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Abstrakt

Jednim z dtlezitych ukolt virologie i imunologie je odhalit
mezidruhové a bunécné bariéry branici horizontalnimu pienosu vira a
ur¢it, jakym zpisobem mohou viry piekonat tyto prekazky a
adaptovat se na jiny zivocisSny druh. Tato prace je zalozena na dobie
zavedeném retrovirovém modelu — ptacim viru Rousova sarkomu
(RSV), a zkouma4, jakym zpiisobem je blokovana replikace tohoto
viru v sav¢ich bunkach.

Vstup viru do buiikky je zprostiedkovan vazbou virového
obalového glykoproteinu (Env) na specificky bunécny receptor.
Ackoliv sav¢i orthology popsanych ptacich receptorti neumoznuji
vstup RSV do buniky, u nékterych kmeni RSV byl pozorovan
tropismus pro savéi bunky a byly popsany rizné savéi linie
transformované RSV. Analyza proviru H20-RSV v jedné z téchto
linii (kfec¢i nadorova linie H-20) odhalila n€kolik mutaci vcetné
dvou zésadnich aminokyselinovych zamén v rozdilnych ¢astech Env.
Zamény D32G a L378S umoznily virovy pienos na kiecci, lidské i
kuteci buniky postradajici ptislusny receptor. Pozménéna konformace
Env H20-RSV byla podobna jako v ptipadé aktivovaného stavu Env
po interakci s receptorem. Toto pozorovani ukazuje, Ze viry mohou
infikovat bunky 1 nezavisle na plivodnim receptoru diky spontdnni
aktivaci Env, pro kterou je dostate¢na zamena jedné aminokyseliny.

Ackoliv je v nékterych ptipadech RSV schopen vstupovat do
savéich bunék a transformovat je, nedochazi k tvorbé infek&nich
virovych castic. Nicméné virova produkce mize byt v savcich
transformovanych bunkach obnovena fuzi s permisivnimi kufecimi
bunikami. Tento jev byl analyzovan v druhé casti této prace. Kiecci
bunky transformované RSV produkovaly pouze velmi malé mnoZstvi
env mRNA a zadny obalovy glykoprotein. Virova genomova RNA
byla lokalizovéana pfevazn¢ v jadie a bunky tvotily jen malé mnoZzstvi
neprocesovan¢ho proteinu Gag. Fuze s permisivnimi kufecimi
bunikami vedla ke zvySeni hladiny env mRNA, jadernému exportu
genomové RNA, stejné jako k tvorbé piislusnych virovych proteint.
Tyto vysledky naznacuji, ze sav¢i bunky postradaji nékteré kuteci
faktory potfebné pro spravnou upravu env mRNA a jaderny export
genomoveé RNA.



Uvod

Virus Rousova sarkomu slouzi uz vice nez jedno stoleti ke
studiu retrovirové replikace a stal se jednim ze zékladnich virovych
modell. RSV patii mezi ptaci sarkomové a leukodzové viry (ASLV),
které¢ jsou soucasti Alpharetroviridae. Jiz pfed mnoha lety bylo
zjisténo, ze tyto ptaci viry dokéazi v experimentalnich podminkach
infikovat 1 nékteré¢ druhy hlodavci (Svoboda, 1960). Bylo
pozorovano, ze schopnost vstupovat do savéich bunék souvisi
s obalovym glykoproteinem a je typickd predevSim pro podskupinu
D. Ptaci receptory pro jednotlivé podskupiny ASLV (A-E, J) byly
popsany, ale sav¢i orthology téchto receptorti neumoznuji vstup RSV
do bunky. Proto nebylo dosud jasné, jak tyto viry do sav¢ich bunék
vstupuji.

Savéi bunky transformované RSV piispély k odhaleni
retrovirové integrace, studiu epigenetického umlcovani retrovirti a
bunééné transformace. Piestoze RSV do sav€ich bunék vstupuje a
integruje svoji virovou DNA do hostitelského genomu, nedochazi
k plné replikaci viru a v téchto bunkach se netvofi infek¢ni virové
Castice (Svoboda et al., 1963). Virova produkce muze byt ale
obnovena fuzi s kufecimi fibroblasty (Svoboda and Dourmashkin,
1969). Molekularni analyza zmén, ke kterym po fuzi dochazi, dosud
nebyla provedena.

Cile

1. Prvnim cilem této prace bylo objasnit, jakym zplsobem muze
RSV vstupovat do sav¢ich bunék. Pro studium této problematiky
byly pouzity potkani (XC) a kiec¢i (H-20) nadorové linie, které
vznikly transformaci Prazskym kmenem RSV (podskupina C).
Jelikoz u tohoto virového kmene nebyl ptivodné pozorovan tropismus
pro sav¢i buiiky, byly analyzovany provirové sekvence RSV v téchto
nadorovych liniich za u¢elem nalezeni zmén zodpovédnych za vstup
viru do sav¢ich bunék.

