mesh nickel grids. Negative stain-
ing was performed using 2 % uranyl acetate. Following
the staining, samples were analyzed using transmission
electron microscope (University of Gdansk, Poland). For
immunogold labeling, grid-deposited 412-425_sHBsAg
particles were fixed using 0.1 % (v/v) glutaraldehyde in
4 % paraformaldehyde. Next, the grids were layered on
top of AP33 antibodies diluted 1:20 in incubation buffer
[PBS buffer, 0.1 % (v/v) BSA-c], and incubated at 4 °C for
16 h. After incubation with primary antibodies, the grids
were washed six times using incubation buffer for 5 min
at RT. Labeling was performed with goat anti-mouse IgG
conjugated with 6 nm gold particles (Aurion), diluted
1:40 in incubation buffer and left for 1 h at RT. After the
washing step, the grids were stained with uranyl acetate,
dried and analyzed using transmission electron micro-
scope JEM 1200 EX (JEOL Co., Japan) at the Nencki
Institute (Warszawa, Poland).
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Abstract: Hepatitis C virus (HCV) infection with associated chronic liver diseases is a major health
problem worldwide. Here, we designed hepatitis B virus (HBV) small surface antigen (sHBsAg)
virus-like particles (VLPs) presenting different epitopes derived from the HCV E2 glycoprotein
(residues 412-425, 434-446, 502-520, and 523-535 of isolate H77C). Epitopes were selected based on
their amino acid sequence conservation and were previously reported as targets of HCV neutralizing
antibodies. Chimeric VLPs obtained in the Leishmania tarentolae expression system, in combination
with the adjuvant Addavax, were used to immunize mice. Although all VLPs induced strong humoral
responses, only antibodies directed against HCV 412-425 and 523-535 epitopes were able to react
with the native E1E2 glycoprotein complexes of different HCV genotypes in ELISA. Neutralization
assays against genotype 1-6 cell culture infectious HCV (HCVcc), revealed that only VLPs carrying
the 412-425 epitope induced efficient HCV cross-neutralizing antibodies, but with isolate specific
variations in efficacy that could not necessarily be explained by differences in epitope sequences.
In contrast, antibodies targeting 434-446, 502-520, and 523-535 epitopes were not neutralizing HCVcc,
highlighting the importance of conformational antibodies for efficient virus neutralization. Thus,
412-425 remains the most promising linear E2 epitope for further bivalent, rationally designed
vaccine research.

Keywords: hepatitis C virus; vaccine; virus like particles (VLPs); HBV small surface antigen (sHBsAg)

1. Introduction

Hepatitis C virus (HCV) poses a serious medical problem as the number of new infections continues
to be on the rise. Thus, there are at least 2 million acute infections annually, and in 80% of these
individuals chronic hepatitis will develop [1]. Over time this has resulted in at least 70 million people
chronically infected with HCV worldwide with a significant risk for progression to liver cirrhosis and
hepatocellular carcinoma [1]. In recent years, new antiviral therapies based on direct-acting antivirals
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(DAAs) have been devised [2]. However, due to poor diagnostic coverage and high treatment cost,
only a minor fraction of HCV-infected individuals will receive DAA therapy. In addition, emerging
resistance to DAAs is expected to compromise treatment efficacy [3,4]. Thus, development of an
effective prophylactic vaccine against HCV is required to control this deadly virus.

While both neutralizing antibodies and T cells contribute to spontaneous clearance of HCV
infection [5,6], most antiviral vaccines protect by neutralizing antibodies induced by whole virus
or virus-like particle (VLP) antigens [7,8]. For HCV, neutralizing antibodies induced by a subunit
envelope protein vaccine had protective effects in chimpanzees [9], while a viral vector-based vaccine
inducing T cells did not protect against chronic HCV infection in chimpanzees and humans [10,11].
Thus, development of an HCV vaccine inducing antibodies is a current research focus.

The high genetic heterogeneity of HCV poses an obstacle for development of an anti-HCV vaccine.
At present, we can distinguish six major HCV genotypes with proven epidemiological relevance,
while more recently genotypes 7 and 8 have been reported in a few individuals in central Africa and
India, respectively [12,13]. Further, there are at least 90 HCV subtypes [14]. Genotypes 1, 2, and 3 are
distributed across the globe with genotype 1 being the most common worldwide. Among genotype 1
isolates, subtypes 1a and 1b are most prevalent with predominance of subtype 1b. Genotype 4 is most
common in the Middle East and Central and North Africa, genotype 5 in South Africa, and genotype 6
in Southeast Asia [12,13,15,16].

As the prime target of host neutralizing antibodies, the HCV envelope glycoproteins E1 and
E2 located on the surface of the viral particle show extensive genetic heterogeneity, in particular in
the hypervariable region 1 (HVR1) of E2. E1 and E2 form a covalent heterodimer embedded in the
lipid envelope of the virus particle and play a crucial role in the infection process by interacting with
the HCV-entry receptors, including tetraspanin CD81 [17]. In view of the high variability of E1E2,
an effective vaccine should preferentially raise neutralizing antibodies against genetically conserved
regions of the E1E2 heterodimer to elicit antibodies able to neutralize different HCV strains [18,19].

A number of relatively conserved epitopes able to induce cross-neutralizing antibodies have been
identified, including two well-defined CD81-binding regions on E2; residues 412-423 (epitope I) (all E2
positions are assigned using H77C polyprotein numbering) [18,20,21], previously proposed as the
target for anti-HCV therapeutic antibodies, and residues 434446 (epitope II) [22,23]. Downstream of
the epitope II sequence there are additional neutralizing epitopes, spanning residues 502-520 and
residues 523-535 (epitope I1I), which also play a key role in HCV cell entry by influencing interactions
between the viral particle and the CD81 receptor [24-27]. These regions offer interesting targets for
rational vaccine design.

Although synthetic peptides can trigger immune responses, peptide vaccines are generally weakly
immunogenic and require carriers for delivery [28,29]. Recently, there has been an increased interest
in VLPs as platforms for immunogen exposition. VLP-based vaccines have several advantages over
conventional immunogens. First, due to their virus-like appearance and highly organized structure,
VLPs are effective as immunostimulants as they are able to elicit both humoral and cellular responses.
Second, they can easily be produced in heterologous expression systems to large quantities and can
easily be purified. Finally, VLPs do not contain virus genetic material and are considered safe in
comparison to replicating vectors [30].

One of the best-characterized VLP-forming proteins is the hepatitis B virus (HBV) small surface
antigen (sHBsAg). Yeast-derived sHBsAg forms particles of 22 nm in diameter and is currently used
worldwide as the commercial recombinant hepatitis B virus vaccine. The sHBsAg tertiary structure
features a highly conserved, hydrophilic loop containing major B-cell epitopes, also known as the
“a”-determinant [31,32]. Because of its immunogenic potential, sHBsAg has been applied as an
antigen carrier to deliver foreign sequences to induce humoral and cellular immune responses [33-38].
At the outset of this study, proof-of-concept was obtained that sHBsAg particles could be used as
carriers of small HCV epitopes inserted into the antigenic external hydrophilic loop to induce strong
and specific antibody responses [38—40].
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In the present study, we designed a panel of sHBsAg VLPs with epitopes derived from the HCV
E2 glycoprotein inserted into the “a”-determinant. The E2 epitopes were selected due to their relative
sequence conservation and since they were reported to be targets of HCV neutralizing antibodies.
The particles were produced in a non-conventional, cost-efficient Leishmania tarentolae expression
system, purified by ultracentrifugation, and then used to immunize mice. This study is a follow-up of
our previously published work in which we described the expression of chimeric sHBsAg particles
carrying the highly conserved HCV 412-425 epitope and characterized binding of vaccine-induced
antibodies to denatured HCV genotype 1-6 E2 glycoproteins [39]. In this study, we widened the panel
of tested HCV E2 epitopes and evaluated the ability of vaccine-induced antibodies to bind native
HCV genotype 1-6 E1E2 complexes and their potential to cross-neutralize cell culture infectious HCV
(HCVcc) of genotype 1-6.

2. Materials and Methods

2.1. Plasmids

Figure 1 summarizes the construction of the chimeric genes for HBV/HCV particle generation.
The regions of the HCV E2 glycoprotein expressing residues 412425, 434-446, 502-520, and 523-535
(isolate H77C, GenBank accession no. AF011751 [41]) were inserted in the HBV subtype adw?2 sHBsAg
(GenBank accession no. AF397207.1). Insertions of the HCV E2 epitopes into the hydrophilic loop of
the sHBsAg protein were performed at position 1110/5117 (A111-116)—for construct sHBsAg_434-446;
at position P127/A128—for constructs sHBsAg_502-520 and sHBsAg_523-535; or at both positions—for
constructs sHBsAg_434-446_523-535, sHBsAg 434-446_412-425, and sHBsAg_502-520_523-535.
Additionally, constructs carrying epitope 502-520 had the cysteine residues at positions 503 and
508 substituted with alanine (C503A and C508A). Construction of the chimeric gene coding for
construct sHBsAg_412—-425 has been described earlier [39].

The constructs were obtained by gene synthesis using L. tarentolae-adapted codons (Thermo
Scientific, Waltham, MA, USA). Synthetized genes were ligated into the BglII-Notl restriction sites in
the pLEXSY_I-blecherry3 vector (Jena Bioscience, Jena, Germany).

For expression of HCV E2 glycoprotein in human epithelial kidney (HEK) 293 cells for ELISA, we
used plasmids coding for full-length E1E2, derived from HCV genotypes (isolates): 1la(H77C) [41];
1b(12.6); 2a(2.4); 2b(1.1); 3a(1.9); 4a(21.16); 5a(14.4); and 6a(5.8) [42].

2.2. Leishmania tarentolae Cultivation and Protein Expression

The chimeric sHBsAg-based proteins were expressed using the inducible LEXSY expression
system in accordance with the manufacturer’s instructions (Jena Bioscience). Briefly, the plasmids
were transfected into L. tarentolae cells by electroporation. The transfected cells were selected with
bleomycin (100 pg/mL) in suspension culture. Subsequently, recombinant cell lines were cultivated in
25 cm? tissue culture flasks filled with 10 mL of selective medium supplemented with hemin protected
from light at 26 °C. The T7 promoter driven transcription was induced by adding tetracycline to the
final concentration of 15 ug/mL. The cells were grown in agitated culture, in 500 mL shake flasks for
72 h at 26 °C, aiming at a final optical density of 4-5 at 600 nm (ODgqp).

2.3. SDS-PAGE and Western Blot

An analysis of the particle expression was carried out by SDS-PAGE of Leishmania tarentolae
cell lysates using 4-12% gradient Bis-Tris gels in MES SDS running buffer. After electrophoresis,
proteins were transferred onto a PVDF membrane by electroblotting, and subsequently the membranes
were blocked overnight at 4 °C with 3% nonfat milk in TBST [TBS buffer, 0.1% (v/v) Tween-20].
Following blocking, the membranes were incubated for 1 h at room temperature (RT) with primary
anti-HBsAg antibodies diluted in 3% nonfat milk in TBST, washed with TBST, and then incubated with
goat anti-rabbit secondary horseradish peroxidase-conjugated antibodies (Santa Cruz Biotechnology,
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Dallas, TX, USA). The results were obtained through development in the substrate for enhanced
chemiluminescence (Thermo Scientific).

2.4. Cell Lysis and Ultracentrifugation

One hundred milliliters of tetracycline-induced cell culture were centrifuged at 4 °C, 8800x g for
15 min. The cell pellet was immediately resuspended in 10 mL of ice-cold lysis buffer [PBS buffer,
0.6% (v/v) Tween-20]. The cells were sonicated, and the suspension clarified by centrifugation at 4 °C,
8000 rpm, for 35 min; the supernatant was left for 1624 h at RT to form particles. Subsequently, the
lysate was layered on an OptiPrep (Sigma-Aldrich, Saint Louis, MO, USA) gradient formed in ultra-clear
tubes [2 mL of 30% (v/v) OptiPrep, 2 mL 24% (v/v) OptiPrep, 1.5 mL 18% (v/v) OptiPrep, 1.5 mL 12%
(v/v) OptiPrep, and 1.5 mL 6% (v/v) OptiPrep in PBS] and ultracentrifuged at 90,000 g for 16 h at
4 °C. Then, 500 uL fractions were harvested and analyzed by a western blot using anti-HBsAg rabbit
polyclonal antibodies (OriGene, Rockville, MD, USA). Fraction purity was analyzed by SDS-PAGE
with Coomassie R-250 staining. The fractions with the highest number of particles were pooled, and
protein concentration was measured by Bradford assay. Finally, the OptiPrep solution was replaced
with PBS using Amicon Ultra 100 K centrifugal filter units (Merck Millipore, Burlington, MA, USA).
Additionally, samples containing sHBsAg_434-446 particles were normalized against sHBsAg_412-425
protein using anti-HBsAg rabbit polyclonal antibodies (OriGene). These samples were used for further
analysis and immunization.

