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Abstract

1 Abstract

Despite theavailability of highly efficacious prophylactic vaccines againstam papliomaviruses

(HPV), the predominantly sexually transmitted viruses are still highly prevalent worldwide and
represent the most significant part of virusduced tumor diseases. Irdgon with HPV is the leading
cause of cervical dysplasia and cancer, but moreover, it can also cause tumors in the other parts of the
anogenital tractandin the head and neck areaspecially in th@ropharynx. Thus, the global burden

of morbidity and matality is immense. The prophylactic vaccines only protect from virus infection but
cannot extirpate virusnfected cells, which renders them ineffective as a treatment for elviced
dysplasia and cancer. Hence, a novel therapy againstihtidded maligancies is of the highest
urgency.

Natural regression of HRWduced dysplasia is connected to rigid T cell responses against the
regulatory early proteins of the virus. This renders these proteins a possible candidate for therapeutic
vaccination. Therapeig vaccine candidates are mainly focused on the oncoproteins E6 and E7, thus
varying in clinical efficacy. Hence, this thesis aims to expand the restricted antigen usage in order to
generate novel typespecific therapeutic vaccine candidate

First, with the lack of a small animal model for sexugiBnsmitted HPV Macaca fascicularis
papillomavirus type 3 (MfPV3) was chosen as a model virus due to its high homology and phylogenic
relationship to HPV16 and its ability to induce HIR¥ dysplasia in perstently infectedMacaca
fascicularisA set of antigens of MfPV3 was designed based on the regulatory early proteins E1, E2, EB,
and E7 and the ferminal fusion of the MHd-associated invariant chain (li). Biochemical and
molecular biologicain vitro as well as immunologicah vivocharacterization of DNA vaccine vector

and adenoviral vectedelivered antigens proved that the artificially fused polyproteiB1E2E6GE7 is

not inferior compared to the combination of single antigens, thus renders thigjean the lead
therapeutic vaccine candidate for padinical efficacy trials in persisterdigfected macaques.

Second, HPV16 represents the most critical cliniglavantHPV type. Hence, HPV16 antigens were
designed based on the blueprints of the MfPM&igens. Biochemical, molecular, and cell biological
characterization proved the absence of transformation capacity of the antigens. Moreoxdapih
immunological characterization of adenovidglivered antigens revealed potent atimor efficacy

ina translational HPV genommositive tumor model in inbred mice, especially in synergy with cisplatin.
Therefore, the HPV16-H1E2EGE7 therapeutic vaccine candidate might be a promising contender in
future clinical investigations to combat HPVih@uced nalignancies.

Finally, recombinant poxviral vectors based on the Modified Vaccinia virus Ankara (MVA) comprising
MfPV3 HE1E2EG6E7 were generated in a ddekived continuous cell line, which was modified to knock
down transgene expression. Thorough chaesigation of the cell line sidby-side with the non
modified parentalcell line exhibited better replication, resulting in higher virus titers, and enhanced
genetic stability across serial passaging of both recombinant MVA (rMVA) in the absence ofigansge
expression. Furthermore, it was shown that the genetic stability depends on the integration site within
the rMVA. particularly the mode of action how instability is manifested differs between the integration
sites. Thus, the knoettown of transgene exgssion while rMVA generation and production might be

a promising strategy for manufacturing recombinant viruses with demanding transgenes.

In summary, the generation of novel therapeutic vaccine constructs againsas#fédiated disease

with broader antign capacity due to the inclusion of E1 and E2 and also of vectors suitable for antigen
delivery is shown in this work. The data presented here argues for the potential beneficial use of the
14
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li-ELE2E6E7Y antigen in the therapy against-HBWced malignanci A future preclinical efficacy trial
with an adenovirugprime and MVAboost scheme in persistently MfP¥M#¥ected macaques may guide
the way for the clinical development of the promising HPV1iB1E2E6E7 therapeutic vaccine

candidate.

15



Zusammenfassung

2 Zusammenfassug

Trotz der Verfugbarkeit hochwirksamer prophylaktischer Impfstoffe gegen humane Papillomviren
(HPV) sind die vorwiegend sexuell Ubertragbaren Viren weltweit immer noch stark verbreitet und
stellen den groé3ten Teil der virusbedingten Tumorerkrankungen Diigr.Infektion mit HPV ist die
Hauptursache fur Dysplasie und Krebs des Gebarmutterhalses, kann aber auch Tumore in anderen
Teilen des Anogenitaltrakts uném Kopf und Nackenbereich, insbesondere f@ropharynx
verursachen. Deshalb ist die globale Belastung durch Morbiditdt und Mortalitdt immens. Die
prophylaktischen Impfstoffe schiitzen nur vor einer Virusinfektion, kdnnen aber die virusinfizierten
Zellen nicht ausrotten, so dass sie zur Behandlung vorimtRMerten Dysplasien und Krebs
unwirksam sind. Daher ist eine neue Therapie gegen-iH@R)zierte Entartungen von hochster
Dringlichkeit.

Die natlrliche Regression von Hiduzierten Dysplasien ist mit einer rigiderZ@lFReaktion gegen

die regulatorischenrfihen Proteine des Virus verbunden. Dies macht diese Proteine zu einem
moglichen Kandidaten fir eine therapeutische Impfung. Therapeutische Impfstoffkandidaten
konzentrieren sich hauptséchlich auf die Onkoproteine E6 und E7 und variieren daher in ihrer
klinischen Wirksamkeit. Ziel dieser Arbeit ist es daher, die eingeschrankte Verwendung von Antigenen
zu erweitern, um neuartige typspezifische therapeutische Impfstoffkandidaten zu entwickeln.

In Ermangelung eines Kleintiermodells fur sexuell Ubertragbare Wde Macaca fascicularis
Papillomavirus Typ 3 (MfPV3) als Modellvirus ausgewdahlt, da es eine hohe Homologie und
phylogenetische Verwandtschaft mit HPV16 aufweist und in der Lage istiittfvhe Dysplasien in
persistent infiziertenMacaca fascicularigu induzieren. Eine Reihe von MfRXBtigenen wurde auf

der Grundlage der friihen regulatorischen Proteine E1, E2, E6 und E7 sowidedariddlen Fusion

der MHCIl-assoziierten invarianten Kette (li) entwickelt. Die biochemische und molekularbiologische
in vitro- sowie die immunologischian viveCharakterisierung der durch DNAakzineVektoren und
adenovirale Vektoren verabreichten Antigene zeigte, dass das kunstlich fusionierte Polyprotein li
E1E2E6E7 einer Kombination der einzelnen Antigene nicht urgerlisty was dieses Antigen zum
fuhrenden therapeutischen Impfstoffkandidaten fur praklinische Wirksamkeitsstudien an persistent
infizierten Makaken macht.

HPV16 stellt den wichtigsten klinismlevantenHPV/Typ dar. Daher wurden HP\(ABitigene auf der
Grundlage der MfPVRAntigene entwickelt. Die biochemische, molekulare und zellbiologische
Charakterisierung bewies, dass die modifizierten Antigene keine Transformationsfahigkeit mehr
besitzen. Darliber hinaus ergab eine detailierte immunologische Charaduterigi der adenoviral
verabreichten Antigene eine starke AfflimorWirksamkeit in einem translationalen H@3énom
positiven Tumormodell bei Inzuchtmausen, insbesondere in Synergie mit Cisplatin. Daher kdnnte der
therapeutische HPV1B-E1E2E6EIMpfstoffkendidat ein vielversprechender Kandidat fur kinftige
klinische Untersuchungen zur Bekdmpfung von HRRdizierten malignen Tumoren sein.

Schlie3lich wurden rekombinante pockenvirale Vektoren auf der Grundlage des modifizierten
VacciniaVirus Ankara (MVAljas MfPV3 {E1E2EGE7 als Transgen enthalt, in einer kontinuierlichen
Zelllinie von Enten erzeugt. Dazu wurde die Zelllinie und das Virus so modifiziert, dass die
Transgenexpression unterdriickt wurde. Eine grindliche Charakterisierung der modifizietieireZel

im Vergleich zur nicht modifiziertgrarentalenZelllinie ergab eine bessere Replikation, die zu héheren
Virustitern fihrte, und eine verbesserte genetische Stabilitat bei serieller Passage beider
rekombinanter MVA (rMVA) ohne TransgenexpressiomiDe hinaus konnte gezeigt werden, dass

die genetische Stabilitdt von der Integrationsstelle innerhalb des rMVA abhangt, insbesondere die
16
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Wirkungsweise, d. h. die Art und Weise, wie sich die Instabilitat manifestiert, unterscheidet sich
zwischen den Intagtionsstellen. Der Knockdown der Transgenexpression wahrend der -rMVA
Generierung und Produktion kénnte daher eine vielversprechende Strategie fiir die Herstellung
rekombinanter Viren mit anspruchsvollen Transgenen sein.

Zusammenfassend l&sst sich sagen, dass in dieser Arbeit die Herstellung neuartiger therapeutischer
Impfstoffkonstrukte gegen HR&ssoziierte Krankheiten mit einer breiteren Antigenkapazitat aufgrund

der Einbeziehung von E1 und E2 sowie von passenden esYaktoren gezeigt wurde. Die hier
vorgestellten Daten sprechen fur den potenziell vorteilhaften Einsatz -@E2EG6EANtigens bei der
Therapie von HPRWduzierter malignen Erkrankungen. Eine zukinftige préklinische
Wirksamkeitsstudie mit einem adenoaienPrime und einem MVABoostSchema in persistent
MfPV3infizierten Makaken kdnnte den Weg fiur die klinische Entwicklung des vielversprechenden
therapeutischen HPV16H1E2E6ElMpfstoffkandidaten weisen.
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3 Generalintroduction

Human pgillomavirus (HV) are smajlnon-enveloped viruses comprising about 8 kb of histdroed
dsDNA genomél) (FigurelA). These viruses care further subdividednto multiple genera, further

into more than 20Qypes with either cutaneous or mucosal tropigf@). Infections withmucosaHPV

are most commonly transmittedexually(3¢5) and display the most common sexually transmitted
infection worldwide. There are estimations that probahliysexually activeadividualswill be infected

at least once in lif¢6). HPV is historically well known for its connection to cervical cancer since about
99% of all cervical cancers contain HPV DNABecause of theilikelihoodof inducingcancer, HPY

are often characterized into higtisk (hHPY and lowrisk (rHPV types(8,9)

The icosahedral viriors approximately 5%0 nm in size ants composed of 72 capsomeres, each
assembled out of 5 laté (L1) protein moleculegach thereof resembling a bejallyroll core folding
(10,11)FigurelA). Interestingly, the capsomeres are linked by tfide bonds(12). Approximately 12
molecules of L2 pretins are embedded within the capgiti3). These L2 proteins are not fully surface
exposed(14) but become available for extracellular matrix binding and are cleaved by furin during
infection (15).

The m@pillomavirus (PVylenomecomprisesseveral partially overlappin@RFs, which can be further
dividedinto early and lateregions(2) (FigurelB). Thevirus protein expression tightly regulatedat
the level of transcript expression and RNA editing,dhdrefore, dependent onalternative splicing
and mRNA postranscriptional proessing (16,17) since all proteins are derived from three
polycistronic prenRNAs

A dsDNA

genome

cellular

histone
cross-section view surface view
LCR

i S — R I

eUTR IUTR

(EO-EP{ Bl _——{F4 ~{ES

ORI

pAE pAL

Figurel: Schematic representation of PV virion and genome

(A) Schematic representation of PV virion in cross section and surface view. Vipgicces formed by the late

(L) proteins L1 (blue) and L2 (green). Circular dsDNA genome is bound to cellular histones. (B) Linear
representation of the genome based on HPV16. Early (E) proteins are colored in grey; late (L) proteins are
colored in green; mall black arrow indicate early (pE) and late promoter (pL); bold black arrows indicate early
(pAE) and late polyadenylation site (pAL); block box indicate the origin of replication (ORI); small black arrow
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indicate the long control region (LCR); blue baxedicate early (eUTR) or late untranslated region (IUTR).
Figure based on Johanssetal. 2013(17).

3.1 Evolution ofPapillomaviruses

The Papillomaviridaeis a very old family, infectm possibly all mammals and other amnigtes
therefore, ancestral PVs carelnlated back to the Paleozoic aff8) (Figure2A). Meanwhile,PVs are

also deteced in fishes(19), leading to the subdivision of thdapillomaviridaefamily into
Frstpapillomavirinaeand Secondpapillomavirina€l 3), thusimplying even older originaf the ancient

PV, With the emergenceof the first reptiles 350 million years ago atite accompanyingl@anges in

the epithelium of tkeir ancestral hostthese viruses started to coevolve with their respective (b8}

About 200 million years ago, with the evolution of hair and sweet glands in mammals, PVs gained
mucosal tropism.

Most of the PVgause chronic asymptomatic infectiofZ)). Even in immunocompetent individuals in
the general populationHPV can be frequently isolated from skin swaps and pluckedl&agling to
the assumption that HPpersistsin the population as commensa(g1,22)

Doublestranded DNA viruses show the slowest evolutionary rates among vi(R3e31) especially
PVs(25). For the taxonomic categorization, theentity at the nucleotide level of the L1 gene was
selected. One PV type is defined by more than 90% nucleotide identity within this(génd his
threshold igestrictedbecause of the multimodal distribution of the evolutionary distances among PVs
(26¢28). Despite the slow evolution, the PV diversity yielded in more than 200 {8 ¢Figure2B).
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A Crown-group Characteristics of the Phenotype

-Essentially cutaneous PVs X
-Productive and asymptomatic infections

-Essentially mucosal PVs
. -Productive infections
Alpha-Omikron  -Some of them carcinogenic potential
(e.g. HPV16 and HPV18)

-Cutaneous PVs X

) -Mainly as‘mptoma_tlc L )
Beta-Xi -Some of them proliferative infections
(e.g. HPV4)

7P\'Vn'c'e's'EFSF _gutgn&qus P¥Sct
s % -Productive infections
Delta:Zeta -Some of them carcinogenic potential
(e.g. EcPV2)
. -Mucosal and cutaneous PVs
Lambda-Mu -Productive and asymptomatic infections
Mya 300 250 200 150 100
[ — N————
First evolve Crown radiation of
(lay eggs) (hair and sweat glands) placental mammals

B

Cutaneous Asymptomatic
Gamma-HPVs

Cutaneous Asymptomatic
Beta-HPVs

Cutaneous warts
(HPV1, 63 and 41)

Cutaneous Warts

Figure2: Evolution and diversity of PVs

(A) Evolution of PVs with cutaneous and mucosal tropism. The evolution of hair and sweat glants trijtfsze
separation of PVs into the crown groups based on their phenotypes. These crown groups further diversified
with the evolution of mammalian radiation. The group of Alpkamikron PVs developed the ability to infect
the mucosal epithelium. (B) Phylogenicee of PVs. Black arrow indicate HPV16, grey arrow indicate MfPV3.
Figure adaptedrom Bravoet al. 2015(18)and further modified.
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3.2 Epidemiology oHPVand HPVInducedDisease

TheAlphapapillomaviruseare the most characterized HPV genus since this genus is the most clinically
relevant because of theinfection of the oral and anogenital mucqsherefore thdar induction of the
HPVtrelated disease in neimmunocompromised individualand harboring most of the highisk

type, like HPV16 and HPV({@13) In the following, if not mentioned elsewhere, HPV désas the
matters related to humamiphapapillomaviruses

HPV infection is one of the mdsequentviral infections in the world and probably the mgstvalent
sexually transmitted infectionyith an estimated nearly 300 million HRMsitive women worldwide
in 2007(29). In asymptomatic women, an HPV prevalence of 11.7% could be obsar26d0(30).
The prevalence was even higher in developing regions compared to developed r&&@8@® The
highest infection rate could be observed in adolescent girls and young wd&ignSimilar global
prevalencerates and transmission rates could be observed for genital HPV infection in men but
without age differenceq31). Asymptomatic infectionsare often featured by several HPV types,
including HPV1®@ith just 3.2%, HPV18 with 1.4%, HP\&1d HPV58eachbelow 1% With increasing
disease severity, also the HPV detection rate incre¢@@sAtcervical intraepithelial neoplasia grade
1 (CIN1, see chapt&.6) the HPV detection positivity rate imetween 5070%(30), but in invasive
cervical cancer the HPV detection positivity rate is betweerdl @@46(32), which mainly correlated
with HPV1§61%)and HPV1810%)(8).

According to the GLOBOCAN analysis, more than 600000 new cases of cervical cancer and 340000
deaths occurred in 2020enderingcervical cancer the fourth most common type of female cancer.
Most of these occurred itow- and middleincome countries (LMIG33,34)

HPV is not only responsible for cervical canbat it alsocausesther cancers in the anogenital tract,
such as anal cancer (88%), vulvar cancer (43%), vaginal cancerfipehile cancer (50%B1) but
also attributable for oropharyngealquamous celtancer(OPSCCYhe later displays an emerging
threat.

Althoughthe prevalence of head and neck cancer (HN& keen decreasing within the last few
decades, the incidence of Hfpdsitive OPSCC, a subgroup of HNC, has incrg@dOPSCC
comprises cancers in the soft palate, uvula,sitand base ofhe tongue. Depending on the study,
the incidence of HP@ositive OPSCC is indicated between 38% and(36€88), of whichHPV16 is
responsible for at least 85%39). In fact, HP\positive OPSCC displays one of fhstestrising
incidence rates imigh-income countriegHIC)(40,41) and the incidence of OPSCC in men has even
surpassed the incidence of cervical cancer in women in the UkhandiS(40). On a global scaléhe
incidence of HPYositive OPSC isutterly higher in HICscomparedto LMICs despitethe high
incidence of HPMssociated cervical cancerthese countrie¢38).

3.3 HPVReplication andFunction of Virus Proteins

HPVs can only infect cells in the basal layer of the epidermisamadnlyfully replicate in terminally
differentiated keratinocytesThe HPV replication can be subdivided into three phasestdgtion and
establishment phase, (igenome maintenanceand (iii) differentiatiorinduced amplification(42)

(Figure3A).
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A normal mucosa infection

virus shedding

o~
N &
stratum . [—‘ o3 virus assembly
superficium <l
wly 3
< genome replication
z
stratum o~ ;a =
intermedium 3 is
EE s cell proliferation

E6 & E7

[ofhe o) i | P
anno genome maintenence

stratum basalel:
basement membrane
dermis

Legend: E) normal cell @infected cell high HPV genome Ge% assembly of * virus particle

copy number new virions
basal receptor
cells furin/ %
BM protease / - 8
basement ( :

membrane
(BM)

B

virus

HSPG protease cell endocytotic
binding cleavage adhesion uptake

Figure3: HPV replication in the mucosa

(A) Schematic replication of HPV in the mucosa. Righthand panel indicate the expression of the different viral
proteins and multiplicity of the viral genomic DNA, which is dependent on the differentiation state of the cell.
Lines indicate highHevel expresion; dotted lines indicate lowlevel expression. Color code is explained in the
legend. Figure based on Middletoet al. 2003 and Doorbar 200613,44)(B) Infection of a basal cell by HPV.
The virus cannot infect the basal cell directly but needs to bind tdR@&sf the basement membane (BM) via

L1, thus leads to cleavage of L2 by furin or Bikbtease. After cleavage, HPV can infect the basal cell. Figure
based on Schilleet al. 2012(11).