2. Druhym cilem bylo zjistit, které kroky virové replikace jsou
v kfec¢ich bunkach transformovanych RSV naruSeny, a popsat hlavni
zmény ve virovém replikaénim cyklu pfi obnoveni virové produkce
fuzi s permisivnimi kufecimi fibroblasty. Ke splnéni tohoto cile byla
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pouzita kiecci linie RSCh, ktera byla transformovana kmenem
Schmidt Ruppin RSV (podskupina D). Za ucelem odhaleni defektt
virové replikace byla analyzovana exprese virovych genit v RSCh a
byly zkoumany zmény po fuzi s kufecimi fibroblasty.

Material a metody

Pro studium vstupu RSV do savc¢ich bunék byly analyzovany
provirové sekvence RSV v krysi nddorové linii XC a kie¢¢i nadorové
linii H-20. Defekty v pozdni fazi replikacniho cyklu RSV byly
studovany v kiecci transformované linii RSCh. Jako permisivni
buiiky byly ve vétsing piipadl pouzity kuteci fibroblasty DF-1. Déle
byly pouzity kie¢¢i buniky NIL a buniky NIL exprimujici receptor Tvc
(NIL-Tvc). Jako zéstupci lidskych bunék byly vybrany linie lidskych
embryonalnich ledvinnych bun¢k (HEK293) a linie epitelovych
bunck retiny imortalizovanych lidskou telomerazou (RPE1-hTERT).

Ptipravené virové konstrukty byly odvozeny od retrovirového
vektoru RCAS (replication-competent ASLV long terminal repeat
with a splice acceptor) (Hughes, 2004). Tyto konstrukty se lisily
genem env, ktery pochazel bud z pivodniho PR-RSV-C (EnvC),
nebo z H20-RSV (EnvH20). Dal¢ byly piipraveny RCAS nesouci
chiméry EnvC a EnvH20 (EnvC-H20Part1-4) a RCAS nesouci EnvC
s danymi mutacemi (L378S, G464S, L503V). Také byly ptfipraveny
konstrukty nesouci povrchovou podjednotku (SU) podskupiny A
nebo B spolecné s transmembranovou podjednotkou (TM) z H20-
RSV.

Viry byly amplifikovany na bunikdch DF-1 a virové titry byly
ureny pomoci fokalniho testu nebo pritokové cytometrie. Bunééné
fuze byly provedeny pomoci 50% polyethylenglykolu.

RNA byla izolovana z celych bunék nebo jaderné a
cytoplazmatické frakce. Tato RNA byla pouzita na pfipravu cDNA a
naslednou analyzu pomoci PCR nebo qPCR. MnozZstvi virové DNA
v infikovanych buiikach bylo stanoveno pomoci qPCR.

Virova stabilita byla méfena pii zvySené teplot€¢ nebo
snizeném pH. Aktivace obalového proteinu byla urena pomoci
nasledujich metod: inhibice virového vstupu alkyla¢nim cinidlem
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PEG-maleimid-biotin (PMB), testovani vazby na lipozomy, analyza
oligomerizacnich vlastnosti TM.
Exprese virovych proteini byla stanovena pomoci
imunofluorescenéni mikroskopie nebo pomoci Western blottingu.
Aktivita reverzni transkriptazy byla meéfena pomoci testu
PERT (product-enhanced reverse transcriptase).

Vysledky a diskuze
Vstup RSV do savcich bunek

Tato ¢ast prace se vénuje Prazskému kmenu C (PR-RSV-C), u
kterého ptivodné nebyl pozorovan tropismus pro savci buiky. Presto
se jiz diive v nasi laboratofi podafilo pomoci tohoto kmene infikovat
potkana a pomoci viru ziskaného z potkaniho nadoru byl nasledné
infikovan 1 kiecek (Svoboda, 1960; Svoboda et al., 1983). Abych
urCila mechanizmus umoziujici mezidruhovy ptfenos RSV, byly
analyzovany genetické zmény u viru H20-RSV, ktery opakované
dokézal vstupovat do savCich bunék. V obalovém glykoproteinu
EnvH20 bylo nalezeno osm aminokyselinovych zdmén oproti
puvodnimu EnvC (Env z PR-RSV-C). Za vstup do kiec¢ich bunék
byly zodpovédné dvé mutace, a to zdména nachazejici se na zacatku
povrchové podjednotky SU (D32G) a mutace ve fiznim peptidu
v transmembranové podjednotce TM (L378S). Tyto aminokyselinové
zameény umoznily virovy pifenos 1 na lidské a kufeci builky
postradajici pfisluSny receptor. K sav€éimu tropismu obecné vice
pfispivala mutace nalezend ve flznim peptidu, ale citlivost
k jednotlivym mutantim se mezi bunéénymi liniemi (pfedevsSim
lidskymi) lisila.

