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1 Abstract 

Despite the availability of highly efficacious prophylactic vaccines against human papillomaviruses 

(HPV), the predominantly sexually transmitted viruses are still highly prevalent worldwide and 

represent the most significant part of virus-induced tumor diseases. Infection 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 tract and in the head and neck area, especially in the oropharynx. Thus, the global burden 

of morbidity and mortality is immense. The prophylactic vaccines only protect from virus infection but 

cannot extirpate virus-infected cells, which renders them ineffective as a treatment for HPV-induced 

dysplasia and cancer. Hence, a novel therapy against HPV-induced malignancies is of the highest 

urgency. 

Natural regression of HPV-induced 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. Therapeutic 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 type-specific therapeutic vaccine candidates.  

First, with the lack of a small animal model for sexually-transmitted 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 HPV-like dysplasia in persistently infected Macaca 

fascicularis. A set of antigens of MfPV3 was designed based on the regulatory early proteins E1, E2, E6, 

and E7 and the N-terminal fusion of the MHC-II-associated invariant chain (Ii). Biochemical and 

molecular biological in vitro as well as immunological in vivo characterization of DNA vaccine vector- 

and adenoviral vector-delivered antigens proved that the artificially fused polyprotein Ii-E1E2E6E7 is 

not inferior compared to the combination of single antigens, thus renders this antigen the lead 

therapeutic vaccine candidate for pre-clinical efficacy trials in persistently-infected macaques. 

Second, HPV16 represents the most critical clinical relevant HPV type. Hence, HPV16 antigens were 

designed based on the blueprints of the MfPV3 antigens. Biochemical, molecular, and cell biological 

characterization proved the absence of transformation capacity of the antigens. Moreover, in-depth 

immunological characterization of adenoviral-delivered antigens revealed potent anti-tumor efficacy 

in a translational HPV genome-positive tumor model in inbred mice, especially in synergy with cisplatin. 

Therefore, the HPV16 Ii-E1E2E6E7 therapeutic vaccine candidate might be a promising contender in 

future clinical investigations to combat HPV16-induced malignancies. 

Finally, recombinant poxviral vectors based on the Modified Vaccinia virus Ankara (MVA) comprising 

MfPV3 Ii-E1E2E6E7 were generated in a duck-derived continuous cell line, which was modified to knock 

down transgene expression. Thorough characterization of the cell line side-by-side with the non-

modified parental cell line exhibited better replication, resulting in higher virus titers, and enhanced 

genetic stability across serial passaging of both recombinant MVA (rMVA) in the absence of transgene 

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 knock-down of transgene expression 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 against HPV-associated disease 

with broader antigen 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 
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Ii-E1E2E6E7 antigen in the therapy against HPV-induced malignancies. A future pre-clinical efficacy trial 

with an adenovirus-prime and MVA-boost scheme in persistently MfPV3-infected macaques may guide 

the way for the clinical development of the promising HPV16 Ii-E1E2E6E7 therapeutic vaccine 

candidate.  
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2 Zusammenfassung 

Trotz der Verfügbarkeit hochwirksamer prophylaktischer Impfstoffe gegen humane Papillomviren 

(HPV) sind die vorwiegend sexuell übertragbaren Viren weltweit immer noch stark verbreitet und 

stellen den größten Teil der virusbedingten Tumorerkrankungen dar. Die Infektion mit HPV ist die 

Hauptursache für Dysplasie und Krebs des Gebärmutterhalses, kann aber auch Tumore in anderen 

Teilen des Anogenitaltrakts und im Kopf und Nackenbereich, insbesondere im Oropharynx, 

verursachen. Deshalb ist die globale Belastung durch Morbidität und Mortalität immens. Die 

prophylaktischen Impfstoffe schützen nur vor einer Virusinfektion, können aber die virusinfizierten 

Zellen nicht ausrotten, so dass sie zur Behandlung von HPV-induzierten Dysplasien und Krebs 

unwirksam sind. Daher ist eine neue Therapie gegen HPV-induzierte Entartungen von höchster 

Dringlichkeit. 

Die natürliche Regression von HPV-induzierten Dysplasien ist mit einer rigiden T-Zell-Reaktion gegen 

die regulatorischen frühen Proteine des Virus verbunden. Dies macht diese Proteine zu einem 

möglichen Kandidaten für eine therapeutische Impfung. Therapeutische Impfstoffkandidaten 

konzentrieren sich hauptsächlich auf die Onkoproteine E6 und E7 und variieren daher in ihrer 

klinischen Wirksamkeit. Ziel dieser Arbeit ist es daher, die eingeschränkte Verwendung von Antigenen 

zu erweitern, um neuartige typspezifische therapeutische Impfstoffkandidaten zu entwickeln. 

In Ermangelung eines Kleintiermodells für sexuell übertragbare HPV wurde Macaca fascicularis 

Papillomavirus Typ 3 (MfPV3) als Modellvirus ausgewählt, da es eine hohe Homologie und 

phylogenetische Verwandtschaft mit HPV16 aufweist und in der Lage ist, HPV-ähnliche Dysplasien in 

persistent infizierten Macaca fascicularis zu induzieren. Eine Reihe von MfPV3-Antigenen wurde auf 

der Grundlage der frühen regulatorischen Proteine E1, E2, E6 und E7 sowie der N-terminalen Fusion 

der MHC-II-assoziierten invarianten Kette (Ii) entwickelt. Die biochemische und molekularbiologische 

in vitro- sowie die immunologische in vivo-Charakterisierung der durch DNA-Vakzine-Vektoren und 

adenovirale Vektoren verabreichten Antigene zeigte, dass das künstlich fusionierte Polyprotein Ii-

E1E2E6E7 einer Kombination der einzelnen Antigene nicht unterlegen ist, was dieses Antigen zum 

führenden therapeutischen Impfstoffkandidaten für präklinische Wirksamkeitsstudien an persistent 

infizierten Makaken macht. 

HPV16 stellt den wichtigsten klinisch relevanten HPV-Typ dar. Daher wurden HPV16-Antigene auf der 

Grundlage der MfPV3-Antigene entwickelt. Die biochemische, molekulare und zellbiologische 

Charakterisierung bewies, dass die modifizierten Antigene keine Transformationsfähigkeit mehr 

besitzen. Darüber hinaus ergab eine detailierte immunologische Charakterisierung der adenoviral-

verabreichten Antigene eine starke Anti-Tumor-Wirksamkeit in einem translationalen HPV-Genom-

positiven Tumormodell bei Inzuchtmäusen, insbesondere in Synergie mit Cisplatin. Daher könnte der 

therapeutische HPV16-Ii-E1E2E6E7-Impfstoffkandidat ein vielversprechender Kandidat für künftige 

klinische Untersuchungen zur Bekämpfung von HPV16-induzierten malignen Tumoren sein. 

Schließlich wurden rekombinante pockenvirale Vektoren auf der Grundlage des modifizierten 

Vaccinia-Virus Ankara (MVA), das MfPV3 Ii-E1E2E6E7 als Transgen enthält, in einer kontinuierlichen 

Zelllinie von Enten erzeugt. Dazu wurde die Zelllinie und das Virus so modifiziert, dass die 

Transgenexpression unterdrückt wurde. Eine gründliche Charakterisierung der modifizierten Zelllinie 

im Vergleich zur nicht modifizierten parentalen Zelllinie ergab eine bessere Replikation, die zu höheren 

Virustitern führte, und eine verbesserte genetische Stabilität bei serieller Passage beider 

rekombinanter MVA (rMVA) ohne Transgenexpression. Darüber hinaus konnte gezeigt werden, dass 

die genetische Stabilität von der Integrationsstelle innerhalb des rMVA abhängt, insbesondere die 
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Wirkungsweise, d. h. die Art und Weise, wie sich die Instabilität manifestiert, unterscheidet sich 

zwischen den Integrationsstellen. Der Knockdown der Transgenexpression während der rMVA-

Generierung und Produktion könnte daher eine vielversprechende Strategie für die Herstellung 

rekombinanter Viren mit anspruchsvollen Transgenen sein. 

Zusammenfassend lässt sich sagen, dass in dieser Arbeit die Herstellung neuartiger therapeutischer 

Impfstoffkonstrukte gegen HPV-assoziierte Krankheiten mit einer breiteren Antigenkapazität aufgrund 

der Einbeziehung von E1 und E2 sowie von passenden Shuttle-Vektoren gezeigt wurde. Die hier 

vorgestellten Daten sprechen für den potenziell vorteilhaften Einsatz des Ii-E1E2E6E7-Antigens bei der 

Therapie von HPV-induzierter malignen Erkrankungen. Eine zukünftige präklinische 

Wirksamkeitsstudie mit einem adenoviralen-Prime- und einem MVA-Boost-Schema in persistent 

MfPV3-infizierten Makaken könnte den Weg für die klinische Entwicklung des vielversprechenden 

therapeutischen HPV16 Ii-E1E2E6E7-Impfstoffkandidaten weisen. 
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3 General Introduction 

Human papillomavirus (HPV) are small, non-enveloped viruses comprising about 8 kb of histone-bond 

dsDNA genome (1) (Figure 1A). These viruses can be further subdivided into multiple genera, further 

into more than 200 types, with either cutaneous or mucosal tropism (2). Infections with mucosal HPV 

are most commonly transmitted sexually (3ς5) and display the most common sexually transmitted 

infection worldwide. There are estimations that probably all sexually active individuals will be infected 

at least once in life (6). HPV is historically well known for its connection to cervical cancer since about 

99% of all cervical cancers contain HPV DNA (7). Because of their likelihood of inducing cancer, HPVs 

are often characterized into high-risk (hrHPV) and low-risk (lrHPV) types (8,9).  

The icosahedral virion is approximately 55-60 nm in size and is composed of 72 capsomeres, each 

assembled out of 5 late-1 (L1) protein molecules, each thereof resembling a beta-jellyroll core folding 

(10,11) (Figure 1A). Interestingly, the capsomeres are linked by disulfide bonds (12). Approximately 12 

molecules of L2 proteins are embedded within the capsid (13). 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 papillomavirus (PV) genome comprises several partially overlapping ORFs, which can be further 

divided into early and late regions (2) (Figure 1B). The virus protein expression is tightly regulated at 

the level of transcript expression and RNA editing and, therefore, dependent on alternative splicing 

and mRNA post-transcriptional processing (16,17) since all proteins are derived from three 

polycistronic pre-mRNAs.  

 

Figure 1: Schematic representation of PV virion and genome. 
(A) Schematic representation of PV virion in cross section and surface view. Virus capsid is 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; small 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 boxes indicate early (eUTR) or late untranslated region (lUTR). 
Figure based on Johansson et al. 2013 (17).  

3.1 Evolution of Papillomaviruses 

The Papillomaviridae is a very old family, infecting possibly all mammals and other amniotes; 

therefore, ancestral PVs can be dated back to the Paleozoic age (18) (Figure 2A). Meanwhile, PVs are 

also detected in fishes (19), leading to the subdivision of the Papillomaviridae family into 

Firstpapillomavirinae and Secondpapillomavirinae (13), thus implying even older origins of the ancient 

PV. With the emergence of the first reptiles 350 million years ago and the accompanying changes in 

the epithelium of their ancestral host, these viruses started to coevolve with their respective host (18). 

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

mucosal tropism.  

Most of the PVs cause chronic asymptomatic infections (20). Even in immunocompetent individuals in 

the general population, HPV can be frequently isolated from skin swaps and plucked hair, leading to 

the assumption that HPV persists in the population as commensals (21,22). 

Double-stranded DNA viruses show the slowest evolutionary rates among viruses (23,24), especially 

PVs (25). For the taxonomic categorization, the identity at the nucleotide level of the L1 gene was 

selected. One PV type is defined by more than 90% nucleotide identity within this gene (26). This 

threshold is restricted because of the multimodal distribution of the evolutionary distances among PVs 

(26ς28). Despite the slow evolution, the PV diversity yielded in more than 200 types (18) (Figure 2B).  
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Figure 2: Evolution and diversity of PVs. 
(A) Evolution of PVs with cutaneous and mucosal tropism. The evolution of hair and sweat glants triggered the 
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 Alpha-Omikron PVs developed the ability to infect 
the mucosal epithelium. (B) Phylogenic tree of PVs. Black arrow indicate HPV16, grey arrow indicate MfPV3. 
Figure adapted from Bravo et al. 2015 (18) and further modified. 
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3.2 Epidemiology of HPV and HPV-Induced Disease 

The Alphapapillomaviruses are the most characterized HPV genus since this genus is the most clinically 

relevant because of their infection of the oral and anogenital mucosa, therefore their induction of the 

HPV-related disease in non-immunocompromised individuals, and harboring most of the high-risk 

type, like HPV16 and HPV18 (8,13). In the following, if not mentioned elsewhere, HPV describes the 

matters related to human Alphapapillomaviruses. 

HPV infection is one of the most frequent viral infections in the world and probably the most prevalent 

sexually transmitted infection, with an estimated nearly 300 million HPV-positive women worldwide 

in 2007 (29). In asymptomatic women, an HPV prevalence of 11.7% could be observed in 2010 (30). 

The prevalence was even higher in developing regions compared to developed regions (29,30). The 

highest infection rate could be observed in adolescent girls and young women (31). Similar global 

prevalence rates and transmission rates could be observed for genital HPV infection in men but 

without age differences (31). Asymptomatic infections are often featured by several HPV types, 

including HPV16 with just 3.2%, HPV18 with 1.4%, HPV31, and HPV58, each below 1%. With increasing 

disease severity, also the HPV detection rate increases (30). At cervical intraepithelial neoplasia grade 

1 (CIN1, see chapter 3.6) the HPV detection positivity rate is between 50-70% (30), but in invasive 

cervical cancer the HPV detection positivity rate is between 90-100% (32), which mainly correlated 

with HPV16 (61%) and HPV18 (10%) (8). 

According to the GLOBOCAN analysis, more than 600000 new cases of cervical cancer and 340000 

deaths occurred in 2020, rendering cervical cancer the fourth most common type of female cancer. 

Most of these occurred in low- and middle-income countries (LMIC) (33,34). 

HPV is not only responsible for cervical cancer, but it also causes other cancers in the anogenital tract, 

such as anal cancer (88%), vulvar cancer (43%), vaginal cancer (70%), and penile cancer (50%) (31), but 

also attributable for oropharyngeal squamous cell cancer (OPSCC). The latter displays an emerging 

threat. 

Although the prevalence of head and neck cancer (HNC) has been decreasing within the last few 

decades, the incidence of HPV-positive OPSCC, a subgroup of HNC, has increased (35). OPSCC 

comprises cancers in the soft palate, uvula, tonsils, and base of the tongue. Depending on the study, 

the incidence of HPV-positive OPSCC is indicated between 38% and 70% (36ς38), of which HPV16 is 

responsible for at least 85% (39). In fact, HPV-positive OPSCC displays one of the fastest-rising 

incidence rates in high-income countries (HIC) (40,41), and the incidence of OPSCC in men has even 

surpassed the incidence of cervical cancer in women in the UK and the US (40). On a global scale, the 

incidence of HPV-positive OPSCC is utterly higher in HICs compared to LMICs, despite the high 

incidence of HPV-associated cervical cancer in these countries (38).  

3.3 HPV Replication and Function of Virus Proteins 

HPVs can only infect cells in the basal layer of the epidermis and can only fully replicate in terminally 

differentiated keratinocytes. The HPV replication can be subdivided into three phases: (i) infection and 

establishment phase, (ii) genome maintenance, and (iii) differentiation-induced amplification (42) 

(Figure 3A).  
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Figure 3: 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 high-level expression; dotted lines indicate low-level expression. Color code is explained in the 
legend. Figure based on Middleton et al. 2003 and Doorbar 2006 (43,44) (B) Infection of a basal cell by HPV. 
The virus cannot infect the basal cell directly but needs to bind to HSPG of the basement membrane (BM) via 
L1, thus leads to cleavage of L2 by furin or BM-protease. After cleavage, HPV can infect the basal cell. Figure 
based on Schiller et al. 2012 (11). 

The virions get in proximity to the basal layer cells in the stratum basale through microabrasions or 

trauma within the epithelium. These allow the virions to bind via their L1 capsid protein at the heparan 

sulfate proteoglycan (HSPG) on the surface of the basement membrane (45) (Figure 3B). Subsequently, 

upon binding of L1 to HSPG, a conformational change in L2 is induced by cyclophilin B (46), which leads 

to exposure of the N-terminus of L2. This enables the proteolytic cleavage of L2 by furin or proprotein 

convertase 5/6, a prerequisite for virus uptake and internalization (15). Upon the cleavage of L2, a 

previously masked surface of L1 gets exposed that facilitates binding to the unknown receptor on the 

basal layer cells (15,45,47). Receptor engagement induces endocytosis of the virions. Acidification of 

the endosomes leads to degradation of L1. Via an unknown mechanism, L2 in a complex with the viral 

genome mediates its escape from the endosome and translocates into the trans-Golgi-network (48). 

Active cell division is necessary for the entry of the L2-genome complex into the nucleus. A prerequisite 

for nuclear localization of the L2-genome complex is the transient breakdown of the nuclear 

membrane in mitotic cells (49). Within the nucleus, the L2-genome complex associates with the 

promyelocytic leukemia nuclear bodies (PML bodies/ND-10), the site of PV DNA replication (50ς52). 

Initial virus protein expression from the early promoter (pE, p97 in HPV16) leads to the expression of 
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viral replication proteins E1 and E2 (17) for an initial phase of genome amplification, prior to the 

maintenance of the viral DNA as an episome (49,53). For this, E2 binds to conserved sequence 

elements in the origin of replication (ORI) within the long control region (LCR) of the HPV genome, 

which further recruits E1, an ATP-dependent helicase (54). E1 thereby recruits the host DNA replication 

machinery (50,55), which leads to bidirectional replication, yielding about 50-100 episomal copies per 

cell (56). This initial amplification phase of the genome highly depends on E1 and E2 (42). The ability 

of E2 to bind to the cellular bromodomain-containing protein 4 (Brd4) and the minichromosome 

maintenance element (MME) can tether the viral genome to the host chromosomes and facilitate 

correct genome partitioning and segregation into progeny cells (57ς59).  

After cell division and migration of progeny cells into the suprabasal cell layer (stratum intermedium), 

a process of differentiation forces the progeny cells into cell cycle arrest. The oncoproteins E6 and E7, 

as well as E5, are transcribed from the early promoter pE, additionally to E1 and E2 (p97 in HPV16) 

(16,17). Expression of E6 and E7 in this cell layer circumvents cell cycle arrest by inactivating members 

of the retinoblastoma proteins (pRb) and the tumor-suppressor protein p53 (60). In uninfected cells, 

monophosphorylated pRb binds and inactivates the transcription factor E2F. As a consequence, the 

cell cycle cannot progress from the G1- to the S-phase. In mitotically active cells, pRb is 

hyperphosphorylated by cyclin D (CycD)-activated cyclin-dependent kinase 4 or 6 (Cdk4 or 6), which 

leads to the release of E2F. HPV E7 interacts with pRb, thus releasing E2F, which induces Cdk-

independent cell cycle progression (60). The tumor-suppressor protein p53, also referenced as the 

άƎǳŀǊŘƛŀƴ ƻŦ ǘƘŜ ƎŜƴƻƳŜέ (61), is tightly regulated in normal cells by its negative regulator Mdm2 via 

binding to its activator domain and inducing ubiquitin-dependent degradation of p53 (62). P53, on the 

other way, works as a transcription factor of Mdm2. Therefore, low amounts of p53 are present in the 

cytoplasm under normal conditions. Upon activation of stress signal pathways (e.g., DNA damage, UV-

irradiation), p53 is phosphorylated by several stress-induced kinases (e.g., ATM kinases), which 

prevents regulation by Mdm2. The protein accumulates, translocates into the nucleus, and activates 

cell cycle arrest-associated or apoptosis-associated gene transcription (62). HPV oncoprotein E6 

inactivates p53 function and thus prevents cell growth inhibition and apoptosis of infected cells (60). 

This is further enhanced by E5, which is involved in koilocyte formation, a characteristic of HPV-

infected cells (63), and enhances epidermal growth factor receptor (EGFR) signaling (60,64), optimizes 

genome amplification (65) and therefore contributing to the hyperproliferation of the cells. 

