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1. Uvod

1.1  Nadorova imunoterapie

Aplikace poznatkli imunologie na prevenci, lécbu a diagnostiku néadorovyvch
onemocnéni je vysledkem fady fundamentalnich objevl u¢inénych pied relativné nedavnou
dobou. Od identifikace prvniho skute¢né¢ho nadorového antigenu piitomného na lidskych
nadorovych bunkach Boonem a spolupracovniky na pocatku 90. let [van der Bruggen et al.,
1991] doslo k explozivnimu vyvoji celého oboru. VSeobecné akceptované dogma predpoklada,
ze imunitni reakce navozena specificky na tyto nadorové antigeny bude schopna znicit
vyvinuté¢ nadory, bohuzel dekada klinickych pokusii ukazuje, ze soucasné vakcinacni postupy
jsou neucinné pro navozeni dostateéné silné protinddorové imunitni odpovédi [Rosenberg,
2001]. Soucasné poznatky naznacuji, ze zasadni ptrekazkou v indukci lécebné protinadorové
imunity je rozvoj imunologické tolerance na nadorové buiiky [Staveley-O'Carroll et al., 1998;
Sotomayor et al., 2001]. Studium nadorové imunologie ma v soucasnosti vyznam nejen pro
klinickou terapii nadorii, ale zasadnim zpisobem pfispivd k definovani zdkladnich
imunologickych principli jako je napiiklad mechanismus rozliSeni mezi vlastnimi a cizimi

antigeny, nebo mechanismy suprese imunitni opovedi.

Primarnim mechanismem protinddorové imunity je =zabijeni nadorovych buné¢k
prostiednictvim CD8+ cytotoxickych lymfocytl,, které rozpozndvaji nadorové antigeny
prezentované ve formé¢ kratkych peptidi navazanych na molekuly MHC I. tfidy na povrchu
bun¢k. Nadorové antigeny mohou byt produkty normdlnich bunéénych genti, které jsou
exprimované v abnormalné¢ zvySeném mnozstvi v nddorovych bunkéch, ale jsou zéaroven
fyziologicky exprimované v nékterych typech bunék. Oznacuji se jako tumor-asociované
antigeny (TAA) a patfi mezi né naptiklad antigeny z rodiny carcinoembryonalnich proteint
(MAGE-3, CEA, P1A a dals$i) nebo diferencia¢nich antigenii (tyrosindza, Her-2/neu, PSA a
dalsi) [Boon et al., 1994; Boon and van der Bruggen, 1996; Wang and Rosenberg, 1996].
Nédorové antigeny mohou byt dale produkty mutovanych bunéénych genti, které vznikly v

pribéhu onkogeni transformace. Tyto antigeny jsou exprimované pouze v nadorové tkani a



oznacuji se jako tumor-specifické antigeny (TSA), velmi ¢asto se jednd o mutace v genech
regulujicich bunéény cyklus (natiklad p53, ras, myc, ber-abl) [Boon et al., 1994; Boon and van
der Bruggen, 1996; Wang and Rosenberg, 1996]. V poslednim piipadé mohou byt nadorové
antigeny produkty genii onkogenich virt které transformovaly somatické buiiky [Rapp and
Westmoreland, 1976]. Tuto schopnost maji nékteré malé DNA viry, mezi které patii zejména
klinicky vyznamny patogen HPV a nékteré RNA viry jako je HTLV-1. Dale existuje mnoho
dalSich onkogennich virti zplisobujicich nadory na zvitatech, ale nepatogennich pro ¢lovéka

(napt. SV40).

Rast nadort je zavisly na proliferaéni kapacit¢ nadorovych bunék a na schopnosti
téchto bunck invazivniho ristu a tvorby metastdz. Nekontrolovany rast nadorovych bunék je
esencidlni  avSak ne jedind podminka pro vznik makroskopickych nadorti. Hypotéza
nadorového imunitniho dohledu (tumor imunosurveilance) navrzena v 50-tych letech
Mcfarlane Burnetem tvrdi, ze imunitni systém je schopen rozpoznat klony malignich bunék a
znicit je pred tim, nez vytvoii nador. Tato hypotéza je intenzivné diskutovana v soucasnosti a
nejnoveéjsi experimentalni vysledky zpochybiiuji schopnost imunitniho systému zabranit
rozvoji béznych nadort [Willimsky and Blankenstein, 2005]. Pfi imunodeficitu bunétné
imunity vznikaji nadory zplsobené zejména onkogenimi viry, nedochdzi vsak k vyznamné
vys$imu rozvoji béznych spontannich nadorii, zvySena incidence nadord je tedy pfipisovana
porucham protivirové obrany neZ neschopnosti organismu zabréanit vzniku nadort . Rada studii
u pacientll s imunodeficity buné¢né imunity prokazala, Ze naptiklad u pacientli s AIDS dochazi
k abnormalné zvySenému rozvoji typickych nadort indukovanych onkogenimi viry jako jsou
Kaposiho sarkom zpiisobeny lidskym herpesvirem typ 8, hepatocelularni karcinom vyvolany
infekci HCV, lymfomy zptisobené EBV a ordlni ¢i genitalni karcinomy vyvolané infekci HPV
[Boshoff and Weiss, 2002]. Tyto tdaje jsou podpofeny nékterymi experimentalnimi pracemi a
spole¢né naznacuji, ze v dusledku rozvoje imunologické tolerance imunitni systém neni
schopen zabranit vzniku a ristu spontannich nadord vznikajicich v disledku genetickych

mutaci [Ochsenbein et al., 1999].

Soucasna 1écba nadort cytostatiky ma mnoho vedlejSich G¢inkd, protoze je toxicka pro

vSechny d¢lici se bunky — nadorové i nenadorové. Idealni by byla nepochybné takova terapie,



kterd by pulsobila pouze na nadorovou tkan aniz by poSkodila tkan zdravou. Nadorova
imunoterapie spliuje tato kritéria a ma potencial se stat nejspecifictéjsi protinddorovou 1é¢bou
po piekonani prekdzek, které vyznamné snizuji jeji Gi¢innost. Zejména je nezbytné vyvinout
metody, které zabrani rozvoji imunologické tolerance na nadorové antigeny. Podobné diilezité
je vyvinuti u¢innych a bezpecnych vakcin, které mohou byt pouzity u pacientli. Posledni
podminkou je pfesné zmapovani antigenti specifickych pro individudlni nadory. Tyto otazky
mohou byt experimentalné studovany pouze na zvifecich modelech, pro tento tucel je
k dispozici védcim celd fada nddorovych modelll které jsou ve velké vétSin€ zalozené na
inbrednich mysich liniich. Zadny ztéchto modelti ale neni univerzalni a nelze ho pouzit
k odpovézeni vSech otazek. Mnohaleté zkusSenosti potvrdily, ze mezi nejlepsi postupy dostupné

v soucasnosti patfi studium mysich nadorti indukovanych onkogenimi viry SV40 a HPV.



1.2 SV40

Simian virus 40 (opici virus 40) je maly DNA virus pafici mezi polyomaviry a jeden
z nejvice studovanych virl vitbec. SV40 je blizce pfibuzny virus s polyomaviry JC a BK, které
jsou patogenni pro ¢loveéka a vétSina jedincl v populaci je trvalymi nosic¢i téchto dvou virt.
Infekce SV40 muiize zpusobit vznik nadord, zcela jednoznacné to bylo prokézano na hlodavcich
(mysi, kiecci) [Tevethia et al., 1974]. Do soucasnosti vSak nebylo pfesvédcivé prokazano ¢i
vyvraceno, Zze SV40 miiZze vyvolat nadory u lidi pfestoze nékolik studii prokazalo pfitomnost
virové DNA ve vzorcich nékterych lidskych nddorG jako mezotheliom, non-Hodgkinsky
lymfom a né€které nadory mozku [Bergsagel et al., 1992; Carbone et al., 1994; Hirvonen et al.,
1999; Rizzo et al., 1999]. Pro ptirozeného hostitele, kterym je makak rhesus, je SV40
nepatogenni. SV40 kontaminoval zivou poliovakcinu, ktera byla pravé vyrobend na bunéénych
liniich z makak rhesus a tato vakcina byla aplikovana v USA mnoha miliontim jedinct na
zacatku Sedesatych let 20. stoleti [Shah and Nathanson, 1976]. Tito jedinci byli sledovani po
mnoho let a nastésti se nepotvrdily pocateni obavy, ze SV40 bude indukovat tvorbu nadora
[Mortimer et al., 1981]. Popsané ptipady, kdy byla prokdzana ptitomnost SV 40 viru
v nadorové tkani jsou raritni pfipady a néktefi ztéchto pacientli viibec nebyli v minulosti
oc¢kovani kontaminovanou poliovakcinou. Toto zjisténi vyvolalo debatu, ze SV40 muze
ptirozené kolovat v lidské populaci [Tevethia and Schell, 2002]. Genom SV40 koduje pét
hlavnich proteini, tii pozdni VP1, VP2 a VP3, které tvoti kapsidu viru a dva ¢asné proteiny
»velky T antigen (T Ag) a ,,maly* T antigen (t Ag, odvozeno od slova tumor), které jsou
odpovédné za onkogenni vlastnosti SV40. T Ag je prototypem virového onkogenu a v pribéhu
uplynulych let bylo zjisténo, ze T Ag vaze tumor-supresorovy protein p53 a pRb coz vysvétluje
jeho onkogenni vlastnosti [Levine, 1989]. Je-li T Ag exprimovan jako transgen v mysSich
indukuje tvorbu spontannich nadort v zévislosti na lokalizaci exprese [Brinster et al., 1984;
Van Dyke et al., 1985; Knowles et al., 1990]. Proces onkogeneze indukované T Ag je velmi
podobny piirozenému vzniku lidskych nadorti a proto se T Ag-transgenni mysi staly
vyhodnym a Siroce pouzivanym modelovym organismem. T Ag je nejenom typickym
onkogenem, ale 1 velmi dobfe charakterizovanym antigenem, ktery vyvolava tvorbu
specifickych protilatek a indukuje specifickou bunécnou odpovéd’ nejen u mysi [Schell and

Tevethia, 2001]. V sekvenci T Ag bylo identifikovano nékolik epitopti vazajicich se na



molekuly MHC I a II v zavislosti na MHC haplotypu [Forster et al., 1995; Mylin et al., 1995].
Tento fakt spolu s dostupnosti T Ag-transgennich mys$i umoziuje velmi ptesné studovat u

téchto mysi T Ag-specifickou protinddorovou imunitu béhem onkogeneze.

Obr.1 CTL H-2b epitopy v SV40 T antigenu
206-215 223-231 404-411 489-497
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epitop pozice sekvence restrikce
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1.3 HPV

Lidsky papilomavirus (HPV) je dalsim pfedstavitelelm malych DNA vird, které
zpusobuji vznik nadort avsak na rozdil od SV40 je to typicky lidsky patogen. Existuje vice nez
100 genotypit HPV kter¢ se 1iS§i mirou onkogenity, nékteré typy HPV infikuji dlazdicovy epitel
genitalniho traktu muzi i Zen a sliznice laryngu a zpiisobuji tim vznik karcinomt infikovanych
epitelii [Walboomers et al., 1999]. Rozlisuji se tzv. vysokorizikové typy (hlavné¢ HPV 16, 18,
31) a nizkorizikové typy (hlavné HPV 6 a 11) [Lorincz et al., 1992]. HPV je zavazny
zdravotnicky problém zejména u Zen, nebot bylo prokazdno ze 99% piipadii karcinomu
délozniho ¢ipku je zplsobeno infekci HPV. Genom HPV kéduje dva pozdni strukturdlni
proteiny L1 a L2 a na rozdil od SV40 sedm casnych gent (E1-E7) nezbytnych pro replikaci
viru a transformaci bun¢k. Proteiny E6 a E7 jsou hlavni onkogeny HPV, E6 vaze p53 a E7
vaze pRB, oba tyto proteiny tedy maji podobnou funkci jako T Ag. Rozdil mezi low-risk a
high-risk typy spociva pravé v ucinnosti inhibice p53 a pRB proteiny E6 a E7 [Dyson et al.,
1989; Werness et al., 1990; zur Hausen, 1998]. Na rozdil od T Ag nejsou samotné proteiny E6

a E7 tak silné onkogeny, pro transformaci je nutna aktivita obou proteini a pro rozvoj



invazivnich karcinomt jsou nezbytné dal$i mutace postihujici geny regulujici bunécny cyklus.
Proteiny E6 a E7 jsou specifické nadorové antigeny vuci kterym se nevyviji centralni
tolerance, protoze nejsou exprimované v thymu nebot’ se jedna o cizi, virové proteiny. CD8+
T lymfocyty specifické na tyto dva proteiny, které jsou indukované vakcinaci, velmi specificky
rozpoznavaji nadorové buniky, protoze E6 a E7 jsou trvale exprimované v nddorech [Feltkamp
et al., 1993; Ressing et al., 1995].

Zabranéni vzniku nadort v disledku infekce HPV nastane také v piipadé€, Zze bude
ucinn¢ zamezeno virovym partikulim infikovat buiiky a nedojde tedy viibec k jejich onkogenni
transformaci. Toho lze docilit vyvolanim imunitni odpovédi pii které se tvoifi virus-
neutraliza¢ni protilatky. HVP podléha stejnym zakonitostem jako ostatni viry a proto neni
piekvapujici, ze po infekci HPV dochazi k tvorbé protilatek specifickych 1 na strukturalni
proteiny L1 a L2 [Hamsikova et al., 1998]. Tvorbu téchto protilatek 1ze vyvolat vakcinaci
prostiednictvim tzv. virim podobnym partikulim (virus-like particles; VLP) [Zhou et al.,
1991]. Tyto VLP jsou uméle ptipravené v laboratoii a v podstaté¢ se jedna o ,,prazdné* virové
kapsidy tvofené proteiny L1 anebo L2, které neobsahuji virovou DNA a proto jsou 1
neinfekéni. V soucasné dobé jsou k dispozici komercéni vakciny na bazi VLP pro klinické
pouziti a jejich uc¢innost na prevenci HPV-indukovanym ndsoriim se kontinudlné testuje
[Koutsky et al., 2002]. Tento zptisob vakcinace je ucinny pied rozvojem nadorového
onemocnéni a proto se oznacuje jako preventivni vakcinace. Rozsifend indikace napi. u
pacientek s prekancerozni 1¢ézi cervixu (CIN) je pfedmétem klinickych zkousek. Imunizace
pomoci VLP tedy neni protinddorova vakcinace v pravém slova smyslu, nebot’ je ti€¢inna pouze
jako prevence proti infekci HPV. Prestoze je vyvoj vakcin proti karcinomu cervixu
nejuspésnéjsi  priklad nadorové imunoterapie v soucasnosti, stale nejsou k dispozici
terapeutické vakciny, které by navodily regresi invazivnich ¢i metastazujicich naddorii cervixu,

a jejich vyvoj je pfedmétem intenzivniho vyzkumu.

Obr. 2 CTL (H-2P) epitop v HPV16 E7

|
H-2D" 49-57 (RAHYNIVTF)
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14 Mechanismus indukce T-bunééné imunitni odpovédi.

Porozuméni mechanismiim T-bunécné imunitni odpovédi je vysledkem dlouholetého
studia, které bylo nejen velmi obtizné, ale bylo také neobycejné kontroverzni. Existence
bunécné imunitni odpovédi je zndma mnoho let, jiz roku 1974 Zinkernagel a Doherty ukazali,
ze T Ilymfocyty jsou specifické jak na antigen, tak také na molekuly hlavniho
histokompatibilniho komplexu (MHC) [Zinkernagel and Doherty, 1974]. Po dlouhou dobu
vSak véda zcela tdpala v identifikaci mechanismil, které jsou zodpovédné za tuto dvoji
specifitu. Rozlusténi této védecké hadanky bylo zalozeno na nékolika fundamentélnich
objevech a fady malych neméné dilezitych objevi, které byly spole¢né¢ vysledkem trpélivého
badani mnoha védeckych tymiti. Mezi ty fundamentélni objevy patii nepochybn¢ identifikace
T-bunééného receptoru (TCR) a odhaleni mechanismu rekombinace genli kodujicich TCR
[Hedrick et al., 1984; Saito et al., 1984; Saito et al., 1984].

Skutecny prulom pro pochopeni zplisobu jakym CD4+ a CD8+ T lymfocyty
rozpoznavaji antigeny vsak byl rok 1989. V tomto roce bylo prokazano, ze TCR piitomny na
povrchu CD8+ T lymfocytii rozpoznava kratké peptidové sekvence o délce 8-10 aminokyselin
navéazané na molekuly MHC I a podobné¢ se ukazalo, Zze TCR na povrchu CD4+T lymfocyta
rozpoznava peptidy asociované s molekulami MHC II [Townsend et al., 1989; Townsend et al.,
1990]. Tento poznatek umoznil zcela exaktné urcit, kterd sekvence v proteinovém antigenu je

zodpovédna za jeho imunogenitu a odstartoval éru moderni imunologie.

Studium protivirové imunitni odpovédi u mysi vyvolané infekei laboratornimi kmeny
vird jako je natfiklad LCMV nebo influenza je stale klicovym postupem studia bunécné
rozpoznavaji virové antigeny prezentované molekulami MHC 1. tfidy, které jsou exprimované
na vSech buikéch a jsou schopné zabit buiiky infikované viry — také se proto oznacuji jako
cytotoxické T lymfocyty. Podobné jako v protivirové imunité, CD8+ T lymfocyty maji zasadni
ulohu 1 v protinddorové imunit¢ a jsou schopné zabit transformované bunky stejnymi

mechanismy jako zabijeji buniky infikované viry.
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Naproti tomu CD4+ T lymfocyty rozpoznavaji antigeny prezentované molekulami
MHC II. ttidy, které jsou ale pfitomné pouze na specifickych buiikach oznaovanych jakou
profesionalni antigen-prezentujici bunky (APC). CD4+ T lymfocyty poskytuji aktivaéni
signaly, které jsou nezastupitelné pro navozeni proliferace a diferenciace CD8+ T lymfocyti a
B lymfocytl. Protoze ale CD4+ T lymfocyty rozeznavaji prostiednictvim TCR antigenni
peptidy navazané na molekuly MHC II nemaji schopnost ptfimo zabit nddorové nebo virem-
infikované buiiky, nebot’ bunky nepochazejici z hematopoetické tkan¢ ziidka exprimuji MHC
II. Bylo ale prokdzané, Zze CD4+ lymfocyty v urCitych experimentalnich systémech byly
nezbytné pro navozeni ucinné protinddorové imunity, tyto mechanismy pisobi nepiimo
prostiednictvim secernovanych cytokinG (hlavné IFNy, TNFa) které aktivuji makrofagy

infiltrujici nadory [Mumberg et al., 1999].

Analyza virové-specifické odpovédi ukazala, ze CD8+ T lymfocyty jsou piekvapiveé
specifické pouze na urcité peptidy z n€kolika malo virovych genti. Naptiklad infekce virem
LCMV navodi u C57BL/6 kmene mys$i imunitni odpovéd’ specifickou pouze na tfi CD8
epitopy Db/gps3.41, Db/npsos.a04 @ Db/gpa7e.2s6 [Gallimore et al., 1998], které tvoii na vrcholu
infekce az 70% vSech CD8+ T lymfocytl. Dal§i modelovy virus, influenza, po infekci
indukuje imunitni odpovéd’ specifickou na dva epitopy Db/npses-374 @ Db/passs-n33 [Belz et al.,
2000]. Nekteré epitopy tedy zcela dominuji v celkové CD8+ T-bunétné odpoveédi na
komplexni viry a pro tento jev se pouzivda oznaceni imunodominance. Dusledkem
imunodominance je tedy ustanoveni imunologické hierarchie mezi jednotlivymi imunogenimi
epitopy, na jedné strané existuji epitopy imunodominantni a na opacné stran€ jsou epitopy,
viaci kterym se tvofi velmi slabd imunitni odpovéd a tyto epitopy se oznacuji jako
imunorecesivni [Yewdell and Bennink, 1999]. Piestoze je odpovéd na komplexni antigeny
(velké viry, smési mnoha proteinovych antigend, alogenni bunky, apod.) polarizovana ve
prospéch imunodominantnich determinant, Ize zcela spolehlivé detekovat 1 odpoveéd vici
imunorecesivnim epitopim. Neplati tedy, ze imunorecesivni epitopy nejsou schopné navodit
imunitni odpovéd’. Selekce imunogenich epitopi je slozity proces, kdy imunitni systém vybira
napft. pii virové infekci z mnoha stovek moznych epitopii obsazenych v desitkach genti a je
vysledkem mnoha faktori [Kedl et al., 2003], které budou déle diskutovany, ovlivitujicich
aktivaci naivnich CD8+ T lymfocyta.
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Na rozdil od CD8+ T-bunéné imunitni odpovédi, mnohem méné je znamo o
imunodominanci v CD4+ T-bunécné imunitni odpovédi. Tento nedostatek informaci je
zpusoben hlavné tim, ze studium mechanismii CD4+ T-bunééné imunitni odpovédi je
také existuje, je vSak mén¢ vyjadiena. Cilem nasledujiciho textu je Gzce zaméfend diskuze na
téma imunodominance v CD8+ T-bunécné odpovédi, protoze charakter a metody mého

experimentalniho ptistupu nebyly cilené na analyzu CD4+ T-bunécné imunitni odpovedi.

Nejprve je nutné odpovédét na otdzku kcemu slouzi imunodominance.
Imunodominance v CD8+ T-bunécné imunitni odpovédi je vysledkem evolu¢niho procesu,
v kterém se organismy naucily maximaln¢ zefektivnit imunitni systém. Neboli s omezenymi
prosttedky a v omezeném cCase je nutné co nejrychleji vytvofit co nejvice cytotoxickych
lymfocytli, které rozpoznaji buniky infikované viry a zahubi je. Pfiroda rozhodla, Ze
nejucingjSim zptisobem bude vybrat nékolik malo antigennich determinat z mnoha moznych a
vici témto determinantdm koncentrovat maximum imunitni odpovédi. Nejimunogené;si
epitopy aktivuji specifické CD8+ T lymfocyty nejdiive [Busch and Pamer, 1998; Mercado et
al., 2000]a tato aktivace zahdji proces klondlni expanze, faze exponencialniho mnozeni trva
v tadu nékolika dni a asi do péti-sedmi dnii od momentu infekce (velmi zavisi na typu virové
infekce) je jiz detekovatelna antivirova CD8+ odpovéd’. Expanze antivirovych lymfocytu je
skutecné¢ masivni, v akutni fazi dosahuje az desitky procent z celkového poctu CD8+ T
lymfocyth [Murali-Krishna et al., 1998]. Organismus ale do jisté miry zna¢né riskuje tim, Ze
generuje takto uzce zaméfenou imunitni odpovéd’. Co by se stalo, kdyby byla imunitni
odpovéd’ cilend na nevhodné epitopy? Pravdépodobné by to organismus neptezil a podlehl
virové infekci, zcela spolehlivé lze piredpokladat, ze v pribéhu evoluce k podobnym
»heuspechiim® doslo. Tyto ,,netspéchy* se staly podkladem evoluéni selekce, kdy organismy

s nejvetsi rezistenci mély nejefektivnéjsi zptsob vybéru imunogenich epitopd.
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1.5 Pravidla definujici imunogeni epitopy.

Existuje ne¢kolik zakladnich pravidel, které musi byt splnény, aby dany epitop navodil
imunitni odpovéd’ [Yewdell and Bennink, 1999]. Popsané faktory plati pro CD8-specifickou
odpovéd’ a v nékterych piipadech i pro CD4-specifickou odpovéd'.

Imunogeni epitop:

1. musi byt generovan v APC v dostatecném mnozstvi z prekurzorového polypetidu a

dopraven do endoplazmatického retikula, kde dojde k navazani na molekuly MHC 1. ttidy.

Této fazi lze priradit termin ,,Zpracovani antigenu®.

2. musi byt schopen vazby na molekuly MHC I. tfidy v dostate¢né afinité.
3. v organismu musi existovat CD8+ T lymfocyty, které jsou aktivovany komplexy MHC
[-peptid.

Nelze ptesné urcit do jaké miry musi byt kazdd podminka splnéna, nebot vysledna
imunogenicita je vysledkem souhry téchto faktort. Deficit na jedné Urovni mulze byt
kompenzovan na jiné, neexistuje tedy jeden obecny faktor urcujici imungenitu. Napiiklad
epitop, ktery je velmi malo generovan z proteinového antigenu, protoze se tvoiri v malém
mnozstvi muze byt imunogeni, vaze-li se velmi dobie na MHC I a v organismu je k dospozici

velky pocet naivnich CD8+ T prekurzorti [Chen et al., 2000].

Ad 1 Zpracovani antigenu

VétsSina antigennich peptidi  generovanych buiilkou pochazi z cytoplazmatické
frakce proteinli syntetizovanych bunikou [Pamer and Cresswell, 1998]. Na rozdil od tvorby
komplexti peptid-MHC 11, ke které dochazi pouze v profesiondlnich APC, vSechny somatické
bunky maji schopnost tvorby peptidi vazajicich se na MHC 1. Pochazi-li peptid z proteinu
syntetizovaného buiikou, kterd prezentuje tento peptid na svém povrchu, hovofime o piimé
prezentaci antigenti. Tento zplsob prezentace antigenll je vyznamny pii virovych infekcich,
nebot’ viry mohou pfimo infikovat APC ptitomné bud’ pfimo v misté vstupu viru jako tfeba

Langerhansovy DC v kizi, ale také APC pritomné ve spadové lymfatické uzlin¢ [Norbury et
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al., 2002]. Profesionalni APC jsou schopné endocytdzy exogennich antigent — pochézejicich
tieba z apoptotickych ¢i nekrotickych bun€k. Pohlceny antigenni material se nasledn¢ dostane
do cytoplazmy APC a je zpracovan na peptidy stejnym mechanismem jako proteiny
syntetizované v burice. Vytvotené peptidy jsou pak vystaveny navazané na MHC I na povrchu
bunky, tento druhy zplisob prezentace antigent se oznacuje jako krosprezentace [Bevan, 1976;
den Haan et al., 2000].

Proteiny jsou v cytoplazmé nastépeny proteinazovym komplexem oznacovanym jako
proteazom a vzniklé fragmenty o délce 8-16 aminokyselin jsou po navazani na peptidovy
transportér TAP pieneseny do endoplazmatického retikula (ER)[Pamer and Cresswell, 1998].
Uvniti lumen ER dochézi kvazbé na MHC 1 za tucasti celé fady proteini zrodiny
molekularnich chaperonti. Je-li sekvence peptidu pfili§ dlouhd, aby mohlo dojit k vazbé na
MHC I, mlze byt zkracena odstépenim nékolika amonokyselin z NH, konce peptidu
prostiednictvim ER-rezidentnich aminopeptidaz jako je napi. ERAAP [Serwold et al., 2002].
Z téchto oznatkll plyne, Ze kritickym mistem je nejprve proteazomalni Stépeni a nasledné
transport do ER. Ztrata imunogenity mize byt zpiisobena tim, Ze proteasom §tépi sekvenci
uprostied hypotetického epitopu, nebo Ze generovany peptid neni schopen vazby na TAP a

nedostane se tak do ER.

Ad?2 Vazba peptidu na MHC I

Generované peptidy o délce cca 8-10 AMK se vazi prostiednictvim nekovalentnich
vazebnych interakci na povrch MHC I v misté oznacovaném jako ,,zlabek*. Kazdy typ MHC I
molekul — at’ mysi ¢i lidské obsahuje ve vazebném zldbku charakteristické domény, které
preferencné vazi typicky 2-3 aminokyseliny oznaované jako ,kotvy“. Tyto kotvici
aminokyseliny se nachazi na zcela specifickych pozicich v peptidu, naptiklad peptidy vazici se
na mysi H2-Kb molekuly ¢asto obsahuji vazebny motiv xx(Y)x(FY)xx(LMIV)x [Falk et al.,
1991]. Tyto vazebné motivy jsou zndmé pro velky pocet aloform molekul MHC I a MHC II a
analyzou sekvenci proteini je mozné predikovat na zaklad¢é téchto motivii mozné epitopy.
Uginnost vazby peptidu na MHC I je déna primarni strukturou peptidu a lze ji fyzikalng-
chemicky vyjadfit jako afinitu. Prahové afinita peptidii musi ptekrocit ur€itou hranici (cca Kd>
500 nM) aby dany peptid navodil imunitni odpovéd’ [Sette et al., 1994]. Navéazany peptid

stabilizuje molekuly MHC I pfitomné na povrchu buiiky a v zéavislosti na afinité¢ mtze byt
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komplex MHC I-peptid prezentovan na povrchu buné¢k v tadu hodin az dnd. Mira afinity
peptidu pro MHC 1 je asi nejdulezitéjsi faktor urcujici imunogenitu za fyziologickych
podminek, je-li afinita velmi vysoka, neni potfeba velké mnozstvi antigenu pro generovani
nezbytného poctu komplexti s MHC I a zaroven tyto komplexy zlstanou po dlouhou dobu na
povrchu APC coz vyrazné zvysi Sance, Ze bude rozpoznan specifickym CD8+ T lymfocytem.
Naopak, imunogenni peptidy s nizkou afinitou musi byt generovany ve zvySeném mnozstvi a

po delsi dobu aby bylo dosazeno stejné imunogenity [Vijh et al., 1998].

Ad3 CD8+ T prekurzory

Pritomnost velkého poctu komplexti na povrchu mnoha APC neni zarukou toho, ze
CD8+ imunitni odpovéd’ bude Uspésné vyvoldna. Zcela nezbytnym ptedpokladem je, ze
v organismu jsou piitomné CD8+ T lymfocyty schopné rozpoznat antigenni komplexy
prostiednictvim vazby komplementarniho T-bunécného receptoru (TCR). Aby toho bylo
mozné dosahnout, T lymfocyty musi generovat dostateéné Siroké spektrum rtznych TCR
prostiednictvim V-D-J rekombinace. Existuje-li tedy naivni lymfocyt komplementarni ke
komplexu peptid-MHC I, miZe dojit k jeho aktivaci a nésledné klondlni expanzi.

Schopnost TCR vazby na komplex MHC-peptid vyjadii afinita resp. avidita je-li
posuzovana schopnost vazby T lymfocyti na vice komplexi MHC-peptid pfitomnych na
povrchu APC. Plati, ze pro aktivaci CD8+ T lymfocytl s vys$$i aviditou je potfeba mensi
mnozstvi antigenu nez pro aktivaci CD8+ T lymfocytl exprimujicich nizkoafinitni TCR. Tento
poznatek lze demonstrovat analyzou primérni a sekundarni odpovédi na imunizaci, pfii
primarni odpovédi se aktivuje vice CD8+ T lymfocyti s TCR majicimi riznou afinitu a
vysledna populace antigen-specifickych CD8+ T lymfocytt se sklada ze smési nizko- a vysko-
aviditnich CD8+ T lymfocytt Je-li organismus immunizovan znovu, tak preferenéné expanduji
pouze klony vysoko- aviditnich CD8+ T lymfocytdi a odpovéd se postupné méni

z polyklonélni na oligoklonalni[Deng et al., 1997; Chen et al., 2000; Chen et al., 2004].
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1.6 Mechanismy imunodominance

V ptredchozi ¢asti textu byly definovany podminky, které musi byt splnény, aby dany
antigen byl schopen navodit CD8+ T-buné¢nou imunitni odpoveéd’. K jakym jeviim ale dochazi,
obsahuje-li antigen né¢kolik imunogennich epitopti soucasné? Pro¢ jsou néckteré epitopy
immunogen¢j$i nez jiné? Odpovédi na tyto otdzky maji zcela zasadni vyznam nejen pro
porozuméni mechanismim indukce bunééné imunity ale také pro vyvoj vakcin ucinné
stimulujicich bunéénou imunitu. Podstata imunodominance vychazi zjednodusené z kompetice
mezi imunogennimi determinantami a lymfocyty o misto a zdroje v organismu. Tato kompetice
probiha na mnoha trovnich, od déji probihajicich na molekularni urovni smérem k interakcim

mezi jednotlivymi buiikami imunitniho systému.

