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Figure 1. Genome organization of the Alpha papillomavirus HPV16. The genome is 
comprised of a long control region (LCR) and eight genes that are involved in the virus life 
cycle. This figure is adapted from de Sanjosé 2018 and Doorbar 2015.9,10  (see inside front-
cover for image in color) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The life cycle of a HPV infection. A diagrammatic representation of the skin is 
shown after infection with HPV. Often a micro-trauma of the epithelium allows the virus 
to infect cells in the basal layer of the epithelium (dotted arrow lines). In the basal epithelial 
cells the virions are internalized and the viral genomes are transferred to the nucleus 
(genome maintenance). The genome of the virus is replicated in the nucleus and hereafter 
the virus particles are produced and released. The involvement of the early and late genes 
is shown with the arrows next to the figure. This figure is adapted from Doorbar 2005.4 
 (see inside front-cover for image in color) 
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Human papillomavirus (HPV) infections cause a variety of epithelial lesions 
ranging from benign common warts to malignant anogenital diseases. The 
overall disease burden of HPV infections varies correspondingly from min-
imal cosmetic discomfort to highly debilitating morbidity and even mor-
tality. For the latter category the incidence of HPV-induced diseases still in-
creases, even despite preventive vaccination strategies. As an example, the 
life-time risk of acquiring a genital HPV-infection is around 80% and almost 
10% of these develop into persistent infections related to (pre)malignant dis-
eases.1,2 Current treatments of HPV-induced lesions consist of medical and 
surgical therapies that focus on lesion removal instead of eradication of the 
virus. These treatments are often associated with significant side effects and 
high recurrence rates. Therefore, there is a strong medical need for new HPV 
eliminating drugs with an acceptable side effect profile. The scope of this 
thesis is to elucidate novel pharmacological interventions for HPV-induced 
diseases by using a question-based developmental approach that includes in-
vestigation of the pharmacological effects in an early phase of drug develop-
ment.3 The emphasis of the thesis is on the development of new method-
ological tools to monitor the course of HPV-related diseases in clinical trials, 
as well as the exploration of successful biomarkers of viral load in HPV in-
fections. This introduction summarizes the biology of HPV and its different 
types, the pathophysiology of HPV-induced diseases and addresses the rel-
evance of question-based drug development and the development of new 
methodological tools and biomarkers. 

Human papillomavirus biology
Papillomaviruses are small, non-enveloped, circular, double-stranded DNA 
viruses that belong to the Papillomaviridae family and infect cutaneous and 
mucosal epithelial cells.4 The genome of the HPV is distributed into early 
genes E1-E2, E4-E7 and late genes L1 and L2 (Figure 1).5,6 The early genes E1, 
E2, E4 and E5 induce the maintenance, transformation and replication of 
the viral infection.6 A persistent infection with a high-risk HPV type can in-
duce the integration of the viral DNA into the human genome, causing over-
expression of the E6 and E7 oncoproteins and lead to (pre)malignant pro-
gression of the lesion. The late genes encode for viral capsid proteins which 
are only expressed in highly differentiated epithelial cells and lead to a high 
number of HPV copies. 
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HPV infection is about 80% and approximately 40% of female adolescents be-
come infected with a high-risk HPV type at least once.1,2,15 The prevalence of 
a high-risk infection decreases with age, being 15% in all women and 9% of all 
women above 30 years.2 The majority of these infections are transient and 
will be cleared by the immune system without causing any lesions.

This thesis describes studies performed in patients with cutaneous warts, 
anogenital warts and vulvar HSIL, being Alpha papillomaviruses-induced dis-
eases illustrative for typical low-risk (cutaneous warts and anogenital warts) 
and high-risk (vulvar HSIL) HPV-induced diseases falling within the scope of 
this thesis.