Consequently, the partially-differentiated keratinocytes of the stratum intermedium further undergo 

cell cycle progression, resulting in cell division. Therefore, HPV genome-containing cells expand within 

the epidermis towards the superficial layer.  

The level of E2 is essential for the switch from early to late gene expression. Migration of the HPV16-

infected cells towards the superficial layer results in differentiation-induced altered cellular gene 

expression, activating the late promoter (pL, p670 in HPV16) and enhancing the expression of E1, E2, 

and E4 (17). E4 prepares the cells for virus assembly, interacts with the cytokeratin, and plays a role in 

virus release (66ς68). The increased levels of E1 and E2 promote genome amplification (69) and 

increase episomal genome copy number by approximately a factor of 100 (56). Transcription of E1 and 

E2 from both, early and late, promoters of the initial genomes and additional the newly synthesized 

genomes generate a positive feedback loop resulting in higher concentrations of E2. E2 works as a 

transcription repressor for pE and thus represses E5, E6, and E7 expression (17,70), and the infected 

cells fully commit to viral genome replication. The peaking levels of E2 additionally induce E2-binding 

to the early polyadenylation signal, resulting in transrepression of the pL-derived early proteins and 

inducing late protein expression, which pave the way for genome packaging (17,70). Cellular factors 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 expressed shortly before the expression of L1, which is 

necessary for the correct order of virus assembly. E2 recruits L2 to the viral genomes within the PML 

body-associated replication regions in the nucleus, thus resulting in an L2-genome complex. After the 

expression of L1, the infectious particles are assembled in the nucleus (52,64,69). PVs are non-lytic but 

simply shedding from the superficial cells, which is enhanced by the destabilization of cytokeratin by 

E4 (64,66,69). 

3.4 Molecular Functions of hrHPV to Facilitate Dysplasia and Cancer Formation 

The hrHPVs, compared to lrHPVs, evolved multiple mechanisms that facilitate the development of 

dysplastic lesions and cancer rather than self-limiting infections. These viruses have no lytic cell death 

and restrict high-level gene expression as well as virus replication to the upper layers of the epithelium, 

which contains only few immune cells. Still, only hrHPVs are involved in the manipulation of many 

pathways of, for example, immune regulation, cell growth, apoptosis, and angiogenesis, summarized 

as άƘŀƭƭƳŀǊƪǎ ƻŦ ŎŀƴŎŜǊέ (60,71ς74) (Figure 4). Only the heterologous expression of hrHPV 

oncoproteins E6 and E7 ultimately immortalizes primary keratinocytes but not the oncoproteins of 

lrHPVs (1). 

 

Figure 4: Molecular function of oncoproteins to facilitate malign transformation. 
The viral proteins E5, E6 and E7 of hrHPV interact with several cellular pathways, which contribute to the 
ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ƳŀƭƛƎƴ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴΦ ¢ƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǘƘŜǎŜ ǇǊƻǘŜƛƴǎ ŀǊŜ ǎƻǊǘŜŘ ōȅ ǘƘŜ άƘŀƭƭƳŀǊƪǎ ƻŦ 
cancerέ (74). The figure shows with which cellular components these viral proteins interact and how the 
cellular components are manipulated. Figure adapted from Roden et al. 2018 (71) under license (license 
number 5630110191784), 'Reproduced with permission from Springer Nature' ©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 all, the mode of inactivation of p53 and pRb in hrHPVs is different compared to lrHPVs (60). 

Rather than inactivation by binding, hrHPV E6 protein leads to proteasomal degradation of p53 via the 

cellular ubiquitin ligase E6-associated protein (E6AP) (75ς78). A similar mechanism is observed for E7, 

which can degrade pRb in a ubiquitin-dependent manner using the cullin-2 ubiquitin ligase complex 

(76,79,80). This prevents apoptosis, contributes to sustained proliferative signaling, and evades growth 

suppression (71).  

Moreover, E6 of hrHPV can activate and upregulate the cellular telomerase (81ς83), amongst others, 

by interaction with c-myc (84), which supports cell longevity during repeated cell division and enables 

replicative immortality (71). PDZ (PSD95/Dlg/ZO-1) proteins are involved in the signaling and 

regulation of differentiation, cell polarity and adhesion (85,86). E6 has a PDZ binding motif (PBM) at its 

C-terminus, which facilitates the binding and degradation of a panel of PDZ domain-containing 

proteins, especially in an E6AP-dependent manner (87,88). This is further involved in invasion and 

metastasis (71).  

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

is presumed to be necessary for cell-cycle reentry and progression. The C-terminal zink-finger domain 

of E7 interacts with Mi2̡, a component of the nucleosome remodeling and deacetylase complex 

(NuRD complex), which blocks histone deacetylase (HDAC) (72,89,90). Furthermore, E7 stimulates 

lysine-specific demethylase KDM6A and KDM6B (71,91) but also stimulate DNA methyltransferase 1 

(DNMT1) (60,72), which induces methylation of many promoters of gene necessary for immune 

surveillance. Overall, these changes lead to extensive proliferation of the infected cells and 

dysregulation of immune signaling (72).  

Dysregulation of the proto-oncogene EGFR, a receptor tyrosine kinase of the family of ErbB/HER, is 

often associated with the formation of cancer (92). Viral E5 of hrHPV can upregulate vascular 

endothelial growth factor (VEGF), cyclooxygenase 2 (COX-2), mitogen-associated protein kinase 

(MAPKs), and activating protein-1 (AP-1) by manipulating the correct EGFR signaling (60). This is 

achieved by stabilizing the EGF-activated EGFR, which displays increased phosphorylation, and through 

lower EGFR degradation by enhanced EGFR recycling from endosomal degradation (60). As a 

consequence, VEGF and hypoxia-ƛƴŘǳŎƛōƭŜ ŦŀŎǘƻǊ м ʰ όILCмʰύ ŀǊŜ ŜȄǇǊŜǎǎŜŘΣ ƭŜŀŘƛƴƎ to angiogenesis. 

Furthermore, the Golgi-resident E5 leads to the retention of MHC-I and, therefore, compromises the 

processing and display of HPV-derived viral peptides on the surface of infected cells (93), preventing 

the recognition of CD8+ T cells (94).  

An important step towards malign transformation is the E7-induced mitigation of cellular DNA repair 

(60,71) and the introduction of extra centrosomes (95), which lead to genome instability and the 

acquisition of secondary mutations within HPV-infected cells (96).  

E6 and E7 are also involved in the dysregulation of cellular energetics, especially by direct or indirect 

stimulation of the PI3K/Akt/mTOR (phosphoinositide 3-kinase/PI3K-/protein kinase B/mammalian 

target of rapamycin) cascade. Both proteins lead to active mTORC1, either E7, by binding the molecular 

inhibitor protein phosphatase 2a (PP2A) of Akt, thus keeping Akt active, or E6, by direct activation of 

Akt or indirect by degradation of tuberous sclerosis complex 2 (TSC2), an inhibitor of mTORC1 (60). 

The activation of mTORC1 activates protein translation, lipid and nucleotide synthesis, and especially 

inhibition of autophagy (60,71). Therefore, the simultaneous expression of E6 and E7 prevents 

autophagy of infected and transformed cells, which is even enhanced by E5 (60). 
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Lastly, the oncoproteins of hrHPV heavily influence the immune receptors and signaling to avoid 

recognition, especially by interference with cGAS-STING, TLR9, IRF1/3, STAT1/2, Tyk2 (60,71,72,97ς

99). The blocking ƻŦ LCbˁ, CXCL14, and CCL20 production inhibits the recruitment of antigen-presenting 

cells (APCs) to the infection site, prolonging the activation of adaptive immune response. E6 and E7 

additionally lead to interleukin-6 (IL-6) secretion, which attracts monocytes to the infected tissue (71). 

Upon the production and secretion of CCL2 and matrix metalloprotease 9 (MMP9) by these monocytes, 

the building of a tumor-promoting inflammation starts, which also induces polarization and 

differentiation of monocytes to tumor-associated macrophages (TAM) and myeloid-derived 

suppressor cells (MDSC) (60,71,72).  

3.5 Prophylactic Vaccines Against HPV Infection 

Currently, three prophylactic vaccines are licensed (Gardasil® 4, CervarixTM, Gardasil® 9), which protect 

against persistent infection and neoplasia in the anogenital tract by the vaccine-types (100,101). Even 

if these vaccines are licensed for protection against anogenital HPV-derived malignancies, there are 

reports that the vaccines may have additional efficacy in preventing OPSCC. It could be found that non-

vaccinated individuals have a substantially higher risk of developing OPSCCs compared to vaccinated 

individuals (102). The vaccines are based on the recombinant L1 protein and their ability to self-

assemble into virus-like particles (VLPs) when expressed in different heterologous expression systems 

(71,101). CervarixTM is produced in a baculovirus-based insect cell expression system, is adjuvanted 

with aluminum hydroxide and monophosphoryl lipid A, and comprises L1 of HPV16 and HPV18. 

Gardasil® 4 and Gardasil® 9 are produced in S. cerevisiae, are adjuvanted with aluminum 

hydroxyphosphate sulfate, and include L1 of HPV16, HPV18, HPV6 and HPV11 in the case of Gardasil® 4 

and HPV16, HPV18, HPV6, HPV11, HPV31, HPV33, HPV45, HPV52, and HPV58 in Gardasil® 9 (71). Due 

to protection against HPV6 and HPV11, both Gardasil® vaccines protect against genital warts. It is 

widely accepted that neutralizing antibodies are the primary effector of protection (71). Many 

countries have included the prophylactic HPV vaccine in their vaccination program for young girls and 

also boys (103).  

Although these vaccines provide strong protection from HPV-induced diseases and exhibit an excellent 

safety profile (71,100,101), vaccine uptake, even in HIC, remains incomplete and insufficient to stop 

vaccine-type HPV transmission ultimately (103,104). Persisting vaccination barriers, such as 

questioning vaccine safety by parents, socioeconomic factors, and lack of awareness, might keep 

vaccination rates insufficient (40,105ς107).  

Since the vaccines comprise only L1, a nuclear protein expressed in the uppermost surficial layers of 

the epidermis, the possibly vaccine-induced T cell responses are insufficient to eradicate infected 

keratinocytes in the basal and intermedium layer. Clinical trials have shown that L1-based vaccines 

have no direct therapeutic effect in already-infected individuals (108) but may protect against 

recurring infections (109). Thus, together with the approximation that prevention of primary infection 

by prophylactic vaccination may be impacting OPSCC incidence not until 2060 (110), leads to the urge 

for an effective therapeutic vaccine.  

3.6 Development of HPV-Induced Dysplasia and Invasive Cancer 

As mentioned before, most hrHPV from the Alphapapillomaviruses are associated with the 

development of cancers, especially cervical cancers (7). Given the high prevalence of hrHPV infections 

compared to cancer cases (see chapter 3.2), it is obvious that most infections are subclinical due to 

spontaneous clearance within a given time frame. Most infections are resolved within two years 
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without symptoms. Nonetheless, some hrHPV infections become persistent, which can further acquire 

and accumulate more mutations over time, leading to the development of dysplasia in the squamous 

cells of the cervical epithelium and further progress to cancer (111,112). These persistent hrHPV 

infections are the primary factor for the development of such malignancies (112). Without successful 

clearance of cervical hrHPV infection, such lesions are able to progress to a cervical intraepithelial 

neoplasia grade 1 (CIN1), which can progress further to CIN2, CIN3, and invasive cervical cancer 

(113,114). The CIN grade reflects the severity of the dysplasia. Histologically, this can be detected by 

the extent of basal cell-like cells growing and penetrating into the suprabasal cell layers towards the 

surface of the epithelium and by the number of suprabasal cells undergoing proliferation (115). 

Additional to categorization into the CIN system, cervical dysplasia is also characterized by the 

Bethesda classification system, in which CIN1 is equivalent to low-grade squamous cell intraepithelial 

lesion (LSIL) and CIN2 and CIN3 are equal to high-grade squamous cell intraepithelial lesion (HSIL) 

(115,116).  

 

Figure 5: Development of HPV-induced dysplasia and invasive cancer. 
Schematic representation of the cellular and molecular events during development of HPV-induced dysplasia 
and invasive cancer. Upper panel indicate the expression of the different viral proteins within the different 
stages of dysplasial. Lines indicate high-level expression, dotted lines indicate low-level expression. Color code 
is explained in the legend. Figure based on Crosbie et al. 2013, Doorbar 2006, Doorbar et al. 2015 (44,64,117). 

Within the progression of the dysplasia, the virus protein expression shifts (43) (Figure 5). Low-grade 

lesions (CIN1/LSIL) characteristically exhibit still productive infections featured by koilocytes in the 

suprabasal cell layers and the expression of virus capsid proteins in the superficial cells (43,115). In 

contrast, high-grade dysplasia (CIN2/3, HSIL) features more extensive proliferation of the basal cell-

like cells in the suprabasal cell layer in combination with the loss of productive replication (43). An 

essential step in the formation of high-grade lesions is the dysregulated overexpression of the 
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oncoproteins E6 and E7, thus leading to enhanced proliferation. Based on the molecular features of 

the oncoproteins (see section 3.4), the enhanced cell division and long-lasting uncontrolled cellular 

replication, in combination with dysregulated cellular pathways and genome maintenance, lead to the 

accumulation of secondary mutations in the host genome and can promote cancer progression 

(96,118,119). 

The dysregulated oncoprotein expression is mainly derived by one of two factors: epigenetic 

modification of several genes or integration of the viral genome into the host cell genome (1). Different 

methylation of the LCR suggested de-regulated promoter usage through epigenetic changes, which 

hinders full virus replication (120). Since E7 has an influence on several important factors involved in 

DNA methylation, this might even be aggravated by the dysregulated oncoprotein expression (91). On 

the other hand, the above-mentioned genomic instability can lead to the viral genome integration into 

the host genome (121,122). Integration within the E1 or E2 ORF can disturb the productive replication 

of hrHPV, and the virus replication is trapped in the uncontrolled proliferation phase because of the 

de-repressed expression of E6 and E7. There are type-specific differences in the integration frequency 

(123). Cervical carcinomas result from integrated HPV16 sequences in approximately 70%, wherein 

HPV18 is integrated in almost all cases of cervical cancer (124ς128). There are other HPV types, which 

are inducing cancer without integration (123,129). 

HPV-induced malignancies are not restricted to cervical cancer but can also be found in other areas of 

the anogenital tract, like the vulva, vagina, penis, and anus, and additionally in the oropharynx (64). 

Similar to dysplasia in the cervix, it can be detected that intraepithelial neoplasia and pre-cancerous 

lesions are developed at all sites of anogenital infection regions, which are equally referred to as penile, 

vulvar, anal, or vaginal intraepithelial neoplasia (PIN, VIN, AIN, or VaIN) and exhibit similar histologic 

abnormalities (64,130,131). Contrary to anogenital cancer development, it is highly discussed whether 

HPV infections in the oropharynx induce such neoplasia due to the absence of detectable pre-

cancerous lesions and a different histological composition in the tonsillar crypt (38,132,133). 

Interestingly, there are different details regarding the integration frequency of HPV16-specific DNA 

sequences in HPV16-positive OPSCC. Data from whole-genome sequencing found viral integration in 

74% of patients (134), similar to the data for cervical cancer (123). In contrast, in other studies, more 

than 70% of the HPV16-positive OPSCCs contained the virus in episomal form (135ς137).  

The direction of developing invasive cancer from persistent HPV infection via ascending grade of 

dysplasia is not a one-way drive (Figure 6). In fact, most CIN1 (57%) regress within short time frame 

(138). About one-third of cases persist in CIN1 without regression or progression. According to 

longitudinal studies, the development of CIN3 induced by hrHPV proceeds relatively fast within a time 

frame of 3-5 years (139). Progression from CIN3 to invasive cancer, on the other hand, takes up to 

several decades (10-20 years), with a rising chance for progression the longer the persistence lasts 

(130). Depending on the study, progression of CIN3 occurs in more than 12% (138) or up to 30-40% 

(140).  
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Figure 6: 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 Östor (138).  

Most persistent infections or dysplasias are eliminated or cleared by cell-mediated immune response 

(141,142). An animal model using the canine oral papillomavirus (COPV) and the rabbit oral 

papillomavirus (ROPV) showed regression of PV-induced malignancies is connected to CD4+ T cell 

responses with a dominant TH1 phenotype (143ς145). 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 cancer (146ς154). Although some studies highlighted the importance of CD8+ 

(146,147) and CD4+ (148) T cell responses against E6 and E7, newer studies showed that T cell 

responses, especially CD4+, against E2 are frequently detected in the clearance of CIN or VIN (149ς

152,154) whereas CD8+ T cells against E6 render non-functional and resulting in CIN progression 

(148,150). In the case of terminally progressed carcinomas, tumor-infiltrating lymphocytes (TIL) seem 

to be a correlate of improved outcomes in cervical cancer patients (155ς157). An important aspect is 

whether these findings in anogenital HPV-positive malignancies are 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 CD4+:CD8+ ratio, which reflects higher amounts of CD4+ in the 

tonsils than in the anogenital epithelium (158). The circulation of E7-specific CD8+ T cells in the blood 

is associated with more prolonged disease-free survival (159). Additionally, E6- and E7-specific CD4+ 

TILs with TH1/TH17 polarization, resulting in the secretion of IFNɹ, TNF, IL-2, and IL-17, are 

demonstrated to improve disease-specific survival in HPV-positive OPSCCs (160). 

Several non-HPV factors contribute to the risk of cancer development: Early onset of sexual 

intercourse, several sexual partners, exposure to mutagens, e.g., cigarette smoking and alcohol, 

mutagenic infections, long-term use of oral hormonal contraceptives, immunosuppression, especially 

HIV infection, and genetic predisposition (1,130). 
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3.7 Therapeutic Vaccination  

In contrast to prophylactic vaccination, therapeutic vaccination does not intend to prevent infection 

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 that is distinct from other immunotherapeutics, which solely rely on, for example, 

oncolytic viruses, monoclonal antibodies, cytokine therapy, or adoptive cell transfer (161). Instead of 

neutralizing antibodies, cell-mediated responses are intended to be mounted by a therapeutic vaccine, 

aiming to induce a strong tumor-specific TH1 response (162,163). This includes cytotoxic CD8+ T cells 

(CTLs) that are able to eradicate (tumor-) antigen-expressing cells but also CD4+ helper T cells for 

enhanced CTL activation and maintenance without the excessive induction of regulatory T cells (163ς

165). Vaccinating against tumors requires either a tumor-associated antigen (TAA) or a tumor-specific 

antigen (TSA). TAA and TSA differ regarding the origin of the antigen. TAA are self-antigens associated 

with high expression in certain tumors but are regulated by self-tolerance, whereas TSA is entirely 

specific to tumors (161). 

3.7.1 Therapeutic Vaccination Against HPV-Induced Malignancies 

Standard of care (SOC) therapy of HPV-induced cervical cancer and OPSCCs, including surgery, 

chemotherapy, or radiation, often with combinations of these to form a multimodal therapy, have high 

success rates (38,161,166). The burden of such therapy is high, with severe side effects ranging from 

xerostomia and dysphagia to rarely occurring long-term gastrostomy-tube dependence, 

osteoradionecrosis, and treatment-related death (161,167). Treatment of cervical lesions by 

conization (e.g., cryoablation and loop electrosurgical procedure (168)) is also related to side effects, 

resulting in bleeding (169), an increased risk of adverse pregnancy outcomes (170,171) and has a high 

chance of lesion recurrence (166,172).  

The unique feature of HPV-induced dysplasia and cancer compared to other frequently occurring 

human cancer entities is the presence of the two viral-derived oncoproteins, E6 and E7. In fact, HPV-

transformed cells are rendered dependent on continuous oncogene expression to avoid cell-cycle 

arrest and apoptosis (173). Both proteins are defined TSAs that can be used to develop a therapeutic 

vaccine (161,163) since these are only expressed in HPV-infected or HPV-transformed cells. 