1. Generovani epitopd.

Aby bylo mozné posoudit vyznam uc¢innosti zpracovani antigenti (antigen processing)
na ustanoveni imunologické hierarchie je nezbytné mit k dispozici metody, které umozni
kvantifikovat tvorbu jednotlivych epitopii z proteinového antigenu. Tyto postupy prosly
historickym vyvojem a v podstaté existuji tfi zakladni metody. Technicky nejméné obtizné je
stanovit, jestli bunky exprimujici antigen jsou rozpoznany v cytotoxickém testu a porovnat je
s referenénimi buiikkami jako jsou napiiklad RMA/s, které byly inkubovany v pfitomnosti
syntetického peptidu o stejné sekvenci [Lippolis et al., 1995]. Tato metoda je hrub¢ orientacni
a vzadném ptipadé neposkytne exaktni informaci, kterou je pocet epitopli vytvorenych
z definovaného mnozstvi anigenu za jednotku ¢asu. Druhd metoda je naopak velmi ptesna, ale
znaén€ nepraktickd a ndkladnd. Peptidy navazané na molekuly MHC I 1ze extrahovat z velkého
poctu bun¢k a pomoci HPLC urcit jejich koncetraci porovnadnim se syntetickym analogem
[Gallimore et al., 1998]. Posledni metoda je v souc¢asné dobé nejvyhodnéjsi, ale Ize ji aplikovat
pouze na velmi omezeny pocet antigennich epitopti. Tato metoda je zalozena na detekovani
komplextt MHC-peptid pomoci monoklonalni protilatky, ktera specificky reaguje pouze s t€émi
MHC, které maji na povrchu navéazany specificky peptid [Germain and Jenkins, 2004]. Tato
protilatka tedy reaguje analogicky jako TCR rozpoznavajici komplexy peptid-MHC. Napftiklad
pomoci protilatky rozpoznavajici komplex Kb-SIINFEKL bylo uréeno, ze bunky infikované

virem vakcinie exprimujici ovalbumin jako modelovy antigen maji na povrchu zhruba 3500
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komplextit Kb-SIINFEKL [Princiotta et al., 2003]. Pficiny, pro¢ né&které epitopy mohou byt
generovany ucin€ji nez jiné mohou byt zejména ureny UCinnosti proteazomalni degradace
[Villanueva et al., 1994], t.j. je-li COOH konec peptidu $tépen ve spravném miste, protoze
zkracovani peptidu ER-rezidentnimi proteazami probiha pouze na NH, konci. Uinnost vazby
peptidl na transportni komplex TAP a jejich transport do ER neni obvykle limitujici faktor.
Ovsem za jistych okolnosti, napt. pfi infekci viry, které inhibuji prezentaci vlastnich antigent
pomoci protein blokujicich TAP (napiiklad protein ICP47 exprimovany virem HSV[Hill et
al., 1995]) miiZze byt tento krok limitujici.

2. Vazba peptidii na MHC 1.

Vytvoteni hierarchie mezi né€kolika imunogenimi epitopy podstatn¢é zavisi na ucinosti
vazby téchto peptidli na piislusné molekuly MHC I. Bunétné proteiny jsou kontinudlné
degradovany v proteazomu a vytvorené peptidy jsou nasledné transportovany do ER. Zatimco
pfisun generovanych peptidii je obrovsky, v ER je vSak k dispozici limitovany pocet MHC 1
molekul schopnych navazat peptid. Mezi jednotlivymi pepidy probihd kompetice o dostupné
MHC I molekuly a znovu je pravidlem, Ze peptidy s vysi afinitou pro MHC I preferencné
obsadi vysi pocet dostupnych MHC I molekul v ER . Tato kompetice probiha ale pouze o
stejné molekuly MHC 1, t.j. vazba peptidii na H2-K® probiha nezavisle na vazb& peptidi na H2-
D°. Nékteré publikace naznaluji, 7e neplati linearni vztah mezi mnoZstvim dostupnych
komplextit MHC I-peptid a mnozstvim aktivovanych CD8+ T lymfocytii. Naopak se ukazuje,
Ze existuje ucity minimalni po€et komplext prezentovanych na povrchu APC, které jsou
nezbytné pro generovani efektivni CD8+ T- imunitni odpovédi a dals$i zvySeni prezentace
antigenu nema vliv na zvySeni expanze CD8+ T lymfocytu [Vijh et al., 1998]. Proto i slab¢ji
se vazajici peptidy mohou navodit dobrou imunitu, jsou-li prezentované na povrchu APC
v uritém minimalnim mnozstvi a to 1 v pfipadé, Ze jiné kompetujici peptidy ze stejného

antigenu tvoii komplexy s MHC I v n€kolikandsobné vét§im mnozstvi.

3. Dostupnost CD8+ T prekurzort.
Tento parametr urcuje kolik naivnich CD8+ T lymfocytli v organismu je specifickych

pro danny epitop. BohuZzel neni snadné toto Cislo zjistit a musime se spoléhat pouze na odhady,
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které jesté navic plati pouze pro urcité antigeny studované na mysich. Je zcela nemozné zjistit
souCasnymi metodami, jakd je prekurzorova frekvence pro imunodominantni epitopy
z béznych virovych antigent u lidi. Je-li prekurzorova frekvence vysoka, tak mlize organismus
generovat rychleji dostateéné mnozstvi efektorovych lymfocytl, zatimco pfi malém poctu
prekurzord je nutna vetsi proliferace, aby bylo dosazeno stejného poctu efektorti [Choi et al.,
2002]. Lisi-li se vyznamné pocet prekurzora pro dva jinak stejné¢ imunogenni epitopy, dojde po

vyvolani imunitni odpovédi ke generovani nestejné velké populace efektort.

4. Kompetice mezi jednotlivymi CD8+ T lymfocyty o antigen a prostor k expanzi.

V priibéhu indukce bunécné imunitni odpovédi dochézi k interakci APC s mnoha CD8+
T lymfocyty specifickymi pro prezentované antigeny. Bylo ukdzano, ze APC mohou
prezentovat antigeny soucasné vétSimu poctu T lymfocytl, ev. mohou aktivovat vice T
lymfocytl prostiednitvim mnoha sériovych kontakt [Mempel et al., 2004]. Pfestoze ale APC
mohou prezentovat mnoho antigennich CDS8 epitopti v komplexu s MHC I a tyto komplexy
jsou rozpoznany specifickymi CD8 lymfocyty, dojde k efektivni aktivaci pouze u malého poctu
CD8+ T lymfocytti. Populace naivnich CD8+ T lymfocyti specifickych na stejny antigen miize
byt tvofena riznymi klony, které ale maji rizné TCR a proto i odliSnou aviditu pro antigen.
V takto polyklondlnim spektru CD8+ T lymfocyti dojde k prefererenéni aktivaci CD8+ T
lymfocytl o vyssi avidite.

Kompetice na urovni APC se odehrava nejen mezi CD8+ T lymfocyty specifickymi pro
jeden epitop, ale také mezi CD8+ T lymfocyty specifickymi pro rizné komplexy MHC-peptid,
které jsou generované ze stejného antigenu. Také mohou vzajemné kompetovat CD8+ T
lymfocyty specifické pro riizné antigeny prezentované soucasné. Dosud neni k dispozici jasna
odpoveéd’ na otdzku, jestli mohou mezi sebou soutézit CD8+ T lymfocyty a CD4+ T lymfocyty,
také nebyla dosud popsana kompetice mezi CD4+ T lymfocyty.

Aktivované T lymfocyty mohou snizit mnozstvi antigenu prezentovaného na povrchu
APC po rozpoznani komplexi MHC-peptid pii interakci s APC [Kedl et al., 2002]. Toto
snizeni dostupnosti antigenu u¢inné inhibuje aktivaci ostatnich naivnich CD8+ T lymfocytl o
stejné specifité, zejména téch CD8+ T lymfocytl, které maji nizsi aviditu. Nedochazi ale ke
ztraté jinych komplexit MHC-peptid z povrchu APC a bylo ukézano, Ze kompetice o stejny

antigen je mnohem vice G¢inna nez kompetice mezi CD8+ T lymfocyty specifickymi pro rizné
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antigeny [Kedl et al., 2002] (tato kompetice se také nazyva kros-kompetice). Kros-kompetice
byla ale popsana a Ize ji vysvétlit pomoci dalSich mechanismi [Ked]l et al., 2003]. Proliferujici
klon CD8+ T lymfocyti vytvari okolo APC fyzickou bariéru, kterd limituje pfistup jinych
CD8+ T lymfocyti k APC [Kedl et al., 2000]. Fyzickd exkluze omezuje opét preferencné
CD8+ T lymfocyty, které maji niz$i aviditu pro antigen a tedy vyZzaduji del$i dobu kontaktu
s APC aby doslo kjejich plné aktivaci. Dojde-li rozpoznani antigenu na povrchu APC,
aktivované CD8+ T lymfocyty mohou zabit APC analogicky jako zabijeji terCové bunky a
tento jev dale nespecificky omezuje dostupnost antigenti pro dalsi dosud neaktivované CD8+ T

lymfocyty [Loyer et al., 1999].

1.7 Imunologicka tolerance

Regulacni nastroje imunitniho systému velmi G¢inné suprimuji lymfocyty specifické
pro vlastni antigeny a zabrafuji tak rozvoji autoimunitnich onemocnéni [Kedl et al., 2000].
Navozeni imunologické tolerance probihd dvéma hlavnimi procesy. Prvni, centralni tolerance,
vznikd pfi ontogenezi v thymu. V tomto procesu dochéazi ke tvorbé prekurzorového repertoaru
naivnich T lymfocyti, které opoustéji thymus a piezivaji v periferii organismu desitky let. Tato
selekce probihd jednak pozitivni selekci, kdy rozpoznani vlastnich molekul MHC
exprimovanych na thymickych stromalnich bunkéch inhibuje apoptozu CD4+CDS8+
thymocytl. Pfi opacném procesu, oznaCovaném jako negativni selekce je apotdza maturujicich
thymocytii indukovana nerozpozndnim MHC molekul prezentujicich peptidy derivované
z bunéénych proteini. Tyto procesy nelze chapat oddélené, realit¢ se nejspiSe priblizuje
predstava, Ze pozitivni i negativni selekce probiha zaroven pti kontaktu thymocytti s DC, a sila
interakce TCR-MHC ur¢i, jestli thymocyty bud’ nerozpoznavaji MHC molekuly (negativni
selekce), nebo naopak reaguji s MHC piili$ silné (pozitivni selekce) [Hogquist et al., 2005].
Centralni tolerance je tedy d¢j jednordzovy a zavisly na thymu, po ukonceni vyvoje imunitniho

systému a involuci thymu je ukoncen.

Druhy mechanismus imunologické tolerance se oznacuje periferni tolerance a jak plyne

z nazvu, probiha v periferii organismu [Kedl et al., 2000]. Tento proces probiha kontinualné po
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cely zZivot a zjednoduSen¢ si ho 1ze ptredstavit jako urcité ,,vylad'ovani* imunitniho systému, pfi
kterém se kontinualné odstranuji autoreaktivni lymfocyty, které nebyly odstranéné centralni
toleranci, nebo takové, které jsou specifické pro antigeny neexprimované v thymu. Poruchy
imunologické tolerance se projevuji rozvojem autoimunitnich onemocnéni, existuji ale i stavy,
pti kterych naopak dochdzi k navozeni nezadouci imunologické a mezi tyto stavy typicky patii
nadorova onemocnéni. Nadorové antigeny jsou ve své podstaté auto-antigeny (pokud se
nejedna o nadory vyvolané onkogenimi viry) a periferni tolerance necini rozdily mezi supresi
lymfocytt specifickych pro bézné proteiny ¢i specifickych pro nddorové antigeny [Heath and
Carbone, 2001].

Jak k tomu dochézi? Nejprve je nutné kratce popsat experimentalni systémy, které
odpovi na tyto otazky. Interakce naivnich lymfocytl se self-antigeny je studovéana pfevazné na
mySich modelech, musi byt totiz definovan jednak antigen indukujici toleranci a pak musi byt
definovany T lymfocyty v kterych je tolerance indukovéana. Prakticky se vyuZziva néasledujiciho
postupu: prvni kmen mysi-ozna¢ime si ho jako pifijemce- je transgenni pro definovany
antigen, ktery je exprimovan pod n¢jakym tkanoveé specifickym promotorem, jako jsou
inzulinovy, keratinovy, nebo alfa-amylazovy, atd.[Hanahan, 1985; Knowles et al., 1990; Doan
et al.,, 1998]. Mezi Casto pouzivané modelové antigeny exprimované pod témito promotory
patfi napiiklad LCMV glykoprotein, LCMV nukleoprotein, SV40 T antigen, chiipkovy
hemaglutinin, ovalbumin. Druhy syngenni kmen myS$i -oznacime si ho jako darce- je
transgenni pro TCR. Tyto TCR transgenni mysi maji €asto vice nez 90% vsech lymfocytt (bud’
CD4+ nebo CD8+) specifickych pro tento definovany epitop v disledku exprese transgenu,
ktery koduje cDNA pro TCR [Kouskoff et al., 1995]. V soucasnosti je k dispozici mnoho linii
TCR-transgenich mysi specifickych pro hlavni dominantni epitopy z vyse zminénych antigend.
V nasledném experimentu se vpravi T lymfocyty darce do organismu piijemce a sleduje se
reakce naivnich lymfocytl darce na pritomny self-antigen. Jaké poznatky tyto experimenty
pfinesly?

Zcela jednoznacné bylo prokdzano, ze v okamziku exprese self-antigenu dojde
k rozpoznani pfitomného antigenu specifickymi T lymfocyty a jejich nasledné aktivaci. Tato
aktivace je ale odlisnd, nez ke které dojde pii aktivaci viroveé specifickych lymfocytd pfti
infekci. Nastane kratkodobé proliferace aktivovanych T lymfocytli, ale tato proliferace je

abortivni, nedojde k navozeni klondlni expanze autospecifickych T lymfocytt, ale naopak
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dojde ke jejich apoptoze po prodélani nékolika cykli bunécného déleni [Marzo et al., 1999;
Belz et al., 2002; Nguyen et al., 2002]. Védeckd komunita se shoduje na téchto zakladnich
d¢jich, nejisté informace jsou ale k dispozici na nésledujici otazky. Zaprvé, sjakym typem
buiiky interaguje T lymfocyt specificky pro autoantigen, jsou to buiiky exprimujici antigen
(napft. beta buiiky pankreatu u RIP-transgennich my$i) nebo se tato interakce odehrdva v uzling
spadové pro misto exprese autoantigenu a interagujicim typem bunék jsou APC které
krosprezentovaly antigenni material pochazejici s mista exprese autoantigenu? Déle, jsou-li to
APC ve spadové uzling, jak se tato interakce 1i8i od normalni interakce jejimz vysledkem je
navozeni imunity? SouCasné poznatky naznacuji, ze odpovédi na tyto otdzky se 1isi podle
pouzitého experimentadlniho modelu (typ antigenu, typ promotoru, MHC haplotyp mysi). Lze
se priklonit ke stanovisku nékterych piednich védeckych skupin které je nasledujici: Self-
specifické lymfocyty (plati pro CD4+ 1 CDS8+) rozpoznavaji primarné antigeny
krosprezentované dendritickymi bufikami a tato interakce se odehrava ve spadové lymfatické
uzliné [Sotomayor et al., 2001; Belz et al., 2002]. Pro navozeni tolerance je zasadni fenotyp
bunék prezentujicich antigeny, data ukazuji, Ze jsou to CD8+ dendritické buiiky (oznacované
jako lymfoidni DC) které¢ indukuji toleranci CD8+ T lymfocyth [Albert et al., 2001; Hawiger et
al., 2001; Belz et al., 2002]. Tolerogenni DC musi mit nezraly fenotyp, t.j. snizenou expresi
kostimula¢nich molekul CD80, CD86, CD40. Exprese téchto kostimulacnich molekul je
pravdépodobné zasadni pro rozhodnuti, jestli vysledkem interakce T lymfocyt-DC bude
klonalni expanze nebo apoptoza [Spiotto et al., 2003].

Jakym zplsobem jsou odliSeny autoantigeny od cizich antigeni? Na tuto otazku
neexistuje obecné akceptovand odpovéd’, v souCasnosti 1ze pouze diskutovat o hypotézach.
Prvni a klasicka hypotéza spociva na principu centralni tolerance. Lymfocyty které jsou
specifické na autoantigeny exprimované v thymu jsou eliminovany pozitivni selekci, k dalsi
editaci repertoaru prekurzort jiz nedochdzi. Bylo nepochybné prokdzano, ze genova exprese
vthymu je unikitni. Rada proteinii exprimovanych ve specifickych tkanich je také
exprimovana v thymu, urcité transkripcni faktory, jako je AIRE [Anderson et al., 2005] , jsou
aktivni v thymickych bunkach a navozuji expresi genti, které se normalné exprimuji pouze
v urCitych tkanich. Thymus je tedy schopen edukovat T lymfocyty na neobycejné Siroké
spektrum antigenil. Na druhou stranu bylo také prokazano, ze nékteré proteiny skute¢né nejsou

v thymu exprimovany a pfesto indukuji toleranci [Ye et al., 1994]. Predpoklada se, ze
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tolerance vici témto proteiniim vznikd mechanismem periferni tolerance. Nejasny je ale
zpusob, jakym rozlisi APC v lymfatické tkani ptivod antigenli — musi existovat néjaky
,signal®, ktery oznaCi krosprezentované antigeny jako cizi a odlisi je tak od
krosprezentovanych autoantigend.

Ukazuje se, ze funkci tohoto ,signalu®“ piebird systém vrozené¢ imunity, ktery
rozpoznava patogeny prostiednictvim skupiny receptori oznaCovanych jako PRR (pattern
recognition receptors), tyto receptory rozpoznavaji specifické molekularni struktury pfitomné
v mikroorganismech (PAMP — pathogen associated molecular patterns) . Podle modelu
navrzené¢ho Janewayem, aktivace PRR pfitomnych na povrchu APC vede k indukci povrchové
exprese kostimula¢nich molekul (CD80, CD86, CD40) a navozeni ,,maturace” APC [Janeway
and Medzhitov, 2002]. Teprve po této aktivaci jsou APC schopné pln¢ aktivovat T lymfocyty a
navodit imunitu, nezralé APC jsou namisto toho tolerogenni. Objev Toll-like receptord, které
specificky rozpoznavaji PAMP je diikazem platnosti této teorie a ukazuje, ze systémy vrozené
a adaptivni imunity jsou neobycejné tésné propojeny.

Profesionalni APC, termin navrzeny Polly Matzinger [Matzinger, 1994], mezi které
patfi dendritické buiiky jsou primarnim typem bunék, ktery integruje adaptivni a vrozenou
imunitu. Za normalniho ustdleného stavu DC fagocytuji tkénové autoantigeny pochazejici
z apoptotickych bun¢k. Narozdil od nekrotickych bun¢k nebo obecné¢ bunék odumielych
v dusledku infekce, tyto apoptotické buiikky neaktivuji DC a proces krosprezentace tkanovych
autoantigeni za této situace probihd nezanétlivé bez aktivace systémi vrozené¢ imunity
[Steinman et al., 2000; Heath and Carbone, 2001]. DC prezentujici tkanové autoantigeny maji
zvySenou produkci inhibi¢nich cytokind jako jsou TGFp, IL-10 a PGE, . Indukce téchto
trombospondin, integriny vf33 a vB5, pentraxiny, scavenger receptors a fada dalSich, které
specificky rozpoznavaji produkty apoptotickych bun¢k [Savill et al., 1992; Albert et al., 1998].

DC maji schopnost velmi citlivé detekovat pfitomnost nekrotickych bunék. Nekrdza
nebo apoptéoza indukovana virovou infekci je znamka poruSeni integrity organismu a
predstavuje pro imunitni systém jakysi ,,Danger signal® ktery je detekovan na povrchu DC
specifickymi receptory. Tyto receptory rozpoznavaji proteiny tepelného Soku (gp96, hsp90,
hsp70, kalretikulin), které se v prubéhu smrti bunky dostavaji do extracelularniho prostiedi a

aktivuji napt. receptor CD91 na povrchu DC [Basu et al., 2001]. Mezi dalsi produkty
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uvolnujici se z nekrotickych bunék s podobnou funkci patii kyselina mocova [Shi et al., 2003].
Podobn¢ jako aktivace PRR mikrobialnimi produkty, mé tedy nekréza tkané za nasledek
maturaci APC. Plavod antigenti (apototické vs. nekrotické buiiky) je primérni faktor urcujici
rozvoj imunity nebo tolerance [Sauter et al., 2000]. Jsou-li T lymfocyty aktivovany bez i€asti
signalll vrozené imunity nastane tolerance a k tomu pravé dochdzi pii periferni toleranci,
tkanové autoantigeny jsou kontinualné krosprezentovany a vystaveny na povrchu APC aniz by
doslo k aktivaci systémii vrozené imunity, protoze tento proces probihd pfirozené¢ a

nezanétlive.

Jsou DC jedinym typem bunék zodpovédnym za periferni toleranci? Intenzivné
diskutovanym tématem je specificky typ lymfocytd oznacovany jako T-regulacni
lymfocyty(Trg), které maji schopnost tlumit T-bunéfnou imunitni odpovéd. Tyto T,
lymfocyty jsou charakterizovany pfitomnosti receptord CD4, CD25 a expresi transkripcniho
faktoru FoxP3, u mysi tvoii cca 5-8 % celkové populace T lymfocytt [Shevach, 2000]. Piesny
mechanismus suprese témito bunikami neni znam, diskutuje se exprese supresivnich cytokini
TGFB a IL-10 [Chen et al., 2005]. Nelze vyloucit ani kontaktni inhibici, nicméné neni
definovano prostiednictvim jakych interakci dochazi k této kontaktni inhibici. Dale neni
znamo, jestli suprese prostiednictvim Ty, je antigen-specifickd ¢i polyklondlni. Role Ty,
v indukci suprese se da prokdzat na mySich modelech, kde bylo pozorovano, Ze specifické
odstranéni T, vede k indukci bunééné imunity, kterd byla diive suprimovana. Podobné byla
popsana role Ty, v protinadorové imunité, fada experimentalnich praci doklada, Ze deplece Tieg

vyvolana aplikaci anti-CD25 protilatky inhibuje rist nadort [Ko et al., 2005].
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1.8 Nadorova tolerance

Identifikace definovanych nadorovych antigeni na pocatku 90-tych let u pacientd
s nadory dodala do té doby chybéjici védecky argument, ktery potvrdil smysl vakcinace proti
nadorim. Teoreticky by navozeni imunity proti témto antigenim meélo vést k destrukei nadort
a dlouhodobé protekci proti rekurenci nadorového obnemocnéni. Bohuzel realita v tomto
piipad¢ neobycejné spolehlivé odporuje teorii a pies nesmirné usili nebylo dosud dosazeno
usp&sné 1écby nadori timto zplisobem. Vice nez desetileté zkuSenosti s nadorovymi vakcinami
ukazuji, ze se nedafi dosdhnout konzistentn¢ vysoké T-bunétné imunitni odpovédi po
vakcinaci a nedafi se navodit regrese nadorti [Rosenberg, 2004; Rosenberg et al., 2004].
Pravdépodobné pfiCiny selhani protinddorové imunity spocivaji v navozeni imunologické
tolerance pro nadorové builky a v soucasnosti lze formulovat nékolik specifickych Grovni na
kterych se tato suprese odehrava.

V pfedchozim textu byly popsany mechanismy  suprese bunééné imunity za
fyziologickych stavi, pro porozuméni mechanismim nadorové tolerance je nutné si uvédomit,
ze stejné mechanismy které funguji za fyziologickych stavli se stejné projevuji i v supresi
specifické pro nadorové antigeny, nebot’ principielné se nddorovy antigen nelisi od bézného
self-antigenu. Dale piisobi mechanismy, které se odehravaji v nddorovém stromatu a zptisobuji
snizeni protinadorové aktivity infiltrujicich lymfocytt in sifu bud’ pfimou inhibici jejich funkce

nebo snizenim exprese a prezentace nadorovych antigenti nadorovou buiikou.
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1.9 Mechanismy suprese protinadorové imunitni odpovédi.

1. Nedostatek vysokoaviditnich protinadorovych T lymfocyta.
2. Nedostatecny priming protinddorovych T lymfocyta.

3. Suprese/delece aktivovanych protinddorovych T lymfocyta.
4. Antigenni selekce nadorovych bunék.

Ad 1 Nedostatek vysokoaviditnich protinadorovych T lymfocyta.

Jak bylo zminéno vyse, v thymu probihé selekce T lymfocytil (centralni tolerance) které
nejsou specifické pro self-antigeny. Vzhledem k tomu, Ze fada béznych nadorovych antigent
jsou bézné, nemutované proteiny, dochazi mechanismem centralni tolerance k odstranéni
vysokoaviditnich T lymfocyti specifickych pravé pro tyto nadorové antigeny [Schell, 2004].
V repertoaru T-prekurzorti zbyvaji pouze T lymfocyty s nizkou aviditou, které maji vysoky
aktivacni prah a jejich aktivace imunizaci je obtiznd. Bohuzel velka vétSina nadorové-
specifickych lymfocytl pravdépodobné patii do této kategorie a ma-li byt protinddorova
vakcinace GspéSna musi byt navrzena tak, aby specificky aktivovala nizkoaviditni T lymfocyty.
Byly vyvinuty postupy jak specificky zvysit odpoveéd na tyto slabé antigenni epitopy. Zmény
nékterych aminokyselin v sekvenci epitopu mohou vést k velmi silnému zvySeni imunogenity
[Slansky et al., 2000]. V takto mutovanych epitopech je provedena zmeéna v kotvicich
aminokyselinach, ktera zvysi afinitu peptidu pro MHC molekuly aniz by doSlo ke zméné
struktury komplexu MHC-peptid a tedy 1 zméné specifity pro TCR. Bylo prokazéno, Ze
imunizace pomoci téchto ,,modifikovanych peptidovych ligandi“ mtize efektivné¢ indukovat
CD8+ T lymfocyty, které rozpoznaji piavodni nadorovy antigen [Slansky et al., 2000]. Dale je
mozné takto mutovany epitop exprimovat jako kratky ,minigen” ve virovém vektoru
[Overwijk et al., 1998]. Pfi imunizaci minigeny dochazi k expresi pouze velmi kratkého
peptidu cca 10 aminokyselin dlouhého (minigen), ktery je identicky s imunogennim epitopem a
piimo se vaze na MHC I molekuly bez nutnosti byt zpracovan proteasomem. Nevyhodou
tohoto postupu je, Ze kazda vakcina je specificka pouze na urc¢ity MHC haplotyp a pfi pouziti v

klinice musi byt navrzena specificky pro jednotlivé pacienty.
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Ad?2 Nedostate¢na aktivace naivnich protinddorovych T lymfocytii.

T lymfocyty, které unikly selekci vthymu jsou v periferii vystaveny piitomnosti
antigenu jednak prezentovaného na povrchu nadorovych bun¢k a pak na povrchu APC, které
krosprezentovaly nadorové buiiky. Vzhledem k tomu, Ze tyto T lymfocyty maji nizkou aviditu,
nejpravdépodobnéjsim vysledkem této interakce je nedostatecnd signalizace ptes TCR bez
navozeni aktivace T lymfocytti [Lyman et al., 2005]. Tento stav se oznacuje jako imunologicka
ignorance [Soldevila et al., 1995] a primarné zavisi na dvou parametrech: avidit¢ T bunck a
mnozstvi prezentovaného antigenu. Avidita T bun€k je neménnd a zavisla na thymické selekci,
ale velmi snadno mtize dojit ke zméndm v mnozstvi antigenu, ktery je krosprezentovan pomoci
APC. K tomu typicky dochdzi pfi ristu nadorti a bylo opakované prokazano na mysSich
modelech, ze ignorance nadorovych antigeni mize byt piekonana rastem nadoru [Kurts et al.,
1999]. Od urcité velikosti tak nddor jednoduse pfestane byt ,,neviditelny* pro imunitni systém.
Rostouci nadory tedy mohou aktivovat nadorové-specifické T lymfocyty piekonanim
imunologické ignorance, avSak tato aktivace nemd za nasledek klondlni expanzi, ale je
abortivni v duisledku rozvoje periferni tolerance [Lyman et al., 2004]. Az na diskutabilni
vyjimky, rostouci naddory spontanné neindukuji specifick¢ T lymfocyty. Pravdépodobné také
nedochazi k aktivaci nadorové-specifickych CD8+ T lymfocytl antigeny prezentovanymi na
povrchu nadorovych bunék (pfima prezentace), protoze naivni T lymfocyty potiebuji byt
aktivovany profesionalnimi APC, které maji na povrchu kostimula¢ni molekuly. Néadorové
bunky tyto kostimula¢ni molekuly nemaji a je tedy nepravdépodobné, ze by mohlo dojit

k iniciaci imunitni odpovédi na tirovni nddorovych bun¢k [Huang et al., 1994].

Ad 3 Suprese/delece aktivovanych protinadorovych T lymfocyta.

Dojde-li k aktivaci T lymfocytl specifickych pro nadorové antigeny nasledkem
vakcinace, okamzit¢ se stanou tyto aktivované T lymfocyty vnimavé k homeostatickym
imunitnim mechanismiim zabraiujicim rozvoji autoimunity. K supresi dochazi nejen periferni
toleranci jak bylo popsano v detailu vySe ale také pfimou supresi v nadorovém stromatu.
Mechanismus této nadorové suprese (v uzsSim smyslu) lze rozdé€lit na parakrinni ptsobeni
inhibi¢nich cytokini (napt. TGFB, IL-10) a na inhibici v disledku piimych bunécnych
interakci. Studium nadori v minulosti se klasicky zaméfovalo na analyzu pouze nadorovych

bun¢k a studium nenadorovych bunck pfitomnych v nadorové tkdni bylo opomijeno. Podle
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souCasné¢ho pohledu je ale nezbytné pro pochopeni interakce nadoru s okolni zdravou tkéani
porozumér roli infiltrujicich bunék.

V urcité fazi nadorového bujeni zanou nadorové bunky prostfednictvim zanétlivé
reakce ovlivilovat okolni tkan€ a zacnou atrahovat mesenchymalni buniky [Blankenstein,
2005]. Nadorové stroma je smé&s téchto infiltrujicich bunck vytvarejicich podporu pro rist
nadoru zejména indukci angiogeneze. Ve stromatu nadorti jsou dale obsaZzeny bunky
leukocytarniho pavodu, které fagocytuji nekrotickou nadorovou tkan (makrofagy, dendritické
buiiky) a zarovenl maji schopnost tyto antigeny prezentovat T lymfocytim. VéEtSina nadora
také obsahuje infiltrujici CD4+ a CD8+ T lymfocyty, NK buiiky a T-regulac¢ni lymfocyty.
Bunky navzijem interaguji prostiednictvym piimych bunéénych spoji a maji schopnost
produkce mnoha cytokinl, toto komplexni bunécné zastoupeni vytvaii tzv. nadorovy
mikroenvironment [Bissell and Radisky, 2001]. Studujeme-li tedy interakci T lymfocytl
specifickych pro nadorové antigeny s nadorovou tkani, tak musime vzit v avahu, ze T
lymfocyty v nadorech jsou ovlivnény jednak pfimo malignimi bunikami prezentujici své
nadorove antigeny na povrchu ve vazbé na MHC I a interakcemi s bunkami nadorového
stromatu.

Nédorové buniky mohou mit na svém povrchu atypické kostimula¢ni molekuly jako je
napt. PD-L1, ktera inhibuje aktivaci CD8+T lymfocytd [Dong et al., 2002]. Podobnym
zpusobem funguje galektin-1 pfitomny na povrchu nadort [Rubinstein et al., 2004], nebo
produkce enzymt arginasy ¢i indoleamin dioxygenasy , které zptsobi lokdlni depleci argininu
a tryptofanu, respektive, coz ma také negativni vliv na prolifera¢ni schopnosti aktivovanych T
lymfocyti [Bronte and Zanovello, 2005; Muller et al., 2005]. U mnoha néadorG bylo dale
prokazano, ze mohou exprimovat molekuly Fas, které¢ indukuji apoptozu aktivovanych T
lymfocytd [Whiteside, 2002]. Nedavno bylo popsano, ze nadorové builky exprimuji
konstitutivné aktivovany protein STAT3 [Wang et al., 2004], ktery dosud ne zcela piesné
znamym mechanismem inhibuje maturaci DC a produkci prozanétlivych chemokini a
cytokinti.