Table 1. The different human papilloma virus (HPV) groups based on their evolutionary 
relationship. The HPV types are divided in 5 different groups; Alpha (pink and yellow), 
Beta (green), Gamma (blue), Mu (purple) and Nu (lilac). The Alpha-papillomaviruses are 
subdivided as low-risk (yellow) and high-risk (pink) based on the benign or malignant 
potential of the virus, respectively. Examples of different HPV types, tissue preference and 
associated diseases are given.12,13 
 
Genus + Species Types Tissue preference Diseases

Alpha 1, 13 HPV32, HPV54 Mucosal Low-risk mucosal 
lesions

Alpha 8 HPV7 Mucosal Butcher’s wart

Alpha 10 HPV6, HPV11 Mucosal/
cutaneous

Anogenital warts, 
oral/laryngeal 
papillomas 

Alpha 9 HPV16, HPV31, HPV33 Mucosal Vulvar and cervical 
HSIL/carcinoma

Alpha 7 HPV18, HPV45 Mucosal Cervical HSIL/
carcinoma

Alpha 5, 6, 11 HPV51, HPV56, HPV34 Mucosal Cervical HSIL/
carcinoma

Alpha 2, 3, 14, 15 HPV3, HPV10 Mucosal Low-risk mucosal 
lesions, flat warts

Alpha 4 HPV2, HPV27, HPV57 Cutaneous Cutaneous warts

Beta 1-5 HPV5, HPV8 Cutaneous Skin cancer, 
epidermodysplasia 
verruciformis

Gamma 1-5 HPV4, HPV60 Cutaneous Cutaneous warts, 
epidermoid cyst

Mu 1-2 HPV1, HPV63 Cutaneous Cutaneous warts

Nu 1 HPV41 Cutaneous Cutaneous lesions

Infection with HPV requires access of the virus to cells in the basal layer, by 
micro trauma of the epithelium (Figure 2). The capsid of the virion is cleaved 
to facilitate the virus internalization.6,7 Once the virions are internalized they 
undergo endosomal transport, further uncoating, cellular sorting and subse-
quent transfer of the viral genome to the nucleus. Infection of the lower ep-
ithelial layer is followed by an initial phase of genome amplification in low 
copy numbers and maintenance of the viral genome.6 The genome amplifi-
cation is further facilitated by the upper epithelial layers which results in a 
high genome copy number. It is hypothesized that the infection of an epithe-
lial stem cell is necessary in the lesion formation process.6,8

To date, more than 207 different human papillomavirus (HPV) genotypes 
have been identified based on the DNA sequence and are divided into five 
phylogenetic groups: Alpha, Beta, Gamma, Mu and Nu.5,11 Figure 3 shows the 
five phylogenetic groups and the subdivision of Alpha papillomaviruses into 
low-risk (yellow, e.g., cutaneous and anogenital warts) and high-risk (pink, 
e.g., vulvar high-grade squamous intraepithelial lesions (HSIL)) diseases. 

Next to different life-cycle characteristics and disease associations, the 
HPV types in the different phylogenetic groups can be categorized as either 
cutaneous or mucosal genotypes based on their tissue preference (Table 1). 

The majority of HPV infections manifest themselves as an asymptomat-
ic infection of the cutaneous or mucosal epithelium, although self-limiting 
benign growth is also frequently observed. Most HPV types belong to the 
Alpha papillomaviruses group and these HPV types cause mucosal and cu-
taneous lesions. This group includes the HPV types that primary cause cu-
taneous warts and also the genitally transmitted HPV types. The latter men-
tioned viruses are the most common sexually transmitted pathogens world-
wide and some of these are associated with the development of cancer.4 The 
Beta papillomaviruses infect the cutaneous epithelia and mostly cause inap-
parent or latent infections but can also cause non-melanoma skin (pre)ma-
lignancies.5 The Gamma, Mu and Nu papillomavirus mostly causes benign 
cutaneous lesions.5The subdivision of HPV types into low-risk and high-risk 
depends on their carcinogenicity, i.e. the benign or malignant potential of 
the virus.14 Infection by low-risk HPV types is asymptomatic or can cause be-
nign lesions. However, persistent infection with high-risk types can cause 
(pre)malignant anogenital lesions.5 The lifetime risk of acquiring a genital 
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located on foot soles, and common warts, located on all other skin locations 
(Figure 1). The diagnosis of cutaneous warts is based on clinical observations. 
Depending on the HPV-genotype and clinical location, the clinical appear-
ance of common and plantar warts differs but most warts present as hy-
perkeratotic papules or plaques. Common warts are mostly elevated, scaly, 
rough and skin-colored papules or nodules, while plantar warts are mostly 
thick, hyperkeratotic, papules with capillary thrombosis.

