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1 Introduction
1.1 The human papillomavirus

1.1.1 Classification and genetic variability

Human papillomaviruss (HPV) belong to the taxonomic fagniof papillomaviridag(PV)
Thesenon-enveloped DNA viruses contain a circular genome of about 8 kDa. The PV infect a
wide range of hostsiangingfrom mammals tobirds and reptiles. Individualvirus typesare

very restricted concerning the @tof infecton and their hostWith the sole exceptiors of

bovine papilloma virus 1 and @vhichcan also infechorses an individual PV type can only
infect one specig€anpo, 2002 Kanodia et al., 2008ecause mostsi known about the
human m@pillomavirus the followingext will focus onthis human pathogen and will not

include the information abouPVsinfectingmembers ofthe animal kingdom.

&

Prrcentmge identity

Figure 1-1. Frequency distribution of pairwise identity percentages from nucleotide sequence
comparison of the L1 ORFs of 118 papillomavirus tydesVilliers et al, 2004. The 96 HPV types
and 22 animal papilloma viruses were compargairwise for the identity of their L1 ORF. The
identity percentage is shown on the x axis. The frequency of H{é pairs that reach the
indicated identity is shown on the y axis.

HPV are a group of genetically variable viruses. These different viruses are grouped into geni,
species, types and subtypes according to sequence differences in the open reading frame
(ORF) of the L1 gene. The L1 gene is used to classify new PV isatatesebeis the most
conserved gene within the whole PV's genofBernard et al., 201,0de Villiers et &, 2004.

As can be seen in a sequence comparison of the L1 ORF of 118 different papilloma viruses

(Figurel-1), there are four different levels of organization.



HPV types of different gemiave a sequence agreement in theifl IORF of less than 60%.
Whenthe whole genomeof two different viruses of different geris comparegdonly 23to
43%of sequence identityis observed All HPVbelong toone of five dfferent geni(Figure
1-2). TheAlpha P\s the best characterized genusyith most of the over 130 HPV types
belonging to this group. The viruses of this gemfect the mucosa or the skin of humans or
primates. Medical dataof the Alpha P\allows an additional subdivision of the gennso
high-risk and lowrisk types. Highiisk types are involved in the malignant transformation of

human keratinaytes, while lowrisk types are not.

\Alpha-papillomavirus

Gamma-papillomavirus

Mu-papill omavirus 41
-~

Nu-papillomavirus

Figure 1-2. Phylogenetic treeof the different HPV typefoorbar, 200§. The numbers of the
branchesindicate the type. The species is indicated by the inner semicircles. The outer sefagirc
show the papillomavirus genera.

A species unites several clbgeelated HPV types into a subgroup that shares between 60
and 70%of sequence identity in the L1 ORF. The members of a species are thought to have
similar characteristics. For exampld, members of the species 1 are lagk types infecting

the oral or genital mucosa.
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The next level in organization of the PV classificatiortsisgype. The original serotype,
meaning a PV isolate that is recognized by a specific antibody, has beenedepiaca
genetically more sophisticated definition. To be acknowledged as a new PV type the
sequence of the L1 ORRust differ by more than 10% from all known HPV types. All
variations that do not fall under this definition are defined as subtype$0% diference in

the L1 ORF) or variants (below 2¥suchdifference). PV, being a stable DNA vid®es not
diversify quickly Mutations or recombinations are rare events that occur as infreqiyeas

Ay GKS K2aGQa 3ISy2YS:I & dzashidhosiBgraardlet alQ 298452 t dzi A
Chan et al., 1997The samaypes could be isolatedeveral timesn different clinical studies

at different places. It is noteworthy that a single type was present in ord§QD0different
genomic variantgde Villiers et al., 2004 Theletter that sometimes accompaesthe type
description (e.g. HPV6agfers to such genetic variantslhe lettering originated at a time
when labs triedto differentiate between different HPV types by digestion. The genomic
digestion fingerprints differentiate HPV 6a and HPV 6b, but the underlying denom

difference is only maigal.



1.1.2 Structure

The HPV vironas of a symmetric icosahedl protein coat that is madeut of two viral

proteins L1, the major capsid protejrand L2 the minor capsid proteinThe viral capsid is
approximately 500 in diameter. It consistef 72 Lipentamers, whictinteract with at least

12 L2 proteinsThese capsomeres are organized in a T = 7 icosahedral 14@ices et al.,

2000 and contain adouble-stranded DNA with a length of approximbte8 kDa(Conway

and Meyers, 2000! vy St SOGNRY YR I ONEB2Stft SOGNRY YAONE
depicted inFigurel-3.

Figure 1-3. Papillomavirus capsid structure(A) Electron micrograph of native HPV11 virions (B)
cryoelecton micrograph of a Bvine papillomavirusl virion (taken fromwww.hpv-curing.con).



1.1.3 Genome and geneproducts

1.1.3.1 Genamic organization
The genetic organization tfie well characterizetHPV16enomeis depicted irFigurel-4. It

can be divided into three regionddt are separated by polyadeayion stes The early

region, the late region and ghlong control region (LCR).

E2 E2 E2 E2 TATA P97
#4 #3 E1 SPI#2 #

Figurel-4. HPV16 genoméDoorbar, 2006. The 7904 bp genome is displayed as a black cingth

the ORF® L2 aAlGA2ya Aff dzad NI ITRRtwoApyomdits PS7 adde® S | Y R
activated at different differentiation states of the infected keratinocyte. A change in the
polyadenylatian site from PAE to PAL induces L1 and L2 transcription.

9 NI & NBIA2YY ¢KAA NBIAZ2Y dzaSa 20SNI pr: 27
the six viral early proteins E1, E2, E4, E5, E6 and E7. These proteins are expressed
immediatelyafter viral infection of the cell. The ORF E3 and E8 exist only in very few HPV

types. While E3 is never expressed as a protein, the E8 protein is a splice variant of the E1

ORF that functions as a negative regulator oflEE2nbert et al., 1989



Late region: The late region is situated downstream of the early region and uses about 40%
of the coding region. It encodes the two late proteibg, the major capsid protejmand L2

the minor capsid protein.

Long control region: The LCR uses ab&t Bp (~10% of the whole genom@)thoughthis

regiondoesnot encodeany proteins, idoes contairthe origin of replication.

1.1.3.2 The very early regulatory genes E1 and E2

The E1 and E2 proteins are acting togetioerthe replication of the viral DNA. Thamilloma
Elprotein is ahelicase It separates thecomplemenary DNA strands by using AHERd
interacts with the DNApolymerase alphgrimase for replication (Sun et al., 1998 E1
assembles with the help of E2 at the viral origin of replication into a double hexamer that
enables the viral genome replicatighlorin et al., 201). E2 has a transactivatiaand a DNA
bindingdomain andso serves as the main transcriptional regulatérwhole family of splice
variants of E2xists expressing not only activation but also repressor fundi@@owhanick

et al., 1993.

Recent worksuggeststhe role of E2 in regulating cellular genes involved in apoptosis
proliferation and cell differentiatiorand, thus, in creating convenient microenvironent
for the proliferating cell¢o replicatethe virus(Hadaschik et al., 20Q®amirezSalazar tal.,
2011). Furthermore studies show thatE2 connects the viral genome to mitotic
chromosomedduring cell division toensuretheir equal distribution toboth daughtercells
This happensither (1) by mediation of the double bromodomairontaining chomatin
adaptor Brd4(McBrice et al., 2004 or (2) Brd4 independent by interacting with repeated
ribosomal DNA genes in the short arms of acrocentric mitotic chromosd@Ruidar et al.,
2009. When the viral geame is integrated into the hosthromosomethe expressn and
function of E2 is lost. Thisaxzommon event in HPV infectid€ollins et al., 2009whichcan
increase the E6/E7 oncogene expressiamd thereby pronote transformation and genetic

destabilization(Cricca et al., 2009

1.1.3.3 The late early regulatory gene E4

The products of the E4 ORF are expressetth@érearly phase of infection, but only at very
low levels. As suggested in 19@8Boorbar et al., 19865 the E4 gene products play an
important role in virus maturation as the expression levels camdursly rise. In the final

state the E4 gene products can make up to 30% of the cellular protein content of the
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infected cell. As the infected cell differentiateshe E4 protein alscevolves. Trough
differences in proteolysis, oligomerization and phosphorylation the E4 protein is
progressivelychangedas the infectedkeratinocytemigrates towards the outer layers of the
skin(Doorbar et al., 1988Grand et al., 1989 The exact function of the E4 protein still needs
to be elucidated It is known howeverthat the mutant genomes othe cottontail rabbt
papillomavirus that annot express E4 fail tmducea productiveviral life cycle(Peh et al.,
2004). E4 interacts with th&eratin network of the infected cell and reorganizes its structure
(Mcintosh et al., 201,0Wang et al., 2004alt has beerspeculated that the resulting collapse

of the cytoplasmic cytokeratin network facilitates the release of the virions of the infected
cells(Doorbar etal., 199).

1.1.3.4 The small early oncogeneES5

The ealy protein E5 is a small hydrophobic membrane molecule with a leog88 amino

acids (h case oHPV type 1P It is weakly oncogenic and is localized to the endop&tsm
reticulum membrang(Conrad et al., 19931t colocalzes with BGR (Auvinen et al., 2004
and influences the function adduchreceptor tyrosine kinaseas PDGFRPetti et al., 1991
TalbertSlagle and DiMaio, 20QEGFRCrusius et al., 199%edrozaSaavedra et al2010,

ErbB2(Crusius et al., 1998and ErbB4(Chen et al., 2007 It has beenshown that E5
stabilizes theEGFReceptorand, therefore,upregulatesligandinduced activationMartin et

al., 1989 Rodriguez et al., 2000E5 also enhances the EGF signaldowrregulatingthe

degradaton of the receptor. It disruptghe ubiquitin EGFR interactioand, therefore,

reduces degradation by the proteasontihang et al., 2005Additionally,it affects the ceH

cell communicatior(Oelze et al., 199mndis able todownregulatethe expressiorof major

histocompatibility complex class | and Il molecules on the saréddhe infected cellthus

inhibiting the adaptive immune systefAshrafi et al., 200&Zhang et al., 2003

1.1.3.5 The viral early oncogenesE6 and E7

The viral proteins E6 and E7 are small molecules (E6: 18 kDa; E7: 1BHdya)e located
mainly in the nucleus but are also found tdesserextent in the cytoplasmHowie et al.,
2009 McLaughlirDrubin and Munger, 20Q9Neither molecule is able to immortalize a cell
Together they complement each othand successfullynmortalizea keratinocyte(Hawley

Nelson et al., 198Munger et al., 198p



The viral protein E6 is wedhownfor its interaction with the tumor suppressor p5B53 is a
transcription factor that controlgell proliferation by arresting thé&ransition from G to S
phase. High levels of p53 due to stress cause the expression of severattgsriead to cell
cyclearrest and induction of apoptosi®aker et al., 1989E6 binds to p53 and induces its
degradation(Scheffner et al., 1990NVerness et al., 1990Cytoplasmic E6 also inhibits the
transport of p53 to the nucleus andhereby, achieves low levels of p58 the nucleus
which inhibitsa transition to S phase. AdditionalliZ6 targés the proapoptotic protein BAK
for degradation BAKis expresseat high levels in epithelial cellhomas and Banks, 1998
E6 also activatethe telomerase to elongatehe telomeres, enablingthe infected cellto
divide without limits(Liu et al., 2009

The viral E7 protein has no DNA binding domain and no enzymatic activity. Its sole purpose
lies in protein bindingThe best characterized target &7 is another tumor suppressor
protein family. E7 targetthe members of theretinoblastoma (rb) familynamely RB, p107

and p130.In the normal state, RBvhich has several phosphorylationtss, is associated

with transciption factorssuch aghe E2F familyAs the cell undergoes mitosis, RB becomes
more and more phosphorylated. Hyperphosphorylated RB is no longer able to bind E2F and
consequentlyreleases the transcription factors thédr their part activatethe transcription

of genes inolvedin cell cycle progressio(Chen et al., 2009 E7 disrupts thipathway by
binding hypephosphorylated RBthrough its LXCXE motithereby releasing E2Rnd

uncoupling cell cycle progression frabmediated checkpoint contrdlCho et al., 2002

Besies the interaction with the rb family, E7 alassociatewvia a zindingerlike motif with
the histone deacetylase complexdsough MiZ3 (Brehm et al., 1999 This inhibition leads
to more acetylated lysine residues the histone proteins and a decreased attractanong
the single proteins due to masked charges. The resulting open structure of the chromatin
enablesbetter chromatin accessibilityor the E2F trascription factors(Longworth and
Laimins, 2004 The same zinc fingéike motif is also able to directly interact with AP
transcription factorssuch asc-Jun, JunB, JunD andFos (McMurray et al.,, 2001
In humans the expression of E6 and E7 alone is not sufficiemdiace cancer. This is
indicatedby the fact thatwhereasa high proportion of humanss infected atleast atone
point in their lifetime by a highisk type HP\only few will develop encer(Hildesheim et al.,
19949).



1.1.3.6 The viral late genesL1and L2

The gened.1 and LZncode for the two late capsid proteins L1 and L2. L1, the major capsid
protein, is around60 kDa in size and is the major component of the viral capsid. The minor
capsid protein L2 is aroursD kDa in size. Both proteins aregaiuced very late in the viral
infection cycle with the L2 expression preceding the expression of(fElbrin et al., 200R
While L1 ready selfassembles into a virus like particle (VLE? does contact the L1
pentamerto bind and stabilizethe viral DNA with its Nerminus(Zhou et al., 1994 Only the
amino acids 64123 of L2from bovine papilloma virus @/)are exposed to beecognized by
antibodies while the biggest parof the proteinis buried deep inside the capsahd is not
accessible to antibodig.iu et al., 199¥The variaility of L1 is concentrateah five external

loop regions. Their positions in the HPV16 L1 sequencd3@riop (AA7®5), DE loop (36-

179), EF loop (AAB-215), FG loop (AAB-317) and the HI loop (AA3-386). The originally
published positions weradapted from Chen et ain order to compensate fothe different

L1 HPV16&equences used in this wo(kee appendixand in the original dat§Chen et al.,

2000 Lowe et al., 2008 Theloopscover the surface of the capsidvéh amongvery closely

related types, a ggat diversity can be observed.

Figurel-5. HPV L1 entamer. The arrows indicate the positionof the variability loops. The amino
acidsthat differ between HPMypes 6 and11 are highlighted in colo(red: BGloop, blue: DHoop,
yellow: EHoop, violet: FGloop, green: Hloop).Taken from(Orozco et al., 2006



As an examplerigurel-5 shows the differences between thesry closely related HPV types

6 and 11. The positions of differing amino acids are highlighted in color. Most antibodies are
directed against these region®rozco et al., 2005 It can be assumed thathe strong
variability within these loopss caused bythe evolutionary pressure of the immunesystem.
This pressure is also clearly illustratedFigure1-6. The variable positions are exclusively
located on the outside of the capsid and not on the insidere the structures are exposed

to and can be recognized by antibedi A strong variability withithe especially expsed
loopstends to preventantibodiesfrom recogniing different HPV types, makg it difficult

for them to crossreact.

pocket

Figurel-6. Sequence variatios in L1 pentamersand their positions L1 sequencesfod9 HPV types
were compared The differences aredisplayed in a ® model of the L1 pentamerHighy variable

positions arecoloredred; fully conserved are blue: (A)ide view of L1 pentamer the upper side of
the picture corresponds to the outer side dhe virion (B) outer surface and (C) inner surfgGhen

et al., 2000.
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1.1.4 Papilloma virus infection

1.1.4.1 The human epidermis
To understand HPV, one has to understand the husianand the differentiationthat each

keratinocyteundergoes on itgourneyto the outerepitheliumof the skin.

Dermal-
epidermal
junction

15tratum corneum

gland - |Granular layer

Epidermis = :‘-:-: Spinous layer

Arrector
pili | ) Ml
F— ~\\ \ = Basal layer
Cortex I.,'_m o r:ulI o oo "'"‘EBasement
Cuticle ! II'I'I.I ,_.-J'I'II Medulla membrane
Inner root Eccrine gland
sheath
'D'Uter: mﬂ: Matrix B Adherens junction
sheat Dermal papilla of 1n Hemidesmosome
_ hair follicle 2 Desmosome
Fat of subcutis > Focal contacts

Figurel-7. Architecture of the humarskin (McGrath and Uitto, 2011

The skinis divided into three differentayersthat strongly vary in thickness depending on

the localization(Figure1-7). The subcutis consists afloose connective tissue ith many
embedded lipocyteslts mainfunctions are thesolation andthe mechanical protection of

the underlying tissue. The middle region, the derrgghe mainpillar2 ¥ (i K Struéiutak y Q &
integrity. The supporting matrix consistsmainly of polysacharides andthe structurd
proteins collagen and elastin. Embedded in this matrix are fibroblasts, mast cells and
histiocytes The dermis, where all theppendagesof the skin(e.g. sebaceous/perspiratory
glands, hair folliclepre located is very vell supplied with bloodvesselsand enables the

nourishment of the adjacentepidermisvia diffusion(McGrath and Uitto, 2010

Theepidermisis the outmost dyer of the skin. It is a stratified squamous epitheljuamich
acts as the main barrier of the body against environmemttiiences.It consists mainly of
keratinocytes that arédormed in the basal layeand passthroughfour to fivedifferentiation

stagesbefore reachinghe outmost layernf the skinas squamous sheets.
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The basal/germinal layer ¢situm basalum/germinativumjs where the stem cells of the
epidermisare located The stem cellare clustered withinthis oneto two cell thick layer
directly contacting the basal membraneThese cells are undifferentiated and are
continuously divithg to producetransient amplifying cells that arghemselvescapable of
another 45 cell divisionsThe keratinocyteQourney to the surfacetakesabout 40 days

Melanocytes are primarily found in this layéoo.

The spinous layer (stratum spinosum$ adjacent to the basal layemHere transient

amplifying cells are located and are constantly dividing.

The granular layer (stratum granulosum)characterized by tis storing large amounts of
keratohyalin granules for later use asthallerlamellatedOdland bodieshat discharge their

lipid content into the intercellular space

The clear/translucent layer (stratum luciduns) a transitional layebetween granular ad
cornified states, whicttan only be observed in palmoplantar skitere, he keratinocytes

have not yet lost their nucleus

The conified layer (stratum corneum) is the outmost layer of tagidermis The changed,
flattened keratinocytesnow called coreocytes have lost their nuclei and all cell organelles.
The keratin filamentare aggregated by filaggrin tisulfide crosdinkedmacrofibres(Lynley
and Dale, 1988 Through theslow degradation of the intercellular lipids arnbde loss of

remaining desmosomal intercellular connectipdesquamation takes place.