2.5. Electron Microscopy

For visualization of the particles, the OptiPrep gradient fractions were diluted 1:5 in PBS and
deposited on carbon-coated 200 mesh nickel grids. Negative staining was performed using 2% uranyl
acetate. Following the staining, the samples were analyzed using a transmission electron microscope
(University of Gdarsk, Gdarisk, Poland).

2.6. Immunization Protocol

Groups of 6 female BALB/c mice, 6-8 weeks of age, were immunized subcutaneously with
squalene-based oil-in-water nanoemulsion adjuvant (Addavax, InvivoGen). The mice were immunized
with 15 ug of protein on day 0, and with 10 pg on days 14 and 28. The mice used as negative controls
were immunized with PBS-adjuvant mixture alone. All experiments on animals were conducted by an
accredited company (Tri-City Academic Laboratory Animal Centre, Medical University of Gdarisk,
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: 38/2018). All procedures were performed
under isoflurane anesthesia, and all effort was taken to minimize suffering.

2.7. Analysis of the Antibody Response by ELISA

Mouse sera were collected two weeks after the last immunization and pooled according to
experimental groups. The antibody response against HCV E2 epitopes was measured by direct
solid-phase ELISA. Pre-blocked, streptavidin-coated plates (Thermo Scientific) were incubated with
biotinylated peptides at 5 pg/mL (JPT-Innovative Peptide Solutions, Berlin, Germany) for 16 h at 4 °C.
Following the coating and washing, serially diluted mouse sera were added to the wells and incubated
for 1 h at RT. Goat anti-mouse secondary HRP-conjugated antibodies (Santa Cruz Biotechnology, Dallas,
USA) were used for detection. Similarly, the antibody response against sHBsAg protein was tested
using ELISA plates coated with Pichia pastoris-derived sHBsAg protein at 5 pg/mL (OriGene, Rockville,
MD, USA). The plates were then blocked for 2 h with 3% (w/v) BSA in PBST [PBS buffer, 0.05% (v/v)
Tween-20], and serially diluted mouse sera were added to the wells as described above.

For testing serum cross-reactivity to E1E2 complexes, HEK293 cells were transfected with plasmids
expressing glycoproteins E1E2 derived from different HCV genotypes. The cells were washed with
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PBS buffer and lysed in lysis buffer (PBS buffer, 0.5% Triton X-100) 72 h after transfection. The clarified
cell lysates were normalized against each other using anti-E2 goat polyclonal antibodies (Bio-Rad,
Hercules, CA, USA) and later used to perform ELISA in denatured/reduced and native conditions.
For the denatured ELISA, the HEK293 cell lysates were first diluted 10x in PBS buffer containing 50 mM
DTT and 2% SDS and incubated for 10 min at 100 °C; for the native ELISA, the HEK293 cell lysates
were diluted 10x in PBS alone. Next, the cell lysates were moved onto ELISA plates precoated with
Galanthus nivalis lectin (GNA) and incubated for 16 h at 4 °C. Following that, the plates were blocked
in PBST with 3% BSA and used immediately or stored at —20 °C. The pooled mouse sera were tested in
1:1000 PSB dilutions containing 0.3% BSA. Finally, the binding of the antibodies to the recombinant
proteins was detected by goat anti-mouse HRP-conjugated secondary antibodies diluted to 1:2500
(Santa Cruz Biotechnology, Dallas, TX, USA) and the 3,3’,5,5’-Tetramethylbenzidine substrate.

2.8. IgG Purification from Mouse Sera

IgGs were isolated from mouse serum using NAb Protein G Spin Kit (Thermo Scientific, Waltham,
MA, USA) in accordance with the manufacturer’s instructions. Briefly, 300 uL of pooled mouse sera
was transferred into the spin columns and incubated for 30 min at RT. Subsequently, purified IgGs
were eluted from the resin with low pH elution buffer and concentrated using Amicon Ultra 100 K
centrifugal filter units (Merck Millipore, Burlington, MA, USA).

2.9. Virus Stocks for HCVcc Neutralization Assay

HCVcc virus stocks with sequence confirmed E1 and E2 were produced in Huh7.5 cells in DMEM
supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin (P/S) as previously
described [43]. As HCVcc, JFH1-based HCV recombinants with Core-NS2 of the following genotypes
(isolates) and specified cell culture adaptive substitutions were used: la(TN) with R1408W [44],
1b(J4) with F886L and Q1496L [43], 2a(J6) [45], 2b(J8) [43], 3a(S52) with 1793S and K1404Q [43],
4a(ED43) with T827A and T977S [46], 5a(SA13) with A1022G and K1119R [47], and 6a(HK6a) with
F350S and N417T [43].

2.10. HCVcc Neutralization Assay

The cell-based in vitro HCV neutralization assay was done as previously described [47] with
modifications. Briefly, 7 x 10* Huh7.5 cells were plated per well in a poly-D-lysine-coated 96-well
plate (Nunc, Roskilde, Denmark) in DMEM supplemented with FBS and P/S. The next day, a 96-well
pre-plate with virus and antibody mixes was prepared. The amount of virus stock yielding counts
of 20-100 focus forming units (FFU)/well in pilot assays was diluted in medium to a total volume of
7 uL and mixed with 3 uL serially diluted purified IgG; for virus-only wells, 3 uL medium was added.
Virus/antibody mixes were incubated at 37 °C and 5% CO; for 1.5 h. Subsequently, medium was
added to a total volume of 40 uL per well and the solution was transferred to the cell plate. After 4.5 h
incubation at 37 °C and 5% CO,, cells were washed with PBS and incubated with fresh medium. Each
antibody concentration was tested in triplicates. At least 6 virus-only wells and negative control wells
without virus and antibody mixes were included in each assay. At 48 h post-infection, cells were fixed
with methanol and incubated with PBS containing 0.5% (w/v) BSA and 0.1% (w/v) skimmed milk for
1 h and subsequently incubated with AffiniPure Fab Fragment Goat Anti-Mouse IgG (H+L) (Jackson
Immuno Research, West Grove, USA) diluted in PBS at 100 pug/mL for 1 h and immunohistochemically
stained. Antibodies were diluted in PBS containing 0.5% (w/v) BSA and 0.1% (w/v) skimmed milk;
the primary antibody 9E10*? was diluted 1:5000, and the secondary antibody ECL anti-mouse IgG
HRP-linked whole antibody (GE Healthcare, Amersham, UK) was diluted 1:500; both were incubated
overnight at 4 °C and visualized with Pierce™ DAB Substrate Kit (Thermo Scientific, Waltham, MA,
USA). FFU were counted and neutralization was evaluated as described [48]. Briefly, an ImmunoSpot
series 5 UV analyzer (CTL Europe GmbH, Bonn, Germany) and customized software were used for
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automated counting of FFU. Percentage of neutralization was calculated by relating the number of
FFU in each well to the mean number of FFU in virus-only wells.

3. Results

3.1. Expression of the Chimeric sHBsAg-Based Particles

The sequences coding for HCV (genotype 1a, isolate H77C [41]) E2 glycoprotein regions spanning
residues 412425, 434-446, 502-520, and 523-535 were inserted individually or in combinations into
the sequence of the major antigenic loop of HBV sHBsAg protein at positions corresponding with
amino acids 1110/5117 (A111-116) and P127/A128 (Figure 1a,b), previously reported to support peptide
insertions without an impact on particle formation. Additionally, cysteine residue substitution (C—A)
in epitope 502-520 was performed in order to minimize the risk of tertiary conformation disturbance.

a 412-425 QLINTNGSWHINST
434-446 NTGWLAGLFYQHK
502-520 VAGPVYAFTPSPVVVGTTD
523-535 GAPTYSWGANDTD

1110/5117(A111-116) P127/A128
vV VvV

1 502-520 245
4
sHBsAg_502-520 Fﬂ
1 434-446 233
N\
SHBsAg_434-446 m
1 523535 239
4
sHBsAg_523-535 Eﬂ
1 434-446 523-535 246
sHBsAg_434-446_523-535 w Fﬂ
1 434-446 412-425 247
N r /
SHBsAg_434-446_412-425 m Fﬂ
1 502-520 523-535 252
N\
sHBsAg_502-520_523-535 % Ea
1 412-425 240
4
sHBsAg_412-425 EZ

Figure 1. Construction of chimeric proteins. (a) Epitope sequences were derived from the hepatitis C
virus (HCV) isolate H77C (GenBank accession no. AF011751). The underlined alanine corresponds to the
substituted cysteine. (b) Recombinant constructs were generated by insertion of the sequences coding
for HCV E2 epitopes into the sequence coding for the hydrophilic loop of the hepatitis B virus (HBV)
small surface antigen (sHBsAg) protein at positions 1110/5117(A111-116) and/or P127/A128—insertion
sites are marked with black arrows.

Chimeric VLPs were produced in high-density cell cultures using the tetracycline-inducible
Leishmania tarentolae expression system. The expression of proteins was confirmed by SDS-PAGE of cell
lysates, followed by a western blot with sHBsAg-specific antibodies (Figure 2a). In reducing conditions,
the molecular masses of monomers of the chimeric proteins fell in the range of 27-35 kDa. The difference
in the molecular masses of the monomers was probably associated not only with the insertion of the
HCV E2-derived epitopes, but also with the molecular mass of the additional N-glycans. In comparison
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to the wild-type sHBsAg, chimeric particles carrying the 412-425 epitope contain two additional
glycosylation sites at positions N417 and N423. The chimeric particles exposing the 523-535 epitope
contain one additional glycosylation site at position N532. For all chimeric proteins, multimers of higher
molecular mass were also detected. Notably, during cultivation of the recombinant Leishmania tarentolae
cells, we consistently observed a lower protein level for sHBsAg_434-446 in comparison to those of
other chimeric proteins and the sHBsAg wild-type (wt) control. This finding is in agreement with the
poor growth kinetics indicated by relatively low ODggg of the sHBsAg_434-446 Leishmania tarentolae
culture reached after 72h of induction, in comparison to the other recombinant cell cultures (Table 1).

Table 1. ODgq of Leishmania tarentolae cell cultures. The measurement was performed for L. tarentolae
recombinant cell lines expressing chimeric proteins 72 h after tetracycline induction. The data represent
the mean values from a minimum of three independent procedures.

ODgpo
sHBsAg_502-520 49
sHBsAg_434-446 24
sHBsAg_523-535 4.8

sHBsAg_434-446_523-535 4.8
sHBsAg_434-446_412-425 4.5
sHBsAg_502-520_523-535 5.0
sHBsAg_412-425 5.3
sHBsAg wt 49

The chimeric VLPs were concentrated and partially purified from the cell lysate by ultracentrifugation
on an OptiPrep gradient. Most of the sHBsAg protein monomer was distributed in fractions 9-13
(Figure 2b). The figure represents an example of the sHBsAg protein distribution in the OptiPrep gradient
for sHBsAg_wt and two chimeric VLPs: sHBsAg_434-446 and sHBsAg_434-446_412-425. All other
chimeric VLPs demonstrated analogous sHBsAg distribution profiles after gradient ultracentrifugation
(Figure S1). Particle assembly was confirmed by transmission electron microscopy. The sHBsAg-positive
fractions showed spherical particles approximately 20-30 nm in diameter (Figure 2c). In summary,
although some differences in the particle expression level were observed, we were able to confirm
sHBsAg-based chimeric protein production and particle formation for all designed VLPs.

