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“There are only two ways to live your life. One is as though nothing is a miracle.

The other is as though everything is a miracle.”

Albert Einstein
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Summary

Summary

Human Papillomaviruses (HPV), particularly the high-risk HPV types 16 and 18, are
pivotal in the development of cervical carcinoma and other tumorous entities in the
anogenital tract, such as the vulva, as well as in the oropharyngeal region. Also, certain
cutaneous beta-HPVs, such as HPV5 and 8, are thought to play a cofactor role of in the
development of non-melanocytic skin cancer in epidermodysplasia verruciformis (EV)
patients. HPV-associated cancers develop via precancerous lesions, such as mucosal

intraepithelial neoplasia, or cutaneous actinic keratoses, respectively.

In addition to cutaneous non-melanoma skin cancers, precursor skin lesions such as
actinic keratosis or vulvar intraepithelial neoplasia (VIN) are presently addressed through
photodynamic therapy (PDT). PDT induces necroptosis, a form of cell death that
combines criteria of necrosis and apoptosis and involves the factor "receptor-interacting
serine/threonine-protein kinase 3" (RIPK3). Our group had recently shown that RIPK3-
dependent necroptosis in HPV-positive tumour cells, induced by dsRNA, strongly
activates the immune system. Thus, in contrast to apoptosis, RIPK3-dependent

necroptosis represents a form of immunogenic cell death.

In this work, we now aimed to investigate the involvement of RIPK3 expression in the
response to PDT in skin cancer precursors in vivo or HPV-positive cells in vitro. First,
RIPK3 expression in actinic keratoses was analysed. Significant differences in the
expression patterns were found. RIPK3 expression in actinic keratoses correlated with
the success of PTD in vivo. In VINs, RIPK3 expression decreased significantly with
severity. Thus, less RIPK3 was detected in less differentiated tumour tissue. Standard
therapy for VINs and vulvar carcinoma is currently radical excision, which is often
associated with dramatic physical but also psychological consequences for the affected
patients. Whether or not RIPK3 expression in VIN is associated with responsiveness to

PDT warrants further investigation.

A cutaneous 3D cell culture model was used to study the effects of PDT in vitro. To
investigate the role of HPV8 and its influence on RIPK3 expression and effects on PDT
treatment outcome, the HPV8 EG oncogene was expressed in keratinocytes by retroviral
gene transfer, which were then subjected to PDT. Keratinocytes transduced with HPV8
E6 exhibited diminished RIPK3 expression after PDT, particularly within the superficial
cell layers, in comparison to non-irradiated cultures, despite RIPK3 being suppressed in
both conditions. The detection of PDT-dependent DNA double-strand damage by y-
H2AX was limited to the suprabasal cell layers. HPV8 E6-transduced cells exhibited less

PDT-dependent DNA damage and were more resistant to PDT overall. Interestingly,
~1~
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basal cell layers were more likely to be stimulated to proliferate in this model. Whether
this observation also applies to the in vivo situation remains unclear at present and would

need further investigation in the future.



Zusammenfassung

Zusammenfassung

Humane Papillomviren (HPV), insbesondere die sogenannten Hochrisiko-HPV Typen 16
und 18, spielen eine entscheidende Rolle fur die Entstehung des Zervixkarzinoms und
weiterer Tumorentitadten im Anogenitaltrakt, wie beispielsweise der Vulva, sowie im
Oropharynxbereich. Auch wird eine Kofaktor-Rolle bestimmter kutaner beta-HPV, wie
HPV5 und 8, bei der Entstehung des nicht-melanozytdren Hautkrebses vermutet. Die
Entwicklung dieser Krebsarten erfolgt Uber Krebsvorstufen, mukosale intraepitheliale

Neoplasien bzw. kutane aktinische Keratosen.

In Ergédnzung zu nicht-melanozytdaren Hautkrebsarten werden derzeit auch
Krebsvorstufen wie die aktinische Keratose oder die vulvare intraepitheliale Neoplasie
(VIN) mittels photodynamischer Therapie (PDT) behandelt. PDT induziert Nekroptose,
eine Form des Zelltods, der Kriterien der Nekrose und der Apoptose vereinigt und den
Faktor ,Receptor-interacting serine/threonine-protein Kinase 3* (RIPK3) involviert.
Unsere Arbeitsgruppe hatte kiirzlich gezeigt, dass HPV-positive Tumorzellen, die durch
dsRNA in die RIPK3-abhangige Nekroptose getrieben werden, das Immunsystem stark
aktivieren. Im Gegensatz zur Apoptose, stellt die RIPK3-abhangige Nekroptose

demnach eine immunogene Zelltodform dar.

In dieser Arbeit sollte nun Uberprift werden, inwieweit auch das Ansprechen auf eine
PDT bei Hautkrebsvorstufen in vivo oder HPV-positiver Zellen in vitro von der RIPK3
Expressionsstarke abhangt. Zunachst wurde die RIPK3 Expression in aktinischen
Keratosen untersucht. Es fanden sich erhebliche Unterschiede im Expressionsmuster.
In der Tat korrelierte die RIPK3 Expression in aktinischen Keratosen mit dem Erfolg einer
PTD in vivo. Bei VINs nahm die RIPK3-Expression mit dem Schweregrad deutlich ab.
So wurde in weniger differenziertem Tumorgewebe weniger RIPK3 nachgewiesen.
Standardtherapie der VIN und des Vulvakarzinoms ist derzeit die radikale Exzision, was
fur die betroffenen Patientinnen oftmals mit dramatischen physischen aber auch
psychischen Folgen einhergeht. Auf Grundlage dieser Daten ware es sinnvoll zuklnftig
zu untersuchen, ob Uber die Bestimmung der RIPK3 Expression vor Therapiebeginn
Patientinnen selektiert werden kdnnten, deren VINs besonders gut auf PDT ansprechen,

um ihnen eine radikale Exzisionstherapie zu ersparen.

Mit Hilfe eines kutanen 3D-Zellkulturmodells wurden die Auswirkungen der PDT auch in
vitro untersucht. Um die Rolle von HPV8 und dessen Einfluss auf die RIPK3 Expression
und Auswirkungen einer PDT-Behandlung zu untersuchen, wurden das HPV8 EG6
Onkogen mittels retroviralem Gentransfer in Keratinozyten zur Expression gebracht und

einer PDT unterzogen. Die RIPK3 Expression in HPV8 E6-tranduzierten Zellen nach
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Zusammenfassung

einer PDT-Behandlung fiel niedriger aus, verglichen mit der Kontrollgruppe, wobei auch
hier eine Reduktion zu verzeichnen war. Vor allen in den oberflachlichen Schichten liel3

sich kaum RIPK3 nachweisen.

Der Nachweis PDT-abhangiger DNA-Doppelstrang-Schaden mittels y-H2AX begrenzte
sich allerdings auf die suprabasalen Zellschichten. HPV8 E6-transduzierte Zellen wiesen
weniger PDT-abhangige DNA-Schaden auf und waren insgesamt resistenter gegen eine
PDT. Interessanterweise wurden basale Zellschichten in diesem Modell eher zur
Proliferation angeregt. Ob diese Beobachtung auch auf die in vivo Situation tbertragbar

ist, bleibt derzeit unklar und misste in Zukunft weiter untersucht werden.



Introduction

1 Introduction

1.1 Human Papilloma Virus

Human papillomaviruses (HPV) belong to the family of papillomaviridae and are non-
enveloped, double-stranded DNA viruses. To date, over 200 different types of HPV have
been identified, with the number constantly growing. These viruses infect the skin or
mucous membranes, giving rise to the formation of both benign and malignant lesions.
HPV is primarily transmitted through microlesions in the epithelium via skin-to-skin
contact or sexual intercourse, including anal-, oral and vaginal sex. Consequently, it is
considered the most frequently transmitted sexually transmitted infection worldwide.
However, not every transmission or contact automatically results in a persistent infection.
Risk factors for a persistent infection with HPV have been evaluate, including early age

of first sexual intercourse, smoking and immunodepression (WHO 2021).

Interestingly, the number of malignant tumours linked to HPV infection, particularly those
derived from high-risk HPV types such as HPV 16 and 18, is higher in women, with 6250
new cases per year in Germany, and 1600 in men (WHO 2021). Cervical carcinoma is
the fourth most frequent malignant tumour in women and nearly 100% of cervical
carcinoma are HPV associated. HPV infection is a widespread issue, especially amongst
sexually active and younger individuals. Early detection of HPV infection itself or
histopathological abnormal tissue is crucial to prevent the malignant transformation into
invasive carcinoma. Therefore, annual gynaecological physical and cytological

examinations are highly recommended (Robert Koch Institut 2021).

Overall, it is evident that HPV and the risk of cancer development due to an HPV infection
remain a concern for patients’ health and, consequently, the healthcare system. Further
research is indispensable to understand the virus, its biology and pathobiology on
promoting cancer development as well as finding effective strategies in early detection

and therapy are indispensable.

The classification of HPV subtypes primarily relies on analysing the nucleotide sequence
of the open reading frame (ORF) responsible for encoding the capsid protein L1. This
classification is illustrated in figure 1, which depicts a phylogenetic tree. According to
Bernard et al. (2010), there are five major HPV genera: o«-papillomavirus, (-

papillomavirus, y-papillomavirus, mu-papillomavirus, and nu-papillomavirus.

Of particular interest is the a-genera as it encompasses predominantly oncogenic HPV
types thar are responsible for the development of various types of carcinoma, including

cervical, penile, oral, vaginal and vulvar carcinoma (Curado, et al. 2008, Walboomers, et
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al. 1999). From an oncogenic perspective HPV can be further classified into low-risk HPV
and high-risk HPV. Persistent infections with high-risk viruses significantly enhance the
potential for malignant transformation, as the viral genome integrates into the host DNA,
leading to modification in the cellular regulatory machinery, promoting cellular
immortality. On the other hand, low-risk HPV type contribute, for example, for the

development of genital warts.

MPVI23

Figure 1: Phylogenetic tree of HPV

The classification HPV subtypes is primarily based on the nucleotide sequences of the open reading frame
(ORF) encoding the capsid protein L1. Five major HPV genera can be distinguished, (o-papillomavirus, -
papillomavirus, y-papillomavirus, mu-papillomavirus and nu-papillomavirus), a-, 8-, y-HP genera being the

greatest representatives (Bernard, et al. 2010, modified from Bzhalava, Eklund and Dillner 2015).

Across all papillomaviruses, highly conserved protein-coding sequences are present in
the viral genome. These coding sequences provide information for the transcription of
viral proteins, which subsequently determine the specific characteristics of the
papillomavirus type, including host and tissue preferences, as well as the potential
clinicopathological manifestations of an infection (Reid and Campion 1988). The viral
genome can be divided into three main regions: the upstream regulatory region (URR),
the early (E) region, and the late (L) region (figure 2). The URR primarily contains

promoters and enhancers that regulate the transcription of viral proteins. The early
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sequences are essential for the production of viral proteins that play a role in modifying
the cellular environment of the host, favouring viral replication and DNA replication. The
late proteins are necessary for viral assembly and vegetative viral replication. Figure 2
illustrates the gene organization of alpha-, and beta-papillomaviruses, including the

coding sequences for viral proteins.

LCR E6
\ &7

JC Egn
ESNE2 E2¢

Figure 2: HPV genome organisation of alpha and beta HPV types

The genome of alpha and beta HPV with its circular double stand DNA (black line) is illustrated. The early
genes, including the sequences for the oncogenic proteins E6 and E7 are showed in blue, the lates genes
in orange (modified from Gheit 2019).

Of particular interest are the oncogenic proteins E6 and E7, encoded by high-risk HPV
types such as HPV 16 and HPV 18. E6 forms a complex with the tumour suppressor
protein p53 in the host cell, leading to its degradation. The p53 protein functions as a
crucial regulator of the cell cycle, inducing cell cycle arrest and potentially triggering cell
death in response to DNA damage. By inactivating p53, E6 promotes unlimited cell

proliferation, facilitating the development and growth of malignant tumours.

On the other hand, E7 interacts with the retinoblastoma (Rb) protein, another tumour
suppressor protein in the host cell. Rb normally interferes with transcription factors,
repressing cell replication. However, the binding of E7 to the retinoblastoma protein leads
to the release of these transcription factors, resulting in unrestricted stimulation of the
cell cycle and cell division (Yim and Park 2005). The interaction between E6 and E7 with

the tumour suppressors p53 and Rb is illustrated in figure 3.
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Figure 3: Interaction of HPV E6 and HPV E7 with host cell tumour suppressors p53 and Rb

The oncogenic proteins E6 and E7 of HPV interfere with crucial host cell tumour suppressor proteins, namely
p53 and retinoblastoma protein (Rb), respectively. E6 binds to p53, causing its degradation and facilitating
cell cycle progression. Similarly, E7 binding to Rb leads to the formation of an inactive complex, promoting
cell proliferation (modified from Yim and Park, 2005).

The role of HPV E6 and HPV E7 in the potential malignant transformation of cells has
been extensively studied, and these oncogenic proteins have been shown to play a
crucial role in the development of HPV-associated tumours. However, the mechanisms
underlying the induction, persistence, and eventual malignant transformation of host
cells in HPV infection are far more complex. Ma et al. (2016) demonstrated that HPV
employs sophisticated mechanisms to evade the host cells’ attempt at immunological
clearance of an HPV infection. They found that the downregulation of RIPK3 and its
downstream effectors, such as MLKL, reduces TNFa-induced necroptosis of infected
keratinocytes. Additionally, Schmidt et al. (2015) revealed the critical role of RIPK3
expression in cervical cancer for antitumor immune stimulation by the dsRNA analogue
PolylC, which mimics infection with a dsRNA virus. RIPK3 not only induces necroptosis
but also promotes the release of interleukin 1a, stimulating dendritic cells to produce
interleukin-12, which is critical for an effective antitumor response. Furthermore, they
observed significant variations in RIPK3 expression in cervical cancer tissue through in-
situ analysis. These findings are of great importance for understanding HPV-driven

cancer, its mechanisms of immune evasion, and potential treatment options.