1.1.4.2 Papilloma virus infection cycle

HPV enters theepithelium throughmicro wounds i.e. asmall scratch that exposes the
basement membraneHere HPVinfects primitive transient amplifyingkeratinocytesin the
basal layeiof the epidermis In these cellsHPV uses the DNA replication machinery of the
proliferating cells to establish a copy number ofBI0 HPV genomes per cell. At this stage,
the expression of laviral genes is very lowTheproteins E6 and E@re only marginally
expressed because of the regulation by E2. When a cell division takes thlaceiral
genome is also amplifiebly the cellular DNA polymerasés reach a copy number of 50 to
100 in both daughter cellAs one of the daughter cells stops proliferation anttlergoes
cell differentiation the expression of E6 and E7 is highlyregulated. HPV is not encoding

any replicative enzymes and therefore, totally dependent on the replicative machinery of
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the infected host cellThe E6 and E7 proteins are activated to escape the HPV specific
dilemma. On one side the virus needs the DNplicating enzymes that are only accessible

in proliferating nondifferentiated cells. One the other side, it needs replicate in
differentiated nordividing keratinocytes.This problem is solved by the simultaneous
expression of E6 and E7. Their combinixice uncouples GI5 phase entry from
differentiation (seel.1.3.5 The viral early oncogenes E6 and. E&nables the virus to take

full advantage of the program of the differentiating keratinocyiéhile continuing to use ¢

cellular replicative machinery

The infection cycleof HPV is illustrated irFigure 1-8. Just asa healthy keratinocyte
undergoes several stages on its wayptrominga fully differentiated corneocyteso doesa

HPV\infected ore.

W Virion assembly

Cornified -
' I'I'I and release
Granular -
‘ || Late gene expression
N || Viral genome
| | amplification
Spinous B [ 1
oo I
A= ) || Early gene expression
o [ El, E2, E6 and E7
Basal W\l )
/ L
e
Dermis
MNormal HPV-infected
epithelium epithelium

Figurel-8. Life cycle of HPV taken froifMoody and Laimins, 2010 Normal epithelium is shown
on the left and HPMnfected is shown on the right. HPV enters through microwounds exposing the
basal layer of the epithelium (middle).

In the stratum basalum, the HPV genome exists in the nucleolus of the host cell as low copy
number episomes. There is only a marginal expression of the viral early antigens E1, E2, E6
and E7. As differentiation stigrand the cell moves to the stratum spinosum, expression of

E6 and E7 is strongly upregulated due to the genetic program running in the developing
keratinocyte. The cell is forced into thepBase(Cheng et al., 199%nd the cellular DNA

replication machinery is used to amplify the episome number to more than &pXbmes
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per cell.By the timethe cell reaches the stratum granulosuthe expression of the virdate
proteins is already started and viral particles aedready seHassembling In the stratum
granulosum and the stratum corneum this process of virusasdeémbly continues as more

and more viral particles accumulate in the developing corneocyte fikaby differentiated

HPV infected corneocyte is sloughed off by natural desquamation or releases viral particles
after being broken by mechanical stress. Virions are passed to anp#reonor to the

same individualat second siteby skin contact and ear the epithelium through

microtrauma.A new viral infection cycle begins.

1.1.4.3 HPV and cancer
It is widely accepted that HPV is the cao$@vasive cervical cancer. Harald zur Hausen was

awarded the Nobel Prize for Medicine in 2008 for his part in estabtisihis connection.

First attempts to connect cancer to viral infection date back to the early 19N@sonly HPV
(zur Hausen et al., 197%hut also herpes virusggur Hausen et 3119740 and, especially
the EpsteinBarr virus(Wolf et al., 197% were the points of interest. In 1976 and 1977
Meisels et al. published two studistiowingfor the first timehistological evidence for HPV
infection in cervical smear®leisels and Fortin, 197®eisels et al., 1977 The late 1970s
were blessed with the development of nuclacid hybridization. Thisechniqueallowed the
Gl dzyl y ¢ | addi wagtheddaliedio be reclassified asot one butmanyrelated, not
identical types(Gissmann and zur Hausen, D98aw et al., 19790rth et al., 197). This
raisad the questiors whether there are specialHPVtypes infecting different tissueand

whether someof theseare associated with the development of cancer

In 1983 and 1984 it was proven by isolation antdsequentloning that cervical cancer cells
contain the viral DNA of two distinct HPV types, namely HPV 16 a(Bb%8art et al., 1984
Durst et al.,, 1983 Gissmann et al., 1934After these findings theresearch ito HPV
associatedcancer exploded. The genos@f HPV 16 and 18vere describedin 1985
(Schwarz et al., 1985The viral proteinsE6 and E7 were founoh cancer cell lines and
biopsiesin 1987(Durst et al., 198yandwere soonthereafter recognized as majdactors in
the transformationof the host cellde Villiers et al., 198 ™Munger et al., 198P The first
large scale epidemiological studies in 1995 predidonvincing evidence that HP&/and 18

are the main risk factors for the development of cervical cancer
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1.1.4.4 High risk types and cancer burden

Not all HP\Mtypes cause cancer. Dependirggn minor changes iits protein sequences HPV
can cause insignificant skin waresq. HPV1, 2, 4), bothersome genital warts (e.g. HPV6 and
HPV1]) or high-grade squamoutraepithelial neoplasiage.g HPV16 and 1§Handisurya

et al., 2009. The HPV types that are known to cause cancer are calleeribiglypes;the
othersare called lowrisktypes The 15 known highisk typesand the proportion of cervical
cancers caused by theare summed up irFigure1-9 according to data from Smith et al.

(Smith et al., 207).

Proportion of cervical Cumulative total

cancers caused
HPV16 C4-6% 54-6%
HPV18 15-8% 70-4%
HPV33 4-4% 74-8%
HPV45 I7% 78-5%
HPV31 3-5% 82.0%
HPV5E 3-4% B5-4%
HPV52 2:5% 87-9%
HPV35 1-8% 897%
HPV59 11% 90-8%
HPV56 0-8% 92-2%
HPV51 07 % 92-9%
HPV39 07 % 93-6%
HPV73 0-5% 94-1%
HFV6E 0-5% 94-6%
HPVE2 0-2% 04-B%
Mo type identified £-2% 100%

Figurel-9. The 15 known higrisk HPV typesThe first column indicates theneportion of cervical
cancer caused byingle HPV types The left column sums up the proportions of the already
mentionedtypes (Schiffman et al., 200y

More than half of all cervical carcinomas are induced by HP{EE6).Addingthe 15%
caused by HPV18, these two types alome= responsible forover 70% of all cervix
carcinoma. The group of HRL, 33, 45 and 58 together are responsible fom additional
15%. The remaining Tigh risktypes (HPV3539, 51, 52, 569, 68, 73 and 82) account for
10% of the caseslIn 5% of the cervical carcinomas no HPV tyaes identified due to

incomplete diagnostic&Smith et al., 200)

-15-



The high risk types not onlycause cervical cancer bure also responsible forother

malignanciesCancer othe vulva, vagina, penis and anus are mainly caused by(P&in
and Bray, 2006 There is B0 growing evidence that persistent infectibga high risk type is
a major risk factor in developing head and neck carfceemans et al., 20).1lIt is thought

that over 4% of all cancers worldwide can be attributed to HPV.

In 2002 there werepproximately 500 O cases per year of cervical carcinoma worldwide.
These cancers cause around 250 000 deaths per ydéasmeansthat 10%of all cancer
related deaths in womemre caused by cervical carcinoma alofrarkin et al., 2005 In the
developed world, screening prograrhave proven to be highly effectivendled to a strong
decrease in cervical cancer related deatBsie to high costs andhe requirement for
professional medical trainingdequate screening is not available in the undeveloped world.
Therefore undeveloped countriesuffer the greatest part (>80%) of the cervical cancer
burden(Parkin and Bray, 2006The sociahndeconomicburdenin these countries isurther

impactedby the early onsebf HPV associatethalignancies.

1.1.4.5 Development of cervical cancer
Most HPV infections do not progress to candevo mainfactors afect the riskthat a HPV/

infected keratinocytewill proceedfrom normal infectionto cancer.

First and most important is thelPV type As mentioned, only infection by a higisk-type
HPV can cause cancer (se#.4.4High risktypesand cancer burder). This ignainlybecause
of smallbut important changes in the viral E5, E6 and E7 gesfdbe highrisk HPV types
The viral oncogenes E5 and especially E6 anchRhavea strong impact on the infecte
cell and can facilitate the acquisition of additional defects thafitimately lead to the
induction of cance(Schiffman et al., 20070nly the E6 and E7 proteinsf highrisk types
are known to immortalize human keratinocytes in tissue cultuur Hausen, 2002 The
exact mechanismare complex, with possibly different binding partners for eaaigleHPV
type. This complex binding networtik still being investigatedor manydifferent HPV types
but mostattention is being paid téi1PV16s the main cancer causing HPV tyiper this HPV
type, it is known thatthe E7 oncoproteininduces centrosome abnormalitidbat disrupt
mitotic fidelity and increasg the risk for a failing afhromosome egregation andherefore
aneuploidy(Korzeniewski et al., 20110ther effects are similan the whole group ofhigh-

risk HPV types. For ergle, the E7protein of the highrisk typebindsRBwith up to 1Gfold
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higher affinitythan lowrisk E7(Heck et al., 1992and lowrisk EBacksthe ability to srongly
bind ard degrade p530h et al., 2004

The second factor is the development of a persistent HP&tiion. In order to proceed to
precarcer, HPV infection must first achieve persistence. The normal HPV infection is
transiert, with most individuals disposingf the viral infectionwithin 12 to 24 monthgHo et

al., 1998 Stanley, 2006 In around 10% ohighrisk infections with HPV, the virus persists
longer than two yearsThis longtime persistence is mainly achieved by thi®Vtype 16
(Londesborough et al., 199@vallin et al., 199Pand theseinfections are strongly associated
with a highrisk of developing precancgBulkmans et al., 2007 How HPV achieves this

persistence by hiding from or interang with the immune system will be explainedlis.1

Althoughthe main risk factor for the progression from persistence to precancer isyfhe
of infecting HPY not all high risk infections proceed to precancOnly dout 40% of the
individualspersistenty infected withHPV16 will develop precancer within the nexb Jears

after detection(Castle et al., 2005

Apart from therisk attributed toHPV infectionthere existother less importantrisk factors
like smoking(International Collaboration of Epidemiological Studies of Cervical Cancer,
2006), thelongterm use of oral contraceptisgSmith et al., 200Band chronic inflammation
(Trottier and Franco, 20Q6ut their effect however,is only marginalin comparison to the

effects ofthe HPV infection.

In a next step the precancer proceeds to invasive carnceunscreend populations the
main onset of invasive cervical canceccurs between the ages of35 and 55 years
(Gustafsson et al., 1997A timespanof 20 to 40 years from PV infection to invasive cancer
can beconcluded from theorigin of the malignancythe sexual transmission of a high risk
type of HPV at latedolescence or early adulthoodheincidence andexact timespanfor
progressiorfrom precancer to invasion will remain uncertain because treathwd detected
precancer is etitally mandatoryin all recent studies. Rough estimatelsased on older
studiesassume a time frame of A0 years and mincidence rate of around 25%€hang,

1990 Kinlen and Spriggs, 1978
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1.1.4.6 Medical intervention

With the generalintroduction of Papanicolaou @p) smear screening, deaths from cervical
cancer could be reduced B0-70%(Crosbie and Kehener, 2006 Sasieni et al., 2003But

this is only true for the well developed countries, where public screening programs are
affordable and feasible. Theaptest isa method developed by GeorgsPapanicolaoto
retrieve cells from the cervical transformation zone atwdanalyze them for cytological
abnormalities (see Figure 1-10). Screening programsecommend Rp tests at 1-5 years

intervalsfor womenbetweenthe agesof 16 to 65
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Figurel-10. Pap test:schematicof (A) normal cellsor (B) neoplasticcells(enlarged blue cells with
conspicuous nucleusftaken from www.smartdraw.com) (C) Mcroscopic picture ofa Pg test
showing neoplastic cellgaken from www.methodsofhealing.com)

If an abnormal Pap tesesultis present colposcopy and HPV testing can be done to triage
the equivocal Pap smear. Colposcopy and colposcopically directed biopsies can provide
information alout the size and histological composition of existing lesidhs. lesions are

classifiednto three different grades of cervical intraepithelial neoplasia (CIN):
CIN1 mild dysplasia, confined to the basal third of the epithelium

CIN2: moderate dysplasiegnfined to the basal two third of the epithelium
CIN3: severe dysplasia, confined to more than two third of the epithelium

The screening programshe colposcopically directed biopsies and tl#Nsystem areall
controversial(Peto et al., 2004The sole presence of CINHdicates a productive infection by
any HPV typehighriskas well as a low rigfviddleton et al., 2008 These abnormalities are
relatively easy to detectand over 250 000 women are diagnoseath CIN1lin America per
year (Kumar and Robbins, 20p7However most CIN1 spontaneousigegresswithin two
yearsand will never progress to canc@Bosch et al., 2008 Nonethelessthe diagnosis puts

the affected women under permanent pressurand has aserious impact on their lives
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(Idestrom et al., 2008 Additionally, CIN2 can spontaneously develop without a CIN1 phase
(Agorasbs et al., 200band CIN2 and CIN3 are more often mis#ah CINIbecause of the

often thinner neoplasia of these lesio(éang et al., 2008

Toshowthat the CIN stagedo not usually advance the nexthigher stagea newer system
was developedThe Bethesda Syste(®mith, 2002 divides all abnormalities to only two
categories which arecalled low grade and high grade squamous intraepithelial legio8IL
and HSIL)n this systemhe term LSIL replaces CiNdthd HSIL sums up the groups of CIN2
and CIN3For diagnasc purposeshis systemalso includes the infecting HPV typad the
preparation methodof the diagnosed sampleGermany uses yet another classification
a2aidsSYY GKS @GaNyOK Sty §HNdm usey dhe Sdgest| dzNadidate ¢ ©
increasing severity and the adidinal O to indicate noradequately processednd diagnosed

smears.

1.2 The immune system
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1.3 Tcells

1.3.1 The T-cell compartment

T cells are an integral part of the immune system. Together with the B cells they form the
adaptive immune sstem. The difference between the adaptive immune systanad the
innate immune systenties in the abilityto adapt, i.e.to mount ahighly specific immune
responsedirectedat anexplicit need This strong response is tightly contied and therefore

a spedic Tor B cellmust first be primed by interactions with the innate immune system

before it can fulfill its effector function.
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T cels can executdghree main effector functions andare, accordinglysubdivided ito three

different subpopulations.

1 Cytotoxc T lymphocyte(CTLs) These cells can directllyse and killpotentially
dangepus cellge.qg. virusinfected cellsandtumor cells).CTLgan engage target cells
with cytolytic granula oactivateapoptotic receptorexpressedy the target cell.

1 Helpercells: T4 cells help andinteract with other parts of the immune system to
mount an appropriateimmune response. They do this by direct eedll interaction
as well as by releasing cytoksésoluble messenger molecules).

1 RegulatoryT cells:In order notto pose a threat to the organism itself the immune
response needs to be tightly controlled. Thisntrol isin part exercised bythe
regulatory T cellsThe immune system is regulated by meansaiuble factors and

direct celicell interaction

1.3.2 The T-cell receptor

All Tcells carryseveral thousand copies ofsinglereceptor that enables them to recognize
their target structure. This receptor is called thedll receptor (TCR). The TCR recognizes a
complex of a major histocompatibility complex (MHC) @sole and a small protein

fragment(Townsend et al., 198&inkernagel and Doherty, 19)4

The TCReterodimer consists of twtransmembraneproteins(Figurel-11). Theh chain has

a mass of 50 kDa and thechain weighs about 39 kO&arboczi et al., 1996Thereis alsoa

! 4TCR consisting of'a FaiR OKIF Ay ® ¢ OS freceptor @rie MaEnathyeA (0 K A 2
subgroup This introduction will beconfinedtothe Y Ay 3aNRdzL) 2F h G ¢ OSft €

¢ KS hthe B gh&in both consist of a shocytoplasmic domain, a transmembrane helix

and two immunoglobulin (1g) like domaifgloretta et al., 199%. Both chains are connected

via a disulfide bridge.The distal Idike domain, also called variable domain-ddmain)
includes three (ithe O &S 2 F (0oK4&(inthe c@sk bf e/ chain) hypervariable
loops, the so called complementary determining regions (CDR). These almost unique CDRs
determineabout the specificity of the TCR. Since both chains join together and all CDRs are
part of the receptor binding $e, all CDRscting together governthe specificity of the
individual T cel{Garcia et al., 1999
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Figurel-11.T-cell receptor (TCR)omplexadapted from(Janeway, 200l The compx is made up
of the TCR, two CD3 molecules and a homodimer-ohains. CD3 and thechain contain ITAMs
(yellow segment) that enable signal transduction into the cell.

While a T cell matures, several mechanisms ensure the almost limitless varialitig¢y T R.

The TCR recognition sits encoded as a sequence of different elements that are recombined
in a process called somatic recombinatiftayday et al., 1995In i K S h seQuiricet y
there are 70-80 V (variable) and 61 J (joining) segments. The genetic variability of the 3 chain
is encoded irthe 52 V, 13 J and 2 D (diversity) genes. In the recombination process one V
and one J segment are combined with the const@omain to form @& "-chain To form a 3
chainone V, one D and one J segment are joined with the constant do(Rawen et al.,
1996). The recombination is mediated by RAG1/RAG2 andjdimigng process produces
additional diversity by randomly adding several nucleotideshi® emerging TCR sequence
(Shinkai et al., 1992This junctional diversity increases the total theoretical TCR diversity to
an estimated 1& unique TCRsThs predicted diversity is so enormous that it cannot be

totally utilized by one living organis(8epulveda et al., 200

¢ KS h elBycRain e only very short cytoplasmic tails that are not able to pass
information to the cytoplasm.To enable signal transduction into the celhet TCR is
associated with the CD3 complékigure 1-11). The CD3 complex cortsisof six trans
membrane proteins each containng one or more immunereceptor tyrosiAeased

activation motives (ITAMs) that are important for intracellular signaling. In particuldine
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TCR complex consists of the TER/(S M I Y R a@spctatedwvi QKB EFO+ = (g2 =

chains.

1.3.3 The TCR caeceptor
Mature T cells carry one of twpossiblecoreceptos, CD4 or CD8. The engagement of this
coreceptor enables effective TCR signalifige coreceptor binds to conserved regions of the

HLA molecule and increes the affinity of the TCR/HLA complex upon binding

CD4 is the coreceptor of the helper atite majority ofregulatory T cells. It is a monomer
consisting offour Ig-like domains(D1-D4) and a short cytoplasmtail interacting with the
signaling kinas&k (Campbell et al., 1995The D1 domaibindsthe [3-domain of the MHC

class Il molecul@Cammarota et al., 1992

CDS8 is the coreceptor of th@TLsIn its most frequenformitisah & OKF Ay KS G SNE
GKS hh K2Y2RAYSNJ 0 %dhycHainHasSana Igliked dinyfatl ayidi & 9
transmembrane domain tying the proteins to the cell membrgheahy, 19980 ¢ KS h  OKI| .
extends a short tail into the cytoplasm that interaetith Ick (Campbell et al., 19950n the
extracellular giS G KS h ORI &goBa@moftiedaVHC class | moleci@ao et al.,
1997).