Mutace ptfitomné v EnvH20 sniZovaly jeho stabilitu. Zatimco
virus s pivodnim EnvC byl stabilni jak pfi zvySené teploté, tak pii
snizeném pH, virus obsahujici EnvH20 byl citlivy k obéma
testovanym vliviim. Jelikoz inaktivace nizkym pH je jednim ze znakt
Env aktivovaného receptorem (Mothes et al., 2000), byly nasledné
analyzovany dalsi vlastnosti aktivovaného Env.

Mechanismus vstupu ASLV do buniky byl detailné¢ popsan
pomoci experimentll vyuzivajicich solubilniho receptoru, ktery se
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vaze na virovy Env a tim ho aktivuje. Takto aktivovany Env dokazal
diky uvolnéni fuzniho peptidu vézat lipozomy (Damico et al., 1998) a
obsahoval reaktivni thiolat, ktery mohl byt blokovan pomoci
alkyla¢niho ¢inidla PMB (Smith and Cunningham, 2007). Jestlize byl
Env aktivovy receptorem ovlivnén kyselym pH, doslo k tvorbé
oligomerti rezistentnich na SDS, které odpovidaji formaci
Sestihelikalniho svazku (Smith et al., 2004). VySe zminénych
experimentll bylo vyuzito k ovéfeni nasi hypotézy, ze se EnvH20
nachazi v podobné konformaci jako Env po vazbé na receptor.
Vysledky shodné ukézaly, ze se EnvH20 chova podobné jako
aktivovany Env. Na rozdil od viru spuvodnim EnvC, virus
obsahujici EnvH20 dokazal vézat lipozomy, byl inhibovan PMB a
nizké pH spustilo tvorbu oligomert TM.

Dale bylo pozorovéno, ze ¢im U¢innéjsi je vstup do savéich
bunék, tim je vétsi citlivost k nizkému pH a inhibici PMB. Z toho
vyplyva, ze uroven aktivace Env koreluje s tc¢innosti vstupu do
bunék postradajicich receptor.

Tyto 1 predeslé vysledky ukézaly, ze mutace zplsobujici savci
tropismus mohou byt v riznych c¢astech obalového glykoproteinu
véetné TM. Jelikoz retrovirovy Env interaguje s pfisluSnym
receptorem piedevSim pomoci oblasti v podjednotce SU, neni
pravdépodobné, Ze by tyto mutace zpiisobovaly interakci s urcitym
neznamym receptorem. To je také podpofeno nasim pozorovanim, Ze
mutace v H20-TM je schopna umoznit infekci lidskych bun¢k i ve
spojeni s podjednotkou SU-B, ktera rozeznava jiny ptaci receptor nez
SU-C.

Domnivam se, ze mutace D32G a L378S ovliviiuji konformaci
Env takovym zpiisobem, Ze dochazi ke sniZeni aktivacni energie, a
tudiz miize Env spontanné piechazet do aktivovaného stavu, ktery je
podobny jako stav Env po vazbé& na receptor. Virovy vstup mize byt
proto zprostiedkovan pomoci nizko-afinitnich interakci Env s
neznamymi molekulami, které jsou bézné pfitomny na bunééném
povrchu. Timto zplGsobem virus obchazi potfebu piivodniho
receptoru, ktery byl nutny pro aktivaci Env, a je proto schopny
vstupovat do riznych bunék postradajicich receptor.



Obnoveni virové replikace RSV v savcich bunkdich po fuzi
s permisivnimi kurecimi bunkami

Ackoliv sav¢i bunky transformované virem Rousova sarkomu
neprodukuji zadny infekéni virus, virova produkce mulze byt
obnovena flzi téchto bunck s permisivnimi kufecimi fibroblasty
(Svoboda a Dourmashkin, 1969). V této praci jsem se zaméfila na
charakterizaci zmén, ke kterym doSlo po fuzi kiecCich bunék
transformovanych RSV (RSCh) s kufecimi fibroblasty (DF-1).

Bunécna linie RSCh byla vnasi laboratofi jiz dfive
charakterizovana a studovéna, coz bylo doplnéno mym zjisténim, ze
tato linie nese ve svém genomu pouze jednu provirovou kopii.
Vysledky této prace ukazuji, Ze bunky RSCh produkuji pouze
zanedbatelné mnozstvi env mRNA. Toto pozorovani je v souladu s
predeslymi studiemi zaméfenymi na defekty replikace RSV v savéich
bunkach (Berberich et al., 1990; Svoboda et al., 1983). Jestlize jsou
ale bunky RSCh fizovany sptacimi fibroblasty, dochazi
k vyraznému zvySeni produkce env mRNA 1 obalového
glykoproteinu, ktery je touto mRNA koédovéan. Jelikoz DF-1
neobsahuji zddné endogenni alfaretrovirové sekvence, detekovana
env mRNA musi byt exprimovéana z proviru RSV v buitkdch RSCh.
ZvySena tvorba env mRNA 1 obalového glykoproteinu byla
pozorovana jiz 48 hodin po fuzi.