Furthermore, reduced or non-existing T cell responses against HPV are found in cervical cancer patients 

(152,153). Many attempts were made to generate a therapeutic vaccine targeting E6 and E7 with 

multiple approaches of delivery (174), either nucleic acid-based, viral vector-based, or peptide-based 

(38,161,163,166). Some approaches, especially a peptide-based approach using the synthetic long 

peptide (SLP) vaccine candidate, showed early clinical success against pre-malignant dysplasia 

(166,175), ōǳǘ ǘƘŜǎŜ ŀǇǇǊƻŀŎƘŜǎ ǿŜǊŜƴΩǘ ǎǳŦŦƛŎƛŜƴǘ ǘƻ durably combat cervical cancer or OPSCCs 

(38,161,163,166,176). Most of these approaches induced strong cellular immunity but were stuck in 

clinical testing due to low or mediocre primary overall response rates (38,161).  

.ŜǎƛŘŜǎ 9с ŀƴŘ 9тΣ Ƴƻǎǘ ŜŀǊƭȅ ǇǊƻǘŜƛƴǎ ƘŀǾŜƴΩǘ ōŜŜƴ ǳǎŜŘ ŦǊŜǉǳŜƴǘƭȅ ƛƴ ŀǘǘŜƳǇǘǎ ǘƻ ƎŜƴŜǊŀǘŜ ŀ 

therapeutic vaccine, despite the essential roles of E1 and E2 in virus replication (see chapter 3.3) and 

contribution to cancer development (177,178). Based on older data, it was assumed that HPV-induced 

cancer mainly integrates via the E2 ORF, which leads to the abrogation or at least downregulation of 

E1 and E2 expression in advanced lesions and cancers (121,122,179). However, newer studies 

confirmed that HPV-induced tumors may also arise from non-integrated (135ς137) or partially 

integrated virus genomes (180), indicating the relevance of E1 and E2 as TSA (180). In fact, high mRNA 
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levels of, and antibody titers against, E1, E2, E4, and E5, on top of E6 and E7, could be measured in 

OPSCC patients (181ς183). With this pioneering data implying the persistence of these proteins, more 

studies were undertaken to study the relevance of additional early proteins in advanced cancers. It 

was found that episomal HPV-induced OPSCCs can highly express E2 in OPSCCs (184), but in the case 

of integration that led to disruption of E2 expression, an unfavorable prognosis is connected (185,186). 

Furthermore, patients with cervical cancer have present T cell responses against E1, which correlated 

with improved prognosis (187). Moreover, in HPV-positive OPSCC patients with CD8+ and CD4+ T cell 

responses against E1, E2, E4, and E5 could be identified (188,189), with responses against E1 where 

most frequently detected (188). Most recent studies indeed provided evidence for robust T cell 

responses against HPV16 E1 and E2 in HPV-positive OPSCC patients (190) and against E1 of HPV16, 18, 

31, and 45 in HPV-positive cervical cancer patients (191). Deep-proteome analysis revealed that E1 was 

consistently expressed in the analyzed cohort, emphasizing a central role in the potential therapy of 

HPV infection-derived cancers (191). Furthermore, the fact that the T cell responses were highly 

expanded in patients and shared across the OPSCC patients led to the conclusion that E1 and E2 may 

be good candidates for inclusion into novel therapeutic vaccine candidates (166,190). One of these 

novel candidates is 5GHPV3, a computationally calculated antigen comprising conserved sequences of 

E1, E2, E4, E5, E6 and E7 of 5 HPV types (16, 18, 31, 52, 58) (192), which recently started clinical 

development under the name VTP-200 (NCT04607850).  

3.7.2 Non-Human Primate Model for Therapeutic Vaccination Efficacy Trials Against 

Genital PV Infection and Lesions 

Replication of PVs is highly host-restricted (193), which hampers the development of a therapeutic 

vaccine against HPV. Mouse model systems based on C57BL/6 mice can be exploited for cancer 

treatment when inoculated with TC-1 or C3 cancer cells. TC-1 cells are C57BL/6 primary lung cells, 

which are transformed with HPV16 E6 and E7 together with activated human Ras (194). Contrarily, the 

lesser used C3 model are embryonic C57BL/6 cells, transformed with the whole HPV16 genome and 

an activated human Ras (195). Unfortunately, these models are limited only to direct cancer treatment 

and cannot resemble the development of sexually transmitted PV-induced persistent infection and 

pre-malignant dysplasia. Historically used animal PVs such as bovine papillomavirus (BPV), cottontail 

rabbit papillomavirus (CRPV), COPV, and ROPV are also no attractive models, mainly due to costs, 

tissue tropism, or resemble less relevant lrHPV infections (193).  

The Macaca fascicularis papillomavirus type 3 (MfPV3) offers an exception. These viruses are naturally 

circulating in the Macaca fascicularis (cynomolgus macaques) population as a sexually transmitted 

disease (196). MfPV3 has a very close genetic, phylogenic, and phenotypic relationship to HPV16, 

particularly sharing a most recent common ancestor and featuring a similar origin of carcinogenesis 

(196ς199). In fact, naturally occurring infections with MfPV3 can induce persistent infections, which 

can lead to CIN1-like lesions in the cervix (199,200). Therefore, persistently MfPV3-infected Macaca 

fascicularis is an ideal and valid model to evaluate the efficacy of a therapeutic vaccine against PV-

induced genital lesions. A previous study demonstrated MfPV3 clearance in therapeutically vaccinated 

MfPV3-infected animals, however, without statistical significance due to high virus clearance rates also 

in the control group, which underlines the relevance of this model but also indicates substantial 

spontaneous clearance rates (201).  
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3.7.3 Considerations for the Generation of an Improved Therapeutic Vaccine Approach 

The effectiveness of a therapeutic vaccine can be influenced by multiple circumstances, especially by 

the selection and composition of antigens included in the therapeutic vaccine candidate and the choice 

of HPV types included, predominantly if whole proteins or just conserved epitopes are comprised. 

Moreover, the therapeutic vaccine might be highly influenced by adjuvants included in the possible 

candidate, the vector that delivers the antigens, and last but not least, the 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 cycle of PV (see chapter 3.3). 

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 designs (166,190,191). Additionally, there are reports regarding the BPV1 E1 protein, which 

show that E1 is an unstable protein that is quickly degraded (202,203). This might influence the early 

onset of T cell responses (166). Furthermore, E1 and E2 (649 and 365 residues, respectively) are 

notably bigger proteins than E6 and E7 (158 and 98 residues, respectively) (190). This possibly increases 

the chance of getting peptides processed and loaded on the diverse HLA molecules displayed by the 

broad human population, which could reduce the number of non-responders.  

3.7.3.2 Multivalent or Type-Specific Approach 

All three prophylactic vaccines against HPV are multivalent vaccines that target up to nine different 

types of HPV (71). Generating such multivalent vaccines is advantageous in terms of production costs 

and coverage against potential infections by multiple HPV types. However, there are also numerous 

downsides of multivalent vaccines, mostly in regards to weakening the immune response to the single 

type-specific antigens in favor of broad immune responses towards all antigens in such multivalent 

vaccines. This is in particular due to immune competition, basically through epitope competition, 

immune interference, immunodominance of specific epitopes, antagonistic effects between epitopes, 

and maybe also overburdening of the immune system (204ς208). Nevertheless, the principle of a 

multivalent vaccine was also addressed by a therapeutic vaccine candidate comprising conserved 

elements of five HPV types to broaden the immune response by gaining cross-reactive T cells (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 cross-reactivity of T cells (197). With 

this in mind, the generation of a type-specific therapeutic vaccine might be more efficient without 

compromising the immune response against the broad coverage of possible peptides of a particular 

HPV type in favor of the reduction to conserved epitopes shared between different HPV types. This is 

also bolstered because many national screening programs are changing towards detecting hrHPV 

infection rather than detecting cervical dysplasia (209,210). This is advantageous in terms of risk 

assessment towards CIN progression (211,212), enables treatment against infection rather than 

dysplasia, and strikingly generates an opportunity for type-specific treatment.  

3.7.3.3 Molecular Adjuvant 

To enhance the immune responses against the immunogenic components of a vaccine, adjuvants are 

included regularly (213). Especially co-administration of immune-stimulatory components of the 

innate immune system is often used to bolster cellular immune responses (214ς216). An improved 

version of such genetic adjuvants is the direct fusion of the antigen of interest to one or multiple such 

elements in order to work as a cis-acting molecular T cell adjuvant (217). One of these molecular T cell 

adjuvants is the MHC class II-associated invariant chain (Ii). Intended initially to enhance CD4+ T cell 
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responses upon vaccination with adenoviral vectors, it could be observed that CD8+ are enhanced 

(218). Moreover, it could be demonstrated that cellular immune responses are enhanced in mice, non-

human primates, and humans upon vaccination of viral vector-shuttled, Ii-fused antigens (218ς223). 

Despite the proven efficacy of N-terminal Ii-fusion in order to enhance T cell responses, the mechanism 

of this molecular adjuvant is only investigated rarely. Enhancement of CD4+ T cell responses seems to 

be induced due to trafficking to the endolysosomal compartments (221). However, the mode of action 

on how CD8+ T cell responses are enhanced is an open question. This effect is not dependent on the 

enhanced CD4+ T cell responses (222) but presumably rather due to improved MHC-I loading (221) 

upon faster degradation (220).  

3.7.3.4 Viral Vectors as Vehicle  

There are different methods for administering antigens for the purpose of a therapeutic vaccine. DNA 

vaccine vectors are working quite well to induce cellular immune responses and are a good and fast 

vehicle to evaluate the immunogenicity of antigens initially (216,224). However, immunogenicity with 

regard to the induction of cellular immune responses of DNA vaccine vectors is generally inferior 

compared to viral vectors (217,225ς228). In general, the most important viral vectors in therapeutic 

vaccination are adenoviral and poxviral vectors.  

3.7.3.4.1 Adenoviral Vectors 

Human adenoviruses (Ad) are a large family of non-enveloped, dsDNA viruses (73). Original, Ad are 

pathogenic viruses that naturally can induce often-mild respiratory, gastrointestinal, urinary tract, or 

eye infections (229). For the use of Ad as viral vectors for vaccination, gene therapy, and 

immunotherapy, the viruses are genetically modified, particularly by inserting the antigen and deleting 

essential virus protein that renders these vectors replication-deficient (225,230). Ads have high 

packaging capacity, an excellent immunogenicity profile, and a merely good safety profile and can 

infect dividing and non-dividing cells (230ς234). Regarding the safety profile of Ads, the Ad-based 

vaccines against SARS-CoV-2 showed ultra-rare cases (1 of 100.000) of vector-induced thrombotic 

thrombocytopenia (VITT). This severe adverse event had a fatality rate of 23-40% (230). However, an 

important aspect of adenoviral vectors is their simple and easy construction on HEK293 cells, easy 

purification as well as high production yields (235). 

The most studied adenoviral vector is Ad type 5 (Ad5) (225). Ad5 performs excellently in animal 

experiments, but unfortunately, pre-existing immunity renders Ad5 inefficient in humans. Such vector 

immunity, caused by the presence of neutralizing antibodies, can be found in up to 90% of individuals 

in some regions (236,237). Such vector immunity also hampers repeated administration of the same 

serotype of adenoviral vectors (238). An additional disadvantage of Ad5 is this viral vector can only 

transduce cells efficiently if these cells express the coxsackie virus and adenovirus receptor (CAR) (239). 

In the last years, more and more Ads were established as viral vectors, such as Ad26, Ad35, and 

Ad19a/64, as well as animal-derived chimpanzee Ads (ChAd3, ChAd63, and ChAdOx1), all 

demonstrating good immunogenicity and reduced natural vector immunity (225,230,237,240ς246). 

Multiple adenoviral vectors were used to develop a prophylactic vaccine against SARS-CoV-2, either in 

a homologous or heterologous prime-boost regimen. These are homologous Ad26 prime and boost 

(JCOVDEN) (247), homologous ChAdOx1 prime and boost (Vaxzevria) (248), and heterologous Ad26 

prime with Ad5 boost (GAM-COVID-Vac) (249). Particular attention should be given to Ad19a/64. 

Named initially with 19a and later classified as serotype 64 (250), this virus is associated with 

keratoconjunctivitis and display a seropositivity rate below 20% (251ς254). This virus has a comparable 

potent transgene expression as Ad5 and induces a similar magnitude of T cell responses as Ad5 (255). 
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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 and allowing transduction of, e.g., dendritic cells (DC) (256ς258). Due to its exceptional 

characteristics, Ad19a/64-based viral vectors can be a promising alternative to Ad5-based viral vectors, 

mainly because of the induction of mucosal immunity (259,260).  

3.7.3.4.2 Poxviral Vectors 

Poxviral vectors have a long history in vaccination. Originally used to eradicate smallpox (261), 

descendants of the Vaccinia strain are now used mainly as recombinant poxviral vectors (262). It was 

long time presumed that the Vaccinia strain derived from cows (Latin: vacca), but newer analysis 

provided similarities towards other poxvirus strains and traced back to rodent or equine origin (263). 

Advantages of poxviral vectors include exceptional high packaging capacity, exclusive replication in the 

cytoplasm, high immunogenicity, and lack of persistence (225ς227,262,264). Albeit strong attenuation 

of Vaccinia-derived poxviral vectors, multiple attempts were taken to reduce the virulence of the virus 

(265,266), which led to the attenuated New York Vaccinia Virus (NYVAC) (267) 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 (CEF) (268ς270). Because of this extensive 

passaging, multiple deletions and several mutations occurred in the virus (271,272), which rendered 

MVA replication-incompetent in most mammalian cells (273ς276). Due to its use against smallpox at 

the end of the smallpox vaccination campaign (277) and its current license as a prophylactic vaccine 

against the monkeypox virus (278,279), MVA has a proven clinical track record with an exceptionally 

high safety profile (277). Moreover, since MVA is fully attenuated and cannot replicate in human cells, 

this viral vector can also be administered in immunocompromised humans (280). The generation of 

recombinant MVA (rMVA) is a rather complex procedure, which is facilitated by the 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 example of an approved rMVA-based vaccine is MVA-BN-Filo (284), which is 

approved in combination with an adenoviral vector (Zabdeno) as a prophylactic vaccine against Zaire 

ebolavirus (285). Moreover, rMVA with a SARS-CoV-2 spike protein as transgene is currently in 

preclinical and clinical development (286). In addition to prophylactic vaccines, rMVA is also 

investigated as a potential vector platform for immunotherapeutics and therapeutic vaccines 

(192,225ς227,287ς289).  

Classically, clinical grades of rMVAs are generated and produced on primary CEF cells, which is quite 

demanding in terms of high production scale. Recently, a novel cell line, AGE1.CR pIX was established, 

which facilitates high replication of MVA and, therefore, high yields of the poxviral vector (290). 

Moreover, this cell line allows the production of rMVA with pharmaceutical quality (GMP-compatible). 

Interestingly, serial passaging of MVA on this cell line led to a novel MVA virus strain, MVA-CR19, which 

has an even enhanced replication rate on AGE1.CR pIX suspension cell line, and therefore streamlines 

the production of MVA-based poxviral vectors (291,292). CR19 has shown high immunogenicity in 

multiple small animal models (293,294). Hencefore, CR19 is a potent poxviral vector for generating and 

large-scale production of future poxviral vector-based vaccines. 

3.7.3.5 Immune-Suppressive Microenvironment and Combination Therapy 

Therapeutic vaccination against solid tumors might be weakened significantly because of the 

infiltration of suppressive immune cells, e.g., TAM, MDSC, regulatory T cells (Treg), into the tumor. This 

may antagonize the HPV-specific T cell responses (163,295). A possible way to tackle this obstacle 

might be the co-administration of specific immune checkpoint inhibitors (CPI) and therapeutics to 
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regulate T cell regulation and the tumor microenvironment (161,163). Certain CPIs are approved 

against recurrent and metastatic OPSCCs (296ς298). This eased the combination of clinical trials to test 

the co-administration of CPIs and therapeutic vaccines to deescalate SOC therapies. Currently, multiple 

attempts using therapeutic vaccine candidates combined with anti-PD-1 (programmed cell death 1) 

show initial results in preclinical and clinical settings (166,299ς301). Moreover, a combination of 

therapeutic vaccination and administration of chemotherapeutics, like cisplatin, might be beneficial, 

as cisplatin possibly induces infiltration of beneficial DCs into the tumor (302). A lack of DCs, which 

serve as APCs, is associated with CD8+ responses that cannot effectively treat the cancer (303). Such 

combination therapy is shown to increase anti-tumor response with expanded antigen-specific CD8+ 

TIL and APCs but with reduced numbers of MDSCs (304).  

  



Objective of this Thesis 

36 
 

4 Objective of this Thesis 

As outlined in the previous chapters, T cell responses against the early proteins of HPV are beneficial 

in all stages, from infection to invasive cancer (146ς154,187). Therefore, a therapeutic vaccine would 

be urgently needed, not only to treat cancer and deescalate current OPSCC and cervical cancer SOC 

therapy but also to regress anogenital dysplasia or at least prevent the progression of these.  

Hence, the overall main objective of this thesis is to generate antigens for novel therapeutic vaccine 

candidates against PVs, which include the oncoproteins E6 and E7, but also E1 and E2 in order to 

expand the possible breadth of T cell responses (166,190,191) and the subsequent characterization of 

these antigens.  

Such therapeutic vaccine candidates should be generated based on (i) the model virus MfPV3, which 

enables future efficacy testing of the best-in-class vaccine candidate in the pre-clinical persistently 

infected Macaca fascicularis animal model, and (ii) the most clinically relevant HPV type, HPV16, to 

streamline the clinical development of a therapeutic vaccine candidate. Additionally, the antigen 

design of potential therapeutic PV vaccines should include the molecular T cell adjuvant Ii. Moreover, 

including the oncoproteins E6 and E7 might induce the risk of transformation due to the integration of 

ǘƘŜ ǘƘŜǊŀǇŜǳǘƛŎ ǾŀŎŎƛƴŜ ƴǳŎƭŜƛŎ ŀŎƛŘ ƛƴǘƻ ǘƘŜ ǾŀŎŎƛƴŜŜΩǎ ƎŜƴƻƳŜ (305). In order to generate a safe 

vaccine comprising E6 and E7, these oncoproteins must be engineered by several amino acid 

substitutions in a balanced way that inactivates the 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 in 

vitro regarding their biochemical and molecular biological properties. This also should include 

investigating the mechanism behind the Ii-induced improvement of CD8+ T cell responses. Finally, the 

proper inactivation of the oncogenic properties of the antigens should be analyzed.  

An often-discussed topic is the instability of rMVA regarding the loss of transgene expression upon 

genomic recombination and expression-abolishing mutations within the generated rMVA (306ς308). 

Hence, as the last topic of this thesis, the transgene stability of the generated rMVA should be 

extensively characterized. Furthermore, the impact of transgene expression knock-down generation 

and amplification of rMVA should be analyzed regarding improved stability and yield in order to 

provide a possible contingency for rMVA with demanding transgenes.  
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5 Manuscripts 

5.1 Overview 

This dissertation contains three manuscripts. Two manuscripts of these manuscripts were already 

published in peer-reviewed journals, the third manuscript is submitted to the journal Frontiers in 

Immunology. The first two manuscripts were authored by the PhD candidate 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 convenience reasons, 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 was adjusted in 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 induced by HPV are still too 

high. Thus, an ŜŦŬŎƛŜƴǘ therapy, such as a therapeutic vaccine, is urgently required. Herein, we describe 

the development and validation of Macaca fascicularis papillomavirus type 3 (MfPV3) antigens 

delivered via nucleic-acid and adenoviral vectors in outbred mouse modelǎΦ ¢Ŝƴ ŀǊǘƛŬŎƛŀƭƭȅ ŦǳǎŜŘ 

polypeptides comprising early viral regulatory proteins were designed and optionally linked to the T cell 

adjuvant MHC-II-associated invariant chain. Transfected HEK293 cells and A549 cells transduced with 

ǊŜŎƻƳōƛƴŀƴǘ ŀŘŜƴƻǾƛǊǳǎŜǎ ŜȄǇǊŜǎǎƛƴƎ ǘƘŜ ǎŀƳŜ ǇŀƴŜƭ ƻŦ ŀǊǘƛŬŎƛŀƭ ŀƴǘƛƎŜƴǎ ǇǊƻǾŜŘ ǇǊƻǇŜǊ ŀƴŘ 

comparable expression, respectively. Immunization of outbred CD1 and OF1 mice led to CD8+ and CD4+ 

T cell responses against MfPV3 antigens after DNA- and adenoviral vector delivery. Moreover, in vivo 

cytotoxicity of vaccine-induced CD8+ T cells was demonstrated in BALB/c mice by quantifying ǎǇŜŎƛŬŎ 

killing of transferred peptide-pulsed syngeneic target cells. The use of the invariant chain as T cell adjuvant 

enhanced the T cell responses regarding cytotoxicity and in vitro analysis suggested an accelerated turnover 

of the antigens as causative. Notably, the fusion-polypeptide elicited the same level of T-cell responses 

as administration of the antigens individually, suggesting no loss of immunogenicity by fusing multiple 

proteins in one vaccine construct. These data support further development of the vaccine candidates in a 

follow up ŜŦŬŎŀŎȅ study in persistently infected Macaca fascicularis monkeys to assess their potential to 

eliminate pre-malignant papillomavirus infections, eventually instructing the design of an analogous 

therapeutic HPV vaccine. 