1.3.4 The MHC molecules

The major histocompatibility complex (MHC) originally referred to a gene cluster encoding
genes directly responsible féhe rejection of transplanted orgar(Stimpfling, 197). Closer
investigation revealed thathis gene clusteorchestrates many genes important for the
immune system, among othefl@\F analassical and nenlassical MHC molecul@glaenaka

and Jones, 1999In humansthe corresponding region is located on chromosome 6 @nd

called the Human Leukocyte Antigen (HLA)

MHC or HLAlso refer tomolecules that present shoprotein fragments of variousrigins,
so called epitopesgo the TCR. Therare two main types of classical MHC molecules that
differ in size and origin of the presented peptide as well as tkellT population they

address.
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1 MHC class |: THAHC classroleculeis formedby a 45 kDa heavy chain and a small
12 kDal%, microglobulin.This complex, whicls anchored in the cell membrane via a
transmembrane domainis present on the surfaceof all nucleated cellsin the
closedpeptide binding cleft, whiclis formed by the heavy chaia short peptideof
cytosolic origin with a length of-80 amino acidss presentedGromme and Neefjes,
2002 Rammensee, 1995MHC class I/peptide complexes are recognized by"CD8
CTLsThe three classical HLA class | molecules areABAAB and HLAC

1 MHC class IIl: These molecules are found in high amounts only on speaializeof
the immune system. Thesso calleddantigen presenting cekls(APCs)such as
dendritic cells (DCs), macrophages and B,a=ls process extracellular proteins and
presentthe resultingfragments in the open peptide binding cleft formed by the
and 3 chain together. Because of the oderm of the bindingcleft, the presented
peptides are not as firmly restricted in size as peptides presented by MC class |
HLA tass Il epitopesextend between 9 and 25 amino aci@Rammensee, 1995
Villadangos, 2001 MHC class ll/peptide complexes are recognized by C4lls.
The three classical Hlchass Imoleculesare called HLAR, HLAOP and HLADQ.

MHC molecules can present a great variety of peptides. It is estimated that a somatic cell
carrying between 10and 16 MHC moleculepresentsaround 10 different peptides.

This variability of premntation is based othree majorfactors.

1 The peptide binding properties of the MHC molecules are degenerated. The MHC
molecule of a certain alleleot only binds a predetermined set of peptides bailso
demonstrates ayeneralaffinity towardsa specifigpeptide motive

1 Polygentity: For the classical HLA molecules, there exist several genes encoding
different molecules with different peptide preferenceg.g. for the HLA class |
molecules thereare the three different gene HLAA, HLAB and HLAC.For clas
the variability is further increased by KS FIF O G K I § vafaktFcanS NB y (
combine with different 3 chains

1 Polymorphism: Within the human species theme several hundred different variant
alleles of the HLA genes, making it highly etyikhat two individualssharethe same
HLA genesThis variability is even greater since both chromosomes are used for gene

transcription.
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1.3.5 Peptide processing
The peptides presented by thdHCclass | andMHCclass Il molecules originate from two

different sources:

MHCclass lligands The central role of this pathway is to turn the cell inside (kigure
1-12). To make the cell interior transparent for the immune system, every cellular protein is
sampled and short fragments are@gsented on the outside of the cet the CD8 T cells of

the adaptive immune systen(Jensen, 2007 Most intracellular proteins end up inhe
proteasome where they are digeste(Schubert et al., 20Q0rewdell and Bennink, 20Dfo
peptides 2 to25 amino acidsn size(Kisselev et al., 199Nussbaum et al., 1998The
peptides are trimmed by ckllar aminopeptidasegKloetzel, 200fand are transported into

the endoplasmatic reticulum (ER) the transporter associated with antigen processing
(TAP)XNeefjes et al., 1993TAP is a heterodimer of TAP1 and TAP2. It binds peptides from
the cytosol with a length of 8 to 13 amino aciomburg et al., 199% Using ATP it
translocates thepeptide into the ER lumen. In a final process involving the chapeson
calnexin, apasin andalreticulin the MHC class | molecula® assembled and loaded with
the incoming TAferived peptide(Ortmann et al.,, 1997Wearsch and Cresswell, 2007
Final trimming of the bound peptide occurs by ERASBRric et al.,, 2002before the

completed MHC/peptide complex is transported to themmorane.

Immunological activation, e.doy interferons (IFNs) oby reason oftumor necrosis factor
(TNF) causeghe cellto change the catalytic active subunits ara$ a resultthe specificity
of the proteasometo the immunoproteasome(Aki et al., 1994 This enables the cell to
respond to immunological danger signals by enhancing epitope production MiHG@
loading This leads to aetter represenation of pathogens that have invaded the ce(Van

den Eynde and Morel, 20D1

While most cells display thigprocessingmethod, a small subset of immunologibal
important cells, the APCare endowed withthe addtional ability to process proteinkom
the extracellular environmenand present them oMHCclass | molecule@Rock and Shen,
20095. This ability called écrosspresentatior, is normally restricted tothe MHC classl|
processing pathwayOnce deemed to be an exception of minor importance, it is now

believed to be essential for the induction of an immune response against tumor antigens
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and pathogens not infecting AP(Q8atera and Garetto, 20Q%®lautz et al., 2000WVinau et
al., 2006.
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Figurel1-12.The MHC class &ntigen presentation pathwayNeefjes et al., 201l Cellular proteins
are degraded by the proteasue. The resulting peptides are transported into the ER and are
loaded onto MHC class | molecules. Tloaded MHC compleis transported to the cell membrane
andscanned by passing CDB cells.

MHC class llligands In contrastto the class | presentatiopathway, the peptides that
finalize the class Il processing display the extracellular environtoepassing CO4T cels
(Jensen, 2007 Theh and the Rchainof the MHC class || molecudee synthesized into the
ER. Together with the invariant chain (li or7@pthey form a fist MHC class Il molecule
trimer. li fulfills several functiondirst, it prevents the binding of ER peptidesecond, ti
stabilizes the forming complex anthird, it addresses the complex to endolysosomal

compartments which are also called MHC classdinpartments(Bryant and Plegh, 2004

-25-



Neefjes et al., 201 Upon acidification of the lysosom#he invariant chain is degraded by
lysosomal enzymedNhen the lysosome feswith a phagosomethe remaining fragments
of li ar replacedwith the help of the HLAM moleculeby peptides present in the
phagdyscsome(Trombetta et al., 2008 In this way the origin of the phagosomdedts the
composition of presented peptide3.he loaded MHC class Il molecules are transpoirted
tubular structures that are fusetb the cell membraneat the ste of Fcell interaction(Boes
et al., 2003 Vyas et al., 20071t is believed that aly APCs are able to phagocytosed
process proteinshat originate from different sourced-{gurel-13. The MHC class Il antigen
presentation pathway(Neefjes et al., 2001).The extracellular environmenis actively
sampled bymacropinocytosis and engulfed pathogens are readily procef&ekierman et
al., 2003. Autophagy target pathogens that live withineither the phagosomes or the
cytosole It alsoplays an important roleby delivering selfproteins from cells undergoing
stressinduced autophagyto the processing machineriDengjel et al., 20Q5Levine and

Deretic, 2007Schmid and Minz, 200.7
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Figurel-13. The MHC class Il antigen presentation pathw@yeefjes et al., 2011 In the ERMHC
class Il tnmers are assembledogether with li. This complex is transported directly or via the
plasma membrandgo the MHC class Il compartmerfMIIC). li is degraded and the remaining CLIP
fragment is exchanged with the help of HHAM. The loaded MHC class Il molecule is transported
to the cell membrane and is scanned by passing CDdells.

1.3.6 T-cell develop ment

T cells, as part of the hematopdtie system are formed in the bone marrow by the division

of hematopoietic stem cells. The name T cell derives from the next step in their matyration
whichtakes place in the thymuson Boehmer, 1988When theymigrate into the cortex of

the thymus the immature T cells do not carry acoreceptor, neither CD4 nor CDBhese
thymocytes are therefore called ddouble negative (Scollay and Shortman, 1985hortman

and Wu, 199k At the contact region between the medulla and the cortextlod thymus,
thymocytes start to express the Rag genes 1 and 2 and gene rearrangement in the TCR genes
begins. At thistage the cells can be distinguished by &heression of the stmce markers

CD25 and CD4&unigaPflucker and Lenardo, 1996 hei -TCR locus is rearrangéidst by

combination of a ¥ aD- and a J segmer(Willerford et al., 199% The emergin® chain is
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tested together with a preflCRr~ OKI Ay T2 NJ Fdzy OG A 2 yhatfdo rOtE LINB & &
expressa useful preTCRcan be rescued by successfusubsequentearrangement of the 3

locusbut will eventually die after repeated futile recombination.

After severd cell divisionghe successful cells continueA § K G KS NBF NNJ y3aISYS
chain. This stage is characterized by the simultaneous exprestiooth coreceptors CD4

and CD&ndfor that reasonthe cells are calleddouble positivé thymocytes(MacDonald et

al., 200).¢ K Schdin rearrangement resembles theldtus rearrangementthe difference

being the combination obnly one V with one Dsegment to heighten the chance of a
successful outcome. Recombination is continuedtil the cell runs out of combinable
segments (followed by death) oruntil a productive TCR can be expressed and positive
selection can take place in the cortex of the thynfAsnsen and Kruisbeek, 199@nly a
thymocytewith a TCR that can recognize the surrounding MHC class | or class Il molecules

will receive a survival signalhis signalalso invokes theceasing ofthe 02 NB OS LJi 2 NI
expression not engaged in MHC recognition. These single positive thymocytes migrate to the
thymic medulla where they interact with APCs and thymic epithelial cells (TECs) to undergo
negative selectiorflLe Borgne et al., 200%litta et al., 2009 Usingthe transcription factor
AIRE(autoimmune regulator)allows TECsthe ectopic expresgon of almost all possible

proteins (Liston et al., 2008 thereby ensuring the presentation of all possible ggitopes

in the thymic medulla. A single positive thymocyéeeivinga strong signal tloughits TCR

will commit apoptosiswhich preventsghe emergenceof autoreactive T cellsThe whole

process of thymic maturation takes about three weéBarh and Sprent, 1994

After thymic maturation the naive T cells leave the thymus to circulate through the blood
and the lymph system. They enter the lymatic systemthrough the high endothelial
venules of the lymph eodes circulate throughthe lymphatic vesselsand reenter the
bloodstream in the subclavical vein8s this circle continues, the naive T cells patrol
between the blood and the lymp(Picker, 199% In the lymph node thegcanthe present
APCs for their specific MHC/peptide comhioa (Banchereau and Steinman, 199éntil

they eventually find their specific antigeNaie T cells can surviver several years in the
periphery getting survival signals by low affinity interactions with geptide/MHC
complexes similar to thoseoccurringduring positive selectionChen, 2003Kirberg et al.,

1997). Because all T cells compete for these bindibgssihe systemprevents a single T cell
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clone from proliferating without limits ard ensures a high variability of circulatinecdll
specificities Dying cells are replacday cell division®ccasionallyor by newcells from the

thymus keepinghe totalamountof T cells within tightimits (Hayden et al., 1996

1.3.7 T-cell activation

To become fully activated naive T cetlequiresan additional signal to the TCR triggering by
its specific MHC/peptide complexhd sole TCR triggeringgnals the recognition of self
antigen andpushes the cell into anerdgiMirshahidi et al., 200y a state invhichactivation is
almost impossibléAndrews et al., 1997 The first activation o& naive T cell, the so called
oprimingg, occurs only after receipt ahe second signal, the costimulusimultaneouslyto

the TCR triggerinBrinkmann et al., 1996

When a T cell recogges its specific MHC/peptide complex, the forming TCR/MHC/peptide
trimer becomesstable for a prolongegheriod and an immunological synapsefesmed (Lee

et al., 202). High amounts of TCRf the major cosimulatory molecule CD28 anaf the
adhesion molecule LFA (lymphocyte functiorassociated antigen 1) are concentrated

this immunological synapsé&he ligands of these molecules are expressed by activat€d AP
CD28 is ligated by CD80 and CD86, whilelllltAds ICAM1. There are more such pairs all
supporting the activation of the T cell, either by mediation of a costimulus or by stabilization
of the immunological synapse. Costimuli are mediatednibsraction of 4-1BB (on the T cell)
and 41BBL (on the AB@nd by ICOS (T cell) al€O& (APC)while adhesion is increased by
LFA3 (T cell) DGIGN (APC) interactigBatista and Saito, 2018romley et al., 2001Dustin

and Shaw, 1999Goldstein et al., @00). Upon formation of the immunological synapse and
the associated delivery of stimulus and costimulus, several changes occur in the activating T
cell. The T cell produces Interleukin 2l.)an important Icell growth factor and starts the
expressiorof theh chain of the 112 receptor(CD25) Thisexpression enables the association

of the high affinity I£2 receptor, thus increasing the activating effect of the autocrinr2 IL
production (Appleman et al., 2000 Furthemore, the activating T cell expresses CD154 that
ligates CD40 on the APC and inducesenhigher expression of CD80/@@ ourret et al.,
2010. These changes enable the activating Tsdellproliferate for several daydn their
entirety, the strength of the TCR signal atite costimulus, together withthe cytokine
SYPBANRBYYSY (s RSt de@rBiNdsthe linedga Gyirhitnenb(ses. 319KTcdll

populationsand Fcell responsgof the primed T cell.
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After four to severdays the T cedl changdrom naive to effectorstatus The cells express
CTLAA (cytotoxic T lymphocyte activation antigen 4), the counterpart of CD28.-Zblrals
the ligands of CD28 with even higheffinity. CTLA} transmits not anactivation but a
deactivation signa(Fife and Bluestone, 200&udd et al., 2009 thereby selflimiting the

overall activation of the T cells.

Activated effector T cells can be identified via changes in the expression of several surface
molecules.Some of these moleculefor example CD25l{e earlier described chain of the
high affinity L2 receptor),prepare the cells for increased activatio@ther molecules for
exampleCD154 (also called CD40L) that can activate macrophages and Bredble, the
cell to express effector functions. Another set of markeoleculesis responsible fora

changedraffickingbehaviorof the effector ceb.

1.3.8 T-cell trafficking and phenotyp e

Depending orits degree of maturity, the T cell needs to target different tissues in order to
meet an adequate partner cell. A freshly gem¢ed progenitor cell needs to target the
thymus for receptor rearrangementwhile arecently primed T cellmust leave the lymph
node andtravel to the ste of infection.Its contact with the APC decides about the further
destiny of the T cellLanzavecchia and Sallusto, 2R0Do perform these different tasks,
cells express tfierent chemokine receptors at different stages of their maturatiiarelli-
Berg et al., 2008 Theexpression of these chemokine receptoespecially of the chemokine
receptor CCRih combination with CD4% usedo subdivide T cells into distinct phenotypes
that differ in their function and traffickingehavior(Sallusto et al., 1999CD45 is a protein
tyrosine phosphatase present on all hematopoietic cells. In T cells it is known to be a
regulatorof the TCRriggering In dephosphorylatingt activates Ick, an integral part of TCR
signaling(McNeill et al., 200¥ The regulationis not yet fully understood but seems to
deperd on the expressiorlevel of the different splice variantof CD45(Holmes, 2005B
CD45RO0 is the shortesplice variant as it lacksthe RA, RB an®C exons. This variant
facilitatesthe TCR activatiobetter thanthe longer CD45RA variafidornan et al., 2002

Naive T cellsThesecells have left the thynus as fully matured T celthat have not yet
encountered their specific antigefseel.3.6. They patrol the lymph and the blood system.
The induction of their adhesion moleculesélectin (CD62L)is the result of CCR7

engagenent. The ligands of CCR7 are expressed by the cells diigheendothelial venules.
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The CCR7 engagemasnables the naive T cells to enter the lymph nodes through the high
endothelial venules and to scan the present AR their specific antiger{Miyasaka and
Tanaka, 2004von Andrian and Mempel, 20D3Naive T cellsare characterized by low

numbers of activation markersuchas CD25 and by the expression of CD45RA

Antigen experienced T cellthese cells have already encountered their sfiecantigen
presented by an AP@ey have been primed. Thradistinct subsets can be distinguished by
their phenotype

1. Effector T cells £Fp): These relatively shotived T cellscarry out most effector
functions directly after an infectionThey produce high amounts of activation
markerssuchas CD25 and effector molecu)dike TNF (tumor necrosis factdr) or
perforin. They express the RA splice variant of the protein tyrosine phosphatase
CD45. But a3grrcells have already been primed by an activated AR€Y, lack the
expression of CCR7 and do not home to secondary lymphoid orQarthe contrary
they must find their antigen ininfected tissue. Therefore they express the
chemokine receptor€CR4, CCR6 and C@Rénter the skin or thesmall intestines
(Marelli-Berg et al., 2008

Memory type T cellare longlived cells thatare characterized byhe expression of the splice
variant CD45R0O. The activatigguirements of memory cells are not as tightly restricted as
the activation of naive Tcells but for most effective activation they also require

costimulation(Dutton et al., 1998

2. Effector memory T cellsg): Temrepresentlonglived versions of g They express
the short RO version of the CD45 phosphatase. AsdD, they lack the ability to
enter lymph nodeshut patrol different tissues in search of their specific antigen.
Hence they do not carry CCR7 bmisteadCCR4, CCR6 and CQW®&relli-Berg et al.,
2008.Tgm do proliferate very slowly to compensater cell los. This homeostatic
proliferation seems to be dependent arontinuous TCIR/MHC contact and HL5
signaling(Wherry et al., 2008 Upon reactivation they carasilyregain full effector

functions as displayed byA:
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3. Central memory T de (Ttnv): These longived cellsalso express CD45R{t retain
CCR7 and CDb2expression and are therefore located mainly in the secondary
lymphoid organgSallusto et al., 2004Their homeostatic proliferation is relying only
on I:7 and 15, nbon TCR/MHC interaction(Boyman et al., 20Q7Swain et al.,

1999. Their main functionsthe stimulation of proliferation of other T and B cells.

1.3.9 T-cell populations and T-cell response
Depending on thé coreceptor T cells can leivided into two major groupthat are fulfilling

quite different functions

Members of one group expre€3D8 angaccording to their main functiorare called Fkiller
cellsor cytotoxicT lymphocytes (CTL) They can identify vias infected cells and cells that
harbor intracellular bacteria. CTLs can also differentiate between malignant and non
malignant cells They can then kill these dangerouscells byany of several mechanisms
including perforin/granzyme or Bhigand mediated apoptos{gienkart, 1994 Russell and
Ley, 2002 Furthermore activatedCTL$produceand releasesoluble mediatorssuch adFN

4 2 NaiponbrCR complex activati¢iuwano et al., 1993

The other major group, th€D4 T cellsis divided into several-Helper (T) cell subsets and
regulatory T cellsThese cells regulatesupportor suppressother cells Depending on thi
actionsthe CDA4T cells aredivided into Ty1,Tu2,Tul7 and Feg The lineage commitment
between T1, T42 and TF17 takes placeduring the first priming processlmportant
determinants2 ¥ (i K A & aré thehamtigdn Hosahe type and strength of costimulation
and the cytokinamilieu in the priming environmen{Constant €al., 1995 Dong and Flavell,
200Q Fietta and Delsante, 200®feiffer et al., 199p Trgq develop in the thymus omn the
periphery by recognition of seffeptides, but the exact mechanisms leading tgjlineage
commitmert are controversial(Barneset al., 2009 Liston et al., 2007Sakaguchi et al.,
2010.