The viriongget in proximity to the basdhyer cellsn the stratum basaleghrough microabrasionsr
traumawithin the epithelium. Thesallowthe virions to bind via their L1 capsid protein at the heparan
sulfate proteoglycan (HSPG) on the surface of the basement mem@a)(Eigure3B). Subsequently,
upon binding of L1 to HSPG, a conformational change in L2 is inbycgdlophilin B46), which leads

to exposure othe Nterminus ofL2 This enables the proteolytic cleavage of L2 by furin or proprotein
convertase 5/6, a prerequisite for virus uptake and interragion (15). Upon the cleavage of L2, a
previously masked surface of L1 gets exposed faglitatesbindingto the unknown receptor on the
basal layer cellgl5,45,47) Receptor engagemenhducesendocytosisof the virions. Acidification of
the endosomes leads to degradation of Ma an unknown mechanism, LZaicomplex with the viral
genome mediates its escape from the endosome and translocates into the @algsnetwork (48).
Active cell division is necessary for the entry of thg&Bome complex into the nucleus. A preresjté

for nuclear localization of the L2genome complexis the transient breakdown of the nuclear
membrane in mitotic cell§49). Within the nucleus, the L-Benome complex associates with the
promyelocytic leukemia nuclear bodieBML bodies/NELO), the site of PV DNA replicati¢60¢52).
Initial virus protein expression from the earlyomoter (pE,p97 in HPV16) leads to the expression of
22



General Introduction

viral replication proteindEl and EZ17) for an initial phase of genome amplification, prior the
maintenance of the viraDNA as an episom@9,53) For this, E2 binds to conserved sequence
elementsin the origin of replication (ORI) within theng control region (LCR) of the HPV genome,
which furtherrecruits E1, an AT&ependent helicasés4). E1 thereby recruits the sb DNA replication
machinery(50,55) which leads to bidirectional replicatipyielding about 56100 episomal copies per
cell (56). This initial amplification phase of the genorhighly depends oftl and E242). The ability

of E2 to bind to the cellulabromodomaincontainingprotein 4 (Brd4)and the minichromosome
maintenance element (MMB)an tetherthe viral genome to the haschromosomes and facilitate
correct genome partitioning and segregatimo progeny cell$57¢59).

Atfter cell division and migration of progeny cells into the suprabasal cell(styatum intermedium,)

a process of differentiation forces the progeny cells into cell cycle aifbstoncopoteins E6 and E7
as well as Efre transcribed from the early promotgE additionaly to E1 and EZp97 in HPV16)
(16,17) Expressin of E6 and Ein thiscell layercircumventscell cycle arrest binactivatingmembers
of the retinoblastoma proteins (pRb) and the turmrppressor protein p580) In uninfected cells,
monophosphorylated pRb binds and inactivates the transcription factor E2& consequence, the
cell cycle cannot progress frorthe G1- to the Sphase. In mitotially active cells, pRb is
hyperphosplorylated bycyclinD (CycDactivatedcyclindependentkinase 4 or 6 (Cdk4 or 6), which
leads to the release oE2F. HPV E7 interacts with pRbus releasingE2F, whichinduces Cdk
independent cell cycle progressi@B0). The tumorsuppressor protein p53, also referencedthse

G 3dzl NRAL Y 2 ®B1) istigily ragbistain eémal cellsby its negative regulator Mdmaia
binding to its activator domain and inducing ubiquitiependent degradation of p5&2). P53, on the
other way, worksasa transcription factor of Mdr. Therefore low amounts of p53 arpresent in the
cytoplasm under normal condition§lpon activation of stress signal pathways (€A damage, UV
irradiation), p53 is phosphorylated by several stragfiiced kinases(e.g, ATM kinases), which
preventsregulation by Mdm2. The protein acamulates, translocates into the nuclewsnd activates
cell cycle arresassociated or apoptos&ssociated gene transcriptio(62). HPV oncoprotein E6
inactivates p53 function and thysevents cell growth inhibition and apoptosisinfected @lls (60).
This is further enhanced by E5, which is involved in koilocyte formation, a characteristic -of HPV
infected cell{63), and enhances epidermal growth factor receptor (EGFR) sigii@0rey) optimizes
genome amplification(65) and therefore contributing to the hyperproliferation of the cells.
Consequentlythe partiallydifferentiated keratinocytes of thetratum intermediumfurther undergo
cell cle progressiofresulting incell division Therefore HPV genme-containing cells expand within
the epidermis towards the superficial layer.

The level of E2 isssentiafor the switch from early to late gene expressidfigration of the HPV16
infected cells towards the superficial layer resultsdifferentiation-induced altered cellular gene
expressionactivating the late promoterplL,p670 in HPV16) anehhancinghe expression of E1, E2
and E417). E4prepares the cells for virus assembly, interacts with the cytokeratid plays aole in
virus release(66¢68). The increasel levels ofE1 and E2 promote genome amplificati¢®®) and
increase episomal genome copy numlmsrapproximately a factasf 100(56). Transcription of E1 and
E2 from both early and latepromoters of the initial genomes and additional the newly synthesized
genomesgeneratea positive feedback loop resulting in higher concentrations ofE22works as a
transcription repressor for pgnd thus represseB5,EG and E7 expressiofl7,70) and the infected
cellsfully commit to viral genome replicatioifhe peaking levels of E2 additionaiiguce Ezbinding
to the early polyadenylation signal, resulting in transrepression ofplhderivedearly proteinsand
inducinglate protein expressioywhich pave the way for genome packagitd,70) Cellular &ctors in
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terminally-differentiated keratinocytes regulate the splice site in the bicistronic mRNA of the late gene
product (17) The minor capsid protein L2 is expresséartly before the expression of Lwhich is
necessary for the correct order of virus assemblyrd€2uitsL2 to the viral genomes within the PML
body-associated replication regions in the nucleus, thus resultimmnib2genome complex. Aftahe
expression of L1, the infectious particles are assembled in the nu@28169). PVs are noiytic but
simply shedding from the superficial cells, whicknfancedby the destabilization of cytokeratin by
E4(64,66,69)

3.4 Molecular Functions of hrHPV td-acilitate Dysplasia andCancer Formation

The hrHPV,scompared to IrHPV/evolved multiple mechanisms that facilitate the development of
dysplastidesionsand cancer rather than selifniting infections.These viruses have no lytic cell death
and restricthigh-levelgene expressioas well avirus replication to the upper layers of the epithelium,
which contains only few immune cell§till, only hrHPVs are involved in the manipulation of many
pathways of, for example, immune regulation, cell growth, apoptosis, and angiogeswgsiniarized
asaKIFff Yl N) a (6@®7x74) QRigur®48.NInly the heterologous expression of hrHPV
oncoproteins E6 and Bntimately immortalizesprimary keratinocytes but not the oncoproteins of
IrHPVL1).
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Figure4: Molecular function of oncoproteins to facilitate malign transformation

The viral proteins E5, E6 and E7 of hrHPV interact with several cellular pathwayshvdantribute to the
RSOSt2LIYSyld 2F YItAdy GNIYyaF2N¥YIGA2yd ¢KS OKIF NI OGSNR2
cancek (74). The figure shows with which cellular components these viral proteins interact and how the

cellular components are manipulated. Figure adapted from Rodenal. 2018 (71) under license(license

number 5630110191784)Reproduced with permission from Springer Natu@2018 Macmillan Publishers

Limited, part of Springer Nature. All rights reserved. https://www.nature.com/articles/nrc.2018.13
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First of allthe mode of inactivation of p53 and pRb in hrHPVs is different compared to I(@BVs
Rather than inactivation by bindingtHPV E@rotein leads to proteasomal degradation of p53 via the
cellular ubiquitin ligase E&ssociated protein (E6AP)5¢78). A similarmechanisnis observed for E7,
which can degrade pRb @mubiquitin-dependent manner usinthe cullin-2 ubiquitin ligase complex
(76,79,80) Thigprevents apoptosis, contributes to sustained proliferative signatingevades growth
suppressior(71).

Moreover, E6 of hrHPV can activate and upregulate the cellular telomé4s83), amongst others,
by interaction with emyc(84), which supports cell longevity during repeated cell divisionemables

replicative immortality (71). PDZ (PSD95/DIg/Z) proteins are involved irthe signhaling and
regulation ofdifferentiation, cell polarityand adhesior{85,86) E6has a PDZ binding motif (PBM)tat

Gterminus, which facilitateghe binding and degradation of aapel of PDZ domaicontaining

proteins, especiallyin an E6ARdependent manner(87,88) Thisis further involved in invasion and
metastasiq71).

Besides pRb degradation, E7 of hrHPV is known to reprogram the epagsofdhe infected cell, which

is presumed to b@ecessaryor cellcycle reentry and progressiolfhe Gterminal zinkfinger domain

of E7 interacts with Mi2, a component of the nucleosome remodeling and deacetylase complex
(NuRD complex), which blocksstone deacetylase (HDA()2,89,90) Furthermore E7 stimulates
lysinespecificdemethylase KDM6A and KDM6RL,91)but also stimulateDNA methyltransferase 1
(DNMT1)(60,72) whichinduces methylation of many promoters of gene necessary for immune
surveillance. Overallthese changes lead t@xtensive praferation of the infected cellsand
dysregulation of immune signalirf@2).

Dysregulation othe proto-oncogeneEGFR, a receptor tyrosine kinase of the family of ErbB/HER, is

often associated with the formation of canc€®2) Viral E5 of hrHPV can upregulate vascular
endothelial growth factor (VEGF), cyclooxygenase 2 &0OXitogenassociatedprotein kinase
(MAPKs)and activating proteirl (AR1) by manipulatingthe correct EGFRignaling(60). This is

achieved by stabilizing the EGétivated EGFR, which displays increased phosphorylatoithrough

lower EGFR degradation by enhanced EGFR recyflong endosomal degradatio{60). As a
consequence, VEGF and hypekig’ RdzOA 6 f Sl LFA VP02 NI NS hS HoLaNgbgeaeSIR X S| |
Furthermore, the Golgiesident ESeadsto the retention of MH@ and therefore, compromiseghe

processing and display bfP\/derivedviral peptides on the surface of infected cdB3), preventing

the recognition of CDST cellg94).

An importantstep towards malign transformation is the Eitluced mitigation of cellular DNA repair
(60,71)and the introduction of extra centrosomeg95), which lead to genome instability and the
acquisition of secondary mutations within HitWected cellq96).

E6 and E7 are also involvedilnie dysregulation o€ellular energetics, especially by direct or indirect
stimulation of the R3K/Akt/mTOR (phosphoinositide-Kdnase/PI3Kprotein kinase B/mammalian
target of rapamycin) cascade. Both proteins lead to active mTORCL1, eitlgri#Tding the molecular
inhibitor protein phosphatase 2a (PP2A) of Akt, thus keeping Akt active, by Bect activation of

Akt or indirectby degradation otuberous sclerosis complex 2 (TSGR) inhibitor of mMTORO®0).

The activéion of mMTORCL1 activates protein translation, lipid and nucleotide syniteegisespecially
inhibition of autophagy(60,71) Therefore, the simultaneous expression of E6 and E7 prevents
autophagy of infected and transformed cells, which is even enhanced (80E5
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Lastly,the oncoproteinsof hrHPV heavilynfluence the immune receptors and signaling to avoid
recognition, especially by interference with cGBHNG, TLRIRF1/3 STAT1/2, Tykg0,71,72,9¢
99). The blockin@ ¥ LCE®L14, and CCL20 produdtihibits the recruitment ofintigenpresenting
cells (APCs) to thiafection site, prolonginghe activation of adaptive immune responde6 and E7
additionally lead tanterleukin-6 (IL-6) secretionwhich attracts monocyte® the infected tissug¢71).
Upon the production and secretion of CCL2 and matrix metalloprotease 9 (MiME&se monocytes,
the building of a tumogpromoting inflammation starts, which alsenduces polarization and
differentiation of monocytes to tumoiassociated macrophages (TAMId myeloidderived
suppressor celltMDSCJ60,71,72)

3.5 ProphylacticVaccinesAgainst HPMnfection

Currently three prophylactic vaccines alieensed Garasil® 4, Cervafi%, Gardasil® 9), which protect
against persistent infection and neoplagiahe anogenital tracby the vaccingypes(100,101) Even

if these vaccines are licensed for protection against anogenitaldéFived malignancies, there are
reports that the vaccines may have additional efficacy in preventing OPSCC. It could be found-that non
vaccinated individuals havaesubstantially higher risk of developing OPSCCs compared to vaccinated
individuals(102) The vaccines are based on the recombinant L1 proasid their ability to self
assemblénto viruslike particles (VLP8)hen expressed in different heterologous expression systems
(71,101) CervariX* is produced in a baculovirdsasedinsectcell expression system, is adjuted

with aluminum hydroxide and monophosphoryl lipid #d comprisesL1 of HPV16 and HPV18
Gardasil® 4and Gardasil® 9 are produced #$ cereviae, are adjuvanted with aluminum
hydrox/phosphate sulfateandincludeL1 ofHPV16, HPV18, HPV6 and HPW e case of Gardasi®

and HPV16, HPV18, HPV6, HPV11, HPV31, HPV33, HPV45ahtPMBY 58 Gardasil® (71). Due

to protection against HPV6 and WPL, both Gardasil® vaccingstect against genital warts. It is
widely accepted that neutralizing antibodies are the primary effector of protectioh). Many
countries have included the prophylactic HPV vaccine in their vaccination program for young girls and
also boyg103)

Although these vaccirsprovide strong protection from HRMduced diseases and exhibit an excellent
safety profile(71,100,101)vaccine uptake, even iHIC remains incomplete and insufficient stop
vaccinetype HPV transmission ultimately103,104) Persisting vaccination barriers, sucs
guestioning vaccine safety by parents, socioeconomic factnrd lack of awarenessight keep
vaccination rates insufficierft0,105,107)

Since the vaccines comprise only &huclear protein expressed in the uppermost surficial layers of
the epidermis, the possibly vacchraduced T cell responses are insufficiéoteradicate infected
keratinocytes in the basal and intermedium layer. Clinical trials have shown tHasetivaccines
have no direct therapeutic effect in alreadlyfected individuals(108) but may protect against
recurring infectiong109) Thustogether withthe approximation that prevention of primary infection
by prophylactic vaccination mde impactingDPSCC incidence not until 2qaa0) leadsto the urge

for an effective theapeutic vaccine.

3.6 Development of HPMnhducedDysplasia andnvasiveCancer

As mentioned before,most hrHPV from theAlphapapillomavirusesare associated with the
development of cancers, especially cervical can€&r&iventhe high prevalence of hrHPV infections
compared to cancer cases (see chaB6)), it is obvious that most infections are subclinical due to
spontaneous clearance within a given time frame. Most infections are resolved wtbiryears
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without symptoms. Nonetheless, sorheHPV infections become persistent, which can further acquire
and accumulate more mutations over time, leadtnghe development of dysplasia in the squamous
cells of the cervical epithelium and further progress to canddrl,112) These prsistent hrHPV
infections are the primaryfactor for the development of such malignanci@42) Without successful
clearance of cervical hrHPV infection, such lesions are able to progress to a cervical irehaépith
neoplasia grade 1 (CIN1), which can progress further to CIN2, &itldnvasive cervical cancer
(113,114) The CIN grade=flects theseverity of the dysplasidistologically, this can be detected by
the extent of basal cellke cells growing and penetrating into the suprabasal cell layers towards the
surface of the epithelium and by theumber of suprabasal cells undergoing proliferati¢hl5)
Additional to categorization into the CIN system, cervical dysplasialso characterized by the
Bethesda classification system, in which CIN1 is equivalent tgiage squenous cell intraepithelial
lesion (LSIL) and CIN2 and CIN3eapgalto high-grade squamous cell intraepithelial lesion (HSIL)
(115,116)

transient

normal mucosa infection squamous intraepithelial lesion invasive cancer
! ! I I Jow grade high grade L L
(cervical) intraepithelial neoplasia
I grade 1 grade 2 grade3 !
E1 & E2 ..................................
E6 & E7  weeeeeees
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Figure5: Development of HPAhduced dysplasia and invasive cancer

Schematic representation of the cellular and molecular events during development of fieMced dysplasia
and invasive cancer. Upper panel indicate the expression of the different viral proteins within the different
stages of dysplasial. Lines indicate higvel expression, dotted lines indicate lovevel expression. Color code

is explained in the legendrigure based on Crosbét al. 2013, Doorbar 2006, Doorbat al. 2015(44,64,117)

Within the progression of the dysplasia, the virus protein expression $48)¢Figure5). Lowgrade
lesions (CIN1/LSIL) characteristically exhibit still productive infections featured by koilocytes in the
suprabasal cell layers and the expression of virus capsid psoteithe superficial celigt3,115) In
contrast, highgradedysplasia (CIN2/3, HSfeapturesmore extensive proliferation of the basal cell

like cells in the suprabasal cell layer in combination with the loss of productive repli¢a8prAn
essentialstep in the formation of higlyrade lesions is the dysregulated overexpression of the
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oncoproteins E6 and E7, thus leading to enhanced proliferation. Based onolkeuiar features of
the oncoproteins (see sectidd.4), the enhancedell divisionand longlasting uncontrolled cellular
replication in combination with dysregulated cellular pathways and genome maintendsmgto the
accumulation of secondg mutations in the host genome and can promote cancer progression
(96,118,19).

The dysregulated oncoprotein expression is mainly derivedohg of two factors: epigenetic
modification of severajenesor integration of the viral genome into the host cell genofhg Different
methylation of the LCR suggested-dgulated promoter usagéhrough epigenetic changesvhich
hinders fullvirus replication(120) Since Efhasaninfluence on several important factors involved in
DNA methylation, this migrdgven beaggravated by the dysregulated oncoprotein expres$gdr). On
the other hand, theabovementionedgenomic instabilitanleadto the viral genome integratiomto
the host genomg121,122) Integration within the E1 or E2 ORF can disthdproductive replication
of hrHPVand the virus replication is trapped in the uncontrolled proliferation phase because of the
de-repressed expression of E6 and Efiere are typespecific differeces in the integration frequency
(123) Cervical carcinomassult from integrated HPV16 sequences in approximately ,7@¥erein
HPV18 is integrated in almost all cases of cervical cdh2dc128) Thereare otherHPMypes, which
are inducing cancer without integratiqi23,129)

HPVinduced malignancies are not restricted to cervical cancer but can also be found in otheofareas
the anogenital tract, like the vulva, vagina, penis, and aand adlitionally in the oropharynx64).

Similar to dysplasia in the cervix, it can be detected that intraepithelial neoplasia arwpcerous
lesions are developed ati gites of anogenital infection regions, which are equally refetoeas penile,

vulvar, anal, or vaginal intraepithelial neoplasia (PIN, VIN, AIN, or ValN) and exhibit similar histologic
abnormalitieg(64,130,131)Contrary to anogenital cancer development, it is highly discuskether

HPV infectionsn the oropharynx induce such neoplasia dueth@ absence of detectable pre
canceroudesions and a different histological composition in the tonsillar c($g1132,133)

Interestingly,there are different details regarding thmtegration frequency of HPVigpecific DNA
sequences in HPV4msitive OPSCC. Data from whgknome sequencing found viral integration in
74% of patientg134) similar to the data for cervical canddr23) In contrast, irother studies more
than 70% of the HPV4ositive OPSCCs contairtbé virus in episomal fornj135¢137).

The direction of developing invasive cancer from persistent HPV infection via ascending grade of
dysplasia is not a one@ay drive(Figure6). In fact, most CIN{57%)regress withinshort time frame

(138) About one-third of casespersistin CIN1 without regression or progressiofccording to
longitudinal studies, the development of CIN3 induced by hrHPV procekdiselyfast within a time

frame of 35 years(139) Progression from CIN3 to invasive cancer, on the other hand, takes up to
several decades (320 years) with a rising chance for progression the longer the persistence lasts
(130) Depending on the study, progression of CIN3 occurs in more than(128yor up to 3640%

(140)
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Figure6: Natural regression and progression rates of CIN.