5.2.2 Introduction 

5ŜǎǇƛǘŜ ŜŦŬŎƛŜƴǘ ǇǊƻǇhylactic vaccines and the possibility to screen for cervical lesions, infection 

with human papillomavirus (HPV) was still responsible for more than 340.000 cervical cancer-

related deaths worldwide in 2020 (33). More than 85% of these cases occurred in middle- and low- 

income countries (309). Currently, there are three approved prophylactic vaccines providing near 

complete protection against vaccine-targeted HPV types, yet vaccine uptake is incomplete (310). 

However, these vaccines do not lead to the eradication of pre-infected cells, since they target the 

major capsid protein L1, which is not expressed in infected basal layer- and cervical cancer cells 

(100,311ς313). Thus, novel interventions such as therapeutic vaccines are desirable. 

Whereas most HPV infections are spontaneously cleared within months, some persist for years (314). 

These can progress towards low-grade squamous intraepithelial lesions (LSIL), which can further 

progress to high-grade squamous intraepithelial lesions (HSIL) and cervical cancer. The expression 

pattern of viral proteins changes during progression of SILs: in LSIL, mainly the early proteins E1/E2 are 

expressed, whereas in HSIL and transformed cells, E6/E7 are highly expressed and E2 expression is low 

or absent (315,316). 

In many cases of SIL, however, natural regression occurs as a result of CD4+ and CD8+ T cell ƛƴŬƭǘǊŀǘƛƻƴ 

(317). It has been shown that CD4+ T cells play a major role in lesion regression with increased CD4:CD8 

ratios being found in the stroma of LSIL (318). Genetic studies have shown that resistance and 

susceptibility loci for chronic infections and cancer cluster in the MHC II region. Cellular immune 

responses against E1 have been detected in some patients with HPV+ cervical squamous cell carcinoma, 

mostly at low magnitude, but strikingly correlating with improved clinical outcomes (319). Conversely, 

HPV16+ cervical cancer patients have impaired memory CD4+ T-helper responses against E2 and E6, 

which emphasizes the important role of T cell responses in preventing progression and clearing lesions 
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(149,150,152,197). It was also reported that HPV-exposed children have E2-ǎǇŜŎƛŬŎ ¢ ŎŜƭƭ ǊŜǎǇƻƴǎŜs 

after clearing the infection (320). Current research on therapeutic HPV vaccines is primarily focused on 

the HSIL and cancer-stage of the disease, and directed toward the oncogenic viral proteins E6 and E7 

(313). However, targeting the infection prior to carcinogenesis could be advantageous in terms of 

reducing morbidity and suffering related to cancer treatment, and might be easier to achieve. Thus, to 

target pre-malignant infection, other early proteins should be included as antigens. 

There is no suitable small animal model to study persistent HPV infections in a preclinical setting, but 

Macaca fascicularis papillomavirus type 3 (MfPV3) has a close phylogenetic and phenotypic 

relationship to HPV16 (197,198). Naturally occurring infections with this virus are associated with long-

term persistence and at least LSIL-like lesions in the cervix of breeding female cynomolgus macaques 

(Macaca fascicularis), making them an ideal non-human primate (NHP) animal model (196,199). 

In a previous study using recombinant adenovirus-(rAd)-vectored vaccines encoding ancestral E1 and 

E2 antigens targeting the most conserved N- and C-terminal domains, we observed strong immune 

responses in mice and in cynomolgus macaques against these proteins, but cross-reactivity against 

prevalent MfPV types was only observed in a subset of animals. Nevertheless, 3 out of 3 animals with 

T-cell responses towards MfPV3-E1/E2 ended up cleariƴƎ ǘƘŜ ǎǇŜŎƛŬŎ aŦt±о infection (201). 

CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜǊŀǇŜǳǘƛŎ ŜŦŬŎŀŎȅ ƻŦ ōƻǘƘ ŜŀǊƭȅ 9м-E2 or E6-E7 antigen DNA vaccines, and synergy from 

co-administration of both vaccines, was demonstrated in the cottontail rabbit papillomavirus model 

(321). Combining both approaches by including E1, E2, E6 and E7 in an immunogen to ŀ ǎǇŜŎƛŬŎ It± 

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

ōŜ ǎǳŦŬŎƛŜƴǘ as therapeutic vaccine. Here, successful stimulation of E1/E2-ǎǇŜŎƛŬŎ ŎŜƭƭǳƭŀǊ ƛƳƳǳƴƛǘȅ 

would primarily clear infections in the LSIL-stage (322), whereas E6/E7-ǎǇŜŎƛŬŎ ǊŜǎǇƻƴǎŜǎ ǿƻǳƭŘ Ƴŀƛƴƭȅ 

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 antigens thereby providing 

more epitopes for the immune system to act on. 

To develop such a therapeutic vaccine, vectors expressing antigen candidates comprising E1, E2, E6 and 

E7 of MfPV3 were generated and characterized. The antigens are genetically linked to the intrinsic T 

cell adjuvant MHC-II-associated invariant chain (Ii) that has been shown to increase viral-vector-

induced T cell responses in mice, cynomolgus macaques and humans (218,219,323). The antigens were 

designed in different ŎƻƴŬƎǳǊŀǘƛƻƴǎ ŀǎ ŀǊǘƛŬŎƛŀƭ Ŧǳǎƛƻƴ ǇǊƻǘŜƛƴǎ ŀƴŘ ƛƴƛǘƛŀƭƭȅ ŎƘŀǊŀŎǘŜǊƛȊŜŘ via DNA 

vaccination of outbred CD1 mice. Based on this initial characterization, adenoviral vectors from 

serotype 19a/64 were generated and characterized in vitro as well as in vivo. 

5.2.3 Methods 

5.2.3.1 Antigen Sequences 

Parts of the sequences encoding E1, E2, E6, and E7 of MfPV3 (EF558839.2) were designed and 

synthesized at Geneart/Thermo Fisher (Regensburg, Germany) (324). Mutations were introduced into 

E6 and E7 to inactivate the oncogenic potential: L110Q and deletion of C-terminal ETEV in E6; E7 was 

ƳƻŘƛŬŜŘ by D24G, L71R, C95A; C297A was introduced into E2 to inactivate DNA-binding. Further 

sequence elements that were optionally used to build the prototype vaccine inserts (Figure 7) 

comprised (i) the human MHC-II-associated Ii invariant chain (218,219,323) (molecular adjuvant; 

NM_004355.3), (ii) a 2 amino acid GS-linker connecting E1 and E2 as well as E6 and E7 in the respective 

fusion proteins as well as (iii) the porcine teschovirus-1 p2A sequence (325) to support co-expression 

of two fusion proteins, respectively. Vaccine inserts were assembled either with fusion PCR, or using 
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ǘȅǇŜ LLǎ ŜȄƻŎǳǘǘŜǊ ǎƛǘŜǎ όάDƻƭŘŜƴ ƎŀǘŜέ ŎƭƻƴƛƴƎΤ .ǎŀL-HF v2, New England Biolabs, Ipswich, USA) or the 

b9.ǳƛƭŘŜǊ ILCL 5b! !ǎǎŜƳōƭȅ Yƛǘ όbŜǿ 9ƴƎƭŀƴŘ .ƛƻƭŀōǎΣ LǇǎǿƛŎƘΣ ¦{!ύ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions, and cloned into pURVac, a derivative of a DNA vaccine vector with a proven track record in 

various NHP and clinical trials (326ς329). Vaccine inserts were then subcloned into pO6-19a-HCMV-

MCS for subsequent generation of recombinant adenoviruses (235). 

5.2.3.2 Cell Lines, Transfection, and Viral Infection 

HEK293T cells and A549 cells were maintained and grown in 5ǳƭōŜŎŎƻΩǎ a9a ό5a9aύ ǎǳǇǇƭŜƳŜƴǘŜŘ 

with 10% Fetal Calf Serum (FCS) and 1% Penicillin/Streptomycin (Pen/Strep). 9E10 mycl hybridoma cells 

were cultivated in RPMI supplemented with 10% FCS, 1% Pen/Strep and 2 mM glutamine (Pan). All cell 

lines were maintained at 37°C and 5% CO2 in a non-ƘǳƳƛŘƛŬŜŘ incubator. HEK293T cells were 

transfected using the polyethylenimide (PEI) method (330). For PEI transfection, 4 × 105 cells were 

seeded in 6-well plates one day before transfection. ¢ƘŜ ŎŜƭƭǎ ǿŜǊŜ ǘǊŀƴǎŦŜŎǘŜŘ ǿƛǘƘ нΦр ˃Ǝ ǇƭŀǎƳƛŘ 

όŜǉǳƛƳƻƭŀǊ ŀƳƻǳƴǘǎΣ ŬƭƭŜŘ ǿƛǘƘ ŜƳǇǘȅ ǾŜŎǘƻǊύ ŀƴŘ тΦр ˃Ǝ t9L ƛƴ 5a9a ǿƛǘƘƻǳǘ ŀƴȅ ǎǳǇǇƭŜƳŜƴǘǎΦ !ŦǘŜǊ 

6 h incubation, medium was exchanged to DMEM with 10% FCS and 1% Pen/Strep. 

SubcoƴƅǳŜƴǘ A549 cells were infected with Ad19a/64 vectors at an MOI of 30 in DMEM without any 

supplements. 2 h post infection, medium was exchanged to DMEM with 10% FCS and 1% Pen/Strep. 

5.2.3.3 Generation and Titration of Adenoviral Vectors 

9мκ9о ŘŜŬŎƛŜƴǘ adenoviral vectors of serotype Ad19a/64 (rAd) were generated as previously described 

(235). .ǊƛŜƅȅΣ the vaccine inserts (Figure 7) were cloned into the shuttle vector pO6-19a- HCMV-MCS 

under control of a CMV promoter. The resulting plasmids were then inserted via Flp-recombination in 

E. coli into a BAC vector containing ǘƘŜ ƎŜƴƻƳŜ ƻŦ ŀ ǊŜǇƭƛŎŀǘƛƻƴ ŘŜŬŎƛŜƴǘ Ad-based vector deleted in 

E1/E3 genes. Recombinant viral DNA ǿŀǎ ǊŜƭŜŀǎŜŘ ŦǊƻƳ ǘƘŜ ǇǳǊƛŬŜŘ .!/-DNA by restriction digest with 

PacI. The obtained linear DNA was transfected into HEK293T cells for virus reconstitution and 

propagation. Recombinant viruses were released from cells via sodium deoxycholate treatment. 

wŜǎƛŘǳŀƭ ŦǊŜŜ 5b! ǿŀǎ ŘƛƎŜǎǘŜŘ ōȅ 5bŀǎŜ LΦ !ŦǘŜǊǿŀǊŘǎΣ ǾŜŎǘƻǊǎ ǿŜǊŜ ǇǳǊƛŬed by CsCl gradient 

ultracentrifugation followed by a buffer exchange to 10 mM Hepes pH 8.0, 2 mM MgCl2 and 4% Sucrose 

via PD10 columns (GE Healthcare, Chicago, USA). Titration was performed using the RapidTiter method 

by detection of infected HEK293T cells via immunohistochemical staining with anti-hexon antibody 

όbƻǾǳǎΣ !ŘŜƴƻǾƛǊǳǎ !ƴǘƛōƻŘȅ όу/пύύΦ LƴǎŜǊǘ ƛƴǘŜƎǊƛǘȅ ǿŀǎ ŎƻƴŬǊƳŜŘ ōȅ t/w ŀƳǇƭƛŬŎŀǘƛƻƴ ŦǊƻƳ ǘƘŜ 

ǇǳǊƛŬŜŘ ǾŜŎǘƻǊ 5b! ŦƻƭƭƻǿŜŘ ōȅ 5b! ǎŜǉǳŜƴŎƛƴƎΦ 

5.2.3.4 Antibodies and Antibody tǳǊƛŬŎŀǘƛƻƴ 

The antibody against myc (9E10) was obtained from hybridoma cell supernatants. 9E10 mycl hybridoma 

cells were seeded at 5 × 105 cell per ml in RPMI supplemented with 1% FCS, 1% Pen/Strep and 2 mM 

ƎƭǳǘŀƳƛƴŜΦ ¢ƘŜ ǎǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ƘŀǊǾŜǎǘŜŘ р Řŀȅǎ ŀŦǘŜǊ ǎŜŜŘƛƴƎ ŀƴŘ ǘƘŜ ŀƴǘƛōƻŘȅ ǿŀǎ ǇǳǊƛŬŜŘ via a 

HiTrap Protein G column (GE Healthcare, Chicago, USA). After washing the column with PBS, the 

antibody was eluted with 0.1 M glycine/HCl (pH 3.2), neutralized with 0.025 volumes of 1 M Tris/HCl 

(pH 9) and dialyzed against PBS. 

Other antibodies used were: mouse anti-p2a peptide (3H4, 1:2000, Merck, Darmstadt, Germany), 

mouse anti-tubulin (DM1a, 1:1000, Santa Cruz, Heidelberg, Germany), mouse anti-ubiquitin-Biotin 

(eBioP4D1, 1:1000, Invitrogen, Carlsbad, USA), goat anti-mouse-HRP (115-036-003, 1:5000, Jackson, 

West Grove, USA), goat anti-rabbit-HRP (P0448, 1:2000, Dako, Santa Clara, USA), Streptavidin-HRP 

(11089153001, 1:5000, Roche, Basel, Swiss), rat anti-mouse-PE (A85-1, 1:100, BD, Franklin Lakes, USA). 
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5.2.3.5 Western Blot Analysis 

Western blot analysis was performed as previously described (258). .ǊƛŜƅȅΣ cells of interest were 

lysed in TDLB buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Nonident P-40, 0.5% sodium 

deoxycholate) supplemented with protease inhibitors (Complete Mini, Roche, Basel, Swiss). Total 

protein concentration of the supernatants was measured by the Bradford method (Protein Assay, 

BioRad, Feldkirchen, Germany). The proteins were separated on SDS-PAGE under reducing conditions 

and blotted on a nitrocellulose membrane for western blot analysis. Targets were probed with primary 

and secondary antibodies as listed above. HRP-labeled secondary antibodies and enhanced 

chemiluminescence substrate or Femto ECL (Thermo Fisher, Waltham, USA) were used for detection in 

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

5.2.3.6 Analysis of Ubiquitination 

To analyze ubiquitinylated proteins, 24 h post transfection, ŎŜƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ мл ˃a aDмон 

proteasome inhibitor for 6 h. Afterwards, cells were harvested in PBS and washed twice. For 

inactivation of deubiquitination enzymes, 20 mM N-ethylmaleimide from a freshly prepared stock 

solution were added to the TDLB lysis buffer. Lysates were generated as described above. Before 

ƛƳƳǳƴƻǇǊŜŎƛǇƛǘŀǘƛƻƴΣ tǊƻǘŜƛƴ D ŘȅƴŀōŜŀŘǎ ό¢ƘŜǊƳƻ CƛǎƘŜǊΣ ²ŀƭǘƘŀƳΣ ¦{!ύ ǿŜǊŜ ƭƻŀŘŜŘ ǿƛǘƘ мл ˃Ǝ ƻŦ 

pulldown antibody. Using these beads, target protein was immunoprecipitated out of 500 ˃ Ǝ cell lysate 

over night at 4°C under slow rotation. After washing the beads four times with PBS, SDS-PAGE buffer 

was added to the beads before heating at 95°C for 10 min. The samples were used for western blot 

analyses as described above. 

5.2.3.7 Flow Cytometry Analysis of Cell Lines 

Intracellular staining of antigens was performed using standard methods (258)Φ /Ŝƭƭǎ ǿŜǊŜ ŬȄŜŘ ŀƴŘ 

ǇŜǊƳŜŀōƛƭƛȊŜŘ ǿƛǘƘ /ȅǘƻŬȄκ /ȅǘƻǇŜǊƳ-Buffer (4% PFA, 1% saponine, in PBS). All washing steps were 

done with Perm/Wash-Buffer (PBS containing 0.1% saponine). The cells were stained with anti-myc 

antibody όр ˃Ǝκ ƳƭΣ diluted in Perm/Wash-Buffer) and rat anti-mouse-PE (1:100 diluted in Perm/Wash-

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

²ŀƭǘƘŀƳΣ ¦{!ύ ǿƛǘƘ ŀ пуу ƴƳ ŜȄŎƛǘŀǘƛƻƴ ŀƴŘ ŀ ртпκнс ƴƳ ŜƳƛǎǎƛƻƴ ŬƭǘŜǊΦ /Ŝƭƭǎ ǿŜǊŜ ƎŀǘŜŘ ƻƴ ǎǘŀƛƴŜŘΣ 

mock-transfected cells. Evaluation of data was performed using Attune NxT software. 

5.2.3.8 Animals and Immunizations 

BALB/c and CD1 mice were obtained from Envigo (Horst, The Netherlands) and OF1 mice from Charles 

River (France). All animals were female, 6-8 weeks old and housed at the Panum Institute, University 

of Copenhagen. All experiments were initiated after allowing the mice to acclimatize for at least 1 

wk. Experiments were approved by the National Animal Experiments Inspectorate 

(Dyreforsøgstilsynet, license no. 2016-15-0201-01131) and performed according to national 

guidelines. DNA immunizations weǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴǘǊŀŘŜǊƳŀƭ όƛΦŘΦύ ǿƛǘƘ лΦр Ǝ 5b! ŎƻŀǘŜŘ ƻƴǘƻ мΦс ˃Ƴ 

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 

group received a mixture of four plasmids, 0.5 ˃Ǝ each, into one site. Immunizations with adenoviral 

vectors were performed intramuscular (i.m.) with 2 × 107 LC¦ Ǌ!Ř ŘƛƭǳǘŜŘ ƛƴ рл ˃[ t.{Φ aƛŎŜ ǿŜǊŜ 

ŀƴŜǎǘƘŜǘƛȊŜŘ ǿƛǘƘ ƛǎƻƅǳƻǊŀƴŜ ōŜŦƻǊŜ Ǌ!Ř injections. One group received a mixture of four rAd, 2 × 107 

IFU each, into one site. 

5.2.3.9 Flow Cytometry of Splenocytes 

Single cell suspensions of splenocytes were obtained by organ harvest in HANKs followed by straining 

ǘƘǊƻǳƎƘ тл ˃Ƴ ŎŜƭƭ ǎǘǊŀƛƴŜǊǎΦ /Ŝƭƭǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŦƻǊ р ƘƻǳǊǎ ƛƴ о ˃a ƳƻƴŜƴǎƛƴ ǿƛǘƘ ƻǊ ǿƛǘƘƻǳǘ м 
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˃ƎκƳ[ ƻŦ ǊŜƭŜǾŀƴǘ ǇŜǇǘƛŘŜǎΦ ¢ƘŜ ŎŜƭƭǎ ǿŜǊŜ ǎǘŀƛƴŜŘ ŀƎŀƛƴǎt surface markers: APC-Cy7 or BV421 CD8 

(53- 6.7, 1:200, BioLegend, San Diego, USA), PE-Cy7 CD4 (RM4-5, 1:800, BD), FITC CD44 (IM7, 1:100, 

BioLegend, San Diego, USA) and PerCP-Cy5.5 B220 (RA3-6B2, 1:200, BioLegend, San Diego, USA). After 

surface staining, cells were Ŭxed in 1% PFA, permeabilized in 0.5% saponine, and stained intracellularly 

using APC IFN-  ɹ (XMG1.2, 1:100, BioLegend, San Diego, USA) and PE TNF-  h (MP6-XT22, 1:100, 

BioLegend, San Diego, USA) antibodies. The peptides used were 16-mers overlapping by 11 amino acids 

covering the entire Ii-E1E2E6E7 antigen. The peptides were pooled in 5 separate pools containing Ii (45 

peptides), E1 (123 peptides), E2 (70 peptides, E6 (28 peptides) and E7 (21 peptides) peptides 

respectively. Peptides were obtained from KareBay, Town, China. 