3.2. Immunogenicity of the Chimeric sHBsAg-Based Particles

To investigate immunogenicity, eight groups of BALB/c mice were immunized subcutaneously
with fractions containing different VLPs. All mice were immunized using the squalene-based Addavax
adjuvant, an MF59 analogue, the latter being licensed in Europe for human use. After mouse
immunizations, we found strong and specific antibody responses against biotinylated peptides,
corresponding with the E2 sequence exposed on the surface of the chimeric VLPs. Antibody titers
approaching 5 x 10* were observed for sera from all mouse groups (Figure 3a—d). The results evidenced
that immunization with particles carrying single and double foreign epitopes could elicit a strong and
specific antibody response against all exposed HCV epitopes.
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6% sHBsAg_412-425

OptiPrep concentration

Fractions 2-14
sHBsAg_wt

Fractions 2-15
sHBsAg 434-446

v

30>

sHBsAg_434-446_412-425

70 sHBsAg_434-446_412-425  sHBsAg_502-520_523-535

50
40

30
25

Figure 2. Expression and characterization of the chimeric proteins. (a) Western blot analysis of the
chimeric proteins expressed in L. tarentolae. Cell lysates were separated using SDS-PAGE and detected
with the anti-HBsAg antibody. The lysate from wild-type L. tarentolae cells was used as the negative
control (NC). Bands of higher molecular mass correspond with the multimeric forms of the proteins.
On the left protein ladder, the molecular weight in kDa is given. (b) In order to concentrate and partially
purify the chimeric particles, lysates from the L. tarentolae cell cultures expressing chimeric proteins
were placed on top of an OptiPrep density gradient. Seventeen fractions of 0.5 mL were harvested from
top to bottom. The aliquots of fractions 2-15 were then analyzed using a western blot with anti-HBsAg
antibodies. On the left protein ladder, the molecular weight in kDa is given. (c) Electron micrographs
of chimeric sHBsAg-based particles. After concentration on the Optiprep density gradient, the chimeric
particles were stained with uranyl acetate and analyzed using electron microscopy. Observed particles
were approximately 20-30 nm in diameter. Black arrows: Chimeric virus-like particles (VLPs). Scale
bar: 50 nm.
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Figure 3. Inmunization with chimeric sHBsAg-based particles elicited specific antibody responses in
mice. (a-d) For analysis of binding of immune sera to HCV peptides, streptavidin-coated microplates
were coated with 5 ug/mL of biotinylated synthetic peptides covering epitopes 412—-425, 523-535,
502-520, and 434-446 of HCV E2. (e) For analysis of binding of immune sera to yeast-derived
sHBsAg (yHBsAg), ELISA plates were coated with 5 pg/mL of purified sHBsAg protein derived from
Pichia pastoris. The dilution factors of the mouse sera are shown on axis x. The mean Aysy values are
shown on axis y. The background signal from the negative control mouse sera was subtracted from
the obtained results. The data represent the results from two independent experiments performed in
duplicate, and error bars indicate standard deviations. The dashed horizontal line represents the cutoff
value (three times the mean background value).

A detailed serum characterization showed strong cross-reactivity to purified yeast-derived
sHBsAg protein (yHBsAg) for the sera collected from the mice immunized with the sHBsAg_502-520,
sHBsAg 523-535, and sHBsAg 412425 VLPs (Figure 3e), with the antibody endpoint titer
comparable to that of wild-type sHBsAg VLPs. Weaker or no responses were observed following
immunization using sHBsAg_434-446 and all VLPs exposing two epitopes (sHBsAg_434-446_523-535,
sHBsAg_434-446_412-425, and sHBsAg_502-520_523-535).
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We next tested cross-reactivity of the sera from the immunized mice against the E1E2 complexes
of HCV genotypes 1-6 in ELISA assays. Under reduced/denatured conditions (Table 2a), six out of
seven antisera recognized E1E2 from HCV genotypes 1a, 1b, 2a, 2b, 3a, 4a, and 6a. The immune sera
derived from the mice immunized with particles carrying epitope 412-425 only failed to recognize
the 5a (14.4) E1E2. This is in line with previous results, as the 5a (14.4) isolate shows five amino
acid changes in region 412-425 in comparison to the source sequence derived from the H77C isolate
(Figure 4a) [39]. The antibodies elicited by VLPs carrying the 502-520 or 523-535 epitopes were able to
bind all tested E1E2. Finally, sHBsAg 434-446 VLPs did not elicit any antibodies capable of binding to
HCV E1E2. We then carried out ELISA under native conditions (Table 2b). Interestingly, we observed
significant variation among the antisera in the binding profile to the native E1E2 complexes expressed
in mammalian cells. The broadest cross-reactivity was found for sera from mice immunized with VLPs
carrying the 412-425 epitope (sHBsAg_412-425 and sHBsAg__434-446_412-425), as they only failed
to recognize the non-conserved 5a (14.4) E1E2. Antisera from mice immunized with VLPs carrying
the 523-535 epitope (sHBsAg_523-535, sHBsAg_434-446_523-535, and sHBsAg_502-520_523-535)
recognized E1E2 from genotypes 1a, 1b, 2a, and 5a, but not 3a and 4a. Additionally, a limited
recognition of E1E2 of genotypes 2b and 6a was observed. At last, sera from mice immunized with
sHBsAg_502-520 and sHBsAg_434-446 VLPs failed to recognize native E1E2 from any tested genotype.

Table 2. Cross-reactivity of immune sera to E1E2 complexes from different HCV genotypes in
(a) reduced/denatured and (b) native conditions. The sera dilution factor was 1:1000. “+” sections
suggest signal of high intensity (A459 > 0.5 for native conditions; As59 > 1.5 for reduced/denatured

“__

conditions), indicating strong binding. sections suggest low intensity (A45¢ < 0.15), indicating no
appreciable binding. “+/—" sections suggest moderate intensity (0.15 < A4s59 < 0.5 for native conditions),
indicating moderate binding. The background signal from the sHBsAg wt serum was subtracted from
the obtained results. The data represent the mean values from two independent experiments performed

in duplicate.

(a)

Reduced/Denatured Genotype (Isolate)
la 1b 2a 2b 3a 4a 5a 6a
MOUSE GROUP H77C) (12.6) (2.4) (1.1 (1.9) (21.16) (144) (5.8)
sHBsAg_502-520 + + + + + + + +
sHBsAg_434-446 - - - - - - - -
sHBsAg_523-535 + + + + + + + +
sHBsAg_434-446_523-535 + + + + + + + +
sHBsAg_434-446_412-425 + + + + + + - +
sHBsAg_502-520_523-535  + + + + + + + +
sHBsAg_412-425 + + + + + + - +
(b)
Native Genotype (Isolate)
la 1b 2a 2b 3a 4a 5a 6a

MOUSE GROUP

sHBsAg_502-520
sHBsAg 434-446

(H77C) (126) (24) (1.1) (1.9) (2L16) (144) (5.8)

sHBsAg_523-535 + + + +/- - - + +/-
sHBsAg_434-446_523-535  + - + +/- +/— - + +/—
sHBsAg_434-446_412-425 + + + + +/- + - +/—
sHBsAg_502-520_523-535  + + + + - - + -

sHBsAg_412-425 + + + + + + - +
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Figure 4. Amino acid alignment showing the sequence conservation of the regions 412425, 434-446,
502-520, and 523-535 for full-length E1E2 (a) and HCVcc isolates (b) used in this study. The sequence
derived from the HCV genotype 1a isolate H77C (GenBank accession number AF011751) is used as the
reference and indicated on the top of each alignment. Other sequences are designated according to

genotype (isolate). Amino acids conserved in reference to the H77C sequence are marked with dots.

For 6a (HK6a), the boxed threonine is a cell culture adaptive substitution.

Finally, we evaluated the neutralizing potency of IgG purified from the mouse sera against
genotypes 1-6 HCVcc. As shown in Figure 5, a neutralizing effect was only observed for antibodies
derived from the mice immunized with VLPs carrying the 412-425 epitope (sHBsAg_412-425 and
sHBsAg_434-446_412-425). These antibodies showed the most potent neutralization efficacy against
genotype 1a, 1b, 4a, and 5a viruses, with 80-100% neutralization at the highest IgG concentrations.
In addition, they were able to neutralize genotype 2a and 2b viruses with lower efficacy, approaching
~60% neutralization at the highest IgG concentrations. In contrast, for genotype 3a and 6a viruses, less
than 50% neutralization was observed at the highest concentrations tested. For genotype 6a viruses,
this is likely explained by the essential cell culture adaptive substitution N417T in the 412-425 region

(Figure 4b) [43].
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Figure 5. Chimeric VLP-induced antibodies cross-neutralized different HCV genotypes. Viruses were
incubated with IgGs purified from the sera of immunized mice and pooled for each experimental group.
The antibodies were pre-incubated with viruses of HCV genotypes (isolates) 1a (TN), 1b (J4), 2a (J6), 2b
(J8), 3a (S52), 4a (ED43), 5a (SA13), and 6a (HK6a) for 1.5 h, followed by incubation of Huh7.5 cells
with antibody-virus mixes for 4.5 h. The neutralization effect (%) was determined relative to cultures

infected with the respective viruses in the absence of antibodies. The data represent the mean values
from three technical replicates and error bars indicate standard deviations. The dashed horizontal line
marks 50% virus neutralization. Neutralization values of <0% are not shown; *, asterisks are added in
cases where error bars and neutralization values are <0%.

Thus, immunogenicity studies revealed that all designed VLPs were immunogenic, as they were
eliciting antibodies recognizing specifically the HCV E2 epitope used for immunization. However, only
sera from mice immunized with VLPs carrying epitopes 412-425 and 523-535 were able to recognize
native E1E2 heterodimers and only VLPs with epitope 412-425 were capable of eliciting a strong HCV

cross-neutralizing antibody response.
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4. Discussion

We developed a panel of sHBsAg-based VLPs carrying moderately to highly conserved and
immunogenic epitopes derived from the HCV E2 glycoprotein using the economically attractive
Leishmania tarentolae expression system. Following immunization with the adjuvant Addavax, which is
similar to the MF59 adjuvant licensed for human use in Europe, VLPs carrying the 412425 epitope
elicited potent cross-neutralizing IgGs with isolate specific neutralization differences, suggesting
differences in epitope accessibility on HCVcc.

Previously, chimeric sHBsAg-based VLPs were developed carrying the HCV E2 HVR1 [38,40].
This approach might be problematic due to the high variability of the HVR1 protein sequence.
Considering the high genetic diversity and structural flexibility of HCV E2, efforts should be made to
target immune responses to conserved epitopes. Therefore, we here explored several HCV E2 epitopes
as potential vaccine antigens.

Epitope I (residues 412—423) is an important target for broadly neutralizing antibodies and
has been proposed as the target of antibody-based therapy [18,20,21]. Our results highlight the
ability of epitope I to induce HCV cross-reactive antibodies. In previous research, we found sera of
sHBsAg_412-425-immunized mice to bind E2 glycoproteins derived from different HCV genotypes
under denaturing conditions by western blotting [39]. Here, we demonstrated that sera induced
by immunization with VLPs carrying epitope I recognized E1E2 complexes derived from different
genotypes under native conditions by ELISA, suggesting that epitope I is accessible in the native
E1E2 complexes. Most importantly, purified IgG targeting epitope I showed an impressive HCV
cross-neutralization potency.

While genotype 2a and 2b viruses showed comparatively low neutralization sensitivity, we
observed highly efficient neutralization of genotype 1a, 1b, 4a, and 5a viruses. It should be noted that
although the antibodies directed against the 412—425 epitope failed to recognize 5a (14.4) E1E2 in the
native ELISA, they effectively neutralized 5a (SA13) HCVcc only differing at one residue in the 412425
epitope from H77C. Observed neutralization efficacies were comparable to those reported for efficient
human monoclonal antibodies [49]. In contrast, antibodies to epitope I failed to neutralize genotype 3a
and 6a viruses. For the 6a virus, the lack of neutralization sensitivity can most probably be explained
by the presence of the “glycan shift” substitution N417T, which is critical for cell culture adaptation,
also of another genotype 6a isolate [50]. It was previously described that a single substitution N4175
or N417T resulted in a shift of the N-glycosylation site from N417 to N415 and effectively prevented
recognition of epitope I by some antibodies [20,51,52]. Future neutralization studies with genotype 6a
HCVpp not depending on this cell culture adaptive substitution could prove whether genotype 6a
isolates with native epitope I sequence are neutralized by sHBsAg_412-425-induced antibodies.