In the pastit was thought that this cell lineage commitmewasirreversible.Now there is
growing evidence thatormer commitment is reversible and that for examplecantral

memory Tcell can change fromyI to T42 andvice versgSallusto et al., 2004

Tyl These cells communicate with the cellular arm of the immune systémy prepare the

immune system to face intracellular pathogessch asntracelular bacteria or viruseS.hey
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activate macrophage¢Stout and Bottomly, 198%nd CTLgAndreasen et al., 2000The
leading cytokines that mediate thecEllsupportare Interfeon (IFN), 1l-2 and L3 (Fietta
and Delsante, 2009

Ty2: Under the influencef T2 cells the humoral immuneresponse is enhanced tmnfront
suchchallengesasextracellular bacteria, viruses and helminttisetta and Delsante, 2009
The combined actions odytokines such aslL-4, IL5, 16 and IE13, activate B cells to
become plasma cells and produce antib@@yoft and Swain, 199Parker, 1993

T417: The presence of T@Fand 16 induces theformation of T417 cels. These cells can

produce IE17, whichplays an important role in theecruitment of neutrophilsin the
AYYdzyS deaidSyQa FAAKG F AL Ayal (vaHd weer@bkiet dzf | NJ
al., 2009 Wan, 2010.

Treg The CDZ4T-cell population also includes a subset of cells that do raiivate but
downregulate the immune system. These cells are characterized by a high expression of
C®5 and the transcription marker FoxRBontenot and Rudensky, 2003Natural ke
develop inthe thymus(itoh et al., 1999 and reacha population size of around 10% of al
CD4 T cellfSakaguchi et al., 1995lzes can down modulate CD4 and CD8€ll responses
Multiple mechanisms wereaevealed but it is uncertain to what extenteach alone
contributes to themaintenance of selfoleranceor to homeostasigSakguchi et al., 2000
The mechanismdo includesolublesuppressiorfactors, such afi-10 and TG~3 (Takahashi
et al,, 1998 Thornton and Shevach, 199&ut are also mediated by direct celicell
interaction Directinhibition is mediated by high level of CTLAVIng et al., 200Band a
strong competition for available 4. (Antony et al., 2006Setoguchi et a] 2005.
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1.4 HPV and the immune system

141

Immune evasion of HPV

PV hae coevolved with primates and their immune system for a long t{@ernard, 2005

Chan et al., 1997In this long procesklPV has developed many strategiesvoiddetection

andto hinder or prevensuccessful handling by the immusgstem None of HP® proteins

is involved in direcinteraction with the immune system. HPV achieves immune evasion by

other indirectmeans:
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b2 &Rl Yy 3 STNbedommdagtivdtedl, APCs need @ro-inflammatory danger
signal. In viral infection,the stronge$ signal is normally provided by the
immunogenic death ofirusinfected cellscaused byysis(Galluzzi et al., 2030Since
HPV has no lytic phageis strong signal is absergnd no strong APC activatian T-
cell migration takes placgupper and Fuhlbrigge, 2004

Hiding The viral life cyclehas no blood-borne phase. HPV does not produce any
secretory proteins but only expresses low amounts of proteins that are mainly
located in the nucleugGreenfield et al., 1991 The most immunogenic L1 and L2
proteins(Rudolf et al., 1990are only expressed in the terminally differentidteuter
layer of theepithelium, whichis not accessible the immune systemThere are only
very few occasions when the immune system can recognize the virus and direct a
proper response against it.

Interference with antigen presentatiofihe viraloncogeneE7 of HPV tyl6 and 18
not only fulfilk its mitogenic activity but also repressthe promoter for the MHC
class | heavy chaifGeorgopoulos et al., 2000E7 of HPYB additionally represses
another bidirectional promoter for the expression of TAR&nodia et al., 2007By
this means HPYecreases the surface expressiohMHC classdnd, therefore, the
presentation ofHPVpeptides

Molecular mimicryThe HPY6 E7 potein has widespread similarity to several human
proteins (Natale et al., 2000 T cells reagnizing epitopeswhich areshared by the
human seHprotein andviral E7 are already deleted by negative selection in the
thymus. keg cells recognizing these shared epitopss shift the microenvironment

A

into induction of tolerancgDoan et al., 2008 ¢ 2 3SHTKSNJ gA K (GKS



araylté KA D aeriphaay tolefidginif Eharlcteristig®oan et al.,
1999 Tindle et al., 2001

1.4.2 The immune response to HPV

1.4.2.1 Complications in the revelation of the immune response to HPV

Several factors have complicatélie revelation of the exact immune response to HPV. The
high genetic variability of the different HPV types makes general statements almost
impossible Differences in the viral proteins also influence the immune respomberefore,
insights intothe immune responseéo one specific type of HPV are not readily transferable to

other HPV types.

Furthermore, thereare only limitedin vitro data of HPV infectionMost HPVinfections do
not causesevere symptoms andre cleared by the immune system withoaver being
diagnosed Additionally, no mouse or rat animal mdd#oes exist because HPV is exclusively

adapted to humans andoes not infectany other speciefKanodia et al., 2008

1.4.2.2 Humoral immune responseto HPV

The L1 protein is the most immunogenic viral proteinHPV but antibody levels after
natural infectionsare neither particularly highor especiallyjong lastingCarter et al., 2000

Compared to other viral challengethe approximate 6 months to seroconversia very

long. Between 3660% of infectedndividualsdo not seroconvert tall (Carter et al., 2000

After virus clearance the antibody levels drop, wihout 50% of theseroconverters still
having detectable amounts of antibodiafter five yearqWang et al., 2004bIn those, who
mount an antibody response thers no strong correlation between antibody level and
presenceof HPV DNAAndersson et al., 2008

The antibody response againgtet L2 protein idess distinctiveThe relevant epitopes are
only accessibldollowing a change of conformatiomfter the virus has bound to the cell

surface(Day et al., 2008

Antibodies against the viral E proteins can be detedtedealthy individualsbut are most
consistentin people with cervical canceWhether these antibody levels can be used as
biomarkers for a developing or established cervix carcinonbeiisg considered(Rosales et
al., 200).
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1.4.2.3 Cellular immune response
Sincethe continuous expression of the viral oncogenes E6 and E7 is essential for the
developing cancer cell, these proteigse expectedto be key targets for t immune

sysem. Thereforethe available datare concentrated on these two proteins.

Persistent defects in the cellular immune system due to HIV infe¢hbanl et al., 2008
Palefsky, 2007 therapeutic immunosuppressio(Paternoster et al., 20Q8Ulrich et al.,
2008 or inherited partial cellular deficiencigBernierBuzzanga and Su, 199Gawrence et

al., 2005 cause a higher frequency of HPV persistence and a higdleofiHPV associated
diseasegBranca et al., 2003 The application of imiquimod, a Toll like receptor 7 ligand
which functions as an immune danger signal, causes clearance of genital wéuad ithe
reported casegBrodell et al., 200) This shows thaalthoughthe naturally occurring-cell
responses important it cannotprevent the establishmentf a tumorin all case¢Trimble et

al., 2010.The presence of ESpecific CD4 T cells correlates with the absence of the virus
from the cervix(Seesini et al., 201D For CD4 Tcells specific to E6 and E7 a correlation to
prolonged disease free survival in patiemigh deeply infiltrating tumorshasalreadybeen
proven(Heusinkveld et al., 201Kim et al., 2011These E6 and E7 specific CD4 T cells have a
large polyclonal receptor repertoire recognizing multiple epitgpamphasizing the inaktii

of HPV to avoid detection by the immune systeompletely(de Vos van Steenwijk et al.,
2010.

The occurrence of CD8 T cells specific for thepibtein seems to be favourable to the
patient (Nakagawa et al., 20)J0The T cells can recognize and Kkill cervix carcinoma cells

despite partially impaire@ffector functions(Thomas et al., 2008

All this suggests an important role of thec@&ll compartment in preventing HPV from
establishing a persistent infection that may ultimately lead to intraepithelial neoplasia and

cancer.

1.4.2.4 Class Il restricted T-cell response to L1

Several studies addressed the-dpkcific Fcell response to HPV6, 11, 16 and(d8 Gruijl et
al., 1999 Gelder et al., 2003Hong et al., 1997Shepherd et al., 1996trang et al., 1990
Williams et al., 2002 The identified class Il restricted epitopae summarized ifablel-1.
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Most data rely on proliferative -€ell responses of small groups of a disease population.

dSO2yR (eLISd axsz UKl regpdaSed sefe@ey bydie HB\KtHE KiGhNJ ¢

LINE O Bnall&rdséet al., 200P

Tablel-1. Published class Il restricted epitopes from L1 HPV6, 11, 16 and 18.

HPV type

6| 311330 KAQGHNNGICWGNQLFVTVV Hong et al., 199’
PG 411430 DTYRYVQSQAITCQKPTPEK Hong et al., 199
40| 3044 TNIFYHASSSRLLAV Williams et al., 200:
P 6882 RVFKVVLPDPNKFAL Williams et al., 200:
d 186200 ELITSVIQDGDMVDT Williams et al., 200:
P 204218 AMNFADLQTNKSDVP Williams et al., 200:
I4d| 237257 DPYGDRLFFYLRKEQMFARHF Williams et al., 200:
P 286300 SIYVHTPSGSLVSSE Williams et al., 200:
Al 303317 FNKPYWLQKAQGHNN Williams et al., 200:
P 356370 YKEYMRHVEEFDLQF Williams et al., 200:
40| 380394 SAEVMAYIHTMNPSV Williams et al., 200:
I 412426 DTYRYVQSQAITCQK Williams et al., 200:
46 4063 PPVPVSKVVSTDEYVARTNIYYH/ Strang et al., 199
A6 91106 VSGLQYRVFRIHLPDP Strang et al., 199
46 219244 TVIQDGDMVDTGFGAMDFTTLQ/ Strang et al., 199
6 279294 EQMFVRHLFNRAGAVG Strang et al., 1991
16| 311335 NLASSNYFPTPSGSMVTSDAQIFI Shepherd et al., 496
IE6Y 311335 NLASSNYFPTPSGSMVTSDAQIF! de Gruijl et al., 199



HPV vaccinesThe antibody levels reachedfter vaccinationwere severafold higher than
the antibody levelsoccurring during naturainfection and were sustained for over 4 years
(Harper et al., 2004Harper et al., 2006Mao et al., 2006 Villa et al., 2006Villa et al.,
2005.These encouraging results led several ase Il trigs testing the efficacy of the

vaccines.

The results obne phase llitrial, that enlistedover 18 000 women, showed a prophylactic
efficacy ofthe adjuvanted bivalent HPV16/18 vaccine in preventimection by HPV16 and
HPV18which lead to feweICIN 2Hesions(Kreimer et al., 201;1Paavonen et al., 200.4he
quadrivalent HPV6/11/1618 vaccine additionafl preventedinfection with the two types
HPV6 and HPV11 that cause genital wgEsmstein et al., 201IMunoz et al., 200P Both
vaccines werdicensed Gardasil (quadrivalent HPV6/11/16/18 vaccime)2006and Cervarix

(bivalent HPV16/18 vaccini) 2007.

The reported periods of protectionreach 5 years for Gardasil and over eight years for
CervarixBut thesereported times may not be the upper limitsince theinitial clinical trials

are still ongoing(Harper and Williams, 201®omanowski, 2033Schwarz et al., 20)1

Both vaccines are only efficient in preventing the initial primary infection. Thergio@der
to prevent HPWaused malignaties,they have to be administered before the first contact

with the oncogenic HPV types.

1.4.3.2 Therapeutic vaccines
Even withthe high coverage rate of the preventive HPV vaccines, it will take several decades
until they take full effect.Therefore therapy for currently HPVinfected patients, who are

developingmalignanciesis still an important issue.

The development and the maintenance of HiR¥cted cancercells needthe nstant

expression of E6 and H®Bteenbergen et al., 200%ur Hausen, 2002 Therefore many
different approaches target cells that express these proteliese include vaccinat with

peptides, DNA oprotein- or peptidepulsed DC&enter et al., 200900sterhuis et al., 2011
Pokorna et al., 20Q9Seo et al., 2009Welters et al.,, 2010Wu et al., 201D These
vaccinatiors have elicited immune response taariousdegrees Unfortunately,however,so

far no clinical successs beerobserved for patients with established tumafsan der Burg
and Melief, 2011
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1.5 Theoretical background: Methods

1.5.1 PBMC isolation

PBMCs (peripheral blood mononuclear cedsy a groupof immune cells thaiare easily
prepared fromwhole blood. PBMCs consist of all mononuclear cell tygdeund in the
peripheral blood, namely lymphocytes antbnocytes. The other constituents peripheral
blood, erythrocytesthrombocytesand neutrophilgranulocytes are separated by means of a
density gradient centrifugationUlmer et al., 1984 Therefore, heparinized bloodr
leukocyteenriched bloodproducts are layered above a solution of Fictlypaque.This
solution of the polysaccharide Ficoll and the iodine containing Metrizamid hsseeaific
density of 1077 g/ml. @ntrifugation causes thevariousblood constituentso separate imo
different phases according to their densif§ince theerythrocytes and the granulocytes have
a higher densitghan the FicolHypaque solutiorthey crossthe high densityFicoll layer and
pellet on thebottom of the centrifugation tube. Airombocytes and soluble protein contents
in the blood plasma do not move in theentrifugationacceleration and stay in the blood
plasma phase above thecollHypaquelayer. The PBMCsrossthe blood plasma layebut
cannot enter the FicolHypaque solutn because their specific density is less thad7T
g/ml. They accumulatenstead at the interphase between the plasma and the Ficoll

Hypaque, where thegre easily collected.

1.5.2 SYFPEITHI

SYFPEITHI is softwansed to predict candidate epitopse for MHC clas | and class Il
molecules given the amino acid sequence of a protein of intgfRatnmensee et al., 1999
SYFPEITHIivides the amino acid sequence into all possible peptides of the interesting
length (HLA class | epitopes: nonamer, decamer; HLA class II: 15mer). SYFPEITHI calculates a
total score for each peptide by summing up the individual ssfwe each sing amino acid
within the peptide according to acoring matrix specific for the HLA typeintferest. These
HLAspecific scoring matrixeme based orknown naturalligandsisolated from ce# bearing

the HLA type in question. For each position within the peptide the relaivino acid
frequencies are calculated. According to these frequensiteses are assigned to all possible
amino acids at all possible positiod® determine thdinal SYFPEITHI scoiffea peptide the
scores for the single positions are summed up. The higher the SYFPEITHI sgpyegtére

the chancethat the peptide in questionis a natural ligand or T-cell epitope. Because
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SYFPEITHI uses naturghndsto calculate the scoring mates it has the advantage of
taking into accoungll steps of natural epitope processing. Not only binding affinities to the
HLA moleculera taken into consideration, but also all other factors (e.g. TAP preferences,
proteasome/immunoproteasom and protein expression) that influence the final epitope

presentation.

1.5.3 FACS

FACS (Fluorescendictivated Cell Sorting) is a term describingflow cytometry. This
technique allowghe quantitative analgisof single cells for thexpressionof surface and
intracellular markers ¢ KS  F A NAdr2 N& LY WhitkiNZahd Gohde, 19§9was

commercialized by the German company Partec as early as 1969.

The cellof interest are labeled with a fluorescedye. The cell suspension is separated into
single cellsusing a technique calledhydrodynamic focusirng The single cellshen pass
through a laser beanand in the process scatter the light accordingtheir physiological
properties. The scattered light is detected by photomultipliers and analyzed to determi
the Forward Scatter (FS@,K A OK NB @S $ize and th&k Sdeva®l Scattes (8@t
RA&ALI & (GKS. OStfQa 3INIydzZ I NRGeE

Depending on the fluorescentlyes bound to the cell, photons of a dgpecific
energy/wavelength are adsorbed and tflaores@nt molecule is excited. This excited state
decays wth a halflife of 0.5-20 nsand emitsa photon of slightly less energy (increased
wavelength) than the adsorbed one.The amount of energy lost andherefore, the
wavelength of theemitted light quant deoends on the fluorochromeThis fluorescence is
measured and is proporti@ to the number of fluorescenimolecules bound to the
measured cellWhen fluorescentlyeswith similar excitation but different emission patterns
are used excitation with one lageis possible but signalsom the different dyes can be
identified. Employingexcitation laserswith different wavdengthsincreases the number of

signals thatanbe measuredimultaneously

Theever increasing variability of accessibileorescent dyegPerfetto et al., 2003 including
the development of tandem fluorescerdyesusingfluorescence resonance energy transfer
(FRET)and the usage of semiconductor QdofBarroso, 2011 Xu et al.,, RO7) have

increased the amount of parameters thedin be measured simultaneously.
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Because the fluorescenight emitted also depensl on the decay time of the exed dye
molecule, whichs distributed randomly, the emitted light is not discrete wavelegth but a
broad emission peakThis causes the&mission spectra othe different dyesto partly
overlap.In a process called compensation tellover isquantifiedso as to remove it from
the collected results Figure 1-14 exemparily shows the spectral overlap of the two

commonly usd fluorescent dyes FITC and PE.
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Figure 1-14. Excitation (dotted line) and emission spectrgshaded curve)of the two common
fluorochromes FITC and B The wavelengthrangesused for detectionare displayd as shaded
blocks. The wavelength of the laser used for eixation (488 nm) is indicated in blue. Taken from
BD Fluorescence spectrum viewer www.bdbioscience.com

1.5.4 Intracellular cytokine staining

Stmulated T cells that have encountered their spediintigenare activated and produce a
wide array of different cytokinegKnutson and Disis, 20P5These cytokines can be
measured and adcated to the produing cell by a technique callel L y G NI OSf f dzf | NJ
Sainingg (ICS). This methoéurther allows characterization ofthe producing cell with
population markerssuch a<CD3, CD4 an@D8 To allocate the cytokine to a cell, the release
of the cytokine must be inhibitedThis is done by the usage of theol@i transport system
inhibitors krefeldin A (BrefA) or Monensin. BrefA inhibits the transpodnirthe ERto the
Golgi apparatugKlausner et al., 1992 while nonensin stops the inte6Golgi apparatus
transport(Rosa et al., 1992Uponantigenic challenge the inhibitors are applieither alone

or in combination and the cells areallowed to continue cytokineproduction and
accumulation After permeabilization with a detergent and fixatiomth formaldehyde the
cellscan be stained with antibodiesgainst the cytokinesBecause the transport inhibrs

reduce cell viability the cubationtime should notexceed 6 h.
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1.5.5 ELISPOT

Thed 9y 1 @ YS [ AY pof FELISPOY)drs4y is{a technique to identify and quantify
cells that react to a challenge with the production and release of a molecule (e.g. a cytokine
or an antibody). In thisstudy an IFN' ELISPOT was uséBN is releasd by activated CD8

and CD4 T calas well ady NK cells.