The most frequently used treatments for cutaneous warts are cryothera-
py, salicylic acid, ablation and surgical excision, aimed at destruction of the 
infected tissue. The efficacy, recurrence rates and side effects of these ther-
apies are depicted in Table 2. The most commonly used therapy is cryother-
apy which consists of the use of liquid nitrogen at a temperature of -196°C 
to create an area of necrosis below and around the wart.28,29 Salicylic acid 
causes chemical ablation of the wart. Ablation with a laser or electrocautery 
has comparable efficacy rates as surgical excision, however is not often used 
because of the invasive nature and side effects.28

Table 2. Efficacy rates and side effects of the most common treatments for cutaneous 
warts. 
 
Treatment Efficacy rate Side effects 

Cryotherapy 29-51%29-31 Pain, blistering, scarring, irritation, pigmentation, crust 
formation30

Salicylic acid 16-35%29-31 Irritation, pain, blistering, bleeding, pigmentation30

Ablation 75-100%29,31 Pain, scarring, crust formation, irritation29

Anogenital warts
Anogenital warts (AGW), caused by low-risk HPV types such as HPV6 and 11, 
are highly contagious and are the most common sexually transmitted viral 
disease worldwide with an incidence of 160-289 per 100.000.1,32-34 Genital 
warts generally cause minor symptoms such as pruritus and irritation, but 
most patients report a high psychological burden from the disfiguring nature 
of the warts and concerns about infecting sexual partners.35,36 Two prophy-
lactic vaccines are available against HPV, namely 2-valent papillomavirus vac-
cine (Cervarix®) and 4-valent papillomavirus vaccine (Gardasil®). Cervarix® 
includes the high-risk HPV types 16 and 18 and Gardasil® includes next to HPV 
16 and 18 also the low-risk HPV types 6 and 11. A 9-valent papillomavirus vac-
cine (Gardasil-9®) recently became available and contains 5 other high-risk 

Figure 3. Phylogenetic tree of human papilloma virus (HPV) demonstrating their 
evolutionary relationship. HPV types are divided in 5 different groups: Alpha (pink and 
yellow), Beta (green), Gamma (blue), Mu (purple) and Nu (lilac). The Alpha-papillomaviruses 
are subdivided as low-risk (yellow) and high-risk (pink) based on the benign or malignant 
potential of the virus, respectively. Cutaneous warts are caused by low-risk HPV types of 
the Alpha genus. Typical appearances of a common wart on the hand (left) and a plantar 
wart (right) are shown. Anogenital warts are also caused by low-risk HPV types of the Alpha 
genus, but these are phylogenetically different from the HPV types causing cutaneous 
warts as shown in the tree by the division of the branches. Anogenital warts on the penile 
shaft (upper) and under the foreskin (lower) are shown. High-risk HPV types of the Alpha 
genus (pink) cause vulvar high-grade squamous intraepithelial lesions (HSIL) with a high 
degree of variation in appearance, such as elevated hyperkeratotic white lesions (left) or 
red lesions (right). (see inside front-cover for image in color)