Interestingly, our data suggest that epitope I might be shielded in the studied genotype 3a virus
and to a lesser extend in the genotype 2a and 2b viruses, as the efficiently neutralized 1a virus had the
same epitope I sequence as the 3a virus, and the efficiently neutralized 1b virus had the same epitope
I sequence as the 2a virus. This hypothesis is supported by the finding that AP33 Fab fragments,
targeting epitope I, neutralized the 1b virus used in this study with high efficacy and the studied 2a and
2b viruses with lower efficacy, while no significant neutralization of the used 3a virus was observed
(Prentoe, personal communication). It has previously been reported that HCV envelope features,
such as HVR1-mediated epitope protection, determined differences in neutralization susceptibility
rather than just sequence diversity [53]. Future research possibly involving structural analysis will
be required to prove the hypothesis on differential shielding of epitope I in different HCV isolates.
Moreover, in future research, it would be interesting to investigate if these observed effects are genotype
or isolate specific, by developing and/or using already developed HCVcc, preferably without cell
culture adaptive substitutions in the envelope proteins.

We investigated immunogenicity of three additional relatively conserved epitopes localized in the
E2 CD81-binding region comprising residues 434—446, 502-520, and 523-535. Each of these epitopes
has previously been described as important for binding of both neutralizing and non-neutralizing
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anti-HCV antibodies. However, most of these antibodies were described to be conformation-sensitive
and recognized discontinuous epitopes located within the CD81 binding region [22,26,54,55]. Similarly,
we found that these epitopes were immunogenic and that antibodies targeting these epitopes recognized
synthetic peptides and, except for antibodies targeting epitope 434-446, also denatured E1E2. In contrast,
antibodies targeting these epitopes were less efficient in recognizing E1E2 in native ELISA and were not
neutralizing HCVcc. This suggests that residues 434446, 502-520, and 523-535 might not be accessible
in the E1E2 complex and on HCVcc and thus, induction of antibodies targeting conformational epitopes
covering these regions might be required for efficient virus neutralization. The role of antibodies
binding residues 434-446 (epitope II) is still under debate. It was reported that such antibodies enhanced
HCV neutralization mediated by antibodies targeting epitope I in a synergistic manner [56,57]. On the
other hand, it was also suggested that epitope II might be associated with non-neutralizing antibodies
mediating antibody-interference by hindering binding of neutralizing antibodies targeting epitope I.
Thus, depletion of epitope II-specific antibodies from the serum samples collected from HCV-positive
patients [58,59] as well as E1E2 immunized chimpanzees [59] and humans [60] improved neutralizing
activity of antibodies targeting epitope I [58-60].

Residues 523-535 (epitope III) localize to the C-terminal part of the CD81 binding loop and are an
important target for human conformation-sensitive, broadly neutralizing antibodies [61]. Even though
antibodies induced by VLPs carrying epitope 523-535 were binding native E1E2 of several isolates, they
failed to neutralize HCVcc. Thus, also according to prior evidence, antibodies targeting conformational
but not linear epitopes within this region might be required for efficient neutralization [62]. Moreover,
the 523-535 region is suggested to adopt different conformations [63,64], which might influence
epitope accessibility.

The less well characterized residues 502-520 were proposed as a possible fusion peptide [65], and,
more recently, to be of importance for interaction with HCV entry receptors [26]. Antibodies induced
by VLPs carrying residues 502-520 were binding denatured but not native E1E2 of all tested isolates
and failed to neutralize HCVcc. This could be explained by poor accessibility of the 502-520 epitope,
as it is located within the E2 3-sandwich structure [25,26]. In line with this hypothesis, antibodies
targeting this region were detected after animal immunizations using a subunit vaccine, but were not
induced during natural infection of chimpanzees and humans [24]. It is also possible that C503A and
C508A substitutions in the 502-520 epitope (Figure 1) hindered the binding of the sHBsAg 502-520
VLP-elicited antibodies to the native E1E2 heterodimer.

The obtained results proved that exposition of a single epitope on the sHBsAg particle does not
necessarily disturb the ability of chimeric particles to induce an immune response against the carrier
protein. Thus, sera from mice immunized with most VLPs exposing a single epitope yielded titers
of anti-sHBsAg antibodies that were comparable to that of the sera from mice immunized with the
wild-type sHBsAg VLPs. This phenomenon is consistent with previously published data [34,38-40].
In contrast, insertion of the 434446 epitope reduced the particle’s ability to elicit sHBsAg-specific
antibodies. This might be caused by changes in the carrier protein conformation or overall particle
formation. This hypothesis is supported by our observation that sHBsAg proteins including HCV
residues 434—446 at position P127/A128 were unable to assemble into VLPs (unpublished data).
Even though this hindrance was overcome by insertion at position 1110/5117 (A111-116), growth of
Leishmania tarentolae cells expressing sHBsAg_434-446 and expression of these VLPs was significantly
reduced compared to the other VLPs (Figure 2a, Table 1). In addition, inclusion of two HCV epitopes
into the hydrophilic loop of sHBsAg interfered strongly with the antibody response elicited against the
carrier protein. Thus, if an sHBsAg-based VLP vaccine should feature different HCV epitopes and
protect against both HCV and HBYV, a mixture of VLPs carrying single HCV epitopes might be more
suitable than exposure of different epitopes on the surface of a single VLP.

A recent study by Wei et al. [66] also explored immunogenicity of sHBsAg-based VLPs carrying
different HCV epitopes (residues 313-327 in E1 as well as 412-423, 523-535, and HVR1 in E2). Less than
50% neutralization of genotype 1a, 1b, and 2a HCVcc in comparison to pre-immunization control
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serum was observed for serum from mice immunized with single VLPs. The fact that Wei et al.
observed limited neutralization with antibodies induced by epitope IIl might be explained by different
presentation of the 523-535 epitope on the surface of the VLPs, due to the insertion of a HIS-tag.
However, direct comparison of our results with the study by Wei et al. is hindered due to the lack of
specification of the dilutions of mouse sera used for HCVcc neutralization and use of serum instead of
purified IgG in neutralization assays, which might be problematic, as interfering serum components
might perturb assay results [67].

In this study, we have shown that sHBsAg-based VLPs are able to successfully present different
linear HCV epitopes. Elicited antibodies specifically target linear epitopes within the E2 glycoprotein
and could in the future be used in studies addressing epitope accessibility for different HCV isolates.
Among all tested VLPs, only those comprising 412-425 or 523-535 epitopes were able to induce
antibodies recognizing native E1E2 complexes. An HCV neutralization effect was only observed for
antibodies induced by VLPs carrying the 412-425 epitope. Although epitope 1 is suggested to be hidden
from the humoral immune response in HCV-infected individuals [68], chimeric particles carrying
this epitope elicited high titers of cross-reactive and cross-neutralizing antibodies against HCV while
preserving anti-sHBsAg immunity. Interestingly, isolate-specific differences in neutralization efficacy
of the antibodies elicited using epitope I suggested isolate-specific epitope accessibility. Future in vivo
studies could potentially verify the effectiveness of vaccine-induced immunity; however, at present
there are no robust immunocompetent animal models permissive for HCV [15]. In light of the data
from the present study, region 412—425 derived from the HCV E2 glycoprotein remains the most
promising epitope for further sHBsAg-based bivalent prophylactic vaccine research. In conclusion,
vaccination with sHBsAg_412-425 VLPs in combination with additional antigen capable of inducing
conformation-dependent antibodies would be beneficial for successful development of a pan-genotypic
vaccine against HCV.
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Figure S1: OptiPrep density gradient lysates from the Leishmania tarentolae cell cultures expressing chimeric proteins.
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Figure S1. OptiPrep density gradient lysates from the L. tarentolae cell cultures expressing chimeric
proteins. Seventeen fractions of 0.5 mL were harvested from top to bottom. The aliquots were then
analyzed using western blot with anti-HBsAg antibodies. On the left, protein ladder, the molecular
weight in kDa is given.
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ABSTRACT Two of the most important mechanisms of hepatitis C virus (HCV) immune
evasion are the high variability of the amino acid sequence and epitope shielding via
heavy glycosylation of the envelope (E) proteins. Previously, we showed that chimeric
sHBsAg (hepatitis B virus [HBV] small surface antigen)-based virus-like particles (VLPs)
carrying highly conserved epitope | from the HCV E2 glycoprotein (sHBsAg_412-425)
elicit broadly neutralizing antibodies (bnAbs). However, many reports have identified
escape mutations for such bnAbs that shift the N-glycosylation site from N417 to N415.
This shift effectively masks the recognition of epitope | by antibodies raised against the
wild-type glycoprotein. To investigate if glycan-shift-mediated immune evasion could be
overcome by targeted vaccination strategies, we designed sHBsAg-based VLPs carrying
epitope | with an N417S change (sHBsAg_N417S). Studies in BALB/c mice revealed that
both sHBsAg_412-425 and sHBsAg_N417S VLPs were immunogenic, eliciting antibodies
that recognized peptides encompassing epitope | regardless of the N417S change.
However, we observed substantial differences in ETE2 glycoprotein binding and cell cul-
ture-derived HCV (HCVcc) neutralization between the sera elicited by sHBsAg_412-425
and those elicited by sHBsAg_N417S VLPs. Our results suggest a complex interplay
among antibodies targeting epitope |, the E1E2 glycosylation status, and the epitope or
global ETE2 conformation. Additionally, we observed striking similarities in the ETE2 gly-
coprotein binding patterns and HCVcc neutralization between sHBsAg_412-425 sera
and AP33, suggesting that the immunization of mice with sHBsAg_412-425 VLPs can
elicit AP33-like antibodies. This study emphasizes the role of antibodies against epitope
| and represents an initial effort toward designing an antigen that elicits an immune
response against epitope | with a glycan shift change.

IMPORTANCE Epitope |, located within amino acids 412 to 423 of the HCV E2 glyco-
protein, is an important target for an epitope-based HCV vaccine. One interesting
feature of epitope | is the N417 glycosylation site, where a single change to S417 or
T417 can shift the glycosylation site to position N415. This shift can effectively pre-
vent the binding of broadly neutralizing antibodies targeting epitope I. Aiming to
overcome glycan-shift-mediated immune evasion, we constructed sHBsAg_N417S
VLPs carrying E2 epitope |, with N417S, and compared them with VLPs carrying wild-
type epitope I. We show that antibodies elicited by the sHBsAg-based VLPs present-
ing two variants of the 412-425 epitope targeted two distinct glycan variants of the
HCV E1E2 heterodimer. Our study suggests that due to the conformational flexibility
of the E2 glycoprotein and epitope |, future vaccine antigens should elicit antibodies
targeting more than one conformation and glycosylation variant of the 412-423
epitope.
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tis estimated that at least 58 million individuals worldwide are chronically infected

with hepatitis C virus (HCV), resulting in increased risks of chronic liver disease and
hepatocellular carcinoma, causing about 300,000 deaths, annually (1). In recent years,
new antiviral therapies based on direct-acting antivirals (DAAs) have been introduced
(2). However, due to poor diagnostic coverage and high treatment costs, it has
become apparent that in many countries, only a small fraction of HCV-infected indi-
viduals will receive DAA therapy. In addition, reinfections among people who inject
drugs are common, and emerging resistance to DAAs is expected to compromise
treatment efficacy (3, 4). Thus, the development of an effective prophylactic vaccine
against HCV is required to control the spread of this virus (5, 6) and to support dis-
ease elimination efforts. Such a vaccine should ideally generate broadly neutralizing
antibodies (bnAbs) able to prevent infection caused by various circulating genotypes
and subtypes of HCV. However, the high genetic heterogeneity and conformational
flexibility of the envelope glycoproteins of HCV pose a major obstacle to effective
vaccine design (5, 7).

The prime targets of host neutralizing antibodies, the HCV envelope glycopro-
teins E1 and E2, located on the surface of the viral particle, show extensive genetic
heterogeneity, particularly in the hypervariable regions localized in the E2 glyco-
protein (8, 9). Thus, an effective vaccine should preferentially raise neutralizing anti-
bodies against genetically conserved regions of the E1E2 heterodimer to elicit
bnAbs (7,10, 11).

The most important linear neutralizing HCV epitope and, thus, an important vaccine
target is the antigenic domain comprising epitope | located within amino acids (aa) 412
to 423 of the E2 glycoprotein (412-423 epitope). This region is involved in HCV binding
to the CD81 entry receptor (12, 13) and is conserved among over 5,500 E2 sequences in
the GenBank database (14). However, Tarr et al. highlighted the low immunogenicity of
the 412-423 epitope in natural infection, as the prevalence of antibodies against epitope
I in sera from HCV-infected patients was only 2.5% (15). Therefore, the efficient presenta-
tion of the 412-423 epitope to the immune system should be an important goal for HCV
vaccine design. We previously showed that the expression of amino acids 412 to 425,
encompassing the 412-423 epitope, on the hepatitis B virus (HBV) small surface antigen
(sHBsAg) elicited high levels of bnAbs against HCV (16).