Schematic and simplified representation of the dynamic development of CIN as seen by colposcopy. Percent
numbers indicate the natural rates of progression, regression and persistence at the indicated CIN stage as
published by Osto(138)

Most persistent infections or dysplasias are @fiated or cleared by cethediated immune response
(141,142) An animal modelusing the canine oral papillomavirus (COPV) and the rabbit oral
papillomavirus (ROPV) showed regression oirféMced malignancies is connected to CD# cell
responses with a dominant,IT phenotype(143;145) In the human context, it could be observed that

T cell responses against HPV early proteins correlate with regression, or at least with lack of
progression to cervical cancér46;154) Although sometadies highlighted the importance of CD8
(146,147)and CD4 (148) T cell responses against E6 and E7, newer studies shivat T cell
responses, especially CD4gainst E2rre frequently detected irthe clearance of CIN or VI{d49g
152,154)whereas CD8T cells against E6 render néunctional and resulting in CIN progression
(148,150) In the case of terminally progressed carcinomas, tumbltrating lymphocytes (TIL) seem

to be a correlate of improved outcomes in cervical cancer pati€ris;157) An important aspect is
whether these findings in anogenital HPdsitive malignancieare directly transferable to OPSCCs.
Due to the anatomical site, the tumor microenvironment of cervical cancer and OPSCC is slightly
different (158) OPSCCs have a higher QCI48 ratio, which reflects higher amounts of CD#d the
tonsilsthan inthe anogenital epitheliun{158) The circulation of Egpecific CDS8T cells in the blood

is associated witmore prolongeddiseasefree survival159) Additionally, E6and E7specific CD%4

TILs with §1/T4l7 polarization, resulting in the secretion of IENTNF, H2, and IL17, are
demonstrated to improve diseasspecific survival in HRybsitive OPSCCE60)

Several nofHPV factors contribute to the risk of cancer development: Early onset of sexual
intercourse, several sexual partners, exposure to mutagerts, cigarette smoking and alcohol,
mutagenic infectionsongterm use of oral hormonal contraceptives, immunosuppresséspecially

HIV infection, and genetic predispositi¢ih 130)
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3.7 TherapeuticVaccination

In contrast to prophyctic vaccination, therapeutic vaccination does imgénd to preventinfection

but instead delivers tumor antigens to establish or enhance the immune response against these
antigens to eradicate tumor cells(161) It is therefore, in the context of cancer, a type of
immunotherapy thatis distinctfrom other immunotherapeutics, which solely rely on, for example,
oncolytic viruses, monoclonal antibodies, cytokiherapy, or adoptive cell transfe(161) Instead of
neutralizing antibodies, cefhediated responses are intended to be mounted by a therapeutic vaccine,
aimingto induce a strong tumespecific 11 responsg162,163) This includes cytotoxic CDB cells
(CTLs) that are able tradicate (tumo¥) antigenexpressing cells but also Ciklper T cells for
enhanced CTL activation and maintenance without the excessive induction of regulatory(I6&lls
165) Vaccinating against tumors requires eitlatumor-associated antigen (TAA) @tumor-specific
antigen (TSAJTAA and TSA diffezgardingthe origin of the antigen. TAA are salftigensassociated
with high expressiotin certain tumorsbut are regulated by setblerance whereas TS#s entirely
specific to tumorg161)

3.7.1 TherapeuticVaccination AgainstHP\(InducedMalignancies

Standard of carg SOC)therapy of HPMnduced cevical cancer and OPSCas;luding surgery,
chemotherapyor radiation, often with combinationef theseto form a multimodal therapyhave high
success rate§38,161,166) The burden of such therapy is high, wstkvereside effects ranging from
xerostomia and dysphagia to rarely occurring legn gastrostomytube dependence,
osteoradionecrosis and treatmentrelated death (161,167) Treatment of cervical lesions by
conization(e.g, cryoablation and loop electrosurgical proced({i&8) is alsorelated to side effects,
resulting inbleeding(169) anincreased risk of adverse pregnancy outcorfie®,171)andhas a high
chanceof lesion recurrencél66,172)

The unigue feature of HRYiduced dysplasia and cancer compared to other frequently occurring
human cancer entiéis is the presence of the twaralderivedoncoproteins E6 and E7. In fact, HPV
transformed cells are rendered dependent on continuous oncogene expression to avesgobtell
arrest and apoptosiél73) Both proteins aralefined TSAghat can be usedo developatherapeutic
vaccine (161,163) since these are only expressed in HRMcted or HPMransformed cells
Furthermore reduced or norexisting T cell responses against HPV are found in cervical cancer patients
(152,153) Many attempts weremadeto generate a therapeutic vaccine targeting E6 and E7 with
multiple approachesf delivery(174) either nucleic aciebased, viral vectebased, or peptidéased
(38,161,163,166)Some approaches, especially a peptimesed approach using the synthetic long
peptide (SLP) vaccine candidathowed early clinical success against nalignant dysplasia
(166,175)0 dziT G KSa$S | LILINE I OK SlérablycSnhBt ycedvical éadzérfoh QPBSGE (i
(38,161,53,166,176) Most of these approaches induced strong cellular immunityvizerte stuck in
clinical testing due to low or mediocre primary overall response réd8sl61)

.8aARSa 9¢c FyR 973 Y2ald SINIe LINRGSAya KI@SyQqi

therapeutic vaccine, despite thessentiakoles of E1 and E2 in virus replication (see chapigrand
contribution to cancer developmerflL77,178) Based on older data, it was assumed that HteNiced
cancer mainly integrates via the E2 ORF, whiablddo the abrogation or at least downregulation of
E1l and E2 expression in advandedions and cancer§l21,122,179) However, newer studies
confirmed that HPWnduced tumors may alsoarise from norntegrated (135¢137) or partially
integrated virus genomed.80) indicaing the relevance of E1 and E2 as T820) In fact, high mRNA
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levels of and antibody titers againsEl, E2, E4, and E5, on top of E6 and&rndbe measured in
OPSC@atients(181¢183) With this pioneeringlataimplying the persistence of these protejmsore
studieswere undertaken to study the relevance of additional early proteins in advanced catcers.
was found that episomadtiPVYinduced OPSCCs can highly express E2 in OA8&)Isut in the case

of integrationthat led todisruption of E2 expressioan unfavorable prognosis is connectd®5,186)
Furthermore patients with cervical cancer have present T cell responses againshieh correlated
with improved prognosi$187) Moreover, in HPYpositive OPSCC peartits with CD8 and CDA4T cell
responsesagainst E1, E2, E4, and E5 could be ident{fi88,189) with responses against kdhere
most frequently detected188) Most recent studies indeed providedridence for robust T cell
responses against HPV16 E1 and E2 inpgdBkive OPSC@atients(190)and againsEl ofHPV16, 18,
31, and 45in HPWpositive cervical cancer patients91) Deepproteome analysisevealed that E1 was
consistently expressed in the dgaed cohortemphasizinga central role irthe potential therapy of
HPV infectiorderived cancerg191) Furthermore, the fact that the T cell responses waighly
expanded in patients ansharedacross the OPSCC patiel@g to the conclusion thaEl and E2 may
be good candidates for inclusion into novel therapeutic vaccine candida6s190) One of these
novel candidates is 5GHPV3, a computationally calculated antigen comprising conserved sequences of
El, E2, E4, E5, E6 and E7 of 5 HPV types (16, 18, 31, 8828\ hich recently started clinical
devebpmentunder the name VT200(NCT04607850)

3.7.2 Non-Human Primate Model for Therapeutic Vaccination Hficacy Trials Against
Genital PVInfection andLesions

Replication of PVs Highly hostrestricted (193) which hamperghe development of a therapeutic
vaccine against HPWlouse model systems based on C57BL/6 naae be exploited for cancer
treatment when inoculated with TXC or C3 cancer cells. {ICcells are C57BL/6 primary lung cells
which are transformed with HPVES and E7 together with activated human R1) Contrarily the

lesser used C3 model are embryonic C57BL/6 cells, transformed with the whole HPV16 genome and
an activated human R4%95) Unfortunately, these models are limited omdydirect cancer treatment

and cannot resemble theadelopment of sexually transmitteB\tinduced persistent infectiomnd
pre-malignant dysplasia. Historically used animal Pk s1$ bovine papillomavirus (BPV), cottontalil
rabbit papillomavirus (CRPV), COPV, and ROPV are also no attractive maddisdue to costs,

tissue tropismor resembldess relevantrHPV infection§193)

TheMacaa fascicularigapillomavirus type 3 (MfPV3) offers an exception. These viruses are naturally
circulating in theMacaca fascicularigcynomolgus macaques) population as a sexually transmitted
disease(196) MfPV3 has very closegenetic, phylogeni¢ and phenotypic relationship to HPV16,
particularly sharing a most recent common ancesiod featuringa similar origin of carcinogenesis
(196¢199) In fact, naturally ocurring infections with MfPV8an induce persistent infectiong/hich

can lead to CINlike lesions in the cervi§d99,200) Therefore persistently MfPVanfected Macaca
fascicularigs an ideal and valignodel to evaluatehe efficacy of a therapeutic vaccine against- PV
induced genital lesion# previous study demonstrated MfPV3 clearance in therapeutically vaccinated
MfPV3infected animals, howevewithout statistical significance due to high virus clearance rates also
in the control group, which underlines theelevance of this model but alsadicatessubstantial
spontaneous clearanaates(201)
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3.7.3 Consideratiors for the Generation of animproved TherapeuticVVaccineApproach

The effectieness of a therapeutic vaccine can be influenced by multiple circumstances, especially by
the selection and composition of antigens included in the therapeutic vaccine candiufdtiee choice

of HPV types includedhredominantlyif whole proteins or justonserved epitopes are comprised.
Moreover, the therapeutic vaccine might be highly influenced by adjuvants included in the possible
candidate, the vectothat delivers the antigensand last but not leasthe potential combination with

SOC therapeutics.

3.7.3.1 Inclusion of E1 and E2

The proteins E1 and E2 are expressed throughout most of the replication cycleseeRMépteB.3).

As described in the previous chapter, novel investigations have found rigid T cell responses against E1
and also against E2 in cervical cancer and OPSCC, which renders these antigens relevant for future
vaccine designfl66,190,191)Additionally, there are reports regardinthe BPV1 E1 protein, which

show that E1 is an unstable protein that is quickly degra@®@,203) This might influence the early

onset of T cell respaes(166) Furthermore, E1 and HB49 and 365 residues, respectivebie

notably bigger proteins than E6 and BEB§ and 98 residues, respective$90) This possibly increase

the chanceof gettingpeptides processed and loaded on the diverse HLA molecules displayed by the
broad human population, which could reduce the numbenofi-responders

3.7.3.2 Multivalent or Type-SpecificApproach

All three prophylactic vaccines against HRB¥ multivalent vaccines that target up to nine different
types of HP\{71). Generatingsuch multivalent vaccinds advantageous in terms of producti@mosts

and coverage against potential infections multiple HPV types. However, there are alsamerous
downsides of multivalent vaccines, mostly in regamseakening the immune response to the single
type-specific antigens in favor of broad immune peases towards all antigeris such multivalent
vaccines. This is in particular due to immune competition, basically through epitope competition,
immune interference, immunodominance specificepitopes, antagonistic effects between epitopes

and maybe ao overburdening of the immune systef@04¢208). Nevertheless, the principle of a
multivalent vaccine was also addressed by a therapeutic vaccine candidate comprisingr@dnser
elements of five HPV typds broaden the immune response by gaining crosactive T cell§192)
However, a study using ancestral sequences of E1 and E2 derived from MfPV3 and multiple HPV types
showed that high sequence similarity (>90%) is needed for rigid-oeastivity of T cell§197) With

this in mind, the generation of a typspecific therapeutic vaccine might be more efficient without
compromising the immune response against the broad coverage of possible peptidgsawicalar

HPV type in favor of the reduction to conserved epitopes shared between different HPV types. This is
also bolsteredbecause many national screening programe ahanging towards detecting hrHPV
infection rather than detectingervical dysplasig209,210) This is advantageous in terms of risk
assessment towards CIN progressi®@il1,212) enables treatment against infection rather than
dysplasiaand strikingly generatean opportunity for typespecific treatment.

3.7.3.3 MolecularAdjuvant

To enhance the immunresponses against the immunogenic components of a vacipavants are
included regularly (213) Especially cadministration of immunestimulatory components othe
innate immune systenis often used to bolster cellular immune respong@44¢216) An improvel
version of such genetic adjuvanssthedirect fusion of the antigen of interest to one or multiple such
elements in order to work agcis-acting molecular T cell adjuvaf17) One of these molecular T cell
adjuvants is the MHC classalisociated invariant chain (lintended initiallyto enhance CD4T cell

32



General Introduction

responses upon vaccination with adenoviral vectors, it could imeved that CD8are enhanced

(218) Moreover, it could be demonstrated that cellular immune responses are enhanced in miee, non
human primatesand humans upon vaccination of visadctor-shuttled, lifused antigeng218;223)
Despite the proven efficacy oftdrminal lifusion in order to enhance T cell responses, the mechanism
of this molecular adjuvant is only investigated rarely. Enhancement of TBell responses seems to

be indu@d due to trafficking to the endolysosomal compartmef221) However, the mode of action

on how CD8T cell responses are enhanced is an open question. This effect is not dependent on the
enhanced CD4T cell responsef22) but presumably rather due to improved MH@ading(221)

upon faster degradatio(220)

3.7.3.4 Viral Vectors asVehicle

There are different methods fadministeringantigensfor the purposeof a therapeutic vaccine. DNA
vaccine vectors are working quite well to induce cellular immune responses and are a good and fast
vehicle to evaluat¢he immunogenicity of antigensgitially (216,224) However, immungenicity with

regard to the induction of cellular immune responses of DNA vaccine vastgenerally inferior
compared to viral vector17,22%228). In generalthe most important viral vectors in therapeutic
vaccination are adenoviral and poxviral vectors.

3.7.3.4.1 AdenoviralVectors

Human adenoviruses (Ad) are a large famflywon-enveloped, dDNA viruseg73). Original, Ad are
pathogenic viruses that naturally can induce ofteiid respiratory, gastrointestinal, urinary tracr

eye infections(229) For the use of Ad as viral vectors for vaccination, gene therapy
immunotherayy, the viruses are genetically modified, particularly by inserting the antigen and deleting
essential virus protein that renders these vectors replicatieficient (225,230) Ads have high
packaging capacity, an excellent immunogenicity profile, and a merely good safety profile and can
infect dividing and nodlividing cell§(230;234) Reayarding the safety profile of Ads, the Adsed
vaccines againstARSCoV2 showed ultrarare cases (1 0100000) of vectorinduced thrombotic
thrombocytopenia (VITT). This severe adverse event had a fatality rate4ff92@30) However, an
important aspect of adenoviral vectors is their simple and easy construction on HEK293 cells, easy
purification as well as high production yiel@35).

The moststudied adenoviral vector is Ad type 5 (Ad2R5) Ad5 performs excelleht in animal
experiments, but unfortunately, prexisting immunity renders Ad5 inefficient in huma8sichvector
immunity, caused by the presence of neutralizing antibodies, can be found in up to 90% of individuals
in some region$236,237) Such vector immunity also hampers repeated administration of the same
semtype of adenoviral vector@38) An additional disadvantage of Ad5 is this viral vector can only
transduce cells efficiently if gse cells express the coxsackie virus and adenovirus receptorn(@38R)

In the last yeas, more and more Ads were established as viral vectors, such as Ad26, &5
Ad19a/64, as well as animdérived chimpanzee Ads (ChAd3, ChAd&&d ChAdOx1), all
demonstrating good immunogenicity and reduced natural vector immui@gb,230,237,24€R46).
Multiple aderoviral vectors were used to develop aophylactic vaccine against SAB®V2, either in
a homologous oheterologousprime-boost regimen. These are homologous Ad26 prime and boost
(JCOVDEN(247) homologous ChAdOx1 prime and boost (Vaxze(248) and heterologous Ad26
prime with Ad5 bost (GAM-COVIBVac)(249) Particularattention should be given to Ad19a/64.
Named initiallywith 19a and later classified as serotype @560) this virus is associated with
keratoconjunctivits and display a seropositivity rate below 2@%1¢254). This virus has a corapble
potent transgene expression as Ad5 and indieceimilar magnitude of T cell responses as &285)
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Moreover, Ad19a/64 is not dependent on CAR but infects cells via sialic acid, giving the viral vector a
broad tropism andillowingtransduction of e.g, dendritic cell{DC)256¢258) Due to its exceptional
characterstics Ad19a/64based viral vectors can be a promising alternative to-Ba&ed viral vectors,
mainlybecause of the induction of mucosal immunig69,260)

3.7.3.4.2 PoxviralVectors

Poxviral vectors have a long history in vaccination. Originally used to eradicate sm@gigx
descendants of th&accinia strain are nowsed mainlyas recombinant poxviral vecto(62) It was

long time presumed that the Vaccinia strain derived from cows (Ladincg, but newer analysis
provided similarities towards other poxvirus strains and traced back to rodent or equine @&gh
Advantages of poxviral vectors include exceptional high packaging capacity, exclusive replication in the
cytoplasm, high immunogenicitgnd lack of persistenq@25¢227,262,264)Albeit stong attenuation

of Vacciniaderived poxviral vectors, multiple attempts were taken to reduce the virulence of the virus
(265,266) which led to the attenuated New York Vaccinia Virus (NY{2&Z)and Modified Vaccinia

Virus (MVA)268) MVA was generated by passaging the Chorioallantois Vaccinia Virus Ankara (CVA)
by over 500 passages on primary chicken embryo fibroblasts (ZEBE)70). Because othis extensive
passaging, multiple deletions and several mutations occurred in the @iis272) which rendered

MVA replicatiorincompetent in most mammalian ce273;276). Due to its use against smallpaix

the end of the smallpox vaccination campa{@77)and its current license asprophylactic vaccine
againstthe monkeypowirus (278,279) MVA has a proven clinical trackcord with anexceptionally

high safety profilé277) Moreover, since MVA is fully attenuated and cannot repicahuman cdk,

this viral vector caralsobe administered in immunocompromised humaf@80) The generation of
recombinant MVA (rMVA) is a rather coraplprocedure, which is facilitated bizge homologous
recombination of a transgene of interest within a suitable shuttle vector into the poxvirus genome
(281) Such rMVA are able to elicit high B and T cell responses and are therefore a versatile vector
platform (282,283) An exampleof an approved rMVAased vaccine is MVBN-Filo (284) which is
approved in combination with an adenoviral vector (Zabdeno) as a prophylactic vaccine against Zaire
ebolavirus(285) Moreover, MVA with a SARDV2 spike protein as transgene is currently in
preclinical and clinical developmer{86) In addition to prophylactic vaccines, rMVA is also
investigated as a potential vector platform for immunotherapeutics and therapeutic vaccines
(192,225,227,28%289).

Classically, clinicgradesof rMVAs are generated and produced on primary CEF cells, which is quite
demanding in terms of highroduction scale. Recently, a novel cell line, AGE1.CR plX was established,
which facilitates high replication of MVA anitherefore, high yields of the poxviral vectd290)
Moreover, this cell line allowthe production of rMVA wittpharmaceutical qualitfGMRcompatible).
Interestingly, serial passaging of MVA on this cell line led to a novel MVA virus strak@RI@Awhich
hasaneven enhanced replication rate on AGE1.CRsp&dension cell line, and therefore streamlines

the production of MVAbased poxviral vector€291,292) CR1%has shown high immunogenicity in
multiple small animal model293,294) Hencefore, CR19 is a potent poxviral vectogfameratingand
large-scale production of future poxviral vectbased vaccines.