Aktivované T lymfocyty mohou byt tlumeny v nadorech plisobenim supresorovych
lymfocytil — nyni pfejmenovanych na T regula¢ni lymfocyty [Chen et al., 2005]. Rada studii
pfesvédciveé ukézala, Ze lidské nadory jsou infiltrovany T, a na mySich modelech byla

prokazana jejich role v nadorové supresi [Woo et al., 2002]. Inhibice T lymfocytd muize byt
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indukovéana jednak pfimymi bunénymi interakcemi s vySe popsanymi typy bunék, dale ale
muize byt suprese vyvolana piasobenim cytokinii a chemokinli. Na prvnim misté z téchto
inhibi¢nich faktort je nepochybné¢ TGFp. Tento velmi komplexné piisobici cytokin mize byt
produkovén inhibi¢nimi DC, T-regulacnimi lymfocyty, nebo piimo nadorovymi buiikami.
Studie ukazuji, ze je-li v nddorové-specifickych lymfocytech ptrerusena siganlizace pies TGF[3
receptor (napf. expresi dominantné-negativniho receptoru), je velmi silné inhibovana
vnimavost T lymocyti k nddorové supresi [Gorelik and Flavell, 2001; Chen et al., 2005].

Nékolik studii naznacilo, ze T-lymfocyty infiltrujici nddory mohou byt inhibovany
specifickym subtypem bun¢k oznacovanych jako myeloidni supresorové buiiky. Jednd se o
heterogeni skupinu bunc¢k, ktera je charakterizovana expresi povrchovych znakti CD11b a Gr-
1[Bronte et al., 2000; Bronte et al., 2001]. Je prokazané, Ze tato populace zplisobuje dysfunkci
T-bunécné imunity jak v experimentdnich mySich modelech, tak i u pacientli s nadory. Mezi
popsané mechanismy vyvolavajici supresi T lymfocytl patii produkce enzymu arginasy nebo
navozeni suprese pirimym bunénym kontaktem. Kromé vySe zminénych myeloidnich
supresorovych bunék je v soucasnoti popsdna fada subtypt myeloidnich bun€k s inhibi¢nimi
vlastnosmi jako jsou M2-polarizované makrofagy, ¢i nezralé dendritické buiiky [Kusmartsev
and Gabrilovich, 2002; Mantovani et al., 2002]. Je diskutabilni, jestli se jednd o rtizné typy
bunék ¢i to jsou naopak riizna diferenciacni stadia ¢i rizné fenotypy jednoho ,,univerzalniho*
typu bun€k myeloidniho ptivodu.

T lymfocyty specifické pro nddorové antigeny plsobi nejen na maligni burnky ale i na
bunky stromatu. Na zaklad¢ vakcina¢nich experimenti na mySich bylo prokazano, ze regrese
nadortt vyvolana T lymfocyty, které byly aktivované imunizaci je vysledkem nejen piimé
cytotoxické aktivity CD8+ T lymfocytd vici nadorovym bunkam. Ukazal velmi zajimavy fakt,
ze T lymfocyty (CD4+ a CD8+) plsobi na nddorové stroma prostfednictvim IFN-y, ktery
aktivuje infiltrujici makrofagy krospresentujici nadorové antigeny [Qin and Blankenstein,
2000; Schuler and Blankenstein, 2003]. Podobnou tlohu jako ma IFN-y se pfipisuje i1 cytokinu
TNFa, ktery je také produkovan aktivovanymi CD8+ T lymfocyty. Nadorové stroma tvorené
nemalignimi buikami je tedy zcela esencialni pro rist nddoru a zdroven je to 1 misto, na které

velmi G¢inné plisobi imunoterapie.
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Ad4 Antigenni selekce nadorovych bunék.

Proliferujici nadorové buiiky dynamicky reaguji na okolni podminky a v nadoru se tak
selektuje populace bunck, které maji nejveétsi schopnost ristu a tvorby metastdz. Jednim
z téchto selekénich tlakli je 1 protinddorova imunita. Je logické, ze ¢im méné bude nador
imunogenni, tim mén¢ bude i vnimavy na moznou imunitni reakci. Nadory maji schopnost
unikat imunitnimu systému v disledku zmén exprese nadorovych antigeni nebo snizenim
jejich prezentace. CD8+ T lymfocyty indukované na nadorové antigeny rozpoznavaji pouze
n¢kolik hlavnich imunodominantnich epitopii prezentovanych nadorovou buiikou. Zmény
exprese antigenu ale i bodové mutace v imunodominantnich epitopech maji za nasledek vznik
rezistence nadorovych bun¢k na CD8+ T-bunéfnou imunitu. Pivodni klon nddorovych bunék
tedy mize dat vzniku tzv. ztratovym variantam, které neexprimuji nadorovy antigen (antigen-
loss) nebo exprimuji variantu antigenu, ktery obsahuje mutaci v imunogennich epitopech
(epitope-loss) [Lill et al., 1992].

Dalsi mechanismus, ktery snizuje imunogenitu nadorovych bunék jsou mutace a zmény
exprese genu dilezitych pro prezentaci nadorovych antigenid. Opakované bylo popsano, ze
nadorové klony se mohou velmi vyrazné liSit mnoZstvim povrchovych molekul MHC I
[Marincola et al., 2000]. Tyto MHC I-deficientni klony maji opét selektivni vyhodu a
preferencné mohou dat vzniku nadorim se snizenou expresi MHC I molekul. Podobnym
zpisobem jako je nizka exprese MHC I molekul funguji alterace v genech pro zpracovani a
prezentaci antigen. Velmi Casto lze detekovat mutace v peptidovych transportérech TAP
[Cromme et al., 1994], které dopravuji peptidy generované proteazomem do ER, kde dojde
k vazbé na MHC 1. SniZena exprese TAP 1 a 2 proteinii mé dale za nésledek i snizeni celkové
exprese MHC I nebot, MHC I na povrchu bun€k jsou nestabilni bez navazanych peptidi a

spontann¢ denaturuji.
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2. Vysledky

2.1 Komplexni pohled na indukci CD8+ T lymfocytii na modelu SV40 T Ag.

Publikace:

Inefficient Cross-Presentation Limits the CD8+ T Cell Response to a
Subdominant Tumor Antigen Epitope.

Pavel Otahal, Sandra C. Hutchinson, Lawrence M. Mylin, M. Judith Tevethia,
Satvir S. Tevethia, and Todd D. Schell.

Journal of Immunology, 2005, 175: 700-712.

Definovani principii ustanoveni hierarchie v CD8 bunééné imunitni odpovédi je
nezbytné pro porozuméni principim rozvoje nadorové tolerance a pro vyvoj ucinnych
protinadorovych vakcin. Prestoze je tato oblast imunologie velmi intenzivné studovana,
mnoho otazek je stidle nezodpovézenych. Jednou z takovychto otdzek je, jaky vyznam ma
krosprezentace antigenti pro indukci CD8+ T lymfocytl specifickych pro imunorecesivni
epitopy. Respektive, 1ze vysvétlit pfi¢iny imunorecesivity na urovni krosprezentace antigent.
Pochopeni pfi¢in imunorecesivity umozni vyvoj vakcinaCnich strategii, které specificky
aktivuji tyto slabé reagujici CD8+ T lymfocyty, které jediné zbyvaji v repertoaru prekurzort a
mohou byt vyuzity pro imunoterapii nadori.

V soucasné experimentdlni imunologii jsou nezbytnym nastrojem pro studium
definované antigenni modely. Z ryze praktickych divodi se jako modelovy organismus
pouzivaji mysi inbredni linie, které maji definovany MHC haplotyp a modelové antigeny,
v kterych byly identifikovany hlavni CD8 a CD4 epitopy. V naSem modelu jsme analyzovali
odpovéd C57BL/6 mysi (H2-b) na imunizaci syngennimi buiikami transformovanymi SV40 T
Antigenem (T Ag). Specificky nas zajimalo, jestli imunorecesivita T Ag epitopu V muize byt

vysvétlena nedostateCnou krosprezentaci a na zakladé ziskanych vysledka jsme formulovali
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nasledujici model aktivace CD8+ T lymfocytd, ktery vysvétluje pfi¢iny dominantnimi a
recesivni imunitni odpovéd’ na SV40 T antigen.

Imunizace buitkami transformovanymi T-antigenem je specificka vtom, ze T Ag je
velmi siln€é imunogenni, takZze piesto Ze se imunizuje syngennimi nadorovymi buiikami,
nedojde k tvorbé nddord, protoze T Ag-specifické CD8+ T lymfocyty eliminuji injektované
bunky. Pro porovnani u€innosti krosperezentace na aktivaci T Ag-specifickych lymfocytd jsme
vyuzili faktu, Ze B6-derivované mysi buiiky, které nemaji TAP1 protein nejsou schopné
generovat komplexy MHC I-peptid a tyto bunky tedy nejsou schopné piimé aktivace CD8+ T
lymfocytl (direct priming), veSkera zjisténa aktivace je vysledkem krosprezentace [Yewdell et
al., 1993]. Utinnost imunizace T Ag-transformovanymi buitkami jsme zjitovali
prostiednictvim TCR transgennich mysi, které jsou specifické pro epitop I (TCR-I) nebo epitop
V (TCR-V) zT Ag. Epitop V je imunorecesivni, coz bylo zjiSténo po imunizaci mutovanym T
Ag z kterého byly odstranény dominantni epitopy (I, II/III, IV), pouze tento mutovany T Ag,
dale oznaCovany AT Ag, navodi ucinnou expanzi CD8+ T lymfocytd specifickych pro epitop
V. V nasi publikaci jsem tedy posuzoval, pro¢ wild-type T Ag (wt T Ag) slabé aktivuje TCR-

V zatimco AT Ag je aktivuje dostate¢né.

A. Aktivace imunodominantnich CD8+ T lymfocyti.

Obr. 3

Dom - CD8+ T lymfocyty
specifické na dominantni MHC
I epitopy.

Rec - CD8+ T lymfocyty
specifické na recesivni MHC 1
epitopy.

APC - antigen prezentujici
burika.

wt T Ag - nddorova buika
transformovana wt T Ag .
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Po imunizaci bunikami transformovanymi wt T Ag dojde k jejich rychlé migraci do
spadovych lymfatickych uzlin béhem cca 1-2 dnli, kde mohou byt snadno detekovany
(nepublikovand data). Nasledné je antigenni substrat fagocytovan profesiondlnimi APC a
zpracovan na antigenni peptidy, které se objevi na bunééném povrchu ve vazbé na molekuly
H2-Db a H2-Kb. Tyto komplexy jsou rozpoznany CD8+ T lymfocyty specifickymi bud’ pro
dominantni epitopy Db/I a Kb/IV nebo pro recesivni epitop Db/V. Vysledkem této interakce je
bunécna aktivace a v tomto okamziku dojde k prvni kompetici mezi dominantnimi (dom) a
recesivnimi (rec) CD8+ T lymfocyty. Preferencné nastane aktivace dominantnich CD8+ T
lymfocyt, kvali vétSimu mnozstvi pfitomnych komplexi MHC-peptid, nebot’ komplexy
Db/V jsou méné stabilni a rychleji mizi z bunééného povrchu. Aktivované dominantni CD8+ T
lymfocyty nasledné inhibuji recesivni CD8+ T lymfocyty aktivované stejnou APC — dojke ke
kompetici o antigen na urovni APC. Aktivované dominantni CD8+ T lymfocyty dale omezi
schopnost APC aktivovat dalsi CDS, neboli tzv. ,,vypnou® schopnost prezentovan antigeny
(pouziva se také termin ,,APC shut-off*) [van Stipdonk et al., 2003]. Pro aktivaci CD8+ T
lymfocytt je tedy k dispozici relativné uzké Casové obdobi, které Gc¢inéji vyuziji dominantni
CD8+ T lymfocyty. Dalsi proliferace jiz nevyZaduje pfitomnost antigenu, nebot’ plné
aktivované CD8+ T lymfocyty iniciuji program tzv. antigen independentni proliferace.

Kromé kompetice na trovni APC muze dojit ke kompetici na trovni nadorovych
bunék, které pifimo prezentuji T Ag. Aktivované dominantni CD8+ T lymfocyty rozpoznaji T
Ag-transformované buniky ptfitomné v lymfatickych uzlinach a tento kontakt je zdrojem dalsi
aktivace, ktera vysledn¢ amplifikuje celkovou imunitni odpovéd’ na dominantni epitopy. Tyto
déje se mohou odehravat takika soucasné, nebot’ vSechny zlcastnéné buiky se nachazeji
v tésném kontaktu ve spadovych lymfatickych uzlinach a nelze vyloucit tvorbu vicebunéénych
klastrii tvofenych pravé CD8+ lymfocyty, APC, a T Ag-transformovanymi buiikami. Pfi¢inou,
pro¢ pfi imunizaci s wt T Ag nedojde k u€inné aktivaci recesivnich CD8+ T lymfocyt
specifickych pro T Ag epitop V je tedy kompetice s T Ag-specifickymi dominantnimi CD8+ T

lymfocyty na urovni APC a na irovni nadorové buiiky.
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B. Aktivace imunorecesivnich CD8+ T lymfocyt.

Obr. 4

Dom - CD8+ T lymfocyty
specifické na dominantni MHC

I epitopy.

Rec - CD8+ T lymfocyty
specifické na recesivni MHC 1
epitopy.

APC - antigen prezentujici
bunika.

AT Ag - nadorova buinika
transformovana mutovanym T
Ag obsahujicim pouze recesivni
epitop Db/V.

Proc ale dojde k u¢inné expanzi recesivnich CD8+ T lymfocytt specifickych pro epitop
V pii imunizaci mutovanym AT Ag z kterého byly odstranény dominantni epitopy I, II/III a IV
? Pfedchozi publikace opakované prokdzaly, ze vlastnosti epitopu V generovan¢ho z AT Ag
jsou totozné jako vlastnosti epitopu V generovaného zwt T Ag, a ze epitop V je Ucinné
generovan jak z tak zwt T Ag. Buiky transformované wt T Ag jsou rozpoznany
v cytotoxickém testu CTL klony specifickymi jak pro dominantni epitopy I II/IIl a IV tak CTL
klonem specifickym pro epitop V. Vyznamnym rozdilem mezi epitopem V a dominantnimi
epitopy I a IV vsak je, ze komplexy Db/V jsou vyznamné méné stabilni nez komplexy Db/I a
Kb/IV. Je-li limitujici mnozstvi antigenu, bude k dispozici mén¢ komplexii Db/V nez
komplexti Db/I a Kb/IV.

Po imunizaci buiikami transformovanymi AT Ag dojde také k jejich migraci do
lymfatickych uzlin a nasledné¢ jsou krosprezentované prostfednictvim APC v uzlindch.
Pocatecni krosprezentace antigenu je zasadni pro aktivaci naivnich CD8 lymfocytli, naSe
vysledky 1 data jinych autorG pracujicich s obdobnymi modely ukazuji, ze jsou to pouze
profesionalni APC které mohou aktivovat naivni CD8+ T lymfocyty.

Zjistili jsme, ze tato faze indukce T Ag-specifické imunitni odpovédi se velmi lisi pro

dominantni epitop Db/l a recesivni epitop Db/V. Zatimco epitop Db/I byl krosprezentovan

34



velmi efektivné, tak epitop Db/V naopak velmi slabé. Jak ale tedy miize dojit k aktivaci CD8+
T lymfocyt specifickych pro epitop Db/V je-li krosperezntace velmi slaba a zarovén bylo
jasn¢ prokazano, ze bez ucinné krosprezentace nedojde k indukci imunitni odpovédi? Je-li
imunizace provedena mutovanym AT Ag, ktery neopbsahuje dominantni epitopy, tak 1
vysledna velmi netcina krosprezentace epitopu Db/V miize navodit ¢aste¢nou aktivaci CD8+ T
lymfocyth specifickych pro epitop Db/V, nebot' recesivni DC8+ T lymfocyty nejsou
inhibovany dominantnimi CD8+ T lymfocyty a maji dostate¢ny prostor na expanzi. Zaroven
tyto castecné aktivované CD8+ T lymfocyty specifické pro epitop Db/V rozpoznavaji bunky
transformované T Ag, které jsou piitomné v t€sné blizkosti. Tento kontak, ktery se odehrava
pravdépodobné bez iniciace kostimulacnich signalizacnich kaskad poskytne dalsi aktivacni
signaly, které navodi klonalni expanzi. Piestoze je tedy krosprezentace epitopu Db/V nel€inna,
absence kompetujicich dominantnich CD8+ T lymfocytti neihibuje aktivaci recesivnich CD8+

T lymfocyt je-li imunizovano mutovanym AT Ag.

Nase prace identifikovala nedostatecnou krosprezentaci recesivnich epitopt jako novy
faktor zptsobujici imunorecesivitu v CD8 bunééné imunitni odpovédi. Toto zjisténi miize mit
velky vyznam pro vyvoj vakcin, které maji za tkol aktivovat malo imunogenni ¢i
imunorecesivni epitopy obsazené v nddorovych antigenech. Analyzy imunitni odpovédi
specifické na nddorové antigeny ukazuji, ze slabé krosprezentované epitopy mohou byt méné
citlivé k mechanismiim imunologické tolerance a proto je imunitni odpovéd’ specificka na tyto
epitopy povazovana za vyhodny cil protinddorové imunoterapie. Nase data dale naznacuji, ze
pro aktivaci imunorecesivnich epitopli je vyhodné pouzit epitop-specifickou imunizaci
naptiklad pomoci minigenti, kterd redukuje ustanoveni imunologické hierarchie jejimz

dasledkem by byla suprese slabé krosprezentovanych imunorecesivnich epitop.
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2.2 Rozvoj periferni tolerance CD8+ T lymfocyti béhem T Ag-indukované spontanni

karcinogeneze.

Publikace:

Early Immunization Induces Persistent Tumor-Infiltrating CD8+ T Cells against
an Immunodominant Epitope and Promotes Life-long Control of Pancreatic
Tumor Progression in SV40 T Antigen Transgenic Mice.

Pavel Otahal, Todd D. Schell, Sandra C. Hutchinson, Barbara B. Knowles, and Satvir
S.Tevethia.

Publikace v recenznim fizeni (odeslano do tisku 10.1. 2006)

SV 40 nadorovy antigen ( T Ag) velmi spolehlivé indukuje tvorbu nadort v mysich je-
li exprimovan jako transgen. V uplynulych dvou desetiletich bylo zkonstruovano mnoho T Ag-
transgennich mysi u kterych doslo k tvorbé spontannich nadortt v zavislosti na tkanové expresi
T Ag. Jednou z téchto linii je mySi kmen Ripl-TAg4 (RT4). Tato linie exprimuje T Ag pod
kontrolou inzulinového promotoru, ktery sméiuje produkci T Ag do beta bunék v pankreatu.
V pribéhu vyvoje dochazi k postupnému nartistu exprese T Ag coz indukuje postupnou
transformaci beta bunék a tvorbu nadori u 100% mysSi homozygotnich pro T Ag.
Hyperporodukce inzulinu vede k rozvoji fatalni hypoglykemie, priméré doba pteziti RT4
mysi je 200 dnti. Tento proces onkogeneze je postupny a velmi podobny piirozené onkogenezi
pozorované u lidi.
Exprese T Ag zac¢ind u RT4 mysi asi okolo 4 tydni po narozeni a protoze T Ag neni
exprimovan v pribéhu ¢asné ontogeneze v thymu, nedochazi k rozvoji centralni tolerance. RT4
mysi jsou tedy schopné navodit CD8 odpovéd po imunizaci specifické na T Ag. Podobny
kmen mysi Ripl-Tagl(RT1) je zcela tolerantni na T Ag, protoze T Ag je exprimovany
v thymu. Pfic¢ina rozdilné exprese T Ag mezi RT4 a RT1 mySmi je dédna pravdépodobné
odlisnou integraci transgenu (ktery je stejny) a ktera ma za nasledek ¢asnéjsi nastup exprese T

Ag u RT1 myS$i. U RT4 mysi nedochazi k rozvoji centralni tolerance na T Ag, ale CD8+ T
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lymfocyty specifické na dominantni epitopy Db/I a Kb/IV jsou suprimovany mechanismy
periferni tolerance v disledku exprese T Ag v perifernich tkanich.

Nasi primarni otdzkou bylo, jestli v ustanoveni T Ag-specifické periferni tolerance Ize
pozorovat hierarchii mezi jednotlivymi T Ag epitopy a déle jsme studovali, jestli Ize inhibovat
rust spontannich nadorti imunizaci proti T Ag. NaSe vysledky ukazaly, ze CD8+ T lymfocyty
specifické pro imunodominantni epitopy v T-antigenu jsou rozdilné citlivé k periferni
toleranci. Imunizace RT4 mysi pomoci T Ag-transformovanych bunék vedla k indukci CD8+ T
lymfocytl specifickych pro epitop Kb/IV a tato odpovéd’ se sniZzovala s vékem a postupnou
progresi nadort, ale i u mysi s nadory se podaftilo izolovat pln¢ funkéni CD8+ T lymfocyti
specifické na epitop Kb/IV pfimo z nadorii. To naznacuje, ze tyto CD8+ T lymfocyty nebyly
suprimovany periferni toleranci, ale nadory se misto toho staly rezistentni na imunitni
odpovéd’. V kontrastu s imunitni odpovédi specifickou na epitop Kb/IV je schopnost RT4 mysi
navodit imunitni odpovéd’ na epitop Db/I. Imunizace pomoci T Ag-transformovanych bunék
nevede kindukci CD8+ T lymfocytl specifickych na epitop Db/l u mysi, které jinak
odpovidaji na epitop Kb/IV. Dokonce i1 velmi mladé RT4 mysi bez vytvofenych nédortt maji
témet nedetekovatelnou imunitni odpovéd’ specifickou na epitop Db/I. Tento poznatek
naznacuje, ze v dusledku exprese T Ag v periferii se tlumi velmi vyrazné¢ CD8+ T lymfocyty
specifické na epitop Db/I aniz by doslo k supresi CD8+ T lymfocyti specifickych na epitop
Kb/1V.

Soucasné nasSe data ukazala, ze pro inhibici ristu spontannich nadort je nezbytné, aby
T Ag-specifickd imunizace byla provedena pfed nastupem exprese T Ag v periferii — ke které
dochdzi okolo 4 tydnd ve€ku RT4 mysi. Imunizace v pozdé€jsim obdobi nevedla ke zvyseni
preziti RT4 mysi, pfestoze imunizace navodila dostatek CD8+ T lymfocytt specifickych pro T
Ag. Tento fakt lze vysvétlit kombinaci n€kolika mechanismi. Priméarni bude pravdépodobné
rozvoj rezistence nadord k cytotoxickym CD8+ T lymfocytim specifickym na T Ag, coz
koresponduje s obecnou hypotézou uniku nddorovych bunc€k imunitnimu systému. T Ag-
specifické CD8+ T lymfocyty maji schopnost zabranit vyvoji nddoru ale pouze ve velmi ¢asné
fazi, je-li nddor jiz vytvofen, imunizace je neucinna. Proti této hypotéze ale Castecné stoji fakt,
Ze ucinnost Casné imunizace nekoreluje s objevenim mikroskopickych nddort (cca ve 3

mésicich véku RT4 mysi), ale s nastupem exprese T Ag v periferii (cca ve 4 tydnech véku).
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Imunizace napt. v 9 tydnech nema protektivni U€inek pfestoze RT4 mysi v tomto véku maji

minimum T Ag-pozitivnich bun¢k v pankreatu.

Jaky to mé& vyznam pro imunoterapii lidskych nadord? Popsanou situaci si lze velmi
nazorn¢ predstavit pii skute¢né imunoterapii lidskych naddora. Stejné tak jako u T Ag, vétSina
lidskych nadorovych antigenti pravdépodobné obsahuje vice nez jeden imunogenni epitop.
Variabilita mezi individualnimi pacienty bude navic umocnéna rozdily v HLA alelach, s tim,
ze pro kazdy haplotyp bude specifickd naprosto odlisna hierarchie mnoha riznych epitopt.
Do tohoto scénafe vstupuje dal$i proménnd a tou je variabilita mezi nddorovymi antigeny.
Nadory obvykle exprimuji nékolik nddorovych antigend zaroven a exprese téchto antigentl se
muze vyznamné liSit mezi individudlnimi pacienty postiZzenymi stejnym typem nadoru. Lze
ocekavat, ze v diusledku této variability néktefi pacienti mohou indukovat velmi efektivni
imunitni odpovéd’ zatimco u jinych pacienti bude odpovéd na stejny antigen nizkd praveé
z diivodu odlisné hierarchie. Dale 1ze velmi obtizné predikovat do jaké miry bude navozena
odpovéd’ suprimovana periferni toleranci, mize se vyskytovat situace ekvivalentni epitopu I
anebo epitopu IV. S jistotou lze tvrdit, Ze vakcinaci pacientll 1ze obecné indukovat nadoroveé-
specifické T lymfocyty. NevyieSenym problémem vsak ziistdva, zda-1i jsou tyto nadorove-
specifické CD8+ T lymfocyty cytotoxické in situ a maji dostate¢nou schopnost navodit regresi

nadoru.
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2.3 Vakciny proti nadorim vyvolanym HPV.

Publikace:

Immune response to E7 protein of human papillomavirus type 16 anchored on
the cell surface.

Sarka Némeckova, Riizena Stranska, Jana Subrtova, Luda Kutinova, Pavel Otahal,
Petr Hainz, Lucie Maresova, Vojtéch Sroller, Eva Hamsikova, Vladimir Vonka

Cancer Immunol Immunother, 2002, 51: 111-119

Uginna protinadorova vakcinace musi navodit dostate¢nou expanzi endogennich
protinddorovych CD8+ T lymfocytd, které pro trvalou protekci musi vytvofit pamétové buiiky.
Nicméné jak bylo popsano vyse, dosazeni tohoto stavu je obtizné, ne-li nemozné souc¢asnymi
postupy. Nejjednoduseji  ovlivnitelnym faktorem, ktery ma zasadni ulohu v indukci
protinadorové imunity je charakter a zptisob vakcinace. Ackoliv je znamé jiz od 70tych let, ze
lze u kieckl a mysi vyvolat imunizaci efektivni protekei ristu nadord, skute¢né prelomovym
poznatkem byla identifikace nadorovych antigeni na pocatku 90tych let. Znadme-li protein,
ktery terem imunitni odpoveédi pii rozvoji nadorového onemocnéni, lze tento protein
(=nadorovy antigen) vyuzit pro imunizaci. Alternativou k tomuto pfistupu je imunizace
prostfednictvim smési necharakterizovanych naddorovych antigeni, tak jak se to provadi napft.
pfi imunizaci naddorovymi lyzaty. Neni snadné posoudit, kterd forma antigenu je vyhodnéjsi
pro imunizaci pacientli, v soucasné dobé je ale odklon od pouzivani nepurifikovanych
nadorovych lyzath, protoZze nelze exaktn¢ definovat jaké antigeny a v jakém mnoZzstvi
obsahuje. Seznam znamych nadorovych antigeni obsahuje velmi mnoho proteint a neustéle
roste [Novellino et al., 2005]. Nepochybné bude mozné v blizké budoucnosti detailné urcit u
velké vétSiny lidskych nadord, které nadorové antigeny jsou exprimovany.

Zname-li nadorovy antigen, mizeme pfistoupit k imunizaci mnoha zpisoby. Mezi
nejcatéji pouzivané a nejucingjsi metody patii imunizace pomoci rekombinantnich virt, které
exprimuji tento nddorovy antigen. Ddle lze s uspéchem pouzit imunizaci pomoci syngennich ¢i
allogenich bun¢k a imnunizaci pomoci DNA vakcin. K dal§im velmi pouzivanym zplsobiim

patii imunizace pomoci antigennich peptidi bud’ podanych piimo s adjuvans nebo ve forme
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pulzovanych autolognich APC, jako jsou tieba DC. Imunizace pomoci DC je velmi moderni
metoda nadorové imunoterapie a zaroven je to metoda velmi univerzalni nebot’ lze pouzit
jakoukoliv formu antigenu. Autologni DC mohou byt transdukovany virovym vektorem, nebo
inkubovany v pfitomnosti nddorového lyzatu, proteinu ¢i piimo s antigennimi peptidy.
Nasledné jsou DC podany pacientim s cilem navodit imunitni odpovéd’. Ptes toto Siroké
mnozstvi zptisobll vakcinace, neni zadny z nich dostate¢né ucinny a nevede k indukci efektivni
protinadorové imunity.

Virové vektory jsou nejefektivnéjsi protinddorové vakciny. Mezi nejpouzivangjsi
virové vektory patii hlavné virus vakcinie (VV) a z ného odvozené modifikované vektory
[Moss, 1996]. VV ma mnoho vyhod, je velmi bezpecny a byl provéien mnoha miliony jedinct,
ktefi byli imunizovani proti pravym nestovicim. Naslednymi modifikacemi VV byly vyvinuty
dostatecné imunogenni . Tento fakt zdsadnim zpiisobem zvySuje bezpecnost vektoru, protoze
ho lze aplikovat i imunodeficientnim pacientim, u kterych by replikujici se vektor mohl
zpusobit zavazné komplikace. Mezi tyto vektory patii hlavné MVA, ALVAC, NYVAC [Cox et
al., 1993; Carroll et al.,, 1997; de Bruyn et al.,, 2004]. Viry vakcinie jsou vyhodné pro
konstrukci rekombinantnich vakcin nejen pro dobrou imunogenitu a vysokou bezpec¢nost, ale i
pro relativni jednoduchost vkladani cizich genti do genomu VV a pro dostate¢nou kapacitu VV

(cca 25 kB) pojmout vlozené geny.

Onkogeneze epitelidlnich bunék déloZzniho ¢ipku je zpisobena produkty gentt HPV,
tyto Casné proteiny zejména ES, E6, E7 jsou exprimovany keratinocyty infikovanymi HPV, coz
ma za nasledek maligni transformaci, ale zaroven tyto virové produkty jsou cilem pro
bunécnou imunitni odpovéd’. Vakcinace proti HPV, kterd indukuje CD8-specifickou imunitni
odpovéd’ specifickou na onkoproteiny E6 a E7 je principem terapeutickych vakcin proti HPV-
asociovanym nddoriim . HPV exprimuje kromé ¢asnych nestrukturdlnich proteint i proteiny
podzni, které tvoti kapsidu viru. Tyto proteiny L1 a L2 mohou navodit tvorbu neutraliza¢nich
protilatek po infekci HPV, ¢ehoz lze vyuzit pfi preventivnim zplisobu vakcinace. L1 a L2
asociuji in vitro do pseudoviriont, které nejsou infekéni, protoZze neobsahuji virovou DNA, ale

navodi tvorbu neutraliza¢nich protilatek proti infekénim HPV. Vakcinace pomoci VLP muize
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zabranit infekci HPV a tak nepfimo zabranit tvorbé nadorii, v sou¢ané¢ dobé je k dispozici
komer¢ni vakcina na bazi VLP.

Terapeutické vakciny proti HPV-asociovanym nadorim musi ale vyvolat CD8 bunécnu
imunitni odpovéd’ proti Casnym proteinim E6 a E7, které zpusobuji maligni transfomaci
infikovanych keratinocytd. Jeden z moznych piistupi je exprese proteinu E7 ve virovém
vektoru, jakym je napt. VV. Testovani ucinnosti experimentalnich vakcin proti HPV nadorim
je nezbytné provadét v imunologicky definovaném prostfedi. E7 protein je imunogeni pro
mySi, C57BL/6 kmen tvoii CD8+T lymfocyty specifické na epitop RAHYNIVTF, ktery se
vaze na molekuly H2-Db [Feltkamp et al., 1993]. Tyto E7-specifické CD8+ T lymfocyty
inhibuji rist implantovanych nadort exprimujicich protein E7 in vivo. T bunéfna imunitni
protekce, existuje tfada vakcina¢nich strategiii, které si kladou za cil navodit dostatek
efektorovych CD8+ T lymfocytd, které maji schopnost dlouhodobé piezit v oganismu a
migrovat do nadorového stromatu. Mnohé z téchto vakcina¢nich postupti jsou zkousSeny
v klinickych studiich, bohuzel az na vySe zminénou vakcinaci pomoci VLP nebylo dosazeno
vyrazného uspéchu. Vysledny efekt vakcinace je primarné zavisly na typu vakciny a zpisobu
imunizace, dale ale zavisi na vlastnostech antigenu, t.j. v jaké kvantité je exprimovan a jaka je
jeho subcelularni lokalizace. Bylo prokazano, ze cilené smétovani antigenu do nékterych
bunéénych kompartmentii miize mit velmi dramaticky efekt na i¢innost imunizace. Napft. bylo
ukazano, ze smérovani E7 proteinu do lysozomt, ke kterému dochazi je-1i E7 protein zfiizovan
se signdlni a transmembranovou sekvenci lysozomalniho asociovaného proteinu vyvola velmi
silnou odpovéd’ specifickou pro E7 [Ji et al., 1999].