Dale bylo po fiizi pozorovano vice virové gRNA v cytoplazmé,
coz naznacuje, ze dochdzi k uc¢innéjSimu jadernému exportu gRNA.
gRNA koduje polyprotein Gag, jehoZ mnozZstvi po fuzi vzrostlo a
v médiu byly detekovany VLP c¢astice obsahujici maturovany Gag.

Je pravdépodobné, zZe tyto zmeény jsou zodpovédné =za
obnovenou virovou produkci, i kdyZ neni vylou€eno, Ze v sav€ich
buiikach mize byt replikace RSV blokovana i1 na néjaké dalsi urovni.
Predpokladam, Ze pozorované zmény v tvorbé virovych proteinit Env
a Gag byly umoznény diky komplementaci kufecimi faktory. Tato
hypotéza byla podpofena zjiSténim, Ze inhibitory proteosyntézy
blokuji nartist env mRNA, jestlize byly pouzity na kufeci buiiky pred
fuzi s buitkami RSCh. Naopak zastaveni proteosyntézy v bunikach
RSCh pted fuzi s DF-1 nevedlo k Zadnym vyraznym zméndm
v produkci env mRNA.



Jednim z faktorti zodpovédnych za nizkou tvorbu env mRNA
muze byt pfitomnost anomdlniho sestfihu virové mRNA v sav¢ich
bunkach. Bylo zjisténo, Ze v buitkaich RSCh tvofi anomalné
sestiizend mRNA 5,6 %, ale piekvapivé tato RNA byla nalezena i
v infikovanych ptacich bunkach, kde dosahovala 1,3 % vSech
virovym mRNA. Tyto anomdln¢ sestiizené virové mRNA vznikaji
vyuzitim riznych kryptickych 5’ sestfihovych mist spolu se src
3’ sesttthovym mistem. VétSinou zarovenl dochazi k sestiihu
typickému pro env mRNA a tvoii se tak dvojité sestfizené mRNA.
Sesttizené varianty, které jsou v této praci nazvany Dbll a Crypticl,
byly jiz diive pozorovany pii sestiihu PR-RSV-A v mysich buiikdch
(Berberich et al., 1990). Ostatni varianty (Dbl2, Cryptic2 a 3) jsou
pravdépodobné charakteristické pro SR-RSV-D, kde se nachazeji
nukleotidové zdmény vytvarejici nova kryptickd mista. Zajimavé je,
ze po fuzi s kufecimi fibroblasty nedochazi k vyraznéj$im zméndm
v hladin€ anomdélné sestfizenych virovych mRNA, a proto se
domnivam, ze piitomnost téchto mRNA neni hlavni pfic¢inou
chybéjici env mRNA. Vyuziti kryptického sestfihového mista bylo
navic pozorovano také pii zvySené tvorbé src mRNA v ptacich
bunkach vlivem optimalizace src 3’ sestfihového mista (Zhang a
Stoltzfus, 1995). JelikoZ v sav€ich bunkach také dochazi k vysokeé
tvorbé src mRNA, mize byt anomalni sestith mRNA pouze
vedlejSim jevem castého vyuziti src 3’ sestfihového mista.

Jelikoz neni pfesné znamo, které kuteci faktory reguluji sesttih
RSV mRNA, je tézké urcit, jaky kufeci protein savéim buiikdm
chybi. V genomu RSV se nachézeji tfi hlavni cis elementy ovliviujici
sesttth mRNA — negativni regulator sestfihu (NRS), enhancer
sestiihu env (ESE) a supresor sestfihu src (SSS). Elementy NRS a
ESE vazou SR proteiny a jejich vliv na sestiith byl pozorovan i
v reportérovych konstruktech v savéich builkkdch (McNally a
McNally, 1996). Jestli ale ovliviuji sestfih v ptacich a savcich
bunikach stejné Uc¢inng€, nebylo ukdzano. Ktery faktor se vaze na
element SSS, zatim nebylo urceno.

Dalsi diilezitou sekvenci virové RNA jsou tzv. pfimé repetice
(DR), které ovliviiuji pifedevSim export nesestfizené gRNA z jadra,
ale byl pozorovan i inhibi¢ni efekt na sestfih s¥/c mRNA (Guo et al.,
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2000). Také v piipadé tohoto elementu neni znam interak¢ni protein.
RSV obsahuje dva DR elementy, které¢ obklopuji gen src a jsou si
strukturné velmi podobné (Ogert et al., 1996). Virus postradajici oba
DR elementy vykazuje pokles ve stabilit¢ gRNA a akumulaci této
RNA v jadie. Studie bunék RSCh odhalila nékolik podobnosti
s chovanim viru postradajicim DR repetice. Bylo pozorovéno, zZe
gRNA neni stabilni, je neucinn¢ exportovana z jadra a protein Gag se
tvofi ve velmi malém mnozstvi, coZz naznacuje, ze by v savcich
bunikach mohl chybét protein, ktery se vaze na DR a zprostiedkovava
export gRNA z jadra.