In a first step96-well ELISPOT plates are incigathwith a solution of a primar antibody
directed against IFN. The wells contain a filter membranthat consists of mixed
nitrocellulose estersr polyvinylidere fluoride thatallows thebinding ofthe antibody to the
membrane.In the next step the cealaregiven into the wells and the challenge is applied.
The cells settle on the filter membrane aadtivated cells starto producecytokine. The
released cytokine is bound by themobilizedprimary antibody in close proximity to the
secretingcell. After a production time 024 h the cells ge washed awaynd the plates are
incubated with a secondatyiotin-labeled antibody directed against a second epitope of the
same cytokine. The biotin label allowse attachment ofan enzyme (alkaline phosphatase
or horseradish peroxidase) thatetabolizes a soluble substrate intem asoluble dye that
preciptates in close proximity to the enzyme and forms a visible spot. Each spot identif
the position of a cytokine producing cell beforeharidhe number and size of the spots are

analyzed using an automated ELISPOT counter.

Because no toxic substansaused inthe incubation period ofhe assay, the incubation time
can be extended to over 24, thusallowing also weak responses to be detected PBMCs
are used for an IFNELISPQThe produced IFN couldoriginateeither from different T-cell
subsetsor from NK cells, the laer forming smaller spots thatanbe excluded afterwards.
The sensitivity maigl depends on thenumber of cells producing cytokine without being
challenged Ahighbackground complicates the differentiation betwessspondingand non-
regponding cellsA very weak or marginal background allows a theoretical sensitafigble
of detectinga singlecytokine producingell within 500 00@nalyzedcells.Figurel-15shows
the schematic description of an ELISPOTyassa
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Figurel-15. The ELISPOT assagken from www.newsin-biotechnology.com

1.5.6 Invitro stimulation and amplification of epitope specific T cells

The almost infinite variability of the TCR enables countlessI3 ofdiversespecificitiesThe
blood of healthy people containenly extremely low frequencies of cells of a single
specificity.Topermit the detection of these low frequency celtbe epitope specific cedlare
activated to proliferatefor severl days.The peptide epitope in question imddedtogether
with low doses of H2. The atrtificial peptides replace the natllyaoccurringligandson the

MHC moleculesn the PBMC and the artificial peptide will be presented to the T cells in
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the PBMCsThe IE2 dose iskept low to avoid unspecific proliferation of T cell$hisdose
activates only the T cells that recognized the added peptide. Thespedificcellsdo not
proliferate or even die Thus,the frequency of present antigen specific T cedlsncreased
abovethe detection leve$ of ELISPOT or ICS.

1.5.7 Multiplex bead array serology

Multiplex serology is a further dewgment of the wellestablished azyme linked
immunosorbent assay (ELISA)evelopedin 1971 by Engvall and PerimaEngvall and
Perlmann, 197]1Lequin, 200 ThesandwichELISA quantifiethe presence of a molecule of
interest using gair of proteinsthat bindtwo different epitopes of the molecule question
The protein is bound to the test plate and is used to immobilize theget. The target is
detected by anantibody coupled to arenzyme This technique only detestone or two

different molecules ira singlesample

Multiplex serologyon the other hand does allowhe parallel detection of several hundred
parameters.The primary binding protein is not fixdd the plastic surface of a microtiter
plate but is coupled to tiny posgyrene beadsvith a diameter of 5.6 umThemicrospheres
are impregnated with a mixture dévo different fluorescent dyes. By using different ratios of
these dyes, an array of sevetaindreddifferent colored beads can be obtaineflach bead
is defined ly its internal color code ratio and loaded separately with one single primary
binding molecule each. Afténadingthe bead sets are mixed agaandare usel together to
analyze a sample. The binding of the molecule of interest is confirmed by thengnafi a
secondary fluorescence labeled antibody to a second epitope ofribiecule Theluminex
analyser whichresembles d@wo laserFACS analyser, reassigns the beadnd florescence
(that represents thébeadbound antigen) to thecolour codeof the bead, thus enabling the

simultaneous measurement afver 100 different antigens.
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1.6 Outline of the study

The aim of this study wathe identification of CD4 Jcell epitopes from the L1 protein of

HPV. Four clinically relevant HPV types were chosen for th@agp. HP¥6 and HPV18 are

the most important types that cause HPV associated malignancies. HPV6 and HPV11 are the
major cause of genital warts. All four types are included in the therapeutic HPV vaccine

Gardasil.

The strategy of reverse immunolo¢@elis et al., 1994vas appliedand cardidate epitopes

were predicted by SYFPEITHI. The best candidates were chosen for their SYFPEITHI score and
their promiscuity. These peptides were tested in ELISPOT screewithgPBMCs from 30

donors. The HPV infection rate for the types of interest inn@&ywasassumed to bd 0 to
25%(Barthell et al., 2009Michael et al., 2008 We used healthy bloodohora Q t with/ a
random HLA class Il typing. Because of the size and the promiscuity of the approach, we still
expected a detectablé=N“ responseHPV does not actively lyse selhd has no blood born

phase so thathe immune system rarely gets in contact with the L1 prot@uapper and
Fuhlbrigge, 2004 Therefore the incidence of L1 specific T cells was assumed to be very low.
Toincreasethe detection sensitivity of the ELISPOT assay, peptide specHampifications

were performed beforaising the cells iELISPOT assays

Epitopes identified in the ELISPOT screenivege validated by flow cytometry.
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2 Materials and M ethods

2.1 Materials

2.1.1 Devices

Cell culture hood (Technoflow, Integra Biosciences)
Centrifuge (5415R, Eppdorf)
Cryo freezing container (Nalgene)

ELISPOT reader Immunospot with software Immunospot 3.2 and Image Acquisition 4.5

(Cellular Technologies Ltd.)
Flow cytometer FAGSanto Il with software FACSDiva (Becton Dickinson)
Fluorescence activated cell sorteACS\ria with software FACSDiva (Becton Dickinson)
Gammacell, cesium (Gammacell 1000 Elite Nordion International Inc.)
Incubator for cell cultures (Labotect 3250) with 5% G& supply (Messer)

Luminex 100 Total system; comprising Luminex 100 analimeninex XYP plate handler,

Luminex SD sheath fluid delivery system with software Luminex IS 2.2 SPI
Light microscope (Leica DMIL)
Membrane pump (KNF Neuberger)
Neubauer counting chamber, depth 0.1 mm {L&aboroptik)
Spinning wheel (Bachofer)
Steam sterier (KSG 113)
Steam sterilizer (Sauter 189 HS1FD)
Tabletop centrifuges (Heraeus Biofuge fresco; Heraeus Megafuge)
Vortex (MS 1, IKMorks Inc.)

Water bath (Thermomix BN, Braun Biotech)
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Water distiler (Destamat Bi 18 E, Heraeus)

2.1.2 Materials

2.1.2.1 General materials

Cell culture plates, 6 well, 12 we4 well, 96 wel(Costar)

Cell culture flaskged cap) 50 ml, 250 ml, 500 ml (Bane, Greiner)

Cell culture flasks (blue cap), 250(MLUKk)

Culture tubes, 14 ml (352059, Becton Dickinson)
Cryotubes, 2 ml (Gieer)

Cryotubes, dark (Biozym)

ELISPOT plates,-9&Il (MAHABN4510 opaqubklillipore)
FACS tubes, 5 ml (352058, Becton Dickinson)

Glass bottles (Schott)

Reaction vials (1.5 ml, Eppendorf)

Sterilization filters, 0.22 um (Corning)

Syringes, Inl, 5 ml,20 ml 50ml(Becton Dickinson)

Tubes, 15 ml and 50 ml (Falcon)
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2.1.2.2 Antibodies

Table2-1. Antibody conjugates used in this work

antigen fluorescence producer clone titration
CD3 FITC inhouse OKT3 n.a.
Pacific Blwe Biolegend UCHT1 100
FITC BD UCHT1 30
CD4 FITC inhouse HP2/6 n.a.
APC Cy7 BD RPA/T4 100
APC BD RPA/T4 50
APC Miltenyi n.i. 20
CD8 FITC inhouse OKT8 n.a.
PerCP Biolegend RPATS 50
PerCP BD SK1 25
PE Cy7 BeckmanCoulter | SFC121Thy2D3 120
CD45R0O FITC BD UCHL1 5
CCRY7 Alexa647 BD 3D12 20
IFN PE Cy7 BD 4S.B3 400
PE BD B27 200
FITC BD B27 200
TNF Pacific Blue Biolegend MAb11 120
CD154 FITC BD TRAP1 5
IL-2* PE BD MQ1-17H12 100

*all antibodies are mouse derived except fotl-2 PEthat is ratderived

n.a. one single titration cannot be given becatise titration was determined separately for

each batchused

n.i. the clone was not indicated by tipeovider

2.1.2.3 Buffers and solutions

DC nedium

RPMI (BioWhittaker)0% human serum druman plasma
1% PenStrep (BioWhittaker)

FACSClean(Becton Dickinson)

FACS-ix:
PFEA

1.5% formaldehyde
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FACS-low (Becton Dickinson)
FACSRinse(Becton Dickinson)
FCYPAA Laboratories), heat inactivated at 56°C for 30 min

Freezing medium:

90% FCS
10% DMS@Merck)
Human serum(PAA Laboratories), heat inactivated at 56°C for 30 min

Human plasmapooled human plasma of at least 4 different donors, heat inactivated at

56°C for 30 min, tested
IMDM medium BE12Z22F + iglutamin (BioWhittaker)
Lymphocyte separatin medium(PAA Laboratories)

MACSouffer:

PBS

0.5% BSA (Sigma)
2 mM EDTA (Roth)

PBSw/o C&*and Md* (BioWhittaker)

PBSBSA:
PBS
0.5% BSA (Sigma)

PBSTween:
PBS
0.05% Tween 20 (Serva)

PenStrepg DE17602E, BioWhittaker)
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Permwash:

PBS

0.1% saponin (Sigg)
0.5% BSA (Sigma)

0.01% Nabl(Merck)

PFEA:

PBS

2% FCS

2 mM EDTA (Roth)
0.01% Nabl(Merck)

RPMImedium (BioWhittaker)

TCM(2% (T-cell medium):

IMDM

1% PenStreBioWhittaker)

20 pug/ml gentamycin sulfate (BioWhittaker)
p n  xraercaptoethanol (Roth)

2%human serum or human plasma

TCM%

IMDM

1% PenStreBioWhittaker)

20 ug/ml gentamycin sulfate (BioWhittaker)
p n  xraercaptoethanol (Roth)

5% human serum or human plasma

Thawing medium:

IMDM

1% PenStreBioWhittaker)

p n  xraercaptoethanol (Roth)

3 ugml DNase [Sigma)

X-Vivo 1520 medium(Lonza)
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2.1.2.4 Other materials
Alkaline phosphatase, avidoonjugated (E2636, Sigma)

BCIP/NBT tablet (B5655, Sigma)

brefeldinA Sigma

BSA (Sigma)

Cervarix HPV vaccine (GlaxoSmithKline)
Cytoperm/Cytofix solution (Becton @kinson)
DMSO (Merck)

DNase I, grade Il (Boehringer)

EDTA (Roth)

EngerixB hepatitis B vaccine (GlaxoSmithKline)
Ethanol (SAV LP)

C2NXI f RSK&8RS xotm: o0Cfdzl!l 0
Gardasil HPV vaccine (SanofiPasteur MSD)
GM-CSKSargramostini Leukine Berley

Golgistop (Monensin, Becton Dickinson)

hoFNY LINA Y NEB |y (-B-Bk2MRaBTECch)m Y3k YE O wm

hilFNe aSO2YRIENE | yiAo2R®BEL,MabTRdWAY T SRS

IL-2 (Proleukin, Chiron

IL-4 (PromoKine)

lonomycin (Sigma)
LIFE/DEABqgua dye (Invitrogen)

LPS (Sigma)
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NaN; (Merck)

PHAL(Sigma)

PHAP (Sigma)

PMA (Sigma)

AbC antimouse bead kit (Invitrogen)
AbC antirat/hamster bead kit (Invitrogen)

ArC bead ki(Invitrogen)

2.1.3 Peptides
All used peptides had been synthesized in the Department of Immunology by Stefan

Stevanow, PatriciaHrsi 2 NJ bA 02t S %dza OK{| S

2.1.4 Blood products

¢CKS t.al/ asx | owenBedvid fiors Buffydcoats ¢heparinizedrythrocyte and
plasma depleted peripheral blood) of healthy donors that were kindly providgdhe
Department of Transfusion &flicine, University Hospital Tibingen. The buffy coats were
collected between October 2006 and June 200®ey were processed one day after
collection and stored at80°C untiluse The German RobeKoch Institute recommends
HPWaccination of 13 to 17 yeasld girls since March 2007. The blood donation service
requires donors to be over 18 years of age, the average HLA typed donor being by far older.

Therefore, we expect the great majority of the recruited donors to be-H&YV vaccinated.

The PBMCs, abbreicS R G { LJ¥ ¢ SNX {lab ynBiibérs drIsyBn@dréalk $IR 06 &
Kaufmann Department of GynecologyCharié Berlin. They originate from women having
received the full regimemf Gardasil vaccination. The PBMCs were prepared on the day of

collecton and werestored at¢80°C until use.
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2.1.5 FACS sorting
FACS sorting was done at the FACS core facility ofUthieersity Hbspital Tubingen.
Supervision was provided by Sabrina TreBep@rtment of Internal Medicine 1l) and by

Cornelia GrimmelQepartment ofDermatology)

2.1.6 L1 serology
L1 serology was kindly provided by Michael Pawlita at the Department of Infection and
Cancer (DKFZ, Heidelberg). The experiments were supervised by Kristina Michael and Tim

Waterboer.
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2.2 Methods

2.2.1 Choosing the most promising candidate epitope s
SYFPEITHI epitope prediction was perfornfiemn the amino acid sequences of L1HPV6a,
L1HPV11, L1HPV16 and L1HFdgdthe fdlowing HLA class Il DR alleles:

DRB1*0101, DRB1*0®1, DRB1*0#41, DRB1*0:01, DRB1*1D1 andDRB1*1501

The 15mercandidate epitojes containa nine amino acids 2 y 3 & O 2thalbis a¥serdial 2 v ¢
for the HLA class Il binding of the peptigégure2-1).

Figure2-1.9 LJA G 2 LIS & O 2 MiBe aiBohdidlghg cbre fedidd of the HLA class Il epitope
that is essential for the HLA binding can be located anywhere within the 15mer peptide.

The most important natural epitopesare expectedto be contained within the highest
scoring 2% of the epitope predictions. order not to overrepresentlow-scoringcandidate
epitopes, a cutoff was introduced at a SYPEITHI score that includedlidate epitops
closest tathe highest scoring 2% of the predicteffrigure2-2).

-54-



Pos
477
42

181

447
450

500

123456789012345

VDTYRFVOSVAITCQ

CGHYIILFLRENVNVF

HPFYNKLDDTESSHA

OLFVTVVDTTPSTNL

LQFIFQLCTITLTAD

ILHYHLLPLYGPLYH

GEHWAKGTACKSRPL

QTAOLCILGCAPAIGE

QSLYIKGTGMPASPG

ADVMSYIHSMMNSSIL

MSYIHSMNSSILEDW

KDPYDKLEKEFWNVDLK

score

33

30

30

30

30

29

29

28

28

28

28

28

YTRVLILHYHLLPLY

CAGVEIGRGAPLGVG

STNLTICASTQSPVP

27

27

27

Pos 123456789012345 score
358 GSIVTSDSQLFNKPY 20
457 NSSILEDWNFGVPPRP 29
197 TSNVSEDVRDNVSVD 28
100 SSRLLTVGNPYFRWVP 27
205 RDNVSVDYKQTQLCI 27
506 LKFWMVDLKEKFSLD 26
508 FWNVDLKEKFSLDLD 26
306 SMFFCLRREQLFARH 25
427 RHVEEYDLQFIFQLC 25
53 VNVFPIFLOMALWRP 24
135 RVQLPDPNKFGLPDT 24
252 KNTVLEDGDMVDTGY 24
11 HYHLLPLYGPLYHEPR 22
278 KCEVPLDICQSICKY 22
305 DSMFFCLRREQLFAR 22

Figure2-2. Candidate epitops for LIHPV18 predicted to be presented by HDRB1*0101 (left) or

HLADRB1*0301(right). The red highlight shows the theoretical 2% cutoff. The red line indicates

the chosen cutoff according to theaumber of peptides included and the SYFPEITHI score.

Next, within thelists of the high scoring peptides, we looked for repetitions of an at least
nine amino acids long core region. A repetition of such a region in the lists of at least two

different HLAalleles indicates promiscuitfFigure2-3). Peptides showing high promiscuity

were preferentially chosen for synthesis.
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Pos 123456789012345 sCore Pos 123456789012345 sCare
477 VDTYRFVQSVAITCQ 33 53 VNVFPIFLOMALWRP 28
42 CGHYIILFLRNVNVF 30 92 TSIFYHAGSSRLLTV 28
181 HPFYNKLDDTESSHA 30 149 TSIYNPETQRLVWAC 28
389 QLFVTVVDTTPSTNL 30 305 DSMFFCLRREQLFAR 28
434 LOQFIFQLCTITLTAD 30 477 VDTYRFVQSVAITCQ 28
g ILHYHLLPLYGPLYH 29 43 GHYIILFLRNVNVFP 26
227 GEHWAKGTACKSRPL 29 44 HYIILFLRNVNVFPI 26
214 OTOLCILGCAPAIGE 28 197 TSNVSEDVRDNWSVD 26
334 QSLYIKGTGMPASPG 28 358 GSIVTSDSOQLFNKPY 26
447 ADVMSYIHSMNSSIL 28 389 QLFVTVVDTTPSTNL 26
450 MSYIHSMNSSILEDW 28 431 EYDLQFIFQLCTITL 26
500 KDPYDKLKFWMNVDLEK 28

Figure 2-3. Promiscuity: Candidate epitops for L1HPV18 pdicted to be presented by HLA
DRB1*0101 (left) or HLLARB1*0401 (right). Promiscuousandidate epitopes are highlighted in
color and size.

2.2.2 Cell counting

Cells were counteth a Neubauer counting chamber with a depth of éhm. After cleaning

and drying, te counting chamber was assembled by moisturizing the chamber and sliding

the cover glass onto the counting chamber while applying constant pressure. The correct
assembf is AYRAOFGSR o0& GKS | LIS lcdudey ®\WBhin dafer b S g G 2
interference. Te cell suspension wafrst pre-diluted with PBS to a concentration of
approximately 18 cells/ml. 10 pl of the predilution was mixed one to onewith 0.05%

trypan blue.Trypan blue accumulates in dead cells, staining them Dblites mixture was
carefullypipetted into the assembled counting chamb&fiablecellsnot stained bluewere

counted in two diagonally positioned large squares, each encasing a volumg of The

mean value was used to calculates overall cell density.