The marker Ki67 can be used to identify replicating cells, as it is rarely expressed in
resting cells. Ki67 is commonly utilized as a marker for cell proliferation in
immunohistochemistry. The fraction of Ki67-positive cells in tumour tissue often
correlates with the patient's clinical outcome (Scholzen and Gerdes 2000). Cancer
immunotherapy shows promise as a therapeutic approach but requires further
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investigation. However, the therapeutic efficacy may be limited by the dependence on
the presence of RIPK3. Therefore, the expression level of RIPK3 in cancer tissue could
potentially serve as a predictive factor for a patient's treatment outcome before therapy

is initiated.

1.1.1  Cutaneous Papillomaviruses

Cutaneous human papillomaviruses (HPVs) of the B-generation are present in both the
normal skin microbiota of individuals and cutaneous (pre-) cancerous lesions, including
actinic keratosis and squamous cell carcinoma (Pfister, 2003). The high prevalence of
cutaneous HPVs in infants and young children suggests early exposure during childhood
(Antonsson et al., 2003). Despite their existence as commensal pathogens on the skin,
the involvement of cutaneous HPVs in the initiation and perpetuation of tumorigenesis

has long remained unclear.

The data presented by Pfister (2003) and Orth (2006) indicated a significant presence of
B-HPVs, specifically HPV 5 and 8, in both benign and malignant lesions in long-term
immunosuppressed patients and those affected by the rare autosomal recessive
disorder epidermodysplasia verruciformis (EV). This finding suggests a strong
correlation between immunosuppression and heightened vulnerability to viral infection,
and an oncogenic potential of B-HPVs. Consequently, HPV 5 and HPV 8 have been
categorized as "possibly carcinogenic" in individuals with epidermodysplasia

verruciformis (Bouvard et al., 2009).

Since B-HPVs are predominantly found in the early stages of skin carcinogenesis and
are less described transcribed or even missing in skin carcinomas (Weissenborn et al.,
2005; Arron et al.,, 2011, Neale, et al. 2013), a "hit and run" hypothesis has been
proposed (Hasche, Vinzén, & Roésl, 2018). Hence, there is the suggestion that p-HPVs
might have a critical co-factorial role in the initiation of carcinogenesis rather than its
perpetuation. Potential underlying mechanisms how B-HPVs might promote

tumorigenesis following cutaneous infection are a focus of latest research.

The interaction between the oncogenic protein E6 of mucosal high-risk HPVs, specifically
HPV 16 and 18, and the checkpoint inhibitor p53 serves as a crucial catalyst in the
process of carcinogenesis and has been intensively investigated within the last decade.
This interaction leads to the binding of p53 and subsequent degradation, thereby
facilitating unrestricted cell cycle progression and the potential for malignant cell growth.
However, it appears that in the majority of B-HPVs, the E6 protein does not directly
interfere with p53 (Steger and Pfister 1992, White, et al. 2012, Elbel, et al. 1997), but has
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found alternative elaborated strategies to alter host cell communication and integrity. In
fact, some B-HPV EG6 proteins indirectly modify p53 function by inhibiting for example the
transcription of p53-induced proapoptotic genes (Giampieri and Storey 2004) or by
altering homeodomain-interacting protein kinase 2 (HIPK2) -mediated phosphorylation
of p&3 (Muschik, et al. 2011).

Furthermore, there are evidence that the oncoprotein E6 of -HPVs promote tumour
progression by interacting, amongst others, with CCAAT/enhancer-binding protein alpha
(C/EBPa) and Mastermind-like protein 1 (MAML1), both involved in the differentiation of
keratinocytes, encouraging tumorigenesis (Marthaler, et al. 2017, Tan, et al. 2012).
Furthermore, apoptosis, induced upon UV-mediated DNA-damage seems to be avoided
by interaction with the proapoptotic protein Bcl-2 homologous antagonist/killer (Bak)
following an infection with HPV 8 for example (Jackson, et al. 2000, Underbrink, et al.
2008). In addition, HPV8 E6 seems to enhance the activation of EGFR-signalling upon
UV exposure, resulting in an increased proliferation rate and cell growth, favouring the

development of squamous cell carcinoma (Taute, Pfister and Steger 2017).

Both the B-HPV E6 and the oncogenic protein E7 appear to play a role in tumour
development. In high-risk mucosal HPVs, E7 interacts with the tumour suppressor
protein, the retinoblastoma protein (Rb), resulting in its degradation. This interaction
bypasses cell cycle arrest and facilitates viral genome replication. It has been
demonstrated that B-HPV E7 also binds to Rb (Schmitt et al., 1994). However, E7-
induced alterations in the epithelial microenvironment, by interfering with membrane-
bound matrix metalloproteinase (MT1 MMP) or C/EBPB, also favour epithelial
proliferation and tumorigenesis (Smola-Hess et al., 2005; Sternlicht and Werb, 2001,
Sperling, et al. 2018).

Along with these findings, several in vivo studies, including animal models, have
demonstrated a compelling association between infection with cutaneous B-HPVs,
specifically HPV8, and an elevated incidence of skin tumours. For instance, Schaper et
al. (2005) conducted experiments utilizing transgenic mice and found that the expression
of early genes of HPV8 led to a spontaneous augmentation in skin tumours, even in the
absence of additional exogenous carcinogens. Furthermore, the oncoprotein E6 of HPV8
has been identified as a pivotal factor in tumorigenesis in a mouse model (Marcuzzi et
al., 2009).

In conclusion, comprehensive in vifro and in vivo investigations have indicated that
HPV8, along with other cutaneous B-HPVs, may serve as significant co-factor in tumour
initiation, albeit employing different mechanisms than mucosal HPVs. These B-HPVs

predominantly exert their influence by modifying the tissue microenvironment and
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altering the expression of proteins involved in UV damage repair, such as p300 or ataxia
telangiectasia and Rad3-related protein (ATR). This substantially contributes to an
increased susceptibility to UV-induced DNA damage and consequent skin

carcinogenesis (Wallace et al., 2012; Marcuzzi et al., 2009).

1.2 Precancerous lesions of the skin and the vulvar

HPV appears to have a pivotal role in the carcinogenesis of both cutaneous and mucosal
lesions, being present in precancerous skin lesions as well as vulvar intraepithelial
neoplasia. Actinic keratosis and vulvar intraepithelial neoplasia are considered
precancerous lesions that are associated with HPV infections (Weissenborn, et al. 2005,
Campion and Singer 1987, M. Campion 1987). Photodynamic therapy has emerged as
a minimally invasive treatment option for both conditions, offering a low incidence of side
effects (Tosti, et al. 2018, Arenberger and Arenbergerova 2017, Reinehr, Bakos and al.
2019). In the following two precancerous lesions of the skin and the vulvar, actinic

keratosis and vulvar intraepithelial neoplasia, both treatable with PDT are presented.

1.2.1 Actinic keratosis

Actinic keratosis, also known as keratosis solaris, is a precancerous dermal lesion
characterized by the proliferation of atypical epidermal keratinocytes. It has the potential
to progress into non-melanoma skin cancer, particularly squamous cell carcinoma.
These lesions predominantly occur in sun-exposed areas of the skin, such as the scalp
(in individuals with thinning hair), décolleté, nose, and dorsal surface of the hands.
Consequently, ultraviolet radiation has been identified as the primary factor contributing
to the development of actinic keratosis. However, individual factors such as genetic
predisposition, sex, age, and previous history of cutaneous neoplasms also play a role
(Berman, Cockerell and al. 2013).

Although actinic keratosis is primarily considered a precancerous lesion, cytological
analysis reveals distinct changes than can also be found in manifest neoplasia. These
alterations include an increased rate of mitosis and mutations in the cell cycle regulatory
gene p53. Given the fluid threshold between precancerous lesions and definitive

carcinomas, early diagnosis and treatment are crucial.

Epidemiologically, actinic keratosis holds significant importance worldwide. In Australia,
for instance, actinic keratosis is diagnosed in approximately 40% to 60% of the

Caucasian population over 45 years of age (Reinehr, Bakos and al. 2019). This high
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prevalence can be partially attributed to the intense solar radiation in the country.
However, actinic keratosis can also be found in 10% to 30% of individuals over 40 years
old in Europe and the United States of America. It is widely recognized that the
prevalence of actinic keratosis significantly increases with age. While individuals under
30 years old are rarely affected, the prevalence rises to over 80% in people between 60
and 70 years old (Green, et al. 1988). Considering the demographic changes and the
associated increase in actinic keratosis incidence, medical treatment of actinic keratosis
is becoming increasingly important. Moreover, men appear to be more susceptible to
developing actinic keratosis than women, which can be explained by the assumption that
men experience higher levels of solar radiation exposure throughout their lives,
particularly in outdoor occupations such as roofing or road construction (DGUV 2023).
Additionally, skin type plays a significant role, with individuals of lighter complexion being

more prone to developing actinic keratosis compared to those with darker skin tones.

As previously mentioned, exposure to ultraviolet radiation is the primary factor
contributing to the development of actinic keratosis. The pathogenesis behind the
initiation and manifestation of actinic keratosis is complex and often involves a cascade
of molecular changes in the cells. Figure 4 illustrates the intricate pathogenesis of how

UV radiation contributes to the development of actinic keratosis.

UV Radiation
Membrane phospholipids DNA photodamage ROS, cis-UCA, PAF
Arachidonic acid W Altered intracellular signaling
l l Cytokine dysregulation
Prostaglandins Failure of apoptosis
Changes in T-cell subsets
Inﬂammatlon Genomic mstabmty

\ ImmunOSUppress“m

Figure 4: Pathobiology of the development of actinic keratosis upon ultraviolet radiation

UV radiation induces cellular damage that promotes the formation of precancerous skin lesions through
various mechanisms. On one hand, UV exposure can result in photodamage to the genome, leading to cell
growth following mutations. On the other hand, it can also trigger tissue inflammation and provoke alterations

in immune response (modified from Berman, Cockerell et al., 2013).
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The image illustrates three primary pathways that contribute to the enhanced
proliferation of keratinocytes. Firstly, UV radiation interacts with membrane components,
leading to the production of proinflammatory cytokines, including prostaglandins, which
induce an inflammatory response. Secondly, direct exposure to UV radiation causes
mutations in the cell's DNA, including mutations in the p53 tumour suppressor gene or
other tumour suppressor genes. P53 serves as a regulator of the cell cycle, responsible
for inducing apoptosis in cells that do not meet the criteria for proliferation due to DNA
damage, for example. If this control pathway is ineffective, cells with damaged genetic
information can replicate, resulting in the proliferation of abnormal cells. Lastly, UV
radiation induces an increase in reactive oxygen species, which further causes DNA
damage and collectively contributes to alterations in intracellular signalling pathways.
These changes initiate an impaired immune response that is ineffective in recognizing
and eliminating genetically modified abnormal cells. The impact of immunosuppression
on the development of actinic keratosis is evident from the higher prevalence of actinic

keratosis in patients receiving systemic immunosuppressive drugs (Ulrich, et al. 2009).

Clinical inspection and palpation are the primary methods for diagnosing actinic
keratosis. The condition typically presents as an erythematous base with yellow-
brownish vulnerable keratoses that can be felt as irregular, rough surfaces. Dermoscopy
is regularly employed for more accurate identification. In addition to clinical examination
and dermoscopy, other diagnostic options include optical coherence tomography,
histopathological examination, and immunohistochemical examination of the lesion.
Actinic keratosis is histopathologically characterized by the presence of parakeratosis
and hyperkeratosis in the stratum corneum. Additionally, the epidermis exhibits atypical
keratinocytes with large, pleomorphic, and hyperchromatic nuclei. There is defective cell
differentiation and maturation, and the keratinocytes lose their polarity. The number of
mitoses is significantly increased, and infiltration of immune cells due to inflammatory
reactions is often observed (Roewert-Huber, et al. 2007). Immunohistochemical
examination is primarily performed in cases where a definite diagnosis of actinic
keratosis is otherwise uncertain. The proteins commonly stained for identification include

cytokeratins, such as cytokeratin 5, 8, 15, and 19 (Aslan, et al. 2006).

As actinic keratosis has the potential to progress to a malignant lesion, early and effective
treatment is crucial. Various treatment options are available. A fundamental aspect of
therapy should always be patient education regarding the disease, the risk factors
contributing to its occurrence, and prevention strategies. Additionally, regular skin

examinations conducted by a dermatologist, as well as self-examinations by the patient,
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are essential (Reinehr, Bakos and al. 2019, Ceilley and Jorizzo 2013). Treatment options
can be broadly classified into topical treatments, such as the application of 5-fluorouracil
(5-FU), Imiquimod, or photodynamic therapy, and ablative surgical treatments. Common
techniques for ablative treatment include curettage, cryotherapy, or the use of CO2
lasers. The choice of treatment regimen depends on factors such as the patient's age,
the number and size of the lesions, their location, and, most importantly, the patient's

preference (Reinehr, Bakos and al. 2019, Arenberger and Arenbergerova 2017).

1.2.2 Vulvar intraepithelial neoplasia

Vulvar intraepithelial neoplasia (VIN) is a precancerous lesion of the vulva with the
potential to transform into vulvar carcinoma. Vulvar squamous cell carcinoma (SCC)
constitutes approximately 4% of all genital carcinomas in women. Despite being a
relatively rare condition, it is the most frequently occurring malignant tumour of the vulva,
accounting for about 80-95% of all malignant vulvar cancers (Judson, et al. 2006, Stewart
and Kleiheus 2003). It predominantly affects post-menopausal women over the age of
60. Of concern is not only the increased incidence of VIN in recent years, but also the
shift towards younger women in their thirties (Joura, et al. 2000, Campion and Singer
1987, M. Campion 1987).

VINs can be classified in several ways. Squamous VINs can be categorized as VIN 1 to
3, representing mild, moderate, and severe dysplasia of the epithelium. An alternative
and newer classification is provided by the International Society for the Study of
Vulvovaginal Disease (ISSVD), which divides VIN into low-grade squamous
intraepithelial lesions (LSIL) and high-grade squamous intraepithelial lesions (HSIL),
both of which are HPV-associated, as well as a "differentiated type" that is not HPV-
dependent. Additionally, there are rare non-squamous types such as Paget's disease of
the vulva or melanoma in situ of the vulva. Figure 5 schematically illustrates the
progression from normal epithelium to highly dysplastic lesions that ultimately transform
into invasive carcinoma. It is noteworthy that dysplasia originates in the basal cell layer
of the epithelium and progresses upwards as the grade of VIN increases. All
precancerous lesions, including vulvar intraepithelial neoplasia, have, by definition, an

intact basal membrane, which becomes invasive as carcinogenesis progresses.