3.7.3.5 Immune-SuppressiveMicroenvironment andCombination Therapy

Therapeutic vaccination against solid tumors might be weakesigaificantly because of the
infiltration of suppressive immune cells, €.§AM, MDSC, regulatory T cellgdjTinto the tumor. This
may antagonize the HP&pecific T célresponseq163,295) A possible way to tackle this obstacle
might be the ceadministiation of specificimmune checkpoint inhibitors (CPI) and therapeutics to
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regulate T cell regulation and the tumor microenvironméh61,163) Certain CPIs are approved
against recurrent and metastatic OPSCX26298) This eased the combination of clinical trials to test
the coadministration of CPIs and therapeutic vaccines to deescalate SOC therapiesthumdtiple
attempts using therapeutic vaccine candidat@smbinedwith anti-PD1 (programmed cell death 1)
show initial results in preclinical and clinical settini66,29%,301) Moreover,a combination of
therapeutic vaccination and administration of chemotherapeutics, like cisplatin, might be beneficial,
as cisplatin possiblinducesinfiltration of beneficialDCsinto the tumor (302) A lack of D§ which
serve as APCs, is associated with"@8éponses that cannot effectively treat tlkancer(303) Such
combination therapy is shown to increase atutinor response withexpandedantigenspecific CD8
TlLand APCs but with reduced numbers of MD&04)
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4 Objective of thisThesis

As outlined in the previous chapters, T cell responses against the early proteins of HPV &imabene
in all stagesfrom infectionto invasive cancefl46¢154,187) Therefore, a therapeutic vaccine would
be urgently needed, not only to treat cancer and deescalate current OPSCC and cangealSOC
therapy but also to regress anogenital dysplasia or at least prekierngrogression of these.

Hence, the overall main objective of this thesis is to generate antigens for novel therapeutic vaccine
candidates against PVswhichincludethe onmproteins E6 and E7, but also E1 and E2 in order to
expandthe possible breadth of T cell respong&$6,190,191and the subsequent characterization of
these antigens

Such therapeutic vaccine candidates should be generated based on ifnothe virus MfPV3, which
enables future efficacy testing of the beastclass vaccine candidate in the prinical persistently
infected Macaca fascicularianimal model and (ii)the most clinicallyrelevant HPV type, HPV1i®
streamline the clinical évelopment of a therapeutic vaccine candidafedditionally the antigen

design of potential therapeutic PV vaccines should include the molecular T cell adjuvant li. Moreover,
includingthe oncoproteins E6 and E7 might induce the risk of transformation dtheetmtegration of

0KS GKSNI LISdziAO @I OOAYS y dzOBWSMIDorder@oigenerats a ife (0 K S
vaccine comprising E6 and E7, these onctgine must be engineered by several amino acid
substitutions in a balanced way thahactivatesthe oncogenic properties but preserves the
immunogenicity.

Next, the designed antigens should be cloned into a DNA vaccine vector and suitable shuttle vectors
for the generation of adenoviral vectors of serotype Ad19a/64 and the poxviral vector CR19.

Moreover, the generated antigens within the different vectors should be extensively characterized
vitro regarding their biochemical and molecular biological gendies. This also should include
investigatinghe mechanism behind the-induced improvement of CD& cell responses. Finally, the
proper inactivation of the oncogenic properties of the antigens should be analyzed.

An oftendiscussed topic is the irahility of rMVAregardingthe loss of transgene expression upon
genomic recombination and expresstaholishing mutations within the generated rM\(306¢308)
Hence, as the last topic of this thesibe transgene stability of the generated rMVA should be
extensively characterizedrurthermore the impactof transgene expression knoedown generation
and amplification of rMVAshould be analyzed regarding improved stability and yield in order to
providea possible contingency for rMVA with demanding transgenes.
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5 Manuscripts

5.1 Overview

This dissertation contains three manuscgpTwo manuscripts of these manuscripts were already
published in peereviewed journals, the third manuscript is submitted to the journal Frontiers in
Immunology. The first two manuscripts were authored by the Pabdidate Patrick Neckermann as
shared first author, the third manuscript is authored as sole first author. This work contains the
manuscripts printed with the figures and tables as they were already published or as submitted,
respectively. For convenieageasons, the style of the references was changed to provide a uniform
picture within the thesis itself and are identical with the references in the published manuscripts.
Furthermore, the indexing of the figures, supplementary figures and tables wastedijun order to

have a uniform indexing within the thesis.
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5.2.1 Abstract

Persistent human papillomavirus (HPV) infections are causative for cervical neoplasia and carcinomas.
Despite the availability of prophylactic vaccines, morbidity and mortality indbgétPVare still too
high.ThusanS F U Qe Buchasatherapeuticvaccine, is urgently required. Herein, we describe

the development and validation ofacaca fascicularipapillomavirus type 3 (MfPV3) antigens

delivered via nucleicacid and adenoviral vectors in outbred mouse madél ¢ Sy | NI A UOA I €
polypeptides comprisingarlyviralregulatoryproteinsweredesignedandoptionallylinkedto the T cell

adjuvant MHdl-associatednvariant chain. Transfected HEK293 cells and A549 cells transduced with
NEO2YoAylyld | RSy2g0ANHzZSa SELINBaaiy3d (GKS alyvysS LI
comparable expression, respectively. Immunization of outbred CD1 and OF1 mice led ancdCOB4

T cell responses against MfPV3 antigens after L2044 adenoviral vector delivery. Moreoven, vivo

cytotoxicity ofvaccineinducedCD8 T cellswas demonstratedin BALB/amice by quantifyingd LIS OA U O
killing of transferredpeptide-pulsedsyngeneitarget cells. Theuseof the invariantchainas T cell adjuvant

enhanced the T cell responses regarding cytotoxicityiandtro analysissuggested an accelerated turnover

of the antigens as causative. Notably, the fuspmiypeptideelicitedthe samelevelof T-cellresponses
asadministrationof the antigensindividually,suggestingio lossof immunogenicityby fusingmultiple

proteinsin one vaccineconstruct. Thesedatasupportfurther developmentof the vaccinecandidatesn a

followup S F U Gtudid persistentlyinfected Macacafascicularisnonkeysto assessheir potential to

eliminate premalignant papillomavirus infections, eventually instructihg designof an analogous
therapeuticHPWaccine.

5.2.2 Introduction

5S&LIAGS ShHylEcickaSohéis andmhB passibility sereenfor cervical lesions, infection
with human papillomavirus (HPV) was still responsible for more than340.000 cervical cancer
related deaths worldwide in 202(B3). More than 85% of these cases occurred indtgdand low
income countrieg(309) Currently, there are three approved prophylactic vaccines providing near
complete protection against vaccifargeted HPV types, yevaccine uptake is incomplet(310)
However, these vaccines do not lead to the eradication ofipiected cells, since they target the
major capsid protein L1, which is not expressed in infected basal- lapdrcervical cancercells
(100,311313) Thus,novelinterventions such as therapeutic vaccines are desirable

Whereas most HPV infections are spontaneously cleared witbinths, some persist for yea(314)
These can progress towards lgrade squamous intraepithelial lesions (LSM)ich canfurther
progressto high-gradesquamousintraepithelial lesions (HSIL) and cervical canEbeexpression
pattern of viral proteins changes during progressiosifsin LSILmainlythe earlyproteinsE1/E2are
expressed, whereas in HSIL and transformed cells, E6/E7 are highly expresE2@xgmession is low
or absent(315,316)

In manycasesf SILhowever,naturalregressioroccursasa resultof CD4andCD8 TcellA y Uf G NI G A 2y
(317) It hasbeenshownthat CD4 T cells play a majoole in lesion regression wiithcreasedCD4:CD8

ratios being found in the stroma of LSIL(318) Genetic studies have shown that resistanceand
susceptibilityloci for chronic infections and cancer cluster in the MHC Il redi@ilularimmune
responsesgainstE1lhavebeendetectedin somepatientswith HPV cervicalsquamousellcarcinoma,

mostlyat low magnitude but strikinglycorrelatingwith improvedclinicaloutcomes(319) Conversely,

HPV16 cervicalcancerpatients have impaired memory CD4T-helper responses against E2 and EB6,

which emphasizes the important role of T cell responses in prevepitoggessiorandclearinglesions
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(149,150,152,197)t wasalso reported that HP¥xposed chilten have EA LISOA UO ¢ sOSt f

after clearing the infectioi320) Current research on therapeutitP\Waccines is primarifipcusedon

the HSIland canceistage of the disease, and directed toward the oncogeinal proteins E6 and E7
(313) However, targeting the infection prido carcinogenesis could be advantageous in terms of
reducing morbidityandsufferingrelatedto carcertreatment,andmightbe easier to achieve. Thus, to
target premalignant infection, other early proteins should be included as antigens.

There is no suitable small animal model to study persistentiHfegtionsin a preclinicalsetting, but
Macaca fascicularis papillomavirus type 3 (MfPV3) has a close phylogenetic anengdipic
relationship to HPV1@.97,198) Naturally occurringnfections with this virus are associated with leng
term persistence and at least L3iKe lesions in the cervix of breeding female cynomolgus macaques
(Macaca fascicular)js making them an ideal namuman primate (NHP) animal mod&6,199)

In a previous study usinrecombinant adenovird@Ad)}vectored vaccines encoding ancestral E1 and
E2 antigens targeting the most conservedadd CGterminal domains, we observed strong immune
responses in m& and in cynomolgus macaques against these proteins, but-oeassivity against
prevalent MfPV types was only observed in a subseamifnals. Nevertheless, 3 out of 3 animals with

T-cell responses towards MfPNBI/E2 ended up cleafid (i KS a LISidiéctivd(20a)F t + o
CdNI KSNX2 NBST (i KSNI LIS deid or DEamtiged DNiccire§ and Sriefgy iérh NI &

co-administration of both vaccines, was demonstrated in the cottontail rabbit jmapédvirus model
(321) Combining both approachdsy includingEl,E2,E6andE7in animmunogento I & LJISOA UO

type could potentially target infected cells in all stages of HPV infection and cancer development could

\N

9

t

0 S & dzedtrérmeyfidvaccine Here,successfustimulationof EL/E23 LISOA UO OS¢t f dzf | NJ

would primarily cleainfections in the LSktage(322) whereas E6/Ed LISOA UO NB alLl2yaSa
target the HSIL and cancer stages. As we decided not to attempt a broad ancestral antigen design, we

also had the opportunity to include the less conserved parts of full length argtitiEmeby providing
more epitopes for the immune system to act on.

To develop such a therapeutic vaccine, vectors expressitigencandidatessomprisinge1,E2 E6and
E7of MfPV3were generatedand characterizedTheantigensare geneticallylinked to the intrinsic T
cell adjuvant MH@l-associated invariant chain (li) that has beglmown to increase viralector
inducedT cell responses in miagynomolgus macaques and humg848,219323). Theantigenswere

z
g z

designedin different O2 y U3 dzN> G A2y a & | NOAUOAIf FdaaRNAYy LINE G

vaccination of outbred CD1 mice. Based on this initial characterization, adenoviral vectors from
serotype 19a/64 were generateghd characterizeth vitroas well asn viva

5.2.3 Methods

5.2.3.1 Antigen Sequences

Parts of the sequences encoding E1, E2, E6, and E7 of NEP838839.2)vere designedand
synthesizedat Geneart/Thermd=isher(RegensburgGermany)324) Mutationswere introduced into
E6and E7to inactivatethe oncogenigotential: L110Qand deletion ofGterminal ETEV i&6; E#vas

Y 2 RA byDR4G, L71R;95A;C297Awas introduced into E2to inactivate DNAbinding. Further
sequenceelementsthat were optionally used to build the prototype vaccine insertdigure 7)
comprised (i) the humamHGIl-associatedli invariant chain (218,219,323)(molecular adjuvant;
NM_004355.3), (ii) a 2 amino acid-{Bf&er connecting E1 and E2 as well as E6 and E7 in the respective
fusion proteins as well as (iii) the pare teschovirusl p2A sequencé325)to support ceexpression

of two fusion proteins, respectively. Vaccine inserts were assembled either with fusion PCR, or using
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GeLS LLaE SE2O0dzi G SN aA-HE®, NeviEngandBiolahssiichi $SA) otxie2 y A y 3 T
b9.dZAf RSN I LCL 5hb! laaSyofe YAG 6bS¢g 9y3IAtlLyR . A
instructions, and:lonedinto pURVaca derivativeof aDNAvaccinevectorwith a proven track record in

various NHP and clinical trial826¢329) Vaccindnsertswere then subclonednto pO619aHCMV

MCS for subsequent generai of recombinant adenovirus¢g35)

5.2.3.2 CellLines,Transfection,and Viral Infection

HEK293T cells and A549 cells were maintained and grovalash 6 SO02 Q&4 a9a 65a9alv a
with 10% Fetal Calf SermCSand1%Penicillin/StreptomyciiPen/Strep)9E10 mycl hybridoma cells

were cultivated in RPMI supplemented wit@%FCS1%Pen/Strepand2 mM glutamine(Pan) All cell

lines were maintaing at 37°C and 5% @ a nonK dzY A Rikdutafr. HEK293Tells were
transfectedusingthe polyethylenimide (PEI) metho@30) For PEI transfection, 41%° cellswere

seededin 6-well platesone day before transfection.¢ KS OSffa 6SNB (NI yafSOiSR
0SldzAY2FT I NJ I Y2dzyiazx UfftSR gA0GK SyYLWie @SOG2NL FyR
6 h incubation, medium was exchanged to DMEM with 10% FCS and 1% Pen/Strep.

Subcy b dz&F48cellswere infectedwith Ad19a/64vectorsat an MOI of 30 in DMEM without any
supplements. 2 h post infectiomediumwasexchangedo DMEMwith 10%FC&nd 1% Pen/Strep.

5.2.3.3 Generation and Titration of Adenoviral Vectors

9MK 90 FRadebotival Settirs of serotype Ad19a/64 (rAd) weemeratedaspreviouslydescribed

(235). NJA ghévactine insertsHigure7) were cloned into the shuttle vector pa®a HCMVMCS

under control of a CMV promoter. The resulting plasmvdse theninsertedvia Flprecombinationin

E.coliinto a BAC vector containinigK S ISy 2YS 27F | AiBddivécOrddiete@n/ RSUOA
E1/ExyenesRecombinantiralDNAG | & NBf S| a4 SR T NONX byiiektSctiohJdigddt with R o/
Pacl The obtained linear DNA was transfected into HEK293T cells for virus reconstitution and
propagation. Recombinant viruses were released from cg#dssodium deoxycholate treatment.
wSaARdzZf FTNBS 5b! ¢l a RAISAGSR oad bys@sCliyddientd | F i
ultracentrifugation followed by a buffer exchange to 10 mM Hemd8.0,2 mM MgChand4%Sucrose
viaPD1Qcolumns (GHealthcareChicagolUSA)Titrationwasperformedusing the RapidTiter method

by detection of infected HEK293T sella immunohistochemical staining with artiexonantibody
O0b2@dzas ! RSY2@0ANHza ! yGAO2Re oOy/nOovd LYaASNIL AydasS
LJzZNAUSR @SOG2N) 5b! F2f{ft26SR o0& 5b! &ASljdsSyOAy3o
5.2.3.4 Antibodiesand Antibodyt dzNA UOI G A 2y
Theantibodyagainsimyc(9E10Wwasobtainedfrom hybridoma celsupernatants 9E10myclhybridoma
cellswereseededat 5 x 1C cell per ml in RPMI supplemented with 1% FCSPéeStrep and 2 mM

JtdziF YAYSD® ¢KS &adzLISNYyFdFyd ¢6Fa KIFNWBSailiSRaap RI &3
HiTrap Protein G column (GE Healthcare, Chicago, USA). After wéshieglumn with PBS,the

antibody was eluted with 0.1M glycine/HC(pH3.2),neutralizedwith 0.025volumesof 1 M Tris/HCI

(pH 9) and dialyzed against PBS.

Other antibodies used were: mouse ap2a peptide (3H4, 1:2000, Merck, Darmstadt, Germany),
mouse antitubulin (DM1a, 1:1000, Santa Cruz, Heidelberg, Germany), maageubiquitin-Biotin
(eBioP4D1, 1:1000, Invitrogen, Carlsbad, U§#gt anti-mouseHRP(115-036-003, 1:5000, Jackson,
West Grove,USA) goat anti-rabbit-HRP(P0448,1:2000,Dako, Santa Clara, USA), StreptavidiRP
(11089153001, 1:5000, Roche, Basel, SwiatsantimousePE (A84., 1:100, BD, Franklin Lakes, USA).

41



Manuscripts

5.2.3.5 WesternBlot Analysis

Western blot analysiswas performed as previously described(258) . NJA Setiséf nterestwere
lysedin TDLBouffer (50 mM Tris,pH 8.0, 150 mM NaCl,0.1%SDS 1% Nonident P-40, 0.5%sodium
deoxycholate) supplemented with protease inhibit¢€ompleteMini, Roche, Base§wiss) Total
protein concentration of the supernatants was measured by tBeadford method (Protein Assay,
BioRadFeldkirchenGermany). The proteins were separated on-$B&E under reducing conditions
and blotted on a nitrocellulose membrane feesternblot analysisTargetavere probedwith primary
and secondary antibodies as listed above. ##®Bled secondary rdibodies and enhanced
chemiluminescencsubstrateor Femto EC{ThermoFisherWaltham,USAwere usedfor detectionin

a Chemilux Pro device (Intas, Gottingen, Germany).

5.2.3.6 Analysisof Ubiquitination

To analyzeubiquitinylated proteins, 24 h post transfection,O0Sft t & ¢6SNB (GNBF GSR 6A |
proteasome inhibitor for 6 h. Afterwards, cells were harvested in PBS and washed twice. For
inactivationof deubiquitinationenzymes 20 mMN-ethylmaleimide from a freshly prepared stock

solution were added to the TDLB lysis buffer. Lysates were generated as described above. Before
AYYdzy 2 LINBOALIAGEFGA2YS t NPBGUGSAY D Re8yFroSFEFR&a& 06¢KSN)2
pulldown antibodyUsing these beads, target protein wiasnunoprecipitatecout of 500> Belllysate
overnightat 4°C under slow rotation. After washing the beads four times with BBSPAGHbuffer

wasaddedto the beadsbefore heatingat 95°Cfor 10 min. The sampleswere usedfor western blot

analysess described above.

5.2.3.7 Flow Cytometry Analysisof CellLines

Intracellular staining of antigens wasrf@med using standard method@58> / St f & 6SNB UE
LISNYSIoAf AT SR ¢ A-Buler (A%PiAR10% Eaponinein iPRI)AH Waghing steps were

done with Perm/WastBuffer (PBS containing 0.1% saponine). ddleswere stained withanti-myc

antibodyo p > dikited¥hfPerm/WashBuffer)andrat anti-mousePE(1:100 diluted in Perm/Wash

Buffer) each for 30 min. Flow cytometry svperformed using an Attune NxT device (Thermo Fisher,

2 fGKEYS {10 6AGK F nyy yY SEOAGIGA2Y YR | pTn
mocktransfected cellsEvaluationof data was performed using Attune NXT software.