2.2.3 ELISPOT

All washing stepsvere performed as follows: 200 pl of the washing solution were pipetted
into each well. After at least 30 s incubation tinike plates were sharply inverted into a
basin and knocked several times onto a paper towel covered desk to remove remaining

washirg solution.
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IFN! ELISPOT was penfioed in 96well ELISPOT plates. The filter membranes of the plates
were coatedwith a primary antibody directed againdEN+ (1-D-1k, dilution 1:500 in PBS)
100 ul of the antibody solutiowere pipetted into each well. After the ditbody was allowed

to bind the membrane for 10 h at 4°C, the plates were wastwade with IMDM. Then

50 pl/well TCMwere added and the ELISPOT piatesreincubated for at least 1 h at 37°C to

block unspecific bindingtsis of the membrane.

Freshly ficdized, thawed ompre-amplified cells were counted and the concentration of the
cell suspension was adjusted to’1€elis/ml with TCM. Of this cell suspension 50 pl were
added to each well of the ELISPOT plate.

Frozen aliquots of the peptidesf interest with a concentration of 1 mg/ml werstored

at -80°C. The needed aliquots weateawed and diluted with TCM to a concentration of 30
pHg/ml. As a positive control a 30 pg/ml solution of PPiAn T was used. As a negative
control we used a 30 pg/ml in TCsblution of the peptidefilamin Aigss16s3 Thishuman self
peptidewas foundby our working group to be presented on HDR molecules but it should
not induce anlFN* response.50 pl of the appropriate challenge solution were added to

each well.

After resuspension, the final experiment settings in each well set as duplicates were as
follows: 500 000 PBMCs in 150 pl of TCM with a concentration of challenge peptfi¢A
of 10 pg/ml. The ELISPOT plates were incubate@4e26 h at 37°C and,5% CQ with a

special careot to expose them to any shaking.

Thecells were removed and the plate was washed once with- RB&n once with ddBHO

and five times with PBBween. A 1:3000 dilution in PEEBSA of the biotinylated secondary
anti-IFN! antibody (#B6-1) was prepared and 100 pl of this solution was added to each
plate. The ELISPOT plates were incub&e@ h at RT. Afterwards, the plates were washed
six times with PB$ween. A 1:100 dilution of ExtrAvidiralkaline phosphatase IRBSBSA

was prepared and 100 pl added to each well. The plates were allowed to incubate for 1 h at
RT. They were washed three times with AB&en and three times with PBS to remove
remaining detergenthat would interfere with the following staining. A BENBT solution

was prepared by dissolving BCIP/NBT tablets in,@df tablet per 10 ml). 50 pl of this
solution were added to the empty wells. Afterards, the spots were developed far

minutes in the dark at R The reaction was stopped by removing théstrate solution and
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washing the plate with running water under the tab. After the plastic carethe back of
the platewas removedand the plateswvere cleaned, they were dried overnight in the dark
and stored at RT in the dark until countdebr couning an automated ELISPOT reader was
used. Theparameters of theELSPOT readevere adjusted tadetecta maximal spot relation

between positive and negative control

2.2.4 Intracellular cytokine staining

All washing steps were performed as follows: 200 ul ofwlashing solution were pipetted

into each well. The plate was centrifuged for 5 min at 4°C and 1500 rpm (Megafuge). The
supernatantwas removed from thecells by inverting the 96 well plate into a basin and
pressing the inverted plate carefully onto a pagewel to remove remainingupernatant

drops All solutions used werkeptat 4°C.

Freshly ficollized, thawed qure-amplified cells were counted and the concentration of the
cell suspension was adjusted 2510 cellml with TCM.50 pl d this cell susgnsionwere
usedfor eachseparateexperiment.To this 50 pbrefeldin A solution (30 pg/mlbrefeldinA in
TCM)was added In the final step, 50 pl of the challenge solution was added. The challenge
solution contaired 30 pg/ml peptide in TCKpeptide chaknge) or 150 ng/ml PMA and 3 uM
ionomycin in TCM (positive control). After resuspension the well containedelin 150 pl

TCM with 10 pg/mbrefeldin A and a peptide concentration of 10 ug/ml. The plate was
incubated for 12 h at 37°C.

After the 12 h esponse phase, the cells were stained for cell viabdind several
intracellular and surface markers according to the requirements of the experiment according

to following order:

1. Cell viability: The cells were washedice with PBS. A 1:400 dilution ohe
LIFE/DEARqua dyein PBSwas prepared from a frozen dye aliqudisolution in
DMSOJtored at-80°Cfor no longer than two weekg\liquots being stored between
two and four weeks were used in a 1:200 dilutid plof the dilution were added to
each wdl. After the cells wer@esuspendedhe plates were incubated for 20 minutes
at 4°C in the dark.

2. Surface staining: The cells were waskwate with PFEA. The surface staining master

mix was prepeed by dilutingantibodiesdirected against surface molecesin PFEA
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(dilutions given inrable2-1). 50 ul of he master mix were given to thelt pelletand
the cells were resuspended before being incubated for 20 minutes at 4°C in the dark.

3. Permeabilization: The cells were wash®dce with PFEA and then resuspended in
75ul Cytoperm/Cytofix solution. To allow cell membrane permeabilization and
fixation, the cells were incubated for 2@inutes at 4°C in the dark.

4. Intracellular staining: The permeabilized cells were wastvade with Peamwash.
The intracellular antibody master mix was prepar&tiechosen antibodies directed
against intracellular moleculesere dilutedin Permwashin the dilution given in
Table 2-1. 50 pl of this master mix were added to each Iwélhe cells were
resuspended and incubated for 30minutes at 4°C in the dark.

5. Fixation: The cells were washdwice with PFEA. Finally, the cell pellet was
resuspendd in 100 ul FacEix and stored at 4°C in the dark umetialuation.

6. Evaluation: Flow cgimetric evaluation was done on a FACS Canto Il after bead
compensation within three dayafter staining. Datavere evaluated using FACSDiva

or FlowJo.

2.2.5 Phenotypical T -cell analysis

Freshly ficollized, thawed qre-amplifiedcells were counted. p/to 1@ cells were pipetted

into a well of a 96 well roundditom plate. In order to allocate the appropriate gae the

FACS evaluation, unstimulated PBMCs were used as a reference. The cells were stained and
measured according t8.2.4(2. Surface staining;.Bixation; 6.EvaluationPhenotypes were

assigned to the populatiorsccording to Sallusto et gBallusto et al., 1999

2.2.6 DC generation and protein loading

Freshly ficollized PBMCs weceunted andresuspened in XVivo 20 at a concentration of
7%10° cellsiml. 15 ml of this cell suspensiavere given into a medium blue cap cell culture
flask. The monocytes were allowed to adddo the plastic surface of the flagkr 2h at
37°C.Supernatantwas removed and the remaining n@uherent cellsvere washed away
twice with 10 ml warm PBS. 15 ml D&dium supplied with 800 U/ml GI€SF and 30 ng/ml
IL-4 were added to each flask. On gathree and day fiveGM-CSF and L was fully
replenished (800 U/ml GMCSF, 30 ng/ml#) and if the medium turned yellow, 5 ml were

replaced with frestDCmedium.On day seven, maturation was induced by adding 100 ng/ml
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LPS for 24h. Matured DCs were Vested and incubated for 10 h with 10 pg/ml protein. The

loaded DCs were washed twiagth warm TCM andvere used in coculture experiments.

2.2.7 IFN-r cytokine capture

100 ml cold MACS8uffer (4°C) 100 pl cold TCM (4°C) and 10 ml warm TCM (3wets
prepared. Cellsvere kept at 4°C and stepwere done uninterrupted. 10 pre-amplified
PBMCswere washed, counted and resuspended in 1 ml TCM withhallenge peptide
concentrationof 10 pg/ml. The cellgiereincubated in a 15 ml tube for 6 h at 37°C. After the
incubation period, the celleere washed with 10 ml cold MAQfaffer and centrifuged (1200
rpm, 10 min, 4°C, Megafuge). The supernataasremoved completely by pipetting and the
cellswere resuspended in 80 pl cold TCM. 20 ul of-IR¢dtch reagentwasaddedand the
cellswere resuspended. After incubating for 5 min on ic& gnlof warm TCMwaspipetted

to the cell suspensionDuring the IFN!' secretion period (45 min, 37°C) the tulveas
inverted every 5 minutesr rotated ona spiming wheel Thereafter the cellsvere put on
ice, washed with 10 ml cold MAQ&uffer and centrifuged (1200 rpm, 10 min, 4°C,
Megafuge). The supernatanivas carefully removed by pipetting and the celigere
resuspended in 100 pl cold MAG&fer with antibodies Thesel00 pl contaied 20 pl IFN
detection antibody and antisurface marker fluorescence conjugates (e.g. CD3 FITERED4
in the appropriate dilutions (se€able2-1. Antibody conjugates used in this worccording

to experimental settings. After the cellsewe resuspended and incubated for 20 min on ice,
they were washed with 10 ml cold MA&@siffer and centrifuged 1200 rpm, 10 min, 4°C,
Megafuge). The supernatanwas discarded and the cellsere deposited in 500 pl cold

MACSouffer until cell sorting.

2.2.8 T-cell sorting

Cells thathad undergone IFN capturestainingwere single celsorted using &ACSAriacell
sorter. It wasimportant to avoid celldoublets because the preceding IFNcapture staining
favors the formation of cell agglomerates atigk subsequentsuccessfutloning procedure
wasbased ona successful single cell sorting. ThereforE €A/FSEN anda FSEA/SSEN

gating strategyvere usedto excludeall possible multcellaggregates
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The single T cellaere sorted into prepared 96 round bottom well plates. These wells
already contaied 100 pl TCM 5% supplied with 150 U/mPllFeeder cellthad already been

prepared and added to the wells.

Feeder cellper welt

1 150 000 PBMCs; these PBMCs must be a mixture from at least 3 different donors.
All PBMCsadto be preparedon the day ofsorting Therefore, fresh blood or buffy
coatswere ficollized and mixed. To ensure theguld notoutgrow the wanted T
cell clone, theywere -irradiated (60 Gray, gamrazell)

1 15000 LGEBYV cells. To prevent growth of these cells, twveye ’ -irradiated (200
Gray, gammaell)

1 Both cell types were mixed, washédice with TCM and added to the wells before

the sorting procedure.

2.2.9 T-cell long term proliferation

The T cellsvere cultured in round bottom 96 well plates. Fresh T@Msadded as soon as
the medium turned yellow, at least 50 pl per week. The2lwastotally resupplied every two
days to a concentration of 150 U/ml. Every two weeks fresh feederwels prepared (as
described ir2.2.8) and added to the cell culture wsl The cellsvere kept in highest possible
density. Theefore thewellswere split only if the medium turred yellow after one day.-gell
clones used in experimentgere given their last feeder cells at least 7 days beforehdin@.

is added the last timéhree days before th@extexperiment.

2.2.10 PBMC preparation

The PBMCs originaddrom three different sources:

1. Buffy coat: residuals of 500 ntleparinized peripheral blood, after plasma and
erythrocytes were extracted. Thdonation of bloodusually takes plaethe day
beforeficollization.

2. Freshlydrawnheparinized peripheral blood in various amounts.

3. Leukapheresis: leukocynriched blood product containing up to 3*1PBMCs.

The buffy coatwas opened and extracted into a mediusize cell culture flaskThe cell

suspension (around 40 miyasdiluted with PBS to aszolume of 125 ml. &ur 50 ml tubes
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were filled with 15 ml of lymphocyte separatiomediumand 30 ml of the cell suspension
was carefully overldi It wasimportant to keep a sharp phase separatiomeTtubeswere
centrifuged for 30 min at RWith breaks turred off. The PBMCs thatere located in the
interphase between the ficoll and the plasma layesre carefully extracted without carrying
over more ficoll or plasma than necessary. The PBMCs ofuiaastvere joined and the two
tubeswerefilled upto 50 mlwith PBS. The tubesere centrifugedfor 10 min (RT, 1500 rpm,
Megafuge). The supernatamtasremoved and the two tubewere again refilled with 50 ml
PBS. After another centrifugation (RT, 130hyMegafuge), the cellsere joined in one
tube, the cell numberwas counted and the cellavere frozen or used for a following

experiment.

2.2.11 Freezing and thawing cells
PBMCswvere frozen in two different aliquot sizes. Either 20 million celexe stored in 1ml
freezing medium or 100 million cells in 2 ml. Cold freezing meduasused to resuspend

the cells.The aliquotsvere put into a freezing container andere stored at¢80°C.

Frozen cell aliquotaere thawed anddiluted very slowly in 10 ml thawing madhn over a 5
min period. Afterwards theyere centrifuged (5 min, 4°C, 1500 rpm, Megafuge), washed in
10 ml thawing medium and again centrifuged (5 min, 4°C, 1500 rpm, Megafuge). The cells

weretaken up in TCM, counted and used in adjacent experiments.

2.2.12 Pre-amplification

Toincreasethe frequency of antigen specific T celigeptide specifipre-amplificationwas
performed. This type ah vitro amplification is based othe proliferation ofmemory Tcells
specific for the stimulated peptiddn opposite b T cell priming, no second signal is given

and naive T cells cannot be activated.

Freshly ficollized or thawed celisere counted and taken up in TCM ta density of
10*10° cells/ml. 2 ml (20 million cellsyvere seeded into a well of a-@ell plate. The ells
were allowed to rest in this high density at 37°C for at least 20 h in order for the TCR to
become threshold activateddn day 1, 500 ul of TC8bntaining up tol0 different peptides
in a concentration of 10 pg/ml each and2l(50 U/ml) were added tthe well. At this point
the final concentration of each peptidevas 2 pg/ml, the final [£2 concentrationwas

20U/ml. On day 3, 5, 7 and 9, 500 pl T@#®re added and the H2 wastotally resupplied to
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aconcentration of ® U/ml. On day 12, the ceNgere harvested, washed, counted and used

in adjacent experiments.

2.2.13 L1 serology

Antibody titer analysis was kindtlone by the group ofProf. Dr. Michael Pawlita at the DKFZ
in Heidelberg, Germany. It was performed as descrip&@terboer et al., 2006 Briefly,
50l of diluted, pretreated serum were incubated with Luminex beads, each loaded with
GSTL1 fusion protein rom different HPV strains. After washing, balrantibody was
detected ly biotinylated secondary antibody and a streptavidiiE conjugate. The bound
fluorescence was measured on a Lumiaealyzerand expressed adviedium Fluorescence
Intensitye (MFI) of at least 100 beads. To determine the antigpecific fluorescence, the
GSTag background and the bead set autofluorescence was subtracted from the measured
values. The samples were included into a 350%/plasma containing study to assess
reliable cutoff values. Cubff values for multiplex HPV sdogy were originally defined 2007
(Clifford et al., 200¥ Therefore, a subpanel of 188 Korean sera with predetermined
antibody prevalence were includen the study andcut-off values were calculated according
to Michael et aMichael et al., 2008
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3 Results and Discussion
3.1 Epitope identification of L1 HPV6a, 11, 16, 18

3.1.1 Epitope prediction and synthesis

HLAclass Il DRestricted candidate epitops were predicted by SYFPEITHI. In particular,
prediction matrces for the HLA DR alleles DRB16Q]1 DRB1*0®1, DRB1*@:.01,
DRB1*0701,DRB1*1101 andDRB1*1501 were usedo screerthe amino acid sequenc®f

L1 fromHPV typeHPV6a, HPV11, HPV16 and HPV18. The pratein sequences used are
given in the appendix6(2). According to our experiengethe most important natural
epitopes should beontainedin the highest scoring 2% of theeaticted epitopecandidates
The highest scoring 10 candidate epitopes opedidictionsare given in the appendi6 (3).
Table 3-1 exemplarilyshowsthe 12 highest scoring peptideandidates(highest scoring
2.3%)from L1 of HPV type8lpredicted for MHC class Il BR0101. Candidate epitops
with the same predicted SYFPEITHI score have the same probability of being natital T
epitopes. Any ranking of e@lly scored peptides in the table is due to the position in the
protein.

Table3-1. Twelve (23%)highest scoring 15mers from the Ldrotein of HPV type 18 predicted for
MHC DB1*01:01 presentation.

1 477  VDTYRFVQSVAITCQ 33

2 42 CGHYIILFLRNVNVF 30
3 181  HPFYNKLDDTESSHA 30
4 3890 QLFVTVVDTTPSTNL 30
5 434 LQFIFQLCTITLTAD 30
6 9 ILHYHLLPLYGPLYH 29
7 227 GEHWAKGTACKSRPL 29
8 214 QTQLCILGCAPAIGE 28
9 334  QSLYIKGTGMPASPG 28
10 447  ADVM SYIHSMNSSIL 28
11 450 MSYIHSMNSSILEDW 28
12 500 KDPYDKLKFWNVDLK 28

Acording to2.2.1the highscoring peptides with the highest promiscuity were chosen and

synthesized Out of the 29 peptide candidates choser28 peptidescould besynthesized
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(Table3-2). One peptidecould not be synthesized in a satisfying purity, most likely duanto

accumulation of hydrophobic amino acids in the peptide sequémable3-3).

Table 3-2. Synthesizedcandidate epibpes from the L1 protein of HPV type 6&ll, 16 and 18
predicted to bind to HLADR with high promiscuity

PV e

1 VPPPNPVSKVVATI 6,11 11-25* 148981
2 TNIFYHASSSRLLA 6,11 30-44* 167788
3  GHPY&IKRANKTW\ 6 45-59 171595
4  FKVVLPDPNKFALF 6,11 70-84* 169893
5 PFLNKYDDVENSG 6 118132 164073
6 DRLFFFLRKEQMF, 6 240-254 200306
7 SSIYVNTPSGSLV/ 6 284-298 149674
8 QLFVTVVDTTRSTN 6,16 324-338* 171086
9 AEVMAYIHTMNPS\ 6, 11 379-393* 167481
10 EDTYRYVQSQADIC 6,11 410424* 180381
11 GHPYYSIKKVNKT\ 11 45-59 173167
12 AMNFADLQTNKSD 11 204-217 155272
13 DRLFFYLRKEQMF, 11 241-255 201905
14 HLFVTVVDTTRSTN 11 325339 171986
15 PSVLEDWNFGLSPF 11 392-406 1767.85
16 VYHIFFQMSLWLP¢ 16 20-34 189593
17 AMDFTTLQANKSE 16 233-246 155374
18 DSLFFYLRREQMF 16 270-284 200602
19 VMTYIHSMNSTILE 16 413427 175281
20 NSTILEDWNFGLQF 16 421-435 172883
21 EDTYRFVTSQAIAC 16 441-455 173079
22 YHLLPLYGPLYHPF 18 12-27 194807
23  CGHYIILFLRNVNV 18 42-56 180696
24 VNVFPIFLQMALWR 18 53-68 191703
25 GSIVTSDSQLFNKF 18 358372 165482
26  QLFVTVVDTTPST! 18 389403 163386
27 ADVMSYIHSMNSS 18 447-461 166677
28 VDTYRFVQSVAITC 18 477-491 172885

* the position in the amino acid sequence of thé& protein refers to the HPV type written in bold

letters
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Table3-3.Candidate epitopechosen for their promiscuity and high SYFPEITHI stuaiée could not
be synthesizedn satisfying purity

EIITE

29  LQFIFQLCSITLSA 11 368-382 1711.89

with PBMCs from34 randomly chosen healthy blood donor$he screened HLADR
haplotypes (DRB1*01:01, DRB1*03:01, DRB1*04:01, DRB1*07DRB1*11:01 and
DRB1*15:01)comprise some of the most frequent types in Germanffable 3-4). The
cumulative population proportion that shares at least ooé the screened HL-ARB1
haplotypes is 92.7% according to the algorithm of Schipper éethipper et al., 1996

Table 3-4. Population coverage of H:BRB1 alleles in Germany. Frequencies were taken from
www.allelefrequencies.net(GonzalezGalarza et al., 2011 the selected data were from a study

comprising 11407 indiduals in GermanyThe alleles highlighted in bold were used for SYFPEITHI
prediction.