One interesting feature of epitope | is the N417 glycosylation site, defined by the
canonical N-X-S/T glycosylation signal sequence, where a single change to S417 or
T417 can shift the glycosylation site to position N415 (17). Several monoclonal anti-
bodies (mAbs) targeting epitope | have been isolated from rodents and humans,
including mouse AP33 (12, 14, 18), rat 3/11 (18, 19), human HCV1 (20) and HC33.1
(21), as well as humanized MRCT10.v362 and hu5B3.v3 (17). However, the N-linked
glycan shift can effectively prevent the binding of the broadly neutralizing AP33, the
humanized counterparts, and HCV1 to epitope | (14, 17). Furthermore, HCV escape
variants carrying N417S/T glycan shift changes were selected during treatment with
mAbs targeting epitope | (22, 23).

To investigate if glycan-shift-mediated immune evasion could be overcome by tar-
geted vaccination strategies, we constructed sHBsAg_N417S virus-like particles (VLPs) car-
rying E2 aa 412 to 425, comprising epitope |, with the N417S change (QLINTSGSWHINST
[change indicated in boldface type]), thereby introducing a glycan shift into the epitope.
These particles were compared with previously described sHBsAg_412-425 VLPs present-
ing the wild-type 412-425 epitope (QLINTNGSWHINST) on the surface of sHBsAg VLPs
(24). In this study, we compared the binding of antibodies elicited by the sHBsAg_N417S
and sHBsAg_412-425 VLPs to HCV peptides and native HCV E1E2 complexes with and
without the N417S change and tested the impact of the N417S change on the neutraliza-
tion of cell culture-infectious HCV (HCVcc). Moreover, we compared the E1E2 binding
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FIG 1 Construction of chimeric proteins. (A) The 412-425 sequence was derived from HCV isolate H77C (GenBank
accession no. AF011751) and comprises epitope | (aa 412 to 423) with two additional amino acids, S424 and T425.
The N417S epitope was generated by an N417 substitution with S in the 412-425 epitope; changed amino acids
are marked in red. Chimeric constructs were generated by the insertion of the sequences coding for HCV E2
epitopes into the sequence coding for the hydrophilic loop of the sHBsAg protein at position P127/A128. (B) To
concentrate and partially purify the chimeric particles, lysates from L. tarentolae cell cultures expressing chimeric
proteins were placed on top of an OptiPrep density gradient. Seventeen fractions of 0.5 mL were harvested from
top to bottom. Aliquots of fractions 2 to 15 were then analyzed using Western blotting with anti-sHBsAg pAb or
AP33. On the left protein ladder, the molecular weight in kilodaltons is given. (C) Electron micrographs of chimeric
sHBsAg-based particles. (Left) After concentration on the OptiPrep density gradient, the chimeric particles were
stained with uranyl acetate and analyzed using electron microscopy. The observed particles were approximately 20
to 30 nm in diameter. (Right) The binding of AP33 to the N417S epitope was studied by immunogold labeling
using secondary goat anti-mouse antibodies conjugated with 6-nm gold particles. Black arrowheads indicate
chimeric VLPs. Bars, 100 nm.

pattern of the antibodies elicited by the sHBsAg-based VLPs to that of well-characterized,
broadly neutralizing mAbs.

RESULTS

Expression and characterization of chimeric sHBsAg-based particles. The con-
struction, expression, and characterization of the sHBsAg_412-425 VLPs were described
previously (16, 24). In short, the sequence coding for the HCV (genotype 1a isolate H77C
[25]) E2 glycoprotein region spanning residues 412 to 425 was inserted into the sequence
of the major antigenic loop of the HBV sHBsAg protein at positions corresponding to amino
acid P127/A128. The addition of amino acids S424 and T425 to epitope | (aa 412 to 423)
retained the natural N2 glycosylation site at N423. For the generation of sHBsAg_N417S
VLPs, a single point mutation was introduced into the sequence coding for the 412-425
epitope, changing asparagine (N417) to serine (S417) (Fig. 1A).

Chimeric VLPs were produced in high-density cell cultures using the tetracycline-in-
ducible Leishmania tarentolae expression system and in mammalian HEK293F cells. The
sHBsAg_N417S VLPs were concentrated and partially purified from the cell lysate by ultra-
centrifugation on an OptiPrep gradient. The expression of proteins was confirmed by
SDS-PAGE of the gradient fractions followed by Western blotting with sHBsAg-specific
antibodies. The molecular mass of the sHBsAg_N417S monomer was approximately
30 kDa, and most of the sHBsAg_N417S protein was distributed in fractions 8 to 11
(Fig. 1B). Particle assembly was confirmed by transmission electron microscopy. The
sHBsAg-positive fractions showed spherical particles approximately 25 nm in diameter
(Fig. 1C, left). Additionally, immunogold labeling of the sHBsAg_N417S particles with
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AP33 revealed the selective labeling of the VLPs, strongly suggesting that despite the
N417S change, the presented epitope was successfully recognized by AP33 (Fig. 1B and C,
right; see also Fig. S1A in the supplemental material).

To test the glycosylation status of the L. tarentolae-derived VLPs, we treated them
with peptide N-glycosidase F (PNGase F) and endo-B-N-acetylglucosaminidase Hf (endo
Hf) (Fig. S1B). We observed a shift in the migration patterns for the samples treated with
PNGase F; however, they were unaffected by endo Hf. This suggests that VLPs produced
in the L. tarentolae system are composed of complex and not hybrid or high-mannose
glycans. Similar results were observed for VLPs produced in human embryonic kidney
HEK293F cells (Fig. S1B).

To further characterize sHBsAg_N417S VLPs, we used the following HCV E2 412-423
epitope-specific antibodies: AP33, which is unable to recognize the E2 glycoprotein car-
rying the N417S change (17, 26), and HC33.1, which binds E2 with the N-glycosylation
site at either N417 or N415, with a higher affinity for the N415 variant (27). Interestingly,
sHBsAg_N417S VLPs were recognized by AP33 with the same efficiency as that for
sHBsAg_412-425 VLPs in an enzyme-linked immunosorbent assay (ELISA), with no cross-
reactivity with sHBsAg particles (Fig. 2). Similarly, HC33.1 bound both sHBsAg_412-425
and sHBsAg_N417S particles, with no differences in affinity being observed between the
two (Fig. 2). Similar results were obtained for sHBsAg_412-425 and sHBsAg_N417S VLPs
expressed in mammalian HEK293F cells (Fig. S2).

In summary, we were able to confirm sHBsAg_N417S chimeric protein production
and VLP formation. Additionally, we observed that AP33, which was sensitive to the E2
N417S change, unexpectedly bound to sHBsAg_N417S VLPs and sHBsAg_412-425
VLPs with similar efficiencies.

Immunogenicity of the chimeric sHBsAg-based particles. To investigate immuno-
genicity, 4 groups of 6 BALB/c mice were immunized subcutaneously with sHBsAg_412-
425, sHBsAg_N417S, or wild-type sHBsAg (sHBsAg_wt) VLPs or phosphate-buffered saline
(PBS). All mice were immunized using the squalene-based AddaVax adjuvant, an analog of
MF59, which is licensed in Europe for human use. After mouse immunizations, we found
that both sHBsAg_412-425 and sHBsAg_N417S VLPs elicited strong and specific antibody
responses against biotinylated peptides corresponding to both wild-type E2 412-425
(412-425:WT) and E2 412-425 with the N417S change (412-425:N417S). Similar antibody
titers of between 5 x 10* and 10° were observed for sera obtained after immunization
with either of the constructs (Fig. 3A). These results showed that immunization with VLPs
carrying E2 412-425 with or without the glycan shift could elicit an antibody response
against the corresponding linear peptide regardless of the N417S change.

Detailed serum characterization showed that similar to the sHBsAg_412-425 VLPs,
sHBsAg_N417S VLPs elicited an antibody response against purified yeast-derived sHBsAg
protein (yHBsAg), with an antibody titer comparable to that of wild-type sHBsAg VLPs
(Fig. 3B). These results confirmed that the insertion of E2 412-425 with or without N417
did not interfere with sHBsAg immunogenicity.

We next tested the reactivity of sera from the immunized mice against mammalian
cell-expressed E1E2 complexes derived from genotype 1a (H77C) with or without the
N417S change (E1E2:N417S and ETE2:WT, respectively) by ELISAs. Under native conditions
(Fig. 4A), sera from mice immunized with sHBsAg_412-425 showed significantly reduced
binding to E1E2:N417S in comparison to binding to E1E2:WT. This binding loss could be
partially recovered by the incubation of sHBsAg_412-425 sera with denatured/reduced
E1E2:N417S (Fig. 4B). A similar binding pattern was observed for AP33 (Fig. 4A and B). Sera
from mice immunized with sHBsAg_N417S failed to recognize E1TE2:WT but exhibited
strong binding to E1E2:N417S under both native and denatured/reduced conditions
(Fig. 4A and B). These results suggested that despite the reactivity of both sHBsAg_412-
425 and sHBsAg_N417S sera to the synthetic linear peptides, their ability to recognize the
full-length ETE2 glycoproteins was determined by the presence of the N417S change.

To test the impact of the N-linked glycans on serum binding, we performed
Western blotting with E1E2 complexes treated with PNGase F. sHBsAg_412-425 sera
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FIG 2 Recognition of VLPs by a panel of antibodies. ELISA plates were coated with partially purified
sHBsAg_412-425, sHBsAg_N417S, and sHBsAg_wt VLPs, as depicted on the x axis. VLPs were probed
with serial dilutions of epitope I-specific AP33/HC33.1 and anti-sHBsAg pAb. mAb ALP98 was used as
a negative control. Data were analyzed using two-way analysis of variance (ANOVA) (ns [not
significant], P > 0.05; *, P < 0.05; ****, P < 0.0001). The mean A, values are shown on the y axis.
The data represent the results from two independent experiments performed in duplicate, and error
bars indicate standard deviations.

recognized glycosylated and nonglycosylated E1E2:WT and, with reduced affinity,
E1E2:N417S (Fig. 5A). A similar binding pattern was observed for AP33 (Fig. 5B). For
sHBsAg_N417S sera, we observed weak binding to E1E2:WT only when treated with
PNGase F (Fig. 5C). Together, these data are in keeping with those shown in Fig. 4
showing sHBsAg_412-425 serum and AP33 binding to denatured/reduced E1E2:
N417S, and they confirm that N-linked glycosylation at position N415 influences serum
and mAb reactivities.

Next, we performed a competitive ELISA in which mouse immune sera, AP33, and
mAb ALP98 were preincubated with the 412-425:WT or 412-425:N417S peptide and
transferred to microtiter plates coated with E1E2:WT (Fig. 6). We observed that the bind-
ing of sHBsAg_412-425 sera and AP33 to ETE2:WT was specifically inhibited by the 412-
425:WT (Fig. 6A) and 412-425:N417S (Fig. 6B) peptides. Additionally, we performed a
competitive ELISA with the 412-425:W420R peptide (Fig. 6C) in which W420, an essential
contact residue for AP33 and CD81 receptor binding (28), was replaced by R. As expected,
no inhibition of sHBsAg_412-425 sera and AP33 by the 412-425:W420R peptide was
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FIG 3 Analysis of antibodies elicited in mice following immunization with chimeric sHBsAg-based particles. (A) To
analyze the binding of immune sera, streptavidin-coated microplates were coated with 5 wg/mL biotinylated synthetic
peptides covering the HCV E2 412-425 and 412-425:N417S epitopes. (B) For analysis of the binding of immune sera
to yeast-derived sHBsAg (yHBsAQg), ELISA plates were coated with 5 wg/mL purified sHBsAg protein derived from P.
pastoris. The dilution factors of the mouse sera are shown on the x axis. The mean A,s, values are shown on the y
axis. The background signal from the negative-control mouse sera was subtracted from the obtained results. The data
represent the results from two independent experiments performed in duplicate, and error bars indicate standard
deviations. The dashed horizontal line represents the cutoff value (three times the mean background value).

observed. Consistent with the data in Fig. 4 and 5, the sHBsAg_N417S sera failed to bind
E1E2:WT. As expected, the peptides did not affect the binding of the control mAb ALP98,
which recognizes a different linear epitope on the E2 glycoprotein (29), to E1E2:WT. When
testing the inhibition of sHBsAg_N417S serum binding to E1E2:N417S (Fig. S3), we
observed specific inhibition by both the 412-425:WT and 412-425:N417S peptides, and
similar to the sHBsAg_412-425 serum, sHBsAg_N417S serum binding was not inhibited
by the 412-425:W420R peptide. These results provided additional support for the similar-
ities in binding patterns between the sHBsAg_412-425 sera and AP33.