V nasi praci jsme si kladli otdzku jakym zpisobem bude zménénd imunogenita E7
proteinu v zavislosti na jeho subceluldrni lokalizaci a testovali jsme, jestli sméfovani E7
proteinu na povrch buiikky zvysi jeho imunogenitu. Pro expresi na povrchu bunky byl E7
protein vlozen do genu A56R viru vakcinie, ktery koduje virovy hemaglutinin. Dalsi virus VV-
SigE7Lamp exprimuje fizni gen mezi E7 a Lamp, ktery smétuje E7 do lysozomu [Ji et al.,
1999] a treti virus VV-E7 exprimuje nemodifikovany protein E7. Nase vysledky ukazaly, Ze
sméfovani proteinu E7 ma vliv na charakter indukované odpovédi. Exprese E7 na povrchu
bunky preferen¢né indukovala Th2 imunitni odpovéd’ zatimco viry VV-SigE7Lamp a VV-E7

naopak indukovaly Thl imunitni odpovéd’. Imunizace virem VV-E7-HA nebyla ucinna
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v inhibici rastu E7-exprimujicich nadorovych bunék TC-1, coz lze pravé vysvétlit preferencni
indukei protilatkové a Th2 bunééné odpovédi. Polarizace imunitni odpovédi je tedy kriticky
parametr pro antivirovou protekci a protinadorovou imunitu. Zvoleny experimentalni pfistup
testuje rejekci transplantovanych nadorovych bunék, kterd nastane v disledku ptedchozi
imunizace, toto uspofadani je tedy ekvivalentni preventivni vakcinaci. Pro 1écbu pacientl
s nadory je ale nezbytné, aby vakciny navodily terapeutickou imunitu, z nasich experimentt a i
z publikovanych udajt je vSak ziejmé, Ze navozeni terapeutické imunity je mnohem obtizné;si
nez dosazeni u¢inné protinddorové imunity v preventivnim uspotfadani. Ptipravené virové
rekombinanty mohou mit vyznam pro dalsi studium Th2-polarizované imunitni odpovédi na

protektivni imunitu na HPV-asociované nadory a pro vyvoj u¢ingjsich protinadorovych vakein.
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3. Souhrnna diskuze

3.1 Shrnuti vysledki

Disertacni prace ,,Imunoterapie nadorti vyvolanych viry HPV16 a SV40“ studuje
aspekty nadorové imunologie vyuzitim dvou modelovych systémil. Prvni model je zaloZzeny na
nadorovém antigenu viru SV40 a analyzuje komplexni imunitni odpovéd’ pro nékolik CDS-
specifickych epitopii jednak pii indukci protinddorové imunity a pak také pifi navozeni
nadorové suprese. Druhy model je zaloZeny na nadorovém onkogenu E7 viru HPV typ 16 a
pfedmétem studia v tomto systému byl vyvoj a testovani experimentalnich protinadorovych
vakcin na bazi rekombinantnich virti vakcinie. Oba experimentalni pfistupy vyuzivaji velmi
dobie charakterizované onkogeny malych DNA virtt HPV a SV40 coz spolu s dostupnostni
experimentanich néstrojii umoznilo zodpovédét fadu otazek v oblasti zdkladniho vyzkumu.

Prezentovand prace pfinesla fadu originalnich zjisténi, které jsou formulované
v ptilozenych publikacich. Pfi studiu hierarchické imunitni odpovédi na T Ag jsme zjistili, ze
imunorecesivita epitopu Db/V je pravdépodobné zplisobena kombinaci dvou faktorti: neti¢inné
krosprezentace epitopu Db/V a kompetice dominantnich a recesivnich CD8 T lymfocytl. Jako
prvni jsme popsali, Ze neti€¢inna krosprezentace miize byt pficinnou imunorecesivity nékterych
epitopll a toto sdé€leni bylo recenzenty velmi pozitivné piijato (viz ptilozeny dopis). V druhé
praci (odeslané do tisku) jsme popsali, ze existuje i podobna hierarchie pfi rozvoji periferni
tolerance na T Ag u mysSi transgenni linie Rip1-Tag4. Pozorovali jsme vyrazny rozdil mezi
dominantnimi epitopy Db/l a Kb/IV. Odpovéd na epitop Db/I byla velmi silné¢ suprimovana
zatimco odpovéd’ na epitop Kb/IV byla pfitomna. Nicméné ani pfitomnost vyznamného poctu
CD8+ T lymfocytt specifickych pro epitop Kb/IV nezabranila progresi nadorti, pokud byly
aktivovany imunizaci po nastupu exprese T Ag v periferii Ripl-Tagd mysi. Toto zjiSténi
naznacuje, ze vyvijejici se nddory se mohly stat rezistentnimi na Tag-specifickou imunitu.
V posledni praci jsme studovali mozZnosti indukce protinddorové imunity pomoci vakcinace
rekombinantnimi viry vakcinie exprimujicimi protein E7 viru HPV 16. Nase vysledky ukazaly,
ze Th1/Th2 polarizace E7-specifické imunitni odpovédi zdvisi na bunécné lokalizaci
exprimované¢ho proteinu E7. Sméfovani E7 proteinu na bunéénou membranu indukovalo

preferencné Th2 odpovéd’ kterd nevedla k inhibici ristu E7-transformovanych bunék, zatimco
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sméfovani E7 proteinu do lysozomli nebo do cytoplazmy bylo asociovano s rozvojem
protinadorové imunity. V souhrnu naSe data nepochybné pfinesla zajimavé poznatky a ptispéli

jsme k formulovani moderniho pohledu na nddorovou imunoterapii.

3.2  Budouci smér vyvoje nadorové imunoterapie.

Jak se bude vyvijet nadorova imunoterapie v budoucnosti? Pochopeni, Ze jednoduché
vakcinaéni postupy jsou neucinné pro navozeni regrese nadorti vyprovokovalo vyvoj
alternativnich posupii vesmes oznacovanych jako ,.komplexni“. Tyto postupy kombinuji rizné
imunoterapeutické strategie, které maji za cil vyvolat jednak silnou protinadorovou imunitu a
dale maji za tikol aktivné zabranit rozvoji nddorové tolerance. Navozeni protinadorové imunity
mize byt dosazeno vakcinaénimi metodikami, pro které zprincipu plyne, Ze expanze
protinadorovych T lymfocytl zavisi na podminkach v organismu. Limitace tohoto postupu
spoc¢iva na vlastnostech buné€k v organismu tcastnicich se imunitni odpovédi a mtizeme si tyto
omezujici faktory pfedstavit jako dveé nezavislé proménné: G€innost samotné vakcinace a
schopnost aktivovanych T lymfocyti zabit nddor. Mnohokrat bylo ukazéano, Ze pfitomnost
protinddorovych T lymfocytl nevede k regresi nadorti a podobné Casto bylo ukdzano, Ze ani
samotnd vakcinace nemusi aktivovat dostatek T Ilymfocytd. Bohuzel, vysledna
pravdépodobnost uspéchu této imunoterapie je soucin a nikoliv soucet pravdépodobnosti
zminénych dvou nezavislych faktord. Jednim z moZnych zpisobt, jak zvysit Sanci na uspéch je
eliminovat variabilitu dannou vakcinaci: Rosenberg se spolupracovniky jiz v 80tych letech
[Rosenberg et al., 1986] ukazal, Ze Ize izolovat protinddorové T lymfocyty z nadorové tkané,
expandovat je in vitro a nasledn¢ podat zpét pacientim (tzv. adoptivni imunoterapie). Soucasné
postupy umoziuji izolovat i velmi malé procento T lymfocytid specifickych na nadorové
antigeny a expandovat je in vitro na mnozstvi az cca 10" bunék, které mohou byt opakovang
podavéany pacientim zpét [Dudley et al., 2002]. Zadn4 znama vakcinani metoda neumoZnuje
dosahnout takto srovnateln¢ velké populace protinadorovych T lymfocytd. Vysledky tady
skupin ale prokézaly, Ze ani opakované infuze takto velkého poctu T lymfocytii specifickych

na nadorov¢ antigeny nevede spolehlivé k regresi nadort.
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Proto je snaha v soucasnosti adoptivni imunoterapii kombinovat s dal§imi postupy
zamezujicimi rozvoji imunologické tolerance. Mezi nadéjné strategie muze patiit pouziti
geneticky modifikovanych T lymfocyti. Schumacher se spolupracovniky vyvinul metodu
retrovirové transdukce geni kodujicich T-bunéény receptor specificky pro definovany komplex
peptid/MHC 1 coz umoziiuje pfipravit dostatecny pocet autolognich protinddorovych T
lymfocytt i za situace, kdy se je nepodaii izolovat z pacienti [Kessels et al., 2001]. Informace
ziskané na mySich modelech dale naznacuji, Ze inaktivace nékterych genti v T lymfocytech
(naptiklad pteruseni signaliza¢ni kaskady TGFp, nebo inaktivace genu pro protein Cbl-b)
[Gorelik and Flavell, 2001; Jeon et al., 2004] zamezi rozvoji nddorové tolerance, 1ze oCekavat,
ze nepochybné bude definovano vice gend s podobnou funkci. Dal$i moznosti jak zamezit
rozvoji nadorové tolerance je aplikace latek simunostimulacnimi uc€inky, které aktivuji
tolerogenni APC pfitomné v organismu pacientll s nadorovym onemocnénim. Rada
experimentll na mysich, ale 1 nékteré klinické studie naznacuji, ze aktivace receptoru CD40
prostiednictvim aktivacni protilatky nebo pfirozenym ligandem (CD40L) zabrani rozvoji
tolerance [Diehl et al., 1999]. Mezi latky s podobnym tuc¢inkem patii nemetylované CpG
oligonukleotidy aktivujici TLR 9 nebo ligandy TLR 7/8 jako jsou syntetické latky imiquimod a
resiquimod [Hemmi et al., 2002; Garbi et al., 2004]. T lymfocyty specifické na nadorové
antigeny jsou suprimovany také ptsobenim T-regulacnich lymfocytl (Tr), proto se soucasna
imunoterapie soustfed'uje 1 na tuto slozku nadorové tolerance. Inhibi¢ni efekt T, lze
nejjednoduseji eliminovat jejich depleci, ke které¢ dojde po podani protilatky proti receptoru
CD25, bohuzel tato protilatka odstrani 1 vSechny aktivované T lymfocyty a z tohoto diivodu se
hledaji jiné vhodné&jsi postupy. Ukazuje se, ze existuji jiné ditleZité receptory na povrchu T,
které mohou byt také cileny podanim terapeutickych protilatek. Takovyto receptor je GITR a
experimentalni data prokazala, ze jeho aktivace bud’ protildtkou nebo pfirozenym ligandem
(GITR-L) zabrani T, suprimovat ostatni T lymfocyty [Ko et al., 2005]. Neni obtizné si
pfedstavit, Ze moderni nadorova imunoterapie bude zaloZzena na kombinaci vySe zminénych
postupi. Tato kombinovana nadorova imunoterapie bude pravdépodobné spoléhat na masivni
infize T lymfocyti modifikovanych ,na zakdzku“ podle potfeb individualnich pacientd
soucasn¢ s aplikaci adjuvantni imunomodulac¢ni 1écby. Tyto nové piistupy si nepochybné
vyzéadaji intenzivni klinické testovani a nelze oc¢ekavat, Ze se stanou soucésti standartni 1écby

nadorovych onemocnéni v blizké budoucnosti.
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Modeling apoptosis
he ability to regulate apo-
ptosis can be useful in treat-

T ing cancer and autoimmune
diseases. Although Fas-induced apo-
ptosis has been extensively studied,
complete understanding of the com-
plex interactions of molecules in-
volved in the type I and type II pathways is lacking. Hua et al.
(p. 985) developed a computational model based on experimental
darta obtained from studies on human Jurkat cells. The model uses
biochemical reactions incorporating 136 rate constants (with 35
independent values) and 15 initial conditions to describe molecu-
lar interactions of type I and type II pathway components. Bcl-2
overexpression was predicted to be most effective in blockade of the
mitochondrial pathway (type II) under conditions of its binding to
two pathway components rather than to either of three single com-
ponents. Maximum inhibition of caspase-3 activation was seen ata
10-fold increase of Bcl-2 expression in the model and at a 6-fold
increase experimentally. Sensitivity analysis, or using the model to
predict effects of increasing or decreasing a single component, an-
alyzed the impact of each type I and type II component on
caspase-3 activation. A 10- or 100-fold higher concentration of
some molecules inhibited caspase-3 activation, whereas lower con-
centrations of similar magnitude had no effect. Only decreased
concentrations of other molecules inhibited capase-3 activation,
while both increased and decreased concentrations of a third group
of molecules blocked caspase-3 activation. The model, which
traces apoptosis from FasL binding through caspase-3 activation,
identifies molecular interactions in the type I and type II pathways
sensitive to intervention.

Subdominant tumor Ags
he response of CD8 ™" T cells to foreign Ags varies with
I the epitope. Understanding factors influencing immu-
nodominance of epitopes could influence vaccine de-
sign. Otahal et al. (p. 700) transferred naive T cells expressing a
TCR specific for the subdominant epitope V of SV40 T Ag
(TCR-V) into C57BL/6 mice. Transferred cells were activated
and proliferated in mice immunized i.p. with cells transformed
with epitope V SV40 T Ag (V-only T Ag); immunization with
cells transformed with wild-type SV40 T Ag (wt T Ag) resulted
in modest TCR-V T cell proliferation and expansion. TCR-V
T cell expansion occurred in mice immunized with a mixture of
the two transformed cells but not with cells cotransformed with
wtand V-only T Ags. TAP1 7 cells expressing wt or V-only T
Ag were not lysed by CTL clones specific for epitope I or
epitope V, respectively, unless infected with recombinant vac-
cinia virus expressing TAP1 and TAP2. In vivo, adoptively
transferred naive cells transgenic for epitope I TCR were in-
duced to expand by injected TAP1 "~ cells expressing wt T Ag;
limited expansion of adoptively transferred TCR-V cells was in-

Copyright © 2005 by The American Association of Immunologists, Inc.

duced by TAP1 ™~ cells expressing epitope V and only a small
fraction of the cells proliferated. TAP1~’~ hosts did not sup-
port expansion of TCR-V cells after immunization with cells
expressing V-only T Ag. B6 mice immunized with V-only T
Ag-expressing cells developed few epitope V-specific CD8" T
cells; however, boosting with wild-type, but not TAP1 ™/~ cells
transformed with V-only or wt T Ag increased epitope V-spe-
cific CD8™ T cells 30- and 10-fold, respectively. The authors
conclude that subdominance of T Ag epitope V in mice immu-
nized with wt T Ag-transformed cells results from limited cross-
presentation of epitope V by APC and competition from
immunodominant T Ag epitope-specific CD8" T cells for T
Ag-expressing cells.

Genetic dissection of lupus
susceptibility and suppression
sus (SLE) immune pathol-

S ogy involves abnormal T

and B cell development and pheno-
type, autoantibody production,
splenomegaly, and fatal glomerulo-
nephritis. Interactions among sev-
eral genes determine the likelihood
of developing SLE and the severity of the disease. Critical sus-
ceptibility regions in mice are defined as Sle/ on chromosome 1,
Sle2 on chromosome 4, and S/¢3/5 on chromosome 7; the Sles/
locus on mouse chromosome 17 suppresses SLE. These major
genomic loci were identified by linkage analysis or through the
use of congenic mouse strains carrying NZB or NZW loci on a
C57BL/6 (B6) background. However, interactions among
these regions in SLE pathogenesis are only partially delineated.
In the first of three papers addressing this issue, Wakui et al. (p.
1337) transferred congenic bone marrow into sublethally irra-
diated B6.Rzg™’~ mice to look at epistatic interactions of re-
gions Slel and Sle3/5. Mice receiving cells from B6 mice bicon-
genic for those two regions had marked splenomegaly
exhibiting elevated CD4:CD8 T cell ratios, fewer B cells,
greater accumulation of mature B cells at the transition between
T1 and T2 cells, and increased numbers of splenic lymphoid
dendritic cells along with higher levels of most autoantibodies
compared with normal B6 mice. Chimeras of cells monocon-
genic for either region had values closer to those of normal con-
trols, whereas mice receiving cells from both monocongenic
strains had values intermediate to the two groups but closer to
those of normal mice. A genetic dissection of the influence of
the Sle2 locus on B cell development by Xu et al. (p. 936) was
accomplished using B6 mice congenic for one of three subin-
tervals, Sle2a, Sle2b, or Sle2c. Older Sle2c congenics had the
greatest expansion of B-la cells in the peritoneal cavity and
spleen compared with the other congenic strains and B6 con-
trols; later B1-a cell expansion was seen in Sle2a congenic mice.

ystemic lupus erythemato-
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Reduced surface expression of IgM on B-1a cells of splenic or-
igin mapped to Sle2a. Mlice tricongenic for Slel, Sle3, and Sle2a
or Sle2b had more prominent parameters of lupus pathogenesis
including extensive remodeling of the splenic architecture with
influx of CD11b™ cells in T and B cell zones than animals tri-
congenic for Slel, Sle3, and Sle2c. Subramanian et al. (p. 1062)
used congenic recombinant fine-mapping to introduce six in-
tervals of the NZW SlesI locus into B6 mice congenic for Slel.
Progeny homozygous, but not heterozygous, for some Sles!
subintervals suppressed SLE splenomegaly, anti-chromatin Ab
production, and T and B cell activation. SlesI gene activity
mapped to a 956-kb interval within the Sles locus. The authors
discovered a complementary Sles] modifier allele in 129 mice
by creating a 129 X B6 congenic strain homozygous for a spe-
cific 129 autoimmunity-promoting region but heterozygous
for the suppressive NZW Sles! allele. Together, these three
manuscripts point out the importance of epistatic interactions
among SLE genes and the utility of congenic recombinant
mouse strains in understanding contributions from specific cell
types in this complex genetic disease.

Tolerizing self-reactive B cells

entral tolerance mecha-
nisms for self-reactive B
cells involve anergy, dele-

tion, and receptor editing. However,
the contribution of each mechanism
to limiting self-reactive B cells is un-
known. Hippen et al. (p. 909) bred
mice transgenic for membrane hen
egg lysozyme (mHEL) with mice car-
rying double transgenes (anti-HEL H chain plus and-HEL L chain
knock-in at the endogenous locus). Triple transgenic progeny
splenic B cell numbers were equivalent to those in transgenic mice
carrying randomly integrated anti-HEL H chain plus anti-HEL L
chain, but the cells were unable to bind HEL. In contrast, pre-B
cells were clonally deleted in transgenic mHEL mice carrying ran-
domly integrated anti-HEL H chain plus anti-HEL L chain. In
lethally irradiated mHEL mice injected with bone marrow from
ant-HEL H chain plus anti-HEL L chain knock-in transgenic
mice, nearly half of the generated B cells did not bind HEL but
expressed a human Ck chain knock-in transgene marker. Only
background levels of B cells positive for the human marker were
seen in wild-type recipients. Mice triple transgenic for mHEL, anti-
HEL H chain plus antd-HEL L chain knock-in had low levels of
serum anti-HEL IgM®* Abs compared with controls, and their
spleen cells proliferated in response to LPS but not to HEL. Mice
triple transgenic for mHEL, anti-HEL H chain plus and-HEL L
chain knock-in had the highest percentage of pre-B cells and a B
cell developmental delay of 6 h as demonstrated by BrdU pulse
labeling. Mice triple transgenic for soluble HEL, and-HEL H
chain plus anti-HEL L chain knock-in had two populations of
splenic B cells. An anergic cell population had low levels of IgM?,
no HEL binding, and localized to splenic follicles; a second non-
HEL binding population had high levels of IgM® and localized to
the marginal zone. The data suggest that receptor editing tolerizes
B cells reactive to membrane-bound self Ag, whereas both receptor
editing and anergy tolerize B cells reactive to soluble self Ag.
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Allogeneic skin graft acceptance

onor-specific transfusion oyt
D (DST) of allogeneic cells ’"?S'I"ﬁ’“"

combined with anti-
CD154 Ab induces long-term ac- C;;{ T T’}
ceptance of allogeneic skin grafts. coar 2T W2, gy
Yet the underlying cellular and mo-
lecular mechanisms of tolerance in this system are unknown.
Quezada et al. (p. 771) transfused C57BL/6 mice with TCR
transgenic (Tg) CD4" T cells (TEa-Tg) that recognized a ma-
jor alloantigen on F; skin grafted 7 days later. Mice given DST
plus anti-CD154 Ab at the time of cell transfer accepted skin
grafts long-term; grafts were not retained by treated recipients
depleted of CD4"CD25™" regulatory T cells (T™®) with anti-
CD25 mAb, costimulated with anti-GITR (glucocorticoid-in-
duced TNFR-related gene) Ab, or untreated. TEa-Tg cell ex-
pansion in mice given DST plus control hamster Ig at the time
of transfer was greater than in mice given DST plus anti-
CD154 Ab. Synthesis of IL-2 and IFN-y was blocked in trans-
fused CFSE-TEa-Tg cells 5 days after DST plus anti-CD154
Ab treatment. Mice tolerized with DST plus anti-CD154 Ab
rejected 45-day-old skin grafts after anti-GITR treatment. Na-
ive TEa-Tg cells adoptively transferred into mice tolerized by
DST plus anti-CD154 Ab treatment 3 wk earlier had reduced
capacity to expand, differentiate, produce cytokines, and reject
F, skin grafted at the time of transfer compared with TEa-Tg
cells given to nontolerized recipients. Anti-GITR or anti-CD40
Ab partially reversed the tolerant state. The data suggest that
both effector T cell suppression by T cells and anergy induced
by costimulation blockade contribute to tolerance of allogeneic
skin grafts.

Understanding oral tolerance

ral tolerance, a form of peripheral tolerance to non-
O self Ags, is induced by oral administration of soluble

Ags and is mediated by hyporesponsive T cells. How-
ever, the ability of tolerized T cells to form conjugates and im-
munological synapses with APCs had not been investigated. Ise
etal. (p. 829) developed in vivo tolerized T cells by giving OVA
in drinking water to OVA-TCR transgenic mice. Splenic
CD4" T cells from OVA-fed mice had reduced OVA-induced
proliferation and IL-2 production, and the mice had lower anti-
OVA IgG serum levels than untreated controls. Splenic CD4™
T cells from OVA fed mice formed LFA-1/ICAM-1 integrin-
dependent conjugates with OVA-pulsed T cell-depleted
splenocytes at comparable levels with splenic T cells from un-
treated mice. However, Ag-stimulated orally-tolerized T cells
had impaired formation of immunological synapses with APCs,
i.e., less TCR and protein kinase C-6 were associated with lipid
raft fractions. Lower levels of the phosphorylated GTPases,
Racl and cdc42, and the guanine nucleotide exchange factor, Vav,
were found in orally-tolerized T cells than in untreated T cells after
OVA stimulation. By contrast, OVA-immunized T cells had pro-
liferation, IL-2 production, conjugate formation and Ag-induced
activation of Vav, Racl, and cdc42 equivalent to untreated T cells.
The authors conclude that orally-tolerized T cells can form stable
conjugates with APCs but, unlike OVA-immunized T cells, have
impaired immunological synapse formation.

Summaries written by Dorothy L. Buchhagen, Ph.D.
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Inefficient Cross-Presentation Limits the CD8™ T Cell
Response to a Subdominant Tumor Antigen Epitope’

Pavel Otahal, Sandra C. Hutchinson,”> Lawrence M. Mylin,® M. Judith Tevethia,
Satvir S. Tevethia, and Todd D. Schell*

CD8" T lymphocytes (Tps) responding to subdominant epitopes provide alternate targets for the immunotherapy of cancer,
particularly when self-tolerance limits the response to immunodominant epitopes. However, the mechanisms that promote T,
subdominance to tumor Ags remain obscure. We investigated the basis for the lack of priming against a subdominant tumor
epitope following immunization of C57BL/6 (B6) mice with SV40 large tumor Ag (T Ag)-transformed cells. Immunization of B6
mice with wild-type T Ag-transformed cells primes T4 specific for three immunodominant T Ag epitopes (epitopes I, II/III, and
IV) but fails to induce T g specific for the subdominant T Ag epitope V. Using adoptively transferred T s from epitope
V-specific TCR transgenic mice and immunization with T Ag-transformed cells, we demonstrate that the subdominant epitope V
is weakly cross-presented relative to immunodominant epitopes derived from the same protein Ag. Priming of naive epitope
V-specific TCR transgenic Tg in B6 mice required cross-presentation by host APC. However, robust expansion of these Tpg
required additional direct presentation of the subdominant epitope by T Ag-transformed cells and was only significant following
immunization with T Ag-expressing cells lacking the immunodominant epitopes. These results indicate that limited cross-presen-
tation coupled with competition by immunodominant epitope-specific T g contributes to the subdominant nature of a tumor-

specific epitope. This finding has implications for vaccination strategies targeting T s responses to cancer.

Immunology, 2005, 175: 700-712.

he response of CD8" T lymphocytes (Tqpg)® to micro-

organisms, tumors, and tissue grafts is typically focused

toward multiple epitopes with one or a few epitopes pre-
dominant (1, 2). These epitopes have been grouped into two broad
categories, dominant and subdominant, based on the relative fre-
quency of Tpg that respond following Ag exposure. Defining the
basis for this hierarchical response will provide insight for moni-
toring natural T-pg immunity and developing vaccines to cancer
and infectious diseases. Multiple mechanisms can contribute to
immunodominance following immunization with complex Ags.
These include the efficiency of processes involved in Ag presen-
tation such as peptide liberation from protein substrates (3-5),
TAP-dependent peptide transport into the endoplasmic reticulum
(6), transport of peptide-MHC complexes to the cell surface (7, 8),
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as well as the stability of peptide-MHC class I complexes (9, 10).
In addition, T cell precursor frequency (1, 11, 12), TCR avidity
(13, 14), the nature of the APC (15), and Tpg competition for the
APC (16-18) have been implicated. Thus, the position of an
epitope within the immunodominance hierarchy derives from the
interplay of multiple factors important for initiation of Ty re-
sponses. Because no general rules have been established to this
point, the basis for subdominance of a particular epitope must be
defined empirically.

Professional APC, such as dendritic cells, are capable of acti-
vating naive Tpg following engagement of the TCR with MHC
class I/peptide complexes in addition to the provision of costimu-
latory signals such as B7/BB1 engagement with CD28 on the T g
(19). The antigenic peptides presented by MHC class I molecules
on professional APC can be either derived from de novo synthe-
sized proteins within the APC (direct presentation) or from cell-
associated Ags via the mechanism of cross-presentation (20-22).
Cross-presentation is particularly important for priming Tpg re-
sponses to tumor Ags because most tumor cells lack the expression
of costimulatory molecules (23-25).

The contribution of cross-presentation in establishing Tpg im-
munodominance to tumor-specific epitopes remains unknown.
Cross-presentation can be influenced by the dose of Ag, as some
studies have shown that high levels of Ag are more efficiently
cross-presented than low levels of the same Ag (26—29). Whether
variability in the Tg response to multiple epitopes within the same
protein can be attributed to differences in the efficiency of cross-
presentation has not been investigated. In this study, we assessed the
mechanisms that contribute to the subdominant nature of the H-2D"-
resticted epitope V (residues 489-497) from SV40 T Ag. The
tumor-specific Tpg response to SV40 T Ag in C57BL/6 (B6) mice
is targeted against three dominant epitopes (designated epitopes I,
/1, and IV) and one subdominant epitope (designated epitope V)
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(30). The Tpyg response to the H-2DP-restricted epitope V is unde-
tectable following immunization with wild type (wt) T Ag-
transformed cells, SV40, or even a recombinant vaccinia virus ex-
pressing full-length T Ag (31). This strict immunodomination is
relieved by deletion of the three immunodominant epitopes from T
Ag (32) or following immunization with a recombinant vaccinia virus
expressing epitope V as a minigene (33). Although epitope V-specific
Tepg are not induced following immunization with wt T Ag, this
subdominant epitope is efficiently presented by T Ag-transformed
cells in vitro (32). One potential mechanism contributing to the
subdominant nature of epitope V in vivo is the relative instability of
the epitope V/Db complexes compared with the dominant T Ag
epitopes (30, 33), particularly under conditions where a fixed amount
of Ag is cross-presented. A recent study by Chen et al. (34) demon-
strated that the subdominant nature of epitope V is maintained under
conditions where T Ag is exclusively cross-presented.

In the present study, we investigated the mechanism of epitope
V subdominance by measuring the response of epitope V-specific
TCR transgenic (TCR-V) T cells to immunization with syngeneic
or TAP1 knockout (TAP1~/7) T Ag-transformed cells. The results
indicate that epitope V is inefficiently cross-presented, resulting in
limited T cell priming and expansion. The additive effect of com-
petition by immunodominant epitope-specific Ty further inhibits
the response to epitope V following immunization with wt T Ag.

Materials and Methods
Mice

C57BL/6  (H-2°), B6.129S2-Tapl™!'~® (TAP1~’7), and B6.SJL-
Ptprc*Pep3®/BoyJ (B6.SJL) mice were purchased from The Jackson Lab-
oratory and used between the ages of 8 and 16 wk. TCR transgenic mice
specific for the T Ag epitope I (TCR-I mice) are on a B6 background and
were described previously (35). All mice were maintained at the animal
facility of the Milton S. Hershey Medical Center. All animal studies were
performed in accordance with guidelines established by the Pennsylvania
State University College of Medicine Institutional Animal Care and Use
Committee under an approved protocol.

Cloning of epitope V-specific TCR subunits from the CTL clone
Y-5

TCR sequences corresponding to both the a- and -chains expressed by the
SV40 T Ag epitope V-specific CTL clone Y-5 (36) were derived as de-
scribed previously (35). The TCRa-chain combining region was amplified
by PCR from clone Y-5-derived cDNA using an antisense 3'-constant re-
gion oligonucleotide (5'-CGAGGATCTTTTAACTGGTA-3") and a 5'-
variable region Va4 chain sense oligo (5'-GCCACCTCCTTCCACTTG
CAGAAAG-3"), whereas the TCR Vf-chain combining region was
amplified using the 3’-antisense constant region oligonucleotide (5'-CTT
GGGTGGAGTCACATTTCT-3') and a 5'-sense VB7 oligonucleotide (5'-
AAGAAGCGGGAGCATTTCTTC-3") (37-39). The Y-5 TCRa and
TCRp PCR products were subcloned into pUC19, and sequence analysis
revealed Ja18 and JB1.3 usage, respectively. Sequencing of additional 5'-
extended Va4 cDNA clones obtained by 5'-RACE (Invitrogen Life Tech-
nologies) from total Y-5 RNA was conducted to confirm the identity of the
variable region as Va4.1. Accordingly, 3'-antisense genomic primers cor-
responding to intron sequences downstream of the respective TCRa and
TCRB joining regions (Jal8, 5'-TGCGGCCGCAAATTTTATACT
TACTGGGCTTGATAGATAAC-3"; JB1.3, 5'-CACTGCAACCGCG
GCACCTCAGAGAGAA-3") (38, 40) were used in combination, respec-
tively, with sense primers corresponding to sequences located upstream of
the V4.1 (5'-CTTCCCGGGCTCAAAATATTTGTATTCACACACTCCA-
3") or VB7 (5'-CACACTTTCCTCGAGACCACCATGAGAGTTAGG-3’
(37, 39)) coding regions to amplify the corresponding genomic sequences from
CTL clone Y-5 nuclear DNA and incorporate restriction endonuclease cleav-
age sites at the ends of each product («, 5'-Xmal, 3'-Notl; B, 5'-Xhol, and
3'-Kspl/Sacll). The nucleotide sequences of the subcloned genomic V(D)J
fragments were verified and liberated from the cloning vector by endonuclease
digestion and ligated into the appropriately digested TCR« or 3 expression
cassette plasmids (pTacass and pTfcass, respectively, obtained from Dr. D.
Mathis (Harvard Medical School, Boston, MA) (41)). The full-length Y-5a-
and B-chain TCR expression cassette fragments were released by endonucle-

701

ase digestion as previously described (35) and eluted from unstained agarose
gel slices directly into microinjection buffer.