- DRB1*01 21.0 11.1
- DRB1*03 20.0 10.6
~ DRB1*04 24.6 13.2
~ DRB1*07 23.6 12.6
~ DRB1%08 6.4 3.3
~ DRB1*09 1.9 1.0
~ DRB110 17 0.9
~ DRB1*11 23.5 12.5
~ DRBI12 3.7 1.9
- DRB1*13 24.1 12.9
~ DRB1714 6.1 3.1
~ DRB1*15 26.4 14.2
~ DRB1*16 4.8 2.4

Because frequencies of antigempesific T cells can be very low, a peptide specific
amplification protocol was applied to all PBM&®r to the ELISPOT experimeiihe PBMCs
were stimulated once with a cocktail of up tt0 different candidate epitops. Theadded
peptides displace the natural MHC class Il ligands present osodRined within thebulk
PBMCs. Once the peptides assoeiatith the MHC molecules, they are presented to T cells.

A T cell that recognizes its specific antigen gets a low activation stinBdogause there is no
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second activation signal, no naive T dglprimed. Only already primed epitopspecific
memory or effector T cells become activated by this method. The repeated addition of low
dose IE2 together with the TCR signaling drives the activatecklE into a proliferation
phase thereby increasing their frequencylhis amplification method needs at leasteon
epitope specific progenitor cell within the stimulated bulk PBMCs. Therefore the number of
stimulated PBMCs has to be as high as possible. In ordigtéat very rare cell specificities
without wasting enormous amounts of PBMC80x10 PBMCs for each parate pre
amplification experimentvere used Pools ofno more thanl0 different peptides were used

in the preamplifications in order to avoid effects fawog the peptide with the strongest
MHC binding.

Thepre-stimulated PBMCs were counted on day 12 &0 000 cellsvere usedper well in
an ELISPOaxperiment. A medium control showed the unspecific background activation of
the used cells, while 40 pg/ml PHAP positive control was used to check for general

technical reliability of the test.

The backgound is varying widely and the peptide paenplification protocol is effdo/e to a
different extentin each blood donoand each separate experimeriio determine ifthere
was a peptide specific cytokine response, the spot count was compared toeaive
peptide control. The negative peptide originates from the human protgiamin A. Sincethe
humanfilamin A protein is ubiquitousno immune response should be mounted against any
fragment of this sefprotein. But the peptidefilaminAissoi6683 (ETVIVDTKAAGKEK an
abundant selligandpresented by multiple H-BRallotypes To define an ELISP@Eponse

as positivewe applied the following empirical criteria:

Positiveresponsg ELISPOT data)

YR & 6 08) QO HEN QQ 6 @NE 6 & M0 60K 'a UN'Q

AND YR & 6 6] "Q06 HEdQ QQ ¢ aTQ

An exemplary ELIBOT plateemployed in the screengof L1HPV6acandidate epitops is
shown inFigure3-1. The ELISPOT plate is analyzed and spot count nurabecsllected
automaticallyusing an ELISPOT read€&he collectedraw data of the exemplary ELISPOT
plate is shown infable3-5. Mean spot counts are calculatdtbm duplicates and evaluated

using the positivity criteria, as shownTiable3-6.
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BD912 BD798 BDS36 BD941 BD942 BD951

FKVVLPDPNKFALPD : Y Y b7,

L1HPVE= [70-84)

il Y *4’*#‘4&*“%—%"’%’#*
s S S g g

L1HPVE= [4555)

s SIS S GBS S
DRLFFFLRKEQMFAR <3 ) 4)‘ * *rn' # % *’ %* * *

L1HPVE= (240-254)

PFLNKYDDVENSGSG % #**ﬁh # 4»‘ ¢ *‘***

L1HPVEa[118-132)

. 4 64444464464

filaminA [1663-1683)

444444404444

Medium / PHA

Figure3-1. Exemplary ELISPOT plate employed in the sciegrof LIHPV6@andidate epitopes.
Pre-amplified PBMCs of 6 different blood donors were used in two columns per dorfidre PBMCs
were challenged with10 pg/ml of asinglepeptide from L1HPV6ar the negative control peptiden
duplicates. Single wells werased for medium control and PHA positive control. Positive wells that
fulfill the positivity criteria as described earlier2(2.2) are framed in red.

Table3-5. Data of exemplanELISPOT{gure3-1) as counted automatically bgn ELISPOT reader

spots per 500 000 PBMCs

peptide BD912 | BD798 | BD936 | BD941 | BD942 | BD951
FKVVLPDPNKFALR 10| 14| 5 | 13| 5 | 7 [199/185/ 15|10| 1 | O
TNIFYHASSSRLLA 64 | 63| 1 | O | 6 | 104440 |30|16| 0 | O
GHPYFSIKRANKT\{234{212| O | 1 | 4 | 2 | 34|44 |18| 9 | 0 | O
SSIYVNTPSGSLV§ 29| 22| 0 | O | 2 | 6 (77|49 |13|17| 0 | O
DRLFFFLRKEQMFA 297|136 1 | 1 | 30| 41|63 |102) 17|16 1 | O
PFLNKYDDVENSGYy 19 | 13| 0 | O | 10| 4 |56 (98|16 | 9 | 2 | 2
Negative control 716 10|46 |28[41|17|13| 1| O
Medium/PHA 10 |455| O | 65| 3 |181| 42 |373| 12 |173| 0 | 123
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Table3-6. Data evaluation of exemplary ELISP@I@te (Figure3-1). Given spot counts are means of
two separate ELISPO®&xperimentsin two wells. Mean spot counts that are defined positive are

highlighted in orange.

mean spots per 500 000 PBMCs
peptide BD912 | BD798 | BD936 | BD941 | BD942 | BD951

FKVVLPDPNKFALPL 12 9 6 192 12,5 0,5
TNIFYHASSSRLLAV 63,5 0,5 8 42 23 0
GHPYFSIKRANKTVY 223 0,5 3 39 13,5 0
SSIYVNTPSGSLVSYy 25,5 0 4 63 15 0
DRLFFFLRKEQMFAL 216,5 1 35,5 82,5 16,5 0,5
PFLNKYDDVENSGS| 16 0 7 77 12,5 2

Negative control 6,5 0,5 5 34,5 15 0,5

The following tables are showing thesults of all ELISPOT screening experiments. All
screening experiments were performed as described exemplariile peptides are
organized according to the HPV type they originate from. All peptides were screened with

PBMCs from the same 34 randomly chosen healthy blood bank donors.
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Table 3-7. Screening results for peptides derived from L1HPYBeequently recognizedpitopes
(FREPsare highlighted in bold.

Protein L1HPV6a
Position 11-25 | 3044 | 4559 | 7084 | 118132| 240254 | 284298 | 324338 | 379393 | 410-424
s [ S E 3% S5 5 8BS
S E|l2|L |8 glgleE|z|d|t
X 8 o Z > lij Y I|: = ) =
a %) X o Q i o 0 = o | Z
seqence | ¢ | X | p 8|8 d 2 2|23
sz |z s 28 s 512 8¢
o P T < i o %’ L_,L > E >
> = O [ o (@] o g L v
Blood Donor T-cell reactivity
782 0 0 0 0 0 0 0 0 0 1 1/10
783 0 0 0 1 0 1 0 0 0 1 3/10
787 0 0 1 0 1 1 1 0 0 0 4/10
789 0 n.d. n.d. n.d. n.d. n.d. n.d. 0 0 0 0/4
795 0 0 1 0 0 0 0 0 1 1 3/10
797 0 nd. | nd. | nd. | nd. | nd. | nd. 0 0 0 0/4
798 0 0 0 0 0 0 0 0 0 0 0/10
805 0 0 0 1 0 1 0 0 0 0 2/10
912 0 1 1 0 0 1 1 0 0 1 5/10
932 0 0 0 1 0 0 0 0 0 0 1/10
936 0 0 0 0 0 1 0 0 0 1 2/10
941 0 0 0 1 0 0 0 0 0 1 2/10
942 0 0 0 0 0 0 0 0 0 1 1/10
951 0 0 0 0 0 0 0 0 0 0 0/10
1192 0 n.d. n.d. n.d. n.d. n.d. n.d. 0 1 1 2/4
1204 0 n.d. n.d. n.d. n.d. n.d. n.d. 1 0 0 1/4
1242 0 0 0 0 0 0 0 0 0 1 1/10
1244 0 1 0 0 0 0 0 0 1 1 3/10
1245 0 0 0 0 0 1 0 0 0 0 1/10
1246 0 0 0 1 0 1 0 0 0 0 2/10
1247 0 0 0 1 0 0 0 0 0 0 1/10
1248 0 0 0 0 0 0 0 0 0 0 0/10
1249 0 0 0 0 0 1 0 0 0 0 1/10
1250 0 0 0 1 0 0 0 0 0 0 1/10
1251 0 1 0 1 1 1 0 0 0 0 4/10
1252 0 0 0 0 0 1 0 0 0 0 1/10
1253 0 0 0 0 0 0 0 0 0 0 0/10
1256 0 0 0 0 0 0 0 0 1 0 1/10
1262 0 0 0 0 0 1 0 0 0 0 1/10
1263 0 0 0 0 0 0 0 0 0 0 0/10
1265 0 0 0 0 0 1 1 0 1 0 3/10
1266 0 0 0 0 0 0 0 0 0 0 0/10
1276 0 0 0 0 0 0 0 0 0 0 0/10
1277 0 0 1 0 0 1 0 0 0 0 2/10
Summary | 0/34 | 3/30 | 4/30 | 8/30 | 2/30 | 13/30| 3/30 | 1/34 | 5/34 | 10/34
a*¢ GKAa OF YRARIFGS SipowiefiaSHPVEID f ®R®¢ LF NI RFG SINGA Y S

~ A L oA =

an Gy AIFNLIERESLIAYARSS O 2 dzfl RIFN &spBnSeicéuld beSdBtécted
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Table 3-8. Screening resultsar peptides derived from L1HPV1Erequently recognized epitopes

(FREPSsyre highlighted in bold.

-2 NB &N PSS QTdefoR CINIRSLIBSWEA S

Protein L1HPV11
Position 4559 204-217 | 241-255 | 325339 | 392406

(8% ;5%

sz g g 3¢

X = 2 ||: LL —

4 o o a) Z —

Sequence | » a - > = >
S| g | & |8 E

o Z LL > — =

T | S |z |5 > =

Q) < a T 4 )

Blood donor T-cell reactivity
782 0 0 0 0 0 0/5
783 0 0 1 0 1 2/5
787 0 0 1 0 0 1/5
789 0 0 0 0 0 0/5
795 0 0 0 0 1 1/5
797 0 0 0 0 0 0/5
798 0 0 1 0 0 1/5
805 0 0 1 0 0 1/5
912 0 0 1 0 0 1/5
932 0 0 1 0 0 1/5
936 0 0 1 0 0 1/5
941 0 0 0 0 0 0/5
942 0 0 0 0 0 0/5
951 0 0 0 0 0 0/5
1192 0 0 0 0 1 1/5
1204 1 0 0 0 0 1/5
1242 0 1 0 0 0 1/5
1244 0 0 0 0 0 0/5
1245 0 0 0 0 0 0/5
1246 1 0 1 0 1 3/5
1247 0 0 0 0 0 0/5
1248 0 0 0 0 0 0/5
1249 0 0 0 0 0 0/5
1250 0 0 1 0 0 1/5
1251 0 0 1 0 0 1/5
1252 0 0 1 0 0 1/5
1253 0 0 0 1 0 1/5
1256 0 0 0 0 0 0/5
1262 1 0 1 0 0 2/5
1263 1 0 0 0 0 1/5
1265 0 0 1 0 0 1/5
1266 0 0 0 0 0 0/5
1276 0 0 1 0 0 1/5
1277 0 0 1 0 0 1/5
Summary 4/34 1/34 | 15/34 | 1/34 | 4/34
a n a

02 dzZ R
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Table 3-9. Screening resultsar peptides derived fromL1HPV16Frequently recognized epitopes
(FREPSsyre highlghted in bold.

Protein L1HPV16
Position 20-34 233246 | 270284 | 413427 | 421-435 | 441-455
o T w O = ©
= 12185 0¢ 5|¢
O < | 2 L @4 :|:
n o 4 Z n L
> e 4 = = '—
Sequence | O = —l 7)) A o >
L — n L w o ©
LL LDL o > = > S
TS| 3| sS| 51| 6]|E
> < o) > pd w n
Blood donor T-cell reactivity
782 0 1 0 0 1 2/6
783 0 0 1 0 0 2/6
787 0 0 1 0 0 1/6
789 0 0 0 0 0 0 0/6
795 0 0 0 0 1 0 1/6
797 0 0 0 0 0 0 0/6
798 0 0 1 1 0 0 2/6
805 0 0 1 1 0 0 2/6
912 0 0 1 0 0 1 2/6
932 0 0 0 1 1 0 2/6
936 0 0 1 0 0 0 1/6
941 0 0 0 0 0 1 1/6
942 0 0 0 0 0 0 0/6
951 0 0 0 0 0 0 0/6
1192 0 0 1 0 0 1 2/6
1204 0 0 0 0 0 1 1/6
1242 0 1 1 0 1 3/6
1244 0 0 0 0 0 0 0/6
1245 0 0 0 0 0 0 0/6
1246 0 0 1 0 1 1 3/6
1247 0 0 0 0 0 0 0/6
1248 0 0 0 0 0 0 0/6
1249 0 0 0 0 0 0 0/6
1250 0 0 0 0 0 0 0/6
1251 0 0 0 0 0 1 1/6
1252 0 0 1 0 0 1 2/6
1253 0 0 0 0 0 0 0/6
1256 0 0 0 0 0 0 0/6
1262 0 0 1 0 0 0 1/6
1263 0 0 1 0 0 0 1/6
1265 0 0 0 0 0 0 0/6
1266 0 0 0 0 0 0 0/6
1276 0 0 0 0 0 1 1/6
1277 0 0 1 1 0 1 3/6
Summary 0/34 2/34 | 13/34 | 4/34 | 4/34 | 11/34

a na positivelFN response could be detectall &IFN response could be detected
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Table3-10. Screening results for peptidederived from L1HPV18-requently recognized epitopes
(FREPS)re highlighted inbold.

Protein L1HPV18
Position 1227 | 4256 | 5368 | 358372389403 | 447-461 | 477-491
T sle 22253
” Z | 5 & = <>E %
2 || 2| o E |3 | @3
0} o p= 0 ] I o -
Sequence | > | 2 | 9 | 2 | 2 > o 2
sz |E|E |5 |2|g|E
2o |z |2 |53 |5|E&
= ) < O (@} < S wn
Blood donor T-cell reactivity
782 0 0 0 0 0 0 1 1/7
783 0 0 0 0 0 0 1 1/7
787 0 0 0 0 0 0 1 1/7
789 0 0 0 0 0 0 0 0/7
795 0 0 0 1 0 0 0 1/7
797 0 0 0 0 0 0 1 1/7
798 0 0 0 0 0 1 1 2/7
805 0 0 0 0 0 0 0 o/7
912 0 0 0 0 0 0 1 1/7
932 0 0 0 0 0 0 0 0/7
936 0 0 0 0 0 0 1 1/7
941 0 0 0 0 0 0 0 0/7
942 0 0 0 0 0 0 0 0/7
951 0 0 0 0 0 0 0 o/7
1192 0 0 0 0 0 0 0 0/7
1204 0 0 0 1 0 0 0 1/7
1242 0 0 0 0 0 0 1 1/7
1244 0 0 0 0 0 0 0 0/7
1245 0 0 0 0 0 0 0 o/7
1246 0 0 0 0 0 0 1 1/7
1247 0 0 0 0 0 0 0 0/7
1248 0 0 0 0 0 0 1 1/7
1249 1 0 0 0 0 0 0 1/7
1250 0 0 0 0 0 0 0 0/7
1251 0 0 0 0 0 0 1 1/7
1252 0 0 0 0 0 0 1 1/7
1253 0 0 0 0 0 0 0 0/7
1256 1 0 0 0 0 1 1 3/7
1262 0 0 0 0 0 0 0 0/7
1263 0 0 0 0 0 1 0 1/7
1265 0 0 0 0 0 0 0 o/7
1266 0 0 0 0 0 0 0 0/7
1276 0 0 0 1 0 0 0 1/7
1277 0 0 0 0 0 0 1 1/7
Summary | 2/34 | 0/34 | 0/34 | 3/34 | 0/34 | 3/34 | 14/34

o] n G IF)-2reshdasa dould\b@ Getectai 1 GIFN! response could be detected
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Table3-11. Combined summary of Tde 3-6, 37, 3-8 and 39.

all peptides| all peptides| all peptides| all peptides| | all peptides
from from from from
L1HPV6a| L1HPV11l| L1HPV16| L1HPV18