Cƭƻǿ ŎȅǘƻƳŜǘǊȅ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƻƴ ǘƘŜ CƻǊǘŜǎǎŀ о ό.5 .ƛƻǎŎƛŜƴŎŜǎΣ CǊŀƴƪƭƛƴ [ŀƪŜǎΣ ¦{!ύ ƅƻǿ ŎȅǘƻƳŜǘŜǊ 

and data analysis was performed using FlowJo V10 software. Epitope-ǎǇŜŎƛŬŎ /5у+ T-cell responses 

were measured as B220-, CD8+ or CD4+, CD44+, IFN-ʴ+ cells and are presented in total number of cells per 

organ. The quality of the IFN-ɹ + responses were evaluated by MFI of IFN-  ɹand fraction of double positive 

cells (expressing both IFN-  ɹand TNF- )h in the IFN-ʴ+ CD8+ or CD4+ populations. The gating strategy is 

shown in Supplementary Figure 2. 

5.2.3.10 In Vivo Cytotoxicity 

The assay was performed similarly to what was previously described (331)Φ .ǊƛŜƅȅΣ ǎǇƭŜƴƻŎȅǘŜǎ ŦǊƻƳ 

naïve 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 peptide for 30 minutes at 37°C, 5% CO2, 2.5 ˃Ǝ of each 

peptide/mL, and subsequently stained with combinations of 0.4 or 5 ˃a /Ŝƭƭ¢ǊŀŎŜ /C{9 ŀƴŘ лΦн ŀƴŘ 

нΦр ˃a /Ŝƭƭ¢ǊŀŎŜ±ƛƻƭŜǘ ό/¢±Τ ¢ƘŜǊƳƻCƛǎƘŜǊΣ ²ŀƭǘƘŀƳΣ ¦{!ύ ŦƻǊ мл ƳƛƴǳǘŜǎ ŀǘ отϲ/Σ р҈ /h2. Pulsed and 

stained splenocytes were mixed at a 1:1:1:1:1 ratio, and a total of 2.5 x 107 cells were injected 

intravenously into rAd-vaccinated recipient BALB/c mice. As the assay requires adoptive transfer of 

syngeneic target cells, it was necessary to use inbred mice in order to have HLA-matching. 5 hours later, 

ǎǇƭŜŜƴǎ ǿŜǊŜ ƘŀǊǾŜǎǘŜŘΣ ŀƴŘ ǘŀǊƎŜǘ ŎŜƭƭǎ ǿŜǊŜ ƛŘŜƴǘƛŬŜŘ ƻƴ ǘƘŜ Fortessa 3 (BD Biosciences, Franklin 

[ŀƪŜǎΣ ¦{!ύ ƅƻǿ ŎȅǘƻƳŜǘŜǊ by CFSE/CTV staining. The percentage of killing was calculated using the 

following equation: 

Ϸ ὸὥὶὫὩὸὩὨ ὯὭὰὰὭὲὫ

ρππ

Ϸ ὴὩὴὸὭὨὩ ὴόὰίὩὨ ὧὩὰὰί Ὥὲ ὺὥὧὧὭὲὥὸὩὨ άὭὧὩ
Ϸ ὲέὲὴὩὴὸὭὨὩ ὴόὰίὩὨ ὧὩὰὰί Ὥὲ ὺὥὧὧὭὲὥὸὩὨ άὭὧὩ

ϷὴὩὴὸὭὨὩ ὴόὰίὩὨ ὧὩὰὰί Ὥὲ ὲέὲὺὥὧὧὭὲὥὸὩὨ άὭὧὩ
ϷὲέὲὴὩὴὸὭὨὩ ὴόὰίὩὨ ὧὩὰὰί Ὥὲ ὲέὲὺὥὧὧὭὲὥὸὩὨ άὭὧὩ

ρzππ 

5.2.3.11 Analysis of E1 (SIINFEKL) Presentation on MHC-I 

HEK293T cells were transfected with 2.5-3.5 ˃Ǝ of pURVac encoding E1, which was C-terminally extended by 

the SIINFEKL Ovalbumin derived CD8+ T cell epitope and a myc-tag and optionally fused to the Ii T cell adjuvant 

(218,219,323) at its N-terminus together with a pUC57 encoding H2Kb and ̡-2-microglobulin (̡2m). A 

transfection with H2Kb alone was included as a negative control, and transfection with the H2Kb plasmid and 

a pUC57 plasmid encoding SIINFEKL fused directly to ̡2m was included as a technical positive control. 48 

hours post transfection, cells were stained with PE anti-H2Kb-SIINFEKL (25-D1.16, 1:160, Invitrogen, 

Carlsbad, USA) and presence of SIINFEKL-H2Kb presentation on cell surfaces was detected on the LSRII or 

Fortessa 3 (BD Biosciences, Franklin Lakes, USA) ƅow cytometers, as a proxy for E1 presentation. All 

samples were run in biological 6-plicates, and the experiment was repeated at least two times. 

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 the peptide-stimulated samples of the corresponding animal before performing 

statistical analysis and graphical presentation. 
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In order to aid visual presentation of the results, we applied a threshold for responses based on the 

average number of B220-, CD8+, CD44+, IFN-ʴ+ counts for unstimulated background samples. All 

samples with less counts than the average + 2 × SD of the background samples, are regarded as non-

responding and therefore they have manually been adjusted to a value of 100 for the graphical 

presentation. All statistical analyses were done on non-adjusted values. The analysis of fraction of 

double positive (% TNF-ʰ+ IFN-ʴ+ out of all IFN-ʴ+) and MFI of IFN-ʴ+ was only performed on 

responders (IFN-ʴ+ count > avg + 2 × SD of unstimulated samples). 

Statistical analysis was done using GraphPad Prism 8 software (GraphPad Software, San Diego, USA). 

Values with background subtracted were used to compare the individual groups using the Mann-

Whitney test with Bonferroni correction for multiple comparisons. Positive control groups were not 

included in the multiple comparison analyses. Each symbol represents one mouse. Bars indicate median. 

{ƛƎƴƛŬŎŀƴŎŜ levels are marked by * (p<0.05), **  (p<0.01), ***  (p<0.005), ****  (p<0.001). 

5.2.4 Results 

5.2.4.1 Design of the Antigens 

Aiming towards the generation of a therapeutic vaccine, which is able to eliminate pre-existing 

papillomavirus-derived premalignant neoplasias, various antigens comprising E1, E2, E6, and E7 were 

designed. In order to enable future validation of a therapeutic concept in non-human primates, the above 

antigens were derived from Macaca fascicularis papillomavirus type 3 (MfPV3), which was shown to 

persist and induce LSIL-like lesions in the cervix of breeding female cynomolgus macaques (Macaca 

fascicularis) (196,199). Herein, we describe the construction and immunological down-selection of eight 

different antigen designs in and outbred mouse model according to potency and breadth of induced T cell 

responses as basis for further preclinical validation in non-human primates. 

 

Figure 7: Schematic representation of the conceived MfPV3 antigen variants. 
MfPV3 antigens were designed as fusion proteins comprising either E1, E2, E6 and E7 altogether, or E1 plus E2 
and E6 plus E7 fusion proteins linked by a p2a peptide, and fused to the MHC-II invariant chain (Ii), respectively. 
For reference, E1, E2, E6, and E7 were fused as single open reading frames without  the Ii coding sequence. 
Calculated molecular weights are indicated (kDa). Ii, MHC-II associated invariant chain; GS, glycine-serine-
linker; 2a, p2a peptide for cotranslational separation; Myc, myc-tag sequence for antibody detection; kDa, kilo 
Dalton. 

Antigens were conceived as (i) read-through polypeptides with all four MfPV3 early antigens encoded in 

one open reading frame, (ii) alternatively E1-E2 and E6-E7 fusions were linked via a p2A site (332) 

supporting translational coupling and thus co-expression of the two fusion proteins or (iii) as single 

expression units. Within fusion proteins, the different MfPV3 early proteins were separated by a GS-linker. 
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With one exception (E1E2E6E7), all polypeptides were NH2 terminally fused to a the human MHC class II 

invariant chain (Ii), which has been described earlier to act as a T cell adjuvant (218). Furthermore, all 

constructs received a C-terminal myc-tag for convenient expression monitoring (Figure 7). 

Since E6 and E7 are highly potent oncoproteins, only transformation-defective variants should be used 

in a therapeutic vaccine setting to ensure safety. Based on the homology to HPV16, the oncoprotein E6 

was inactivated by introducing a L110Q substitution to prevent binding of E6 to E6BP and subsequent 

degradation of tumor suppressor p53 (333). Additionally, the C- terminal PDZ-domain was deleted 

(DETEV) to abolish binding of telomerase and other LxxLL proteins (334). E7 was inactivated by 

introducing the substitutions C24G, L71R, and C95A within the central LxCxE motif inhibit dimerization 

and reduce binding to pRB as well as Mi2  ̡(334,335). Furthermore, we changed E2 (C297A) to reduce DNA 

binding. 

For initial biochemical and immunological characterization, the antigen coding sequences (Figure 7) 

were inserted into pURVac, a derivative of a DNA vaccine vector with a proven track record in various 

NHP and clinical trials (326ς329). Transcription of the encoded transgenes is controlled by a human 

cytomegalovirus (CMV) promoter in combination with a human T-cell leukemia virus-1 (HTLV-1) 

regulatory element (336) and terminated by a bovine growth hormone poly-A site. 

5.2.4.2 Biochemical and Cell Biological Characterization of MfPV3 Antigens 

Following transient transfection of HEK293T cells with the respective DNA vaccine constructs, all 

antigens were properly expressed yielding proteins ŎƘƛŜƅȅ correlating with the calculated molecular 

weights (Figure 8A). In some cases, especially for proteins with high signal intensities, bands of higher 

or lower molecular weight than calculated were observed. These might result from incompletely 

reduced oligomers (221) or N-terminal degradation products, which is expected as Ii transports some 

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

Since proteins of different sizes behave differently during blotting ŀƴŘ ǎƛƎƴŀƭ ƛƴǘŜƴǎƛǘƛŜǎ Ƴŀȅ ƴƻǘ ǊŜƅŜŎǘ ǘƘŜ 

ǊŜŀƭ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭǎΣ aŦt±о ŀƴǘƛƎŜƴǎ ǿŜǊŜ ǉǳŀƴǘƛŬŜŘ ōȅ ƅƻǿ ŎȅǘƻƳŜǘǊȅ ŀŦǘŜǊ ƛƴǘǊŀŎŜƭƭǳƭŀǊ staining 

with the anti-myc-antibody (Figure 8B and Supplementary Figure 1). Protein levels of the different 

MfPV3 antigens differed only marginally, except for Ii-E7, which exhibited two- to threefold higher MFI 

values compared to all other antigens. 
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Figure 8: Expression analysis of MfPV3 antigens. 
(A) Western blot analysis of HEK293T cell lysates 48 h following transfection with equimolar amounts of 
pURVac DNA vaccines expressing the various MfPV3 antigens. Antigens were detected with anti-myc (upper 
panel) and anti-p2a-peptide (middle panel) antibodies. Tubulin levels were monitored using an anti-tubulin 
antibody as loading control (lower panel). (B) Flow cytometry analysis of HEK293T cells 48 hours following 
transfection with pURVac DNA vaccines. Intracellular staining was performed with anti-myc antibody. Depicted is 
the mean ƅuorescence intensity (MFI) of the average of 3 independent experiments. Error bars indicate standard 
error of the mean. (C) Co-transfection of HEK293T cells with H2Kb alone or together with pURVac E1-SIINFEKL 
or Ii-E1-SIINFEKL, respectively. The percentage of SIINFEKL-H2Kb positive cells were determined after 48 hours 
by ƅow cytometry using an antibody recognizing the SIINFEKL-H2Kb-complex. Error bars indicate standard error 
of the mean. Light gray bars are negative (no peptide, H2Kb-plasmid only) and positive controls (SIINFEKL-b2m 
encoding plasmid + H2Kb), respectively. ****p < 0.001. 

5.2.4.3 MHC Class I-Restricted SIINFEKL Epitope Is Processed From E1 Fusion Protein and 

Abundantly Presented on MHC-I Molecules In Vitro 

It has been reported that E1 of bovine papillomavirus type 1 is itself an unstable protein which is 

ubiquitinylated and rapidly degraded in naturally infected cells (202,203). This observation together with 

the reported low prevalence of E1 ǎǇŜŎƛŬŎ antibodies in women with cervical disease (337) prompted us 

to assess whether MHC class I-restricted peptides at all can be processed and presented from E1. 

Therefore, the minimal H2Kb-restricted OVA epitope SIINFEKL (338) was fused to the C-terminus of E1 or, 

alternatively, to Ii-E1. The SIINFEKL epitope ƛǎ ŀ ƘƛƎƘ ŀŦŬƴƛǘȅΣ ƘƛƎƘƭȅ ƛƳƳǳƴƻŘƻƳƛƴŀƴǘ ŜǇƛǘƻǇŜΣ and 

therefore it is processing and presentation is easy to detect in in vitro studies. Following transfection of 

the respective pURVac expression constructs, MHC class I-restricted presentation of SIINFEKL could be 

readily detected using an H2Kb-SIINFEKL ǎǇŜŎƛŬŎ antibody. This supports the choice of E1 as a relevant antigen 
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to be included in the therapeutic vaccine. Noteworthy, presentation was enhanced, when this fusion 

protein was N-terminally linked to the MHC class II invariant chain (Ii) (Figure 8C). 

5.2.4.4 DNA Vaccination of Antigen Constructs Induces CD4+ and CD8+ T Cell Responses Against 

MfPV3 Early Antigens 

Intradermal (i.d.) DNA immunization of outbred CD1 mice ŎƻƴŬǊƳŜŘ that all pURVac DNA vaccines 

encoding E1 and/or E2 induced E1- and E2-ǎǇŜŎƛŬŎ IFN-ɹ + CD8+ and CD4+ T cells (Figure 9 and Supplementary 

Figure 2). More detailed, all DNA vaccine candidates had provided an E1 response on par with the 

positive control (Ii-E1). None of these vaccines induced responses against E6 or E7 in these outbred mice, 

including the positive controls for these two antigens (Ii-E6; Ii-E7; Supplementary Figure 3A, B). 

Importantly, all vaccines encoding all four antigens as a polyprotein generated responses comparable 

to those induced by a mix of four vaccines encoding the antigens individually (Ii-E1, Ii-E2, Ii-E6, Ii-E7). This 

suggests that overall no immunogenicity was lost by delivering the MfPV3 early antigens as polyproteins from 

a single pURVac DNA vaccine. Regardless of the used pURVac vaccine construct, E1 and E2 ǎǇŜŎƛŬŎ T cell 

responses showed no statistical differences regarding the frequencies of E1- and E2-ǎǇŜŎƛŬŎ IFN-ʴ+ CD8+ and 

CD4+ T cells. This is the case regardless (i) of whether Ii is fused to E1E2E6E7, (ii) of the order of the early 

antigens in the polyprotein, and (iii) of the use of a p2a site to separate Ii-E1E2 from Ii-E6E7. Only pURVac-Ii-

E2, when administered alone, trended to induce slightly higher levels of ǎǇŜŎƛŬŎ CD4+ and CD8+ positive T 

cells (although statistically not ǎƛƎƴƛŬŎŀƴǘύΦ Contrasting ǇǊŜǾƛƻǳǎ ŬƴŘƛƴƎǎΣ b-terminal fusion of the Ii 

molecular adjuvant did not enhance antigen ǎǇŜŎƛŬŎ T cell responses when delivered as DNA (339,340). 

However, there are much fewer examples of Ii having an adjuvant effect in a DNA context compared to when it 

is encoded in viral vector transgenes. Additionally, it might be that the lack of Ii-effect is due to the high 

number of DNA immunizations (four in total), as the continuous boosting may have saturated the 

immune activation. It is possible that a difference between the Ii and non-Ii vaccines could have been 

detected after fewer immunizations. We were ǎŀǘƛǎŬŜŘ to see that all DNA constructs were immunogenic, 

and to address the Ii effect properly, we decided to create adenoviral vectors of all vaccine designs (see 

below). The quality of the T-cell responses was comparable across all vaccines (Supplementary Figure 

3C, D), assessed by MFI of IFN-ɹ  and TNF-h  production of IFN-ɹ + T-cells. As expected, we found Ii ǎǇŜŎƛŬŎ CD8+ 

T cell responses in most mice, and to CD4+ in some mice (Supplementary Figure 3A, B), as the human Ii is 

allogenic in mice. 
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Figure 9: T cell responses induced by the various pURVac DNA vaccines encoding E1, E2, E6 and E7 in outbred 
CD1 mice. 
CD1 mice (5 per group) were immunized 4 times in 1 week intervals with 0.5 µg DNA of pURVac DNA encoding 
the indicated MfPV3 early antigens. Mice were ǎŀŎǊƛŬŎŜŘ 7 days post last immunization, spleens were harvested 
and CD8+ (top panels) and CD4+ (bottom panels) T-cell immune responses against E1 (A), and E2 (B) were measured 
using ICS and ƅow cytometry. Negative control groups consist of all mice immunized with a pURVac DNA vaccine 
encoding antigens not covered by the peptide pools used for in vitro restimulation. Asterisks between groups 
indicate ǎƛƎƴƛŬŎŀƴǘ differences in response-levels after subtraction of background responses. Each symbol 
represents one mouse; the horizontal bar represents the median. Reference samples (mice vaccinated with 
pURVac DNA vaccine containing only the individual antigen linked to Ii, respectively) are not included in the 
statistical analysis (multiple comparison adjustment). *p < 0.05; **p  < 0.01, ***p  < 0.005. 

5.2.4.5 Characterization of Adenoviral Vectors 

To further increase antigen ǎǇŜŎƛŬŎ cellular immune responses, viral vectors were subsequently used for 

antigen delivery. Adenoviral vectors from serotype 19a/64 (rAd) had been shown earlier to be generally 

suitable to deliver MfPV3 ŀƴǘƛƎŜƴǎ ŀƴŘ ǘƻ ŜŦŬŎƛŜƴǘƭȅ ƛƴŘǳŎŜ /5у+ T cell response in cynomolgus 

macaques (255). Based on the above DNA vaccination data, a ǊŜŬƴŜŘ panel of rAd vectors was 

generated comprising a ƳƻŘƛŬŜŘ set of recombinant MfPV3 antigens. Ii-E6E7E1E2 was excluded 

because it was not superior to the other polyproteins. However, the trend toward higher E2 ǎǇŜŎƛŬŎ T 

cell when administered alone prompted us to generate two additional adenoviruses, one encoding Ii-

E1E6E7 linked to E2 via a self-separating p2a peptide (Ii-E1E6E7-p2a-Ii-E2) and for control Ii-E1E6E7 lacking 

E2. In order to ŎƻƴŬǊƳ proper 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 respective fusion proteins at the expected molecular weights 
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(Figure 7 and Figure 10A, B). As for Ii-E1E2-p2a-Ii-E6E7, no higher than calculated molecular weight 

fragment could be detected for Ii-E1E6E7-p2a-Ii-E2, revealing that the complete separation at the p2a 

site also worked upon delivery via rAds. Quantitative analysis of transduced A549 cells by ƅow cytometry 

yielded comparable expression levels for the different myc-tagged MfPV3 polypeptides with the exception 

of higher expression of Ii-E7 (Figure 10C and Supplementary Figure 4). The overall picture was quite 

ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ŜŦŬŎƛŜƴŎƛŜǎ ƻōǎerved after pURVac mediated antigen delivery in HEK293T 

cells. 