Cutaneous warts
Cutaneous warts are a common benign skin condition with an estimated 
prevalence of 3-13% in the general population in the Western world.16 Most 
people are affected by cutaneous warts at some time point in their life.16-19  
The vast majority (>80%) of cutaneous warts in the general population is 
caused by HPV1, 2, 27 and 57.20-25 Two-third of all warts show spontaneous 
regression within two years after diagnosis. Although cutaneous warts are 
benign and usually resolve spontaneously, they cause physical and psychoso-
cial discomfort.26,27 Cutaneous warts can be subdivided into plantar warts, 
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is in 90% of the cases caused by HPV type 16.57 The incidence of vulvar HSIL is 
2-5 per 100.000 but the incidence is rising and young women in their 30s and 
40s are most often affected.58,59 The majority of patients suffer from long-
lasting and severe symptoms like pruritus or pain and the disease is associ-
ated with a high psychosocial burden and sexual dysfunction.60 Vulvar HSIL 
has a malignant potential of 3-5% when treated, but when left untreated inci-
dence may increase up to 9%.57,61,62 Only up to 1.5% of vulvar HSIL lesions are 
reported to regress spontaneously.61,62 

Vulvar HSIL has a highly variable appearance on clinical examination and 
may therefore be difficult to diagnose (Figure 3). Diagnosis always has to be 
confirmed by histopathological analysis. The lesions can be unifocal or mul-
tifocal, can present as plaques or papules and may be white, brown or red. 
The lesional skin can be thickened (hyperkeratosis), split (fissures) or ulcer-
ated. Vulvar HSIL is often a multicentric disease, therefore it is important to 
examine the cervix, vagina and anus as well.63

The aim of vulvar HSIL treatment is symptom relief, restore normal anato-
my and prevention of malignant progression. Considering the low malignant 
potential of the disease, expectative management in combination with close 
follow-up can be considered if patients have no severe symptoms and there 
is no suspicion of invasive disease. Treatment options for vulvar HSIL are sur-
gical excision, ablation (laser therapy) and imiquimod (Table 4). 

Table 4. Efficacy and recurrence rates and side effects of the treatments for vulvar 
HSIL. 
 
Treatment Efficacy  

rate
Recurrence 
rate

Side effects

Excision Not reported 51%60,64 Disfiguring, pain64,73

Laser therapy 75%62,74-76 51%60,64 Not reported

Imiquimod 51-
58%64,65,67,77

11-16%65,66 erythema, oedema, pain, erosion/ulceration, 
fatigue, headache, muscle pain64-67,69,77

Cidofovir 46%69 6%70 Pain, ulcera, fatigue, headache, muscle pain69

Further, the treatment is usually associated with psychosocial and sexual 
burden for the patient. Ablative techniques such as laser therapy offer in-
creased precision and better cosmetic results and are as efficacious as local 
excision.64 Surgical interventions aim to remove (excision) or destroy (laser) 
visible lesions, but do not eliminate the virus, while vulvar HSIL is caused by a 
persistent HPV infection. Therefore, there are often positive tumour margins 

HPV types (31, 33, 45, 52, and 58) next to HPV 16 and 18. Since 2008, the Dutch 
national immunisation programme included the Cervarix® vaccine for girls 
aged 12-13. The success rate of immunisation is rather low as the coverage is 
only 45%.37 In Australia the Gardasil® vaccine is included in the national im-
munisation programme and this has resulted in a dramatic reduction of the 
incidence of genital warts with almost 90%.38 The diagnosis of AGW is a clini-
cal diagnosis and no additional research, i.e. biopsy, is necessary. AGW can ap-
pear as solitary lesion, in clusters or as plaques and can be flat, dome-shaped, 
keratotic, pedunculated or cauliflower-shaped (Figure 3). 

Current therapeutic options for AGW can be divided into topical therapeu-
tical agents (podophyllotoxin, imiquimod) and surgical removal (cryotherapy, 
excision, electro surgery, laser ablation). Podophyllotoxin is a substance ob-
tained from the rootstock of the may apple plant and causes cell death and de-
struction of the wart. Imiquimod is an immunomodulator which causes acti-
vation of different cytokines, particularly interferon-alpha. The efficacy and 
recurrence rates and side effects of these therapies are depicted in Table 3.

Table 3. Efficacy and recurrence rates and side effects of the most common 
treatments for anogenital warts. 
 