Ackoliv tedy v buitkich RSCh jasné pozorujeme Spatnou
regulaci v sestfihu virové mRNA a exportu gRNA, nelze s urcitosti
fici, které faktory jsou za pozorované rozdily zodpovédné. Kromé
nepfitomnosti bunéénych proteini rozeznéavajicich virové RNA
elementy by upravy virové RNA mohly byt také ovlivnény
samotnym proteinem Gag, ktery vstupuje do jadra (Garbitt-Hirst et
al., 2009).

Dale bylo testovéano, jaky vliv na obnovenou virovou produkci
ma exprese genl gag a env v ptaCich bunkdch pouzitych pro
bunécnou fuzi. Jestlize ptaci buiiky obsahovaly obalovy glykoprotein,
virovd produkce po fuzi s buitkami RSCh byla jasné zvySena.
V ptipadé proteinu Gag byl pozitivni efekt na tvorbu viru po fuzi
pozorovan pouze pii vysoké produkci tohoto proteinu. NejlepSiho
vysledku bylo dosaZeno, jestlize ptaci bunky byly pied fuzi
preinfikovany pomocnym virem. K obnoveni virové produkce
v sav¢ich bunkach byla ale vZdy potieba fize s ptacimi permisivnimi
buitkami. Komplementace genem env v bunkdch RSCh nestacila
k virové replikaci. Exprese genu gag byla z pouzit¢ho konstruktu
v buiitkach RSCh bohuzel pfili§ nizka, aby bylo mozné udélat jasny
zaveér. Jestli by tedy samotna produkce virovych proteini v savci
burice stacila k tvorbé virovych ¢astic, neni tplné jasné.

7. Zavéry

l. Prazsky kmen viru Rousova sarkomu podskupiny C dokézal
infikovat potkana a kiecka diky dvéma mutacim (D32G a L378S)
nalezenym v riznych ¢astech Env. Tyto aminokyselinové zamény
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umoziuji virovy prenos na kiec¢i, lidské 1 kuteci buiky postradajici
ptislusny receptor. Nalezené mutace snizuji stabilitu obalového
glykoproteinu. Pfitomnost reaktivniho thiolatu, vazba na lipozomy a
tvorba oligomert TM pfi snizeném pH ukazuji, ze konformace
mutované¢ho Env je velmi podobné jako konformace aktivovaného
Env po vazbé na receptor. Proto je pravdépodobné, ze mutovany
virus je schopen infikovat builkky nezavisle na ptivodnim receptoru
diky spontanni aktivaci Env. Tento novy mechanizmus virového
vstupu by mohl fidit evoluci ASLV 1 dalSich virt.

2. Replikace RSV v sav¢ich buiikach je blokovéna na trovni
sestiithu a exportu virovych mRNA. V sav¢ich transformovanych
buiikach se tvoii velmi malé mnoZstvi env mRNA a nesestiiZend
genomova RNA je lokalizovana pievazné v jadfe. Virové proteiny
translatované z téchto mRNA nebyly témét detekovany. Po fuzi
s permisivnimi  kufecimi buiikami dochazi k obnoveni virové
replikace. Pfi tomto procesu je pozorovdn ndrGst v hladiné env
mRNA i odpovidajictho proteinu. Genomovd RNA je ucinngji
exportovana do cytoplazmy a dochéazi k tvorbé polyproteinu Gag.
Tyto vysledky ukazuji, Zze v sav€ich bunikach chybi kufeci faktory
potiebné pro sestifih env mRNA a export genomové RNA. Ziskané
poznatky by mohly déle pfispét k odhaleni téchto kufecich faktort.
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ASLV avian sarcoma and leukosis viruses

DF-1 chicken fibroblast cell line

Env envelope glycoprotein

H-20 Syrian hamster tumor cell line

HEK293 human embryonic kidney cells

NIL hamster embryo cell line NIL-2

PCR polymerase chain reaction

PMB PEG-maleimide-biotin

PR-RSV Prague strain of RSV

qPCR quantitative PCR

RPEI-hTERT human telomerase reverse transcriptase-
immortalized retinal pigment epithelial cells

RSCh Chinese hamster tumor cell line

RSV Rous sarcoma virus

SA splice acceptor

SD splice donor

SR-RSV Schmidt-Ruppin strain of RSV

SU surface subunit

™ transmembrane subunit

XC rat cell line transformed by PR-RSV-C
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Abstract

One of the important tasks of virology and immunology is to
explore the species- and cell-barriers preventing virus horizontal
transmission and reveal the ways how viruses overcome these
barriers and “adapt” to different species. This work is based on a
well-established retroviral model — avian Rous sarcoma virus (RSV)
and studies virus replication blocks in mammalian cells at both pre-
and post-integration level.