~ 14 ~



Introduction

LSIL HSIL

Normal VIN1 VIN 2 VIN 3 invasive

carcinoma

Mild Moderate severe Carcinoma
dysplasia dysplasia dysplasia in situ

Figure 5: Schematic illustration of the development of normal tissue into an invasive vulvar carcinoma

Vulvar intraepithelial neoplasms (VINs) are precancerous lesion, possibly leading to the formation of invasive
vulvar carcinomas. VINs can be categorized in VIN 1 to 3, representing mild, moderate, and severe dysplasia
of the epithelium. Alternatively, the ISSVD-classification divides VINs into low-grade squamous
intraepithelial lesions (LSIL) and high-grade squamous intraepithelial lesions (HSIL), both of which are
associated with HPV infections. Not shown is the non-HPV-associated "differentiated type” (modified from
AMBOSS GmbH 2021).

In the ISSVD classification, human papillomavirus appears to play a crucial role in the
initiation and the progress of VINs. The oncogenic high-risk HPV types, such as HPV 16
and 18, are associated with the carcinogenesis of vulvar neoplasia (De Vuyst, et al.
2009). However, there are other risk factors linked to vulvar intraepithelial lesions,
including the effects of oestrogen (such as nulliparity or few pregnancies), obesity,

smoking, multiple sexual partners, immunosuppression, and genetic susceptibility.

The potential carcinogenic impact of human papillomaviruses was first introduced by zur
Hausen in 1977. Since then, researchers have accumulated substantial evidence linking
HPV and its biology to the aetiology of various tumours, including genital cancer. As HPV
is a sexually transmitted virus, it has been found to be present in the genital tract of a
significant number of sexually active women (Reid, Greenberg, et al. 1987). However, it
is important to note that there are numerous HPV types, each causing different types of

lesions with varying potential for malignant transformation, requiring separate

~ 15~



Introduction

consideration. For instance, HPV types 6 and 11 are commonly associated with genital
warts or VIN grade |, while types 16 and 18, among others, are predominantly found in
high-grade VINs or invasive carcinoma (Campion and Singer 1987, M. Campion 1987).
Macroscopically, VINs present as macules that can be erythematous, white, or
pigmented. The skin appears rough, and hyperkeratotic plaques are frequently observed
(Hoang, et al. 2016).

In terms of treatment, extended vulvectomy was the primary option in the past. However,
this aggressive surgical approach is associated with significant physical and
psychological constraints. Consequently, less invasive treatment options have been
extensively discussed in recent years, including laser ablation, topical application of

Imiquimod, or photodynamic therapy (ACOG 2011).

1.3 Photodynamic therapy

Photodynamic therapy (PDT) is a relatively straightforward treatment option that utilizes
visible light to target dermatological lesions such as actinic keratosis. The underlying
mechanism of PDT involves the generation of reactive oxygen species (ROS) within the
target cells, leading to cellular damage and subsequent cell death. Importantly, this
detrimental effect is relatively specific to the abnormal target cells while sparing the
healthy surrounding tissue. The key component in PDT is the photosensitizer, which

plays a crucial role in the process.

Currently, aminolevulinic acid (ALA) and methyl aminolevulinate (MAL) are the
photosensitizers commonly employed in dermatology for PDT. These photosensitizers
are classified as prodrugs that, upon topical application, are metabolized by cellular
machinery into photoactivatable porphyrins. These porphyrins, particularly
protoporphyrin IX, are naturally involved in the cellular heme synthesis pathway. As
depicted in figure 6, when stimulated by specific light wavelengths (404-420nm and
635nm), these porphyrins transition to an excited state of higher energy. Upon returning
to the ground state, they release this energy to the surrounding environment. The
released energy can directly interact with substrates or react with tissue oxygen, inducing
the formation of ROS. The resulting cellular damage ultimately triggers cell death in the

target cells.

y-H2AX is a protein found in the nucleus of cells and is part of the histone octamer. When
a cell experiences damage, this protein undergoes phosphorylation, initiating a cascade

of reactions involved in cell and DNA damage repair. Therefore, y-H2AX can serve as a
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marker for cell damage, specifically DNA double-strand breaks, providing valuable

insights into the effectiveness of PDT (Kuo and Yang 2008).

Tissue Photosensitizer

oxygen Excited state

Photosensitizer
Ground state

Cellular toxicity

Figure 6: lllustration of the cell-damaging photochemical effect during photodynamic therapy

The applied light stimulates the photosensitizer to rise into an excited state. By returning to the ground state
energy is released to tissue oxygen inducing reactive oxygen species (modified from Wan and Lin 2014).

The cellular damage induced by PDT exhibits a relatively high degree of specificity
towards cancerous or precancerous cells while sparing the surrounding healthy tissue.
This selectivity is attributed to the more effective accumulation of photosensitizers in
tumour cells compared to normal cells (Van Hillegersberg, et al. 1992). The conversion
of ALA, a prodrug, to protoporphyrin IX appears to occur more efficiently in tumour cells
than in healthy tissue. This phenomenon can be attributed to the higher production of
precursor metabolites of protoporphyrin IX or the altered enzymatic machinery involved
in heme biosynthesis in tumour cells, leading to decreased elimination rates (Schoenfeld,
et al. 1988, El-Sharabasy, et al. 1992).

During PDT, the exposure of photosensitizers to light triggers the production of ROS,
causing cellular damage and subsequent activation of stress response pathways in the
targeted cells. These pathways, in turn, activate specific enzymes and transcription
factors, ultimately resulting in cell death. PDT has been associated with various forms of
cell death, including apoptosis, necrosis, autophagy, and necroptosis, the programmed
variation of necrosis (Buytaert, Dewaele and Agostinis 2007, Coupienne, et al. 2011).
The specific type of cell death initiated by PDT depends on factors such as the type of
tumour, the photosensitizer employed, and its concentration (Buytaert, Dewaele and
Agostinis 2007).
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During PDT treatment, the photosensitizer is topically applied to the lesion and left for a
period of three to four hours for incubation. During this time, the photosensitizer can
penetrate the cells and undergo metabolic conversion into photoactivatable porphyrins.
The successful uptake of aminolevulinic acid (ALA) or methyl aminolevulinate (MAL) into
the cells and their subsequent transformation into porphyrins can be visualized through
fluorescence. By exposing the cells incubated with ALA/MAL to a light source, such as
black light with a wavelength ranging from 345 to 380nm, the absorbed amount of
photosensitizers can be assessed, and the potential therapeutic efficacy of PDT can be
predicted. The fluorescence properties of ALA/MAL have also been utilized in
fluorescence-guided surgery, particularly in neurosurgery for the resection of
glioblastoma (Stummer, et al. 2006). Furthermore, an ALA-based fluorescence
diagnostic approach has been described for the identification of cervical intraepithelial
lesions (CIN) (Vanseviciate, et al. 2014).

PDT finds a broad range of indications primarily in the field of dermatology. It serves as
a first-line treatment for actinic keratosis and is also employed for squamous cell
carcinoma, basal cell carcinoma, cutaneous T-cell lymphoma, acne vulgaris, rosacea,
and photoaging (Wan and Lin 2014). Moreover, PDT has been described for the therapy
of oral cancers and precancers such as oral leucoplakia (Chen, et al. 2012) as well as
for wvulvar lesions, including for instance the therapy of vulvar lichen sclerosus

(Prodromidou, et al. 2018) and of vulvar intraepithelial neoplasia (Tosti, et al. 2018).

PDT is a relatively simple yet versatile therapeutic approach, with applications extending
from dermatology to gynaecology. In addition to its broad range of applications, PDT is
associated with relatively few side effects. Common local reactions include erythema,
itching, and exfoliation. Patients often experience pain during PDT (Gholam, Kroehl and
Enk 2013). These local reactions and the accompanying pain are indicative of a PDT-
induced local inflammatory response. The infiltration of immune cells into the targeted
area appears to induce an adaptive anti-tumour immune response, which contributes to

the therapeutic efficacy of this anti-tumour modality (Dougherty, et al. 1998).

1.4 Necroptosis and RIPK3

When a cell is so severely damaged that survival and further replication are no longer
possible, cell death becomes inevitable. One form of cell death is apoptosis, a
programmed process that occurs naturally during organism development and plays a
role in morphological changes and structural differentiation. Apoptosis is initiated through

a cascade of reactions, leading to a highly regulated and controlled destruction of the
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cell. During this process, the cell undergoes shrinkage, nucleosome condensation, and
DNA fragmentation. The resulting particles, known as apoptotic bodies, are

subsequently engulfed and digested by phagocytes.

Necrosis, on the other hand, is a form of cell death that typically follows severe injury
and acute damage. Unlike apoptosis, necrosis lacks a strictly regulated signalling
pathway or controlled procedure. The cell loses its structural integrity, leading to the
release of internal components into the extracellular environment. This cellular rupture

triggers an inflammatory response, causing further damage to surrounding cells.

Necroptosis exhibits characteristics of both apoptosis and necrosis. Specific signalling
pathways trigger programmed cell destruction, but at the same time, the release of
multiple damage-associated molecular patterns (DAMPs) induces an inflammatory
response, affecting the cellular environment. This relatively recent form of cell death has
been the subject of intensive research in recent years. It has been demonstrated that
various stimuli can initiate necroptotic signalling pathways, including Tumour Necrosis
Factor alpha (TNFa), FasL, Tumour Necrosis Factor-Related Apoptosis-Inducing Ligand
(TRAIL), pathogen-associated molecular patterns, as well as viral and bacterial-induced
signalling (Vanlangenakker, Vanden Berghe and Vandenabeele 2012). Given that the
signalling pathways, particularly TNFa-induced necroptosis, have been well investigated
and understood, the following outline will focus on TNFa-induced necroptosis as a model

(figure 7).
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Figure 7: Simplified schematic illustration of TNF-a induced signaling pathways

The formation of distinct complexes involving Receptor-interacting serine/threonine-protein kinase 1 (RIPK1)
relies on the specific signalling pathways triggered by TNFa activation. One potential interaction involves
RIPK3, which leads to the induction of necroptosis. (modified from Wegner, Saleh and Degterev 2017).

Complex | and complex llIb (Ripoptosome) are formed in response to TNFa induction to
promote cell survival and apoptosis, respectively. On the other hand, the macro-
molecular protein complex llb, known as the necrosome, triggers necroptotic cell death.
The activation of caspase 8 plays a central role in determining whether apoptosis or
necroptosis is executed. Caspase 8 activation leads to apoptotic signalling pathways,
while its inhibition initiates the pro-necroptotic machinery (Wegner, Saleh and Degterev
2017). The de-ubiquitination of RIPK1 by Cylindromatosis (CYLD) is crucial for the
progression of necroptosis (Moquin, McQuade and Chan 2013). Following this, RIPK1
and RIPK3 are phosphorylated through autophosphorylation and cross-phosphorylation
(Cho, et al. 2009). Once RIPK3 is phosphorylated and forms homodimers, the pro-
necroptotic enzyme Mixed lineage kinase domain-like pseudokinase (MLKL) is recruited.
Studies by Murphy et al. demonstrated that the recruitment of MLKL is a critical step in
initiating necroptotic cell death, as cells lacking this protein are unable to undergo
necroptosis (Murphy, et al. 2013). MLKL is responsible for the loss of cell membrane

integrity, leading to the release of cellular content into the extracellular space and the
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subsequent inflammatory response characteristic of necrosis (Wang, et al. 2014).
Interestingly, it has been observed that RIPK3 activation is the key step in the formation
of the necrosome. Even in the absence of RIPK1, RIPK3 activation and subsequent
homodimerization are sufficient to induce necroptosis (Wu, et al. 2014). Although the
regulation of necroptosis is complex and not fully understood, the pivotal role of RIPK3
in the necroptotic signalling network has led to the investigation of RIPK3 expression in

cell cultures in this study.

RIPK3 is a serine/threonine kinase and belongs to the receptor-interacting protein (RIP)
kinase family, which comprises seven members (Zhang, Lin and Han 2010). All members
of this family are involved in cell death-inducing or pro-inflammatory signalling pathways.
Structurally, RIPK3 consists of an N-terminal kinase domain, a RIP-homotypic interaction
motif (RHIM), and a unique C-terminal domain. RIPKS3 is predominantly localized in the
cytoplasm, but it can shuttle between the cytoplasm and nucleus due to the presence of

nuclear localization signals (Yang, et al. 2004).

In addition to necroptosis, the RIPK1/RIPK3 signalling pathway is implicated in various
disease pathologies, including ischemic injury and acute and chronic inflammatory
diseases (Wegner, Saleh and Degterev 2017). In mouse models, inhibition of RIPK1
significantly reduced the effects of ischemic brain injury (Degterev, et al. 2005).
Furthermore, RIPK1/RIPK3-mediated necroptosis is associated with the development of
systemic inflammatory response syndrome (SIRS), a life-threatening condition
characterized by an excessive systemic immune response leading to severe end-organ
damage (Duprez, et al. 2011). While RIPK1-dependent pro-inflammatory signalling
appears to promote the development of autoimmune skin diseases such as neutrophilic
dermatosis (Lukens, et al. 2013), RIPK3 is involved in the inflammatory cascade that
promotes atherosclerotic plaque formation (Meng, et al. 2016). Conversely, studies have
hypothesized that RIPK1, RIPK3, and their downstream signalling effectors, as well as
apoptosis and necroptosis, play key roles in the prevention of autoimmune diseases
(Alvarez-Diaz, et al. 2016).