Generation of SV40 T Ag TCR-V mice

Purified Y-5 TCRa- and B-chain expression cassettes were combined be-
fore injection. Microinjection of fertilized embryos from B6 mice was per-
formed as described previously (42). The presence of the a and 3 trans-
genes in weanlings was determined at 4 wk of age by PCR analysis of
tail-derived DNA using the following primer pairs: Va4.1 chain sense,
5'-GAAGCCACCTCCTTCCACTTGCAG-3'; Jal8 chain antisense, 5'-
TGCGGCCGCAAATTTTATACTTACTGGGCTTGATAGATAAC-3';
VB7 chain sense, 5'-AAGAAGCGGGAGCATTTCTCC-3'; and JB1.3
chain antisense, 5-CACTGCAACCGCGGCACCTCAGAGAGAA-3'.
Amplification of the corresponding 160- and 200-bp fragments from
genomic DNA was diagnostic for the presence of the respective transgenes.
Expression of the transgene products was confirmed by staining lympho-
cytes from various lymphoid tissues with a TCR V37-specific mAb and a
Db/V tetramer (31). The founder line, line 459, was maintained by back-
crossing transgene-positive males with B6 females, and progeny were
screened for the presence of both o and 3 TCR transgenes by PCR analysis
(35). A preliminary characterization of TCR-V transgenic mice was re-
ported recently (43). Greater than 90% of Tcpg among PBL of TCR-V
mice are specific for epitope V, as indicated by positive staining with Db/V
tetramer (Fig. 1A). Importantly, the surface expression of CD44 on Db/V
tetramer ™ T cells from TCR-V mice is low, which is consistent with a
naive phenotype for TCR-V T cells (Fig. 1A).

Cell lines and media

Cell lines used in this study are summarized in Table I. B6/T116A1 cells
(B6/V-only T Ag) express a T Ag variant in which epitopes I (residues
207-215) and II/II (residues 223-231) are deleted, and epitope IV is in-
activated by alanine substitution of residues 406, 408, and 411 but in which
epitope V remains intact (31). B6/T5Aa (B6/wt T Ag) (30) and B6/K-0
(44) cells express wt T Ag. The cell line B6/122B1 (Al I/, 1V, V)
expresses a T Ag derivative in which all four CTL determinants were
inactivated by substitution of critical MHC class I anchor residues (N210A,
N227A, FA408A, and N493A) (31). The Ag loss variant B6/K-1,4 was de-
rived by sequential in vitro coculture of B6/K-0 cells with T Ag-specific
CTL clones, which resulted in the selection of a clone expressing a T Ag
variant in which epitopes I and II/IIT are deleted, and epitope IV contains
an inactivating point mutation (45, 46). The cell line B6/K-1,4-SV was
derived previously from the B6/K-1,4 cells by supertransfection with a
plasmid encoding the wt T Ag (45). TAP1 /™ cells expressing either wt T
Agor V-only T Ag were generated by transfection of B6.129S2-Tap1"™ !4
mouse primary kidney cells with plasmid pPVUO (47) encoding wt T Ag
and pSLM361-11 (31) encoding epitope V-only T Ag, respectively. To
ensure that the TAP1™/~ cells had the expected phenotype, we determined
their ability to activate LacZ-inducible T cell hybridomas specific for T Ag
dominant (I and IV) and subdominant (V) epitopes (Fig. 1B). Coincubation
of T cell hybridomas with B6-derived T Ag-transformed cells expressing
either wt or V-only T Ag resulted in B-galactosidase production by the
epitope V-specific T cell hybridoma. In contrast, T cell hybridomas specific
for epitopes I or IV were activated only following coincubation with wt T
Ag-expressing cells. T Ag-transformed cell lines on the TAP1 ™/~ back-
ground expressing either wt or V-only T Ag failed to activate T cell hy-
bridomas. T Ag expression was confirmed by immunofluorescent staining
with T Ag-specific mAbs (data not shown). Thus, the T Ag-transformed
cell lines used here have the expected phenotypes and support previous
findings that epitope V is efficiently presented from wt T Ag in vitro (30,
33). All cell lines were maintained in DMEM and supplemented with 100
U/ml penicillin, 100 pg/ml streptomycin, 100 wg/ml kanamycin, 2 mM
L-glutamine, 10 mM HEPES, 0.075% (w/v) NaHCO;, and 5-10% FBS.

Viruses and synthetic peptides

The recombinant vaccinia virus expressing human TAP1 and TAP2 pro-
teins (VV-TAP(1 + 2) (48)) was obtained from Drs. J. R. Bennink and
J. W. Yewdell (National Institutes of Health, Bethesda, MD). The VV-SC
vaccinia virus contains only empty vector. Viruses were propagated and
titrated in HuTK ™ 143 cells essentially as described previously (33). Pep-
tides were synthesized at the Macromolecular Core Facility of the Milton
S. Hershey Medical Center by Fmoc chemistry using an automated peptide
synthesizer (9050 MiliGen PepSynthesizer; Millipore). Peptides were sol-
ubilized in DMSO and diluted to the appropriate concentration with RPMI
1640 medium. Peptides used in these experiments correspond to the SV40
T Ag epitope I (SAINNYAQKL; peptide I), epitope V (QGINNLDNL;
peptide V), and influenza virus nucleoprotein 366374 (ASNENMETM,;
peptide Flu).
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FIGURE 1.

Characterization of TCR-V transgenic mice and T Ag-transformed cell lines used for immunization. A, Characterization of T Ag epitope

V-specific TCR transgenic mice. PBL from TCR-V male and female mice were triple stained with anti-CD8a Ab, the indicated tetramer, and anti-CD44
Ab. Numbers in the upper right quadrant indicate the percentage of epitope-specific Tcpg. Open histograms indicate the surface expression of CD44 on
Db/V tetramer™ T cells. The background fluorescence shown in closed histograms was determined on unstained cells. B, Recognition of T Ag-transformed
cells by epitope-specific LacZ T cell hybridomas. A total of 3 X 10* hybridoma cells specific for T Ag epitope I, IV, or V was incubated overnight with
an equal number of B6/wt T Ag, B6/V-only T Ag, B6/A 1, I/IIL, IV, and V cells lacking all H-2® CTL epitopes, TAP1~/~ wt T Ag, and TAP1~'~ V-only
T Ag cells. Accumulation of LacZ in activated cells was detected by incubating culture lysates with the LacZ substrate, chlorophenol red-p3-p-galactopy-
ranoside, and measuring the absorbance of the product at 575 nm using 630 nm as a reference wavelength.

Flow cytometric analysis

Ex vivo staining of Tcpg lymphocytes with MHC tetramers and primary-
conjugated Abs was performed on single-cell suspension prepared from
spleens as described previously (31). Cells were then fixed with 2% para-
formaldehyde in PBS and analyzed using a FACScan flow cytometer (BD
Biosciences). Routinely, at least 50,000 events were recorded. Data were
analyzed and prepared using FlowJo software (Tree Star). Production and
characterization of the MHC class I tetramers specific for the H-2D"/T Ag
epitope I (Db/I), H-2D/T Ag epitope V (Db/V), H-2K”/T Ag epitope IV
(Kb/1V), and H-2D"/influenza virus nucleoprotein epitope 366—374 (Db/
Flu) was described previously (31). The following Abs were purchased
from BD Pharmingen: PE- and cychrome-labeled anti-mouse CD8a (clone
53-6-7), FITC-labeled anti-mouse TCR VB7 (clone TR310), FITC-labeled
anti-mouse CD44 (clone IM7), FITC-labeled anti-mouse CD62L (clone
MEL-14), and FITC-labeled anti-mouse CD122 (clone TM-B1). PE-la-
beled anti-mouse CD45.1 (clone A20). The percentage of Trpg cells that
stained positive for T Ag-specific tetramer was determined by subtracting
the percentage of cells that stained positive for Db/Flu tetramer within the
same population.

In vivo proliferation assay

RBC-depleted lymphocytes derived from spleens and lymph nodes of
TCR-V transgenic mice were resuspended at 1 X 10”/ml in PBS/0.2% BSA
and labeled with 5 uM 5- and 6-CFSE (Molecular Probes) for 10 min at
37°C. Cells were than washed three times with PBS, resuspended in HBSS,
and injected i.v. at a dose of 5 X 10° clonotypic TCR-V T cells/B6 mouse.
The mice were then immunized i.p. the following day with T Ag-express-
ing cells. After 4 days, the dilution of the CFSE label was determined by
tetramer staining of splenic lymphocytes.

SV40-specific CTL clones and T Ag-specific LacZ-inducible T
cell hybridomas

SV40 epitope V specific CTL line 96 (T. D. Schell, unpublished results)
was derived from line SV11 mice by rVV-ES-V immunization followed by
booster with B6/WT-19 cells (49). Epitope I-specific CTL were obtained
by in vitro activation of spleen cells from line TCR-I mice using gamma-
irradiated T Ag-transformed stimulator cells. LacZ-inducible T cell hybrid-
omas specific for the T Ag epitopes I, IV, and V were generated by fusing
T Ag-specific CTL clones K-11 (epitope I (50)), Y-4 (epitope IV (45)), and
H-1 (epitope V (30)) with BWZ.36.1/CD8 cells (kindly provided by Dr. N.
Shastri, University of California, Berkeley, CA), using an approach de-
tailed elsewhere (51). After in vitro selection in the presence of hypoxan-
thine/aminopterin/thymidine and hygromycin, the hybridoma clones re-

sponding to peptides specific for epitopes I, IV, and V were identified and
further cloned by limiting dilution.

In vitro and in vivo cytotoxicity assays

In vitro cytotoxicity assays were performed as described previously (30). T
Ag-transformed cell lines were treated with y-IFN (40 U/ml) for 48 h
followed by labeling overnight with 1 mCi of *'Cr per T-75 flask. The cells
were then trypsinized, washed once with PBS/0.1% BSA, resuspended at
5 X 10° cells/ml, and infected with the indicated vaccinia viruses at mul-
tiplicity of infection of 10 for 1 h at 37°C with occasional agitation. Cells
were then diluted with 10 ml of complete RPMI 1640 medium-10% FBS
and rocked at 37°C for an additional 4 h. After centrifugation, target cells
were resuspended in complete RPMI 1640 medium-10% FBS and added in
0.1-ml aliquots to 96-well V-bottom plates to yield 1 X 10* cells/well.
Effector cells were added to targets in 0.1-ml aliquots to give the E:T ratio
of 15 for CTL clone 96 and 10 for in vitro-activated TCR-I cells. Plates
were incubated for 4 h at 37°C in 5% CO,, and cells were then pelleted by
centrifugation (200 X g for 2 min). A total of 0.1 ml of supernatant was
transferred to glass tubes, and the radioactivity was counted in a Packard
Cobra model 5005 gamma counter. Percent-specific lysis was calculated as
follows: percent-specific lysis = ((experimental — spontaneous)/(maxi-
mum — spontaneous)) X 100, where spontaneous is the counts per minute
released from target cells incubated with medium alone, while maximum is
the counts per minute released from target cells incubated in the presence
of 2.5% SDS. All data represent the means of triplicate samples.

For in vivo cytotoxicity assays, targets were prepared from sex-matched
B6.SJL (CD45.1%) spleen cells incubated in the presence of the indicated
peptides (1 uM) in RPMI 1640 medium/10% FBS at 37°C for 90 min and
washed three times. Targets were then labeled with different concentrations
of CFSE (5 uM/peptide 1V; 0.5 uM/peptide I; 0.025 uM/peptide Flu) for
10 min at 37°C in PBS/0.1% BSA, washed twice, and 2 X 10° cells/target
(6 X 10° total cells) were injected i.v. into the tail vein in 0.2 ml of HBSS.
The elimination of CFSE-labeled targets was assessed the next day by
staining splenic cells with PE-labeled anti-CD45.1 mAb. The following
formula was used to determine the percentage of specific killing: percent-
age = (1 — (ratio unprimed/ratio primed) X 100), where ratio = (percent-
age of CFSE '*“/percentage of CESEMeh or medium)

33S-metabolic labeling and pulse-chase immunoprecipitation of
SV40 T Ag

T Ag-expressing cells grown in T-75 flasks were starved for 1 h at 37°C in
methionine-free DMEM supplemented with 2% dialyzed FBS and then
pulsed for 1 h at 37°C with 400 wCi of [**S]methionine in 1 ml of medium.
After washing the cells three times with cold PBS, the label was chased for
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Table I. SV40 T Ag-transformed cell lines used in this study
Cell H-2° CTL

Designation Cell Type Transforming Agent T Ag Construct Epitopes Present References
B6/T5Aa C57BL/6 embryo fibroblasts pLM234 WT I, /L 1V, V 30
B6/T116A1 C57BL/6 embryo fibroblasts pSLM361-11 A207-215, A223-231, A% 31

Y406A, F408A,
C411A (V-only T Ag)
B6/K-0 C57BL/6 kidney pPVUO WT I, II/IL 1V, V 45
B6/K-1,4¢ C57BL/6 kidney Derived from K-0 A134-263, V405L A\ 45
B6/K-1,4-SV* C57BL/6 kidney Derived from K- A134-263, V405L T Ag I, /L 1V, V 45
1,4 + pSV2neo- + WT
SV40

B6/122B1 C57BL/6 embryo fibroblasts PLMTS364-1 N210A, N227A, F408A, None 31

(B6 Al N493A (no CTL

1/, 1V, epitopes)

VTAg)
TAP1™/~ wt B6.129S2-Tap ™A™ pPVUO WT I, /L 1V, V This study

kidney

TAP1™/~ B6.129S2-Tap ™A™ pSLM361-11 A207-215, A223-231, A\ This study

361-11 kidney Y406A, F408A,

C411A (V-only T Ag)

“ K-0 epitope loss variant selected by coculture with T Ag-specific CTL clones in vitro.

?K-1,4 cells transfected with pSV2neo-SV40 encoding WT T Ag.

the indicated time in the presence of 100-fold molar excess of cold me-
thionine. Subsequently, cells were washed three times with cold PBS,
scraped into tubes, and centrifuged. The cell pellet was lysed in 1 ml of
lysis buffer (50 mM Tris-HCI (pH 8.5), 120 mM NaCl, 0.5% Nonidet P-40,
and protease inhibitors 1:100 (Sigma-Aldrich)) for 20 min on ice followed
by centrifuged at 12,000 X g for 5 min. Each cell lysate was precleared
with protein A-Sepharose beads conjugated with 2 mg/ml BSA for 2 h at
4°C. Precleared samples were immunoprecipitated overnight with Pab 901
(47) directed to the C-terminal of T Ag and a control Ab to herpes simplex
virus glycoprotein D (52). The immune complexes were collected on pro-
tein A-Sepharose beads, washed three times with radioimmunoprecipita-
tion assay buffer (10 mM Tris-HCI (pH 8.0), 140 mM NaCl, 1% Triton
X-100, 1% sodium deoxycholate, and 0.1% SDS), once with SNNTE (50
mM Tris, 5 mM EDTA, 0.5 M NaCl, 5% sucrose, and 1% Nonidet P-40)
buffer, and denatured for 5 min at 95°C in 30 ul of 2X sample buffer (100
mM Tris-HCl, 4% SDS, 20% glycerol, 2% 2-ME, and 0.01% bromphenol
blue). Proteins were separated on 7.5% SDS polyacrylamide gel under
reducing conditions. Gels were fixed in methanol, acetic acid, and water
and were treated with Amplify (Amersham Biosciences) and dried. Auto-
radiography was performed at —80°C using Kodak X-omat LS film.

Results
Naive TCR-V T cells recognize wt T Ag in vivo but only a
subset of cells proliferate

One explanation for the subdominant phenotype of epitope V is
that the precursor frequency in naive B6 mice might be limiting (1,
11, 12). To determine whether an increase in the precursor fre-
quency of epitope V-specific Tpg could overcome subdominance
following immunization with wt T Ag-expressing cells, we devel-
oped transgenic mice that express a TCR specific for epitope V to
provide a source of naive epitope V-specific Tcpg. Line TCR-V
mice express the TCRa- and 3-chains from the epitope V-specific
CTL clone Y-5 on the B6 background (see Materials and Meth-
ods). Lymphocytes from TCR-V mice were transferred into B6
mice to determine their responsiveness to immunization with T
Ag-transformed B6 cells expressing either wt or V-only T Ag.
Groups of naive B6 mice received two different doses of TCR-V
T cells (1 X 10° or 1 X 107) followed by i.p. immunization with
wt or V-only T Ag-transformed cells the next day. Seven days
postimmunization, CD8 *,Db/V tetramer " spleen cells were quan-
titated. TCR-V T cells expanded dramatically in mice immunized
with B6/V-only T Ag-transformed cells (Fig. 2A). In mice that
received 1 X 10° donor cells, TCR-V T cells expanded to 24% of
Tcpg following immunization with B6/V-only T Ag-transformed

cells. Limited expansion of TCR-V T cells, representing 3.4% of
Tepg. Was observed in mice immunized with B6/wt T Ag-trans-
formed cells (Fig. 2A, left middle panel). A 10-fold increase in the
initial TCR-V donor population failed to result in further increases
in the percentage of Tg specific for epitope V following immu-
nization (Fig. 2A, right panels). Likewise, a 5-fold increase in the
immunizing dose of B6/wt T Ag cells failed to result in increased
expansion of TCR-V T cells (data not shown). The absolute num-
ber of TCR-V T cells per spleen also was calculated to ensure that
the magnitude of the response was not biased by varying numbers
of total spleen cells among individual mice. The results are con-
sistent with the data presented as percentages of T (Fig. 2A).
Thus, only limited accumulation of TCR-V T cells was observed
following immunization with wt T Ag, despite the presence of
large numbers of naive TCR-V T cells.

This result might be explained by a quantitatively small propor-
tion of naive TCR-V T cells recognizing epitope V in vivo, despite
the large Ag dose used (1 X 10”7 B6/wt T Ag cells). Examination
of the cell surface phenotype of TCR-V T cells following immu-
nization revealed that CD44 surface expression was up-regulated
on the majority of cells following immunization with either V-only
T Ag or wt T Ag-transformed cells (Fig. 2B). In contrast, only a
subset of TCR-V T cells down-regulated the CD62L lymph node
homing receptor or up-regulated the CD122 IL-2-chain receptor
following immunization with wt T Ag. Taken together, these re-
sults suggest that only a fraction of the TCR-V T cells are fully
activated following exposure to wt T Ag, consistent with limited T
cell expansion.

Because suboptimal T cell activation might fail to result in cell
division (53), we monitored the proliferation of CFSE-labeled
TCR-V T cells 4 days after transfer into B6 mice immunized with
either wt or V-only T Ag-transformed cells. Immunization with
V-only T Ag induced robust proliferation of TCR-V T cells, rep-
resenting 71-81% of splenic CD8" Db/V tetramer™ cells (Fig.
2C). In contrast, immunization with wt T Ag-transformed cells
induced proliferation of only a small proportion of TCR-V T cells,
representing 17-19% of recovered TCR-V T cells. No prolifera-
tion was detected after immunization with cells expressing a T Ag
variant that lacks all defined T.pg epitopes (data not shown).
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FIGURE 2. Activation and proliferation of TCR-V T cells in response to T Ag immunization. A, TCR-V expansion following immunization with T
Ag-transformed cells. B6 mice were adoptively transferred with either of two doses of TCR-V T cells (I X 10° or 1 X 107) followed by immunization
the next day with 1 X 107 B6/V-only T Ag or B6/wt T Ag cells or remained unimmunized. Seven days postimmunization, spleen cells were triple stained
for CD8«, Db/V tetramer, and cell surface markers CD44, CD62L, or CD122. The top value in each dot plot indicates the percentage of splenic Tpg cells
positive for Db/V tetramer in one individual mouse, and the bottom value indicates the total number of TCR-V T cells per spleen X10° = SD (n = 2
mice/group). B, Flow cytometric analysis of T cell activation markers. Histograms show the level of expression of the indicated cell surface markers on
the gated population of Db/V tetramer ™, T cells shown in A. C, Immunization with wt T Ag-expressing cells induces extensive proliferation in a small
proportion of naive TCR-V T cells. A total of 5 X 10° CFSE-labeled TCR-V T cells was adoptively transferred into naive B6 mice; the next day, recipients
were immunized with 1 X 107 B6/V-only T Ag or B6/wt T Ag cells or remained unimmunized. Four days postimmunization, spleen cells were stained
for CD8« and Db/V tetramer to reveal the intensity of CFSE fluorescence on TCR-V T cells. Two individual mice per group are shown.

These experiments indicate that under conditions where T cell pre-
cursor frequency is not limiting, the subdominant phenotype of
epitope V is maintained.

Coexpression of wt T Ag inhibits the immunogenicity of the
epitope V-only T Ag variant

The finding that TCR-V T cells expanded dramatically following
immunization with V-only T Ag but not wt T Ag indicates that
Tcps responding to the dominant epitopes inhibit the Topg re-
sponse to the subdominant epitope V. To exclude the possibility
that the V-only T Ag is inherently more immunogenic than the wt
T Ag due to factors other than the lack of the dominant T Ag
epitopes, we determined whether wt T Ag would affect the immu-
nogenicity of V-only T Ag when coexpressed in the same cell. To
perform this set of experiments, we used a panel of cell lines de-
rived from the wt T Ag-transformed cell line B6/K-0. In a previous
study (44), sequential in vitro selection of B6/K-0 cells with CTL
clones specific for epitopes I and IV resulted in the isolation of

cells expressing a T Ag variant in which residues 134-263 are
deleted, which removes epitopes I (206-215) and II/III (223-231),
and an additional mutation at residue 405 (V—L) inactivates
epitope IV (404—-411) (30, 46). This cell line, called B6/K-1,4,
was subsequently supertransfected with a plasmid encoding wt T
Ag (32) such that both wt and V-only T Ag constructs are ex-
pressed in the same cell. Coexpression of the two T Ags in B6/
K-1,4-SV cells was demonstrated previously by immunoprecipi-
tation of the two different-sized T Ag proteins (45). The expression
of wt T Ag in B6/K-1,4-SV cells restores presentation of all T Ag
epitopes in vitro, as shown by reactivity with epitope-specific CTL
clones (36, 45).

TCR-V T cells were transferred into B6 mice followed 1 day
later by immunization with 1) B6/K-0 (wt T Ag) cells, 2) B6/K-1,4
(V-only T Ag) cells, or 3) B6/K-1,4-SV (V-only + wt T Ags)
cells. Seven days after immunization, mice were sacrificed, and the
Tcpg response was evaluated by MHC tetramer staining (Fig. 3A).
Consistent with the data in Fig. 2, immunization with B6/K-0 (wt
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FIGURE 3. Coexpression of wt T Ag and V-only T Ag inhibits TCR-V T cell expansion. A, Quantitation of TCR-V T cells following immunization
with cells coexpressing wt and V-only T Ags. B6 mice were adoptively transferred with 5 X 10° TCR-V T cells and immunized the next day with 5 X
107 B6/K-0 (wt T Ag), B6/K-1,4 (V-only T Ag), or B6/K-1,4-SV (expresses simultaneously wt T Ag and V-only T Ag) cells. Some mice received 5 X
107 B6/K-0 cells mixed with 5 X 107 B6/K-1,4 cells or remained unimmunized. Seven days later, splenic T¢pg specific for epitope V were quantitated by
flow cytometry following staining with Db/V tetramer and anti-CD8 Ab. The values shown in the upper right quadrant indicate the percentage of splenic
Tepsg cells positive for Db/V tetramer. B, Flow cytometric analysis of activation markers on TCR-V T cells. Histograms show the level of expression of
the indicated cell surface marker on the population of Db/V tetramer™ T cells shown within the gate in A. C, Pulse-chase immunoprecipitation of T Ag
from T Ag-transformed cell lines. Cell lines, as indicated on the left, were metabolically labeled with [**S]methionine followed by chase in medium
containing unlabeled methionine for the indicated times (P; pulse, without chase). After preclearing with BSA-conjugated Sepharose 4B beads, lysates were
immunoprecipitated using Sepharose 4B beads conjugated with PAb901 Ab (+) or with negative control Ab anti-HSV gD (—). The beads were then
washed, denatured in sample buffer, and proteins were separated by SDS/7.5% PAGE. Size markers in kDa are shown on the left. The location of
immunoprecipitated proteins is indicated on the right.
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T Ag) cells led to only a weak expansion of naive TCR-V T cells
and the activation of a subset of cells as measured by modulation
of CD44, CD62L, and CD122 on the cell surface (Fig. 3B). In
contrast, immunization with B6/K-1,4 (V-only) cells led to a
5-fold expansion of TCR-V T cells (8.2% of Tpg vs 1.6% of Tepg
in the HBSS group) and the induction of an activated phenotype on
the majority of cells. Importantly, immunization with B6/K-
1,4-SV cells (coexpressing wt and V-only T Ags) mimicked the
results obtained with cells expressing wt T Ag alone. In this group,
only partial activation and minimal expansion of TCR-V T cells
occurred (2.1% of Tpg). Thus, the potent immunogenicity of cells
expressing the V-only T Ag is inhibited by coexpression of wt T
Ag in the same cells.

To determine whether this inhibitory effect required that wt and
V-only T Ags be expressed in the same cells, a fourth group of
mice was immunized with B6/K-0 (wt T Ag) cells mixed with an
equal number of B6/K-1,4 (V-only T Ag) cells. TCR-V T cells
isolated from mice immunized with this cell mixture were fully
activated and expanded to the same level as in mice immunized
with B6/K-1,4 cells alone (Fig. 3, A and B). These results indicate
that the epitope V-specific Tg response is inhibited when Tepg
specific for the immunodominant epitopes can recognize the same
but not different cells. Whether this competition affects the Tepg
response to epitope V at the level of APC that are cross-presenting
T Ag or by preventing access to the tumor cells themselves re-
mains to be determined.

Coexpression of wt T Ag does not alter the stability of epitope
V-only T Ag

Recent studies have suggested that cross-presented Ag is derived
from long-lived proteins found in the donor cell (54-56). Thus, a
change in V-only T Ag stability might alter its immunogenicity. To
determine whether coexpression of wt T Ag alters the stability of
V-only T Ag, we performed pulse-chase immunoprecipitation of
the T Ags in B6/K-0, B6/K-1,4, and B6/K-1,4-SV cells (Fig. 3C).
The T Ags were detected as two prominent bands: 94 kDa corre-
sponding to wt T Ag and 75 kDa corresponding to the epitope
V-only variant (A134-263 T Ag; Fig. 3C). The stability of V-only
T Ag was similar in both B6/K-1,4-SV cells and the parental B6/
K-1.,4 cells. This finding demonstrates that wt T Ag does not ad-
versely affect the stability of the V-only T Ag variant when coex-
pressed in the same cell, although it dramatically reduces the
epitope V immunogenicity of these cells. Therefore, the inability
of K-1,4-SV cells to induce significant expansion of naive TCR-V
T cells does not correlate with differences in protein stability
within the transformed cells.

Cross-presentation of T Ag leads to inefficient expansion of
TCR-V cells

The initiation of Tpg responses to cell-associated Ags has been
shown to depend on cross-presentation by professional APC in
several experimental systems (57-60). Thus, one possible expla-
nation for the weak activation of TCR-V T cells following immu-
nization with wt T Ag-transformed cells is that epitope V might be
poorly cross-presented compared with the immunodominant
epitopes. To examine the role of cross-presentation in the activa-
tion and the expansion of TCR-V T cells, we used TAP1 ™'~ cells
transformed with either wt or V-only T Ag for immunization.
TAP1 /" cells are defective in the transport of cytosolic antigenic
peptides into the endoplasmic reticulum due to the absence of the
TAP1 component of the peptide transporter (61). Thus, these cells
are defective in the presentation of most endogenous Ags by MHC
class I molecules but are capable of donating Ag for cross-priming
in vivo (62).

To ensure that T Ag epitopes are not directly presented by T
Ag-transformed TAP1~/~ cells and that no other defects in these
cells could inhibit T cell recognition, we reconstituted the TAP1
protein by infecting each TAP1~/~ cell line with a recombinant
vaccinia virus expressing the TAP1 and TAP2 proteins ((VV-
TAPI1 + 2); Ref. 48). TAP1 '~ wt T Ag cells were efficiently
recognized by in vitro-activated T cells derived from TCR-I mice
after infection with VV-TAP(1 + 2) but not when infected with
vaccinia recombinant VV-SC expressing an empty vector (Fig.
4A). Likewise, TAP1 ™'~ V-only T Ag cells were lysed by a CTL
clone specific for epitope V after infection with VV-TAP(1 + 2)
but not after infection with empty vector VV-SC. Thus, the ex-
pected T Ag epitopes are presented by TAP1 '~ cells following
restoration of functional TAP. No CTL lysis was detected follow-
ing infection of T Ag epitope null cells (B6/122B1) with VV-
TAP(1 + 2) or with VV-SC. In addition, T Ag epitope-specific
LacZ T cell hybridomas failed to recognize the T Ag-transformed
TAP1 '~ cells (see Materials and Methods). These results dem-
onstrate that TAP1™/" cells expressing wt or V-only T Ag do not
directly present T Ag epitopes for T cell recognition unless func-
tional TAP is restored. In the absence of direct presentation of
epitopes on the surface of T Ag-transformed cells, the Tg re-
sponse induced by immunization with TAP1~/~ cells can be at-
tributed solely to the cross-presentation of T Ag by host APC.

To determine the efficiency of epitope V cross-presentation in
vivo, we measured the activation, proliferation, and accumulation
of TCR-V T cells in B6 mice immunized with TAP1~/~ cells.
These results were compared with cross-presentation of a domi-
nant T Ag epitope, using TCR transgenic T cells specific for the
immunodominant T Ag epitope I (TCR-I cells; Ref. 35). Mice
were adoptively transferred with naive TCR-I (Fig. 4B) or TCR-V
(Fig. 4C) T cells. The following day, mice that received TCR-I T
cells were immunized with B6/wt T Ag or TAP1 /'~ wt T Ag-
transformed cells or remained unimmunized. Similarly, TCR-V T
cell recipients were immunized with B6/V-only T Ag or TAP1~’
—V-only T Ag-transformed cells or remained unimmunized. After
7 days, spleen cells were analyzed. Naive TCR-I T cells expanded
to 49 and 12% of splenic Ty cells, respectively, following prim-
ing with the B6- or TAP1 /" -derived wt T Ag-expressing cells,
(Fig. 4B). TCR-I T cells recovered from both sets of mice ex-
pressed high levels of CD44. Likewise, TCR-V T cells expanded
to 32% of splenic Tg cells and up-regulated CD44 after priming
with B6/V-only T Ag-expressing cells (Fig. 4C) but failed to ex-
pand significantly after priming with TAP1~/~ V-only T Ag-ex-
pressing cells. In addition, only a small population of TCR-V T
cells showed up-regulation of CD44. This result suggests that only
a small fraction of naive TCR-V T cells detected the presence of
cross-presented epitope V following immunization with TAP1 ™/~
V-only T Ag-expressing cells and failed to expand significantly.

Because no apparent increase in TCR-V frequency was ob-
served 7 days postimmunization with TAP1~/~ V-only T Ag-ex-
pressing cells, we asked whether any TCR-V cells were induced to
proliferate early after immunization. Thus, the experiment shown
in Fig. 4, B and C, was repeated using CFSE-labeled TCR-I and
TCR-V donor cells. Three days after immunization, spleen cells
were analyzed to determine the extent of TCR-I and TCR-V T cell
proliferation. The data in Fig. 4D show that TCR-I T cells prolif-
erated extensively after immunization with B6/wt T Ag or
TAP1~’~ wt T Ag cells. The TCR-V T cells similarly proliferated
after immunization with B6/V-only T Ag. Importantly, immuni-
zation with TAP1 ™/~ V-only T Ag cells triggered proliferation in
only a subset of TCR-V T cells (28% CFSE negative). This result
demonstrates that cross-presentation of epitope V results in pro-
liferation of only a fraction of naive TCR-V T cells and implies
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FIGURE 4. Cross-presentation of epitope V leads to proliferation of only a subset of naive TCR-V T cells. A, CTL recognition of T Ag-expressing
TAP1 /" cells. °'Cr-labeled T Ag-transformed cells were infected at multiplicity of infection = 10 with vaccinia viruses expressing TAP 1 + 2 (VV-
TAP(1 + 2)) or VV-SC containing no insert. Following 5 h of infection, target cells were combined with a CTL clone specific for T Ag epitope V at an
effector-to-target cell ratio (E:T) of 15:1 and with in vitro-activated TCR-I T cells at an E:T of 10:1 for 4 h. B6/T122B1 cells express a T Ag variant lacking
all H-2° CTL epitopes (A I, I/IIL, IV, V). B, Flow cytometric analysis of TCR-I T cell response to immunization with TAP1 '~ cells. Naive B6 mice were
adoptively transferred with 1 X 10° TCR-I T cells followed by immunization with 5 X 107 B6/wt T Ag (TAP*'*) cells, TAP1 '~ wt T Ag cells, or with
vehicle (HBSS). Seven days postimmunization, spleen cells were triple stained with anti-CD8« Ab, the indicated tetramer and anti-CD44 Ab. The values
in upper right quadrants indicate the percentage of splenic Tpg that are positive for either Db/I tetramer or Db/V tetramer. Histograms show the level of
surface expression of CD44 on the gated population of tetramer™,Tcpg. C, Flow cytometric analysis of TCR-V T cell response to immunization with
TAP1 ™/~ cells. Naive B6 mice were adoptively transferred with 1 X 10° TCR-V T cells followed by immunization with 5 X 10’ B6/V-only T Ag (TAP*'")
cells, TAP1 ™/~ V-only T Ag cells, or with vehicle (HBSS). Cells were analyzed as in B. D, In vivo proliferation of CFSE-labeled TCR transgenic T cells.
Mice were adoptively transferred with CFSE-labeled TCR-I (top) or TCR-V (bottom) T cells and immunized the next day with the indicated B6 or TAP1 '~
cells or left unimmunized (HBSS). Three days after immunization, spleen cells were stained for CD8« and Db/I or Db/V tetramer, and the intensity of CFSE
fluorescence on TCR-I and TCR-V T cells was determined by flow cytometry.
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that additional direct presentation of epitope V by the B6/V-only T
Ag-transformed cells also is required for maximal expansion of
these activated Tops. By comparison, direct presentation of
epitope I by wt T Ag-transformed cells was shown to be dispens-
able for inducing proliferation of TCR-I T cells by day 3 postim-
munization. However, a role for direct presentation of epitope I by
wt T Ag-transformed cells in obtaining maximal TCR-I T cell
expansion is suggested because TCR-I T cells accumulated to
higher levels by day 7 postimmunization with B6 vs TAP1~/~ wt
T Ag cells (Fig. 4B).