5.2.3.8 Animalsand Immunizations

BALB/c an€D1 micavere obtainedirom Enviga(Horst, The Netherlands) and OF1 mice from Charles

River (France). All animals were femal& weeks old and housed at the Panum Institute, University

of Copenhagen. All experiments were initidtafter allowing the mice to acclimatizefor at least 1

wk. Experiments were approved by the National Animal Experiments Inspectorate
(Dyreforsggstilsynet, license no. 2016-0201-01131) and performed according to national
guidelines. DNA immunizationsN& LISNF 2 NX¥Y SR AYUNI RSNXIf OADORDPO & A
gold microcarriers (BioRad, Feldkirchen, Germany) using the Helios Genegun System (BioRad,
Feldkirchen, Germany). The mice received four DNA immunizations at intervals of one week each. One
groupreceiveda mixture of four plasmids0.5> ®ach,into one site. Immunizations with adenoviral

vectors were performed intramuscular (i.m.) withx2l0’ L C! NI R RAf dziSR Ay pn >
FySaiKSGAT SR 6 A ( KinjéctioRsb@zgrdidprgcdivedaghiktarddbfouNAdR x 107

IFUeach,into one site.

5.2.3.9 Flow Cytometry of Splenocytes
Single cell suspensions of splenocytes were obtained by organ harvest in HANKSs followed by straining
GKNRdzZAK tn >Y OStf &A0GNIAYSNER® /Stta 6SNB AyOdzl
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>3AKY[ 2F NBfSGFyd LISLI A RSdrfare maksrs: ORCY7oaBVALSCDB a i | A
(53 6.7, 1:200, BioLegen&an DiegoJSA)PECy7 CD4 (RMg, 1:800, BD), FITC CD44 (IM7, 1:100,
BioLegend, San DieddSAlandPerCRCy5.5B220(RA36B2,1:200,BioLegendSanDiego,USA)After
surfacestainingcellswere Ukedin 1%PFApermeabilized in 0.5% saponine, and stained intracellularly

using APCIFN' (XMG1.2,1:100, BioLegend,SanDiego, USA)and PE TNF (MP6XT22, 1:100,
BioLegendSan Diego, USA) antibodies. The peptides used waret$overlapping by 11 amino acids

covering the entire IELE2E6E7 antigen. The peptides were pooled in 5 separate pools containing li (45
peptides), E1 (123 peptides), E2 (70 peptides, E6 (28 peptialed E7 (21 peptides) peptides
respectively. Peptides were obtained from KareBay, Town, China.

Ct2g Oti2YSOUNE 41 & LISNF2NN¥SR 2y (KS C2NIiSaal o o
and data analysis was performed using FlowJo V10 softwpitepE-a LJS O A UTezell feSppnses

were measured as B22@D8 or CD4, CD44, IFN! * cellsandare presentedn total numberof cellsper
organ.Thequality of the IFN! * responsesvere evaluatedby MFIof IFNY andfraction of double positive
cells(expressing bothFN+ and TNF) in the IFN' * CD8 or CD4 populations.The gating strategy is

shown inSupplementary Figurg.

5.2.3.10 InVivo Cytotoxicity
The assay was performed similarlywhat was previously describg831) . NASbeés aLX Sy 20
naive BALB/c mice were incubated with MfPV3 E1, E2, E6 or E7 peptide pools (same as used for
immune response analyses, see above) or no peftid80 minutesat 37°C5%CQ, 2.5> #®f each
peptide/mL,and subsequentlystainedwith combinationsof 0.4or5>a / St f ¢ N> OS / C{ 9 |
HPp >a [/ SEtEte¢NIOS+A2tS0 6/ ¢+2T ¢KSN¥Y2CxirBlus&ddbd 2 | f (K
stained splenocytes were mixed at a 1:1:1:1:1 rading a total of 2.5 x 10’ cellswere injected
intravenouslyinto rAdvaccinated recipient BALB/c mice. As the assay reqanleptive transfer of
syngeneic targetells,it wasnecessary taiseinbred mice in order to have HiAatching. 5 hours later,
AL SSya 6SNB KIFNBSA&AGSRI |y RForigdsaNHBDIBiog0iéntes, &rankis NS A
[F1Sax ! {! 0 bpGBE/QIainAThap& dehtageof killingwascalculated using the
following equation:
Po®i RIMoAa 0t Q
P 1 Q1 OHBRAIG@EAADI ¢ & & Qi EBHQRQ
P& £€&nQn ofBXXo@EID GO w w QT M@Q ,
P Q1N OHBBOGQ@ERE ¢ & 0 &b O Q@ @ P T
P& € &N Qn oNABXQWQEIETE € 0 O W w QT EQQ
5.2.3.11 Analysisof E1(SIINFEKBresentation on MHGQ
HEK?293Tellswere transfectedwith 2.5-3.5> #f pURVa&ncodingel,whichwasGterminally extendedby
the SIINFEKDvalbumirderivedCD8 T cellepitopeanda myctagandoptionallyfusedto the li Tcelladjuvant
(218,219,323xt its N-terminus together with a pUC57encoding H2Kb and-2-microglobulin i 2m). A
transfection withH2Kbalonewasincludedasa negativecontrol, andtransfectionwith the H2Kbplasmidand
a pUC57plasmidencodingSIINFEKiused directly td 2m was included as a technigasitive control. 48
hours post transfection, cells were stained with PEanti-H2KBSIINFEK[25-D1.16, 1:160, Invitrogen,
Carlsbad, USA) and presence&StNFEKH2Kbpresenttion on cellsurfacesvasdetectedonthe LSRIbr
Fortessa3 (BD BioscienceskranklinLakes,USA)bow cytometers,as a proxy for E1 presentation.All
samplesvererunin biological éplicates, and the experiment was repeated at least tinges.

pTT

5.2.3.12 Graphical Representation and Statistical Analysis
Non-stimulated samples were used as background controls, and their response values have been
subtracted from he peptidestimulated samples of the corresponding animal before performing
statistical analysiand graphical presentation.
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In order to aid visualpresentationof the results,we applieda threshold for responses based on the
average number of B220CD8, CD44, IFN'* counts for unstimulated background samples. All
samples with less counts than the average +2Dxof the background samples, are regarded as non
responding andherefore they have manuallybeen adjustedto a value of 100 for the graphical
presentation.All statisticalanalysesvere done on noradjusted values. The analysis of fraction of
double positive (% TNFh* IFN'* out of all IFN'*) and MFI of IFN“* was only performed on
responders(IFN! * count > avg + 2 x SD ofistimulated samples).

Statisticalanalysiswas done usingGraphPadPrism8 software (GraphPadsoftware,SanDiego,USA).
Valueswith background subtractedvere usedto comparethe individual groupsusingthe Mann
Whitney test with Bonferroni correction for multiple comparisons. Positive control groups were not
included in themultiple comparisoranalysesEachsymbolrepresentsone mouse.Barsindicatemedian.

{ A 3y A lBvBsarg @atkedby * (p<0.05)#* (p<0.01);** (p<0.005)}*** (p<0.001).

5.2.4 Results

5.2.4.1 Designof the Antigens

Aiming towards the generation of a therapeutic vaccine,which is able to eliminate pre-existing
papillomavirusderived premalignantneoplasiasyariousantigenscomprisingel,E2,E6,and E7were
designed. In order to enable future validationeatherapeutic concedgh nonhuman primates, the above
antigens were derived frorMacacafascicularigpapillomavirusype 3 (MfPV3) whichwas shown to
persist and induce LSlike lesions in the cervix dfreedingfemale cynomolgusmacaques(Macaca
fasciculariy (196,199) Herein,we describethe constructionand immunologicaldown-selectionof eight
different antigendesignsin and outbred mousemodelaccordingto potencyand breadth of inducedT cell
responsesshasisfor further preclinicalvalidationin non-humanprimates.

kDa kDa
GS GS GS Myc Myc
GS GS GS Myc Myc
GS 2 GS M M
- ye 197.3 ye
+ 57.0
GS GS GS Myc Myc

Figure7: Schematiaepresentation of the conceived MfPV3 antigen variants.

MfPV3antigenswere designedasfusion proteins comprisingeither E1,E2,E6and E7altogether, or E1plus E2
and E6plus E7fusion proteins linked by a p2apeptide, and fusedto the MHGCII invariant chain(li), respectively.
Forreference,E1,E2, E6,and E7were fused as singleopen readingframeswithout the li codingsequence.
Calculatedmolecular weights are indicated (kDa). li, MHGII associated invariant chain; GS,glycineserine

linker; 2a,p2apeptide for cotranslationalseparation;Myc, myctag sequencefor antibody detection; kDa,kilo

Dalton.

Antigenswere conceivedas(i) readthrough polypeptideswith all four MfPV3earlyantigensencodedin
one open readingframe, (ii) alternatively EX-E2 and EGE7 fusionswere linked via a p2A site (332)
supportingtranslational coupling andhus co-expression othe two fusion proteins or (iii) as single
expressiomnits.Within fusionproteins the different MfPV3earlyproteinswereseparated byaGSlinker.
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With one exception(ELE2EGE 7|l polypeptidesvere NH: terminallyfusedto athe humanMHCclasdl|
invariant chain (li)which has been described earlier to act as a T cell adjy2as) Furthermore all
constructsreceiveda Gterminal myetag for convenient expression monitoringigure?).

Since E6 and E7 are highly potent oncoproteins, only transformdgfectivevariantsshouldbe used

in atherapeuticvaccinesettingto ensuresafety.Basedon the homologyto HPV16the oncoprotein E6

was inactivated by introducing a L110Q substitution to prevent binding of E6 to E6BP and subsequent
degradation of tumor suppressor p5833) Additionally, the €terminal PDZdomainwas deleted
(DETEVjo abolish binding of telomeraseand other LxxLLproteins (334) E7 was inactivated by
introducingthe substitutionsC24GL71R and C95Awithin the central LxCxEnotif inhibit dimerization
andreducebindingto pRBaswellasMi2i (334,335)Furthermorewe changede2(C297Ajo reduce DNA
binding.

For initial biochemical and immunological characterization, the antigen coding sequétigese)
were inserted into pURVac, a derivative of a DNA vaccine vettfo a proven track record inavious
NHP and clinical trial826¢329). Transcription of the encoded transgenes is controlled by a human
cytomegalovirus (CMV) promoter in combination with human T-cell leukemiavirus1l (HTLWVL)
regulatoryelement(336)and terminated by a bovine growth hormone poly-A site.

5.2.4.2 Biochemical andCell Biological Characterization of MfPV3 Antigens

Following transient transfection of HEK293T cells with the respective DNA vaccine constructs, all
antigens were properlgxpressedyieldingproteins O K A Slradatingwith the calculatedmolecular
weights(Figure8A). In some cases, especially for proteins with high signal intensities, bands of higher
or lower molecular weight than calculated were observed. These tmiggult from incompletéy
reduced oligomerg¢221)or Niterminal degradatiorproducts,whichis expectedasli transportssome

of its linked cargo to endosomal compartments where proteolytic degradation naturally occurs.

Since proteins of different sizes behave differently dupiotfingl Y R aA 3yl f Ay iGSyaAirdArsSa
NEBI f SELINBaarzy fS@Stas a¥ft+o | yiA3ISy astamiBgNB |j dzi
with the anti-mycantibody (Figure8B and Supplementary Figurg). Protein levels of the different

MfPV3 antigensdiffered only marginally exceptfor li-E7,which exhibited twe to threefold higher MFI
valuescomparedo all other antigens.
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Figure8: Expression analysis of MfPV3 antigens.

(A) Western blot analysisof HEK293Tcell lysates 48 h following transfection with equimolar amounts of
pURVacDNA vaccines expressirthe various MfPV3 antigens. Antigensere detected with antimyc (upper
panel) andanti-p2apeptide (middle panel) antibodies.Tubulinlevelswere monitored usingan anti-tubulin
antibody as loading control (lower panel). (B) Flow cytometry analysisof HEK293Tells 48 hours following
transfectionwith pURVadNAvaccinesintracellularstainingwasperformedwith anti-mycantibody. Depictedis
the meanbuorescencentensity (MFI)of the averageof 3independentexperiments Errorbarsindicatestandard
error of the mean.(C) Cotransfection of HEK293Tellswith H2Kbalone or together with pURVadE1-SIINFEKL
or li-ELSIINFEKIespectively. Thepercentageof SIINFEKH2Kbpositive cellswere determined after 48 hours
by bow cytometryusinganantibody recognizing the SIINFEKI2Kbcomplex. Error bars indicate standard error
of the mean. Light gray bars are negative (no peptide, H2#dsmid only)and positive controls (SIINFEK©2m
encoding plasmid + H2Kb), respectively. ****p < 0.001.

5.2.4.3 MHC Class-Restricted SIINFEKL EpitopeProcessedFrom E1 Fusion Protein and
Abundantly Presented on MHCMoleculesin Vitro

It has been reported that E1 of bovine papillomavirustype 1 is itself an unstable protein which is
ubiquitinylatedandrapidlydegradedn naturally infected cell§202,203) This observation together with
the reportedlow prevalenceof E14 LIS @riitbdesin womenwith cervicaldiseasg337)promptedus
to assesswvhether MHC classl-restricted peptidesat all can be processedand presentedfrom E1.
Therefore the minimal H2Kbrestricted OVAepitope SIINFEK[338)was fused to the @&rminus of EDr,
alternatively, to HE1. TheSIINFEKL epitoped | KA 3IK FFUyAGeT KAAKEE AYY
thereforeit isprocessingndpresentationiseasyto detectinin vitro studies.Followingtransfectionof
the respectivepURVaexpressiorconstructs, MHC classl-restricted presentation ofSINFEK&ould be
readilydetectedusinganH2KBSIINFEKA LIS @nkibddy. Thissupportsthe choiceof Elasarelevantantigen
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to be included in the therapeutic vaccine. Noteworthy, presentation was enhanced, when this fusion
protein was Nierminally lirked tothe MHCclasd | invariantchain(li) (Figure8Q).

5.2.4.4 DNA Vaccination of Antigen Constructs InduceB4andCD8 T CellResponses Against
MfPV3 Early Antigens
Intradermal (i.d.) DNA immunization of outbred CD1 mx2 y U NBétSalRpURVadNAvaccines
encodingeland/or E2inducedEL andE2a LJS & EGD8andCD4 Tcells(Figured and Supplementary
Figure2). More detailed, all DNA vaccinecandidateshad providedan E1lresponseon par with the
positive control (li-E1).None of thesevaccinesnducedresponsesgainstE6 orE7in these outbred mice,
including the positive controls for these two antigens (HE6; HE7; Supplementary Figur&A, B.
Importantly, all vaccinesreoding all four antigens aspmlyproteingeneratedresponsesomparable
to thoseinducedby a mix of four vaccines encoding the antigens individu@tg1, HE2,Ii-E6,li-E7).This
suggest¢hat overallnoimmunogenicitywaslostby deliveringthe MfPV3earlyantigensaspolyproteinsfrom
asinglepURVa®NAvaccine Regardlessf the usedpURVawaccineconstruct,E1 and=2a LIS @dell O
responseshowedno statistical differencesegardinghe frequencieof EX andE23 LIS GFROED8 and
CDA4T cells. This is thease regardless (i) of whether Ifused to ELE2E6E?7, (ii) of the order of the early
antigens in thepolyprotein, and (iiipf the useof a p2asite to separate dE1EZrom li-E6E7OnlypURVadi-
E2,whenadministeredalone,trendedto induceslightlyhigherlevelsof & LIS GR4AG CD8 positiveT
cells(althoughstatisticallynot & A 3y A OdbtragtiignIsS @A 2 dza -tdinyirRIAfugiandot the i
molecular adjuvant did noénhanceantigenad LJS @ &ellr€sponsesvhen deliveredas DNA(339,340)
Howeverthere are muchfewer examplef li havinganadjuvanteffectin a DNAcontextcomparedo whenit
is encodedin viral vector transgenes. Additionally, it might be that the lawkli-effect is due tathe high
number of DNA immunizations(four in total), as the continuousboostingmay have saturatedthe
immune activation. It is possiblethat a difference betweenthe li and non-li vaccinescould havebeen
detectedafter fewer immunizationsWewere 3 | (i Atéisgehi& all DNAconstructswere immunogenic,
andto addressthe li effect properly, we decided to create adenoviral vectofsll vaccinalesigns (see
below). The quality of the-Gell responses was comparable across all vaccBgsplementary Figure
3C, D), assessetly MFlof IFN' and TNF productionof IFN * T-cells Asexpectedwe foundlid LIS OR8U O
T cellresponsedn mostmice,andto CD4 in somemice(Supplementary Figur@A, B, asthe human li is
allogenic in mice.
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Figure9: T cell responses induced by the various pURVac DNA vaccines encoding E1, E2, E6 and E7 in outbred
CD1 mice.

COL mice (5 pergroup)were immunized4 timesin 1 weekintervalswith 0.5ug DNAof pURVadNAencoding
the indicatedMfPV3earlyantigens.Micewerea | O NJX dag®&last immunization,spleensvere harvested
andCD8 (top panels)andCD4 (bottom panels)T-cellimmuneresponsesgainste1(A), and E2(B) were measured
using ICSandbow cytometry.Negativecontrol groupsconsistof all miceimmunizedwith apURVa®NAvaccine
encodingantigensnot coveredby the peptide pools usedfor in vitro restimulation. Asterisksbetween groups
indicate & A 3 y Adifféréngedin responselevels after subtraction of background responses.Each symbol
representsone mouse;the horizontal bar representsthe median. Referencesamples(mice vaccinatedwith
pURVadNAvaccinecontainingonly the individual antigenlinked to li, respectively)are not includedin the
statisticalanalysis(multiple comparisonadjustment).*p <0.05;**p <0.01,***p <0.005.

5.2.4.5 Characterizationof Adenoviral Vectors

Tofurther increaseantigena LJS ©elluladmmune responsesyiral vectorswere subsequentlyusedfor
antigendelivery.Adenoviral vectorfrom serotypel9a/64(rAd)hadbeenshownearlierto be generally
suitable to deliver MIPV3 y i A3Sya | yR (2 ‘Sr¥cHiGspdnsdiih dynomolgRsdzO S
macaques(255) Basedon the above DNAvaccinationdata, a NB U yp&h& of rAd vectorswas
generatedcomprisinga Y 2 R A BeSdR recombinant MfPV3antigens. li-E6E7E1E®as excluded
becausét wasnot superior to the othepolyproteins. However, the trend toward highEed LIS @A U O
cellwhenadministeredalonepromptedusto generatetwo additionaladenovirusespne encodingli-
E1EG6EWnkedto E2via aselfseparatingp2apeptide (Ii-E1E6Ep2ali-E2)andfor control li-E1E6ETacking

E2.1n order to O 2 y Upktlger expression of the encoded antigens, western blot analysis was
performed with A549 cells following transduction with the indicated rAds. All vectors readily expressed
the antigens with bands resembling the pestive fusion proteins at the expected moleculaights
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(Figure7 and Figure 10A, B. Asfor li-E1E2p2&li-E6E7 no higherthan calculatedmolecularweight
fragmentcould be detectedfor li-E1E6ED2ali-E2 revealingthat the complete separation at the p2a
site also worked upon deliveryarAds.Quantitativeanalysiof transducedA549cellsby bow cytometry
yieldedcomparablexpressiotevelsfor the different myctaggedMfPV3 polypeptides with the exception
of higher expresion of KE7(Figure10C and Supplementary Figurd). Theoverallpicture was quite
AAYAE LN G2 GKS S EdubdSaiter pURYam&liatedantigeydliges in HEXKBIRT
cells.

A B % &
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GS GS 2a Myc AN &
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FigurelO: Expression analysis of rAshuttled MfPV3 antigen constructs.

(A) Schematicrepresentation of the MfPV3 antigen variants li-E1IE6Ep2ali-E2 and li-E1E6E7 Expected
molecularweights (kDa)of the resulting polypeptidesare shown. (B) Western blotanalysisof A549cell lysates

48 h following transduction with rAds encoding the indicated polypeptides at an MOI of 30. Antigens were
detected with antrmyc (upper panel) and arp2a-peptide (middle panel) antibodies. Akadingcontrol, tubulin
levelswere monitored usingan anti-tubulin antibody (lower panel).(Q Flow cytometry analysisof A549cells48
hours following transduction with rAds expressing th@arious MfPV3 antigens, at an MOI of 30. Intracellular
staining was performed with antmyc antibody. Depicted is the meahuorescence intensity (MFI) of the
averageof 3independentexperiments.Errorbarsindicate standarderror of the mean.