The role of RIPK1/RIPK3 and necroptosis in cancer development and anti-tumor therapy

is of great interest. It may play three different, partially opposing roles in carcinogenesis:

¢ “Induction of necroptosis can be made to eliminate cancer cells that show resistance
to treatment”.
e “Promoting necroptosis can enhance surveillance and protective immunity against
cancer”.
¢ “Inhibition of necroptosis can lead to a reduction in cancer-promoting inflammation”
(Wegner, Saleh and Degterev 2017).
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In cancer treatment, the selection pressure favours the development of apoptosis-
resistant cells. Han et al. (2007) demonstrated that necroptosis could serve as an
alternative pathway to eliminate apoptosis-resistant cancer cells (Han, et al. 2007). On
the other hand, Seifert et al. (2016) showed that RIPK-mediated inflammation plays a
key role in tumorigenesis by promoting the development of a highly immunogenic
myeloid and T cell infiltrate in pancreatic ductal adenocarcinoma (Seifert, et al. 2016). In
contrast, the inhibition of RIPK3 is associated with significantly reduced tumour
progression. As RIPK-induced signalling and subsequent NFkB-dependent inflammatory
response are involved in priming lymphocytes against necroptotic cells, RIPK1 and
RIPKS3 appear to play a crucial role in the body's defence against cancer cells (Yatim, et
al. 2015). These findings clearly demonstrate the high involvement of RIPK1 and RIPKS3,
along with their downstream signalling effectors, in tumorigenesis. The exact underlying
mechanisms are not fully understood and require further research. However, the
modulation of RIPK-mediated signalling pathways has significant potential to

revolutionize anti-tumour therapy.
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1.5 Aim of the study

It is well-established that RIPK3 is involved in the signalling pathway that leads to the
induction of necroptosis during photodynamic therapy (PDT). PDT is commonly
employed for treating patients with actinic keratosis, and thus, the primary objective of
this study was to investigate whether there are variations in RIPK3 expression among
patients with actinic keratosis and whether there is any correlation between RIPK3 levels
and the clinical response to PDT treatment. Currently, radical excision is the standard
therapy for patients with vulvar intraepithelial neoplasia (VIN). Introducing PDT as a new
standard therapy for VIN could revolutionize treatment approaches and substantially
reduce physical and psychological side effects for patients. Therefore, the in vivo
analyses were expanded to include patients with VIN to determine if there are differences
in RIPK3 expression and whether RIPK3 levels correlate with the degree of
differentiation. Numerous previous studies have demonstrated that the effectiveness of
PDT is based on its ability to induce cell death, and RIPK3 plays a critical role in the
signalling pathways involved in this induction. As a result, PDT holds promise as a

minimally invasive therapy option for patients with vulvar intraepithelial lesions.

Using a cutaneous 3D cell culture model, we investigated the effects of HPV8 E6 on
protein expression and the impact of photodynamic therapy (PDT) in vitro. This model
allowed us to replicate the architecture of human skin in vitro and analyse protein
expression using various staining techniques. We visualized the harmful effects of PDT
in vitro by utilizing y-H2AX as a marker for DNA double-strand breaks. Additionally, we
examined the impact of PDT on the proliferation rate of keratinocytes using ki67 as a
proliferation marker. By transducing keratinocytes with HPV8 E6, we simulated an HPV8

infection to analyse the effects of PDT, including DNA damage and cell proliferation rate.

In summary, the objective of this study was to further investigate the role of RIPK3 in
precancerous lesions and its involvement in PDT treatment. Additionally, we aimed to
determine the extent to which an HPV8 infection directly influences RIPK3 expression

and the susceptibility to PDT in vitro.
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2 Material

2.1 Celllines

The cell lines used in this work are listed in table 1.

Table 1: Cell lines used

Cell line description

EXFBU Fibroblasts (Walch-Rickheim, et al. 2015)

HaCaT Immortal human skin keratinocyte cell line, mutated in
the p53 protein (Boukamp, et al. 1988), (Lehmann, et al.
1993)

pLXSN- HPV 8E6- | Immortal human skin keratinocytes transduced either

transduced HaCaT with pLXSN-HPV 8EG6 or pLXSN (Marthaler, et al. 2017).

pLXSN-transduced HaCaT

2.2 Cell Culturing

2.2.1 Media used for cell culture
The media used for cell culture are listed in table 2.

Table 2: Media used for cell culture

media company

Dulbecco’s Modified Eagle Medium (DMEM) High | Sigma-Aldrich, Steinheim
Glucose (4,5g/L) with L-Glutamine

Dulbecco’s Modified Eagle Medium Nutrient Mixture F-12 | Sigma-Aldrich, Steinheim
Ham (with L-Glutamine, 15 mM HEPES) (DMEM: F12)

Dulbecco’s Modified Eagle Medium 10X Sigma-Aldrich, Steinheim
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2.2.2 Reagents used for cell culture
Reagents used for cell culture in this thesis are shown in table 3.

Table 3: Reagents used for cell culture

Reagents company

Cholera toxin Sigma-Aldrich, Steinheim
Dulbecco’s Phosphate Buffered Saline | PAN Biotech, Aidenbach
(DPBS)

Epidermal growth factor (EGF) Invitrogen, Karlsruhe

Fetal Calf Serum (FCS), heat-inactivated | Gibco™, Karlsruhe
for 30 min at 56°C
Hydrocortison Sigma-Aldrich, Steinheim
Penicillin/Streptomycin [10000 U/mL, 10 | Sigma-Aldrich, Steinheim
mg/mL]
Sodium pyruvate [100 mM], sterile filtered | Sigma-Aldrich, Steinheim
Trypsin (0,05% Trypsin und 0,02% EDTA) | Sigma-Aldrich, Steinheim

Lipofectamine RNAIMAX Reagent Thermo Fisher Sientific, Belgien
Non-coding-siRNA Dharmacon
siRIPK3 Dharmacon

2.2.3 Complex medium used for cell culturing of keratinocytes and fibroblasts

The cells are cultured in a complex composed medium. 500 ml of DMEM High Glucose

with L-Glutamine is supplemented with following ingredients:

e 10% FCS
e 1% Penicillin/Streptomycin

¢ 1 millimolar Sodium pyruvate

2.2.4 Complex medium used for cell culturing of siRNA transfected keratinocytes

For cells transfected with siRNA a cell culture medium without antibiotics is used: 500 ml

of DMEM High Glucose with L-Glutamine is supplemented with following ingredients:

e 10% FCS

¢ 1 millimolar Sodium pyruvate

2.2.5 Complex medium used for 3D-cultures

The medium used for 3D cultures (FAD medium) is composed of 250ml Dulbecco’s
Modified Eagle Medium Nutrient Mixture F-12 Ham (DMEM: F12) and 250m| of DMEM
High Glucose with L-Glutamine in a ratio of 1:1. Additionally following ingredients are
added:
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e 10%FCS

¢ 1% Penicillin/Streptomycin

e 1 mM Sodium pyruvate

¢ 10 ng/ml Cholera toxin

e 0,4 yg/ml Hydrocortisone

¢ 10 ng/ml Epidermal growth factor

2.3 Antibodies for immunohistochemical staining

The following antibodies are used in the indicated dilution for immunohistochemical

staining of tissue (VINs, actinic keratosis) and 3D cultures (table 4 and table 5).

2.3.1  Primary antibodies

Table 4: Primary antibodies used for immunohistochemical staining

Antigen species application dilution company
RIPK3 rabbit Actinic 1:20000 Thermo Fisher
keratosis Scientific, Belgien

RIPK3 rabbit VIN 1:30000 Thermo Fisher
Scientific, Belgien

RIPK3 rabbit 3D-culture 1:500 Thermo Fisher
Scientific, Belgien

Ki67 mouse 3D-culture 1:3000 Dako Agilent
Pathology
Solutions, Santa
Clara, USA

y-H2XA mouse 3D-culture 1:50000 Millipore, JBW301

2.3.2 Secondary antibodies

Table 5: Secondary antibodies used for immunohistochemical staining

Antibody target Species company

Anti-mouse Peroxidase Horse Vector Laboratories,
Burlingame, US

Anti-rabbit Peroxidase Horse Vector Laboratories,
Burlingame, US

2.4 Chemicals and reagents

All chemicals and reagents utilized for the experimental work of this thesis are listed in

table 6.
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Table 6: Chemicals and reagents used

Chemical/reagent

company

Aminolaevulinic acid

Sigma-Aldrich, Steinheim

Bovines Serumalbumin (BSA)

Sigma-Aldrich, Steinheim

Ethanol absolut (C2Hs0H)

Roth, Karlsruhe

Hematoxyline

Vector Laboratories, Burlingame, US

Hydrogen peroxide (H20,)

Merck, Darmstadt

Natriumhydroxide (NaOH)

Merck, Darmstadt

0-Xylol 99% pure

Thermo Fischer Scientific, Belgien

Paraformaldehyde

Sigma-Aldrich, Steinheim

Potassium chloride (KClI)

Grissing GmbH, Filsum

Potassium dihydrogen phosphate | Merck, Darmstadt

(KH2PO4)

Sodium chloride (NaCl) VWR, Darmstadt

Sodium dihydrogen phosphate | J.T. Baker Chemicals B.V, Deventer,
(NaH2PO4) Netherland

Tris-(hydroxymethyl)-aminomethane
(Tris)

Roth, Karlsruhe

Trisodium citrate dihydrate

Roth, Karlsruhe

Trypanblue

Sigma-Aldrich, Steinheim

2.5 Buffer and solutions

The compositions of buffers and solutions utilized in this thesis are shown below.

2.5.1 10x Phosphate buffered saline (PBS)
¢ 80g Sodium chloride
e 2g Potassium chloride
e 11,49 Sodium dihydrogen phosphate (NaH2PO4)
e 29 Potassium dihydrogen phosphate (KH2PO4)
e Ad 1000ml dH20
¢ Regulate the pH to 7.2 using the pH-meter

252 1xPBS

e 100 ml 10x PBS
e 900 mL dH20

2.5.3 0.25% trypan blue solution

e Trypan blue
e 1xPBS
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e 0.25gin 100 mL PBS

e The solution is sterile filtrated.

e The solution is adjusted to a pH of 7,6 using 1molar hydrogel chloride

2.5.4 10x Tris-buffered saline (TBS)
o 2429gTris
e 80 g sodium chloride
e ad 1000 ml dH.0O

255 1xTBS

e 100 ml 10x TBS
e ad 900ml dH20

2.5.6 Sodium-citrate-buffer

e 2,949 Trisodium citrate dihydrate
e Ad 1000mI dH20

2.5.7 2.5.7.4% formaldehyde-solution

2.6 Equipment

Further laboratory equipment and consumables used are listed in table 7.

Table 7: Equipment used

Equipment/expendables

company

24 Well Cell Culture Plate

Greiner bio-one GmbH, Frickenhausen

6 Well Cell Culture plate

Greiner bio-one GmbH, Frickenhausen

Black-light lamp

Idealderm Wood-Lampe

Cooling plate Tissue TEK Cryo Console

Miles Scientific

Coverslips 24 x 24 mm

R. Langenbrinck GmbH, Emmendingen

forceps

Hartenstein Laborversand

Incubator Heracell 240i

Heraeus, Hanau

Leica DMI 6000 B

LeicaMicrosystems, Wetzlar

Leica DMi1 inverted microscope

LeicaMicrosystems, Wetzlar

Megafuge 1.0R

Hereaus, Hanau

Mikrotome RM2235

Leica, Nussloch

Neubauer counting chamber

Brand, Wertheim

Paraffine

Vogel Medizintechnik, GielRen
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PDT-lamp Medlight, Herford

pH-meter WTW, Weilheim

Pipetboy acu INTEGRA Biosciences GmbH, Bieberta
Pipettes Gilson, Middleton, USA

Scale Denver Summit SI-2002

Denver Instruments, Géttingen

Sterile bench

Waldner, Wangen

SuperFrost Plus® glass slides

R. Langenbrinck GmbH, Emmendinge

Tubes (50/25/2/1.5 mL)

Sarstedt AG & Co. KG, Nimbrecht

Water bath

Memmert, Schwabach

2.7 Software

The software used to edit the data of this work is listed in table 8.

Table 8: Software used

software company

GraphPad Prism 8.2.1 GraphPad Software, San Diego, US
Leica V3 LeicaMicrosystems, Wetzlar
Microsoft Office 365 2018 Microsoft, Redmond, USA
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3 Methods

3.1 Ethical evaluation

Since human material is used in this experimental work, an approval by the ethics
committee of the Medical Association of Saarland was required, which was granted to
Prof. Dr. Sigrun Smola. Furthermore, the experimental work in this thesis has been
performed under the ethical principles for medical research summarized in the

declaration of Helsinki.

3.2 Sample collection

In cooperation with the institute of dermatology in Homburg, under the direction of Prof.
Dr. Thomas Vogt, the paraffin blocks containing samples of patients diagnosed with
actinic keratosis (22 samples) and vulvar intraepithelial lesions (18 samples) are
generously provided by Dr. med. Cornelia S.L. Miuller. The patients with vulvar
intraepithelial lesions have been randomly selected in a period between the years 2008
and 2016, and patients with actinic keratosis between the years 2006 and 2017
respectively. In addition, the institute of dermatology provided information on the

patients’ date of birth, gender, and response to treatment with PDT.

3.3 Culturing of eukaryotic cells

Primary fibroblasts and HaCaT cells are incubated in a 175 cm? cell culture bottle with
DMEM medium at 37°C and 5% CO2. As soon as the cells have reached confluency of
80-90%, the medium is removed, and the cells are washed with 10 ml PBS. Then 3 ml
of Trypsin is added, and the cell culture bottle is placed back into the incubator until all
cells have been detached. Trypsin is an enzyme which breaks down the connections of
cells among each other and between the cells and the cell culture bottle. Whether all
cells have been successfully detached can be verified under the microscope. Trypsin is
neutralized with 7 ml medium, and the cell-trypsin-medium-suspension is filled into a 50
ml falcon for centrifugation (5 min, 1400 rpm, 25°C). The supernatant is discarded, and
the cell pellet is resuspended in a 1 ml medium. After counting the cells in a Neubauer

counting chamber with trypan blue, the required number of cells is seeded into the cell
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culture bottle and again placed in the incubator. The medium is exchanged every second

day.

3.4 Cell counting

For accurate cell number determination, the cells are counted with a Neubauer cell
chamber system. Therefore, the cells are detached from the bottom of the cell culture
bottle using trypsin as described before and then centrifuged for 5 minutes at 1400rpm.
After that, the pellet is resuspended in 10 ml fresh medium. 10ul of this cell suspension
is diluted with 10 ul of 0,5% trypan blue and again 10ul of this trypan blue-cell suspension
is filled into the Neubauer counting chamber. The vital cells, appearing as white spots
under the microscope, in all four quadrants are counted. The number of cells per ml can

now be determined using the following formula:

Number of cell in all 4 quadrants

cell number per ml = 2 x2x10"4

3.5 Production of 3D-Cultures
Generation of 3D cultures is based on a method described in Marthaler et al. (2017).

3.5.1 Preparation of fibroblast-collagen-matrixes

First, the adherent growing fibroblasts are trypsinised from the cell culture bottle. After
neutralising, the cell suspension is filled into a 50ml falcon and centrifuged for 5min at
25°C with 1400rpm. Subsequently, the supernatant is discarded, and the cell pellet is
resuspended in 10 ml medium. The cells are counted as described above. 5x10° cells
per culture are necessary. The required number of cells are filled into a 50ml falcon and
centrifuged (5min, 1400rpm, 25°C). After discarding the supernatant, the cell pellet is
dissolved in 1ml of FCS.