To further compare sHBsAg_412-425 sera and AP33, we evaluated binding to a panel of
E1E2 (genotype 1a H77C) mutants (Fig. 7) in which each residue across the 412-423 epitope
was individually replaced by alanine. As shown previously (21, 30, 31), the binding of AP33
to E1E2 was abolished by alanine substitution of L413, G418, or W420 and reduced by ala-
nine substitution of N415 (Fig. 7A). The binding profile of the sHBsAg_412-425 serum anti-
bodies was similar to that of AP33, as their binding to E1E2 was abrogated by the same four
mutations (Fig. 7B). This finding indicated that vaccination with 412-425_sHBsAg VLPs eli-
cited AP33-like antibodies. As expected, sHBsAg_N417S serum was not reactive to the panel,
except to E1E2 with the N417A change (Fig. 7C). For comparison, we performed an assay
using mAb HC33.1. We observed that HC33.1 binding was hindered by alanine substitutions
at L413, G418, and W420, which is in line with previously reported data (21, 30) (Fig. 7D).
These results showed that antibodies elicited by sHBsAg_N417S VLPs have an E1E2 binding
pattern different from those of AP33 and HC33.1. ALP98, which recognizes a different E2 epi-
tope, was used as a positive control (Fig. 7E).

Finally, we evaluated the neutralizing potency of IgG purified from sHBsAg_412-425
and sHBsAg_N417S mouse sera against HCVcc with or without the N417S/T change
(Fig. 8). As previously reported, antibodies derived from mice immunized with
sHBsAg_412-425 VLPs efficiently neutralized HCVcc lacking the glycan shift change, Jc1:
WT (Fig. 8A), SA13:WT (16), and H77:WT (Fig. 8B), whereas no neutralization effect was
observed for recombinants carrying an N417 change, Jc1:N417S (Fig. 8A), H77:N417S,
and HK6a:N417T (Fig. 8B). Corresponding results were observed for AP33, with efficient
neutralization of Jc1:WT, H77:WT, and SA13:WT; reduced potency against H77:N417S;
and no neutralization of Jc1:N417S and HK6a:N417T. On the other hand, sHBsAg_N417S

Month YYYY Volume XX Issue XX 10.1128/spectrum.02546-22 6

Downloaded from https://journal s.asm.org/journal/spectrum on 31 January 2023 by 153.19.19.143.


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02546-22

Glycan Shift Impacts Antibodies against HCV Epitope |

A E1E2:WT E1E2:N417S
25 - 25 - e
ns .—_, ns
20{ I s 2.0 A
1.5
o
2
<
1.0 A
T
0.5
L] I -z
0.0 | -l_ﬁg'rl I i]!ﬂ]] Tiis 4
5
N’,NLQ $b{\’l g”o\)\%&g)“\
%5?9/%9@%?‘ S
B E1E2:WT E1E2:N417S
25 4 25 4
2.0 A * 2.0 - .
”
1.5 1 __ns 1.5 4 =
o o
2 2
< <
1.0 T 1.0 4
0.5 T 0.5 -
I |1 | T S n _ [ [
DO e ] = ] o = o0 -
% S > 5 S % o
b:\q')ﬂ \Ab:'\,l P?’b %QPQ}S\ b‘,\fL'b‘rL $&\1 P??) %%Pg/
PO e 8 R X
& &7

AP33 dilutions  sera dilutions

. 1000 . 200
=3 5000 1000
3 10000 (=3 2000
I 25000 . 5000

FIG 4 Reactivity of immune sera to ETE2 complexes with and without the N417S change expressed
in mammalian cells. For the analysis of the binding of immune sera to E1E2 heterodimers expressed
in mammalian cells, GNA-coated ELISA plates were incubated with native (A) or reduced/denatured
(B) E1E2-containing cell lysates. The mean A,, values are shown on the y axis. Data were analyzed
using two-way ANOVA (ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). Data
represent the results from two independent experiments performed in duplicate, and error bars
indicate standard deviations. The dashed horizontal line represents the cutoff value (three times the
mean background value).

antibodies neutralized the Jc1:N417S virus carrying the N417S change to some extent at
the highest IgG concentration tested (Fig. 8A); however, they did not show any neutraliz-
ing efficacy against H77:N417S and HK6a:N417T HCVcc (Fig. 8B). As expected, antibodies
elicited by sHBsAg_N417S VLPs did not recognize viruses lacking the glycan shift change,
JcT:WT, H77:WT, or SA13:WT.

These findings confirmed that sHBsAg_N417S VLPs are immunogenic and elicit anti-
bodies that specifically bind E1E2:N417S but appear to have limited neutralizing activ-
ity against HCVcc with the N417S glycan shift mutation, observed only in the context
of certain virus isolates. Additionally, we described a high degree of similarity between
AP33 and antibodies elicited by sHBsAg_412-425 VLPs.

DISCUSSION

HCV E2 epitope | is a highly conserved, linear epitope targeted by several bnAbs
and, thus, is an interesting target for rationally designed vaccines against this deadly
pathogen. However, antibodies toward epitope | were reported to be found in only
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sHBsAg_412-425 sera AP33 sHBsAg_N417S sera sHBsAg_wt sera ALP98

FIG 5 Reactivity of immune sera to E1E2 complexes treated with glycosidase. The E1E2 heterodimers
with and without the N417S change were treated with endoglycosidase PNGase F. After overnight
incubation, Western blotting under reducing conditions with mouse immune sera was performed (A
and C). AP33 was used as a reference antibody (B), and sHBsAg_wt sera used as a negative control
(D). ALP98, which binds to a different linear epitope on the E2 glycoprotein and was not affected by
the N417S change, was used as a positive control (E). NC, negative control. Non-transfected HEK293
cell lysate is marked as NC. The protein ladder is marked with M, and the molecular weight in kDa is
given.

a low percentage of chronically infected individuals (15, 21). If epitope | is to be
used as a future vaccine antigen, it should be efficiently presented to the immune
system. Over the years, several broadly neutralizing monoclonal antibodies target-
ing this region have been reported in humans and animal models, including mouse
AP33 (12, 13, 18), human HC33.1 (21), rat 3/11 (19), and human HCV1 (20). HCV1 was
tested in the clinic as a potential HCV treatment in infected patients undergoing
liver transplantation; however, several days after HCV1 infusion, patients experi-
enced viral rebound, with the virus population showing escape variants consistently
associated with the N417 change that cause the glycan shift escape mechanism (22,
23). Similar viral evasion was observed for in vitro selection with AP33, where pro-
longed incubation of HCVcc-infected cells with AP33 resulted in the occurrence of

A B (o
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FIG 6 Immune serum binding to E1E2 complexes in a peptide competition ELISA. The sHBsAg_412-425 and
sHBsAg_N417S sera and monoclonal antibodies AP33 and ALP98 were preincubated with serial dilutions of the
peptide E2 epitopes 412-425:WT (A), 412-425:N417S (B), and 412-425:W420R (C). AP33 was used as a reference
antibody, and ALP98 was used as a control. The antibody-peptide mix was then tested for reactivity against
E1E2:WT by a GNA capture ELISA. The peptide concentrations are shown on the x axis. The mean A, values
are shown on the y axis. The data represent the results from two independent experiments performed in
duplicate, and error bars indicate standard deviations. The dashed horizontal line represents the cutoff value
(three times the mean background value).
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FIG 7 Reactivity of immune sera to a panel of ETE2 complex mutants in which residues across the
412-425 epitope were individually replaced by alanine. ETE2 heterodimer mutants were expressed in
HEK293 cells, captured using GNA-coated ELISA plates, and probed with AP33 (diluted 1:2,500) (A),
sHBsAg_412-425 and sHBsAg_N417S sera (diluted 1:500) (B and C), HC33.1 (2 ug/mL) (D) and ALP98
(diluted 1:1,000) (E). The mean A,,, values are shown on the y axis. The substitution introduced into
the E1E2 complex is annotated on the x axis according to the amino acid occurring within the H77C
sequence, and the amino acid position is numbered relative to the H77C polyprotein chain. The data
represent the results from two independent experiments performed in duplicate, and error bars
indicate standard deviations.

N417S/T changes, with N417S becoming dominant (17). Moreover, a previous analysis
by Cowton et al. (31) via the HCV-GLUE database showed that N417S/T can be detected at
a low frequency for the majority of HCV genotypes. These findings suggest that future vac-
cines targeting epitope | should be accompanied by antigens capable of overcoming
N417-associated immune evasion mechanisms.

In this study, we designed sHBsAg-based VLPs presenting HCV E2 epitope | with the
N417S change, shifting the N-glycosylation site from N417 to N415. We observed that
despite the N415/N417 change, by ELISAs and immunogold staining, AP33 still bound
the 412-425:N417S epitope presented on the surface of the sHBsAg-based VLPs with the
same efficiency as that for the 412-425:WT epitope. This could be explained by the fact
that the presentation of the 412-425:N417S epitope on the VLPs is conformationally dif-
ferent from its presentation in the context of the native E1E2 glycoprotein complex. The
same AP33 binding was observed for sHBsAg_N417S VLPs expressed in HEK293F
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FIG 8 Chimeric VLP-induced antibodies neutralized HCVcc depending on the presence of the glycan shift change.
Viruses were incubated with IgG purified from the sera of immunized mice and pooled for each experimental
group. The neutralization effect (percent) was determined relative to cultures infected with the respective viruses in
the absence of antibodies. (A) The antibodies were preincubated with wild-type HCV genotype 2a (Jc1:WT) or Jc1
with the N417S change (Jc1:N417S). The data represent the mean values from two independent experiments
performed in duplicate, and error bars indicate standard deviations. Data were analyzed using two-way ANOVA (ns,
P > 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). (B) The antibodies were preincubated with wild-type HCV
genotype 1a (H77:WT), genotype 1a with the N417S change (H77:N417S), wild-type HCV genotype 5a (SA13:WT), or
HCV genotype 6a with an N417T cell culture-adaptive change (HK6a:N417T). Each antibody concentration was
evaluated in triplicate, and error bars indicate standard deviations. The solid horizontal line marks 50% virus
neutralization. Neutralization values of =0% are not shown (indicated by *). (C) Amino acid alignment showing the
sequence conservation of the region spanning aa 412 to 425. The sequence derived from HCV genotype 1a isolate
H77C (GenBank accession no. AF011751) is used as the reference. Other sequences are designated according to
genotype (isolate). Amino acids conserved relative to the H77C sequence are marked with dots.
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mammalian cells, which minimizes the possibility that AP33 binding is caused by
changes in the Leishmania tarentolae glycosylation pattern.

After immunization with the AddaVax adjuvant, antibodies elicited by both sHBsAg_412-
425 and sHBsAg_N417S VLPs showed dramatic differences in sensitivity to the E1E2 conforma-
tion and N-glycosylation status. sHBsAg_412-425 sera, like AP33, bound efficiently to E1E2
with the N1 glycosylation site at N417 (ETE2:WT) under both native and denatured/reduced
conditions; however, they failed to recognize native E1E2:N417S. This binding could be par-
tially restored by incubating sHBsAg_412-425 sera or AP33 with denatured/reduced ETE2:
N417S, and this effect was not altered by additional deglycosylation. These results suggested
that the lack of binding of sHBsAg_412-425 mouse sera to E1E2 with the N417S glycan shift
change was due to neither the presence of the N-glycosylation site at N415 nor the amino
acid change in epitope | but was most likely due to conformational hindrance.