5.2.4.6 Adenoviral Delivery Induces Potent Cellular Immune Responses Against MfPV3 Early
Antigens in Outbred Mice

Intramuscular immunizationf outbred CD1 miced 2 y U NB¥t§he rAd-formulation of the vaccines

induced both CD@&ndCDA4T celresponsesgainst E1 and E2 antigeRigurel1A, B. Notably, vaccines

including li showed a trend towards higher magnitugesponsesthan the vaccinenot encodingli

(FigurellA, B EIE2E6E7 compared to other vaccines). A tendehdiymediated enhancementof

responseswasobserved for both CD4nd CD8T cell responses for sonvaccineO2 y U3 dzMit G A 2 y & =

the difference was only & A 3y Afdd @2ayLdS O A U @spahdey induced by-E1E2p2ali-E6E7

compared to E1IE2E6EFidurel11B, upper panel). A direct comparison of the CD&el response

against E1 from-E1E2E6EANdE1E2E6HMannWhitneyrank-sum)revealed a pvalue of 0.06, which
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Aa y20 & Nbustrongly iddkaleg & terndéngy of3li improving the magnitude of'GD8
cellsagainstEl.Further,the vaccinewithout li wasthe only one for which the CD4 and CD8 T-cell
responsesgainsttlwasy 2 (i & A Jdjffdrdni@ronyttie hayativecontrol. ThismayO2 Y UNY ST NI A ¢
observationssuggestinghat li canboostT cellresponsesn the context of adenoviral vaccine delivery.

No difference in the qualitgf the T cellresponsesvasdetected,assessedthy the MFI valueof IFN!
(Supplementary Figur&C). When assessinghe quality by the fraction of doublpositive T cells

capable of secreting botlrN+ and TNFh it is seen that ELE2E6E7 hatit li seemed to be inferior to

other vaccines containing Bypplementary FigurgD). Based on this, we decided to foauws onwards

efforts onantigenfusionvaccine designsontainingthe li adjuvant.

Eventhough E6and E7representsmallproteinsascomparedto Eland E2(11.9%8.1%,50.8%and
29.2% espectivelypf the total antigensize),t wasremarkablethat no responses again&6or E7could

be observedin any experimenttesting the vaccinesn outbred CD1mice. Asthe MHGtype of the
foundersof the CD1 strains unknown, and has not been controlled for sincethe establishment of

the strain, we wondered whether there wetenitationsin terms of MHGrestrictionin the CD1mice

we had obtained. Limitations of genetic diversity of outbred mouse models has indeed been described
previously and almost all outbred mouse strains except OF1 descent from the same 9 fouoeler
(341) Hencevaccinationof OF1mice waspursued to possibly detect different and broader immune
responses than in CD1 mice. Besides vigoretalTesponses against E1 and @ExgurellC, D, we

did indeed see solid CD4 T-cellresponses against EBigure11D). A few mice also had CD8-cells
NBIFOGAYy3 G261 NRa ovio proc2sgitNavdh ighrduno@eititiNBf ir vaccine
constructs. Furthermore, the majority of tHEN: * cells wereproducingTNFh aswell,0 2 y U NBeA y 3
activationphenotype.Overall,the rAd19deliveryof the vaccinesS ¥ U O An8ufdiiT-célisagainst at
leastthree of the four MfPV3polyproteinantigengested,and the immunogenicity of the antigens was
enhanced by inclusion of li.
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Figurell: Immunization of mice with adenovirus vectors induces potent cellular immune responses.
CD1mice(A, B), or OF1mice(C D) wereimmunizedwith rAd vaccine(2 x 10’ IFU)encodingthe variousMfPV3
early antigensasindicated. Mice were & I O NJordd@3 R spleenswere harvestedand CD8 and CD4 T-cell
immune responsesagainstE1l,E2,E6,and E7were measuredusinglCSand bow cytometry. Negativecontrol
groupsconsistof all miceimmunizedwith rAd encoding antigensiot matching the peptide pools used fdn
vitro restimulation, respectively. Eaclsymbol represents oneanouse; a representative mouseéepicted (O,
shows a CD44FN- * population. The horizontal bar represents the median. Positive control samples (mice
vaccinated with rAd containing only the relevardntigenlinked to li) are not includedin the statisticalanalysis
(multiple comparisonadjustment).*p <0.05;**p <0.01,***p <0.005,****p <0.001.
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5247 ! RSY2@0ANIf 5SSt APBSNE LYyRdzWSY&o { LISOAUO YAftAY
To assure that the cellul@aesponses induced by the rARlivered antigens had cytotoxic capacity, we
immunized inbred BALB/c mice withAds expressing-E1E2E6E7 ;H1E2p2&ali-E6E7and ELE2E6E?7,

and 14 dayslater challengedhese micewith peptide-pulsed prestained syngeneitarget cells Asthe
assayrequired adoptive transfer of syngeneidarget cells, itwasnecessaryio useinbred mice.The
vaccinesnducedCD8 responses against E1 in BALB/c miigyrel2A), but not against the other

antigens (data not shown), whereas Cdsponses were raised against E2 and &fpplementary

Hgure®6). li again proved its relevance as molecular adjuvasthe vaccine without li did not give rise

to any detectable E& LJS GCD&ré&sponsesn thisinbred mousemodel (Figurel2A). Consistent

with the above, then vivocytotoxicityassayshoweda LIS @ilingdE1labelledcells(Figure12B, G,

andthe hierarchyof & LJS @iRirlg €pabilitycorrespondgo the number ofFN**CD89 M & LISOA UO ¢
cells. We can conclude that the designed kadcines induce potent and cytotoxic responses, which

supports our hypothesis that this vaccine design will be capable of removing existing MfPV3 infections.
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Figurel2: Immune responses in inbred mice arid vivo cytotoxicity.

NaiveBALB/cmice were immunizedwith rAd vectoredvaccineencodingthe indicated MfPV3 early antigens.

14 days post vaccination, immune responses were analyzed byAL8rfn vivoO& i 2 G 2 EAOA G & NB Il NRA
killing of Expeptide pulsed cells(B). Each symbolrepresentsone mouse.Two unvaccinatedmicewere included
asnegativecontrols. (G Representativeplot of in vivo cytotoxicity. *p <0.05.

5.2.4.8 li-Fusion Enhanced Ubiquitination and Proteasomal Degradation
Themolecularbasisof the Tcelladjuvanteffectof lihasnotbeen¥ dzf £ & O 2INGutbERf the S {
suggested mechanisms of action is li mediated ubiquitination leading to proteasomal degradation of
the linked antigenand thereby enhanced MHQpresentation Figure8C) (323) To investigate if this
mechanismcould also accountfor the enhancedCD8 T-cell responsesagainstthe Iilinked MfPV3
antigens, lE1E2E6EAnd E1E2E6ETansfected cells were cultivated in absence or presence of the
proteasomeinhibitor MG132. Anti-ubiquitin western blot analysisof the immunoprecipitated myc
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tagged polypeptides revealed stronger ubiquitiapending signal intensity forlH1E2E6GE7 compeat

to ELE2E6E7 lackingHigurel3A). This effect was evanore pronouncedvhenMG132waspresent.
Mycd LISOAUO aAx3dyl fa Oz2ymbndps&pitdido8P) précs&duranda@naly@i®f K S
the IP supernatantsby an anti-tubulin westernblot O 2 y U N@ét&dnparableamountsof cell lysate
wereused in the IP procedurd&igurel3B, G. A higher level of ubiquitination is commonly associated
with faster degradationThiscouldexemplarilybe demonstratedby transientlyexpressindi-ElandE1,

both fusedwith the Gterminal SIINFEKteptide,in absence or presence of MG132, respectiveigire
13D, B. Without MG132,li-ELXSIINFEKWwas hardly detectablewhereasa prominent signalcould be
visualizedwhen MG132was added. Lower molecular weight signals are indicative of degradation
products. This effect was not observed for E1 without li, wBighgestedhat li inducedan accelerated
proteasomablegradationasalso reported by Espositt al. (323)
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Figurel3 L y b dzSy O0S 2F LA 2y dzoAljdZAGAYyFGA2Y FYR RSANIRIGAZ2Y
(AcO pURVadi-E1E2E6EpPURVadE1E2E6EGr the empty plasmidwere transfectedinto HEK293Tcells.24 h

after transfection, cells were treated with MG132or DMSOas control for 6 h. Myc-tagged proteins were
immunoprecipitatedand analyzedby westernblot using an antubiquitin antibody (A) and antimyc antibody B).

Tubulin levels were monitored using an arttibulin antibody as loading control@. (O, B pURVac {ELSIINFEKL,

pURVac ESBIINFEKL or empty plasmid were transfected into HEK293T cells. 24 h after transfection, cells were

treated with MG132 or DMSO for 6 h. Theampleswere analysedby western blot usinganti-mycantibody (D)

andanti-tubulin antibody (BE).
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5.2.5 Discussion

Despite the availability of prophylactic vaccines against HPV infedtn@me is an urgent need for
an S T U OtheSayeiiticHPWaccine Currently there are different vaccinedevelopment approaches
focusing either on early stag€497,201,255,342pf cervicallesionsor late stagessuchasinvasive
cervicalcancer(313,34%346)or on all stages gire-malignant cervical lesior(492)

Macaca fascicularipapillomavirus type 3 (MfPV3) infects cynomolgus macaques and infection is
associated with persistence and cieal intraepithelial neoplasig§196,199) Moreover, MfPV3is
phylogeneticallycloselyrelatedto HPV16 deriving from a shared most recent common ancestor and
both viruses possess arsiar mechanism of oncogenegi$98) Thecloselyrelated pathogenesiof
MfPV3in Macacafascicularisand the use of MfPV3as antigensource,opensa perspectivetowards
testing therapeutic vaccination concepts in naturally infected macagudsvaluatethe correlatesof
protectionunderalmost natural condition§201)

Here, ten different antigens were designed comprising the viral early proteins E1, E2, E6 and E7 of
aFt+o AY RAFTFSNBYy:G O2yU3dzaNI Az2yad ¢KSasS 0O2yail Nz
papillomavirus persistence and should bapable of inducing T cell responsesagainstboth
asymptomatidnfections,LSIlaswell asHSILand cancers All antigens were properly expressed, and
GKSANI SELINBaarzy tS0Sta 6SNB aAYATINE RSALMAGS 68
Notwithstanding the limited immunagnicity of DNA vaccines, pURVac plasmid immunization of CD1

mice allowed for fast immunological evaluation in an outbred mouse model. Based on thisirinitial
vVivosONB Sy Ay 3z | EEORDPIaR-EL, ahd ds Befergncelfil EBE7) was devisedbirder

to separate E2 fromhe readthrough protein, and-E6E7E1E2 was excluded for further development

of rAdbased vaccingrototypes. Antigendeliverywith rAdsof serotype19aic n  O2 Yy UNX¥ SR G K|
antigens were immunogenic, with most of thenmducing potent CD4and/or CD8 T cell responses

(Figure 11). In general, adenoviral delivery seemed to be overall more immunogenic than DNA
vaccination.

Unexpected}, no responses against E6 and E7 could be measuaredese experimentswith CD1

mice. Although fewer mice were expected to respond to E6 and E€ampared to E2 and E1 due to
AAAYAUOLYyld RAFFSNBYyOSa Ay aAl § oolentiddépRoNds,ptwasl Yy R (i K
still surprising that none of the 107 outbre@D1micein our experimentsthat were immunizedwith

E6and/or E7 harboring vaccines were responding. This might be explained by a yet limited number of

MHC alleles in CDinice. This hypothesis is supported by the fact that this strain descénads only

two male and sevenfemale founder mice(341) In a different strain, outbred OF1 mice, we could
successfullyelicit T-cellresponses againsMfPV3E6O2 Y UNNXAYy 3 (G KS 3ISYSNIt AY
this antigen.

Couplingpf antigengto certainimmuneregulatorymolecules and celladjuvantscouldbed Sy S O A | €

terms of breaking the immunosuppressive environment of tumok843,347) All immunogens
expressedriarAds contain the T cell adjuvaniéixcept for ELIE2E6E7 which serves as reference), which

is knowrto enhance CDZ4nd CDS8T cell responses when delivered by viral vec{@is,221,223,323)

A trend towards higher magnitiesof responsesgainstt landE2couldbe observedn outbred mice

when vaccinated with rAd-E1E2E6GE7 as compared to E1E2EBUreé11) and, importantly, a

a A 3y A bigherigvelbf& LIS QRiRing i animalsvaccinated withli-adjuvantedvaccineshasbeen
shown(Figurel2). Whereasenhancemenbf CD4 Tcellresponsésbelievedio beinducedd @ G NI FUO| A Y
to endolysosomatompartmentg221) far lessisknownabout the mechanism of enhancing CD8cell
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response. Howevethis effect isindependentof MHCGII and CD4 T cell responsé222) but possibly
deperding on enhanced MHCloading (221) As shown inFigure 13, li-fusion leads to more
pronounced ubiquitinatio and fater degradation of IELE2E6E7 as compared to ELE2E6E7 lacking li
and thereforemightincreasethe numberof peptidesthat canbeloadedon MHCI. Such anechanisnhas
recently also beereported by Espositaet al. (323) asa modeof actionfor the li adjuvantto increasehe
levelof antigen fragments available for MHC presentation.

Considering the protein expression pattern during early stages of HPV infection, it is reasonable to
assume that potent CD4nd CD8T cell responses against E1 and EQuld bea dzF U © hddsft
naturallyraisedT cellimmunity againstPVsin LSILespeciallyasE2responsesorrelatewith absenceof

lesion progressiof150) Noteworthy,E1 is required for successful PV replication in infected cells, and
cellular immune responses against E1 have been detected in PBMCs of some patients with HPV
cervical squamous cell carcinoma. The presence of E1 responses strikingly correlated iatibase p

with improved clinical outcomes, but the responses were of low magnitude, suggésihg dzf UOA Sy (i
APCmediated activation of T-cells (319) An explanationfor this could be that E1 during natural

infection, is not abundantly expressed and rapidly degraded through theeggome as shown for

bovine PM202,203% ¢ KSNBF2NBE>X I @ OOAYS RSt AGSNE am2 NYI
CD8 & LJS Okcdlishn the fundamentof strongSELINS &aaA2y | yR STUOASYyd |
presentation is expected to support elimination of premalignant PV transduced- gelisided that

early neoplasiasida LJ | @ & dzf U OA $IMGI compteeday'thiedr celPsdface.ekein,we
demonstraed strong expression of E1 comparable to E2, E6 and also E7, probably attributable to the
strong CMV promoteinduced overexpression, and additional li-induced accelerated
proteasomal degradationFgure 13) and MH@ presentation Figure 8C). Altogether, our E1
containing vaccine constructs gasiseto sdid CD8 and CD4 responseswhichare cytotoxic to E1
peptide-pulsed target cellsHigurel2). This, together with thandication that E1 responses,once

induced, are correlated with improved clinical outcome, build a strong casefor including E1 in
therapeutic HPV vaccine designs.

y

Our study has limitations regarding weak or absengllresponsesigainstE6andE7in different mouse
strainsusedin this study.This could potentiallipe dueto immunodominance oE1 andE2 competingvith

E6 and E7 antiggrocessingpresentation and\ Y R dzO (i A 2 y -cell fespankéS. Alietvddively, we
cannotexcludethat inactivationof E6 and E#transformingpotential hasdestroyedrelevantepitopes.
Ongoingpreclinicalanalysisof viral vectordelivered MfPV3 antigens in macaques and comparable
HPV1&derivedimmunogendesignsn selectedmousemodelswill providefurther insightsregardingthe
capacityof suchimmunogengo raise broad Tell responses to the delivered early antigeémduding
E6andE7 .Thelatter will alsorevealto whichextentthe antigendesigrwill be transferableto HPV1Gnd
other high-risk HPMypes. Given th@hylogenetically close relationship asichilarmechanisms underlying
oncogenesis of the two papillomavirusd®98) similarimmunologicapropertieswouldbeassumed.

Takertogether,we developedenimmunogenshat targetthe earlyproteinsof MfPV3Thesd: NIi A UOA | f £ ¢
fused polypeptidesshare similar biochemicaland immunologicalproperties without lossof individual

antigen responses. Two polypeptidesELIE2EGE7 anGtE1EZp2&ali-EGE7, elicited vigorous T cell
responses, in particular, these two antigens were able to induce robust rfeggtinsesagainste1,E2

and E6,andto kill peptide-pulsedcellsin vivo. Due to lower complexity, antigen size and rnferior
immunogenicity, E1E2EGE7 was chosen for further studies. Ad19avévedto be a suitablevector

to deliverli-E1IE2EGE7 and is currently being validated as a therapeutic vacpessisientlyMfPV3
infectedcynomolgusnacaquesMoreover,i KS 02y U3dzNI> GA2y 2F GKA& AYYdzy 2
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generatenovel vaccinecandidatesfor therapeuticvaccinationagainsthigh-risk human papillomavirus
types.

5.2.6 Supplement

[i-E7 transfected cells

7 souo"i

10°

H (1073)

N

FSC-

R-PE-A

FSC-A (1073)

mock transfected cells

Supplementary Figuré.
Gating strdegy for flow cytometry analysis of pURVac transfected HEK293T cells 48 h post transfection.
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Supplementary Figuré.
Gating of spleen samples of a representative animal 14 days after vaccination wit-li_ E1E2EGE7,
stimulated with E1 peptide pool. The total number of IFN/CD44/CD8 or CD4/B220 cellsreported asthe
CD8 andCD4 responseghroughout the article, has been gated this way.
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Supplementary Figuré.

(A-D) CD1mice (5 per group)were immunized 4 timeswith 0.5 pgDNA ofpURVadNAencodingthe indicated

MfPV3 earlyantigens. Micewere sacrificed 7 days post last immunizatiospleenswere harvested.(A-B)CD8

andCD4 T-cellimmuneresponsesagainstli were measured using ICS and flow cytometry:I0C The quality of

the CD8 antigen specific cells was assessedtbg MFlof IFN' | ytRe fracBion of IFN' * T cells capable of

also producingTNFh @ b S3F GAGS O2y iNRt 3INRdzLJA O2yarad 27F Fftf
encoding antigens not covered by the peptide pools used ifovitro restimulation. Asterisks between groups
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indicate significant diferences in responséevels after subtraction of background responses. Each symbol

represents one mouse.
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Gatingstrategyfor flow cytometry analysisof rAd-infected A549cells48 h post infection.
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Supplementary Figuré.

(A-D) CD1mice were immunizedwith rAd vectoredvaccine(2x10 IFU) encoding the various MfPV3 early
antigens as indicated. Mice were sacrificed on db§ and spleens werbarvested. (A-B)CD8 and CD4 T-cell
immune responsesagainst liwere measuredusing ICS and flow cytometry. (©) The quality of the CD8
antigen specific cells was assessed by the MFHRXdbythe fraction of IFN- * T cellscapableof alsoproducing
TNFh ®egativecontrol groups consist of all mice immunized with rAghcoding antigens not covered by the
peptide pools used foiin vitro restimulation. Each symbol represents one mouse. Asterisks between groups
indicate significant differences in respondevels after subtraction of background responses.
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Supplementary Kure6.