Interaction of the viral envelope glycoprotein (Env) with a
specific cellular receptor mediates virus entry into cells. Although
mammalian orthologues of specific chicken receptors do not support
RSV entry, it was observed that some RSV strains are able to enter
mammalian cells. Several RSV-transformed rodent cells lines were
described and analysis of provirus H20-RSV in one these cells lines
(hamster H-20 tumor cell line) showed multiple mutations including
two crucial amino acid substitutions in different regions of Env.
Substitutions D32G and L378S confer virus transmission to hamster,
human and also chicken cells lacking the appropriate receptor.
Altered conformation of H20-RSV Env is similar to a receptor-
primed (activated) state of Env. This observation indicates that virus
can circumvent the need of original cell receptor because of
spontaneous Env activation caused by single amino acid substitution.

Although RSV is occasionally able to enter and transform
mammalian cells, no virus particle formation is observed. However,
virus production in RSV-transformed mammalian cells can be
rescued by fusion with permissive chicken cells. Analysis of this
phenomenon is brought in the second part of this thesis. The RSV-
transformed hamster cells produce only a marginal amount of env
mRNA and no envelope glycoprotein. Viral genomic RNA is kept in
the nucleus and cells produce only a small amount of unprocessed
Gag protein. Cell fusion with chicken cells leads to an increase in env
mRNA levels, nuclear export of genomic RNA, as well as synthesis
of respective viral proteins. These results suggest that rodent cells
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lack some chicken-specific factor(s) required for proper processing of
env mRNA and nuclear export of genomic RNA.

Introduction

This study is based on a well-established retroviral model Rous
sarcoma virus. RSV belongs to Avian Sarcoma and Leukosis viruses
(ASLV) which are part of the alpharetrovirus genus. ASLV naturally
infects only avian species; however, experimental RSV infection was
achieved in hamsters and rats (Svoboda, 1960). Interaction of the
viral envelope glycoprotein (Env) with a specific cellular receptor
mediates virus entry into cells. Avian receptors specific for individual
ASLV subgroups (A-E, J) have been well described, however
mammalian orthologues of these receptors do not support RSV cell
entry. Therefore it has not been clear until now, how these viruses
enter mammalian cells.

RSV-transformed mammalian cells have contributed to
discovery of retroviral integration, studies of epigenetic silencing of
retroviruses and cell transformation. Although RSV can enter
mammalian cells and integrate its viral DNA into host genome, the
viral genome is not fully expressed and infectious virus production is
not detectable (Svoboda et al., 1963). However, virus replication can
be rescued by cell fusion with permissive chicken fibroblasts
(Svoboda and Dourmashkin, 1969). Despite the cytological
parameters of virus rescue have been clearly established, the
molecular insight into this process has been missing.

Aims:

1. The first aim of this thesis was to reveal a mechanism, how
RSV can enter mammalian cells. Rodent tumor cell lines transformed
with Prague RSV strain (subgroup C) were used to study this
mechanism. Due to the fact that Prague RSV wviral strain C was



originally not mammalian-tropic, I analyzed RSV proviral sequences
in this tumor cell lines in order to find changes responsible for virus
entry in mammalian cells.

2. The second aim was to find out which steps of viral
replication are in mammalian cells hampered and to describe main
molecular changes accompanying fusion of RSV-transformed
mammalian cells with avian cells leading to virus rescue. For this
analysis hamster cell line transformed with Schmidt Ruppin RSV
strain (subgroup D) was used.

Material and methods

For this study were used several RSV-transformed
mammalian cells lines. XC and H-20 are rodent tumor cell lines
transformed with the PR-RSV-C. RSCh is a hamster cell line
transformed with SR-RSV-D. As permissive cells we employed
chicken fibroblast cell line DF-1. We used also hamster embryo cell
line NIL and NIL cells producing Tve (NIL-Tvc) and two human cell
lines: Human Embryonic Kidney cells (HEK293) and hTERT-
immortalized retinal pigment epithelial cells (RPE-1-hTERT).

Viral constructs were derived from retroviral vector RCAS
(replication-competent ASLV long terminal repeat with a splice
acceptor) (Hughes, 2004). The prepared constructs differ in env gene
that originates either from PR-RSV-C (EnvC) or H20-RSV
(EnvH20). Next we prepared RCAS vectors harboring chimeras
EnvC and EnvH20 (EnvC-H20Part1-4) and RCAS containing EnvC
with particular mutations (L378S, G464S, L503V). We also prepared
constructs harboring surface subunit (SU) of subgroup A or B
together with transmembrane subunit (TM) from H20-RSV.

All viruses were propagated in DF-1 cell line and viral titers
were determined either by focal assay or fluorescent microscopy.
Cell fusion was performed with 50% polyethylenglycol.

RNA was isolated from complete cells or nuclear and
cytoplasmic fraction. RNA was used for cDNA preparation and
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followed by analysis with PCR or qPCR. The amount of viral DNA
in infected cells was measured by qPCR.

Viral stability was measured at higher temperature (44 °C) or
low pH (pH 5). Activation of envelope glycoprotein was detected by
following methods: virus entry inhibition by alkylating reagent PEG-
maleimide-biotin (PMB), liposome binding assay and TM
oligomerization assay.