Crystal structures of E2 revealed that the 412-423 epitope sequence shows high con-
formational flexibility, appearing disordered (32, 33), and may adopt several distinct con-
formations (34). Crystal structures of the 412-423 epitope peptide in complex with AP33
(35, 36) or HCV1 (37) indicated that epitope | folds as a short B-hairpin loop, and
whereas the side chains of N417 and N423 point away from the antibody, N415 is buried
in the antibody-binding groove (35-37). Therefore, the N-glycan shift from N417 to N415
would create untenable steric clashes with antibodies binding the B-hairpin conforma-
tion, abolishing antibody recognition. Considering the above-described results, it is
possible that N417S causes a conformational change within the epitope | sequence,
resulting in steric hindrance between antibodies and the glycan chain at position N415.

The other possibility is that the N417S change affects the global E1E2 conformation by
limiting the accessibility of epitope | to AP33-like antibodies. In line with this hypothesis, pre-
vious studies have shown that amino acid changes within the 412-423 epitope or in the ad-
jacent regions can result in global conformational changes in the HCV envelope heterodimer
(38, 39). Similarly, global ETE2 conformation shifts were observed for HCVcc with selected N-
glycans removed, resulting in neutralization sensitivity changes that could not simply be
explained by the “glycan shield” model (40). Thus, N417S may induce a conformational
change in native E1E2, which could lead to reduced epitope accessibility or recognition.

On the other hand, we showed that sHBsAg_N417S VLPs were capable of eliciting anti-
bodies specifically recognizing ETE2 with the N417S change but not with the wild-type E2
sequence. mAb HC33.1, isolated from an HCV-infected blood donor, was previously devel-
oped and characterized (21, 27). HC33.1 can bind and neutralize ETE2 with a glycosylation
site (N1) at N415 (i.e, E1TE2:N417S) as well as with N1 at N417 albeit with lower sensitivity
than E2 with the glycan shift change, suggesting that the N417/N415 glycosylation shift
actually enhanced its binding (27). HC33.1 recognizes the 412-423 epitope in a semiex-
tended B-sheet conformation, which allows N415 exposure to the solvent and, thus, does
not hinder binding (30). In contrast, for sHBsAg_N417S sera, we observed binding to E1E2:
N417S under both native and denatured/reduced conditions, but the sera showed no bind-
ing to native ETE2:WT. Additionally, unlike sHBsAg_412-425 serum binding to E1E2:N417S,
the binding of the sHBsAg_N417S sera to E1E2:WT could not be restored by E1E2 denatura-
tion. However, weak sHBsAg_N417S serum binding to E1E2:WT was restored by PNGase F
treatment, which cleaves N-glycan chains at asparagine residues. Furthermore, in alanine
scanning, sHBsAg_N417S sera efficiently recognized only ETE2 with the introduced N417A
change. This change effectively removes the E2 N1 glycosylation site. For HC33.1, we
observed a previously reported binding pattern, with a crucial role of residues L413, G418,
and W420 (21, 30, 31). These results show that antibodies elicited by sHBsAg_N417S VLPs
have an E1E2 binding pattern different from that of HC33.1. The recognition of E1E2:WT
treated with glycosidase and the E1E2:N417A alanine mutant by sHBsAg_N417S sera sug-
gests that the binding of the antibodies elicited by the sHBsAg_N417S VLPs is at least par-
tially restricted by the presence of the N-glycan at N417, which is not the case for HC33.1.

Our results suggest that immunization with sHBsAg_412-425 VLPs elicits antibodies
with an E1E2 binding pattern similar to that of AP33. The reactivity of the sera to ETE2
glycoproteins containing alanine changes across the 412-423 epitope showed that
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L413, N415, G418, and W420 were crucial binding residues for antibodies elicited by
sHBsAg_412-425 and AP33 (12, 31, 36). Moreover, in peptide competition ELISAs, we
showed that the binding of both sHBsAg_412-425 sera and AP33 to E1E2 was inhib-
ited by 412-425:WT and 412-425:N417S but not by the 412-425:W420R peptide.

The results from the neutralization assay further emphasized the differences in
sHBsAg_412-425 and sHBsAg_N417S serum binding to ETE2. As reported previously,
antibodies elicited by sHBsAg_412-425 showed limited neutralization of isolates
derived from genotype 2a (16). However, at high concentrations, antibodies purified
from sHBsAg_412-425 sera successfully neutralized Jc1:WT HCVcc. The efficient neu-
tralization of H77:WT HCVcc and the neutralization-sensitive SA13:WT HCVcc was fur-
ther observed. As described previously for AP33 (13, 15, 26, 36), sHBsAg_412-425 sera
did not neutralize H77, Jc1, or HK6a HCVcc carrying a glycan shift change. Although
sHBsAg_N417S sera showed robust binding to ETE2:N417S, the antibodies appeared to
be nonneutralizing or weakly neutralizing, depending on the specific strain of the ana-
lyzed HCVcc. sHBsAg_N417S antibodies showed a neutralizing effect against Jc1:N417S
at high concentrations but failed to neutralize other variants carrying an N417 glycan
shift change, H77:N417S and HK6a:N417T HCVcc. Comparing epitope | sequences of
H77:N417S, Jc1:N417S, and HK6a:N417T, there are minor differences. Thus, it is possible
that determinants either within or outside epitope | might influence the global ETE2 or
epitope | conformation and antibody accessibility, resulting in differences in suscepti-
bility to neutralization by sHBsAg_N417S-induced antibodies among the strains of the
analyzed HCVcc.

As native epitope | presented in the hydrophilic loop of the sHBsAg-based VLPs effi-
ciently induced bnAbs and epitope | with the N417 change induced E1E2:N417S-binding
antibodies, future studies should focus on enhancing the titer and breadth of neutraliz-
ing antibodies elicited by antigens carrying epitope | with an N417 glycan shift change.
This could be achieved by structure-based design of future antigens focusing on the sta-
bilization of epitope | in the favorable conformation, resulting in neutralizing antibodies
binding both wild-type epitope | and epitope | with the N417S change.

In this study, we have shown that antibodies elicited by sHBsAg-based VLPs pre-
senting two variants of the 412-425 epitope targeted two distinct glycan variants of
the HCV E1E2 heterodimer. Additionally, we observed striking similarities in the E2 gly-
coprotein binding patterns and HCVcc neutralization between sHBsAg_412-425 sera
and AP33, suggesting that mouse immunization with sHBsAg_412-425 VLPs can elicit
favorable broadly neutralizing AP33-like antibodies. Along with sequence variability
and protein conformational flexibility, glycan shifting has been proposed as a mecha-
nism of virus immune evasion (41-45), and the structural flexibility of the 412-423 epi-
tope has been suggested as an immune evasion strategy (17, 30, 35-37, 46, 47).
Constant changes allow HCV to escape binding by neutralizing antibodies or even to
impede the induction of antibodies targeting epitope | by reducing its antigenicity.
Additionally, the N417/N415 glycan shift contributes to immune evasion by inhibiting
antibodies with affinity for the 412-423 epitope presented in the wild-type, B-hairpin
conformation (30). The conformational flexibility of E1E2 and epitope | suggests that
future epitope I-based vaccine antigens should elicit antibodies targeting more than
one conformation and glycosylation variant of the 412-423 epitope.

MATERIALS AND METHODS

Plasmids. Figure 1 summarizes the construction of the chimeric genes for sHBsAg_N417S particle
generation. The region of the HCV E2 glycoprotein spanning residues 412 to 425 (isolate H77C [GenBank
accession no. AF011751] [25]) with a single-point A1591G substitution resulting in the N417S change
(numbering is according to isolate H77C) was inserted into HBV subtype adw2 sHBsAg (GenBank acces-
sion no. AF397207.1). Insertions of the HCV E2 epitopes into the hydrophilic loop of the sHBsAg protein
were performed at position P127/A128. The construction of the chimeric genes coding for the
sHBsAg_412-425 and sHBsAg_wt constructs was previously described (24).

The constructs were obtained by gene synthesis using L. tarentolae-adapted codons (Thermo
Scientific). Synthesized genes were ligated into the Bglll-Notl restriction sites in the pLEXSY_I-blecherry3
vector (Jena Bioscience).

For the expression of the HCV wild-type ETE2 glycoprotein in HEK293 cells for ELISAs, we used
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plasmids coding for full-length E1E2 derived from HCV genotype 1a (H77C) (25). For E1E2 with the
N417S change, we introduced a single-point A1591G substitution into the sequence, coding for full-
length E1E2, using a site-directed mutagenesis kit (QuikChange Lightning; Agilent). Mutagenesis accu-
racy was confirmed by sequencing.

Plasmids encoding alanine substitution mutants of genotype 1a strain H77C E1E2 were previously
described (18).

Leishmania tarentolae cultivation and protein expression. The chimeric sHBsAg-based proteins
were expressed using the inducible Lexsy expression system according to the manufacturer’s instruc-
tions (Jena Bioscience). Briefly, the plasmids were transfected into L. tarentolae cells by electroporation.
The transfected cells were selected with bleomycin (100 xg/mL) in suspension culture. Subsequently,
recombinant cell lines were cultivated in 25-cm? tissue culture flasks filled with 10 mL of selective me-
dium supplemented with hemin, protected from light at 26°C. T7 promoter-driven transcription was
induced by the addition of tetracycline to a final concentration of 15 wg/mL. The cells were grown in
agitated culture for 72 h at 26°C, aiming for a final optical density at 600 nm of 4 to 5.

Cell lysis and ultracentrifugation. Fifty milliliters of the tetracycline-treated cell culture was centri-
fuged at 4°C at 8,000 rpm for 15 min. The cell pellet was immediately resuspended in 5 mL of ice-cold lysis
buffer (PBS buffer, 0.6% [vol/vol] Tween 20). The cells were sonicated, and the suspension was clarified by
centrifugation at 4°C at 8,000 rpm for 35 min. The supernatant was left for 16 to 24 h at room temperature
(RT) to form particles. Subsequently, the lysate was layered onto an OptiPrep (Sigma-Aldrich) gradient
formed in ultraclear tubes (2 mL of 30% [vol/vol] OptiPrep, 2 mL of 24% [vol/vol] OptiPrep, 1.5 mL of 18%
[vol/vol] OptiPrep, 1.5 mL of 12% [vol/vol] OptiPrep, and 1.5 mL of 6% [vol/vol] OptiPrep in PBS) and ultra-
centrifuged at 27,000 rpm for 16 h at 4°C. Next, 500-uL fractions were harvested and analyzed by Western
blotting using anti-sHBsAg rabbit polyclonal antibodies (pAbs) (OriGene). The purity of the fractions was
analyzed by SDS-PAGE with Coomassie R-250 staining. The fractions with the highest numbers of particles
were pooled, and the protein concentration was measured by the Bradford assay (Bio-Rad). Finally, the
OptiPrep solution was replaced with PBS using Amicon Ultra 100 kDa MWCO centrifugal units (Merck
Millipore). These samples were used for further analysis and immunization.

SDS-PAGE and Western blot analysis. Analysis of the particle distribution after ultracentrifugation
was carried out by SDS-PAGE using 4-to-12% gradient Bis-Tris gels in morpholineethanesulfonic acid
(MES)-SDS running buffer. After electrophoresis, proteins were transferred onto a polyvinylidene difluo-
ride (PVDF) membrane by electroblotting, and subsequently, the membranes were blocked overnight at
4°C with 3% nonfat milk in TBST (Tris-buffered saline, 0.1% [vol/vol] Tween 20). After blocking, the mem-
branes were incubated for 1 h at RT with anti-sHBsAg pAb (OriGene) or mAb AP33 diluted in 0.3% nonfat
milk in TBST, washed with TBST, and then incubated with secondary horseradish peroxidase (HRP)-con-
jugated antibodies (Santa Cruz Biotechnology). The results were developed using substrate for
enhanced chemiluminescence (Thermo Scientific).

ELISAs with VLPs. To compare AP33 binding to sHBsAg_412-425 and sHBsAg_N417S VLPs by ELISAs,
96-well high-binding plates were preincubated with partially purified sHBsAg_412-425, sHBsAg_N41S,
and sHBsAg_wt VLPs. Each well was then blocked with 3% (wt/vol) bovine serum albumin (BSA) in PBST
(PBS buffer, 0.05% [vol/vol] Tween 20) for 2 h at RT. Primary mouse AP33, HC33.1, and ALP98 antibodies
and anti-sHBsAg pAb were diluted in PBST with 0.3% (wt/vol) BSA, and serial dilutions were added to the
wells. After washing, primary antibodies were detected with secondary HRP-conjugated antibodies (Santa
Cruz Biotechnology). The reaction with the tetramethylbenzidine (TMB) substrate was stopped with 0.5 M
H,SO,, and the signal intensity at 450 nm was measured using a plate reader.