 

Figure 10: Expression analysis of rAd-shuttled MfPV3 antigen constructs. 
(A) Schematic representation of the MfPV3 antigen variants Ii-E1E6E7-p2a-Ii-E2 and Ii-E1E6E7. Expected 
molecular weights (kDa) of the resulting polypeptides are shown. (B) Western blot analysis of A549 cell lysates 
48 h following transduction with rAds encoding the indicated polypeptides at an MOI of 30. Antigens were 
detected with anti-myc (upper panel) and anti-p2a-peptide (middle panel) antibodies. As loading control, tubulin 
levels were monitored using an anti-tubulin antibody (lower panel). (C) Flow cytometry analysis of A549 cells 48 
hours following transduction with rAds expressing the various MfPV3 antigens, at an MOI of 30. Intracellular 
staining was performed with anti-myc antibody. Depicted is the mean ƅuorescence intensity (MFI) of the 
average of 3 independent experiments. Error bars indicate standard error of the mean. 

5.2.4.6 Adenoviral Delivery Induces Potent Cellular Immune Responses Against MfPV3 Early 

Antigens in Outbred Mice 

Intramuscular immunization of outbred CD1 mice ŎƻƴŬǊƳŜŘ that the rAd-formulation of the vaccines 

induced both CD8+ and CD4+ T cell responses against E1 and E2 antigens (Figure 11A, B). Notably, vaccines 

including Ii showed a trend towards higher magnitude responses than the vaccine not encoding Ii 

(Figure 11A, B: E1E2E6E7 compared to other vaccines). A tendency of Ii-mediated enhancement of 

responses was observed for both CD4+ and CD8+ T cell responses for some vaccine ŎƻƴŬƎǳǊŀǘƛƻƴǎΣ but 

the difference was only ǎƛƎƴƛŬŎŀƴǘ for E2-ǎǇŜŎƛŬŎ /5у+ responses induced by Ii-E1E2-p2a-Ii-E6E7 

compared to E1E2E6E7 (Figure 11B, upper panel). A direct comparison of the CD8+ T-cell response 

against E1 from Ii-E1E2E6E7 and E1E2E6E7 (Mann-Whitney rank-sum) revealed a p-value of 0.06, which 
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ƛǎ ƴƻǘ ǎǘǊƛŎǘƭȅ ǎƛƎƴƛŬŎŀƴǘΣ but strongly indicates a tendency of Ii improving the magnitude of CD8+ T-

cells against E1. Further, the vaccine without Ii was the only one for which the CD4+ and CD8+ T-cell 

responses against E1 was ƴƻǘ ǎƛƎƴƛŬŎŀƴǘƭȅ different from the negative control. This may ŎƻƴŬǊƳ ŜŀǊƭƛŜǊ 

observations suggesting that Ii can boost T cell responses in the context of adenoviral vaccine delivery. 

No difference in the quality of the T cell responses was detected, assessed by the MFI values of IFN-  ɹ

(Supplementary Figure 5C). When assessing the quality by the fraction of double-positive T cells 

capable of secreting both IFN-  ɹand TNF-  hit is seen that E1E2E6E7 without Ii seemed to be inferior to 

other vaccines containing Ii (Supplementary Figure 5D). Based on this, we decided to focus our onwards 

efforts on antigen-fusion vaccine designs containing the Ii adjuvant. 

Even though E6 and E7 represent small proteins as compared to E1 and E2 (11.9%, 8.1%, 50.8% and 

29.2%, respectively, of the total antigen size), it was remarkable that no responses against E6 or E7 could 

be observed in any experiment testing the vaccines in outbred CD1 mice. As the MHC-type of the 

founders of the CD1 strain is unknown, and has not been controlled for since the establishment of 

the strain, we wondered whether there were limitations in terms of MHC-restriction in the CD1 mice 

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 founder mice 

(341). Hence vaccination of OF1 mice was pursued to possibly detect different and broader immune 

responses than in CD1 mice. Besides vigorous T-cell responses against E1 and E2 (Figure 11C, D), we 

did indeed see solid CD4+ T-cell responses against E6 (Figure 11D). A few mice also had CD8+ T-cells 

ǊŜŀŎǘƛƴƎ ǘƻǿŀǊŘǎ 9сΣ ŎƻƴŬǊƳƛƴƎ ŎƻǊǊŜŎǘ in vivo processing and immunogenicity of our vaccine 

constructs. Furthermore, the majority of the IFN-ʴ+ cells were producing TNF-  has well, ŎƻƴŬǊƳƛƴƎ the 

activation phenotype. Overall, the rAd19 delivery of the vaccines ŜŦŬŎƛŜƴǘƭȅ induced T-cells against at 

least three of the four MfPV3 polyprotein antigens tested, and the immunogenicity of the antigens was 

enhanced by inclusion of Ii.  
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Figure 11: Immunization of mice with adenovirus vectors induces potent cellular immune responses. 
CD1 mice (A, B), or OF1 mice (C, D) were immunized with rAd vaccine (2 × 107 IFU) encoding the various MfPV3 
early antigens as indicated. Mice were ǎŀŎǊƛŬŎŜŘ on day 14, spleens were harvested and CD8+ and CD4+ T-cell 
immune responses against E1, E2, E6, and E7 were measured using ICS and ƅow cytometry. Negative control 
groups consist of all mice immunized with rAd encoding antigens not matching the peptide pools used for in 
vitro restimulation, respectively. Each symbol represents one mouse; a representative mouse depicted (C), 
shows a CD44+IFN-ʴ+ population. The horizontal bar represents the median. Positive control samples (mice 
vaccinated with rAd containing only the relevant antigen linked to Ii) are not included in the statistical analysis 
(multiple comparison adjustment). *p < 0.05; **p  < 0.01, ***p  < 0.005, ****p  < 0.001. 
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5.2.4.7 !ŘŜƴƻǾƛǊŀƭ 5ŜƭƛǾŜǊȅ LƴŘǳŎŜǎ {ǇŜŎƛŬŎ YƛƭƭƛƴƎ ƻŦ ¢ŀǊƎŜǘ /Ŝƭƭǎ In Vivo 

To assure that the cellular responses induced by the rAd-delivered antigens had cytotoxic capacity, we 

immunized inbred BALB/c mice with rAds expressing Ii-E1E2E6E7, Ii-E1E2-p2a-Ii-E6E7 and E1E2E6E7, 

and 14 days later challenged these mice with peptide-pulsed pre-stained syngeneic target cells. As the 

assay required adoptive transfer of syngeneic target cells, it was necessary to use inbred mice. The 

vaccines induced CD8+ responses against E1 in BALB/c mice (Figure 12A), but not against the other 

antigens (data not shown), whereas CD4+ responses were raised against E2 and E6 (Supplementary 

Figure 6). Ii again proved its relevance as molecular adjuvant, as the vaccine without Ii did not give rise 

to any detectable E1 ǎǇŜŎƛŬŎ CD8+ responses in this inbred mouse model (Figure 12A). Consistent 

with the above, the in vivo cytotoxicity assay showed ǎǇŜŎƛŬŎ killing of E1 labelled cells (Figure 12B, C), 

and the hierarchy of ǎǇŜŎƛŬŎ killing capability corresponds to the number of IFN-ʴ+ CD8+ 9м ǎǇŜŎƛŬŎ ¢ 

cells. We can conclude that the designed rAd vaccines induce potent and cytotoxic responses, which 

supports our hypothesis that this vaccine design will be capable of removing existing MfPV3 infections. 

 

Figure 12: Immune responses in inbred mice and in vivo cytotoxicity. 
Naïve BALB/c mice were immunized with rAd vectored vaccine encoding the indicated MfPV3 early antigens. 
14 days post vaccination, immune responses were analyzed by ICS (A) or in vivo ŎȅǘƻǘƻȄƛŎƛǘȅ ǊŜƎŀǊŘƛƴƎ ǎǇŜŎƛŬŎ 
killing of E1-peptide pulsed cells (B). Each symbol represents one mouse. Two unvaccinated mice were included 
as negative controls. (C) Representative plot of in vivo cytotoxicity. *p < 0.05. 

5.2.4.8 Ii-Fusion Enhanced Ubiquitination and Proteasomal Degradation 

The molecular basis of the T cell adjuvant effect of Ii has not been Ŧǳƭƭȅ ŎƭŀǊƛŬŜŘ ȅŜǘ (221), but one of the 

suggested mechanisms of action is Ii mediated ubiquitination leading to proteasomal degradation of 

the linked antigen and thereby enhanced MHC-I presentation (Figure 8C) (323). To investigate if this 

mechanism could also account for the enhanced CD8+ T-cell responses against the Ii-linked MfPV3 

antigens, Ii-E1E2E6E7- and E1E2E6E7-transfected cells were cultivated in absence or presence of the 

proteasome inhibitor MG132. Anti-ubiquitin western blot analysis of the immunoprecipitated myc-
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tagged polypeptides revealed stronger ubiquitin-depending signal intensity for Ii-E1E2E6E7 compared 

to E1E2E6E7 lacking Ii (Figure 13A). This effect was even more pronounced when MG132 was present. 

Myc-ǎǇŜŎƛŬŎ ǎƛƎƴŀƭǎ ŎƻƴŬǊƳŜŘ ǘƘŜ ŬŘŜƭƛǘȅ ƻŦ ǘƘŜ immunoprecipitation (IP) procedure, and analysis of 

the IP supernatants by an anti-tubulin western blot ŎƻƴŬǊƳŜŘ that comparable amounts of cell lysate 

were used in the IP procedure (Figure 13B, C). A higher level of ubiquitination is commonly associated 

with faster degradation. This could exemplarily be demonstrated by transiently expressing Ii-E1 and E1, 

both fused with the C-terminal SIINFEKL peptide, in absence or presence of MG132, respectively (Figure 

13D, E). Without MG132, Ii-E1-SIINFEKL was hardly detectable whereas a prominent signal could be 

visualized when MG132 was added. Lower molecular weight signals are indicative of degradation 

products. This effect was not observed for E1 without Ii, which suggested that Ii induced an accelerated 

proteasomal degradation, as also reported by Esposito et al. (323). 

 

Figure 13: LƴƅǳŜƴŎŜ ƻŦ Lƛ ƻƴ ǳōƛǉǳƛǘƛƴŀǘƛƻƴ ŀƴŘ ŘŜƎǊŀŘŀǘƛƻƴΦ 
(AςC) pURVac Ii-E1E2E6E7, pURVac E1E2E6E7 or the empty plasmid were transfected into HEK293T cells. 24 h 
after transfection, cells were treated with MG132 or DMSO as control for 6 h. Myc-tagged proteins were 
immunoprecipitated and analyzed by western blot using an anti-ubiquitin antibody (A) and anti-myc antibody (B). 
Tubulin levels were monitored using an anti-tubulin antibody as loading control (C). (D, E) pURVac Ii-E1-SIINFEKL, 
pURVac E1-SIINFEKL or empty plasmid were transfected into HEK293T cells. 24 h after transfection, cells were 
treated with MG132 or DMSO for 6 h. The samples were analysed by western blot using anti-myc antibody (D) 
and anti-tubulin antibody (E). 
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5.2.5 Discussion 

Despite the availability of prophylactic vaccines against HPV infections there is an urgent need for 

an ŜŦŬŎƛŜƴǘ therapeutic HPV vaccine. Currently, there are different vaccine development approaches 

focusing either on early stages (197,201,255,342) of cervical lesions or late stages such as invasive 

cervical cancer (313,343ς346) or on all stages of pre-malignant cervical lesions (192). 

Macaca fascicularis papillomavirus type 3 (MfPV3) infects cynomolgus macaques and infection is 

associated with persistence and cervical intraepithelial neoplasia (196,199). Moreover, MfPV3 is 

phylogenetically closely related to HPV16 deriving from a shared most recent common ancestor and 

both viruses possess a similar mechanism of oncogenesis (198). The closely related pathogenesis of 

MfPV3 in Macaca fascicularis and the use of MfPV3 as antigen source, opens a perspective towards 

testing therapeutic vaccination concepts in naturally infected macaques and evaluate the correlates of 

protection under almost natural conditions (201). 

Here, ten different antigens were designed comprising the viral early proteins E1, E2, E6 and E7 of 

aŦt±о ƛƴ ŘƛŦŦŜǊŜƴǘ ŎƻƴŬƎǳǊŀǘƛƻƴǎΦ ¢ƘŜǎŜ ŎƻƴǎǘǊǳŎǘǎ ŎƻƳōƛƴŜ ŀƴǘƛƎŜƴǎ ŀƎŀƛƴǎǘ ŜŀǊƭȅ ŀƴŘ ƭŀǘŜ ǎǘŀƎŜǎ ƻŦ 

papillomavirus persistence and should be capable of inducing T cell responses against both 

asymptomatic infections, LSIL as well as HSIL and cancers. All antigens were properly expressed, and 

ǘƘŜƛǊ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭǎ ǿŜǊŜ ǎƛƳƛƭŀǊΣ ŘŜǎǇƛǘŜ ōŜƛƴƎ ŀǊǘƛŬŎƛŀƭƭȅ ŦǳǎŜŘ ǇƻƭȅǇŜǇǘƛŘŜǎΦ 

Notwithstanding the limited immunogenicity of DNA vaccines, pURVac plasmid immunization of CD1 

mice allowed for fast immunological evaluation in an outbred mouse model. Based on this initial in 

vivo sŎǊŜŜƴƛƴƎΣ ŀ ǊŜŬƴŜŘ ŀƴǘƛƎŜƴ όLƛ-E1E6E7-p2a-Ii-E2, and as reference Ii-E1E6E7) was devised in order 

to separate E2 from the readthrough protein, and Ii-E6E7E1E2 was excluded for further development 

of rAd-based vaccine prototypes. Antigen delivery with rAds of serotype 19a/сп ŎƻƴŬǊƳŜŘ ǘƘŀǘ ŀƭƭ 

antigens were immunogenic, with most of them inducing potent CD4+ and/or CD8+ T cell responses 

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

vaccination. 

Unexpectedly, no responses against E6 and E7 could be measured in these experiments with CD1 

mice. Although fewer mice were expected to respond to E6 and E7 as compared to E2 and E1 due to 

ǎƛƎƴƛŬŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǎƛȊŜ όŦŀŎǘƻǊ рύ ŀƴŘ ǘƘǳǎ ǇǊŜǎǳƳŀōƭȅ ŀƭǎƻ ƴǳƳōŜǊ ƻŦ Ǉotential epitopes, it was 

still surprising that none of the 107 outbred CD1 mice in our experiments that were immunized with 

E6 and/or E7 harboring vaccines were responding. This might be explained by a yet limited number of 

MHC alleles in CD1 mice. This hypothesis is supported by the fact that this strain descends from only 

two male and seven female founder mice (341). In a different strain, outbred OF1 mice, we could 

successfully elicit T-cell responses against MfPV3 E6 ŎƻƴŬǊƳƛƴƎ ǘƘŜ ƎŜƴŜǊŀƭ ƛƳƳǳƴƻƎŜƴƛŎƛǘȅ ƻŦ 

this antigen. 

Coupling of antigens to certain immune regulatory molecules and T cell adjuvants could be ōŜƴŜŬŎƛŀƭ in 

terms of breaking the immunosuppressive environment of tumors (343,347). All immunogens 

expressed via rAds contain the T cell adjuvant Ii (except for E1E2E6E7 which serves as reference), which 

is known to enhance CD4+ and CD8+ T cell responses when delivered by viral vectors (218,221ς223,323). 

A trend towards higher magnitudes of responses against E1 and E2 could be observed in outbred mice 

when vaccinated with rAd Ii-E1E2E6E7 as compared to E1E2E6E7 (Figure 11) and, importantly, a 

ǎƛƎƴƛŬŎŀƴǘƭȅ higher level of ǎǇŜŎƛŬŎ killing in animals vaccinated with Ii-adjuvanted vaccines has been 

shown (Figure 12). Whereas enhancement of CD4+ T cell response is believed to be induced ōȅ ǘǊŀŦŬŎƪƛƴƎ 

to endolysosomal compartments (221), far less is known about the mechanism of enhancing CD8+ T cell 
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response. However, this effect is independent of MHC-II and CD4+ T cell response (222), but possibly 

depending on enhanced MHC-I loading (221). As shown in Figure 13, Ii-fusion leads to more 

pronounced ubiquitination and faster degradation of Ii-E1E2E6E7 as compared to E1E2E6E7 lacking Ii 

and therefore might increase the number of peptides that can be loaded on MHC I. Such a mechanism has 

recently also been reported by Esposito et al. (323), as a mode of action for the Ii adjuvant to increase the 

level of antigen fragments available for MHC presentation. 

Considering the protein expression pattern during early stages of HPV infection, it is reasonable to 

assume that potent CD4+ and CD8+ T cell responses against E1 and E2 should be ǎǳŦŬŎƛŜƴǘ to boost 

naturally raised T cell immunity against PVs in LSIL, especially as E2 responses correlate with absence of 

lesion progression (150). 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 in these patients 

with improved clinical outcomes, but the responses were of low magnitude, suggesting ƛƴǎǳŦŬŎƛŜƴǘ 

APC-mediated activation of T-cells (319). An explanation for this could be that E1 during natural 

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

bovine PV (202,203)Φ ¢ƘŜǊŜŦƻǊŜΣ ŀ ǾŀŎŎƛƴŜ ŘŜƭƛǾŜǊȅ ŦƻǊƳŀǘ ǎǳǇǇƻǊǘƛƴƎ ŜŦŬŎƛŜƴǘ ƛƴŘǳŎǘƛƻƴ ƻŦ /5п+ and 

CD8+ ǎǇŜŎƛŬŎ T cells on the fundament of strong ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ŜŦŬŎƛŜƴǘ ŀƴǘƛƎŜƴ ǇǊƻŎŜǎǎƛƴƎ ŀƴŘ 

presentation is expected to support elimination of premalignant PV transduced cells - provided that 

early neoplasias dƛǎǇƭŀȅ ǎǳŦŬŎƛŜƴǘ ŀƳƻǳƴǘǎ ƻŦ 9мκMHC-I complexes on their cell surface. Herein, we 

demonstrated strong expression of E1 comparable to E2, E6 and also E7, probably attributable to the 

strong CMV promoter-induced overexpression, and additional Ii-induced accelerated 

proteasomal degradation (Figure 13) and MHC-I presentation (Figure 8C). Altogether, our E1 

containing vaccine constructs gave rise to solid CD8+ and CD4+ responses, which are cytotoxic to E1-

peptide-pulsed target cells (Figure 12). This, together with the indication that E1 responses, once 

induced, are correlated with improved clinical outcome, build a strong case for including E1 in 

therapeutic HPV vaccine designs. 

Our study has limitations regarding weak or absent T-cell responses against E6 and E7 in different mouse 

strains used in this study. This could potentially be due to immunodominance of E1 and E2 competing with 

E6 and E7 antigen processing, presentation and ƛƴŘǳŎǘƛƻƴ ƻŦ ǎǇŜŎƛŬŎ ¢-cell responses. Alternatively, we 

cannot exclude that inactivation of E6- and E7-transforming potential has destroyed relevant epitopes. 

Ongoing preclinical analysis of viral vector-delivered MfPV3 antigens in macaques and comparable 

HPV16-derived immunogen designs in selected mouse models will provide further insights regarding the 

capacity of such immunogens to raise broad T-cell responses to the delivered early antigens including 

E6 and E7. The latter will also reveal to which extent the antigen design will be transferable to HPV16 and 

other high-risk HPV types. Given the phylogenetically close relationship and similar mechanisms underlying 

oncogenesis of the two papillomaviruses (198), similar immunological properties would be assumed. 