Treatment First/

second line
Efficacy  
rate 

Recurrence 
rate

Side effects

Podophyllotoxin First 45-48%39-42 4-38%41,43 Local inflammation or 
irritation, erosion, burning, 
pain, itching44-46

Imiquimod 5% First 27-54%47-49 13-19%48,49 Erythema, erosion, itching, 
burning sensation46,49

Cryotherapyw First 27-88%50-53 21-40%51,52 Pain, ulceration, scarring, 
irritation, pigmentation51,52

Surgical excision First/second 35-72%54,55 19-29%54,55 Pain, scarring, crust 
formation46,55

Electro surgery Second 61-94%51,56 22%51,56 Pain, scarring, irritation46,51

Laser therapy Second 23-52%29,46 60-77%46 Pain, scarring, crust 
formation46

Vulvar high-grade squamous intraepithelial 
lesion

Vulvar high-grade squamous intraepithelial lesion (HSIL), previously known 
as usual vulvar intraepithelial neoplasia (uVIN), is a chronic premalignant vul-
var skin disorder caused by a persistent high-risk HPV infection. Vulvar HSIL 
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The clinical development success rate, i.e. the likelihood that an experimen-
tal compound investigated in a phase 1 study is approved, was 9,6%, based 
on data from clinical trials performed in all disciplines from 2006 to 2015.79 
The transition success rate from phase 1 to 2 was 63.2% and from phase 2 to 3 
30.7%.79 Following the traditional four clinical phases of drug development, 
most early phase studies on new compounds explore safety and tolerability 
rather than human pharmacology of the specific drug.80 The low clinical de-
velopment success rate of approximately 1 out of 10 suggests that the early 
prediction of the efficacy and safety of a new compound is of crucial impor-
tance. Early signaling of limited efficacy could halt the further development 
of a compound which can save time and resources. However, the pharma-
cological effects of a new drug are often investigated in later stages of clin-
ical drug development. Question-based development is a new approach in-
tegrating the evaluation of the pharmacological effects in an early phase of 
drug development.3 By using this approach, specific questions guide the in-
vestigation of pharmacodynamics of a compound in an early stage of devel-
opment. Questions obviously should be tailored to the compound type and 
indication(s) based on relevancy, but can generally be divided in 5 questions:3 

1 Does the drug get to the site of action? 
2 Does the compound cause its intended pharmacological/ functional 

effect(s)?
3 Does the compound have beneficial effects on the disease or its 

pathophysiology?
4 What is the therapeutic window of the drug?
5 How do the sources of variability in drug (e.g. dose, pharmacokinetics, 

and pharmacodynamics) response in the target population affect the 
development of the product?

It is essential to utilize the most appropriate methodology to answer these 
questions. Biomarkers are biological measures of pharmacodynamic drug ef-
fects. According to the World Health Organization, a biomarkers is ‘any sub-
stance, structure, or process that can be measured in the body or its products 
and influence or predict the incidence of outcome or disease’.81 The use of 
biomarkers in an early phase of drug development is of crucial importance 
to optimize development time and resources. A biomarker refers to a broad 
subcategory of medical signs of clinically significant patient outcomes that 
can be accurately and reproducibly measured.82 