For the collagen matrix, rat collagen and 10x DMEM are mixed on ice. The required

quantity of rat collage and DMEM is listed in table 9.
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Table 9: Required quantity of components to produce 5 or 10 ml of collagen.

Rat collagen | DMEM 2M NaOH fibroblasts
5 ml collagen 3,95ml 0,55 500-550pl 10x 500000
cells in 0,5ml
FCS
10 ml collagen | 7,9 ml 1,1ml 1000ul 10x 500000
cells in 1ml
FCS

The mixture is neutralized with 2M NaOH (500-550ul or 1000ul) until a change in colour
from yellow to red becomes visible. The fibroblasts in FCS are added to the collagen,
mixed and afterwards 1ml of this solution is pipetted into each well of a 24- well-plate.
This working step should be carried out quickly as the neutralized collagen can already
harden. The plate is placed in the incubator until the collagen became fully hardened. At
that point, 1ml of cell medium (FAD medium) can be pipetted on top of the collagen-
fibroblast matrixes. All working steps are performed under sterile conditions. The plate
is placed into the incubator at 37°C and 5% CO2 overnight.

3.5.2 Preparation of keratinocytes

The following day the adherent growing keratinocytes are trypsinised as described
before. The cell suspension is filled into a 50ml falcon and centrifuged for 5min at 25°C
with 1400rpm. After discarding the supernatant, the cell pellet is resuspended in 10 ml
medium and counted. 700000 cells per 3D culture are centrifuged and dissolved in 1ml
FAD medium per 700000 cells. After removing the medium on top of the collagen
matrices, 1ml of the keratinocytes dissolved in the FAD medium are pipetted on top of

the collagen layer. The 24- well-plate is placed again in the incubator overnight.

3.5.3 Transfer of the 3D cell cultures onto the lattice work

The next day a sterile mesh platform is placed in each well of a 6-well-culture-plate and
the wells are filled with FAD medium until the medium surface contacts the bottom side
of the mesh. The medium under the latticework must be free from air bubbles as
otherwise the 3D cultures might not be nourished sufficiently. Now the collagen matrixes
with the keratinocytes on top are carefully lifted out of their wells with sterile forceps and
placed in the centre on each latticework. All working steps are again performed under

sterile conditions.
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The 3D cultures are left growing in the incubator at 37°C and 5% CO2. How many days
the cell cultures are in the incubator depends on the experiment planned. Keratinocytes
transfected with siRNA and the corresponding control cultures without siRNA are left in
the incubator for 4 days. As the effect of the transfected siRNA declines, gradually a
shorter period for growth has been chosen. For the remaining experimental approaches,
the 3D cultures are left growing for 6 days. Every second day the FAD medium under

the latticework is exchanged.

The complete process of 3D cell culture production is illustrated schematically in figure
8.
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Figure 8: Schematic process of 3D cell culture production

A: On the first day, the fibroblasts are cultured in the collagen matrix for 24h with the medium. The next day
keratinocytes are placed on top of the fibroblast-collagen matrix. On the third day, the whole cell culture is
placed on a latticework and left there for several days for growing. B: The single working steps are illustrated
as photographs (modified from Knerr-Rupp K., 2017)

3.6 Production of siRNA-transfected 3D cultures

3.6.1 Seeding

First, the adherent growing keratinocytes (HaCaTs) are detached from the cell culture
bottle using trypsin as described before. 400000 cells per well are counted in the
Neubauer counting chamber (see above) and seeded in wells of a 6-well- plate with the
cell culture growth medium. Per approach (non-coding siRNA, siRIPK3, non-transfected

control) two wells are seeded. The cells are incubated at 37°C and 5% CO2 overnight.
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3.6.2 Transfection

For transfection, a siRNA approach per well is prepared. The ingredients for the
transfection of keratinocytes with siRNA with non-coding siRNA and the siRIPK3 are
listed in table 10.

siRNAs are effectively delivered into the cell where the target gene can be knocked down
using Lipofectamine RNAIMAX Reagent. In addition, a non-coding siRNA is used which
is not addressing any gene in particular. Therefore, it serves as a control approach,
examining whether the siRNA itself has any effect on the cell cultures. Furthermore, an

approach without any siRNA added is used.

Table 10: Ingredients for siRNA transfection of keratinocytes with non-coding siRNA or siRIPK3

Non-coding siRIPK3
siRNA

SsiRNA-mix 3ul non-coding- | 3ul siRNA +250ul
SiRNA+250pl OptiMEM
OptiMEM

LipoRNAIMax-mix | 5 pl LipoRNAIMAX | 5 pl LipoRNAIMAX
+ 250pl OptiMEM + 250p! OptiMEM

The siRNA-mix is added to the LipoRNAIMAX-mix and incubated at room temperature
for 10 minutes. Meanwhile, the keratinocytes incubated overnight in the 6-well plate can
be washed 3 times with 1xPBS. Afterwards, 1,5 ml of culturing medium is added. After
10 minutes of incubation, 500 pl of the LipoRNAIMAX -siRNA-mix can be added to each

well. The plate can be placed back into the incubator for the next 24h.

3.6.3 Production of 3D cultures

The following day the keratinocytes are harvested and the same approaches
(keratinocytes transfected with non-coding siRNA, transfected with RIPK3-siRNA and
without siRNA-transfection) are pooled together. The cells are counted and 700000
transfected keratinocytes per well are seeded on top of the collagen-fibroblast matrix.

The collagen matrixes are then incubated for another 24h at 37°C at 5% CO2.

3.6.4 Transfer of the 3D-cell cultures onto the latticework

The next day the collagen matrixes are placed carefully on top of the sterile latticework
in a 6-well-culture-plate with FAD medium as described before. All working steps are

again performed under sterile conditions.
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The 3D cultures are left growing in the incubator at 37°C and 5% CO2 for 4 days as the
siRNA is no longer stable and active, respectively. Every second day the FAD medium

under the mesh platform is exchanged.

3.7 Photodynamic radiation of 3D-cultures

7 days later, 3D-cultures are treated with 4% aminolaevulinic acid (ALA). 200 pl ALA,
dissolved in FAD medium, is pipetted on top of the 3D culture. After 4 hours incubation
at 37°C, the absorption of ALA into the cells is checked under a black light lamp as
illustrated in figure 9. Next, the 6-well-culture-plate with the 3D cultures is placed under
the PDT-lamp at a 10 cm distance and radiated for 9 min with a red light of a wavelength
of 630 nm. Generously, Mrs Claudia Schiekofer from the institute of dermatology
provided the PDT-Lamp located in the operating room of the institute. The control 3D
cultures are only incubated with ALA but not radiated. Afterwards, the medium under the

cultures is exchanged and the plates are once again placed in the incubator.

Figure 9: Absorption-check with the black-light-lamp

When ALA is absorbed into the cells the 3D-culture fluoresced under the black-light lamp

3.8 Fixation and embedding

After 24 hours (2, 3, 4, 5, 6 days) the medium under the cultures is replaced by 4%
paraformaldehyde-solution for fixation and the plate is left for 24 hours at 4°C. The next
day, the cultures are fully covered in paraformaldehyde and incubated at 4°C. 24 hours

later, the 3D cultures are carefully removed from the mesh platform with forceps and
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placed in plastic embedding capsules which are then positioned in a fully automatic
embedding machine. The machine conserved, dehydrated and embedded the 3D
cultures in paraffin. These steps are performed at the institute of dermatology (thanks to
Anne Kerber and Dr. med. Cornelia S. L. Mdller). After the embedding, the cultures are
placed into a metal mould, poured with hot paraffine (65°C) and covered with the lid of
the embedding capsule. The metal form is now placed on a cooling plate for hardening

the paraffin. Finally, the metal form is removed and the paraffin block is ready for cutting.

3.9 Production of paraffin sections

The paraffin blocks are placed on a - 5°C cold plate. Sections of 6 ym are made with a
microtome. For unfolding, the sections are put into a 37°C warm water bath placed on

microscope slides.

3.10 Immunohistochemical staining

Paraffin is removed by three-times incubation in Xylol for 10 minutes followed by a
rehydration in descending alcohol series (99%, 90%, 80%, 70%, 50%) for 2 minutes
each. After washing for 5 minutes in distilled water, the slides are placed in a
microwaveable cuvette and boiled in citrate buffer in the microwave for 10 Minutes for
antigen demasking. Therefore, the slides inside the cuvette with citrate buffer are heated
until the citrate buffer begins to boil. Then the microwave is paused for a short cool down.
The procedure is repeated for 10 minutes in total. Afterwards, slides are cooled down to
room temperature and then covered with 3% H202 in TBS for 15 minutes in the dark at
room temperature to deactivate the endogen peroxidase. After that, the slides are
washed again in 1x TBS buffer and incubated for 30 minutes with 2.5% normal horse
serum in a humidified chamber at room temperature. After removing the excess serum,
the primary antibody is applied, and the slides are incubated overnight in the humidified
chamber at 4°C.

The next day the slides are washed in TBS buffer for 5 minutes and then incubated with
the secondary antibody at room temperature in the humidified chamber for 30 minutes.
After washing again two times for 5 minutes in TBS the peroxidase substrate is applied,
and the slides are left for 1 minute in the dark. Afterwards, the reaction is stopped by
washing the slides in distilled water for 2 minutes. The staining is counterstained with

haematoxylin and blued under flowing water subsequently. Next, the slides are
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dehydrated in ascending alcohol series (50%, 70%, 80%), 90%, 99%) for 2 minutes each

and placed into xylol bevor covering with a coverslip.

3.11 Evaluation of immunohistochemical staining intensity

The pictures of three independent experiments are evaluated. The image sections
analysed are selected as a representative part of the total picture. The
immunohistochemical staining is evaluated regarding the staining intensity and the
number of stained nuclei. The evaluation has been performed according to the
immunoreactive score (IRS) by Remmele and Stegner. Table 11 shows the evaluation
of immunohistochemical staining exemplary for RIPK3 staining of different actinic
keratosis lesions. Staining intensity of “1= None” implies an IRS total of 0, “2= weak” an
IRS total of 1, staining intensity of “3 = moderate” an IRS sum of 2-4 and staining intensity

of “4 = strong” an IRS sum of 4-6. The maximum sum reached has been 6.

Table 11: Evaluation of immunohistochemical staining shown for RIPK3 staining of actinic keratosis lesions

Staining Pictorial example

intensity

1=None

2=Weak

3=Moderate

4=strong

3.12 Treatment response to photodynamic therapy

Along with the patient samples, information regarding the response of these patients to
the PDT were provided by Dr. med. Cornelia S. L. Muiller. The treatment outcome is

categorized into four groups (excellent, good, moderate, bad). The therapy response is
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determined solely clinically by considering the local skin reaction, inflammatory
response, and reduction of the lesion after PDT at the side of irradiation with PDT. In
terms of better lucidity, the four categories are summarized into 2 groups, a good and a

bad response (table 12).

Table 12: Treatment response groups of patients with actinic keratosis to PDT

Original treatment response groups Summarized treatment response
groups

excellent good=1

good

moderate poor=2

poor

3.13 Testing of patient samples for HPV

The testing of the patients’ samples for the presence of HPV was kindly performed by
Mrs Barbara Best, Smola lab, using PCR (Bernhard, et al. 2021).

3.14 Statistical analysis

The statistical analysis was conducted using GraphPad Prism 8.0. Unpaired t-tests were
employed to determine the statistical differences between two groups. The level of
significance (a) was set at 0.05% for all conducted tests. P-values exceeding 0.05 were

deemed insignificant.

To assess the correlation between the staining intensity of RIPK3 and the grade of VIN
(VIN I- VINIII, an ordinary one-way ANOVA test was employed. Adjusted p-values were
obtained using a post-hoc t-test, specifically Tukey's multiple comparison test, which was

applied to all combinations.

For the analysis of the correlation between two or more variables (e.g., y-H2XA-positive
nuclei/time (day 1 to day 6); ki67-positive nuclei/time (day 1 to day 6); Transduction
(HPV8 E6, pLXSN)/treatment (Control, PDT)/y-H2XA-positive nuclei; Transduction
(HPV8 EG6, pLXSN)/treatment (Control, PDT)/ki67-positive nuclei; siRNA (siRIPK3, non-
coding siRNA, no siRNA)/treatment (Control, PDT)/y-H2XA-positive nuclei; siRNA
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(siRIPK3, non-coding siRNA, no siRNA)/treatment (Control, PDT)/ki67-positive nuclei),
a two-way ANOVA test was performed. Once again, adjusted p-values were calculated
using a post-hoc t-test, specifically Tukey's multiple comparison test, which was applied

to all combinations.

The error bars in the graphs represent the standard deviation.
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4 Results

4.1 RIPK3 expression varies in lesions of actinic keratosis and is

correlated to PDT response

Samples from 22 patients with actinic keratosis were subjected to RIPK3 staining. Table
14 shows the notable variations in staining intensity observed among the individual
samples. For instance, patient C exhibited higher RIPK3 expression compared to patient
A, where minimal expression was detected. Positive staining for RIPK3 was primarily
observed in the cytosol of keratinocytes across all samples. The staining was evenly
distributed throughout the epidermis, with limited expression in the dermis. However,
occasional stained nuclei were observed (patient D). These nuclei were predominantly
located in the basal and suprabasal layers of the epidermis, while the upper layers
exhibited cytosol staining. The frequency distribution of each staining patter out of 22

samples is listed in table 13.

Table 13: Frequency distribution off RIPK3 staining patterns in actinic keratosis samples

Total number of each staining patter (1-4) for RIPK3 out of a sample collection of 22 samples of patients
with actinic keratosis.