Blood donor T-cell reactivity
782 1/10 0/5 2/6 1/7 4/28
783 3/10 2/5 2/6 1/7 8/28
787 4/10 1/5 1/6 1/7 7/28
789 0/4 0/5 0/6 0/7 0/22
795 3/10 1/5 1/6 1/7 6/28
797 0/4 0/5 0/6 1/7 1/22
798 0/10 1/5 2/6 27 5/28
805 2/10 1/5 2/6 0/7 5/28
912 5/10 1/5 2/6 1/7 9/28
932 1/10 1/5 2/6 0/7 4/28
936 2/10 1/5 1/6 1/7 5/28
941 2/10 0/5 1/6 o/7 3/28
942 1/10 0/5 0/6 0/7 1/28
951 0/10 0/5 0/6 0/7 0/28
1192 2/4 1/5 2/6 o/7 5/22
1204 1/4 1/5 1/6 1/7 4/22
1242 1/10 1/5 3/6 1/7 6/28
1244 3/10 0/5 0/6 o/7 3/28
1245 1/10 0/5 0/6 0/7 1/28
1246 2/10 3/5 3/6 1/7 9/28
1247 1/10 0/5 0/6 o/7 1/28
1248 0/10 0/5 0/6 1/7 1/28
1249 1/10 0/5 0/6 1/7 2/28
1250 1/10 1/5 0/6 0/7 2/28
1251 4/10 1/5 1/6 1/7 7/28
1252 1/10 1/5 2/6 1/7 5/28
1253 0/10 1/5 0/6 0/7 1/28
1256 1/10 0/5 0/6 3/7 4/28
1262 1/10 2/5 1/6 o/7 4/28
1263 0/10 1/5 1/6 1/7 3/28
1265 3/10 1/5 0/6 o/7 4/28
1266 0/10 0/5 0/6 o/7 0/28
1276 0/10 1/5 1/6 1/7 3/28
1277 2/10 1/5 3/6 1/7 7/28

summary: 34| 55 21/34 20/34 19/34 31/34

blood donors

A summarnyof the IFNY ELISPOT screening results is givaraliie3-11 and Table3-12. From
the 28 candidate epitope synthesized?3 peptidescauseda cytokine response within the

pre-stimulated PBMC population of at least one don@mly five of the chosen peiole
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candidates never caused any positive reactibhe recognition rates ranged in between 44

and 0% of the 34 randomly chosen healthy donors. The highest ranking six peptides show
recof AGA2Y NI GS& o0SG6SSYy wdod I yR Epitogesd & BWIHtSa 0a
belong to two different regions in the L1 qiein. The three FREPDORLFFYLRKEQMFAR
(LIHPV1d1.055 recognition rate: 44%)DRLFFFLRKEQMFARHPV64a02s54, recognition

rate: 43%) andDSLFFYLRREQMRVEHPV1§0254 recognition rate: 38%are lccated in

GwS A Ay wbEd thefe ared/DTYRFVQSVAITCQ (L1HRMES recognition rate

41%), EDTYRFVTSQAIACIKBIRV 161477, recognition rate 32%) and EDTYRYVQSQAITCQ
(LIHPBa/ 11410424, recognition rate: 2%) Out of the31 donors that recognizanyof the L1

peptides29 donors recognize at least one FREP

There is one additional strong epitope causamjFN- release in approximately one third of

the donors FKVVLPDPNKFALRDHPV6a/14s4, recognition rate27%). The remaining 16
reactive pepides show recognition rates below 20%. Three of the peptides caused a
cytokine response in only one out of 34 randomly chosen dororsvo of thesethree cases

the single blood donor recognizing the peptide does also respond to FREPSde
AMNFADLQTRKEDML1 HPW¥1,04217) Was only recognized by BD 12¢2cognizing three
FREPsBD 1204 that recognizé3LFVTVVDTTRSTKM HPV6a/1k4339) does also respond

to four other candidate epitopes, including one FRERIly peptideHLFVTVVDTTRSTRM
HPV11x.339) is recognized only by a single donor (BD1253) that does not respond to any
other epitope candidatesDespite ourefforts to avoid false positiveesults this recognition

couldbe causd accidentally.

The detected responsgsartly overlap with the class 1l restrictedl-cell epitopes reported
elsewhere(seel.4.2.9. Epitopes that overlap with one of the FREdRmtified in this study
were reportedin several publicationgHong et al., 1997Strang et al., 1990Villiams et al.,

2002, emphasizing the importance of the itified FREPs in tspecific Tcell immunity.

Williams et al.used an approachtesting 96 overlapping 15mers spanning the whold
protein of HPV11Seven HLMR restricted epitopes were identified. We tested 28 peptides
from four different HPV types andientified 23 epitopes. Among these were all seven
epitopes identified by Williams et al. or peptides overlapping by at least 9 amino &uids.
approach detected one additional epitoprom L1 of HPV11HLFVTVVDTTRSTNM
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(LIHPV1&s.339), however, this peptie wassuspected to bdalse positivedue to a very low

recognition rate(see above).

31 of 34 donors (91%) reacted to any peptidie particular, 25 donors (74%) reacted after
challenge with LIHPV6a peptid@4, donors (62%) responded to L1IHPV11, 20 doia9%)
to LIHPV16 pefdes and 19 donors (56%) to HHRV18 peptidesThese response ratesme
highcompared to theHPV prevalence in Europe that is estimated between 8 and(E&%r
et al., 2010. The difference can be explained by thesensitivity of theformer HPV
detection method (Schmitt et al., 2010and the fact that the presence of specific T cells

does not imply an acute HPV infection
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Table3-12. Summary of IFN ELISPOT screeninthe used peptides are listed according to their
recognition rate

# Sequene HPV typé  position” n° recognition [%}
1 DRLFFYLRKEQMFAR 11 241-255 34 44
2 DRLFFFLRKEQMFAR 6 240-254 30 43
3 VDTYRFVQSVAITCQ 18 477-491 34 41
4 DSLFFYLRREQMFVR 16 270284 34 38
5 EDTYRFVTSQAIACQ 16 441-455 34 32
6 EDTYRYVQSQAITCQ 6,11 410424 34 29
7 FKVVLPDPNKFALPD 6,11 70-84 30 27
8 AEVMAYIHTMNPSVL 6,11 380-394 34 15
9 GHPYFSIKRANKTVV 6 4559 30 13
10 VMTYIHSMNSTILED 16 413427 34 12
11 PSVLEDWNFGLSPPPN 11 392-406 34 12
12 GHPYYSIKKVNKTVV 11 4559 34 12
13 NSTILEDWNFGLQRR2 16 421-435 34 12
14 TNIFYHASSSRLLAV 6, 11 30-44 30 10
15 SSIYVNTPSGSLVSS 6 284-298 30 10
16 GSIVTSDSQLFNKPY 18 358372 34 9
17 ADVMSYIHSMNSSIL 18 447-461 34 9
18 PFLNKYDDVENSGSG 6 118132 30 7
19 AMDFTTLQANKSEV 16 233246 34 6
20 YHLLPLYGPLYHPRPL 18 12-27 34 6
21 HLFVTVVDTTRSTNM 11 325339 34 3
22 AMNFADLQTNKSDV 11 204-217 34 3
23 QLFVTVVDTTRSTNM 6, 16 324-338 34 3
24 VPPPNPVSKVVATDA 6, 11 11-25 34 0
25 VYHIFFQMSLWLPSE 16 20-34 34 0
26 VNVFPIFLOMALWRPS 18 53-68 34 0
27 QLFVTVVDTTPSTNL 18 389403 34 0
28 CGHYIILFLRNVNVF 18 42-56 34 0

a | ¢ indicates the HPV types that contain the exact epitope in their L1 amino acid sequence
G 0 ¢ the numbers given in this column refer to the HPV type given in bddders

& O ¢ indicates the number of random donors test for cytokine response after challengéth the peptide

& R ¢ number of donors responding to a challenge with the peptide after stimulation divided(kyl®0)

-77 -



The number of peptidethat wasrecognized by?BMCs of a single blood donaried widely
(Figure3-2). Only 7% of thepeople were notrecogniing any of the 28 L1HPV peptide$his
indicates widespread coverage of the-d4decificimmune response7%of the blood donors
mounted an immune responsagainstnine of the 28different peptidesand more than half

of the donors recognizémore than three peptidesThe possiblereasons for the observed
variations are numerousi)(infection of the donordy several or none of the analyzed HPV
types, (I) crossreadion of T cells (Ill) rare HLADR haplotype without promiscuous

presentationand (IV) time elapsed since HPV infection.

9 peptides 0 peptides
6,7%
8 peptides\ 6.7%

33% |

ides 1 peptide
% 16,7%

peptides
0

4 peptides
16,7%

Figure3-2. Number of peptides recognized biypdividual donors. Only donors that weretested for
all 28 candidate epitopes are included. After peptide specific jamplification PBMCs from 30
different blood donors were tested with 28candidate epitopes from the L1 protein of

HPV6/11/16/18 via ELISPOT. The percentage of donors that rezegnihe indicated number of
peptides is given in the slices.
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In most cases (83%) an immune response against peptides from several different HPV types
could be detected. As it is shown ihable3-13, only 10% of lhe donors had a cytokine
responserestrictedto peptidesthat originatefrom a single HPV type

Table 3-13. HPV type specificity of detected-dell response againstl Only the donors tested
against allcandidate epitopes are included (n = 30)

donorgn]
(T cells detectefd e 22 = 17

SIRErE]E 76.7 83.3 60.0 56.7 933 833
(T cdls detected ' ' ' ' ’ |

a | € 1+ types: this column describes the numlaed percentage of donorsyvho showedspecific T cells
against at least one of the four tested HPV type

a 0 ¢ 2+ types: this column describes the number and percentage of donors, who showed specific T cells
againstat least twothe four tested HPV types

3.2 Intracellular cytokine staining

3.2.1 T-cell population s

To further investigate and identify the cells producing-IFN dzLJ2 Yy LISLIGA RS &G A Y«
cytometric analysiswvas performed. PBMCs were piamplified with peptide pools and
challenged after 12 days with single peptide in the presence bfefeldin A, according to

2.2.4 (Intracellular cytokine staining)After the cytokine production phase, PBMCs were
stainedg A (0 K (i KIBE/DRADSIj ddo &xclude dead cells. To differertgabetween

distinct cell populations they were also stainéor the surface markers CD4 and CD8.
Intracellular cytokine staining (ICS) was perforni@dIFN! to identify cells reacting to the

peptide challengdy cytokine response

Stainings of four exemplary donors are depictedrigure3-3, Figure3-5, Figure3-6 and
Figure3-7. Figure3-3 shows the results for BD788 a more detailed manneiFigure3-5,
Figure3-6 and Figure3-7 show the resusk for the PBMCs of the blood donors Sp1, Sp2 and
Sp3.

As gating strategyf wasfirst gated on the lymphocyte cell population according to their size
(FSC) andranularity(SSCJThis removes most of the cell debris from the ddiaa next step
single cés werediscriminated fromcell doublets. Thiswas done by checking the relation

between the height (FSB) and area (FS&) of the FSC signal. Two cells sticking together
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have a longer (increase in F8Lsignal compared to the heightf the signal (FSB),
because they are longer in shape but not thicker. Herme the FS@/FSEH plot, cell
doublets do not lie on the main line made out of single céllext, dead andlying cells were
removedfrom datad € | & [ L If 8zKob BIFEEADEAD agua a fluoescent dye that
binds to free amino groupd/iable cells are not stainecebause most free amino groups are
contained within the cell andraintact cell membrane prevents the dye from entering the
cell. Only dead cells and cell debrése stained with thedye. Data points having a high
LUFEDEADsignal are removed from the analyzed data. Next @24 plotted againsCD8,

thus allowing population analysis of CO4cells and CDd cellsseparately

Figure3-3 shows the analysis ®{BMCs from blood donor BD783 in detahe first CD4 and
CD8 populatiorplots show thelFN! response after challenge with the negative peptide
from humanfilamin A that was already used in the ELISPOT experimehte negatie
peptide stimulates 0.08% d the CD4 T cells and 06% of the CD8T cells to producéFN- .
The positive control, a mixture of PMA and lonomyciauses 43% of CD4and 379% of
the CD8 T cells to producéFN- . These results indicate a good experimental and technical
reliabilty. The next five doublelots show thelFN! production after challenge with one
single peptide. All five CDdlots show an increased population &N producing cells,
reaching percentages between23% and 24%. None of the five CDO#8ots show any
increase in the amount ofFN! producers (03-0.07%). This clearly shows that all five
peptides are MHC classdistricted epitopes, recognized by CD#® cells and not MHC class |
epitopes recognized by CD&F cells. For a better overvievihe results of BD783 are
summarized inTable3-14. For an explanatiomow positive and negative responses can be

distinguishedsee3.3.2
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Figure3-3. Intracellular cytokine staining of BD78&bntinues on next pge.
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Figure3-3 continued. Intracellular cytokine staining of BD783. PBMCs were -praplified using a
pool of up to 10 peptides including the one that was used for challenge. Intracellifédd levels
were measured afterl2 hchallenge with 10 pug/ml peptide indicated on the left side. Gating was
performed as show (top). First, lymphocytes were gated on by using F&ISSCA. Second, cell
aggregates were excluded bySEA/FSGH. The remainig events were gated for viable cells by
usage of LIFE/DEADaquastaining. The FAC®Ilots (middle and right) show single, viable
lymphocytes dvided into CD4 and CD8 populations. Theplots showlFN- levels as a function of
cell size (FSB). Cells thatie within the gate are cells of the parent cell type that react upon
challenge bylFN- cytokine production. Thepercentageof the parent cell type ppulation (single,
viable lymphocytes positive for either CD4 or CD8) that produc#s\“ upon challenge igjiven in
the tables left to theplots.
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Table3-14. Summary of ICS of BD78Bercentage ofFN positive cells of parent populatiorafter
challenge with a single peptide

parent population CD4 CD8
IEN-r + of parent [%] IFN-r+ of parent [%]
challenge
negative control 0.08 0.06
positive control 42.30 37.90
EDTYRYVQSQAITCQ (#6) 0.32 0.07
DRLFFYLRKEQMFAR (#1) 0.26 0.03
PSVLEDWNFGLSPPPN (#11) 2.24 0.03
NSTILEDWNFGLQPP (#13) 2.17 0.03
DSLFFYLRREQMFVR (#4) 0.23 0.03

For the PBMCs of BD783 a backgating analysis was perforfrguare(3-4). The gating
includedall viable, single cell events that showed increal@d! values. The expression of
the surface markers CD3, CD4 and CDS avealyzed and compared to a negative control of
unstained viable, single cellall five IFN' positive populations that weraletected after
challenge with the single peptide indicatade positive forCD3and CD4Most of thelFN!
producing cells are mgtive for CD8. In théFN ™ population after stimulation with the
peptidesEDTYRYVQSQAIT@Q) andDRLFFYLRKEQMRAR a small population diFN-
producers show CD8 expression. Although these populations are not visilalie [N
positive populatioms and are hence not caused by standard background of the staiméyg
are small and can be ascribed to random unspecific activafitnus the results clearly
indicate that the cells producin=N* after challenge with one of the five used peptides
express CD3 and CD4n their surfacebut no CD8. The five peptides can therefore be
described as MHC class4¢dll epitopes.
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Figure3-4. Backgating analysis of BD783. Pamplified PBMCs of donor BD783 weohallenged

with a single peptide indicated on the left side and stained for CIZP4 CD8 and intracellular
IFNY. The events gated for the histograms were single, viable cells. The histograms show the
surface expression of CD3, CD4 and BB producers are depicted in red while blue indicates a
negative staining.
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Generally, the method of ICS proved to be lagplicablethan the ELISPO#&ssay Despite
the use of PBM€of donors that already reaetd to several HPV epitopes in ELISPOT, the
amount of cells producingFN+ upon challenge was small and thiEN' production more
difficult to detectthan with the ELISPT.Parallel experiments using the same gaeplified
PBMCs, and comparing ELISPOT and ICS r&f$utteed nonequivalentresults. To enhance
the ICS resultseveral parameters ithe ICS protocolvere varied Differentincubation times
were used a1l hpre-incubationtime (after peptide challenge but before additgefeldin A)

was introduced anddifferent Golgiappaatus inhibitors krefeldin A, nonensin) and
mixtures of bothwere applied None of these changes enhanced tl@Skesults in a

significant maner, so that the original ICSqtocol as described i8.2.4was not changed

The differences between ELISPOT and ICS most probably arise because of the strong
difference in peptide challenge tim@he ELISPQ3 incubated24 h while the ICS uses only

12 hincubation time Toprolong the peptide challenge time in the ICS is not practicable
becauseincreasedincubation periodsof BrefA or monensitead to significant cell loss due

to cell death.

As mentioned before, the positivELISPOT results could not dleserved bylCS in most
cases.To characterizeat leastthe epitopeswith the highest recognition ratePBMCs of
donors that were vaccinated with the HPV vaccine Gard&gil, Sp2 and Sp®jre used

These persons should hawignented levels of HRSpecific Tcells. This should greatly
increase the amount of HRpecific Tcells after the preamplification and therefore

facilitate the detection by ICS.

Figure3-5, Figure3-6 and Figure3-7 show the ICS FACS data of Gardasil vaccinated donors
Sp3, Spl and Sp2.

As displayed irFigure 3-5, preamplified PBMCs from Sp3 recognize six different HPV
derived peptides as MHC sk Il restricted epitopes. The percentage of CEells which
were reacting with IFNY production after peptide challenge range betweenl®%o and
0.77%.

These positive results arelearly distinguishable from the very low negative control of
0.03% The response rate within the CD®pulation varies only between. 6% and ®3%

and isderived from background (negative control1@%).The positive control is very low.
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Only 222% of the CD4cells and only 29% of the CDB8cells react to a PMA/lonomycin
stimulus. This could be an indicator fomresponsiverl cells or could just be cawesl by a poor

quality PMA or lonomycibatch
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Figure 35. ICS FACS data of donor Sp3.
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Figure3-5 continued. ICSFACS data of donor SpBBMCs were pramplified using a pool of upd

10 peptides including the one that was used for challenge. Intracelluid4 levels were measured
after 12 hchallenge with 10 ug/ml peptide indicated on the left side. Gating was performed as
shown (top). The FACSIots (middle and right) show singlejiable lymphocytesCD4 (middle) or
CDS8 (right).
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Figure 3-6 and Figure 3-7 show the FACS data of pamplified PBMCs from Gardasil
vaccinated donors Spl and Sp2. Spl shows responses against fountlifiegpédes, while

the PBMCs from Sp2 react to only two of the challenged peptides.

The background of th€D4 populationof Splis low (017%). Ater challengewith the L%
specific peptidesit least twice as many positisgated eventan be detected itomparison
to the negative control. The background of the CP8&pulation ishigher The negative
control shows M8% positive cells, while the positigated events of the peptide challenged
cells reach between.02% and 133%. All four peptides clearlyi@t a response within the

CD4 population and not the CD$opulation
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Figure 36 ICS FACS data of donorlSgontinues on next page
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Figure3-6 continued. ICSFACS data of donor SpEBMCs werg@re-amplified using a pool of up to
10 peptides including the one that was used for challenge. Intracellui4 levels were measured
after 12 hchallenge with 10 ug/ml peptide indicated on the left side. Gating was performed as
shown (top). The FACS8Iots (middle and right) show single, viable lymphocytes COhiddle) or
CDS8 (right).

Despite the donor Sp2 being vaccinated against HPV, the detdeidresponses are only
marginal Figure 3-7). The highest percentage of positigeed events in the CD4
population after peptide challenge is3®% with a background of.D4%. Challenge withhe
peptide EDTYRYVQSQAITC&uses 0.39% of the CD4opulation to produce IFN.
Challenge wittEDTYRFVTSQAIA2Qses only.18%to respond withIFN! production. The
response is not distinguishable from the backgrouAdain the CD8positive-gated events

vary only marginal (27%- 0.30%) and stay close to the negative contraBg¥9.
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