or still presence of HPV infection in the surrounding tissue after surgical in-
tervention, resulting in a high number of recurrence and residual lesions of 
up to 40%.64-66 Medical treatments have the advantage that there is mini-
mal disruption of the anatomy compared to surgical interventions. The most 
commonly used medical treatment is imiquimod which was developed and 
licensed for anogenital warts but has also shown to be effective in vulvar 
HSIL.66-68 Imiquimod is an immunomodulator that destroys abnormal cells 
by enhancement of the immune response of the body. Other treatments are 
cidofovir, photodynamic therapy and therapeutic vaccination. Cidofovir is 
an antiviral therapy and can be used as a local treatment for vulvar HSIL. A 
recent randomized clinical trial in 180 subjects performed to compare treat-
ment with cidofovir and imiquimod in vulvar HSIL patients showed compa-
rable efficacy and less recurrences in the cidofovir group.69,70 Photodynamic 
therapy is based on light-induced oxidation reactions which lead to tissue ne-
crosis and has the advantage that it is well tolerated and that the anatomy of 
the vulva is preserved.71 Photodynamic therapy has been evaluated in small 
samples showing varying results in terms of efficacy.64 Therapeutic vaccina-
tion with a synthetic peptide targeting specific HPV16 has shown to induce 
clinical responses.72 Further investigation to evaluate the effect in treating 
vulvar HSIL is needed. Prophylactic vaccination against HPV has shown to re-
duce the risk of HPV-related diseases including vulvar HSIL.64 The option of 
treatment differs per patient and depends on several factors such as location 
of the lesions, uni- or multifocality, comorbidity, previous treatment and ob-
viously patient and physician preference.

Development of novel therapeutics with new 
methods and biomarkers

Using the information on registered clinical trials as available in the trial reg-
istration ‘clintrials.gov’, 501 clinical trials for HPV-induced diseases were per-
formed in the last decade. Of these studies, 79 were phase 1 trials, 125 phase 2, 
83 phase 3, 42 phase 4, and 204 not assigned to a clinical phase. In July 2019, 
208 clinical trials in HPV-induced diseases are executed according to the in-
tegrity database of Clarivate Analytics.78 Of these trials, 80 are randomized 
and 55 are double-blind and placebo-controlled. These high numbers indicate 
the medical need for the development of new compounds for HPV-induced 
diseases. A likely explanation is that current treatments are not sufficient 
given their low efficacy and high recurrence rates. 
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Outline of this thesis
This thesis describes studies that address different aspects of early clinical 
phase drug development in three different HPV-related diseases. This the-
sis is divided into two parts: section 1 describes the development and use of 
novel tools in clinical drug development and section 2 focuses on early phase 
clinical studies examining safety, tolerability, pharmacodynamic and effica-
cy parameters of new topical compounds with high pre-clinical potential for 
the treatment of HPV-induced diseases. 

Section 1 Tools and biomarkers in early phase clinical trials 
for HPV-induced diseases
The clinical trials in this thesis employed new tools and biomarkers for three 
types of HPV-induced diseases (CW, AGW and vulvar HSIL) in an early phase 
of drug development with use of the question-based drug development ap-
proach. Section 1 entails a thorough characterization of the implement-
ed tools, including valid information about treatment adherence, (adverse) 
events and symptoms. Chapter 2 describes the development, implementa-
tion and evaluation of an electronic diary to measure treatment adherence 
and patient-reported outcomes. Chapter 3 entails the technical and clinical 
validation of a stereophotogrammetric 3D camera system. 

Section 2 Novel topical treatments for HPV-induced diseases
Section 2 describes the evaluation of two new topical compounds for HPV-
induced diseases: i) omiganan, a small peptide known for its antimicrobial 
functions which has shown in vitro antiviral and immunomodulatory activity, 
and ii) ionic contra-viral therapy (ICVT) comprised of digoxin and furosemide 
which has shown in vitro antiviral activity. Chapter 4 describes the results of 
two clinical trials using omiganan in patients with AGW and vulvar HSIL. The 
purpose of these trials was to assess the safety of omiganan and to explore 
pharmacodynamics and efficacy of omiganan in these diseases. In Chapter 
5 safety, pharmacodynamics and efficacy of topical ICVT are investigated in 
patients with cutaneous warts. Chapter 6 presents the safety and efficacy of 
topical ICVT in patients with AGW in a randomized, vehicle-controlled trial. 
     Chapter 7 summarizes and discusses the overarching findings of these 
studies as well as future perspectives on drug development in HPV-induced 
diseases. This chapter includes a critical evaluation of the process of drug de-
velopment and of novel tools and biomarkers in early phase clinical trials in 
HPV-induced diseases. 
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