Staining Frequency
intensity distribution
1 1
2 7
3 7
4 7

The staining intensity was determined using the scoring system described before

(chapter 3.11). Four representative examples are illustrated below (table 14).
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Table 14: Immunohistochemical RIPK3 staining of actinic keratosis lesions

Samples of 22 patients were stained for the presence of RIPK3. Below, four representative histological
sections from different patients with distinct staining patterns are presented. The tissue sections are depicted
at magnifications of 10-fold and 20-fold.

Patient Staining Actinic keratosis lesion Actinic keratosis lesion
intensity Magnification: 10x Magnification: 20x
A 1 ' N

B 2
c 3
D B

There were significant differences observed in the expression of RIPK3 among actinic
keratosis lesions in this patient group. Further analysis was conducted to determine
whether age or gender had any influence on the expression of RIPK3. Since actinic
keratosis is more common in the elderly, the patient cohort was divided into two groups
based on the age of 75 as the dividing point. Age group "1" consisted of patients younger
than 75 years (n=10), while age group "2" included patients aged 75 years or older
(n=12). No significant difference has been found between the two age groups (p=0.4377)
(figure 10a). Additionally, figure 10b demonstrates the correlation between the patient's
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sex and the staining intensity of RIPK3 as detected by immunohistochemical staining.
Once again, no significant difference was observed between the two genders. However,
the majority of the analysed samples were obtained from male patients (n=15), while
only 7 patients were female. All patients included in the study received photodynamic
therapy at the clinic of dermatology. Figure 10c illustrates the correlation between the
expression of RIPK3 in actinic keratosis samples and the treatment outcome. Patients
with a poor treatment response exhibited significantly lower average levels of RIPKS3,
whereas those who responded well to photodynamic therapy showed higher expression
of the protein (p=0.0108). Subsequently, the question was raised whether the response
to PDT was dependent on the patient's age or sex. Figures 10d and 10e demonstrate

that there was no correlation between the response to PDT and these parameters.
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Figure 10: Correlation between RIPK3 staining intensity and PDT response to patients’ age and sex

a: Correlation between RIPK3-staining intensity in actinic keratosis lesions and age of patients. Staining
intensity: 1=none, 2=weak, 3=moderate, 4=strong, p=0.3433; t=0.9706, df=20 (unpaired t-test). b:
Correlation between RIPK3-staining intensity in actinic keratosis lesions and the patient’s sex. Staining
intensity: 1=none, 2=weak, 3=moderate, 4 =strong; p=0.5114, t=0.6687, df=20 (unpaired t-test). c:
Correlation between therapy response to PDT and RIPK3-staining. Staining intensity:1=none, 2=weak,
3=moderate, 4=strong; p=0.0108, t=2.812, df=20 (unpaired t-test). d: Correlation between the age of
patients with actinic keratosis lesions and their therapy response to PDT treatment. PDT response: 1=poor,
2=good; p=0.4527, t="0.7658, df=20 (unpaired t-test). e: Correlation between the sex of patients with actinic
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keratosis lesions and their therapy response to PDT treatment. PDT response: 1=poor, 2=good; p= 0.3128,
t=1.035, df=20 (unpaired t-test). Error bars depict standard deviation.

4.2 Immunohistochemical RIPK3-staining of 3D cultures

4.2.1 RIPKS expression in vitro does not change under PDT

The expression profiles of RIPK3 showed significant variations among patients with
actinic keratosis and vulvar intraepithelial neoplasia. Moreover, the presence of RIPK3
appeared to be correlated with the clinical outcome when actinic keratosis was treated
with PDT. Hence, it was of interest to investigate the changes in RIPK3 expression in

vitro upon the application of PDT.

HaCaT 3D cultures were treated with ALA and subsequently exposed to red light using
the PDT-lamp, while control cultures were not radiated. At 1, 2, 3, 4, 5, and 6 days after
treatment, the cultures were fixed, embedded and subjected to immunohistochemical

staining to detect the presence of RIPK3 (table 15).
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Table 15: Immunohistochemical RIPK3 staining of 3D cultures

HaCaT 3D cultures were treated with ALA and afterwards either radiated with red light under the PDT-lamp
or not (control cultures). After 1, 2, 3, 4, 5, and 6 days the cultures were fixed and immunohistochemically
stained for the presence of RIPK3. (n=2). The tissue sections are depicted at magnifications of 10-fold and
20-fold.

Timeunti|  Control: Not-PDT- treated 3D cell
fixation cultures

after Magnification: Magnification: Magnification: Magnification:
treatment
1d

PDT- treated 3D cell cultures

2d

3d

4d

Sd

6d
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Examining the expression profiles of RIPK3 in the 3D cell culture model, no apparent
staining patterns could be observed. The level of RIPK3 expression appeared to be
similar in the 3D cultures treated under the PDT lamp and the control cultures. However,
in the PDT-treated cultures, RIPK3 expression was minimal or absent in the superficial
layer, while it was clearly detectable in the intermediate and basal layers. In the control
cultures, RIPK3 expression seemed to be evenly distributed throughout the cultures.

There were no significant changes in RIPK3 expression over time.

4.2.2 HPVS8 EG6 alters RPK3 expression in 3D cultures

As mentioned in the introduction, cutaneous HPVs, such as HPV8, appear to play a
critical role in the initiation of tumorigenesis, specifically in squamous skin cancer. These
HPVs facilitate cell proliferation and unrestricted cell growth through interactions with
various proteins. Some of these interactions indirectly modulate p53 signalling, impact
the host immune system, or influence the cellular microenvironment. Notably, the key
player in necroptosis induction, RIPK3, has been previously shown to exhibit expression
differences (as discussed in Chapter 4.1) in vivo among patients with actinic keratosis,
an HPV-associated precancerous lesion in the development of skin cancer. Interestingly,
the intensity of RIPK3 staining was found to be correlated with the therapeutic outcome
following photodynamic therapy (PDT) in these patients (see figure 10c). Consequently,
it was of interest to investigate the potential impact of HPV8 on RIPK3 expression in

transduced and PDT-treated cells in an in vitro 3D-cell culture model.

3D cultures were generated, consisting of a fibroblast-collagen matrix and keratinocytes
transduced with an HPV8 E6-encoding vector or the empty vector pLXSN. The cultures
were treated with ALA and subsequently exposed to red light using the PDT lamp (control
cultures were only incubated with ALA but not exposed to light). 1, 2, 3, 4, 5, and 6 days
after treatment the cell cultures were fixed, embedded and subjected to

immunohistochemical staining to detect the presence of RIPK3 (table 16).
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Table 16: Immunohistochemical RIPK3 staining of 3D cultures transduced with HPV 8E6 and pLXSN

HaCaT 3D cultures were transduced with HPV8 E6 or pLXSN by retroviral gene transfer. The cell cultures
were treated with ALA and afterwards either radiated with red light under the PDT-lamp or not (control
cultures). After 1, 2, 3, 4, 5, and 6 days the cultures were fixed and immunohistochemically stained for the

presence of RIPK3. (n=2). The tissue sections are depicted at magnifications of 10-fold.

Control: Not-PDT- treated 3D PDT- treated 3D cell cultures
cell cultures

Magnification: 10x Magnification: 10x
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Notably, the expression of RIPK3 exhibited a significant increase in the control cultures
as compared to the cell cultures treated under the PDT lamp. This trend was consistent
in both the HPV 8E6-transduced and pLXSN-transduced cells. In the pLXSN-transduced
control culture, RIPK3 expression was distributed throughout the entire culture, while in
the HPV 8E6-transduced control culture, RIPK3 expression was limited to the upper and
central layers, sparing the lower and basal layers. HPV 8E6 seemed to supress RIPK3

in the basal and suprabasal layers while upper layers were not affected.

In the cell cultures subjected to PDT treatment, RIPK3 expression was predominantly
observed in the central and lower layers. Conversely, the upper layer of the HPV 8E6-
transduced cultures exhibited minimal RIPK3 expression. However, both the HPV 8E6-
transduced cultures and the pLXSN-transduced cultures displayed reduced intensity of
RIPK3 staining in the upper layer directly exposed to PDT, in comparison to the control

cultures.
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4.3 Impact of PDT on cell damage and proliferation

PDT represents a widely employed therapeutic approach for managing precancerous
conditions such as actinic keratosis. In vivo investigations have provided evidence
regarding the association between RIPK3 expression and the response to PDT (Chapter
4.1). Correspondingly, in vitro experiments employing the 3D cell culture model have
also demonstrated variations in the RIPK3 expression profiles between the control group
and the cell cultures subjected to PDT illumination (Table 16). Nevertheless, it remained
pertinent to further examine the effects of PDT on cellular systems. In this research, two
immunohistochemical markers, namely y-H2AX and Ki67, were employed to evaluate

cell damage and proliferation, respectively.

4.3.1 Double strand breaks occur especially in superficial cell layers after PDT

HaCaT 3D cultures were subjected to ALA treatment followed by exposure to red light
using the PDT lamp (control cultures were only treated with ALA and not exposed to
light). After 1, 2, 3, 4, 5, and 6 days, the cultures were fixed, embedded and subjected to
immunohistochemical staining to detect the presence of y-H2AX. The cultures treated
under the PDT lamp displayed intense staining of y-H2AX, irrespective of the time until
fixation. y-H2AX-staining was particularly intense in the superficial layers of cultures
directly exposed to PDT radiation. Conversely, the control cultures exhibited very low or
negligible expression of y-H2AX. Some sporadic staining was observed throughout the

control culture with a minimal increasement over time (table 17).

~ 48 ~



Results

Table 17: Immunohistochemical y-H2AX staining of 3D cultures over time

HaCaT 3D cultures were treated with ALA and afterwards either radiated with red light under the PDT-lamp
or not (control cultures). After 1, 2, 3, 4, 5, and 6 days the cultures were fixed and immunohistochemically
stained for the presence of y-H2AX. (n=3). The tissue sections are depicted at magnifications of 10-fold and
20-fold.

Timeunti]  Control: Not-PDT- treated 3D cell
fixation cultures

after Magnification: Magnification: Magnification: Magnification:
treatment
1d

PDT- treated 3D cell cultures

2d

3d

4d

5d

6d
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The nuclei exhibiting positive staining for y-H2AX were quantified in each culture at
various time points and depicted graphically in figure 11. Initially, the results
demonstrated a significantly higher number of y-H2AX-positive nuclei in the PDT group
compared to the control cultures (p=0.0082), regardless of the time. Across all time
points, the number of y-H2AX-positive nuclei was consistently greater in the cell cultures
exposed to PDT compared to the control cultures that were not subjected to PDT
treatment. However, a further analysis of the temporal sequence revealed fluctuations in
the expression of y-H2AX within the 3D cultures. For instance, when comparing the
number of y-H2AX-positive nuclei in the cultures fixed one day after treatment (PDT or
Control) with those fixed six days later, an increase in the count was observed after six
days. Thus, on average, 25 nuclei exhibited positive staining after one day after PDT
treatment compared to only six positive nuclei in the control culture. However, after six
days of PDT treatment, 33 detectable nuclei were observed on average after PDT, while
the control culture exhibited only 17 positive nuclei. Nevertheless, the differences
between the PDT and Control cultures at each time point were not statistically significant
(p>0.05).

60~
T ® Control

404 m PDT

20

No. y-H2AX- stained nuclei

e
e

time in days

Figure 11: y-H2AX-positive stained nuclei in PDT- and control cell cultures over time

HaCaT 3D cultures were treated with ALA and afterwards either radiated with red light under the PDT-lamp
or not (control cultures). After 1, 2, 3, 4, 5, and 6 days the cultures were fixed and immunohistochemically
stained for the presence of y-H2AX. The number of y- H2AX- positive nuclei in PDT- treated and control
cultures from three independent replicates is illustrated over time. Error bars depict standard deviation (n=3;
time (day 1-6): p=0.6474; F=0.6736; DFn=5; DFd=24; Treatment (Control vs. PDT): p=0.0082; F=8.319;
DFn=1; DFd=24; Interaction (time vs. treatment): p=0.9975; F=0.05816; DFn=5; DFd= 24 (ordinary two-way
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ANOVA). Adjusted p-values: day 1-Control vs- day 1-PDT: p=0.9090; day 2-Control vs. day 2-PDT:
p=0.9937; day 3-Control vs. day 3-PDT: p=0.9776; day 4-Control vs. day 4-PDT: p=0.9980; day 5-Control
vs. day 5-PDT: p=0.9974; day 6-Control vs. day 6-PDT: p= 0.9697; day 1-Control vs. day 2-Control:
p=>0.9999; day 1-Control vs. day 3-Control: p=>0.9999; day 1-Control vs. day 4-Control: p=>0.9999; day 1-
Control vs. day 5- Control: p=0.9949; day 1-Control vs. day 6-Control: p=0.9985; day 2-Control vs. day 3-
Control: p=>0.9999; day 2-Control vs. day 4-Control: p=>0.9999; day 2-Control vs. day 5-Control:
p=>0.9999; day 2-Control vs. day 6-Control: p=>0.9999; day 3-Control vs. day 4-Control:p=>0.9999; day 3-
Control vs. day 5-Control: p=>0.9999; day 3-Control vs. day 6-Control: p=>0.9999; day 4-Control vs. day 5-
Control:p=>0.9999; day 4-Control vs. day 6-Control: p=>0.9999; day 5-Control vs. day 6-Control: p=>0.9999;
day 1-PDT vs. day 2-PDT: p=>0.9999; day 1-PDT vs. day 3-PDT: p=>0.9999; day 1-PDT vs. day 4-PDT:
p=>0.9999; day 1-PDT vs. day 5-PDT: p=>0.9999; day 1-PDT vs. day 6-PDT: p=>0.9999; day 2-PDT vs.
day 3-PDT:p=>0.9999; day 2-PDT vs. day 4-PDT: p=>0.9999; day 2-PDt vs. day 5-PDT: p=0.9974; day 2-
PDt vs. day 6-PDT: p=0.9864; day 3-PDT vs. day 4-PDT: p=>0.9999; day 3-PDT vs. day 5-PDT:p=>0.9999;
day 3-PDT vs. day 6-PDT: p=>0.9999; day 4-PDT vs. day 5-PDT: p=>0.9999; day 4-PDT vs. day 6-PDT:
p=0.9998; day 5-PDT vs. day 6-PDT:p=>0.9999; remaining post-hoc tests not reported (Tukey’s multiple

comparison test)).