BALB/c mice were immunized with (2x10FU) rAd vectored vaccine encoding the various MfPV3 early
antigens. Mice were sacrificed on day 14, spleens were harvested and Todll immuneresponsesagainst
E2and EBwvere measured using ICS and flow cytometry. Each symbol represents one mouse.
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5.3.1 Abstract

Human papillomavirus (HPV) infections are the main cause of cervical and oropharyngeal cancers. As
prophylactic vaccines have no curative effect, an efficient therapy would be highly desired. Most
therapeutic vaccine candidates target only a small sub&&tRV regulatory proteins, namely, E6 and

E7, and are therefore restricted in the breadth of their immune response. However, research has
suggested E1 and E2 as promising targets to fight ei?i¢er. Here, we report the design of adenoviral
vectors effigbntly expressing HPV16 E1 and E2 in addition to transformdgfinient E6 and E7.
Vaccination elicited vigorous CDand CD8T-cell responses against all encoded HPV16 proteins in
outbred mice and against E1 and E7 in C57BL/6 mice. Therapeutic vaccirfaG3 tumoitbearing

mice led to significantly reduced tumor growth and enhanced survival for both small and established
tumors. Tumor biopsies revealed increased numbers of tumidtrating CD8T cells in treated mice.
Cisplatin enhanced the effectf therapeutic vaccination, accompanied by enhanced infiltration of
dendritic cells into the tumor. CD8 cells were identified as effector cells itdll depletion assays,
seemingly under regulation by FOXE®4 regulatory T cells. Finally, therapewi@ccination with Ad
li-ELE2E6E7 exhibited significantly enhanced survival compared with vaccination with two peptides
each harboring a known E6/E7 epitope. We hypothesize that this difference could be due to the
induction of additional Iell responses a@gast E1. These results support the use of this novel vaccine
candidate targeting an extended set of antigens-(INg1E2E6E7), in combination with cisplatin, as an
advanced strategy to combat HR3Ancers.

5.3.2 Introduction

Infections with higkrisk human papillomavirus (HPV) typically resolve spontaneously, yet some
progress into a chronic stage and have been associated with a large fraction of cervical, oropharyngeal,
penile, anal, vaginal, and vulvar cancg348)

Despite efficient prophylactic vaccines, the waerlde HPVassociated disease burden remains
substantial. Cervical cancer is the most common Hfdéciated cancer globally, whereas the
incidence of HP¥ssociated oropharyngeal squamous cell carcinoma (OPSCC) has increased markedly,
in the United States b225% from 1988 to 20085) and has in some countries surpassed cervical
cancer in terms of annual deatli349)

Cure rates from cervical cancer and OPSCC are(B&f) but the treatments cause substantial
morbidity, and thke patients who experience treatment failure or relapse are left with few treatment
options and a poor lonterm prognosis. Checkpoint inhibitors, such as@ii}1, provide some life
prolonging effects against advanced oropharyngeal ca(®46,351,352and when administered post
initial chemoherapy against metastatic or recurrent cervical can¢@i3)

Accordingly, new therapeutic strategies to doat HPV cancers are needed. Therapeutic vaccines
inducing cytotoxic T cells that eradicate the HRMcted cells are promising candidates for HPV
lesions and cancer therapy. However, although a number of therapeutic vaccines show improvements
in clinicd outcomes for HPAtancer patients, this is typically seen only in about 20% to 50% of patients
(166) Common for most therapeutic vaccine candidates is that they target the small HPV oncogenes
E6 and/or E7 onlfl66) However, expression and immune responses against other HPV antigens, such
as E1 and E2, have been detected in cervical cancer and OPSCC and could broaden the
immunopeptidome available for HPV vaccines. In supportsdsadific Fcell responses have been
correlated with improved progressieinee survival and overall survival in cervical car{d8&®) and E2

remains intact in a substantial fraction of cervical can¢&?8,135) Furthermore, most OPSCC contain
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a high copy number of HPV16 genomes with intagtlB8,180) and both E1 and E2 are immunogenic
in OPSC(A88,354) The high prevalence and possible immunogenicity of E1 and E2 iadd&iated
malignancies demand a reconsideration of antigetection in HPV therapeutics.

A problem for many E@&nd E7based therapeutic vaccines in clinical testing is that only a fraction of
patients respond$166) Incorporation of E1 and E2 into the fusigane vaccine antigen increases the
immunogen size $old, compared with E6 and E7 alone, and a larger antigen increases the likelihood
of inducing an antHPV response in merindividuals eross HLA typg217) Janssen tested a vaccine
encoding E2, E6, and E7, where E2, the largest of the three antigens, wasyttentigen toward
which all patients had CD8-cell response$355) A large antigen may also increase the number of
anti-HPV specificities induced in a vaccinatadividual, thereby potentially increasing the magnitude

of the total Tcell response.

Here, we present an immunogen design, which encompasses tHerigth HPV16 antigens E1, E2,
E6, and E7. The selection of antigen, adjuvant, and order of antigenafliuasced by previous work

on Macaca fascicularipapillomavirus type 3 (MfPV3) vaccines, which proved highly immunogenic in
various outbred mouse strains and confirmed a general superiority of E1 and E2 over E® &nd
terms of immunogenicity356) The two oncoprotms were inactivated by selected point mutations
and characterizeth vitroto confirm the lack of transforming capacity. To enhance the magnitude of
the vaccineinduced CD8T-cell activation, antigens were genetically linked to theell adjuvant
major histocompatibility complex (MHC) classalsoéated invariant chain (1{323).

For antigen delivery, an adenovirus vector platform was chosen as the most potent clinicalliedalida
T celtinducing technology{323) In the context of SARS0\2, it was shown that using a heterologous
primecboost strategy to bypass vector immunity is superior to a homologous regimen in terms of
inducing strong Tell response§357) For that purpose, we implemented a heterologous priimaost
regimen of the human adenovirus serotype 19a/64 (Aal6@) and serotype 5 (Ad$255).

Herein, we assessed the immunogenicity in outbred and inbred mice and antitumor efficacy of such
vaccinesin mice, using the hartb-treat C57BL/6 murine HPV1&umor model C3(195,358,359)
Outbred mice with a larger diversity in MHC haplotypes were used to better simulate immunogenicity
in the outbred human population, before awing into inbred mice for antitumor efficacy studies. All

four antigens in the vaccine were immunogenic in at least one outbred mouse strain, and E1 was the
only antigen capable of consistently inducing immune responses across all used outbred models. The
vaccine showed singiggent therapeutic efficacy and synergy with cisplatin and performed well
compared with vaccination with two selected synthetic long E6/E7 peptides that have previously been
efficacious against C3 tumo(802,359,36Q) A similar peptide vaccination approach coisfrg
altogether 13 synthetic long peptides hds@been validated in patien{800)

To our knowledge, no previously published studies have evaluated the immunogenicity and antitumor
efficag/ of a vaccine encoding fdéingth E1 and E2 in addition to E6 and E7.

5.3.3 Materials and Methods

5.3.3.1 Antigen sequences

The antigen sequences weredigned as previously describé8b6) Sequences encoding E1, E2, E6,
and E7 of HPV16 (gi|333031|Icl|[HPV16REF.1|HPV16REF) weeeogemized and synthgized at
Geneart/Thermo Fish€B24)
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Further sequence elements that were optionally used to build ghatotype vaccine insertd-{gure

14) comprised (i) the human MHEassoated invariant chain (li{323) molecular adjuvant;
NM_004355.3), (ii) a 2 amino acid-Bfker connectinghe viral early proteins in the respective fusion
proteins, as well as (iii) the pane teschovirusl p2a sequenc€325)to support coepression of two

fusion proteins when relevant. Vaccine inserts were assembled in adenoviral vectors and lentiviral
vectors either with fusion PCR or using type Il exocutter sites. Nucleotide sequences are shown in
Supplementary Figuré.

5.3.3.2 In silicoMHGI binding prediction

MHCI epitope prediction was performed on May 16, 2022, using IEDB analysis resource v2.24 with the
ANN40/NetMHCA4.0 prediction metho@361¢363) for the E1, E2, E6, and E7 antigeequences. A
number of 49 HLA types were selected that together cover at least 75% of the worldwide population
for HLAA, -B, and-C, respectively. Only epitopes with a calculateg) beélow 5,000nmol/L were

further analyzed. For visualization, calceldtepitopes were aligned on the ELE2E6E7 fusion protein

at their respective position.

5.3.3.3 Cell culture, transfection, and viral infection

HEK293T (ATCC, d@RP68/2007, number of passages not monitored), A549 (from Marian
Wiegand/Amvac Research GmbH), and-8M3 (from Martin Ehrenschwender/IMHR, maximum 20
passages) cells were maintained and grown in Dulbecco's MEM (DMEM, Gibco) supplemented with
10% fetal calf serum (FCS), 100 wunits/mL penicillin, and 0.1 mg/mL streptomycin
(penicillin/streptomycin, Gibco).HE NIH3T3 cells were maintained between 10% and 70% confluence

to prevent maturation and differentiation. The three cell lines were maintained at 37°C and &ith CO

a nonhumidified incubator. HEK293T cells were transfected usingdlyethylenimide (PEmethod

(330) Cell line authentication andnycoplasna testing were not performed for the three
abovementioned cell lines.

C3 cells(L95) from Prof. Dr. S.H.an der Burg, Leiden University Medical Center) were cultured in
Iscove's modified Dulbecco's media (Gibco), 8% FCS (&Idried), 2 mmol/L {glutamine (Gibco),

Mmnn LI kY] LISYAOAEEAY 6. A22KAGGFTSNDET wmnn >3kKY]
kananycin (Sigmaldrich). The day before tumor cell injection, the media were changed to one not
containing kanamycin. Authentication was done with intracellular staining withHPY{16E7 (sc

65711, Santa Cruz Biotechnology) and flow cytometry. Cells waveeth passaged three times, and

tested negative for mycoplasma (Eurofins) before being injected in mice.

5.3.3.4 Generation and titration of adenoviral vectors

E1/E3deficient adenoviral vectors of serotype Adl19a/64 and serotype Ad5 werergd as
previously dscribed(258) Titration was performed using the RapidTiter method by detection of
infected HEK293 cells via IHC staining with-lagxion [Ad19a/64: Novus, Adenovirus Antibody (8C4),
Ad5: Santa Cruz, Adenovirus Antibody (1E11)]. Insert integrity was confirmed by PCR amplification
from the purified vector DNA followed by DNA sequencing.

5.3.3.5 Western blot analysis
Western blot analysis was germed as previously describ€@58) Protein was detected using anti
E2 (TV&71, 1:200, Santa Cruz Biotechnology),-&fti(for western blots only, GTX132686, 1:2,000,
Biozol), antE7 (NM2, 1:200, Santa Cruz Biotechnology), mouseiiadid dzf Ay 0 5,8antaX MY M3
Cruz), goat antinouseHRP (11836-003, 1:5,000, Jackson), goat arbbitHRP (P0448, 1:2,000,
Dako), and enhanced chemiluminescence substrate or Femto ECL (Thermo Fisher), and read on
Chemilux Pro (Intas).
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5.3.3.6 Flow cytometry analysis of transfecteand transduced cell lines

Intracellular staining of antigens wasrfmmed using standard method258) Cells were stained with

anti-E2, antdE7 (see Western blot section, 1:50), a6 (orb557164, 1:50, Biozol), aps3 (7Fb5,

1:800, Cell Signaling Technology), goatamtusePE (550589, 1:200, BD), gaati-rabbit Alexa Fluor

647 (A21244, 1:200, Life Technologies), rabbit mAb 1IgG XP isotype control (DA1E, Cell Signaling

¢ SOKy2ft 2328035 2NJ Y2dzaS -45 Bibbegedd). Moy 2yiotnétd$ wad geyfaine® f 6 a |
on Attune NXT (Thermo Fisher) and anatymeing Attune NxT software.

5.3.3.7 Production of VS\VG-pseudotyped lentiviral vectors

The designed HPV16 antigens and HPV16 E@ypid(wt) were cloned into pLZMV(MCSIRESPuro
(SirionBiotech), and HPV16 E7wt was cloned into-GIMMMCSIRESNeo (Sirion Biotech), using Agel

HF and NotHF (New England Biolabs). 3.90%8 HEK293T cells were seeded, and after 24 hours

GNF yaFSOGSR 6AGK odrp >3 27T LéntviruOmhckaginginydA(d13; G KS |
pMDL-Gag:pVSG:pREV, supplied by Sirion Biotech) usiegPEI (SigmaAldrich) method(330)in a

final volume of 9 mL, and harvested after 48 hours.

5.3.3.8 Transduction of NIFBT3 cells and antibiotic selection

NIH3T3 cells (1 £0°) were seeded, and after 24 hours transduced v@tmL of each supernatant

O2y il AYyAy3d GKS NBALISOGABS tSyidAdAaNI-1003BSSying NJ Ay
Aldrich). After 72 hours, transduced cells were selected via 1 mg/mL G418 (CP11.3, Roth) and/or 2
>3k Y[ LidzNBoveIovioGenh Fhy dells were under antibiotic selection for at least 2 weeks,

until all untransduced cells had died.

5.3.3.9 Softagar transformation assay

The softagar transformation assay was pemmed as described previousl{B64) with minor
modifications as follows. Sixell plates were filled with 2 mL DMEM (D2902, Sigxttaich) containing

10% FCS, penicillin/streptomycin, 3.7 g/L NaklG® g/L Bglucose, 0.5% low melt agarose (6351.2,
w2U0KOX ™M Y3IkKY[ DnmyZ FyRk2N H >léhkvivgly tradddNdedr @ OA y @
polyclonal NIFBT3 cells were seeded in 373warmed DMEM antaining 10% FCS,
penicillin/streptomycin, 3.7 g/L NaHg(.8 g/L Bglucose, 0.35% low melt agarose, 1 mg/mL G418,
FYRK2NI H >3KY[ LHZNBYROAY® ¢KS HR2ING S REREA OA ¥i @deo >
(DMEM, FCS, penicillin/streptomycin) veakled twice weekly for 21 days. Cells were then fixed in 4%

PFA (wl/v, cat. no.: P61400G, Sigmaldrich) and stained with 0.005% crystal violet (w/v, cat. no.: C

6158, Sigmahldrich) in 10% methanol (v/v, M/4000/17, Fisher Scientific) for 1 hour at room
temperature. Pictures were taken on an alphaimager HP (Proteinsimple) at an aperture of 5.6 and
focus of 2.88. The amhies were counted with Imagd365) Representative picture sections were

taken with a BZ 9000 inverted microscope (Keyence).

5.3.3.10 Animals

C57BL/6 and CD1 mice were obtained from Envigo, OF1 mice from Charles River,-&ia ii6e

from Envigo. All animals were females, 6 to 8 veeeld, and were housed at the Panum Institute,
University of Copenhagen. All experiments were initiated after allowing the mice to acclimatize for at
least 1 week. Experiments were approved by the National Animal Experiments Inspectorate
(Dyreforsggstilsyet, license no. 201-85-0201-01131) and performed according to national
guidelines. Animals were sacrificed by cervical dislocation once the tumor exceeded 1,6@0 atm

the time points indicated.
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5.3.3.11 Tumors and immunizations

C3tumorcells (1 %0®)in200>[ t . { B6SNB Ay2SOGSR &dzo Odzil yS2dzaf ¢
mice. Tumor size was measured in length and width three times weekly, and the tumor volume was
calculated as: length x widthx 0.5236(366) For the treatment of established tumors, mice were
randomized by tumor volume prior to treatment. Groups of treated turbemring mice were

terminated when all mice in the corresponding control group or 50% of the mice within the treatment

group had died.

Immunizations with adenoviral vectors were performed intramuscular (i.m.) in the thigh with’2x10
infectious units (IFUYi pn  >[ t. {® bS3AFGABS OligkédNBEMY G SIO2Yy (| A
antigens $upplementary Figure 7). Immunization with two peptides, HPV16 E&
(KQQLLRREMFAFRDLCIVYRDGN), harboring thetHsbitope Efcs7 (EVYDFAFRIBG7), and EZx

77 (GQAEPDRAHYNIVTFCCKCDSTLRLCVQSTHVDIR) harbotidiy ¢pédd2 Excsr (RAHYNIVTF;

(195) Schafer), watJSNF 2 N¥ SR a®0d Ay GKS Fily|l 6AGK pn >3
adjuvant (Sigm&ldrich) as previously describé802,359) The peptides correspond to synthetic long

peptides E6.2 and E7.2 of the ISA101 vaccine used in clinical testing (see Melief and lleague
Supplementary Table S1@00) and were selected as they harbor the only known 0Bl epitopes

in C57BL/6 mice. Peptides for immunization were prepaecbrding to previous studi€802,359)

and advice from T. van Hall and C. Melief of Leiden University Medical Centre. Lyophilized peptide was
dissolved to 0.5 mg/mL in PBS and 0.5% D&fi@hen emulsified 1:1 in Incomplete Freund's adjuvant

A % 4 A x

(Sigmal £t RNAOKO® Hnn >[ o6& AyeSOGSR LISN Y2dzaso

Cisplatin (Sigmaldrich) was dissolved to 1 mg/mL in 0.9% NaCl (Honeywell) solution, and 3 mg/kg
mouse body weight was injected intraperitoneally {ignce weekly three times.

CD4 and CD8T-cell depletion was done by i.p. injection of 0.25 mg-amtiuse CD4 (GK1.5; #BE0O03

1; Bio X Cell), 0.1 mg amtiouse CD8 (2.43; #BE0061; Bio X Cell), or 0.1 mg rat IgG2b isotype control
(LTF2; #BE0090; Bio X €ed LISNJ Y2dzaS Ay wmnn >[ t.{® 5SLI SliAzy
and 26 after C3 tumor challenge. Depletion was verified in blood samples on day 28 using BV421 CD8
(536.7, 1:200, BD), PerCP/Cy5.5 CD4 @(8M4100, BD), PE/Cy7 CD45.2 (104,0BD), and Fixable

Viability Dye eFluor 780 (1:1,000, eBioscience) and is showsupplementary FigureBA
(representative mice).

5.3.3.12 Intracellular staining and flow cytoratry analysis of splenic, lymph node, blood, and
intratumoral immune cells

Splenocytes and lymph nodes were harvested argbared as previously describ€d56) Tumor

tissue was weighed after harvesting and processed using the Miltenyi mouse tumor dissociation kit

(cat no. 136096-730) and the gentleMACS Dissociator using the manufacturer's protocol. Blood was

harvested in EDTA Microvette tubes (Sarstedt), and red blood cells were lysed using ACK lysing buffer

(Gibco).

Stimulation with peptide (JPT HPV16 pepmix), teHalar staining, and flow cytometry were
performed as previously describg@56) using the following antibodies: BV421 CD8-§53 1:200,
BioLegend), REy7 CD4 (RM3, 1:800, BD), FITC CD44 (IM7, 1:100, BioLegend),-CgsPB220
(RA36B2, 1:200, BioLegend), ARCbl* ¢ - aDM®HI MYMANIX XA2[19@SYy RO X
BioLegend), and Fixable Viability Dye eFluor 780 (eBioscience).-B{peeifc CD8T-cell responses

were measured as B220CD8 or CD4, CD44> L ¢2lls’and are presented in total number oflsel

per spleen, total number of cells per mL blood, total number of cells per gram tumor, or as fractions
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of populations as described in the respective figures. The gating strategy is sh@uwpglementary
Figure8B.

5.3.3.13 Lineage staining and flow cytometry analysis of intratumoral immune cells

Tumor tissue was prepared as above, and cells were stained against surface markers (all 1:100, BD
unless otherwise noted): BV650 CD8-@b3), PerCP/Cy5.5 CD4 (RB)4 PE/Cy7 CD45.2 (104), APC
F4/80 (BM8, BioLegend), AF488 CD11c (N418, BioLegend), ARIID TEER19), and Fixable
Viability Dye eFluor 780 (1:1,000, eBioscience). After surface staining, cells were fixed and
permeabilized using the eBioscience Foxp3/Transcription Factor Staining Buffer Set, and stained
intracellularly using PE FoxP3 (E8&, 1:100, Invitrogen).