Taken together, we developed ten immunogens that target the early proteins of MfPV3. These ŀǊǘƛŬŎƛŀƭƭȅ 

fused polypeptides share similar biochemical and immunological properties without loss of individual 

antigen responses. Two polypeptides, Ii-E1E2E6E7 and Ii-E1E2-p2a-Ii-E6E7, elicited vigorous T cell 

responses, in particular, these two antigens were able to induce robust T cell responses against E1, E2 

and E6, and to kill peptide-pulsed cells in vivo. Due to lower complexity, antigen size and non-inferior 

immunogenicity, Ii-E1E2E6E7 was chosen for further studies. Ad19a/64 proved to be a suitable vector 

to deliver Ii-E1E2E6E7 and is currently being validated as a therapeutic vaccine in persistently MfPV3-

infected cynomolgus macaques. Moreover, ǘƘŜ ŎƻƴŬƎǳǊŀǘƛƻƴ ƻŦ ǘƘƛǎ ƛƳƳǳƴƻƎŜƴ ǿƛƭƭ ǎŜǊǾŜ ŀǎ ǘŜƳǇƭŀǘŜ ǘƻ 
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generate novel vaccine candidates for therapeutic vaccination against high-risk human papillomavirus 

types. 

5.2.6 Supplement 

 

Supplementary Figure 1. 
Gating strategy for flow cytometry analysis of pURVac transfected HEK293T cells 48 h post transfection. 
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Supplementary Figure 2. 
Gating of spleen samples of a representative animal 14 days after vaccination with rAd-Ii_E1E2E6E7, 
stimulated with E1 peptide pool. The total number of IFN- ʴ+/CD44+/CD8+ or CD4+/B220- cells reported as the 
CD8+ and CD4+ responses throughout the article, has been gated this way. 
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Supplementary Figure 3. 
(A-D) CD1 mice (5 per group) were immunized 4 times with 0.5 µg DNA of pURVac DNA encoding the indicated 
MfPV3 early antigens. Mice were sacrificed 7 days post last immunization, spleens were harvested. (A-B) CD8+ 
and CD4+ T-cell immune responses against Ii were measured using ICS and flow cytometry. (C-D) The quality of 
the CD8+ antigen specific cells was assessed by the MFI of IFN-ʴ ŀƴŘ ōȅ the fraction of IFN-ʴ+ T cells capable of 
also producing TNF-ʰΦ bŜƎŀǘƛǾŜ ŎƻƴǘǊƻƭ ƎǊƻǳǇǎ Ŏƻƴǎƛǎǘ ƻŦ ŀƭƭ ƳƛŎŜ ƛƳƳǳƴƛȊŜŘ ǿƛǘƘ ŀ Ǉ¦w±ŀŎ 5b! ǾŀŎŎƛƴŜ 
encoding antigens not covered by the peptide pools used for in vitro restimulation. Asterisks between groups 



Manuscripts 

59 
 

indicate significant differences in response-levels after subtraction of background responses. Each symbol 
represents one mouse. 
 
 

 
Supplementary Figure 4. 
Gating strategy for flow cytometry analysis of rAd-infected A549 cells 48 h post infection. 
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Supplementary Figure 5. 
(A-D) CD1 mice were immunized with rAd vectored vaccine (2×107 IFU) encoding the various MfPV3 early 
antigens as indicated. Mice were sacrificed on day 14 and spleens were harvested. (A-B) CD8+ and CD4+ T-cell 
immune responses against Ii were measured using ICS and flow cytometry. (C-D) The quality of the CD8+ 
antigen specific cells was assessed by the MFI IFN-  ɹand by the fraction of IFN-ʴ+ T cells capable of also producing 
TNF-ʰΦ Negative control groups consist of all mice immunized with rAd encoding antigens not covered by the 
peptide pools used for in vitro restimulation. Each symbol represents one mouse. Asterisks between groups 
indicate significant differences in response-levels after subtraction of background responses. 
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Supplementary Figure 6. 
BALB/c mice were immunized with (2×107 IFU) rAd vectored vaccine encoding the various MfPV3 early 
antigens. Mice were sacrificed on day 14, spleens were harvested and CD4+ T-cell immune responses against 
E2 and E6 were 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 subset of HPV 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 HPV+ cancer. Here, we report the design of adenoviral 

vectors efficiently expressing HPV16 E1 and E2 in addition to transformation-deficient E6 and E7. 

Vaccination elicited vigorous CD4+ and CD8+ T-cell responses against all encoded HPV16 proteins in 

outbred mice and against E1 and E7 in C57BL/6 mice. Therapeutic vaccination of C3 tumor-bearing 

mice led to significantly reduced tumor growth and enhanced survival for both small and established 

tumors. Tumor biopsies revealed increased numbers of tumor-infiltrating CD8+ T cells in treated mice. 

Cisplatin enhanced the effect of therapeutic vaccination, accompanied by enhanced infiltration of 

dendritic cells into the tumor. CD8+ T cells were identified as effector cells in T-cell depletion assays, 

seemingly under regulation by FoxP3+CD4+ regulatory T cells. Finally, therapeutic vaccination with Ad-

Ii-E1E2E6E7 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 T-cell responses against E1. These results support the use of this novel vaccine 

candidate targeting an extended set of antigens (Ad-Ii-E1E2E6E7), in combination with cisplatin, as an 

advanced strategy to combat HPV+ cancers. 

5.3.2 Introduction 

Infections with high-risk 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 cancers (348). 

Despite efficient prophylactic vaccines, the worldwide HPV-associated disease burden remains 

substantial. Cervical cancer is the most common HPV-associated cancer globally, whereas the 

incidence of HPV-associated oropharyngeal squamous cell carcinoma (OPSCC) has increased markedly, 

in the United States by 225% from 1988 to 2004 (35) and has in some countries surpassed cervical 

cancer in terms of annual deaths (349). 

Cure rates from cervical cancer and OPSCC are high (350), but the treatments cause substantial 

morbidity, and the patients who experience treatment failure or relapse are left with few treatment 

options and a poor long-term prognosis. Checkpoint inhibitors, such as antiςPD-1, provide some life-

prolonging effects against advanced oropharyngeal cancer (296,351,352) and when administered post 

initial chemotherapy against metastatic or recurrent cervical cancers (353). 

Accordingly, new therapeutic strategies to combat HPV+ cancers are needed. Therapeutic vaccines 

inducing cytotoxic T cells that eradicate the HPV-infected cells are promising candidates for HPV+ 

lesions and cancer therapy. However, although a number of therapeutic vaccines show improvements 

in clinical outcomes for HPV+ cancer 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 only (166). 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 support, E1-specific T-cell responses have been 

correlated with improved progression-free survival and overall survival in cervical cancer (319), and E2 

remains intact in a substantial fraction of cervical cancers (123,135). Furthermore, most OPSCC contain 
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a high copy number of HPV16 genomes with intact E2 (136,180), and both E1 and E2 are immunogenic 

in OPSCC (188,354). The high prevalence and possible immunogenicity of E1 and E2 in HPV-associated 

malignancies demand a reconsideration of antigen selection in HPV therapeutics. 

A problem for many E6- and E7-based therapeutic vaccines in clinical testing is that only a fraction of 

patients responds (166). Incorporation of E1 and E2 into the fusion-gene vaccine antigen increases the 

immunogen size 5-fold, compared with E6 and E7 alone, and a larger antigen increases the likelihood 

of inducing an anti-HPV response in more individuals across HLA types (217). Janssen tested a vaccine 

encoding E2, E6, and E7, where E2, the largest of the three antigens, was the only antigen toward 

which all patients had CD8+ T-cell responses (355). A large antigen may also increase the number of 

anti-HPV specificities induced in a vaccinated individual, thereby potentially increasing the magnitude 

of the total T-cell response. 

Here, we present an immunogen design, which encompasses the full-length HPV16 antigens E1, E2, 

E6, and E7. The selection of antigen, adjuvant, and order of antigens was influenced by previous work 

on Macaca fascicularis papillomavirus type 3 (MfPV3) vaccines, which proved highly immunogenic in 

various outbred mouse strains and confirmed a general superiority of E1 and E2 over E6 and E7 in 

terms of immunogenicity (356). The two oncoproteins were inactivated by selected point mutations 

and characterized in vitro to confirm the lack of transforming capacity. To enhance the magnitude of 

the vaccine-induced CD8+ T-cell activation, antigens were genetically linked to the T-cell adjuvant 

major histocompatibility complex (MHC) class IIςassociated invariant chain (Ii; (323)). 

For antigen delivery, an adenovirus vector platform was chosen as the most potent clinically validated 

T cellςinducing technology (323). In the context of SARS-CoV-2, it was shown that using a heterologous 

primeςboost strategy to bypass vector immunity is superior to a homologous regimen in terms of 

inducing strong T-cell responses (357). For that purpose, we implemented a heterologous primeςboost 

regimen of the human adenovirus serotype 19a/64 (Ad19a/64) and serotype 5 (Ad5; (255)). 

Herein, we assessed the immunogenicity in outbred and inbred mice and antitumor efficacy of such 

vaccines in mice, using the hard-to-treat C57BL/6 murine HPV16+ tumor 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 moving 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 single-agent 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 tumors (302,359,360). A similar peptide vaccination approach comprising 

altogether 13 synthetic long peptides has also been validated in patients (300). 

To our knowledge, no previously published studies have evaluated the immunogenicity and antitumor 

efficacy of a vaccine encoding full-length E1 and E2 in addition to E6 and E7. 

5.3.3 Materials and Methods 

5.3.3.1 Antigen sequences 

The antigen sequences were designed as previously described (356). Sequences encoding E1, E2, E6, 

and E7 of HPV16 (gi|333031|lcl|HPV16REF.1|HPV16REF) were gene-optimized and synthesized at 

Geneart/Thermo Fisher (324). 
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Further sequence elements that were optionally used to build the prototype vaccine inserts (Figure 

14) comprised (i) the human MHC-IIςassociated invariant chain (Ii; (323); molecular adjuvant; 

NM_004355.3), (ii) a 2 amino acid GS-linker connecting the viral early proteins in the respective fusion 

proteins, as well as (iii) the porcine teschovirus-1 p2a sequence (325) to support coexpression of two 

fusion proteins when relevant. Vaccine inserts were assembled in adenoviral vectors and lentiviral 

vectors either with fusion PCR or using type II exocutter sites. Nucleotide sequences are shown in 

Supplementary Figure 7. 

5.3.3.2 In silico MHC-I binding prediction 

MHC-I epitope prediction was performed on May 16, 2022, using IEDB analysis resource v2.24 with the 

ANN4.0/NetMHC4.0 prediction method (361ς363) for the E1, E2, E6, and E7 antigen sequences. A 

number of 49 HLA types were selected that together cover at least 75% of the worldwide population 

for HLA-A, -B, and -C, respectively. Only epitopes with a calculated IC50 below 5,000 nmol/L were 

further analyzed. For visualization, calculated epitopes were aligned on the E1E2E6E7 fusion protein 

at their respective position. 

5.3.3.3 Cell culture, transfection, and viral infection 

HEK293T (ATCC, CRL-11268/2007, number of passages not monitored), A549 (from Marian 

Wiegand/Amvac Research GmbH), and NIH-3T3 (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 units/mL penicillin, and 0.1 mg/mL streptomycin 

(penicillin/streptomycin, Gibco). The NIH-3T3 cells were maintained between 10% and 70% confluence 

to prevent maturation and differentiation. The three cell lines were maintained at 37°C and 5% CO2 in 

a nonhumidified incubator. HEK293T cells were transfected using the polyethylenimide (PEI) method 

(330). Cell line authentication and mycoplasma testing were not performed for the three 

abovementioned cell lines. 

C3 cells ((195); from Prof. Dr. S.H. van der Burg, Leiden University Medical Center) were cultured in 

Iscove's modified Dulbecco's media (Gibco), 8% FCS (Sigma-Aldrich), 2 mmol/L L-glutamine (Gibco), 

млл L¦κƳ[ ǇŜƴƛŎƛƭƭƛƴ ό.ƛƻ²ƘƛǘǘŀƪŜǊύΣ млл ˃ƎκƳ[ ǎǘǊŜǇǘƻƳȅŎƛƴ ό.ƛƻ²ƘƛǘǘŀƪŜǊύΣ ŀƴŘ лΦм ƳƎκƳ[ 

kanamycin (Sigma-Aldrich). The day before tumor cell injection, the media were changed to one not 

containing kanamycin. Authentication was done with intracellular staining with anti-HPV16E7 (sc-

65711, Santa Cruz Biotechnology) and flow cytometry. Cells were thawed, 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/E3-deficient adenoviral vectors of serotype Ad19a/64 and serotype Ad5 were generated as 

previously described (258). Titration was performed using the RapidTiter method by detection of 

infected HEK293 cells via IHC staining with anti-hexon [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 performed as previously described (258). Protein was detected using anti-

E2 (TVG-271, 1:200, Santa Cruz Biotechnology), anti-E6 (for western blots only, GTX132686, 1:2,000, 

Biozol), anti-E7 (NM2, 1:200, Santa Cruz Biotechnology), mouse anti-ǘǳōǳƭƛƴ ό5aмʰΣ мΥмΣллл, Santa 

Cruz), goat anti-mouse-HRP (115-036-003, 1:5,000, Jackson), goat anti-rabbit-HRP (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 transfected and transduced cell lines 

Intracellular staining of antigens was performed using standard methods (258). Cells were stained with 

anti-E2, anti-E7 (see Western blot section, 1:50), anti-E6 (orb557164, 1:50, Biozol), anti-p53 (7F5, 

1:800, Cell Signaling Technology), goat anti-mouse-PE (550589, 1:200, BD), goat anti-rabbit Alexa Fluor 

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

¢ŜŎƘƴƻƭƻƎȅύΣ ƻǊ ƳƻǳǎŜ LƎDм ˁ ƛǎƻǘȅǇŜ ŎƻƴǘǊƻƭ όaDм-45, BioLegend). Flow cytometry was performed 

on Attune NxT (Thermo Fisher) and analyzed using Attune NxT software. 

5.3.3.7 Production of VSV-G-pseudotyped lentiviral vectors 

The designed HPV16 antigens and HPV16 E6 wild-type (wt) were cloned into pLV-CMV-MCS-IRES-Puro 

(Sirion Biotech), and HPV16 E7wt was cloned into pLV-CMV-MCS-IRES-Neo (Sirion Biotech), using AgeI-

HF and NotI-HF (New England Biolabs). 3.9 × 106 HEK293T cells were seeded, and after 24 hours 

ǘǊŀƴǎŦŜŎǘŜŘ ǿƛǘƘ оΦтр ˃Ǝ ƻŦ Ǉ[± ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ŀƴǘƛƎŜƴ ŀƴŘ оΦтр ˃Ǝ ƻŦ lentivirus packaging mix (1:1:1; 

pMDL-Gag:pVSV-G:pREV, supplied by Sirion Biotech) using the PEI (Sigma-Aldrich) method (330) in a 

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

5.3.3.8 Transduction of NIH-3T3 cells and antibiotic selection 

NIH-3T3 cells (1 × 105) were seeded, and after 24 hours transduced with 2 mL of each supernatant 

ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ƭŜƴǘƛǾƛǊŀƭ ǾŜŎǘƻǊ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ мл ˃ƎκƳ[ ǇƻƭȅōǊŜƴŜ ό¢w-1003-G, Sigma-

Aldrich). After 72 hours, transduced cells were selected via 1 mg/mL G418 (CP11.3, Roth) and/or 2 

˃ƎκƳ[ ǇǳǊƻƳȅŎƛƴ όŀƴǘ-pr-1, InVivoGen). The cells were under antibiotic selection for at least 2 weeks, 

until all untransduced cells had died. 

5.3.3.9 Soft-agar transformation assay 

The soft-agar transformation assay was performed as described previously (364) with minor 

modifications as follows. Six-well plates were filled with 2 mL DMEM (D2902, Sigma-Aldrich) containing 

10% FCS, penicillin/streptomycin, 3.7 g/L NaHCO3, 3.8 g/L D-glucose, 0.5% low melt agarose (6351.2, 

wƻǘƘύΣ м ƳƎκƳ[ DпмуΣ ŀƴŘκƻǊ н ˃ƎκƳ[ ǇǳǊƻƳȅŎƛƴΦ hƴŎŜ ǎƻƭƛŘƛŦƛŜŘΣ рҎмл3 lentivirally transduced 

polyclonal NIH-3T3 cells were seeded in 37°C-prewarmed DMEM containing 10% FCS, 

penicillin/streptomycin, 3.7 g/L NaHCO3, 3.8 g/L D-glucose, 0.35% low melt agarose, 1 mg/mL G418, 

ŀƴŘκƻǊ н ˃ƎκƳ[ ǇǳǊƻƳȅŎƛƴΦ ¢ƘŜ ǇƭŀǘŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ отϲ/ ŀƴŘ р҈ /h2 ŦƻǊ нм ŘŀȅǎΦ нлл ˃[ ƳŜŘƛǳƳ 

(DMEM, FCS, penicillin/streptomycin) was added twice weekly for 21 days. Cells were then fixed in 4% 

PFA (w/v, cat. no.: P6148-500G, Sigma-Aldrich) and stained with 0.005% crystal violet (w/v, cat. no.: C-

6158, Sigma-Aldrich) 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 colonies were counted with ImageJ (365). 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, and HSd-Ola mice 

from Envigo. All animals were females, 6 to 8 weeks old, 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 

(Dyreforsøgstilsynet, license no. 2016-15-0201-01131) and performed according to national 

guidelines. Animals were sacrificed by cervical dislocation once the tumor exceeded 1,000 mm3 or at 

the time points indicated. 
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5.3.3.11 Tumors and immunizations 

C3 tumor cells (1 × 106) in 200 ˃ [ t.{ ǿŜǊŜ ƛƴƧŜŎǘŜŘ ǎǳōŎǳǘŀƴŜƻǳǎƭȅ όǎΦŎΦύ ƛƴǘƻ ǘƘŜ Ŧƭŀƴƪ ƻŦ /рт.[κс 

mice. Tumor size was measured in length and width three times weekly, and the tumor volume was 

calculated as: length × width2 × 0.5236 (366). For the treatment of established tumors, mice were 

randomized by tumor volume prior to treatment. Groups of treated tumor-bearing 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 2×107 

infectious units (IFU) iƴ рл ˃[ t.{Φ bŜƎŀǘƛǾŜ ŎƻƴǘǊƻƭǎ ŎƻƴǘŀƛƴŜŘ ǾŜŎǘƻǊǎ ǿƛǘƘ Lƛ-linked HIV or SIV 

antigens (Supplementary Figure 7). Immunization with two peptides, HPV16 E641ς65 

(KQQLLRREVYDFAFRDLCIVYRDGN), harboring the H2-Kb epitope E648ς57 (EVYDFAFRDL; (367)), and E743ς

77 (GQAEPDRAHYNIVTFCCKCDSTLRLCVQSTHVDIR) harboring the H2-Db epitope E749ς57 (RAHYNIVTF; 

(195); Schafer), was ǇŜǊŦƻǊƳŜŘ ǎΦŎΦ ƛƴ ǘƘŜ Ŧƭŀƴƪ ǿƛǘƘ рл ˃Ǝ ƻŦ ŜŀŎƘ ǇŜǇǘƛŘŜ ƛƴ LƴŎƻƳǇƭŜǘŜ CǊŜǳƴŘϥǎ 

adjuvant (Sigma-Aldrich) as previously described (302,359). The peptides correspond to synthetic long 

peptides E6.2 and E7.2 of the ISA101 vaccine used in clinical testing (see Melief and colleagues 

Supplementary Table S10; (300)) and were selected as they harbor the only known CD8+ T-cell epitopes 

in C57BL/6 mice. Peptides for immunization were prepared according to previous studies (302,359) 

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% DMSO and then emulsified 1:1 in Incomplete Freund's adjuvant 

(Sigma-!ƭŘǊƛŎƘύΦ нлл ˃[ ǿŀǎ ƛƴƧŜŎǘŜŘ ǇŜǊ ƳƻǳǎŜΦ 

Cisplatin (Sigma-Aldrich) was dissolved to 1 mg/mL in 0.9% NaCl (Honeywell) solution, and 3 mg/kg 

mouse body weight was injected intraperitoneally (i.p.) once weekly three times. 