Direct presentation alone by T Ag-transformed cells is not
sufficient to prime naive TCR-V T cells

To address the possibility that T Ag-transformed cells can prime
naive TCR-V T cells directly and initiate an immune response in
the absence of costimulatory signals provided by professional APC
cross-presenting T Ag, we compared the response of adoptively
transferred TCR-V T cells to immunization in B6 vs TAP1 /'~
hosts. To ensure that only naive TCR-V T cells were transferred,
Tcps expressing low amounts of cell surface CD44 were sorted by
flow cytometry before adoptive transfer (Fig. 5B). B6 and
TAP1 '~ mice were adoptively transferred with TCR-V T cells
and immunized on the same day with B6/V-only T Ag-expressing
cells. Seven days later, mice were sacrificed, and TCR-V T cell
expansion was evaluated.

Consistent with our previous results, naive TCR-V T cells ex-
panded dramatically in B6 mice immunized with B6/V-only T Ag
(Fig. 5A). In contrast, immunization of TAP1 ™/~ mice with B6/
V-only T Ag-expressing cells did not lead to detectable expansion
of TCR-V T cells. To ensure that TCR-V T cells could respond to
specific immunization in TAP1 /" hosts, one group of TAP1 '~
mice was immunized with a vaccinia virus recombinant expressing
epitope V as a minigene preceded with an endoplasmic reticulum-
targeting sequence (rVV-ES-V) in addition to B6/V-only T Ag
cells. The use of r'VV-ES-V bypasses any requirements for TAP in
the presentation of epitope V (33). TCR-V T cells expanded to
~18% of T¢pg in these mice, confirming the ability of the sorted
TCR-V T cells to expand in TAP1 ™/~ mice. Thus, direct presen-
tation of epitope V by B6/V-only T Ag-transformed cells is not
sufficient to induce the extensive accumulation of TCR-V T cells
observed in B6 mice. This finding is consistent with the results of
others who demonstrated that cross-presentation of Ag by host
APC is required for activation of naive Tpg (60, 63). Taken to-
gether, the results in Figs. 4 and 5 suggest that limited cross-pre-

A

INEFFICIENT CROSS-PRESENTATION CONTRIBUTES TO SUBDOMINANCE

sentation of epitope V is needed to activate a few naive TCR-V T
cells in B6 mice, but direct presentation of Db/V complexes by T
Ag-transformed cells drives the more extensive proliferation ob-
served following immunization with V-only T Ag-transformed
cells.

Cross-presentation of epitope V inefficiently boosts memory
Teps

We next determined the extent to which Ag experienced T¢pg
specific for epitope V were reactivated following cross-presenta-
tion of epitope V. For this experiment, we used the endogenous
epitope V-specific Tpg established in B6 mice following primary
immunization with B6/V-only T Ag-transformed cells. At days 14
and 21 postimmunization, primed mice were boosted with either
B6 or TAP1™/~ cells expressing wt or V-only T Ag. Seven days
later, the immune response to T Ag was analyzed using both MHC
tetramer staining and the in vivo cytotoxicity assay (Fig. 6). Mice
that received only primary immunization 28 days earlier with B6/
V-only T Ag cells had low levels of epitope V-specific Tepg
(HBSS; 0.2%) and failed to show any significant elimination of
peptide V-coated targets in the in vivo cytotoxicity assay. Epitope
V-specific in vivo cytotoxicity was observed at earlier times after
immunization (data not shown). Epitope V-specific T cells in-
creased 30-fold following boosters with B6/V-only cells, repre-
senting 6% of splenic T and this resulted in the elimination of
79% of peptide V-pulsed target cells. As expected, there was no
elimination of peptide I-pulsed target cells in these mice. Boosting
with B6/wt T Ag cells led to a 10-fold increase in the percentage
of Tcpg specific for epitope V (B6/wt; 2%) compared with un-
boosted mice and resulted in a detectable population of epitope I-
and [V-specific T cells (2 and 12%, respectively). Accordingly, the
in vivo cytotoxicity assay revealed killing of both peptide I- and
V-coated targets (82 and 63% elimination, respectively) following
boosting with B6/wt T Ag cells.

In contrast to boosting with B6-derived T Ag-transformed cells,
TAP1 /" cells expressing either epitope V-only T Ag or wt T Ag
failed to induce significant expansion of the epitope V-specific
memory T cells. However, some reactivation of epitope V-specific
memory T cells was indicated by increased levels of killing against
peptide V-pulsed target cells following boosting with TAP1 ™/~ V-
only T Ag cells (20% elimination) and TAP1 ™/~ wt T Ag cells (8%
elimination). In contrast, immunization with TAP1~"~ wt T Ag cells
induced detectable responses against epitopes I and IV (1 and 2% of
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FIGURE 5. Direct priming by T Ag-transformed cells in the absence of cross-presentation is not sufficient to expand TCR-V T cells. A, Analysis of

TCR-V T cell expansion in TAP1~/~ mice. FACS-sorted naive TCR-V T cells (1 X 10°) were adoptively transferred into gamma-irradiated (400 rad)
TAP1~/~ mice or nonirradiated B6 control mice. Recipient mice were immunized with 5 X 107 B6/V-only T Ag (TAP*/") on the same day or received
HBSS as a control. One group of TAP1 /™ mice was immunized with 5 X 10”7 B6/V-only T Ag cells plus i.p. immunization with 1 X 10’ PFU of VV-ES-V.
The values show the percentage of Db/V tetramer™ T cells of splenic T¢pg. This experiment was repeated twice with similar results. B, Phenotype of donor
TCR-V T cells. CD44'%-expressing CD8 " T cells from naive TCR-V mice were sorted by flow cytometry before transfer into TAP1 ™/~ mice.
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FIGURE 6. Epitope V memory T.pg preferentially expand in response to direct presentation by T Ag-transformed cells. Groups of two or three B6 mice
were immunized with 5 X 107 B6/V-only T Ag cells. Two and 3 wk later, mice were boosted with the same dose of B6/V-only T Ag, B6/wt T Ag, TAP1 ™/~
V-only T Ag, or TAP1 ™'~ wt T Ag cells or received no boost (HBSS). One week later, spleen cells from individual mice were analyzed for the presence
of Tcpg specific for epitopes I, IV, and V by costaining with MHC class I tetramers. The data are presented as a percentage of splenic Tepg that stained
specifically with the indicated tetramer, and the background staining on naive B6 mice was subtracted and did not exceed 1% of T Mice were
simultaneously analyzed for the presence of epitope I- and V-specific effector T cells by in vivo cytotoxicity assay. B6.SJL spleen cell targets were incubated
with peptides V, I, or Flu control peptide. Peptide-pulsed cells were then differentially labeled with CESE (5, 0.5, and 0.025 uM, respectively), and 2 X
10° of each target population were injected 18 h before analysis of CD45.17 cells reisolated from spleens by flow cytometry. Histograms for representative
mice are shown. The values indicate the percentage of specific elimination of CD45.17 targets (see Materials and Methods).

splenic Tg cells, respectively) and efficient killing of peptide I-
coated targets (78% elimination). These results suggest that cross-
presentation of epitope V alone is unable to expand epitope V-specific
memory T Efficient expansion required direct presentation of
epitope V/Db complexes by B6-derived V-only or wt T Ag-
transformed cells. By comparison, cross-presentation of wt T Ag led
to expansion of the endogenous epitope I- and IV-specific T¢pg,
although the frequencies achieved were reduced compared with im-
munization with B6/wt T Ag cells.

Discussion

Transfer of Ag from tumor cells to professional APC provides a
viable mechanism to present tumor Ag epitopes for activation of
naive T¢pg in cases where tumor cells lack the necessary costimu-
latory molecules. In support of this mechanism, cross-presentation
of tumor Ags has been documented in multiple tumor systems (28,
58, 64—67). In this article, we demonstrate that the efficiency of
cross-presentation can vary for epitopes within the same tumor Ag.
Our results indicate that the subdominant epitope V is only weakly
cross-presented in vivo from T Ag-transformed cells. Inefficient
cross-presentation led to priming of only a subset of naive TCR-V
T cells and also failed to significantly expand epitope V-specific
memory Tpg. However, under cross-priming conditions, all naive
immunodominant TCR-I T cells were induced to proliferate and
expanded to substantial levels. In addition, immunization of B6
mice with TAP1™'~ wt T Ag cells primed endogenous Tcpg Spe-
cific for epitopes I and IV. These data indicate that the subdomi-
nant epitope V is poorly cross-presented, whereas the immuno-
dominant T Ag epitopes are more efficiently cross-presented under
the same conditions. Thus, limited cross-presentation in vivo con-
tributes to the subdominant nature of T Ag epitope V following
immunization with T Ag-transformed cells.

Previous investigations of epitope V revealed that this antigenic
peptide forms relatively short-lived complexes with H-2D” com-
pared with the dominant epitopes of T Ag (30, 33). Thus, in a
system where only a limited amount of epitope is available, such
as might occur during cross-presentation of cell-associated Ags,
epitopes that are generated less efficiently or form more labile
complexes with MHC class I molecules would be at a disadvan-

tage regarding T cell priming by the APC (68). Cross-presentation
involves the transfer of cell-associated Ag from a donor cell to a
host professional APC (60). Although the nature of the cross-pre-
sented substrate has not been clearly identified, recent reports (54—
56) suggest that the substrate for cross-presented Ags are native
proteins or larger protein fragments. Our data indicate that cross-
presentation of the epitope V is severely compromised even
though cross-presentation of immunodominant T Ag epitopes
within the same protein is maintained. Thus, one possible expla-
nation is that the relatively short half-life of epitope V/D com-
plexes generated in the APC from a fixed amount of transferred T
Ag might provide limited opportunity for cross-priming to occur
before epitope V/Db complexes fall below detectable levels. Such
a mechanism has been proposed to explain immunodominance to
some minor histocompatibility Ags (69). Furthermore, the insta-
bility of peptide/MHC complexes has been shown to limit the im-
munogenicity of an epitope derived from the gp100 tumor-asso-
ciated Ag (70) and may explain the subdominant nature of a
Listeria monocytogenes-derived epitope from the p60 protein (71).
Recent studies investigating T cell activation in vivo have sug-
gested that naive T cells require only a brief encounter with the Ag
(4-8 h) to result in the modulation of cell surface receptors such
as CD44 and CD69 but require more extended Ag exposure to
enter productive proliferation and acquire effector function (72,
73). It should be noted that these studies were performed using
immunodominant epitope-specific T cells and have yet to be con-
firmed using T cells specific for a subdominant epitope. Given the
need for such time periods and the lability of epitope V/Db com-
plexes, the opportunity for extended Ag engagement with APC
cross-presenting epitope V in vivo might be limited, resulting in
proliferation of only a small number of epitope V-specific T cells.
Pamer and colleagues (74) previously demonstrated that premature
termination of L. monocytogenes infection at 12 h by antibiotic
treatment resulted in a dramatic decrease in the number of subdomi-
nant epitope-specific TCR transgenic Ty that proliferate, whereas
the expansion of dominant epitope-specific TCR transgenic T Was
reduced only 2-fold. As in the model used here, this difference is
consistent with the relative low stability of the subdominant epitope/
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MHC complexes. Thus, the rapid loss of peptide/MHC complexes
correlates with triggering of relatively fewer naive Tepg.

Alternatively, epitope V may be inefficiently processed and pre-
sented by professional APC compared with the immunodominant
epitopes as has been reported for some subdominant epitopes (75).
We have shown previously that epitope V-specific CTL efficiently
recognize IFN-vy-treated wt T Ag-transformed fibroblast cells, sug-
gesting that induction of immunoproteasomes in general does not
preclude presentation of epitope V in vitro (33). However, whether
epitope V may be generated less efficiently by APC in vivo is
unknown.

The ability of tumor cells to directly prime T responses in
vivo has been implicated under conditions in which the tumor cells
are able to migrate to the draining lymph nodes (25). The finding
that cross-presentation of epitope V alone induces inefficient ex-
pansion of naive TCR-V T cells prompted us to investigate
whether direct presentation by the B6/V-only T Ag cells was suf-
ficient to result in priming and expansion of TCR-V T cells. How-
ever, lack of TCR-V T cell expansion in TAP1 ™/~ hosts following
immunization with B6/V-only T Ag cells indicated that direct
priming alone was not sufficient to activate and expand naive
TCR-V T cells. Why then do TCR-V T cells expand so dramati-
cally in B6 mice following immunization with B6/V-only T Ag
cells? We suggest that TCR-V T cell activation requires initial
cross-presentation by host APC, but more extensive expansion oc-
curs only after direct presentation by the T Ag-transformed cells
themselves. This scenario is supported by the finding that a small
population of TCR-V T cells are initially induced to proliferate
following immunization with TAP1~/~ V-only T Ag cells but fail
to expand significantly. B6/V-only T Ag immunization could pro-
vide substrate for both cross-presentation to activate a few naive
TCR-V T cells and direct presentation by the tumor cells them-
selves to drive further expansion. In this manner, constitutive di-
rect presentation by the tumor cells could supplement the limited
number of labile complexes found on the APC. Whether this in-
teraction might happen simultaneously or serially remains to be
determined but could be explained by the formation of three cell
complexes in the lymphoid organs such that host APC cross-pre-
senting epitope V, tumor cells directly presenting epitope V and
TCR-V T cells interact simultaneously.

The participation of direct presentation by the tumor cells in
driving Tpg expansion in this model is also implied for the im-
munodominant epitopes. In this case, we found that efficient prim-
ing of naive TCR-I T cells was similar 3 days following immuni-
zation with TAP1 /'~ wt T Ag cells or B6/wt T Ag cells. However,
total accumulation by day 7 was significantly higher following
immunization with B6/wt T Ag cells, suggesting that additional
direct presentation by the tumor cells led to enhanced expansion of
Teps cells. This scenario is also supported by the finding that
immunization of B6 mice with TAP1™'~ wt T Ag cells induced
fewer endogenous epitope I and IV-specific Topg than the B6-
derived cells. Thus, the combination of cross-presentation of T Ag
epitopes for activation of naive Ty plus additional direct pre-
sentation of T Ag epitopes by the tumor cells might lead to more
efficient expansion of activated Tpg. However, this effect might
be more dramatic for weaker Tpg responses.

In addition to inefficient cross-presentation of epitope V, our
results indicate that the presence of Tpg responding to the dom-
inant T Ag epitopes contribute to the subdominant nature of
epitope V. This is most evident in experiments in which immuni-
zation with B6/V-only T Ag cells led to extensive expansion of
naive TCR-V T cells, while B6/wt T Ag cells led to only minimal
expansion. This was demonstrated using two different epitope V-
only T Ag constructs, indicating that this effect is due to the ab-

sence of immunodominant T Ag epitopes and not other intrinsic
factors of the particular cell line. The frequency of epitope-specific
T cell precursors has been shown to alter the immunodominance
hierarchy in several Ag systems (1, 11, 12). Our results demon-
strate that epitope V remains subdominant, even in the presence of
supraphysiological numbers of naive TCR-V T cells and pre-ex-
isting endogenous memory T cells specific for epitope V. The in-
ability of TCR-V T cells to expand significantly following immu-
nization with B6/wt T Ag-expressing cells is likely due to the
combination of inefficient cross-presentation of epitope V coupled
with competition by the immunodominant T Ag epitope-specific
Teps-

Previous studies on T cell competition revealed that presentation
of dominant and subdominant epitopes by the same APC is re-
quired for maintenance of the immunologic hierarchy (11, 16-18,
76, 77). Kedl et al. (17) suggested that T cell interaction with
specific peptide-MHC complexes on the surface of the APC in-
duced the loss of that particular complex, thereby preventing ac-
tivation of lower-affinity Tpg specific for the same epitope. How-
ever, this mechanism does not explain domination of one epitope
over another. Experiments using minor histocompatibility Ags
demonstrated that Tg cells can compete for different epitopes if
presented by the same APC (18, 78, 79). The nature of this com-
petition was proposed to be of either a steric nature, competition
for cytokines in the local environment, inactivation of the APC via
cell killing or another unknown mechanism. Although this phe-
nomenon, called cross-competition (76), was reported to be far less
efficient than the competition with Tg cells of the same speci-
ficity, we reasoned that it might play a significant role under cer-
tain conditions, particularly if Ag is limiting as is suggested for
epitope V.

Although our results indicate that T.pg responding to the im-
munodominant T Ag epitopes inhibit expansion of epitope V-spe-
cific Tcpg, the mechanism remains unknown. We suggest that
competition may occur at the level of the tumor cells themselves.
The finding that epitope V memory Tg are less efficiently ex-
panded by B6/wt T Ag cells than B6/V-only T Ag cells suggests
that competition for the tumor cells following priming of endog-
enous Tcpg specific for the immunodominant epitopes limits the
expansion of epitope V-specific memory Tpg. Conversely, there
was minimal expansion of epitope V-specific memory Tpg fol-
lowing immunization with TAP1 '~ wt or V-only T Ag-express-
ing cells, suggesting that the endogenous epitope V-specific mem-
ory Tpg are responding preferentially to direct presentation by the
tumor cells. The additional finding that coimmunization with a
mixture of wt and V-only T Ag-transformed B6 cells led to effi-
cient expansion of naive TCR-V T cells suggests that immu-
nodomination requires copresentation of the dominant and sub-
dominant epitopes by the same cell. Our results do not rule out the
possibility that T-g responding to the dominant epitopes also can
act at the level of the cross-presenting APC. In fact, this mecha-
nism might be more important for inhibiting priming of the en-
dogenous epitope V-specific Ty response because fewer precur-
sor Tpg are available in the normal repertoire of B6 mice than in
the experiments using adoptively transferred TCR-V T cells.

The results presented in this article suggest that when multiple
Teps epitopes derive from the same antigenic protein, epitope-
specific factors that affect cross-presentation can limit Tepg im-
munity. Thus, even if an epitope is directly presented on tumor
cells that constitutively express the antigenic protein, transfer of a
fixed amount of tumor Ag to the APC might result in subthreshold
levels of peptide/MHC complexes to activate a significant number
of Tepg. One potential benefit of this effect for the tumor-specific
Tcpg repertoire is that T specific for poorly cross-presented
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self-tumor epitopes might be less susceptible to tolerance induc-
tion due to limited presentation of epitopes in the steady state. We
have shown previously that epitope V-specific T are less sus-
ceptible to both central and peripheral tolerance mechanisms than
the immunodominant T Ag epitopes in T Ag transgenic mice de-
veloping spontaneous tumors (43, 49, 80). Thus, T cells specific
for epitopes that are poorly cross-presented might represent good
vaccine candidates for cancer as they may be less susceptible to
tolerance yet capable of responding to specific immunization ap-
proaches. Our results, and those of others (11, 16), also suggest
that immunization with individual epitopes, as opposed to multi-
subunit vaccines, would reduce the development of immunological
hierarchies for epitopes that are limited by cross-presentation, al-
lowing efficient priming of both dominant and subdominant
epitope-specific Tepg. Thus, future vaccination approaches that
require cross-presentation should consider the epitope-specific fac-
tors that affect the efficiency of Tpg responses.
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Summary

The ability to recruit the host’s CD8" T lymphocytes (Tps) against cancer is often limited by the
development of peripheral tolerance toward the dominant tumor-associated antigens. Since multiple
epitopes derived from a given tumor antigen can be targeted by T, vaccine approaches should
consider whether peripheral tolerance differentially compromises Tcps specific for individual epitopes.
In this study, we investigated the effect of peripheral tolerance on the Tg,; response to two
immunodominant epitopes, designated epitopes I and IV, from the SV40 large T antigen (T Ag) in line
RIP1-Tag4 transgenic mice which express T Ag from the rat insulin promoter (RIP), resulting in the
progressive growth of pancreatic insulinomas. We demonstrate that immunization of 5 week old RIP1-
Tag4 mice elicits Ty against both epitope I and IV, but that only epitope IV-specific Ty are
maintained long-term. Immunization of RIP1-Tag4 mice at 5 weeks of age against epitope IV resulted
in complete protection from tumor progression over a 2 year period in which T Ag expression was
maintained in the pancreas. This extensive control of tumor progression was associated with the
persistence of functional epitope IV-specific, but not epitope I-specific, Tps within the pancreas for the
lifetime of the mice. These results demonstrate that T, specific for two distinct epitopes from the same
tumor antigen are differentially affected by peripheral tolerance and that activation of T, against
epitope IV induces lifelong surveillance against spontaneous tumor progression without disrupting organ

function.



Otahal et al.

Introduction

A variety of experimental models have been utilized to examine the role of CD8" T lymphocytes
(Tepg)’ in the immunotherapy of tumors. These models include transplantable tumors as well as
spontaneously arising tumors that develop in transgenic mice expressing cell- or virus-derived
oncogenes. Such studies have revealed a multitude of factors that may inhibit an effective T¢pg-
mediated response against the tumor [reviewed in (1)], including but not limited to the deletion of tumor
specific T¢pg by central tolerance (2-5) or their inactivation by peripheral tolerance (6-8). Mechanisms
which allow the tumor to resist even an active T¢pg response also contribute to failed immunotherapy of
cancer, such as the inability of tumor-specific Ty to access the tumor (9). Some experimental models
have utilized surrogate tumor antigens expressed in transplantable and transgene induced tumors to
monitor the role of endogenous T in the control of tumor growth (5, 10-12) or alternatively have
assessed the response of T derived from T cell receptor (TCR) transgenic mice toward transplantable
or oncogene-induced spontaneous tumors (13-17). Few studies, however, have assessed the role of the
endogenous natural Tpg for the control of spontaneous tumors expressing a known tumor antigen (18-
21). The identification of successful immunotherapeutic approaches in mice that develop spontaneous
tumors may provide key information for developing translational approaches toward the immunotherapy

of human cancers.

Tcps recognize peptides bound to MHC class I molecules on the tumor cell surface. These
peptides are derived from the processing of intracellular proteins, with each MHC class I allele binding
different combinations of the available peptides for presentation at the cell surface (22). Thus, a wide
variety of peptide/MHC complexes is presented at the tumor cell surface and the tumor-specific T¢pg

response can be targeted against multiple epitopes simultaneously, although with varying efficiencies
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(23). This phenomenon, known as immunodominance is controlled by multiple factors affecting antigen
processing and presentation as well as the T cell repertoire of the host (24). Since multiple tumor
epitopes could be potentially targeted, assessing the nature of the immune response toward epitopes that
lead to the most effective control of tumor progression in experimental models will provide clues toward

better approaches to immunotherapy.

Our previous studies using two different transgenic mice expressing SV40 tumor antigen (T Ag)
indicate that immunodominance among T Ag epitopes contributes toward the efficiency of Tqps-
mediated control of progressively growing tumors due to differential inactivation of T, specific for
four distinct T Ag epitopes (3, 6). SV40 T Ag encodes four H-2"-restricted epitopes (25). Epitopes I
(residues 206-215), II/III (residues 223-231) and V (residues 489-497) are H-2DP-restricted whereas
epitope IV (residues 404-411) is H-2K’-restricted. These four T Ag-derived Tcps-recognized epitopes
fall on a hierarchical scale; epitope IV being the most immunodominant followed by epitopes I and II/I1I
(26, 27). Epitope V is subdominant and is not immunogenic unless the dominant epitopes are
inactivated in T Ag (28, 29). The ability of T.pe-specific for T Ag to control tumor progression was
established by showing that transfer of T specific for the immunodominant T Ag epitopes into SV11

T Ag transgenic mice induced regression of advanced-stage spontaneous tumors (30).

To better understand the role of the endogenous T, repertoire specific for the T Ag epitopes in
the control of spontaneous tumor progression, we took advantage of the well-characterized tumor model
of RIP1-Tag4 transgenic mice on the C57BL/6 (B6) background (31). In RIP1-Tag4 mice, T Ag is
expressed as a transgene from the rat insulin II promoter in pancreatic f§ cells, which leads to highly

predictable formation of f§ cell tumors. The transformation of 3 cells by T Ag is a gradual process,
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initially inducing development of islet hyperplasia by three months of age and followed by appearance
of macroscopic insulinomas between five and six months of age (18, 32). The average life span of
RIP1-Tag4 mice is around 200 days with 100% of mice developing tumors. Transformed {3 cells secrete
high amounts of insulin leading to the development of severe hypoglycemic shock and death of tumor-
bearing mice. Previously, Knowles and colleagues (18) demonstrated that immunization of RIP1-Tag4
mice with SV40 prior to or during T Ag-induced tumorigenesis resulted in the development of Ty
capable of lysing syngeneic T Ag transformed cells in vitro. However, only immunization prior to the
expression of T Ag in the B cells (at 3 weeks of age), led to long-term protection against tumor
development. Whether the repertoire of T Ag-specific T was altered by expression of the endogenous
T Ag was not addressed. Although this previous study demonstrated that the presence of T Ag-specific
Tepg correlates with long-term control of tumor progression in RIP1-Tag4 mice, it remained to be
determined whether peripheral tolerance differentially affects T, responding to individual T Ag
epitopes over the course of tumor progression and whether long-term protection from tumor progression

is associated with a particular T Ag epitope.

Our results show that activation of endogenous T, specific for the dominant SV40 T Ag
epitope IV prior to T Ag expression in the pancreatic {3 cells leads to life-long surveillance against T
Ag-induced tumors. Importantly, functional epitope IV-specific, but not epitope I-specific T, persist

in the host without being deleted or inducing tissue destruction or diabetes in RIP1-Tag4 mice.
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Materials and Methods

Mice

C57Bl/6 (H-2") mice were purchased from the Jackson Laboratory (Bar Harbor, ME), B6.SJL
mice (CD45.17) were purchased form Taconic Farms (Germantown, NY). Line RIP1-Tag4 mice are on
a C57Bl/6 background and expresses the SV40 early region as a transgene under control of the rat
insulin promoter and were described previously (31). All mice were maintained at the animal facility of
the Milton S. Hershey Medical Center. Animal studies were performed in accordance with guidelines
established by the Pennsylvania State University College of Medicine Institutional Animal Care and Use

Committee under an approved protocol.

Reagents and immunizations

The B6/WT-19 cell line was derived previously by transformation of C57B1/6 mouse embryo
fibroblasts with wild type SV40 strain VA45-54 (33). B6/122B1 cells express a T Ag variant containing
wild type epitope IV but in which epitopes I, II/III, and V have been inactivated by site-directed
mutagenesis (26). Cell lines were maintained in DMEM, supplemented with 100 U/ml of penicillin, 100
ug/ml of streptomycin, 100 ug/ml of kanamycin, 2 uM L-glutamine, 10 mM HEPES, 0.075% (wt/vol)
NaHCO; and 5-10 % fetal bovine serum (FBS). Peptides were synthesized at the Macromolecular Core
Facility of the Milton S. Hershey Medical Center by Fmoc chemistry using an automated peptide
synthesizer (9050 MiliGen PepSynthesizer ; Milipore, Bedford, MA). Peptides used in these
experiments correspond to the SV40 T Ag epitope I (SAINNYAQKL; 206-215), epitope IV
(VVYDFLKL; 404-411), and an epitope from herpes simplex virus (HSV) glycoprotein B (SSIEFARL;
gB 498-505). Immunization of mice with T Ag-expressing cell lines was carried out by 1.p. injection of

3-5 x 107 cells in 0.5 ml HBSS at the indicated ages.
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Flow cytometric analysis and in vitro stimulation of bulk CTL cultures

Ex vivo staining of T.pg with MHC tetramers and primary conjugated antibodies was performed
on single-cell suspensions prepared from spleens or collagenase D and DNAse digested tumors as
described previously (26). For dissociation of tumors, tissue was mined with a razor blade and
incubated in HBSS containing 1% FBS, 1 mg/ml collagenase D (Roche) and 50 U/ml DNAse I (Roche)
for one hour at 37° C. Any remaining clumps were dissociated by gentle pipeting and cells were washed
prior to tetramer staining. In some cases, spleen cells were cultured in vitro for 6 days in the presence of
gamma-irradiated B6/WT-19 stimulator cells as described previously (3). After staining, cells were
fixed with 2% paraformaldehyde in PBS and analyzed using a FACScan or FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA). Data were analyzed using FlowJo software (Tree Star, San
Carlos, CA). Production and characterization of the H-2D"/T Ag epitope I (Db/I), H-2K"/T Ag epitope
IV (Kb/1V), H-2D"/influenza virus NP epitope 366-374 (Db/Flu) and H-2K"/HSV gB epitope 498-505
(Kb/gB) tetramers was previously described (26). The following monoclonal antibodies were purchased
from BD Pharmingen: PE-, and Cychrome-labeled rat anti-CD8a (clone 53-6-7), FITC-labeled hamster
anti-mouse CD69 (clone H1.2F3), FITC-labeled rat anti-mouse IFN-y (clone XMG1.2). The percentage
of CDS8" cells that stained positive for T Ag specific tetramer was determined by subtracting the
percentage of cells that stained positive with the control Db/Flu or Kb/gB tetramers within the same
population. Determination of TCRB chain (TCRB) usage by epitope 1V-specific T was performed by
direct ex vivo staining of splenocytes with a panel of VB-specific antibodies (BD-Pharmingen), Kb/IV

tetramer and anti-CD8a Ab.
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Intracellular cytokine assay and tetramer dissociation assay

For staining of intracellular IFN-y, RBC-depleted lymphocyte suspensions were prepared as
described above and incubated at 5x10%ml with 1 uM of the indicated synthetic peptides, representing T
Ag or control epitopes, and 1 pgg/ml brefeldin A in complete RPMI 1640 containing 10% FBS for 4 h at
37°C in 5% CO,. The Cytofix/Cytoperm Kit (BD PharMingen) was used to stain for IFN-y production
according to the manufacturer’s instructions and as described previously (26). For MHC tetramer
stability assays, in vitro-restimulated splenocytes derived from immunized mice were incubated with a
1:20 dilution of the Kb/IV tetramer and anti-CD8ca. Ab for 1 h on ice. Cells were then washed three
times with PBS/2% FBS. Cells were resuspended in PBS/2% FBS and placed at 37°C. Aliquots of cells
were removed at the indicated time points, fixed immediately with 4 % paraformaldehyde and kept at

4°C prior to flow cytometric analysis.