Interestingly, in cell cultures exposed to radiation under the PDT lamp, the expression of
y-H2AX was notably intense in the superficial layers of the cell culture. There appeared
to be a distinct belt-like pattern of intense staining, spanning approximately the same
width throughout the superficial third of the culture. This phenomenon is schematically

depicted in figure 12 for better visualization and understanding.
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Figure 12: Schematic illustration of the y-H2AX staining profile in PDT-treated cultures

In 3D cell cultures exposed to radiation under the PDT lamp, the expression of y-H2AX is notably intense in
the superficial layer of the cell culture. The amber bar in the right picture demonstrates the high expression

of y-H2AX in the upper layer of the cell cultures.
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Notably, there were noticeable variations in epithelial growth among the different cultures
during the incubation period. It appeared that certain conditions directly influence the
proliferation of cells within the cultures. To investigate these effects more

comprehensively, the proliferation marker Ki67 was stained and analyzed.

4.3.2 PDT leads to higher Ki67 expression in 3D cell cultures

HaCaT 3D cultures were subjected to ALA treatment and subsequently exposed to red
light under the PDT lamp, while control cultures were not exposed to light. After 1, 2, 3,
4, 5, and 6 days, the cultures were fixed, embedded and subjected to
immunohistochemical staining to detect the presence of Ki67. In the control cultures,
there was minimal or no detectable expression of Ki67. However, in the PDT-treated
cultures, Ki67 expression was much higher, particularly in the middle and lower layers of
the culture. Conversely, the upper layers of the culture exhibited negligible expression of
Ki67 (table 18).
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Table 18: Immunohistochemical Ki67 staining of 3D cultures over time

HaCaT 3D cultures were treated with ALA and afterwards either radiated with red light under the PDT-lamp
or not (control cultures). After 1, 2, 3, 4, 5, and 6 days the cultures were fixed and immunohistochemically
stained for the presence of Ki67. (n=3). The tissue sections are depicted at magnifications of 10-fold and 20-
fold.

Time until Control: Not-PDT- treated 3D cell
fixation cultures

after Magnification: Magnification: Magnification: Magnification:
Treatment 10x 20x 10x 20x

1d

PDT- treated 3D cell cultures

2d

3d

4d

5d

6d
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Ki67 staining was markedly more prominent in the cell cultures subjected to PDT
treatment compared to the untreated control cultures. This phenomenon was
consistently observed across all time points, except for day one where minimal or no
Ki67 staining could be detected in both the PDT and control approaches. In the control
cultures, regardless of the time until fixation, Ki67 staining was minimal or absent.
However, in the cell cultures exposed to PDT, Ki67 staining was observed primarily in
the cell nuclei located in the basal and suprabasal cell layers, while the superficial layers
exhibited less staining. This pattern was consistently observed at all time points,

excluding day one as previously described.

For the quantitative analysis, the number of Ki67-positive stained nuclei was counted in
each cell culture approach at each time point (figure 13). The analysis revealed a
significant difference (p=0.0050) in the number of stained nuclei between the PDT group
and the control group, irrespective of the time. Across all time points the number of Ki67 -
positive nuclei was consistently higher in the cell cultures exposed to PDT compared to
the control cultures. For instance, three days after PDT treatment, an average of 36
nuclei were stained Ki67-positive, whereas only six nuclei, on average, exhibited staining

in the untreated control culture.

However, further analysis of the temporal sequence revealed minimal fluctuations in the
expression of Ki67 within the 3D culture approaches. For example, when comparing the
number of Ki67-positive nuclei in the cultures fixed two days after treatment with those
fixed five days later, no increase in the count was observed after five days. Thus, on
average, 34 nuclei exhibited positive staining two days after PDT treatment compared to
32 positive nuclei after five days. Consequently, the differences between the PDT and

Control cultures at each time point were not statistically significant (p>0.05).
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Figure 13: Ki67-positive stained nuclei in PDT- and control cell cultures over time

HaCaT 3D cultures were treated with ALA and afterwards either radiated with red light under the PDT-lamp
or not (control cultures). After 1, 2, 3, 4, 5, and 6 days the cultures were fixed and immunohistochemically
stained for the presence of Ki67. The number of Ki67- positive nuclei in PDT- treated and control cultures
from three independent replicates is illustrated. Error bars depict standard deviation (n=3; time (day 1-6):
p=0.8307; F=0.4191; DFn=5; DFd=24; Treatment (Control vs. PDT): p=0.0050; F=9.527; DFn=1; DFd=24;
Interaction (time vs. treatment): p=0.7081; F=0.05894; DFn=5; DFd= 24 (ordinary two-way ANOVA).
Adjusted p-values: day 1-Control vs- day 1-PDT: p=>0.9999; day 2-Control vs. day 2-PDT: p=0.9906; day
3-Control vs. day 3-PDT: p=0.8658; day 4-Control vs. day 4-PDT: p=0.5538; day 5-Control vs. day 5-PDT:
p=0.8403; day 6-Control vs. day 6-PDT: p= 0.9997; day 1-Control vs. day 2-Control: p=>0.9999; day 1-
Control vs. day 3-Control: p=>0.9999; day 1-Control vs. day 4-Control: p=>0.9999; day 1-Control vs. day 5-
Control: p=>0.9999; day 1-Control vs. day 6-Control: p=>0.9999; day 2-Control vs. day 3-Control:
p=>0.9999; day 2-Control vs. day 4-Control: p=>0.9999; day 2-Control vs. day 5-Control: p=>0.9999; day 2-
Control vs. day 6-Control: p=>0.9999; day 3-Control vs. day 4-Control:p=>0.9999; day 3-Control vs. day 5-
Control: p=>0.9999; day 3-Control vs. day 6-Control: p=>0.9999; day 4-Control vs. day 5-Control:p=>0.9999;
day 4-Control vs. day 6-Control: p=>0.9999; day 5-Control vs. day 6-Control: p=>0.9999; day 1-PDT vs. day
2-PDT: p=>0.9635; day 1-PDT vs. day 3-PDT: p=0.9380; day 1-PDT vs. day 4-PDT: p=0.7930; day 1-PDT
vs. day 5-PDT: p=0.9756; day 1-PDT vs. day 6-PDT: p=>0.9999; day 2-PDT vs. day 3-PDT:p=>0.9999; day
2-PDT vs. day 4-PDT: p=>0.9999; day 2-PDt vs. day 5-PDT: p=>0.9999; day 2-PDt vs. day 6-PDT:
p=0.9996; day 3-PDT vs. day 4-PDT: p=>0.9999; day 3-PDT vs. day 5-PDT:p=>0.9999; day 3-PDT vs. day
6-PDT: p=0.9986; day 4-PDT vs. day 5-PDT: p=>0.9999; day 4-PDT vs. day 6-PDT: p=0.9781; day 5-PDT
vs. day 6-PDT:p=0.9998; remaining post-hoc tests not reported (Tukey’s multiple comparison test)).

The superficial layers of the culture directly affected by PDT exhibited high expression
of y-H2AX, indicating DNA damage, while Ki67, a marker of cell proliferation, was not

expressed in this region. In contrast, in the underlying layers of the culture, Ki67 was
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present, indicating active cell proliferation, while y-H2AX expression was minimal. The
protein profiles of Ki67 and y-H2AX appeared to be complementary, showing distinct

patterns in different layers of the culture. This phenomenon is depicted schematically in

figure 14.
v-H2AX 4d after PDT  y-H2AX 4d after PDT  ki67 4d after PDT ki67 4d after PDT
T g TS
AT s
IR A T

y-H2AX and ki67 expression
profile

Figure 14: Schematic illustration of the expression profile of y-H2AX and Ki67 in PDT-treated cultures

The superficial layers of the culture directly affected by PDT exhibited high expression of y-H2AX (amber
bar) while Ki67 was not expressed in this region. In contrast, in the underlying layers of the culture, Ki67 was
present (green bar), indicating active cell proliferation, while y-H2AX expression was minimal.

4.4 Impact of the oncoprotein HPV 8E6 on the susceptibility to PDT

The influence of HPV8 E6 on the expression of RIPK3 in transduced cells has been
previously examined in chapter 4.3.2. We now investigated whether HPV 8EG6 affects
the cellular response to PDT in terms of double-strand DNA-damage and cell
proliferation.
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4.41

The 3D cultures, comprising a fibroblast-collagen matrix and keratinocytes transduced
with either HPV 8E6 or pLXSN, were treated with aminolevulinic acid (ALA) and
subsequently exposed to red light using the PDT lamp. Control cultures were solely
incubated with ALA without light exposure. Following treatment, the cultures were
stained to detect the presence of y-H2AX. After 4 days, the culture medium was replaced
with 4% paraformaldehyde for fixation. The 3D cultures were then embedded in paraffin
and stained for y-H2AX. The y-H2AX-positive nuclei were counted in each culture and

the mean value of the two experimental approaches was calculated and subjected to

statistical analysis.

HPV 8E6-transduced keratinocytes express less y-H2AX when exposed to PDT

Table 19: Immunohistochemical y-H2AX-staining of 3D-cultures transduced with HPV 8E6 and pLXSN

HaCaT 3D cultures were transduced with either HPV8 E6 or pLXSN by retroviral gene transfer, treated with
ALA and afterwards either radiated with red light under the PDT-lamp or not (control cultures). After 4 days

the cultures were fixed and immunohistochemically stained for the presence of y-H2AX (n=2). The tissue

sections are depicted at magnifications of 10-fold.

Control: Not-PDT- treated 3D
cell cultures

Magnification: 10x
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The cell cultures, transduced with either pLXSN-8E6 or pLXSN vector, exhibited
differential expressions of y-H2AX depending on whether they were subjected to
treatment with the PDT lamp or belonged to the untreated control group (table 19). Once
again, the control cultures displayed minimal y-H2AX expression, regardless of whether
they were transduced with pLXSN-HPV 8E6 or pLXSN. As the pLXSN-transduced cell
cultures served as the control group, their y-H2AX expression profile aligned with that of
the non-transduced 3D cultures described previously. Radiation with the PDT lamp
seemed to induce DNA damage, which was detected through y-H2AX staining. This
damage was particularly pronounced in the superficial cell layers directly affected by the
PDT treatment.

Upon comparing the cell cultures treated under the PDT lamp, it was essential to note
that the pLXSN-transduced cultures exhibited higher levels of y-H2AX compared to the
pLXSN-HPV8 E6- transduced cultures. On average 46 cell nuclei were stained positive
for y-H2AX in the pLXSN-tranduced cultures after PDT, whereas only 4 nuclei were
detected in the pLXSN-HPV 8EG6 cultures. In contrast to the pLXSN-control cultures, PDT
treatment seemed to fail to induce a significant amount of double-strand damage and y-
H2AX expression, respectively, in HPV 8E6-transduced cells. No noticeable difference
was observed between the HaCaT cells transduced with HPV 8E6 and subsequently
radiated, and the HPV 8EG6-transduced cultures that solely received ALA treatment
without PDT radiation (Average number of staining nuclei in both groups was 1).
However, the differences in the staining intensity described before between PDT -treated
and control-cultures on the one hand and HPV 8E6-and pLXSN-transduced cell cultures

on the other hand were statistically not significant (figure 15; p>0.05).
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Figure 15: y-H2AX-positive stained nuclei in PDT- and control cell cultures in HPV 8E6- and pLXSN-
transduced cells
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HaCaT 3D cultures were transduced with either HPV 8E6 or pLXSN by retroviral gene transfer, treated with
ALA and afterwards either radiated with red light under the PDT-lamp or not (control cultures). After 4 days
the cultures were fixed and immunohistochemically stained for the presence of y-H2AX. The number of y-
H2AX- positive nuclei in PDT- treated and control cultures from two independent replicates is illustrated.
Error bars depict standard deviation (n= 2; Transduction (HPV 8E6 vs. pLXSN): p=0.3256; F=1.253; DFn:1;
DFd: 4; Treatment (Control vs. PDT): p=0.2503; F=1.805; DFn=1; DFd= 4; Interaction (Treatment vs.
Transduction): p=0.2763; F=1.583; DFn:1; DFd:4 (ordinary two-way ANOVA). Adjusted p-values: HPV 8E6-
Control vs. HPV 8E6-PDT: p=>0.9999; HPV 8E6-Control vs. pLSXN-Control: 0.9996; HPV 8E6-PDT vs.
pLSXN-PDT: p=0.4350; pLXSN-Control vs. pLXSN-PDT: p=0.3749; remaining post-hoc tests not reported
(Tukey’s multiple comparison test)).

4.4.2 HPV 8E6-transduced cells show higher Ki67 expression after PDT

The 3D cultures, composed of the fibroblast-collagen matrix and keratocytes transduced
with either HPV 8E6 or pLXSN, were treated with aminolevulinic acid (ALA) and
subsequently exposed to red light using the PDT lamp. In contrast, the control cultures
were only incubated with ALA without receiving PDT radiation. The cultures were then
subjected to staining to detect the presence of Ki67. After 4 days, the medium was
replaced with 4% paraformaldehyde for fixation. The 3D cultures were embedded in
paraffin using a fully automatic embedding machine and subsequently sectioned into 6
Mm slices with a microtome. For the numerical analysis, the nuclei positively stained for
Ki67 were counted in each culture. The mean value of the two experimental approaches

was calculated and analysed.
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Table 20: Immunohistochemical Ki67-staining of 3D cultures transduced with HPV 8E6 and pLXSN

HaCaT 3D cultures were transduced with either HPV8 E6 or pLXSN by retroviral gene transfer, treated with
ALA and afterwards either radiated with red light under the PDT-lamp or not (control cultures). After 4 days
the cultures were fixed and immunohistochemically stained for the presence of Ki67 (n=2). The tissue

sections are depicted at magnifications of 10-fold.