Viral  protein expression  was determined by
immunofluorescence microscopy or Western blotting.

Activity of reverse transcriptase was measured by an assay
called PERT (product-enhanced reverse transcriptase).

Results and discussion
RSV entry in mammalian cells

To elucidate the mechanisms enabling cross-species virus
transmission, we analyzed genetic changes in the PR-RSV-C variant
that repeatedly infected and transformed mammalian cells (Svoboda,
1960; Svoboda et al., 1983). It is generally known that the retroviral
Env is responsible for virus entry into the cell, enabling, as the first
step, its interaction with a specific cell surface receptor. We therefore
analyzed the env gene structure and identified a total of eight amino
acid substitutions in rodent-passaged RSV (H20-RSV). We found the
same changes in XC cell-harbored proviruses representing the first
mammalian passage. The same pattern of amino acid substitutions
remained during the second cycle of rodent cell infection; therefore,
we assumed that the amino acid changes identified played a role in
the virus ability to infect receptor-deficient cells. We therefore
proceeded to assess the contribution of each individual substitution
by testing their effect in the NIL hamster cell line infection. Two of
them were found to be of decisive importance, namely, a substitution
(D32G) upstream of the vrl region and another substitution (L378S)
at the end of the fusion peptide. We found that a greater role was
played by the amino acid substitution in the fusion peptide; however,

7



cell lines (especially human) varied as to their sensitivity. Some of
these differences can be explained by low affinity Env interactions
with adhesion receptors. These interactions alone do not trigger Env
conformational changes required for entry; however, they are
important for virus attachment and significantly increase infectivity.

ASLV entry has been studied in detail and it has been shown
that ASLV Env utilizes a two-step fusion activation mechanism.
Particular events occurring after receptor priming have been
described by assays based on the incubation of the virus with a
soluble receptor. The receptor-primed virus becomes highly unstable
at low pH (Mothes et al., 2000) and Env conformation changes.
Consequently, the virus can bind liposomes via the fusion peptide
insertion (Damico et al., 1998) and Cys-38 reactive thiolate is formed
(Smith and Cunningham, 2007). Subsequent low pH-triggering of the
receptor-primed ASLV Env results in the formation of SDS-resistant
6HB oligomers (Smith et al., 2004).

It was tempting to speculate that the virus mutants which were
able to enter receptor-deficient mammalian cells had Env
glycoprotein conformational changes normally triggered by the Env-
receptor interaction. The study of the thermostability of PR-RSV-C
gave us the first hint. The virus harboring PR-RSV-C Env (EnvC)
was thermostable but the infectivity of the virus with H20-RSV Env
decreased with time of exposure to 44°C. Next, we tested whether
EnvH20 had similar characteristics to a receptor-primed Env. We
showed that the virus with EnvH20, in contrast to the virus with
EnvC, can be inactivated by low pH and is efficiently inhibited with
PMB which blocks reactive thiolates. Furthermore, EnvH20, in
contrast to EnvC, is able to bind liposomes, and its TM subunit
oligomerization is triggered by low-pH treatment. All these
observations show that EnvH20 behaves as a receptor-primed Env.

To identify the contribution of particular mutations to Env
activation, we tested how efficiently EnvC-H20 chimeras are
inactivated by low pH and inhibited by PMB. We determined that the
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greater their efficiency in mammalian cell infection, the greater their
sensitivity to low pH and PMB inhibition. Therefore, the level of Env
activation correlates with the efficiency of receptor-independent
entry.

Our and previously published data show that the mammalian-
tropic ASLV mutations span the entire env region and target different
Env domains (upstream from vrl; hrl; fusion peptide; HR1). In
contrast, ASLV interacts with the corresponding avian receptors
mainly through two host range (hr) regions. The extent of the env
mutations contributing to mammalian tropism does not support the
involvement of a specific unknown receptor. This is also
corroborated by our finding that the mutations residing in H20-TM
can facilitate human cell entry mediated by SU-B which recognizes
an avian receptor different from the one recognized by SU-C.

Taken together, we detected two mutations (D32G, L378S) in
different regions of Env which contribute to its activation. We
propose that these mutations change the Env conformation in such a
way that the Env activation barrier is decreased and Env can be
spontaneously activated in a way similar to activation caused by
receptor binding. We hypothesize that due to the spontaneous Env
activation, low-affinity Env interactions with currently unknown
molecules commonly present on cell surface are sufficient to mediate
the virus entry. Because the virus circumvents the need for a specific
receptor required for Env priming, it is also able to enter the cells of
various receptor-deficient species.

RSV rescue from mammalian cells

Although RSV-transformed mammalian cells do not produce
any infectious virus, virus production can be rescued by fusion with
permissive chicken fibroblasts (Svoboda and Dourmashkin, 1969). In
the second part of my thesis I focused on the molecular
characterization of RSV-transformed rodent cell line RSCh and the



consequences of RSCh cell fusion with avian cells leading to
infectious RSV rescue.