Electron microscopy. For visualization of the particles, the OptiPrep gradient fractions were diluted
1:5 in PBS and deposited onto carbon-coated 200-mesh nickel grids. Negative staining was performed
using 2% uranyl acetate. After staining, the samples were analyzed using a transmission electron micro-
scope (University of Gdansk, Poland). For immunogold labeling, sHBsAg_N417S particles deposited onto
the grids were fixed using 1% (vol/vol) glutaraldehyde. Next, the grids were layered on top of AP33 anti-
bodies diluted 1:40 in incubation buffer (PBS buffer, 0.1% [vol/vol] BSA-c (Aurion)) and incubated at 4°C
for 16 h. After incubation with primary antibodies, the grids were washed six times using incubation
buffer for 5 min at RT. Labeling was performed with goat anti-mouse IgG conjugated with 6-nm gold
particles (Aurion), diluted 1:80 in incubation buffer, and left for 2 h at RT. After washing, the grids were
stained with uranyl acetate, dried, and analyzed using a transmission electron microscope (University of
Gdansk, Poland).

Immunization protocol. Groups of 6 female BALB/c mice, 6 to 8 weeks of age, were immunized sub-
cutaneously with a squalene-based oil-in-water nanoemulsion adjuvant (AddaVax; InvivoGen). The mice
were immunized with 15 ug of protein on day 0 and 10 xg on days 14 and 28. The mice used as nega-
tive controls were immunized with the PBS-adjuvant mixture alone. All experiments on animals were
conducted by an accredited company (Tri-City Academic Laboratory Animal Centre, Medical University
of Gdansk). The protocols were approved by the Local Committee on the Ethics of Animal Experiments
of the University of Science and Technology in Bydgoszcz (permit no. 38/2018). All procedures were per-
formed under isoflurane anesthesia, and all efforts were made to minimize suffering.

Analysis of the antibody response by an ELISA. Mouse sera were collected 2 weeks after the last
immunization and pooled according to experimental groups. The antibody response against HCV E2 epi-
topes was measured by a direct solid-phase ELISA. Preblocked streptavidin-coated plates (Thermo
Scientific) were incubated with biotinylated peptides at 5 ug/mL (GenScript) for 16 h at 4°C. After coat-
ing and washing, serially diluted mouse sera were added to the wells and incubated for 1 h at RT. Goat
anti-mouse secondary HRP-conjugated antibodies (Santa Cruz Biotechnology) were used for detection.
Similarly, the antibody response against sHBsAg protein was evaluated using ELISA plates coated with

Month YYYY Volume XX Issue XX

Microbiology Spectrum

10.1128/spectrum.02546-22

13

Downloaded from https://journal s.asm.org/journal/spectrum on 31 January 2023 by 153.19.19.143.


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02546-22

Glycan Shift Impacts Antibodies against HCV Epitope |

Pichia pastoris-derived sHBsAg protein at 5 ug/mL (OriGene). The plates were then blocked for 2 h with
3% (wt/vol) BSA in PBST, and serially diluted mouse sera were added to the wells as described above.

To test serum reactivity to E1E2 complexes, HEK293 cells were transfected with plasmids expressing
wild-type E1E2 glycoproteins (E1E2:WT) and E1E2 glycoproteins with the N417S change (E1E2:N417S).
Additionally, for the evaluation of serum binding to E1E2 alanine-scanning mutants, plasmids encoding al-
anine substitution mutants of genotype 1a strain H77C E1E2 were used to transfect HEK293 cells. Seventy-
two hours after transfection, the cells were washed with PBS buffer and lysed in lysis buffer (PBS buffer,
0.5% Triton X-100). The clarified cell lysates were normalized against each other using mouse ALP98 and
later used to perform ELISAs under denatured/reduced and native conditions. For the denatured ELISA,
the HEK293 cell lysates were first diluted 50-fold in PBS buffer containing 50 mM dithiothreitol (DTT) and
2% SDS and incubated for 10 min at 100°C; for the native ELISA, the HEK293 cell lysates were diluted 50-
fold in PBS alone. Next, the cell lysates were transferred to ELISA plates precoated with Galanthus nivalis
lectin (GNA) and incubated for 16 h at 4°C. Next, the plates were blocked in PBST with 3% BSA and either
used immediately or stored at —20°C. The pooled mouse sera were diluted in PBST containing 0.3% BSA.
Finally, the binding of the antibodies to the recombinant proteins was detected by goat anti-mouse HRP-
conjugated secondary antibodies diluted to 1:2,500 (Santa Cruz Biotechnology) and the TMB substrate.

E1E2 PNGase F treatment. The E1E2 heterodimers with or without N417 expressed in HEK293 cells
were divided into two equal groups: one for digestion with PNGase F and one for the undigested con-
trol. The digestions were conducted for 16 h under native conditions at 37°C in the buffer provided by
the manufacturer (New England BioLabs). The digested samples and the controls were separated by
SDS-PAGE as described above and analyzed by Western blotting using mouse sera (diluted 1:1,000),
AP33 (diluted 1:2,500), and ALP98 (diluted 1:1,500). Goat anti-mouse secondary HRP-conjugated anti-
bodies (Santa Cruz Biotechnology) were used for detection. The results were developed using substrate
for enhanced chemiluminescence (Thermo Scientific).

Treatment of chimeric VLPs with PNGase F and endo Hf. The sHBsAg-based VLPs were divided
into two equal groups: one for digestion with PNGase F or endo Hf and one for the undigested control.
The digestions were conducted as described above. The digested samples and the controls were sepa-
rated by SDS-PAGE and analyzed by Western blotting using anti-sHBsAg pAb. Goat anti-rabbit secondary
HRP-conjugated antibodies (Santa Cruz Biotechnology) were used for detection. The results were devel-
oped using substrate for enhanced chemiluminescence (Thermo Scientific).

Peptide competition ELISA. Peptides corresponding to wild-type epitope | (412-425:WT) or epitope
| with the N417S (412-425:N417S) or the W420R (412-425:W420R) change, dissolved in PBS, were prein-
cubated at concentrations of 10, 5, 1, 0.5, 0.1, 0.05 and 0.01 pg/mL with pooled mouse sera (1:500),
AP33 (1:2,500), or APL98 (1:1,000) at RT for 1 h. The peptide-antibody mix was then tested for reactivity
against GNA-captured ETE2:WT and E1E2:N417S by an ELISA, as described above.

IgG purification from mouse sera. IgGs were isolated from mouse sera using the NAb protein G spin kit
(Thermo Scientific) according to the manufacturer’s instructions. Briefly, 300 uL of pooled mouse serum was
transferred into spin columns and incubated for 30 min at RT. Subsequently, purified IgGs were eluted from the
resin with low-pH elution buffer and concentrated using Amicon Ultra 100K centrifugal units (Merck Millipore).

Virus stocks and neutralization assay for HCVcc genotype 2a. To generate the Jc1:N417 mutant,
the A1590G substitution resulting in the N417S change was introduced into the Jc1 E2 sequence (48)
using the QuikChange Lightning site-directed mutagenesis kit (Agilent) and PCR primers introducing the
mutation (Genomed). The sequence of Jc1:N417S was confirmed by E2 DNA sequencing (Genomed).
HCVcc stocks were produced in Huh7.5 cells in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (P/S).

The antibody neutralization assay was performed using Huh7-J20 cells, and virus infectivity levels were
determined by a secreted alkaline phosphatase (SEAP) reporter assay, as described previously (49, 50).
Briefly, Huh7-J20 cells were plated at a density of 2 x 10* cells per well in a 96-well plate. In addition, ~250
focus-forming units (FFU) of virus were preincubated at 37°C for 1.5 h with serial dilutions of the tested anti-
bodies prior to infection of cells. At 3h postinfection, the inoculum was replaced with fresh medium and
incubated for 48 h. Infectivity was determined by measuring the SEAP activity released into the medium.
Controls included noninfected cells and cells infected with the virus in the absence of the antibodies.

Virus stocks and neutralization assay for HCVcc genotypes 1a, 5a, and 6a. JFH1-based HCV
recombinants with core-NS2 of the following genotypes (isolates) and the specified cell culture-adaptive
changes were used: 1a (H77) with V787A and Q1247L (H77:WT) (51), 1a (H77) with the N417S change
(H77:N4179) (39), 5a (SA13) with A1022G and K1119R (SA13:WT) (52), and 6a (HK6a) with F350S and
N417T (HK6a:N417T) (53). HCVcc stocks were produced in Huh7.5 cells as described previously (53), and
the envelope protein sequences were confirmed by Sanger sequencing. The cell-based in vitro HCV neu-
tralization assay was performed as previously described (16, 52). Briefly, 7 x 10° Huh7.5 cells per well
were plated into a 96-well plate (Nunc) the day prior to infection. Virus-antibody mixes were prepared in
a preplate. A volume of the virus stock resulting in counts of 50 to 180 FFU/well in pilot assays was
added in a total volume of 7 uL per well and mixed with 3 uL of serially diluted purified IgG; for assays
with H77:WT and H77:N417S, these volumes were 14 uL and 6 ul, respectively. For virus-only wells, me-
dium was added instead of diluted purified IgG. The virus-antibody mixes were incubated for 1.5 h at
37°C with 5% CO,. After incubation, medium was added to a total volume of 40 uL per well. The total
volume was transferred to the cell plate and incubated at 37°C with 5% CO, for 4.5 h. Subsequently, the
cells were washed with PBS, and fresh medium was added. Antibody dilutions were tested in triplicate. In
each assay, at least six negative-control wells without virus and antibody and six virus-only wells were
included. Cells were fixed with methanol after 48 h of incubation. After 10 min of incubation with 3%
H,0,, the plate was incubated for 1 h with BSK (PBS containing 0.5% [wt/vol] BSA and 0.1% [wt/vol]
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skimmed milk). The plate was immunohistochemically stained with the primary antibody 9E10 (54) diluted
1:5,000 (in BSK) and ECL anti-mouse IgG HRP-linked whole secondary antibody (GE Healthcare-Amersham)
diluted 1:500 (in BSK), both with incubation overnight at 4°C. FFU were visualized with a Bright-DAB solu-
tion kit (Immunologic) and counted automatically with an ImmunoSpot series 5 UV analyzer (CTL Europe
GmbH) with customized software as previously described (55). The number of FFU in each well was related
to the mean number of FFU in virus-only wells to calculate the percentage of neutralization.

Data availability. All relevant data that support the findings of this study are available from the cor-
responding author upon reasonable request.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
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Supplementary figures:

L. tarentolae

HEK293F

+ - + - + - + - + - + -

PNGaseF EndoHf

Fig. S1 (A) Immunogold labeling of the sHBsAg_412-425 and sHBsAg_N417S VLPs
expressed in HEK293F cells with AP33. Secondary goat anti-mouse was conjugated with 6 nm
gold particles. Scale bar: 50 nm. (B) Western blot analysis of the L. tarentolae and HEK293F-
derived VLPs, treated with PNGaseF and EndoHf. pAb anti-sHBsAg were used for detection.

On the left protein ladder, the molecular weight in kDa is given.
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Fig. S2. Recognition of VLPs by a panel of antibodies. ELISA plates were coated with partially
purified SHBsAg_412-425, sHBsAg_N417S and sHBsAg_wt VVLPs as depicted on axis x. VLPs
were probed with serial dilutions of epitope | specific AP33/HC33.1 and pAb anti-sHBsAg.

mADb ALP98 was used as a negative control. Data was analyzed using two-way ANOVA (ns P



>0.05, *P<0.05, **P <0.01, ****P <0.0001). The mean Asso values are shown on axis y. The
data represent the results from two independent experiments performed in duplicate, and error

bars indicate standard deviations.
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Fig. S3. sHBsAg_N417S sera binding to the EIE2:N417S complex in peptide competition
ELISA. The sera sHBsAg_N417S sera was preincubated with serial dilutions of peptide E2
epitopes 412-425:WT, 412-425:N417S and 412-425:W420R. The sera/peptide mix was then
tested for reactivity against ELIE2:N417S in a GNA capture ELISA. The peptide concentration
is shown on axis x. The mean Aassg values are shown on axis y. The data represent the results
from two independent experiments performed in duplicate, and error bars indicate standard
deviations. The dashed horizontal line represents the cutoff value (three times the mean

background value).
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