In vivo cytotoxicity assay

Splenocytes from B6.SJL mice (CD45.1%) were incubated in the presence of the indicated
peptides (1uM) in RPMI/10% FBS at 37°C for 90 min and washed three times to remove excess peptide.
Peptide-coated targets were then labeled with varying concentrations (5SmM; CFSE™",
0.5mM;CFSE™"™ 0.025mM;CFSE"") of 5- and 6-CFSE (Molecular Probes, Eugene, OR) for 10 min at
37°C in PBS/0.1% BSA, washed 2 times, mixed together at 1:1:1 ratio and then 6x10° cells were
injected i.v. into the tail vein of sex-matched mice in 0.2 ml HBSS. The elimination of CFSE-labeled
targets was assessed after 16 hours by analyzing spleen cells for the presence of CD45.1%, CFSE" cells.
The following formula was used: percentage of specific killing = [1 — (ratio of control mice/ratio of
immunized mice) x 100], where ratio = (% of CFSE""/CFSE"s" o midum) - CFSE" targets were pulsed

with control peptide gB and used as an internal control for nonspecific lysis.
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Tumor histology and immunohistochemistry, islet size measurement

For T Ag immunohistochemistry, pancreata were fixed with 10% buffered formalin prior to
embedding in paraffin blocks. Eight-micrometer-thick sections were cut on a microtome and collected
onto positively charged slides. Sections were deparaffinized in xylene and rehydrated in ethanol. After
two washes in PBS, slides were treated with antigen unmasking solution (Vector Laboratories) for 30
min in a steamer. Cooled slides were washed in PBS, incubated with 10% normal goat serum in PBS
containing 0.1% Tween 20 for 30 min, washed and incubated with primary anti-T Ag antibody for 1 h at
room temperature. Primary antibody consisted of an equal mixture of monoclonal antibody Pab419 (34)
and Pab901 (35) culture supernatants which bind to epitopes in the amino- and carboxyl-terminal
portions of SV40 T Ag, respectively. Sections were then incubated for 1 h with biotinylated anti-mouse
antibody and visualized with peroxidase/DAB detection [Chemmate detection kit; Ventana, Tuscon,
AZ)] for 2 to 10 min, as needed. Parallel sections were stained with H&E. Sections were examined
using a Nikon Microphot-FXA microscope and representative images captured using a Sony DKC-ST5
digital camera. To measure the size of individual islets, H&E stained pancreatic section were examined
under the microscope using a micrometer. The radius of all islets per section was measured and their

individual sizes were plotted.

Lifespan analysis and measurement of blood glucose levels

Mice in lifespan analyses were monitored for symptoms of hypoglycemia, indicative of
advanced stage tumors, and sacrificed when blood glucose levels dropped below 50 mg/dl. Blood
glucose levels were measured using an Elite® glucometer (Bayer Corporation, Elkhart, IN). Kaplan-

Mier survival plots were constructed using Prism software (Graphpad, San Diego, CA).
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Results

RIPI1-Tag4 mice with progressively growing tumors remain responsive to T Ag epitope IV, but not to T
Ag epitope 1.

To determine if Ty specific for the immunodominant T Ag epitopes remain sensitive to
immunization in aged RIP1-Tag4 mice, groups of three RIP1-Tag4 mice aged 35 days, 90 days and 180
days and 90-day old B6 mice were immunized intraperitoneally with T Ag-transformed B6/WT-19 cells
that express wild type T Ag. Nine days later, splenic T, lymphocytes were stained with anti-CD8 Ab
and MHC class I tetramers capable of detecting T cells specific for epitope I (Db/I) or epitope IV
(Kb/IV). A tetramer composed of the influenza nucleoprotein (NP) epitope NP, 5., (Db/Flu) was used
as a control tetramer. The data in Figure 1A show that epitope IV-specific T cells expanded in 35-day
old RIP1-Tag4 mice to levels similar for control B6 mice. The number of epitope IV-specific T¢pg
recruited by immunization gradually declined in older RIP1-Tag4 mice, but remained significant even at
180 days of age. In contrast, the T, response against epitope I already was significantly decreased in
35-day old RIP1-Tag4 mice compared to B6 mice and was undetectable by tetramer staining in 180-day

old RIP1-Tag4 mice.

Since the immune response in the lymphoid organs may not necessarily reflect the extent of the
immune response at the tumor site, we determined if T Ag-specific Ty, recruited by immunization with
B6/WT-19 cells localized to the tumors in RIP1-Tag4 mice. Groups of 180-day old RIP1-Tag4 mice
were immunized with B6/WT-19 cells. Nine days later tumors were enzymatically digested and
epitope-specific T were directly enumerated by staining with MHC tetramers. The data in Figure 1B
show that epitope IV-specific Tqpg (29 % of total Tgpg) infiltrated the pancreatic tumors. In parallel

experiments we found that approximately half the number of Kb/IV tetramer+ T detected in the tumor
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at this time point were capable of producing IFN-y in response to short term incubation with epitope IV
peptide as determined by intracellular cytokine staining (data not shown). Staining of tumor-derived
Tcpg With Db/I tetramer did not show positive cells above the background staining obtained with control
Db/Flu tetramer. These results show that epitope I and IV-specific Ty, are differentially affected by
peripheral tolerance in RIP1-Tag4 mice with only epitope IV-specific Ty remaining responsive to

immunization and capable of infiltrating tumors in 180-day old RIP1-Tag4 mice.

Early immunization of RIP1-Tag4 mice against epitope IV prevents the development of tumors without
inducing diabetes.

An initial report by Ye et al (18) showed that the development of tumors in RIP1-Tag4 mice can
be most significantly delayed (average lifespan of 622 days) by immunization with live SV40 only if
carried out at three weeks of age. Immunization of 6 week old mice was less effective in controlling
tumor progression (average lifespan of 487 days versus 263 days for control mice). To determine if
specific immunization against the immunodominant epitope IV alone could increase the survival of
RIP1-Tag4 mice, 35-day old RIP1-Tag4 mice were immunized i.p. with B6/15Bb cells expressing a T
Ag variant (epitope IV-only) containing epitope IV but lacking the other H-2"-restricted epitopes I, TI/I1I,
and V (26). Immunization with B6/15Bb cells results in a quantitatively similar T, response to epitope
IV as following immunization with B6/WT-19 expressing the wild type T Ag (data not shown).
Another group of RIP1-Tag4 mice was similarly immunized at 180 days of age. The data in Figure 2A
demonstrate, that early immunization at 35 days of age with epitope IV-only T Ag expressing cells
completely prevented the development of tumors since all mice in the group (n=8) lived for two years, at
which time these mice were euthanized for further analysis (see below). In contrast, immunization of

RIP1-Tag4 mice with epitope IV-only T Ag expressing cells at 150 days of age was not effective at
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controlling tumor progression (n=8, median 204 days) and their life span was similar to untreated RIP1-
Tag4 mice (n=10, median 194 days). Thus, immunization of RIP1-Tag4 mice at 35 days of age against
epitope IV is associated with a dramatic increase in survival while immunization of tumor-bearing mice

had a minimal effect on survival.

To monitor the effect of immunization on tumor growth, we measured the size of individual
islets at various ages in RIP1-Tag4 mice that remained unimmunized (Fig. 2C) or were immunized with
IV-only T Ag-expressing cells at 35 days of age (Fig. 2D). Increased islet size in unimmunized RIP1-
Tag4 mice can be detected as early as 84 days of age, which is consistent with the reported development
of initial islet hyperplasia (36). Islet size further increased by 175 days of age which corresponded with
the appearance of macroscopic tumors. Histological analysis, on days 180 and 720, of pancreata from
immunized RIP1-Tag4 mice (Fig. 2D) revealed that islet size was consistent with modest hyperplasia,
although small tumors could be detected in some mice (1-1.5 mm in diameter). Thus, the protective
effect of early immunization against epitope IV correlates with inhibition of tumor development in

RIP1-Tag4 mice.

Immunization against the T Ag expressed in the pancreatic 3 cells might be expected to induce
an autoimmune phenotype and subsequent diabetes if 8 cells are specifically destroyed by responding
immune cells. However, we found mice immunized with B6/15Bb cells at 5 weeks of age which
survived long-term maintained normal levels of blood glucose (Fig. 2B), indicative of continued { cell
function. In contrast, naive RIP1-Tag4 mice became hypoglycemic by 27 weeks of age, consistent with
the progression of 3 cell tumors producing high levels of insulin (31). Thus, immunization against T Ag

epitope IV results in continuous and long term protection from tumor progression without disrupting
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pancreatic function.

Immunized RIP1-Tag4 mice survive long-term despite continued expression of T Ag

Long-term survival of RIP1-Tag4 mice immunized with T Ag transformed cells at 35 days of
age could be explained by the loss of § cells expressing the T Ag transgene. To assess this possibility,
we determined if long-term surviving RIP1-Tag4 mice which were immunized at 35 days of age
maintain T Ag expression in the pancreatic islets as detected by immunohistochemistry (Fig. 3). Islet
cells from unimmunized B6 mice lacked T Ag expression (Fig. 3C), whereas the majority of cells in the
islets of 6 month old naive RIP1-Tag4 mice were positive for T Ag expression (Fig. 3D). We then
analyzed pancreatic tissue obtained from long-term surviving RIP1-Tag4 mice which were immunized
at 35 days of age. The histological analysis of pancreatic sections revealed that T Ag positive cells were
detected in the islets of one-year (Fig. 3G and H) and two-year old (Fig. 3K and L) RIP1-Tag4 mice.
H&E staining of pancreatic tissue from these T Ag-immune mice showed that most islets were smaller
than the islets found in naive 6-month-old RIP1-Tag4 mice, although some hyperplastic islets were
slightly larger (Fig. 3F). It should be noted that the number of islet cells positive for T Ag from
immunized mice was reduced (Fig. 3K and L) compared to the percentage of T Ag positive cells in
unimmunized RIP1-Tag4 mice (Fig. 3D). Importantly, despite continuous expression of T Ag in the
islets, large tumors did not develop in immunized mice although islets of varying sizes were detected.
These results demonstrate that immunization at 35 days with T Ag epitope IV-only expressing cells
prevented the development of tumors in RIP1-Tag4 mice. These data also suggest that islet cells
expressing high levels of T Ag may be susceptible to T.,; mediated elimination, but that some T Ag-

expressing f3 cells persist to produce insulin over the lifespan of the mice.
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Life-long persistence of T Ag epitope IV-specific Tcpg in immunized RIPI-Tag4 mice.

In some models, T cells responding to self antigens have been shown to be deleted shortly after
the initial immune response or persist in an anergic state (37-39). Thus, an important question is
whether epitope IV-specific Tps induced by immunization at 35 days of age persist and remain
functional in two-year old RIP1-Tag4 survivor mice. Representative survivors were sacrificed to
quantitate the epitope IV-specific Ty present in the spleens and pancreas by tetramer staining, and to
examine T cell function by in vivo cytotoxicity assay (Fig. 4A). This analysis revealed that epitope IV-
specific Tpg were present at detectable levels in the spleens (8.1% of total Tcpg) of long-term survivors
and expanded dramatically (53% of total T;,) following in vitro culture (Fig. 4A, group 5). Analysis of
epitope IV-specific in vivo cytotoxicity in the same animal showed that epitope IV-pulsed, but not
epitope I-pulsed targets were eliminated (99% vs 0%). To determine if these persisting epitope IV-
specific Tpg could expand following antigenic challenge in vivo, representative mice were immunized
with B6/WT-19 cells. After nine days, epitope I'V-specific Ty had expanded to 15% of Tqpg in the
spleen (Fig. 4A, group 6). Epitope IV-pulsed target cells were also completely eliminated in these mice,
although no epitope I-specific lysis was detected indicating that these RIP1-Tag4 mice remained fully

tolerant to epitope L.

One possible explanation for the inability of immunization against T Ag to induce control of
advanced stage tumors is that the responding T, in older mice are rendered nonfunctional by
toleragenic mechanisms. Thus, we determined whether RIP1-Tag4 mice immunized at 6 months of age
could eliminate target cells pulsed with epitope IV peptide. Epitope IV-specific T, were recruited to
2.2% of T¢ps following immunization of 171 day old RIP1-Tag4 mice with wild type T Ag-expressing

B6/WT-19 cells (Fig. 4A, group 4). In addition, epitope IV-pulsed targets were completely eliminated
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in the in vivo killing assay while no lysis of epitope I-pulsed target cells was observed. In contrast, both
epitope I- and I'V-specific killing was detected in control B6 mice immunized with B6/WT-19 cells (Fig.
4A, group 2). We considered that since epitope IV-specific T persisted in 6 month old naive RIP1-
Tag4 mice, that some priming against the T Ag in tumor-bearing RIP1-Tag4 mice might occur. Spleen
cells from unimmunized 6 month old RIP1-Tag4 mice were analyzed directly by tetramer staining. The
results in Fig. 4A (group 3) show that although epitope IV-specific T,s were not detected directly ex
vivo by MHC tetramer analysis, a modest level of epitope IV specific killing was detected (39%).
Moreover, epitope [V-specific T,s were expanded after in vitro culture (6.2% of Tp), indicating that
RIP1-Tag4 mice spontaneously develop low numbers of epitope IV-specific Ty, a finding consistent
with those reported by Ye et al (18). No epitope IV-specific Ty were detected following in vitro

culture of splenocytes from naive B6 mice (Fig. 4A, group 1).

For continuous inhibition of tumor growth to occur, epitope IV-specific Tys induced by
immunization should be present in the pancreas of long-term surviving RIP1-Tag4 mice. Thus, we
analyzed by tetramer staining enzymatically-digested pancreas from one year old RIP1-Tag4 mice
immunized with epitope IV-only T Ag expressing B6/15Bb cells at 35 days of age. The data in Fig. 4B
demonstrate that 7.4 % of T in the pancreas stained with epitope IV-specific Kb/IV tetramer at this
late time point. Similarly, a slightly lower number (6.2%) of Kb/IV tetramer positive T, were detected
in the spleen. Taken together, our data clearly show that epitope IV-specific Ty persist in the spleens
and pancreas of RIP1-Tag4 mice immunized at 35 days of age and remain functional throughout the

lifetime of the mice without being significantly tolerized or deleted.
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The repertoires of epitope 1V-specific T-pgare similar in RIP1-Tag4 and B6 mice

The ability of at least a portion of epitope IV-specific T¢ps to escape peripheral tolerance in
RIP1-Tag4 mice might be the result of purging the pool of epitope IV-specific Ty of high-avidity cells.
Thus, the repertoire of epitope IV-specific Tps found in older RIP1-Tag4 mice might consist only of
low-avidity Tps which survive in the toleragenic peripheral environment, due to their lower sensitivity
to antigenic stimulation (7, 40). To address this issue, we determined the TCR variable region 8 chain
(TCRp) usage among CD8", Kb/IV tetramer” spleen cells by direct ex vivo staining with anti-
TCRp-specific monoclonal antibodies. The data in Fig. 5A show that in control B6 mice, the epitope
IV-specific primary response consisted of a multiclonal population of Tps. The most predominant
subunit utilized was TCRB8. Other frequently used subunits were TCRP3, 5, $12 and $17. Analysis
of epitope IV-specific T¢pg in 2 year-old RIP1-Tag4 mice that were immunized against epitope IV at 35
days of age revealed that the multiclonality of TCRf3 usage was retained. The most predominant TCRf3
subunit utilized was TCRS, but T cells expressing BS5, f12 and f17 were also present. Thus, the
TCR@ repertoire of epitope IV-specific T¢pg derived from immunized B6 and long-term survivor RIP1-
Tag4 mice does not vary, suggesting that peripheral tolerance within a particular clonotype does not
occur. Since the presence of progressive tumor growth might be expected to influence the T cell
repertoire, the TCRf repertoire of epitope IV-specific T¢pg in tumor-bearing RIP1-Tag4 mice also was
analyzed. The results again were similar to that observed in immunized B6 mice (data not shown),

indicating that the overall diversity of epitope IV-specific T¢pg s unaffected by tumor progression.

Although little difference was detected in the TCRf repertoires of B6 and RIP1-Tag4 mice, these
T cell populations might vary in their avidity for epitope IV/Kb complexes. We determined the relative

avidity of epitope IV-specific T, for epitope IV/Kb complexes by measuring the stability of
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Kb/epitope IV tetramer binding to in vitro restimulated spleen-derived cultures from long-term surviving
two year old immunized RIP1-Tag4 mice and B6 mice immunized with epitope IV-only T Ag cells (Fig.
5B). The results from two individual mice are shown. The loss of fluorescence intensity among
tetramer-stained T,y proceeded at similar rates for T.pg derived from B6 immunized mice and long-
term surviving RIP1-Tag4 mice immunized at 35 days of age. These result indicate that the avidity of
epitope-1V specific Ty from long-term survivor RIP1-Tag4 mice is comparable to the avidity of
epitope IV-specific T¢pg in generated during the primary response in B6 mice. Similar results were
obtained using epitope IV-specific Tps induced in tumor-bearing RIP1-Tag4 mice (data not shown).
These results indicate that higher avidity epitope IV-specific Tqpg persist in RIP1-Tag4 mice over their

lifespan.
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Discussion

Differential susceptibility to peripheral tolerance

The overall goal of this study was to determine whether tolerance differentially limits the Ty,
response against two immunodominant epitopes derived from a single oncogenic protein, subverting
control of spontaneous tumor growth. Our results demonstrate that tumor progression in RIP1-Tag4
mice can be controlled for the natural lifespan by targeting Tp, specific for the single immunodominant
K’-restricted epitope IV only if mice are immunized at the time of initial oncogene expression. Control
of tumor development is associated with the persistence of functional epitope IV-specific Tqpg in the
peripheral lymphoid organs as well as in the pancreas. Despite the persistence of epitope IV-specific
Tepg in these mice, Tepg to a second immunodominant epitope, the H-2DP-restricted epitope I, are deleted
or anergized during the early stages of tumor development as a result of their interaction with the
endogenous T Ag. Thus, tolerance onset is epitope-specific, even though both epitopes are derived from

the same protein.

The finding that T, specific for epitope I are highly sensitive to peripheral tolerance is
consistent with a previous study using a different line of SV40 T Ag transgenic mice in which epitope I-
specific T were shown to be more rapidly tolerized by the endogenous T Ag than epitope I'V-specific
Tepse Line 501 mice express T Ag from the a-amylase promoter resulting in the formation of
osteosarcomas around one year of age (41). Similar to RIP1-Tag4 mice, Ty specific for the T Ag
epitopes are initially detected following immunization of young 501 mice (6), but these mice become
tolerant to epitope I by 6 months of age when high levels of T Ag expression are detected. Epitope IV-
specific Ty were efficiently recruited in 501 mice at 6 months of age, but unlike the present study,

these cells were eventually tolerized coinciding with tumor appearance. Taken together, these studies
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indicate that T specific for epitope I are more susceptible to peripheral tolerance than T cells specific
for epitope IV. One possible explanation for this finding may lie in the fact that epitope I forms highly
stable complexes with H2-D (42), perhaps leading to prolonged high level presentation in vivo.
Alternatively, the responding T cells may be differentially susceptible to self-antigen presentation in the

periphery.

A unique finding in this study is that epitope IV-specific T¢ps survive the effects of peripheral
tolerance in RIP1-Tag4 mice. This contrasts with other models of T Ag-induced spontaneous cancer in
which epitope I'V-specific Tpg are eventually tolerized in mice with progressively growing tumors (6,
21). Epitope I'V-specific Ty, are apparently deleted from the repertoire of line 501 mice developing
osteosarcomas as they are undetectable following immunization of tumor-bearing animals, but respond
to immunization in age-matched littermates without tumors (6). This difference might be due to
contrasting properties of osteosarcomas developing in 501 mice and insulinomas in RIP1-Tag4 mice.
Tumors in 501 mice appear at a later age, grow invasively into surrounding tissues and are metastatic
(41). In contrast, tumors in RIP1-Tag4 mice do not infiltrate surrounding tissues and do not form
metastases. In addition, T Ag is expressed in multiple tissues in 501 mice while expression is localized

to the pancreatic f3 cells in RIP1-Tag4 mice.

A different scenario is observed when a silent T Ag transgene, expressed from the f-actin/p-
globin promoter, is activated and leads to sporadic tumor formation in various tissues (21). In this case,
epitope IV-specific Ty appear to be rendered non-cytolytic by the tumor environment, perhaps due to
the presence of immunosuppressive cytokines such as TGF-f. This finding contrasts with our

observation in which epitope IV-specific T,; remained cytotoxic even in mice with advanced-stage
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tumors. These differences are a reminder that unique tumor environments can differentially affect Tcpg
responding to the same tumor-specific epitope and that the results cannot be generally applied to all

tumor models.

Tumor protection is life long

Our results provide support for an earlier observation (18) that RIP1-Tag4 mice immunized with
SV40 prior to endogenous T Ag expression led to long-term control of tumor progression (average
lifespan of 622 days in the previous study). However, immunization with SV40 was ineffective after T
Ag was expressed from the host’s own f3 cells despite the persistence of SV40-specific CTL. While the
vehicle used for immunization (SV40 versus T Ag transformed cells) differs from the previous study,
our findings here suggest that control of tumor progression following SV40 infection of young RIP1-

Tag4 mice was likely mediated by epitope IV-specific Tpgs.

We found no evidence for elimination or inactivation of endogenous epitope IV-specific T¢pg
precursors in RIP1-Tag4 mice, although the number of responding cells is somewhat reduced in tumor-
bearing mice. Indeed, epitope IV-specific T generated in tumor-bearing mice acquired in vivo killing
activity, the ability to produce IFN-y and had a similar avidity for Kb/IV tetramers as those from normal
B6 mice. Yet these Ty, failed to significantly control tumor growth. Our finding contrasts with those
from other tumor systems (43) in which tumor-infiltrating T, were impaired in their ability to
effectively destroy progressing tumors due to production of immunosuppressive cytokines (44, 45),
inhibition by regulatory T cells (46-48) or induction of apoptosis (49). Whether T, within the tumor

stroma of RIP1-Tag4 mice are inhibited in situ remains to be determined.
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Since epitope IV-specific Tpg remain responsive and functional in RIP1-Tag4 mice with
progressing tumors, escape from immune mediated control of tumor progression may be related to
changes in the tumor cells themselves. One such mechanism is the downregulation of MHC class I
expression, enabling tumor escape from immunosurveillance (50-52). Extensive analysis of MHC class
I expression on islet cells in RIP1-Tag4 mice by Ye et al. (53) showed that normal islets in B6 and
RIP1-Tag4 mice express MHC class I while insulinomas from unimmunized RIP1-Tag4 mice contained
a heterogeneous population of cells that were either negative or weakly positive for MHC class 1
expression. This observation suggests that heterogeneity of MHC class I expression on tumor cells
could limit the efficiency of immunosurviellance in six-month old RIP1-Tag4 mice by preventing the

recognition of T Ag-expressing tumor cells.

The basis for complete protection in RIP1-Tag4 mice immunized prior to, but not after, tumor
formation may lie in the steps that lead to T Ag transformation and tumorigenesis. T Ag-expressing
cells undergo immortalization with the capacity to proliferate followed by acquisition of a tumorigenic
phenotype (54). A brief interaction with activated functional T Ag-specific T.p, can interfere with this
process. Our previous studies (55) have shown that T Ag transfected primary mouse embryo fibroblasts
abort the transformation process upon a brief interaction with a T Ag-specific CTL clone. Here we
show that a portion of pancreatic islets of RIP1-Tag4 mice that were immunized at 35 days of age still
contain cells positive for T Ag expression at two years of age and do not appear to be hyperplastic. The
mechanism by which epitope IV-specific Ty suppress tumor progression in vivo could be mediated by
the production of cytokines such as IFN-y or TNF-a (56, 57). Alternatively, those cells expressing the
highest levels of T Ag might be eliminated prior to transitioning to tumor cells. This mechanism

requires sufficient levels of MHC class I expression to present T Ag epitopes to functional T, Whereas

21



Otahal et al.

escape variants arising because of low MHC class I expression would be expected to quickly advance to

progressively growing tumors.

Tumor control without organ destruction

We found that long-term control of tumor development by epitope IV-specific T.ps does not
result in diabetes in RIP1-Tag4 mice since sufficient numbers of T Ag-expressing 3 cells survive. This
is despite the persistence of high avidity epitope IV-specific T¢pg. Thus, an equilibrium is reached in
which tumor progression is controlled but organ function is maintained; an ideal scenario for tumor
immunotherapy. These results contrast with those from mice expressing either the glycoprotein or NP
from lymphocytic choriomenengitis virus (LCMV) in 3 cells. In this case, virus infection resulted in T
cell infiltration followed by diabetes due to destruction of the f§ cells (58, 59). Indeed, we detected T Ag
expression in a low percentage of islet cells in the pancreata of long-term survivors
immunohistochemically. Whether B-islet cell survival in these mice is dependent on the level of T Ag

expression is unknown.

A similar scenario has been observed in some transplantable tumor models in which
immunization against a self-tumor antigen induces tumor regression without leading to autoimmunity (5,
60, 61). Thus, the number of insulin-secreting T Ag-positive 3 cells that remain produce enough
insulin to prevent the development of diabetes. It should be pointed out that all § cells in RIP1-Tag4
transgenic mice are expected to express T Ag, although the expression levels may vary (31). In the
RIP-HA transgenic model, immunization with influenza virus also induces the onset of diabetes due to
the activation of endogenous self-reactive Tqpg (39). In this model, however, RIP-HA mice must be

immunized prior to 1 week of age to induce diabetes, since high avidity HA-specific T are eliminated
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by peripheral tolerance at later time points (7). This contrasts with our data in which high avidity T Ag
epitope 1V-specific Tpg persist throughout the lifespan of RIP1-Tag4 mice. It is possible that the
LCMYV and Flu HA proteins are expressed at higher levels in the pancreas than T Ag, such that {3 cells in

these mice are more readily destroyed.

A recently published study argued against a role for immunosurveillance of spontaneous cancer
(21). That suggestion may not be generalized to all immunogenic spontaneous models of cancer (62).
While the role of spontaneously primed Tpg to control autochthonous tumors will continue to be
debated, data presented here and by others (18, 21) argue that long-term immunosurveillance against
spontaneous tumors can be effective if T cells are activated prior to the appearance of tumors or if the
tumor-bearing host is preconditioned prior to immunotherapy (14, 30, 63). A key to effective T cell-
mediated therapy is to target epitopes less likely to lead to peripheral tolerance following prolonged
exposure to the endogenous antigen. In addition, understanding the mechanisms by which tumor-
specific T cell responses can mediate control of tumor progression without disrupting organ function

will be a major advance toward developing immunotherapeutic strategies.
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Figure Legends

RIP1-Tag4 mice develop tolerance to T Ag epitope I but not epitope IV. A. Groups of
three RIP1-Tag4 mice aged 35 days, 90 days, 180 days and control 90 day old B6 mice
were immunized i.p. with wild type T Ag-transformed WT-19 cells. Nine days later the
frequency of epitope I- and epitope 1V-specific Ty was determined by tetramer staining
of spleen cells. The values obtained with a control Db/Flu tetramer specific for influenza
NP, 5., were subtracted to obtain the percentage of epitope-specific T cells per total
Teps. B, Epitope IV-specific but not epitope I-specific Tpg are detected in pancreatic
tumors following immunization. RIP1-Tag4 mice aged 180 days were immunized i.p.
with WT-19 cells and nine days later the frequency of epitope I- and epitope IV-specific
Tcpg Was determined by tetramer staining of the resulting cell suspension prepared from
pancreatic tumors by enzymatic digestion. Control Db/Flu tetramer was used to
determine the specificity of staining. Values in the upper right quadrant indicate

percentage of total T py.

Immunization against epitope IV induces lifelong protection from tumor progression in
RIP1-Tag4 mice. A. Groups of RIP1-Tag4 mice were immunized with T Ag
transformed B6/15Bb cells, expressing a T Ag variant containing only epitope IV but not
epitopes I, II/III and V, at 35 (median survival >2 years) or 150 days of age (median
survival=204 days). A third group remained unimmunized (median survival=194 days).

B. Blood glucose levels were measured at the indicated times in naive mice or in RIP1-
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Figure 3

Figure 4
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Tag4 mice that had been immunized with B6/15Bb cells at 5 weeks of age. C and D.
The pancreatic islet size was measured using H&E stained pancreatic sections prepared
from untreated RIP1-Tag4 mice (C) or from RIP1-Tag4 mice immunized at 35 days with
B6/15Bb cells (D). Data in each column show the size of individual islets in each mouse.

Islet sizes from untreated B6 mice are shown for comparison.

Immunized, long-term surviving RIP1-Tag4 mice maintain T Ag expression in the
pancreas. Paraffin-embedded sections were prepared from pancreas of representative B6
mice (panels A and C), unimmunized six-month old RIP1-Tag4 mice (panels B and D),
one-year old RIP1-Tag4 mice immunized at 35 days of age with B6/15Bb cells (panels E-
H, two individual mice are shown) and two-year old RIP1-Tag4 mice immunized at 35
days of age (panels I-L, two individual mice are shown). Parallel sections were stained
by H&E (panels A,B,E,F,I and J) and immunohistochemistry for T Ag (panels
C,D,G,H,K and L). Black arrows indicate T Ag-positive cells within the islets. Original

magnification x200. Staining of nuclear T Ag appears brown.

Epitope IV-specific Ty remain functional in RIP1-Tag4 mice despite continuous
expression of T Ag. A. RIP1-Tag4 mice and control B6 mice were analyzed for the
presence of epitope IV-specific Tpg in the spleen by staining with epitope IV-specific
Kb/IV tetramer ex vivo (left panels) and after in vitro culture with gamma-irradiated
B6/WT-19 cells (middle panels). The values in the upper right quadrant indicate the
percentage of epitope IV-specific T cells per total T.p,. The effector functions of T Ag-

specific Tpg were determined using an in vivo cytotoxicity assay (right panels) against
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Figure 5
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B6/SJL target cells incubated with peptide IV (CFSE™®"), peptide I (CFSE™™) and
control peptide HSV gB (CFSE""). Data represent one individual mouse from a group of
two to three RIP1-Tag4 mice. Values over each histogram represent the percentage of
target cells eliminated in vivo. B. Pancreata from long-term surviving immunized RIP1-
Tag4 mice contain epitope IV-specific Tcpg. The presence of infiltrating T Ag-specific
Tcpg 1n the pancreas was determined by flow cytometry. Pancreatic tissue from untreated
RIP1-Tag4 mice and from one-year old RIP1-Tag4 mice immunized at 35 days of age
was enzymatically digested and stained with Kb/IV tetramer or with control Kb/gB
tetramer. Values indicate the percentage of total T.,s which stained positive with each

tetramer.

Conservation of TCRp usage and avidity among epitope IV-specific T¢pg from B6 and
RIP1-Tag4 mice. A. Splenic lymphocytes from two year old RIP1-Tag4 mice
immunized at 5 weeks of age and from control B6 mice immunized nine days before
analysis were stained ex vivo with Kb/IV tetramer, anti-CD8 Ab and TCRp-specific
Ab’s. Two individual mice are shown. The percentage of CD8'Kb/IV tetramer™ cells
that stain with each TCR-specific antibody is indicated. B. Splenocytes from A were
restimulated with T Ag-expressing stimulator cells for 5 days. Dissociation of bound
Kb/IV tetramers was measured over time at 37°C. The values represent the percentage of

maximal fluorescence intensity at time O for two individual mice.
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Abstract To target the E7 protein of human papilloma
virus 16 to the cell surface, a fusion gene was con-
structed. It encodes the signal peptide, part of the im-
munoglobulin (IgG)-like domain, the transmembrane
anchor of vaccinia virus (VV) hemagglutinin (HA), and
the complete E7-coding sequence. The fusion gene was
expressed under the HA late promoter by a recombinant
VV, designated VV-E7-HA. The E7-HA protein was
displayed on the surface of cells infected with the re-
combinant virus and was more stable than unmodified
E7. The biological properties of the VV-E7-HA virus
were compared with those of a VV-E7 virus that ex-
pressed the unmodified E7 and with a VV expressing the
Sig-E7-LAMP fusion protein. While the first two of
these recombinants were based on VV strain Praha, the
third was derived from the WR strain of VV. Infection
of mice with the VV-E7-HA virus induced the formation
of E7-specific antibodies with the predominance of the
IgG2a isotype, whereas the other two viruses did not
induce the formation of E7-specific antibodies. Unlike
the other two viruses, VV-E7-HA did not induce a re-
sponse of cytotoxic T lymphocytes or Thl cells and did
not protect mice against the growth of E7-expressing
tumors. Thus, VV-E7-HA induced a differently polar-
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ized immune response to the E7 protein than the other
two viruses.
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Hemagglutinin - HPV16 - Protein targeting -
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Introduction

Recombinant vaccinia virus (VV) vectors have been used
to induce immune responses to many different antigens
derived from viruses, bacteria, parasites and mammals
(for a review, see [23]). It has been shown that the an-
choring of an antigen on the surface of cells infected
with a recombinant virus encoding this antigen can in-
crease its immunogenicity. For example, appending the
transmembrane domain of membrane immunoglobulin
(IgG1) to the carboxy terminus of a secreted Plasmodium
antigen results in a change in the subcellular location of
the S-antigen and increases the immune response to the
otherwise weak immunogen [18]. Enhanced immune re-
sponses have been observed after fusing the MSAT sig-
nal and anchor sequences with malaria merozoite
surface antigen 1 [32]. Similarly, the addition of the
membrane anchor to the C terminus of rotavirus VP7
glycoprotein has enhanced the immunogenicity of this
protein when expressed by recombinant VV [2].