Flow cytometry was performed on the Fortessa 5 (BD) flow cytometer, and data analysis was
performed using FlowJo V10 softwaiiée gating strategy is shownSupplementary Figur@C.

5.3.3.14 IHC staining of tumor tissue

Tumor tissue was carefully harvested at the time of sacrifice and fixated in 4% cold PFA (Alfa Aesar).

The fixative was exchanged with 70% ethanol after approximately 24 hours. Fixsgadst were
SYOSRRSR Ay LINIYFFAY YR af ARSa 6SNB aidlAySR Al
Cell Signaling Technology).

Tissues were scanned using Axio Scan.Z1 (Zeiss) and analyzed using Zen 3.4 software (cutqff area: 10
MYy n 2 Eutoff ércularity: 0.%1.0).

5.3.3.15 Statistical analyses and graphical representation
Statistical analysis was done using GraphPad Prism 8 software (GraphPad Software).

For ICS of cell lines and safiar transformations, individual groups were compared using asided,
parameterized, unpaired t tesEach symbol represents one replicate, bars indicate the mean with
standard error of the mean (SEM).

For immune responses and tumor infiltration studies, the Manthitney test (nonparametric rank

sum test) was used when ggaring only two groups, and the Kruskaallis test (nonparametric one

way ANOVA on ranks) using Bonferroni adjustment when comparing three or more groups. Negative
control groups were not included in multiple comparison tests. Tumor growth curves watgzad

by a mixedeffects model for matched values with Geis§&&eenhouse correction of sphericity
comparing the entire course of the curves, including all values in the statistical analysis up to the last
time point where more than 50% of mice in one gpowere alive. Survival curves were analyzed by a
logrank (MantetCox) test.

For analysis of intracellular staining results, nonstimulated samples were used as background controls,
and their response values have been subtracted from the pegtitleulated samples of the
corresponding animal before performing statistical analysis and graphical presentation.

Splenic immune responses shown in numbers (indicated by # on-dixes)yare the total number of
responding cells in the animal. This is calculated blipfying the percentage of responding cells out

of all lymphocytes with the number of nucleated cells in the spleen. To aid the visual representation
of systemic immune responses (spleen or blood), all nonresponders have manually been adjusted to a
value of 100, 10, or 1 (as indicated in the figure legends). All statistical analyses were done on
nonadjusted values. For splenic immune responses, we applied a threshold for responses based on the
average number of B220CD8, CD44> L doumts for unstimiated background samples. All samples

with fewer counts than the average x standard deviation of the background samples were regarded
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a4 y2yNBALRYRAYI® ¢KS Fylfeara 20 dks2 FNndfi ARCb
mean fluoresce® S Ay (i Sy a A dwas pedoredonly 6h respanders.

Each symbol represents one mouse. For tumor growth data, the lines show the mean, and error bars
indicate the SEM. For all other data, bars indicate the geometric mean.

Significance levels are markedp*s< 0.05; **,p < 0.01; ***, p < 0.005; **** p < 0.001.

5.3.3.16 Data availability statement
The original contributions presented in the study are included in the article/Supporting Information.
Further inquiries can be directed the corresponding authors.

5.3.4 Results

5.3.4.1 Design and biochemical characterization of the antigexpressingAd19a/64 vectors

The antigens for an HPV16-EE2, E6, and E7containing therapeutic vaccine were designed in
analogy to the pubtihed homologous MN?3 antigeng356) which were dowrselected in mouse
models and are now being tested for efficacy in Mffvf@cted nonhuman primates (NHFjgure
14A). The different HPV16 early proteins were separated by ghsgnee (GS) linkers and encoded in
Ad19a/64 vectors. With one exception (ELIE2E6E7), all polypeptides werenMally fused tothe
human MHC class Il invariant chain (li).

To ensure the safety of the vaccines, transformatil@fective variants of the highly potent
oncoproteins E6 and E7 were generated. The oncoprotein E6 was inactivated by introducing an L117Q
substitution to prevent the binding of E6 to E6BP and subsequent diggran of tumor suppressor

p53 (333) Additionally, the @ SNXY A Yl f t 5% R2 ETQLYyto abdlish th&® BridiSgioB R 0 p
telomerase and otherdxLL motHcontaining proteing334) E7 was inactivated by introducing the
substitutions C24G, L67R, and C91A within the cemtfXE motif in order to inhibit dimerization and
NBRdzOS o60AYyRAY3 (G2 Lw. 1Y 26 y(33342335)RRBtHdnors, weédiahged y i S NI
E2 (C300A) to reduce DNA binding. Epitope prediction revealed that E1 and E2 harbor a larger number

of potential epitopes Figurel4B; Supplementary Tabl#A) across 75% of the most common human

HLA types Supplementary TabléB) compared with E6 and E7, supporting our hypothesis of the
advantage of including all four antigens in the vaccine design.

The antigen coding sequences were insertad adenoviral vectors from serotya/64 (Ad19a/64)
as describe235)

Proper expression of the encoded antigens was confirmed by western blot analysis following
transduction of A549 cells witthe indicated Ad19a/64 construct&igure14C). All vectors readily
expressed the encoded antigens, and bands running at the expected size were observedatdien
were probed with HPV16 early protespecific antibodies. In most cases, especially for proteins with
high signal intensities, bands of lower molecular weight than calculated were observed, presumably
caused by partial degradation.

Because proteinsfdifferent sizes behave differently during blotting and signal intensities may not
reflect expression accurately, HPV16 antigen amounts were quantified by flow cytometry after
intracellular staining with arME2, antE6, and antE7 Figurel4D; Supplementary FigurA). The
Ad19a/64 transductions yielded comparable expressiortierdifferent HPV16 polypeptides except

for ELE2EG6E7 trending toward slightly higher signals withEhéind antE7 Figurel4D). There is, to

our knowledge, no avkable E1 antibody; hence, E1 expression was not directly assessed. However, E1
is in all analyzed constructstirminally fused to either E2 alone, E2EGE7, or EGE7. Western blot
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analysis with monoclonal or polyclonal ABs directed against E2, E6, andalt7cases proved
expression of fusion proteins detected at the calculated molecular weights (including E1; 72.9 KDa on
its own). Based on this, and on our previously published homologous MfPV3 vaccine design where E1
expression was confirmed, we anticipat E1 to be properly expressed (this was later supported by
the vaccine's ability to induce Epecific immune responses; segurelb).
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Figurel4: In vitro expression and inactivated transforming potential of HPV16 antigen variants.
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(A)HPV16 antigens were designed as fusion proteins comprising either E1, E2, E6, and E7 altogether, or fusion
proteins partially linked by a p2a peptide, and fused to the MHGnvariant chain (li), respectively. Antigens
were fused as single open readingames without the li coding sequence. Calculated molecular weights are
indicated (kDa). B) Predicted MH@ epitopes of HPV16 early protein antigens E1, E2, E6, and E7 identified by
IEDB analysis and mapped on the EIE2E6E7 fusion protein. Arrows marlotherputations introduced for
inactivation of the oncoproteins. Each of the colored horizontal lines corresponds to one predicted epitope,
and the vertical axis thereby indicates epitope density. Colors indicate the affinity of the predicted epitopes
(green: high affinity, ;50 nmol/L calculated 1C50; yellow: medium affinity, 800 nmol/L calculated IC50;

red: low affinity, 50@;5,000 nmol/L calculated IC50)CjWestern blot analysis of A549 cell lysates 48 hours
following transduction with Ad19a/64 encodig the indicated polypeptides at an MOI of 100. Antigens were
detected with anti-E2 (left top), antiE6 (left bottom), and antE7 (right top) antibodies. As a loading control,
tubulin was monitored using an ardiubulin antibody (right bottom). ©) Flow g/tometry analysis of A549 cells

48 hours following transduction with Ad19a/64 expressing the various MfPV3 antigens, at an MOI of 100.
Intracellular staining was performed with amtE2 (left), anttE6 (middle), and antE7 (right). Depicted is the

MFI of the average of 3 independent experiments. Error bars indicate SENFIpw cytometry analysis of p53

in antigenexpressing HEK293T cells upon transfection with pURVac plasmids containing the respective
antigens. Intracellular staining was performed with #Rp53 together with anttE6 (all E6 containing antigens)

or anti-E2 (KE2 only). Depicted is the MFI of the average of 3 independent experiments. Error bars, SEM.
Individual groups were compared using twsided, parameterized, unpairettest. (F)Anchorageindependent
colony growth in softagar transformation assay in the NiBIT3 cell line. The number of colorffigrming units
(CFU) in the assay is shown. Depicted is the mean with SEM of 3 technical replicates from 3 independent
experiments. Individual graps were compared using twsided, parameterized, unpaired test. li: MHC K
associated invariant chain, GS: glycgeerineclinker, 2a: p2a peptide for cotranslational separation.

5.3.4.2 Virally delivered antigens induce less p53 degradation and colaryning potential

Next, we determined the extent of p53 degradation, known as the main tumor suppressor protein, by
E6wt and the engineered fusiguolypeptides. We saw that our modifications maintained high p53 in
transfected cells compared with E6WEigure14E Supplementary FiguréB), suggesting functional
inactivation of the E6 oncoptein.

To further test for the ability to proma anchoragendependent growth(364), NIH3T3 cells were
transduced with VS'@&pseudotyped lentiviral vectors encoding the engineered fusiotigens, or
E6wt and E7wt alone or in combination as positive controls. As negative controi8TBli¢ells were
transduced with VSG-pseudotyped lentiviral vectors encoding-l2 or lentiviral vectors lacking a
transgene, respectively.

Transgene expression of polyclonal MIFB cell lines was verified by western blot analysis
(Supplementary Figur@Q). For all cell lines, the expected bands at the correct sizes were detected,
except for HE1IE6ED2ali-E2, which failed to be generated even after repeated attempts. Cell lines
expressing the mutated E6 and Broteins performed as control antigens, whereas E7and
E6wtE7wttransduced cells readily formed high numbers of colonies in the soft &guré14E
Supplementary Figure9D). Taken together, this confirms the functional inactivation of the
transforming potential of HPV16 antigens.

5.3.4.3 Ad19a/64vectored vaccination induces robust CD8nd CD4 T-cell responses in both
outbred and inbred mice which can be boosted Bg5

Intramuscular immunization of outbred CD1 mice with a single dose of Adl®at8dredvaccines

confirmed immunogenicity of the different antigen construaisvivg as CD8T-cell responses were

detected against EIF{gure15A) and CD#responses were @tected against EIF{gurel5B) and E2

(Figurel50).
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Figurel5: Ad19a/64 vectored vaccination induces robust C28id CD4 T-cell responses in both outbred and

inbred mice.
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CD1 mice AcB), different outbred mice as indicatedrl), or C57BL/6 miceXP) were immunized with Ad
vaccines (2 10’ IFU) encoding the various HPV16 early antigens as indicated

To enhance immune responses further, a heterologous prboest immunization was applied
delivering human Adencoded HE1E2E6E7 as a booster vacciBapplementary Figur&0). This
increased CD8I-cell responses to EFigurel5D as compared withrigure15A) and induced some
responses against E7 as weigurel5E). CD4 T-cell responses were consistentgtected against E1
and E2 and sporadically detected against E6 an®&yplementary FigurklA-D). We never detected
CD8 T-cell responses to E2 or E6 in CD1 miagemially reflecting limited MHC diversity in the
supposedly outbred CD1 mouse model due to a rathmall number of founder micé€341) We,
therefore, chose to evaluate the-lH1E2EGE7 vaccine in an Ad19af¥% primeboost regimen in
selected other outbred mouse strains deriviedependentlyfrom CD1 (OF1 and H&dla;(341). Here,
we detected vaccinénduced CD8responses against all four antigens in at least one of the mouse
strains Figurel5~l) and CD#4responses against E1, E2, and BSupplementary FigurglEG).

Lastly, we wanted to confirm immunogenicity in the C57BL/6 mouse, which is the standard mouse
model in thefield of HPV16 therapeutic vaccines. We found responding TB8lls against E1 for all
antigen designsHigure15)) and detected E8pecific CD8T cells Figure15K) and CD#4responses
against E1Supplementary FigurglH). The HE1E2EG6E7 ga significantly stronger E7 responses than

the IFELE6ED2&li-E2 vaccine, and-BE1E2E6E7 also seemed to give stronger E7 responses than the
vaccine not encoding Ip(E 0.077). This advantage of theElE2E6E7 was further supported when
looking attheA y 1 SI NI (G SR a-Bdsitivé dells Comibining the maghtude and quality of the
induced Tcell respons€368). In this analysis, the E1 response was by trend higher-ExHREGE7
compared with the non li vaccine as wdfigure15L, p = 0.06). Notably, E1E2EGE7 significantly
enhanced the response against E7 compared with the vaccine not encoding li and the vaccine encoding
E7 directly linked to the p2h (Figure1l5M). We did not detect any E@r E6specific CD8+-dell
responses despite a previously reported E6 epitope (€a438EVYDFAFRB67). This coulde due

to immunodominance, as responses against the E6 epitope have previously been described only for
vaccines encoding E6 alone, and the E6 epitope has been reported as less immunogenic than the
dominant E7 epitope (aa487, RAHYNIVTE95)).

Based on the superior CDBcell responses in the C57BL/6 mice, and the lack of inferiority and positive
trends in the outbred mouse models, we decided to move forward with tHEIE2E6GE7 antigen design.

Lastly, we confirmed that heterologous Adéctored boosting after Ad19a/64 priming induced a recall
vaccinespecific response compared with Ad19a/64 priming alone,redfi® homologous boosting with
Ad19a/64 did notEigurel5N-P). A negative control group of Ad19a/64 and Ad5 vectors containing no
antigen was includetb confirm that the responses were vaccine specific.

5.3.4.4 Ad-vector vaccination shortly after tumor inoculation provides singégent tumor control

and increased survival
To investigate the therapeutic effect of our HPV vaccine, C57BL/6 mice were injectesymgtmeic
C3 tumor cells. The C3 cell line was established by transfection of mouse embryonic cells with the
HPV16 genomand an activated ras oncogelf®95) and the tumorscan express all HPV16 antigens
(369) in contrast to the commonly used IGumor model ontaining only HPV16 E6 and @%4) It
is worth merioning that the C3 tumor cell line is generally slowgeowing and more treatment
resistant than the T@ model, as shown by Sluis and colleagues (eft Bupplementary Fig. YB59)),
making it more challenging to show therapeutic effect in the C3 model.
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In the first experiments, mice were treated with A19a/64 vectors encodiB@BE2EGE7 or amelevant
antigen (neg ctrl, se&upplementary Figur&) 2 days after tumor challenge. On day 20, another
treatment with Ad5 vectors containing the same antigens dase to boost responses-H1E2EGE7
treatment significantly reduced tumor growtRigurel6A), completely cleared tumors in 3 of 10 mice
(Figurel6B) and significantly increased surviviaigurel6C 3/10 vs. 10/10 dead at day 41), indicagin
that the treatment is effective against small tumors.

li-E1E2E6E7, Ad19a/64 d2, Ad5 d20 )
C57BL/6 mice
-= Neg ctrl vaccine, Ad19a/64 d2, Ad5 d20 A,BandC:n=10
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Figure16: Ad-vectored delivery provides singlagent tumor control and increased survival by vaccination
shortly after tumor inoculation 1x18C3 cells were injected s.c. into the flank of C57BL/6 mice, and the mice
received Ad19a/64 and Ad5vectored vaccines i.m. in the same side as the tumor on days 2 and 20,
respectively.

Tumor growth @andB) and survival ). Pink curves with circles repsent the therapeutic vaccine group. Gray
lines with squares depict negative control vaccinated mice. Green arrows indicate the time of vaccination.
Statistical analysis was performed using the mixeffects model for matched values with Geiss@reenhouse
correction of sphericity A, comparing the entire course of the curves) and oank (MantekCox) test Q. *, p

< 0.05; *** p < 0.005.

5.3.4.5 Ad-vectored vaccination provides singlagent control of established tumors and
synergizes with cisplatin

Having confmed that the early treatment of C3 tumors with therapeutic vaccination had a good effect

as vaccine regimen monotherapy, we went on to investigate the potency of established tumors. Once

palpable tumors were present (day 10), mice were treated with theuaig vaccination, which showed
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a reduction of tumor growth in some animaBigurel7A and B) and significantly increased survival
(Figurel7Q). Cisplatin is the standard treatment of HR¥ncers in the clinic and has previously shown
synergy with HP¥argeting therapeutic vaccing@59) Combining the therapeutic vaccination with
three onceweekly cisplatin injections, as previously déised ty Nejad and colleagueg302)
dramatically increased the tumor contrdtiQurel7D andE) and survivalRigurel7F) compared with
cisplatin treatment and control vaccination, and compared with therapeutic vaccination alone
(Supplementary Figurg2A).

IHC staining of tumor tissues revealed that the therapeutic vaccination significantly increased the
number of CD8T cells Figurel7G) and ezen more importantly the infiltration of these CDB cells

into the central tumor parenchymd-{gurel7H). Representative pictures of the IHC a@b8staining

are shown inFigurel7l. Cotreatment with cisplatin did not seem to have any obvious effect on the
infiltration of CD8T cells visualized by IHBupplementary Figuré2B).

To further investigate the cause of the observed therapeutic effect, we harvested tumors and lymphoid
organs at the time points where the therapeuditfect had only just started to kick in for the respective
treatment combinations. Organ harvest was performed on day 24 for mice treated with vaccine and
cisplatin combinedKigurel7D) and on day 30 for mice treated with the vaccine alofigrel7A).

Analysis of the tumaemfiltrating CD8 T cells showed that the vaccinated mibad more tumor
reaciveCD8 OSff a LINRPRdzOAYy 3 L Cbh:' epvii@hbothitignpdmtdFigBeR o6 A (0 K
17J). Looking at the splenic responses, ttezcine specifically induced Eihd E7specific CD8T-cell

responses in these tumdyearing miceKigurel7K), corresponding to the nontumor challenged mice
previously analyzed={gurel5). Cisplatin treatment alone (neg ctrkisplatin, d24 Figurel7K, left,

gray squares) seemed to induce some #fV responding CDB cells, primarily to E7 and in some

YAOS (G261 NR 9mMI o0dzli HHRRI7TWE2 dzyiRk FKSL Cr2 dAydENI2@FS L fC |
T cells, also capable of producing TNF was clearly inferior compared-#witB2E6E#Feated mice
(Figurel7Mm).

Surface staining analysis revealed that cisplatin treatment did not seem to have an effect on the
amount of CD8T cells in the tumor, supporting the IHC findingsfplementary Figur&20), but that

the therapeutic vaccination significantly increased the proportion of antg@senting CD11c
positive cells in the tumor both on days 24 and Biygrel7N). We also saw a tendency of higher
infiltration of dendritic cells (DC) in the tumor of mice who received cisplatin treatment, similar to what
was reported byNejad and colleagueg802) but this difference could also be attributed to the fact
that the analysis was done on days 24 and 30, respectively.
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Figurel7: Ad-vectored vaccination provides singlagent control of established tumors and worka synergy

with cisplatin cotreatment.

1 x10° C3 cells were injected s.c. into the flank of C57BL/6 mice, and the mice received Ad1OaiG4AdS
vectored vaccines i.m. in the same side as the tumor on days 10 and 24, respectively. Mean tumor growth with
EM @), tumor growth for individual mice B), and survival ) were assessed. IfD¢F) all mice were
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