CD4+ and CD8+ T-cell depletion was done by i.p. injection of 0.25 mg anti-mouse CD4 (GK1.5; #BE0003-

1; Bio X Cell), 0.1 mg anti-mouse CD8 (2.43; #BE0061; Bio X Cell), or 0.1 mg rat IgG2b isotype control 

(LTF-2; #BE0090; Bio X Celƭύ ǇŜǊ ƳƻǳǎŜ ƛƴ млл ˃[ t.{Φ 5ŜǇƭŜǘƛƻƴ ŀƴǘƛōƻŘƛŜǎ ǿŜǊŜ ƎƛǾŜƴ ƻƴ Řŀȅǎ нлΣ ноΣ 

and 26 after C3 tumor challenge. Depletion was verified in blood samples on day 28 using BV421 CD8 

(53-6.7, 1:200, BD), PerCP/Cy5.5 CD4 (RM4-5, 1:100, BD), PE/Cy7 CD45.2 (104, 1:100 BD), and Fixable 

Viability Dye eFluor 780 (1:1,000, eBioscience) and is shown in Supplementary Figure 8A 

(representative mice). 

5.3.3.12 Intracellular staining and flow cytometry analysis of splenic, lymph node, blood, and 

intratumoral immune cells 

Splenocytes and lymph nodes were harvested and prepared as previously described (356). Tumor 

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

(cat. no. 130-096-730) 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), intracellular staining, and flow cytometry were 

performed as previously described (356) using the following antibodies: BV421 CD8 (53-6.7, 1:200, 

BioLegend), PE-Cy7 CD4 (RM4-5, 1:800, BD), FITC CD44 (IM7, 1:100, BioLegend), PerCP-Cy5.5 B220 

(RA3-6B2, 1:200, BioLegend), APC ICbʴ ό·aDмΦнΣ мΥмллΣ .ƛƻ[ŜƎŜƴŘύΣ t9 ¢bCʰ όatс-XT22, 1:100, 

BioLegend), and Fixable Viability Dye eFluor 780 (eBioscience). HPV16-specific CD8+ T-cell responses 

were measured as B220-, CD8+ or CD4+, CD44+Σ LCbʴ+ cells and are presented in total number of cells 

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 shown in Supplementary 

Figure 8B. 

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 (53-6.7), PerCP/Cy5.5 CD4 (RM4-5), PE/Cy7 CD45.2 (104), APC 

F4/80 (BM8, BioLegend), AF488 CD11c (N418, BioLegend), AF700 TER119 (TER-119), 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 (FJK-16s, 1:100, Invitrogen). 

Flow cytometry was performed on the Fortessa 5 (BD) flow cytometer, and data analysis was 

performed using FlowJo V10 software. The gating strategy is shown in Supplementary Figure 8C. 

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. Fixated tissues were 

ŜƳōŜŘŘŜŘ ƛƴ ǇŀǊŀŦŦƛƴ ŀƴŘ ǎƭƛŘŜǎ ǿŜǊŜ ǎǘŀƛƴŜŘ ǿƛǘƘ t9 ŀƴŘ ǿƛǘƘ 5!. ŦƻǊ /5уʰ ό5п²н½Σ мΥсллΣ ǇI Ґ фΣ 

Cell Signaling Technology). 

Tissues were scanned using Axio Scan.Z1 (Zeiss) and analyzed using Zen 3.4 software (cutoff area: 10ς

мул ˃Ƴ2. Cutoff circularity: 0.5ς1.0). 

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 soft-agar transformations, individual groups were compared using a two-sided, 

parameterized, unpaired t test. Each symbol represents one replicate, bars indicate the mean with 

standard error of the mean (SEM). 

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

sum test) was used when comparing only two groups, and the KruskalςWallis 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 were analyzed 

by a mixed-effects model for matched values with Geisser-Greenhouse 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 group were alive. Survival curves were analyzed by a 

log-rank (MantelςCox) test. 

For analysis of intracellular staining results, nonstimulated samples were used as background controls, 

and their response values have been subtracted from the peptide-stimulated samples of the 

corresponding animal before performing statistical analysis and graphical presentation. 

Splenic immune responses shown in numbers (indicated by # on the y-axis) are the total number of 

responding cells in the animal. This is calculated by multiplying 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 B220-, CD8+, CD44+Σ LCbʴ+ counts for unstimulated background samples. All samples 

with fewer counts than the average + 2 × standard deviation of the background samples were regarded 
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ŀǎ ƴƻƴǊŜǎǇƻƴŘƛƴƎΦ ¢ƘŜ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ŦǊŀŎǘƛƻƴ ƻŦ ŘƻǳōƭŜ ǇƻǎƛǘƛǾŜ ό҈ ¢bCʰ+ LCbʴ+ ƻǳǘ ƻŦ ŀƭƭ LCbʴ+) and 

mean fluorescenŎŜ ƛƴǘŜƴǎƛǘȅ όaCLύ ƻŦ LCbʴ+ was performed only on responders. 

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 marked: *, p < 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 to the corresponding authors. 

5.3.4 Results 

5.3.4.1 Design and biochemical characterization of the antigen-expressing Ad19a/64 vectors 

The antigens for an HPV16 E1-, E2-, E6-, and E7-containing therapeutic vaccine were designed in 

analogy to the published homologous MfPV3 antigens (356), which were down-selected in mouse 

models and are now being tested for efficacy in MfPV3-infected nonhuman primates (NHP; Figure 

14A). The different HPV16 early proteins were separated by glycine-serine (GS) linkers and encoded in 

Ad19a/64 vectors. With one exception (E1E2E6E7), all polypeptides were N-terminally fused to the 

human MHC class II invariant chain (Ii). 

To ensure the safety of the vaccines, transformation-defective 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 degradation of tumor suppressor 

p53 (333). Additionally, the C-ǘŜǊƳƛƴŀƭ t5½ ŘƻƳŀƛƴ ǿŀǎ ŘŜƭŜǘŜŘ όɲETQL) to abolish the binding of 

telomerase and other LxxLL motif-containing proteins (334). E7 was inactivated by introducing the 

substitutions C24G, L67R, and C91A within the central LxCxE motif in order to inhibit dimerization and 

ǊŜŘǳŎŜ ōƛƴŘƛƴƎ ǘƻ Ǉw. ƪƴƻǿƴ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ aƛнʲ (334,335). Furthermore, we changed 

E2 (C300A) to reduce DNA binding. Epitope prediction revealed that E1 and E2 harbor a larger number 

of potential epitopes (Figure 14B; Supplementary Table 1A) across 75% of the most common human 

HLA types (Supplementary Table 1B) 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 inserted into adenoviral vectors from serotype 19a/64 (Ad19a/64) 

as described (235). 

Proper expression of the encoded antigens was confirmed by western blot analysis following 

transduction of A549 cells with the indicated Ad19a/64 constructs (Figure 14C). All vectors readily 

expressed the encoded antigens, and bands running at the expected size were observed when blots 

were probed with HPV16 early protein-specific 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 proteins of different 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 anti-E2, anti-E6, and anti-E7 (Figure 14D; Supplementary Figure 9A). The 

Ad19a/64 transductions yielded comparable expression for the different HPV16 polypeptides except 

for E1E2E6E7 trending toward slightly higher signals with anti-E6 and anti-E7 (Figure 14D). There is, to 

our knowledge, no available E1 antibody; hence, E1 expression was not directly assessed. However, E1 

is in all analyzed constructs N-terminally fused to either E2 alone, E2E6E7, or E6E7. Western blot 
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analysis with monoclonal or polyclonal ABs directed against E2, E6, and E7 in all cases 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 anticipated E1 to be properly expressed (this was later supported by 

the vaccine's ability to induce E1-specific immune responses; see Figure 15). 
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Figure 14: 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 MHC-II invariant chain (Ii), respectively. Antigens 
were fused as single open reading frames without the Ii coding sequence. Calculated molecular weights are 
indicated (kDa). (B) Predicted MHC-I epitopes of HPV16 early protein antigens E1, E2, E6, and E7 identified by 
IEDB analysis and mapped on the E1E2E6E7 fusion protein. Arrows mark the point mutations 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, 0ς50 nmol/L calculated IC50; yellow: medium affinity, 50ς500 nmol/L calculated IC50; 
red: low affinity, 500ς5,000 nmol/L calculated IC50). (C) Western blot analysis of A549 cell lysates 48 hours 
following transduction with Ad19a/64 encoding the indicated polypeptides at an MOI of 100. Antigens were 
detected with anti-E2 (left top), anti-E6 (left bottom), and anti-E7 (right top) antibodies. As a loading control, 
tubulin was monitored using an anti-tubulin antibody (right bottom). (D) Flow cytometry 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 anti-E2 (left), anti-E6 (middle), and anti-E7 (right). Depicted is the 
MFI of the average of 3 independent experiments. Error bars indicate SEM. (E) Flow cytometry analysis of p53 
in antigen-expressing HEK293T cells upon transfection with pURVac plasmids containing the respective 
antigens. Intracellular staining was performed with anti-p53 together with anti-E6 (all E6 containing antigens) 
or anti-E2 (Ii-E2 only). Depicted is the MFI of the average of 3 independent experiments. Error bars, SEM. 
Individual groups were compared using two-sided, parameterized, unpaired t test. (F) Anchorage-independent 
colony growth in soft-agar transformation assay in the NIH-3T3 cell line. The number of colony-forming units 
(CFU) in the assay is shown. Depicted is the mean with SEM of 3 technical replicates from 3 independent 
experiments. Individual groups were compared using two-sided, parameterized, unpaired t test. Ii: MHC IIς
associated invariant chain, GS: glycineςserineςlinker, 2a: p2a peptide for cotranslational separation. 

5.3.4.2 Virally delivered antigens induce less p53 degradation and colony-forming potential 

Next, we determined the extent of p53 degradation, known as the main tumor suppressor protein, by 

E6wt and the engineered fusion-polypeptides. We saw that our modifications maintained high p53 in 

transfected cells compared with E6wt (Figure 14E; Supplementary Figure 9B), suggesting functional 

inactivation of the E6 oncoprotein. 

To further test for the ability to promote anchorage-independent growth (364), NIH-3T3 cells were 

transduced with VSV-G-pseudotyped lentiviral vectors encoding the engineered fusion-antigens, or 

E6wt and E7wt alone or in combination as positive controls. As negative controls, NIH-3T3 cells were 

transduced with VSV-G-pseudotyped lentiviral vectors encoding Ii-E2 or lentiviral vectors lacking a 

transgene, respectively. 

Transgene expression of polyclonal NIH-3T3 cell lines was verified by western blot analysis 

(Supplementary Figure 9C). For all cell lines, the expected bands at the correct sizes were detected, 

except for Ii-E1E6E7-p2a-Ii-E2, which failed to be generated even after repeated attempts. Cell lines 

expressing the mutated E6 and E7 proteins performed as control antigens, whereas E7wt- and 

E6wt+E7wt-transduced cells readily formed high numbers of colonies in the soft agar (Figure 14E; 

Supplementary Figure 9D). Taken together, this confirms the functional inactivation of the 

transforming potential of HPV16 antigens. 

5.3.4.3 Ad19a/64-vectored vaccination induces robust CD8+ and CD4+ T-cell responses in both 

outbred and inbred mice which can be boosted by Ad5 

Intramuscular immunization of outbred CD1 mice with a single dose of Ad19a/64-vectored vaccines 

confirmed immunogenicity of the different antigen constructs in vivo, as CD8+ T-cell responses were 

detected against E1 (Figure 15A) and CD4+ responses were detected against E1 (Figure 15B) and E2 

(Figure 15C). 
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Figure 15: Ad19a/64 vectored vaccination induces robust CD8+ and CD4+ T-cell responses in both outbred and 
inbred mice. 
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CD1 mice (AςE), different outbred mice as indicated (FςI), or C57BL/6 mice (JςP) were immunized with Ad 
vaccines (2 × 107 IFU) encoding the various HPV16 early antigens as indicated. 

To enhance immune responses further, a heterologous primeςboost immunization was applied 

delivering human Ad5-encoded Ii-E1E2E6E7 as a booster vaccine (Supplementary Figure 10). This 

increased CD8+ T-cell responses to E1 (Figure 15D as compared with Figure 15A) and induced some 

responses against E7 as well (Figure 15E). CD4+ T-cell responses were consistently detected against E1 

and E2 and sporadically detected against E6 and E7 (Supplementary Figure 11A-D). We never detected 

CD8+ T-cell responses to E2 or E6 in CD1 mice, potentially reflecting limited MHC diversity in the 

supposedly outbred CD1 mouse model due to a rather small number of founder mice (341). We, 

therefore, chose to evaluate the Ii-E1E2E6E7 vaccine in an Ad19a/64-Ad5 primeςboost regimen in 

selected other outbred mouse strains derived independently from CD1 (OF1 and Hsd-Ola; (341)). Here, 

we detected vaccine-induced CD8+ responses against all four antigens in at least one of the mouse 

strains (Figure 15F-I) and CD4+ responses against E1, E2, and E7 (Supplementary Figure 11E-G). 

Lastly, we wanted to confirm immunogenicity in the C57BL/6 mouse, which is the standard mouse 

model in the field of HPV16 therapeutic vaccines. We found responding CD8+ T cells against E1 for all 

antigen designs (Figure 15J) and detected E7-specific CD8+ T cells (Figure 15K) and CD4+ responses 

against E1 (Supplementary Figure 11H). The Ii-E1E2E6E7 gave significantly stronger E7 responses than 

the Ii-E1E6E7-p2a-Ii-E2 vaccine, and Ii-E1E2E6E7 also seemed to give stronger E7 responses than the 

vaccine not encoding Ii (p = 0.077). This advantage of the Ii-E1E2E6E7 was further supported when 

looking at the ƛƴǘŜƎǊŀǘŜŘ aCL όƛaCLύ ƻŦ LCbʴ-positive cells combining the magnitude and quality of the 

induced T-cell response (368). In this analysis, the E1 response was by trend higher for Ii-E1E2E6E7 

compared with the non Ii vaccine as well (Figure 15L, p = 0.06). Notably, Ii-E1E2E6E7 significantly 

enhanced the response against E7 compared with the vaccine not encoding Ii and the vaccine encoding 

E7 directly linked to the p2a-Ii (Figure 15M). We did not detect any E2- or E6-specific CD8+ T-cell 

responses despite a previously reported E6 epitope (aa48ς57, EVYDFAFRDL; (367)). This could be 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 (aa49ς57, RAHYNIVTF; (195)). 

Based on the superior CD8+ T-cell 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 the Ii-E1E2E6E7 antigen design. 

Lastly, we confirmed that heterologous Ad5-vectored boosting after Ad19a/64 priming induced a recall 

vaccine-specific response compared with Ad19a/64 priming alone, whereas homologous boosting with 

Ad19a/64 did not (Figure 15N-P). A negative control group of Ad19a/64 and Ad5 vectors containing no 

antigen was included to confirm that the responses were vaccine specific. 

5.3.4.4 Ad-vector vaccination shortly after tumor inoculation provides single-agent tumor control 

and increased survival 

To investigate the therapeutic effect of our HPV vaccine, C57BL/6 mice were injected with syngeneic 

C3 tumor cells. The C3 cell line was established by transfection of mouse embryonic cells with the 

HPV16 genome and an activated ras oncogene (195), and the tumors can express all HPV16 antigens 

(369), in contrast to the commonly used TC-1 tumor model containing only HPV16 E6 and E7 (194). It 

is worth mentioning that the C3 tumor cell line is generally slower-growing and more treatment-

resistant than the TC-1 model, as shown by Sluis and colleagues (cf. their Supplementary Fig. S1; (359)), 

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 encoding Ii-E1E2E6E7 or an irrelevant 

antigen (neg ctrl, see Supplementary Figure 7) 2 days after tumor challenge. On day 20, another 

treatment with Ad5 vectors containing the same antigens was done to boost responses. Ii-E1E2E6E7 

treatment significantly reduced tumor growth (Figure 16A), completely cleared tumors in 3 of 10 mice 

(Figure 16B) and significantly increased survival (Figure 16C, 3/10 vs. 10/10 dead at day 41), indicating 

that the treatment is effective against small tumors. 

 

Figure 16: Ad-vectored delivery provides single-agent tumor control and increased survival by vaccination 
shortly after tumor inoculation 1×106 C3 cells were injected s.c. into the flank of C57BL/6 mice, and the mice 
received Ad19a/64- and Ad5-vectored vaccines i.m. in the same side as the tumor on days 2 and 20, 
respectively. 
Tumor growth (A and B) and survival (C). Pink curves with circles represent 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 mixed-effects model for matched values with Geisser-Greenhouse 
correction of sphericity (A, comparing the entire course of the curves) and log-rank (MantelςCox) test (C). *, p 
< 0.05; ***, p < 0.005. 

5.3.4.5 Ad-vectored vaccination provides single-agent control of established tumors and 

synergizes with cisplatin 

Having confirmed 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 therapeutic vaccination, which showed 
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a reduction of tumor growth in some animals (Figure 17A and B) and significantly increased survival 

(Figure 17C). Cisplatin is the standard treatment of HPV+ cancers in the clinic and has previously shown 

synergy with HPV-targeting therapeutic vaccines (359). Combining the therapeutic vaccination with 

three once-weekly cisplatin injections, as previously described by Nejad and colleagues (302), 

dramatically increased the tumor control (Figure 17D and E) and survival (Figure 17F) compared with 

cisplatin treatment and control vaccination, and compared with therapeutic vaccination alone 

(Supplementary Figure 12A). 

IHC staining of tumor tissues revealed that the therapeutic vaccination significantly increased the 

number of CD8+ T cells (Figure 17G) and even more importantly the infiltration of these CD8+ T cells 

into the central tumor parenchyma (Figure 17H). Representative pictures of the IHC anti-CD8 staining 

are shown in Figure 17I. Cotreatment with cisplatin did not seem to have any obvious effect on the 

infiltration of CD8+ T cells visualized by IHC (Supplementary Figure 12B). 

To further investigate the cause of the observed therapeutic effect, we harvested tumors and lymphoid 

organs at the time points where the therapeutic effect 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 combined (Figure 17D) and on day 30 for mice treated with the vaccine alone (Figure 17A). 

Analysis of the tumor-infiltrating CD8+ T cells showed that the vaccinated mice had more tumor-

reactive CD8+ ¢ ŎŜƭƭǎ ǇǊƻŘǳŎƛƴƎ LCbʴ ǿƘŜƴ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ǘǳƳƻǊ ŎŜƭƭǎ ex vivo at both time points (Figure 

17J). Looking at the splenic responses, the vaccine specifically induced E1- and E7-specific CD8+ T-cell 

responses in these tumor-bearing mice (Figure 17K), corresponding to the nontumor challenged mice 

previously analyzed (Figure 15). Cisplatin treatment alone (neg ctrl + cisplatin, d24, Figure 17K, left, 

gray squares) seemed to induce some anti-HPV responding CD8+ T cells, primarily to E7 and in some 

ƳƛŎŜ ǘƻǿŀǊŘ 9мΣ ōǳǘ ǘƘŜ ŀƳƻǳƴǘ ƻŦ LCbʴ ǇŜǊ ŎŜƭƭ όFigure 17LύΣ ŀƴŘ ǘƘŜ ŀƳƻǳƴǘ ƻŦ LCbʴ ǇǊƻŘǳŎƛƴƎ /5у+ 

T cells, also capable of producing TNF was clearly inferior compared with Ii-E1E2E6E7-treated mice 

(Figure 17M). 

Surface staining analysis revealed that cisplatin treatment did not seem to have an effect on the 

amount of CD8+ T cells in the tumor, supporting the IHC findings (Supplementary Figure 12C), but that 

the therapeutic vaccination significantly increased the proportion of antigen-presenting CD11c-

positive cells in the tumor both on days 24 and 30 (Figure 17N). 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 by Nejad and colleagues (302), 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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Figure 17: Ad-vectored vaccination provides single-agent control of established tumors and works in synergy 
with cisplatin cotreatment. 
1 × 106 C3 cells were injected s.c. into the flank of C57BL/6 mice, and the mice received Ad19a/64- and Ad5-
vectored vaccines i.m. in the same side as the tumor on days 10 and 24, respectively. Mean tumor growth with 
SEM (A), tumor growth for individual mice (B), and survival (C) were assessed. In (DςF) all mice were 






























































































































