It has been demonstrated that the hemagglutinin
(HA; AS6R gene) of VV is not required for infection and
replication of this virus [10]. The substitution of the
external IgG-like domain of HA (AA 34-103) with a
single-chain antibody results in the synthesis of a fusion
protein which is exposed on the envelope of extracellular
virus (EEV) and on the surface of virus-infected cells.
The specificity (anti-ErbB2) of the single-chain antibody
1s retained, and the surface of EEV can bind the corre-
sponding antigen [7].

An etiological association between human papillo-
mavirus type 16 (HPV16) infection and cervical neo-
plasia has been firmly established [22]. The viral E7
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oncoprotein, which is localized in the nucleus and cy-
toplasm of HPVl16-infected and transformed cells, rep-
resents an attractive target for therapeutic vaccines.

In this study we report on our attempts to increase
the immunogenicity of the E7 protein by changing its
subcellular location via fusing it to the transmembrane
sequence of VV HA. The immunogenicity of the re-
combinant VV expressing this fusion protein has been
compared with that of two other VV-E7 recombinants.

Material and methods

Plasmid vectors

Plasmid pRS3 was prepared as follows. An internal portion of the
VV HA, between its 64th and 275th amino-acid residues, was re-
placed by the entire E7 polypeptide. The E7 gene of HPV16 was
amplified with the oligonucleotide primers E7-1: 5'-
GCTGACGTCATGCATGGAGATACACC-3* and E7-2: 5-
AGACCAAGGTTTCTGAGAACAGATGGG-3’ by PCR, with
plasmid pEA16E7 (prepared by Ingrid Jochmus, Heidelberg, Ger-
many) as the DNA template. The resulting 300-bp AarII-Styl
fragment containing the E7 gene was inserted between the AarIl and
Styl sites of plasmid pHA. To ensure translation into the complete
E7-HA fusion protein in frame, the Styl ends were ligated as blunt
ends. The resulting plasmid was denoted pHA-E7. Plasmid pHA
was prepared by cleaving the G fragment of a Sa/l genomic library
of VV strain Praha with restriction enzymes HindIII and Sa/l, and
then cloning the 1,796-bp fragment obtained which contained the
HA gene, into pUCIS. To obtain a plasmid that would allow
“transient dominant selection” of recombinant viruses, plasmid
pHA-E7 was cleaved with BamHI and ligated with a BamHI frag-
ment, which contains the f-galactosidase gene of Escherichia coli
and the 7.5-promoter of VV. The resulting plasmid was denoted
pRS3. Plasmid pHS-E7 was prepared by amplifying the E7 gene
with primers E7-B: 5-ATAGGATCCCTGTAATCATGCATG-
GAG-3" and E7-E: 5-GGCGAATTCGATTATGGTTTCTGA-
GAACAG-3’ by PCR, using plasmid pEAE7 as the DNA template.
The amplified 325-bp fragment was cleaved with BamHI and EcoR1
and ligated with plasmid pSC59-HS5 cut with the same enzymes.
Plasmid pSC59-H5 had been prepared by insertion of the VV HS
promoter into plasmid pSC59 (obtained through the courtesy of B.
Moss, Bethesda, Md.). The 167-bp fragment containing the HS
promoter [8] had been prepared by PCR with primer H5-1:
5’-GCCAGATCTGACACTGTCTTTATTCTATACTTAAAAA-
GTGAAAATAAATAC-3" and primer H5-2:5- GCTGTCGACG-
AGCTCCTAGGATCCTATTTACGATACAAACTTAACGG-
ATATCG-3’, with the H fragment of the HindIII VV genomic li-
brary used as the DNA template. The resulting fragment was
cleaved with Bg/ll and Sal/l, and was ligated with pSC59 cut with
BamHI and Sall.

Viruses and cells

Vaccinia virus clone P13, generated from the Sevac VARIE
smallpox vaccine (strain Praha) [16], was used as the parental virus

for the construction of recombinants. The recombinant viruses
were grown in human-embryo diploid cells (LEP) or monkey-kid-
ney cells (CV-1). Thymidine kinase-deficient (TK") RAT 2 rat cells
[30] were used for the selection of TK™ VV recombinants. HPV16
E6E7-expressing TC-1 cells, derived from C57BL/6 mice [19], were
kindly provided by T.C. Wu (Baltimore, Md.). All cells were cul-
tivated in modified E-MEM (EPL) medium containing bovine se-
rum growth-active proteins, but no complete serum [21]. The VV
recombinants used for immunization experiments were grown in
chorioallantoic membranes of 11-day-old chicken embryos and
were partially purified by the modified method of Joklik [13, 17].

Construction of VV recombinants

Vaccinia virus recombination and selection of TK- recombinants
were performed by standard procedures [24]. VV-HA-E7 was pre-
pared using plasmid pRS3. Recombinant viruses produced by a
single crossing over were selected by their co-expression of f-ga-
lactosidase [4]. “Blue” virus was plaque-purified. After the second
plaque purification, “‘colorless plaque” viruses were isolated and
recombinants with double crossing over were identified as carriers
of the E7 insert by dot-blot hybridization and PCR. Expression of
the E7 fusion protein and absence of HA in selected virus clones
were confirmed by immunoblotting using VV-specific antisera. The
E7-HA fusion gene was expressed from the late promoter of HA. A
schematic view of the protein produced by VV-E7-HA is shown in
Fig. 1.

A VV expressing the unmodified E7 protein was prepared by
recombination with plasmid pH5-E7. The E7-coding sequence was
inserted into the thymidine kinase (TK) gene, and its expression
was controlled by the HS early-late promoter. The third virus used
in this study, VV-SigE7LAMP, expresses a fusion molecule con-
sisting of the E7 protein with signal and a transmembrane sequence
of the lysosome-associated membrane protein (LAMP1). This re-
combinant virus, originally prepared with the WR strain, was ob-
tained through the courtesy of T.C. Wu (Baltimore, Md.) [19]. The
viruses VV-pS2S (TK") and WR-pS2S (TK"), which express the
middle envelope protein (preS2 +S) of hepatitis B virus, had been
prepared using plasmid pM3 [15]. The VV-gE (HA", TK™) virus
had also been prepared previously [17].

Peptides

The synthesis of pCptidCS E7*1(1,20)’ E7*2(10,30)’ E7*3(20740)’ E7-
430-50) and E7-540 0y derived from the sequence of HPV16 E7
used in ELISA has been described earlier [14]. The peptide HPV16
E749_s7 (RAHYNIVTF) [6] was used for the production of MHCI
tetramer; the peptide E7 49 57y and E7 peptide-8Q 4462y (QA-
EPDRAHYNIVTFCCKCD) [28] were used for restimulation of
splenocyte bulk cultures and in ELISPOT.

MS2E7 protein

MS2E7 protein was produced in Escherichia coli transformed with
plasmid pEX 8mer-HPV16 E7 and purified according to Jochmus-
Kudielka et al. [12]. MS2E7 molecule contains E7 protein (encoded
by HPV16 nt 585-855) fused to the first 100 amino acids of the
bacteriophage MS2 polymerase.

Fig. 1 Schematic diagram VV-ET-HA
showing structure of E7-HA

fusion protein. Indicated ami- bz R
no-acid positions refer to the )

wild-type HA sequence. HA- HA-Sig

Sig: HA signal peptide; HA-Ig VV-E7

domain: part of the IgG-like
domain; HA-TM: transmem-
brane domain; E7: full-length
E7 polypeptide (98 AA)

HA-Ig-domain E7

HA-TM

E7



Antibodies

Rabbit antiserum against E7, which was used in immunoblot and
immunofluorescence tests, was prepared by immunization with
four i.m. doses, each containing 2.5 mg MS2E7 fusion protein [12]
in Freund’s adjuvant. The first dose was administered in complete
adjuvant, the subsequent three doses in incomplete adjuvant.
Mouse anti-MS2E7 serum was prepared by the same procedure.
Each dose contained 0.5 mg protein.

Preparation of H-2Db/E7(49,57) tetramers

Major histocompatibility complex (MHC)-I tetramers were pre-
pared as described by Altmann et al. [1]. In brief, heavy and light
chains were expressed separately in E. coli and used m form of
inclusion bodies for folding reaction. The mouse H-2D® (MHC-I
heavy chain), human S2-microglobulin (light chain) and E7w49. 57
peptide were folded in vitro to preform MHC-1 monomers. After
concentrating the reaction mixtures and buffer exchange, the pre-
formed monomers were subjected to enzymatic biotinylation by
BirA biotin synthetase, and then purified with S300 column chro-
matography and Mono Q ion exchange column chromatography.
Tetramers were obtained by mixing the biotinylated protein com-
plex with streptavidin-R—phycoerythrin conjugate (Molecular
Probes) at a molar ratio of 4:1.

Immunoblotting

Infected cell cultures were washed twice with PBS and lysed on ice
with RIPA buffer (1% NP40, 150 mM NaCl, 50 mM Tris—HCI,
pH 8.0) for 30 min. Cell lysates were clarified by centrifugation at
19,000 g for 10 min at 4°C. Supernatants were mixed with Laemmli
buffer containing 2-mercaptoethanol. Samples were heated for
5 min at 95°C. Sodium dodecyl sulphate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) was performed in 15% gel. The proteins
separated were then transferred onto a nitrocellulose membrane
using a semi-dry electrophoretic blotting method. Membrane,
preincubated with 10% skimmed milk in phosphate-buffered saline
(PBS) for 1 h, was incubated with E7 specific rabbit antiserum
diluted 1:1,000 in PBS containing 5% milk at 4°C overnight. After
being washed (PBS-0.2% Tween, five times for 5 min) the mem-
brane was incubated for 1 h with goat anti-rabbit IgG labeled with
horseradish peroxidase (HRP; Sigma) diluted 1:5,000 in PBS—5%
milk. Finally, the membrane was washed again as above, developed
by ECL (Amersham) and exposed to autoradiography film.

Immunofluorescence

CV1 cells (4-10%) were grown in 16-well chamber slides (Nunc).
Confluent monolayers were infected with recombinant VV at MOI
0.1. After overnight incubation, infected cells were washed with
PBS, fixed with 4% paraformaldehyde in PBS for 10 min, and
washed with PBS 3x5 min. Then 0.1% Triton X-100 was added for
2 min and cells were washed with PBS 3x5 min and blocked with
10% skimmed milk in PBS for 1 h. Next, rabbit E7 antiserum
diluted 1:50 in 5% milk—PBS was added for 1 h at room temper-
ature. The monolayers were washed as above and incubated with a
FITC-conjugated swine anti-rabbit secondary antibody (diluted
1:200) at room temperature for 1 h. Finally the cells were washed
with PBS, overlaid with 50% glycerol in PBS, and examined with a
Nikon 600 Eclipse microscope.

The expression of E7 on the surface of infected cells was ex-
amined by FACS analysis. Briefly, monolayers of CV1 cells in Petri
dishes were infected at MOI 0.2. After overnight incubation, when
the CPE in all cultures was about 50%, cells were harvested by
trypsinization and resuspended in FACS buffer (PBS, 3% bovine
serum albumin (BSA), 0.1% NaN3). The cells were incubated with
rabbit E7 antiserum diluted 1:50 in FACS buffer for 1 h at 0°C, then
washed three times with the same buffer and incubated with a FITC-
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conjugated swine anti-rabbit secondary antibody (diluted 1:200 in
FACS buffer) for 1 h at 0°C. Samples were analyzed on a Becton
Dickinson FACScan instrument using WinMDI 2.8 software.

Subcellular fractionation

Preparation of subcellular fractions was performed as described by
Jin et al. [11]. Briefly, CV-1 cells (8-10 )were infected with viruses at
MOI 2 at 37°C. After 1 h, unadsorbed virus was removed and cells
washed with medium were incubated for another 8 h. The cells were
scraped into medium, centrifuged, washed once with PBS and re-
suspended in 1 ml of hypotonic buffer (42 mM KCl, 10 mM Hepes,
5 mM MgCl,, pH 7.4) with protease inhibitor cocktail (Sigma) di-
luted 1:100 and incubated on ice for 15 min. Cells were then passed
through a 29-G needle six times; and cell disruption was verified
under a microscope. The extract was centrifuged at 200 g for 10 min
at 4°C, and sediment containing the nuclear fraction was further
purified (see below). The supernatant was centrifuged at 10,000 g for
10 min at 4°C to separate the heavy membrane fraction and then at
150,000 g for 90 min to collect the light membrane fraction. The
remaining supernatant was used as the cytosolic fraction. Nucleus
purification was performed according to the published protocol [9].
To nuclear fraction resuspended in 4 ml of sucrose buffer I [0.32 M
sucrose, 3 mM CaCl,, 2 mM magnesium acetate, 0.1 mM EDTA,
10 mM Tris—Cl, pH 8.0, 1 mM DTT, 0.5% (v/v) NP-40], another
4 ml of sucrose buffer II (2 M sucrose, 5 mM magnesium acetate,
0.1 mM EDTA, 10 mM Tris—Cl, pH 8.0, 1 mM DTT) were added
and thoroughly mixed. The extracts were layered over 4.4 ml of
sucrose buffer II in Beckman polyallomer SW 40.1 tubes and cen-
trifuged at 30,000 g for 45 min at 4°C to prepare sediment con-
taining nuclei. The sediments were resuspended in 100 pl of
Laemmli buffer containing 2-mercaptoethanol. 0.8 ml of cytosolic
fraction was mixed with 200 pl of 5xLaemmli buffer. All samples
were denatured in boiling water for 3 min, separated on 12% SDS—
PAGE and analyzed by immunoblot.

Immunization of mice

Six-week-old inbred mice, strain C57BL/6 (H-2°; Charles River)
were injected intraperitoneally with 0.5 ml PBS containing 107
PFU of recombinant VVs. All experiments on laboratory animals
were conducted maintaining the principles of the Czech law 246/92
Sb. on “Breeding and Utilization of Experimental Animals.”

Restimulation of splenocytes in vitro

HPV16E7-specific lymfocyte bulk cultures were generated from
splenocytes obtained from immunized mice 12 days after virus in-
oculation. In brief, mouse spleens were homogenized with cell dis-
sociation (Sigma) in complete RPMI 1640 supplemented with 10%
fetal bovine serum (FBS; Gibco), 5x10°° M 2-mercaptoethanol,
1.5 mM glutamine, and antibiotics. Lymphocytes were separated
on Hlstopaque 1083 (Sigma) and cultivated at a concentration of
5x10° cells/ml in complete RPMI 1640 with addition of 0.3 pug or 15
ng E749 s7) peptide or 1 pg (8Q) peptide for 6 days.

Tetramer-staining and FACS analysis

Splenocytes were used for analysis immediately after their isolation
or after 6-day in vitro restimulation. Lymphocytes for tetramer-
staining were adjusted onto 2x107 cells per ml with FACS buffer
(PBS supplemented with 2% FBS and 10 mM sodium azide), in-
cubated with 2 pl of rat anti-mouse CDI16/CD32 (Fc-block;
Pharmmgen 0.05 mg/ml) for 20 min on ice, washed and an ahquot
of 2x10° cells was resuspended in 80 pl of ice-cold FACS buffer. The
samples were stained on ice each with 20 pl of a mixture of 2 pul of
tetramer—PE and 2 pl of rat anti-mouse CD8a-FITC antibody
(Pharmingen; stock concentration 0.5 mg/ml) in FACS buffer for at
least 1 hin the dark. The lymphocytes were washed and resuspended
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in 200 pl of FACS buffer. The stained cells were analyzed on a
FACScan instrument, using CellQuest software (Becton Dickinson).

ELISPOT assay

Ninety-six well plates MAHA 45 (Millipore) were coated with 5 pg/
ml of the anti-mouse IFNy monoclonal antibody R4-6A2
(Pharmingen) or anti-mouse IL4 monoclonal antibody BVD4-
1DI11 (Pharmingen) in 0.1 M Na—phosphate buffer (pH 9.0) at
room temperature overnight. The antibody-coated plates were
washed four times with PBS and blocked with RPMI 1640 with
10% FBS for 1 h at room temperature. 100 pl of in vitro resti-
mulated splenocytes in culture medium were added to the wells and
incubated for 20 h at 37°C in 5% CO, in the presence or absence of
peptides. Wells were washed three times with PBS and three times
with PBS containing 0.05% Tween 20, followed by overnight in-
cubation at 4°C with 2 pug/ml of the biotinylated anti-mouse IFNy
monoclonal antibody XMG 1.2 (Pharmingen) or the biotinylated
anti-mouse 1L4 monoclonal antibody BVD6-2462 (Pharmingen) in
PBS, respectively. The wells were washed with PBS, 0.05% Tween
20. Avidin-horseradish peroxidase (HRP) conjugate (Pharmingen)
diluted 1:1,000 in PBS, 0.05% Tween 20 was added to the wells for
3 h at 37°C. After washing the plates with PBS, the spots were
stained with 3-amino-9-ethyl carbazol.

Serological tests for E7 antibodies

Sera of immunized mice were individually tested by ELISA for the
presence of specific anti-E7 antibody. Wells of microtiter plates
(Maxisorb, Nunc, Denmark) were coated with 2 pg of the oligo-
peptides E7-1 to E7-5 in 100 pl carbonate buffer, pH 9.6, at 37°C.
Unbound antigen was removed and free potential binding sites
were blocked with 1% bovine serum albumin (BSA). After three-
fold washing, the wells were incubated with 100 pl of 1:25 dilution
of serum for 1 h. The plates were then repeatedly washed and 100
ul of 1:2,000 dilution of peroxidase-conjugated rabbit anti-mouse
IgG (Sigma, USA) was added for 1 h. The plates were washed
again, stained with o-phenylene-diamine and absorbance at 492 nm
was measured. Control sera known to be positive and negative were
tested on each plate. Antibody isotypes were determined in plates
coated with the E7-1 peptide, using HRP-conjugated rat anti-
mouse IgG2a or IgG1 (Pharmingen) diluted 1:500.

Results

The VV-E7-HA recombinant virus expresses the E7
polypeptide fused into VV hemagglutinin

The VV-E7-HA construct was designed to express the
E7-HA fusion protein. This protein contained the N-
terminal portion of the VV hemagglutinin polypeptide
chain including the signal sequence and part of the IgG-
like domain (AA 1-62), the entire HPV16 E7 sequence
(98 AA) in place of the internal part of the hemagglu-
tinin polypeptide chain (211 AA), and the C-terminal
portion of hemagglutinin including the transmembrane
anchor (AA 273-315) (Fig. 1).

E7-HA is a glycoprotein targeted to the cell surface
In vitro expression of the E7-HA protein

To determine whether the VV recombinants induced
synthesis of the E7 protein in CV1 cells, lysates of
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Fig. 2 Immunoblot analysis of E7 proteins expressed by recombi-
nant VV. A CVI1 cells were infected with parental VV, VV-E7-HA
or VV-E7, cultivated in the absence or presence of tunicamycin of 5
pg/ml and harvested after 18 h. B Cells were harvested at different
times after infection. The samples were analyzed on SDS-15%
PAGE and by immunoblot using E7-specific rabbit antiserum

infected cells were analyzed by immunoblotting using
E7-specific antibody. The lysates analyzed in Fig. 2A
were prepared from cells harvested 18 h after infection.
Fusion proteins produced by VV-E7-HA virus were
found in two main bands of m.w. 33 and 35 kDa (lane 3)
and in two minor bands of smaller size that probably
represented fragments of the longer polypeptides. All
polypeptides must have been glycosylated, because nei-
ther of the bands was found if the infected cells were kept
in the presence of tunicamycin (5 pg/ml). The m.w. of the
unglycosylated E7-HA polypeptide was about 30 kDa
(lane 4). The upward shifts of 5 and 3 kDa might indicate
the presence of one or two carbohydrate residues. With
the use of the PCGENE program, two potential N-linked
glycosylation sites were indeed predicted in the E7-HA
protein: in the 34th position of HA and in the 29th AA of
E7. The VV-E7 virus produced a 19 kDa E7 protein (lane
5), which was of the same size as that of the E7 protein
produced in cells transfected with expression plasmid
pBK-E7 or in Caski cells (not shown). The size of the E7
protein was not influenced by the addition of tunicamy-
cin; however, the latter apparently reduced the amount of
E7 produced (lane 6). A faint E7 band was discernible
in lane 6 after longer film exposure (not shown). The



kinetics of production of the E7-HA glycoprotein and
the unmodified E7 in cells infected with the respective
recombinant viruses appeared to be different (Fig. 2B);
E7-HA was detected at 12 h after infection and its
amount was higher at 24 h (lanes 4 and 5), whereas the
E7 molecule was detected already at 6 h (lane 7) after
infection and thereafter its amount kept decreasing; a low
amount of E7 present in cells at 24 h after infection (lane
9) was only visible on autoradiograms after a longer
exposure time (not shown). Cells infected with non-re-
combinant VV did not express any E7-specific bands
(Fig. 2A and B; lanes 1 and 2 and 1, respectively).

Subcellular location of the E7 antigen

The presence of the E7 antigen inside permeabilized cells
was detected by immunofluorescent staining with

Fig. 3 Location of E7 proteins A
in CV1 cells after infection with
recombinant VVs. A Immuno-
fluorescence of E7 antigen in
cells infected with: (a) VV-E7-
HA; (b) VV-E7; or (c) VV. The
cells were fixed with 4% para-
formaldehyde, permeabilized
with 0.1% Triton X-100, and
subsequently stained with E7
specific antibodies. B Detection
of E7 on the surface of cells
infected with VV-E7-HA (grey
line), VV-ET7 (hair line) or
parental VV (thick line) by
cytofluorometry. C Location of
recombinant E7 proteins in
subcellular fractions by immu-
noblot. The cells were infected
with VV-E7-HA (lanes 1, 5, 9,

m
54
)
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specific antibodies (Fig. 3A). The cell infection with
VVE7-HA was accompanied by formation of large
syncytia. Their presence is typical of cultures infected
with HA™ mutants [10]. The E7 antigen was found at the
nuclear membranes and in cytoplasmic structures of VV-
E7-HA-infected cells (a). Unmodified E7 expressed by
VV-E7 was mainly present in the nuclei of infected cells
(b). Cells infected with parental VV exhibited some flu-
orescence of very low intensity (c). E7 antigen on the
surface of non-permeabilized infected cells was deter-
mined by flow cytometry. Fluorescence of high intensity
was found on the surface of cells infected with VV-E7-
HA only, whereas the FACS profile of VV-E7 infected
cells showed no difference from cells infected with pa-
rental VV (Fig. 3B). To determine the amounts of E7
proteins in subcellular fractions, CV1 cells, infected with
recombinant VVs for 8 h, were lysed in hypotonic so-
lution and fractionated by centrifugation into nuclear,

13), VV-ET (lanes 2, 6, 10, 14), oL
WR-SigETLAMP (lanes 3, 7, ] x"‘:'?

11, 15), parental VV (lanes 4, 8,
12, 16) and fractionated. Sub-
cellular fractions were analyzed
on SDS-12% PAGE and by
immunoblot using E7 specific
rabbit antiserum
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heavy membrane, light membrane and cytosolic frac-
tions. The amounts of E7 proteins in these fractions
were analyzed by immunoblot (Fig. 3C). Most HA-E7
and E7-LAMP proteins were found in the heavy mem-
brane fraction (lane 5 and 7, respectively) which
included the cellular, mitochondrial and lysozomal
membranes. Nuclear (lanes 1 and 3, respectively) and
light membrane fractions (lanes 9 and 11, respectively)
contained only low amounts of these proteins. Neither
E7-HA nor E7-LAMP proteins were detected in the
cytosolic fraction (lanes 13 and 15, respectively). Non-
modified E7 protein predominated in the light mem-
brane fraction (lane 10), though a substantial amount of
E7 was found in all the other subcellular fractions (lanes
2, 6 and 14). The presence of E7 in membrane fractions
could be explained by its capacity to bind to viral DNA,
which is abundant in areas in the cytoplasm where VV
maturation occurs. In agreement with published data,
non-modified E7 was found in the nuclear and cytosolic
fractions (lanes 2 and 14).

The E7-HA fusion protein induces an antibody
response but not cell-mediated immunity

To determine how the fusion of the E7 protein with VV
HA influenced the immunogenic properties of E7, we
immunized C57BL/6 mice with one dose of 10’ PFU of
VV-E7-HA or VV-E7 virus by intraperitoneal route.
Besides using these viruses prepared in our laboratory,
we employed the WR-SigE7TLAMP virus, which had
been shown to induce a cell-mediated response and
protection against tumor growth. This virus was in-
cluded as positive control in immunity tests in spite of
the fact that it was prepared from another parent virus
strain. After the vaccinations, both humoral and cellular
immune responses were examined in individual mice.

Induction of E7-specific antibodies

Groups of eight mice each were killed 6 weeks after virus
inoculation. Their sera were individually examined for
the presence of anti-E7 and anti-VV antibodies. The
animals immunized with VV-E7-HA produced anti-
bodies reactive with synthetic oligopeptides derived from
the E7 amino-acid sequences 1-20 and 40-60 (Fig. 4A).
Antibodies specific for the amino-acid sequence 2040
were not detected in mouse sera (not shown). E7-Specific
antibodies were not detected in sera of mice immunized
with the VV-E7, WR-SigE7LAMP, or control viruses.
To characterize the antibody response to VV-E7-HA
more closely, the isotypes of anti-E7 IgGs were deter-
mined. Anti-E7 IgG2 prevailed in mice inoculated with
VV-E7-HA, whereas the IgG1l isotype predominated
after immunization with the purified MS2E7 fusion
protein (Fig. 4B). All recombinant viruses induced anti-
VV antibodies in all of the mice inoculated; however, the
responses elicited by VV-E7-HA and WR-SigE7LAMP
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Fig. 4 E7-specific antibody response of mice inoculated with
recombinant VVs. A Individual sera of six immunized mice were
assayed by ELISA for antibodies specific for E7 oligopeptides E7-1
and E7-2. B Anti-E7-1 specific IgG1 and IgG2a isotypes were
determined in individual positive sera of animals inoculated with
VV-E7-HA. Anti MS2-E7 was a pool of sera of mice immunized
with recombinant protein. C The same mouse sera as in A were
examined for the presence of VV-specific antibodies

were the highest. The similar anti-VV antibody re-
sponses to these two recombinants suggest that the vi-
ruses multiplied at a similar rate, and that consequently
the differences in anti-E7 antibody response to them
cannot be ascribed to a difference in their replication.

Cell-mediated immunity

In testing the E7-specific cellular response to the differ-
ent viruses, groups of two mice were used. Each spleen



was processed separately. Immunization with either of
the E7-expressing viruses resulted in a primary response
undetectable by ELISPOT or the tetramer assay in
freshly isolated splenocytes (not shown). However, when
the splenocytes were restimulated in vitro by E7 peptides
for 6 days, IFNy- and IL4-secreting splenocytes were
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Fig. 5 Cell-mediated response of mice inoculated with recombi-
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E7 specific cells secreting: A IFNy, B IL4. C Frequency of
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detected (Fig. 5A and B, respectively). The binding of
the 2Db/E7(49,57) tetramer by CDS8' lymphocytes
(Fig. 5C) was also found. Specific responses in IFNy-
ELISPOT and the tetramer assay were detected in mice
immunized with VV-E7 or WR-SigE7LAMP but not
with VV-E7-HA or the control virus (VV). In contrast,
immunization with VV-E7-HA but not with VV-E7 or
WR-SigE7LAMP resulted in the presence of IL4-
secreting splenocytes. Similar results were obtained in
three independent experiments.

Vaccination with VV-E7 but not with VV-E7-HA
protects against E7-expressing tumor challenge

In order to determine whether the recombinant E7-ex-
pressing viruses induced antitumor immunity, vaccinat-
ed mice (eight per group) were challenged with a dose of
2:10* TC-1 cells/animal. Statistically significant protec-
tion against tumor growth was found after immuniza-
tion with VV-E7 or WR-SigE7LAMP. Vaccination with
VV-E7-HA, similarly to control viruses, did not induce
any significant delay of tumor growth as compared with
a group of animals inoculated with PBS only (Fig. 6A).
Comparison of the growing tumors by size (Fig. 6B)
showed that their mean size in mice vaccinated with VV-
E7-HA and in animals given no VV (PBS controls) was
similar. The inoculation of control viruses (VV-gE, VV-
pS2S or WR-pS2S) enhanced the growth of tumors,
which was in line with our previous unpublished results.

Discussion

In the present study we changed the subcellular location
of the E7 protein expressed by human papillomavirus
type 16 (HPV16) to the surface of infected cells, in-
tending thereby to increase the immunogenicity of this
tumor antigen. For this purpose, a recombinant VV with
the E7 gene fused into the transmembrane sequence of
the VV HA gene was prepared. The E7-HA fusion
protein, as shown by immunofluorescence and subcel-
lular fractionation, is found in the heavy membrane
fraction and is localized on the surface of VV-E7-HA
infected cells. Our approach was motivated by a previ-
ous report by Galmiche et al. [7], but our method of
preparation of recombinant viruses differed in certain
details. We inserted the E7 DNA fragment in a different
region of HA and removed part of the HA chain.
Consequently, our virus was HA™. Still, the construct
induced a high expression of the fusion protein on the
cell surface. We were interested in finding out whether
this targeting of the antigen would influence its immu-
nogenicity, as reported previously by Andrew et al. and
Langford et al. [2, 18]. In these authors’ experiments, the
cell-surface anchoring of antigen expressed by recom-
binant VV increased both the cellular and humoral
immune responses to foreign antigen. Moreover,
we presumed that vaccination with the E7-HA fusion
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Fig. 6 In vivo tumor protection and growth of tumors in mice
inoculated with recombinant VVs. Eleven days after virus
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>1 mm? The results indicate that VV-E7-HA was not able to
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SigE7LAMP was included as a positive control virus that is able to
induce full protection of animals. The in vivo protection test was
repeated three times with similar results. Statistical significance was
determined using the log-rank test. All groups were compared with
the group that received PBS only

protein expressed under the HA (A56R) late promoter
might protect mice against challenge with HPV16-in-
duced-tumor cells. Bronte et al. [3] have shown that
vaccination with viruses expressing tumor-associated
antigen under late promoters mediates protection
against tumor growth, albeit a combination of early/late
promoters was more effective.

In our model, immunization with VV-E7-HA pro-
vided no protection against the growth of E7-expressing
tumors. Analysis of the immune responses showed that
E7-HA did not induce a response of CD8 " T lympho-
cytes or Thl cells, which are the effectors of protection
against HPV-induced tumor [6]. On the other hand, our
VV-E7-HA recombinant was a good inducer of anti-E7
antibodies, as well as of Th2 cells, the producers of 1L4.
An analysis of the IgG isotypes revealed a Thl-like
response, with predominance of the IgG2a isotype.
Presumably, the switch to Ig(G2a might be related to an
increased production of IFNy as a result of the infection
with VV and is not a consequence of the E7-specific Thl
response [20]. We demonstrated that the fusion of E7
with the signal peptide and transmembrane domain
of HA increased the stability of the E7 protein.
Unmodified E7 is a short-lived molecule [25] and its

rapid degradation by the ubiquitine-proteasome path-
way may contribute to its ability to induce CTLs [29].
However, the increased stability of E7-HA cannot
wholly explain its different immunogenicity, because WB
analysis indicated that the SigE7LAMP fusion protein
accumulated in recombinant VV-infected cells at similar
levels to E7-HA (not shown).

The predominance of the antibody response over
CTL might be ascribed to the concurrent activity of
several factors. It is possible that soon after the inocu-
lation of VV-E7-HA, the infected cells were able to
present E7 on their surface mainly to B cells but not to T
lymphocytes, because the expression of MHC molecules
might at this time (late phase) be downregulated owing
to the viral infection [31]. Activated B cells soon start to
play the role of antigen-presenting cells, and their in-
teraction with T cells results in a proliferation of Th2
cells. Under these conditions the activation of type 1
helper lymphocytes by cross-priming in secondary lym-
phoid organs might be suppressed by an already estab-
lished response of Th2 lymphocytes [26]. The viruses
VV-E7 and VV-E7-HA induced in mice opposite po-
larized type 1 and type 2 responses, characterized by
proliferation of IFNy- and IL4-producing lymphocytes,
respectively. It is well known that IL4 has the potential
to modulate the function of cytotoxic and IFNy-pro-
ducing T cells, and that polarization of the immune re-
sponse is usually established soon after exposure to
antigen and is sustained by immunological memory.
Since polarization of the immune response is a critical
parameter for the outcome of virus infection [27] and
protective antitumor immunity [5], we plan to use the
recombinants described in this paper for a study of the
detrimental effect of the type 2 response on protective
immunity to HPV-associated tumors.
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