In order to extend and update the model of SR-RSV-
transformed rodent cells we selected the original well-characterized
RSCh cell line which had been described before. Our present data
document that this tumor cell line produces very low amounts of env
mRNA, confirming our previous Northern blot analysis of three
rodent tumor cell lines (Svoboda et al., 1983). However, when fused
with DF-1 chicken cells lacking endogenous alpharetroviral loci, both
env mRNA and glycoprotein synthesis is initiated soon. Similarly,
Gag protein synthesis is increased, its regular cleavage takes place,
and in the tissue culture supernatant fraction corresponding to virus-
like particles the processed Gag is present. In such a way, the main
molecular steps required for virus rescue are accomplished thanks to
rodent cell complementation with chicken cell factor(s). The
complementation hypothesis is supported by the finding that protein
synthesis inhibitors block increase of the env mRNA level when
applied to DF-1 cells and not to RSCh cells before the fusion.

One of the factors responsible for the env mRNA threshold
synthesis might be related to aberrant splicing. We found that
quantified aberrant splicing of the env gene represents only 5.6 % of
total viral RNAs in non-permissive cells but is also detectable in
permissive cells, where it reaches 1.3 %. Aberrantly spliced RNAs
utilized different cryptic splice donor (SD) sites and the same regular
splice acceptor (SA) site. The splice variants designated as Dbll and
Crypticl have already been described in PR-RSV (Berberich et al.,
1990) but the new ones — DblI2, Cryptic2 and Cryptic3 — are
characteristic for SR-RSV, where a single nucleotide substitution
created a new cryptic SD site. However, it seems highly unlikely that
aberrant splicing alone might play any decisive role in diminishing
the pool of full-length env transcripts. Rather, the env gene represents
most recent innovation in the retrovirus evolution, and therefore we
can expect its variability.
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Quite a lot of attention has been paid to the molecular
mechanisms playing a role in RSV gRNA export from the cell
nucleus to the cytoplasm. Unique elements called direct repeats
(DRs) constituting the 3’ end of the viral genome were shown to
represent a genomic “mark” licensing gRNA export and stability.
RSV contains two DRs which are structurally highly similar. A series
of following papers using various upstream or downstream DR
modifications provided data indicating their role in the virus life
cycle. The most convincing are observations obtained in viruses
lacking both DRs that provided evidence for the drop in gRNA
stability, egress, and possibly also in the Gag product synthesis
(Ogert et al,, 1996). Our study of RSCh cells revealed some
similarity to viruses lacking DR. This concerns gRNA instability,
decreased export from the nucleus and low efficiency of Gag product
synthesis.

Interesting results were obtained by studying consequences of
partner cell complementation with gag and env gene products or
helper virus infection. So far it is known that RSV-transformed
rodent cells are not complemented when different independently
obtained cell lines are fused one with the other. Similarly it was
revealed that infection of transformed cells with rodent retroviruses
does not lead to RSV rescue in spite of the fact that rodent
retroviruses complete their replication cycle. Here we utilized a
different strategy in which we did not complement non-permissive
rodent but permissive avian partner cells with gag, env, or both gene
products. Under such conditions a clear increase in RSV yield after
cell fusion occurred; however, it was dependent on the degree of
complementing gene expression. This supports our conclusion that
the deficiency of rodent cells lies in part in their inability to
synthesize or process gag or env gene products. This deficiency can
be diminished by supplying these products in trans. However this
trans-complementation needs to be supported by fusion with
permissive cells. Gag or env gene products are probably not
sufficient to ensure virus rescue in non-permissive rodent cells by
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themselves but they can increase RSV rescue efficiency after fusion
with chicken cells.

7. Conclusions

1. Prague strain of RSV subgroup C was able to infect rat and
hamster due to amino acid substitutions (D32G a L378S) found in
different part of Env. These substitutions confer virus transmission to
hamster, human and also chicken cells lacking the appropriate
receptor. The stability of mutated Env was decreased in higher
temperature and low pH. Presence of reactive thiolate, liposome
binding and ability to form TM oligomers in low pH showed that Env
has similar conformation as receptor-primed Env. Therefore I
conclude that virus circumvents the need of original cell receptor
because of spontaneous Env activation. This new mechanism of virus
entry can have an impact on the evolution of ASLV and other
viruses.

2. RSV replication in mammalian cells is blocked on level of
viral mRNA splicing and export. RSV-transformed cell produce
small amount of env mRNA and gRNA is kept in nucleus. Viral
proteins translated from these mRNAs were almost not detected.
Fusion with permissive chicken cells led to virus rescue. This process
was accompanied by increase in env mRNA level and corresponding
protein. gRNA was exported to cytoplasm and polyprotein Gag was
produced. These results show that rodent cells lack some chicken
factors needed for env mRNA splicing and gRNA nuclear export.
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