Control: Not-PDT- treated 3D PDT- treated 3D cell cultures
cell cultures

Magnification: 10x Magnification: 10x

HaCaT pLXSN-8E6

(W NA 2 2 v’ » . - ¥ g
AP - ! ' e .
& i 5% « 8o o Pie AR
HaCal plXel v o R SO L Ol 5

In accordance with the previously described Ki67 expression pattern, control cell
cultures, regardless of whether they were transduced with pLXSN-HPV 8E6 or pLXSN,
exhibited minimal Ki67 expression. However, in the cell cultures treated under the PDT
lamp, those transduced with HPV 8E6 displayed slightly higher Ki67 expression following
PDT treatment compared to the pLXSN-transduced cells (table 20). The elevated
expression was primarily observed in the basal and suprabasal layers of the cultures,
while the superficial layers showed lower expression. These findings are consistent with
the results observed in non-transduced cell cultures, indicating that PDT treatment
stimulates cell proliferation. The statistical analysis (figure 16) further supports these
observations, as the number of Ki67-positive nuclei was generally higher in PDT-treated
cell cultures compared to control cultures. In the PDT-treated group the mean value of
Ki67- positive nuclei was 25 (HPV8 E6-transuced cells) and 18 (pLXSN-transduced
cells), respectively. On the other hand, the mean value of Ki67-positive nuclei in the
control cultures was only 3 (HPV8 E6-transduced cells) and 5 (pLXSN-transduced cells),
respectively. Additionally, in cells transduced with HPV 8EG6, the number of Ki67-positive
nuclei tended to be higher than in pLXSN-transduced cultures (25 vs.18). However,

these differences in staining intensity were statistically not significant (p>0.05).
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Figure 16: Ki67-positive stained nuclei in PDT- and control cell cultures in HPV 8E6- and pLXSN-
transduced cells

HaCaT 3D cultures were transduced with either HPV8 E6 or pLXSN by retroviral gene transfer, treated with
ALA and afterwards either radiated with red light under the PDT-lamp or not (control cultures). After 4 days
the cultures were fixed and immunohistochemically stained for the presence of Ki67. The number of Ki67-
positive nuclei in PDT- treated and control cultures from two independent replicates is illustrated. Error bars
depict standard deviation. (n=2; Transduction (HPV 8E6 vs. pLXSN): p=0.8166; F=0.06135; DFn:1; DFd: 4;
Treatment (Control vs. PDT): p=0.1674; F=2.837; DFn=1; DFd= 4; Interaction (Treatment vs. Transduction):
p=0.6788; F=0.1988; DFn:1; DFd:4 (ordinary two-way ANOVA). Adjusted p-values: HPV 8E6-Control vs.
HPV 8E6-PDT: p=>0.5103; HPV 8E6-Control vs. pLSXN-Control: 0.9989; HPV 8E6-PDT vs. pLSXN-PDT:
p=0.9572; pLXSN-Control vs. pLXSN-PDT: p=0.8180; remaining post-hoc tests not reported (Tukey’s

multiple comparison test)).

4.5 Impact of the repression of RIPK3 on susceptibility to PDT in

keratinocytes.

In line with previous experiments demonstrating the influence of the oncoprotein HPV
8E6 on PDT response, it is known that HPV 8EB6, plays a critical role in the induction of
tumorigenesis and the development of HPV-associated tumours such as squamous skin
cancer. There is evidence to suggest that HPV may also regulate the expression of
RIPK3 as a mechanism to evade cell death and promote viral replication (Ma, et al.
2016). To investigate the role of RIPK3 in the susceptibility of keratinocytes to PDT,
RIPK3 was knocked-down by siRNA transfection. Cells were transfected with specific

siRNA targeting RIPK3, and 3D cultures were harvested after four days to account for
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the transient effect of siRNA, as its stability and activity were limited. Non-coding siRNA

transfection and cell cultures without any siRNA served as control approaches.

4.5.1 y-H2AX-expression does not change after RIPK3 knock-down

The different siRNA approaches (no siRNA, non-coding siRNA, siRIPK3) were treated
with ALA and then either radiated with red light under the PDT-lamp or incubated with
ALA only (control cultures). After 4 days the cell cultures were fixed, embedded and

immunohistochemically stained for the presence of y- H2AX.

Table 21: Immunohistochemical y-H2AX-staining of 3D-cultures transfected with either siRIPK3, non-
coding siRNA or no siRNA

HaCaT 3D cultures were transfected with either siRIPK3, a non-coding siRNA or no siRNA, treated with ALA
and afterwards either radiated with red light under the PDT-lamp or not (control cultures). After 4 days the
cultures were fixed and immunohistochemically stained for the presence of y-H2AX (n=2). The tissue
sections are depicted at magnifications of 10-fold and 20-fold.

Control: Not-PDT- treated 3D cell
cultures

Magnification: Magnification: Magnification: Magnification:
10x 20x 10x 20x

PDT- treated 3D cell cultures

without
siRNA

with
non-
coding
siRNA

HaCats
with
siRIPK3
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Consistent with the previously analysed protein profiles, the expression of y-H2AX was
higher in cell cultures exposed to PDT radiation compared to the control cultures,
regardless of whether they were transfected with siRIPK3, non-coding siRNA, or not
transfected with any siRNA (table 21). Once again, in the PDT-treated cell cultures, the
superficial layers directly exposed to the radiation exhibited the highest level of y-H2AX
staining, while the basal layers showed minimal staining. In the control cultures, y-H2AX

staining appears sporadically without a specific pattern.

This observation is graphically illustrated in figure 17. The cell cultures treated with PDT
displayed significantly higher y-H2AX expressions (p= 0.0005; mean value of y-H2AX-
positive nuclei: 50, 40, 43, respectively) compared to the non-radiated group (mean value
of y-H2AX-positive nuclei: 17, 9, 12, respectively). However, the number of cell nuclei
exhibiting positive staining did not exhibit a statistically significant difference between the

various siRNA approaches (p>0.05), regardless of the treatment group (PDT or control).
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Figure 17: y-H2AX-positive stained nuclei in PDT- and control cell cultures transfected with either siRIPK3,
non-coding siRNA or no siRNA

HaCaT 3D cultures were transfected with either siRIPK3, a non-coding siRNA or no siRNA, treated with ALA
and afterwards either radiated with red light under the PDT-lamp or not (control cultures). After 4 days the
cultures were fixed and immunohistochemically stained for the presence of y-H2AX. The number of y-H2AX-
positive nuclei in PDT- treated and control cultures from two independent replicates is illustrated. Error bars
depict standard deviation (n=2, siRNA (siRIPK3 vs. non-coding siRNA vs. no siRNA): p=0.2161; F=1.999;
DFn=2; DFd=6; Treatment (Control vs. PDT): p=0.0005; F=45.27; DFn=1; DFd=6; Interaction (siRNA vs.
treatment): p=0.8153; F=0.2113; DFn=2; DFd=6 (ordinary two-way ANOVA). Adjusted p-values: siRIPK3-
Control vs. siRIPK3-PDT: p=0.0319; non-coding siRNA-Control vs. non-coding siRNA-PDT: p=0.0761; no
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siRNA-Control vs. no siRNA-PDT: p= 0.0713; siRIPK3-Control vs. non-coding siRNA-Control: p=0.9211;
siRIPK3-Control vs. no siRNA-Control: p=0.9821; siRIPK3-PDT vs. non-coding siRNA-PDT: p=0.5428;
siRIPK3-PDT vs. no siRNA-PDT: 0.7218; non-coding siRNA-Control vs no siRNA-Control: p=0.9995; non-
coding siRNA-PDT vs. no siRNA-PDT: p=0.9989; remaining post-hoc tests not reported (Tukey’s multiple

comparison test)).

4.5.2 Repression of RIPK3 reduces Ki67 expression in PDT-treated cells

The different siRNA approaches (no siRNA, non-coding siRNA, siRIPK3) were treated
with ALA and then either radiated with red light under the PDT-lamp or incubated with
ALA only (control cultures). After 4 days the cell cultures were fixed, embedded and

immunohistochemically stained for the presence of Ki67.

Table 22: Immunohistochemical Ki67-staining of 3D cultures transfected with either siRIPK3, non-coding
SIRNA or no siRNA

HaCaT 3D cultures were transfected with either siRIPK3, a non-coding siRNA or no siRNA, treated with ALA
and afterwards either radiated with red light under the PDT-lamp or not (control cultures). After 4 days the
cultures were fixed and immunohistochemically stained for the presence of Ki67 (n=2). The tissue sections

are depicted at magnifications of 10-fold and 20-fold.
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Comparing the expression profiles of cell cultures exposed to PDT radiation with control
cell cultures, it was evident that the expression of Ki67 was higher in the radiated
cultures. Notably, in the radiated cultures, Ki67 expression was particularly high in the
central layers of the culture. Again, the upper layer that was directly exposed to the
radiation showed no detectable Ki67 expression. In contrast, Ki67 was rarely detectable
in the control cultures, regardless of whether they were transfected with siRIPK3, non-
coding siRNA, or not transfected with any siRNA (table 22). Additionally, Ki67 expression

could also be observed in the lower layers of the culture.

This observation is graphically illustrated in figure 18. The statistical analysis revealed
that the number of Ki67-positive nuclei in PDT-treated cell cultures was significantly
higher (p=0.0278; mean value of Ki67-positive nuclei: 11, 23, 26) compared to the
number of Ki67-positive nuclei in the control cultures (mean value of Ki67-positive nuclei:
4, 5, 2), regardless of the siRNA approach. Furthermore, it seemed as if Ki67 was less
detected in PDT-treated cultures after being transfected with siRIPK3 compared to
transfection with a non-coding siRNA or no siRNA (mean value of Ki67-positive nuclei
11, compared to 23 and 26, respectively. However, this observation was statistically not

significant (p>0.05).
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Figure 18: Ki67-positive stained nuclei in PDT- and control cell cultures transfected with either siRIPK3,
non-coding siRNA or no siRNA

HaCaT 3D cultures were transfected with either siRIPK3, a non-coding siRNA or no siRNA, treated with ALA
and afterwards either radiated with red light under the PDT-lamp or not (control cultures). After 4 days the

cultures were fixed and immunohistochemically stained for the presence of Ki67. The number of Ki67-
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positive nuclei in PDT- treated and control cultures from two independent replicates is illustrated. Error bar
depict standard deviation (n=2, siRNA (siRIPK3 vs. non-coding siRNA vs. no siRNA): p=0.5843; F=0.5886;
DFn=2; DFd=6; Treatment (Control vs. PDT): p=0.0278; F=8.333; DFn=1; DFd=6; Interaction (siRNA vs.
treatment): p=0.4857; F=0.8165; DFn=2; DFd=6 (ordinary two-way ANOVA). Adjusted p-values: siRIPK3-
Control vs. siRIPK3-PDT: p=0.9783; non-coding siRNA-Control vs. non-coding siRNA-PDT: p=0.4905; no
siRNA-Control vs. no siRNA-PDT: p= 0.2712; siRIPK3-Control vs. non-coding siRNA-Control: p=>0.9999;
siRIPK3-Control vs. no siRNA-Control: p=>0.9999; siRIPK3-PDT vs. non-coding siRNA-PDT: p=0.8008;
siRIPK3-PDT vs. no siRNA-PDT: 0.6453; non-coding siRNA-Control vs no siRNA-Control: p=0.9997; non-
coding siRNA-PDT vs. no siRNA-PDT: p=0.9994; remaining post-hoc tests not reported (Tukey’s multiple
comparison test)).

4.6 RIPK3 expression negatively correlates with grade of VIN lesion

HPV has been implicated in the pathogenesis of vulvar cancer development and is
involved, among other factors, in the induction of vulvar neoplasia. Furthermore, there is
evidence of an interaction between high-risk HPV and RIPK3, an inducer of the
necroptosis pathway, that plays a role in the specific cell death mechanism during PDT
treatment (Ma, et al. 2016). PDT represents a potentially promising non-invasive
treatment option for patients with vulvar neoplasia, and the presence of RIPK3 may
influence patient selection or serve as a predictor of the clinical response to PDT. To
investigate the expression of RIPK3 in samples of vulvar intraepithelial lesions and
determine if there are any differences in expression profiles, immunohistochemical
staining with an anti-RIPK3 antibody was performed on samples obtained from 18
patients diagnosed with VIN at various stages. Table 23 illustrates the frequency
distribution of each staining pattern for RIPK3, table 16 shows RIPKS3 staining exemplary

for three patients with vulvar intraepithelial neoplasia |, I, and Il

Table 23: Frequency distribution of RIPK3 staining patterns in vulva intraepithelial neoplasia samples

Total number of each staining pattern (1-4) for RIPK3 out of a sample collection of 18 samples of patients

with vulvar intraepithelial neoplasia in different stages.

Staining Frequency
intensity distribution
1 8
2 2
3 4
4 4
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Table 24: Immunohistochemical RIPK3 staining of VIN lesions

Samples of 18 patients with vulvar intraepithelial neoplasia in various stages were stained for the presence
of RIPK3. Below, four representative histological sections from different patients with distinct staining
patterns and varying grades of VIN differentiation are presented. The tissue sections are depicted at

magnifications of 10-fold and 20-fold.

g Vulvar intraepithelial lesion Vulvar intraepithelial lesion
Staining VIN grade
intensity Magnction: 10x Magnification: 20x

1 VIN 3

2 VIN 2

3 VIN 2

4 VIN 1
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There were variations in the staining intensity of RIPK3 observed among patients with
vulvar intraepithelial neoplasia. In the first row, the staining intensity for RIPK3 in the VIN
1 lesion was notably higher compared to the VIN 2 lesions in the second and third rows,
where RIPK3 expression was almost absent. Moreover, the distribution of RIPK3 differed
between patients, with localization observed in both the cytosol and the nucleus. To
investigate the potential correlation between staining intensity and the grade of the vulvar
intraepithelial lesion, the data were represented in a column chart (figure 19). The chart
suggests a negative correlation between the grade of the vulvar lesion (VIN I/II/lIl) and
the expression level of RIPK3. Higher-grade intraepithelial lesions exhibited lower levels

of RIPK3 expression.
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Figure 19: Correlation between VIN grade and RIPK3- staining intensity

Samples of 18 patients with vulvar intraepithelial neoplasia in various stages were stained for the presence
of RIPK3. The RIPKS staining intensity was correlated with the grade of VIN differentiation (Staining intensity:
1=none, 2=weak, 3=moderate, 4 =strong; p=0.0170, F=5,412, DFn=2, DFd=15 (ordinary one-way ANOVA).
Error bars depict standard deviation. Adjusted p values: VIN 1 vs. VIN 2: p= 0.1494; VIN 1 vs. VIN 3: p=
0.0131; VIN 2 vs. VIN 3: p= 0.4195 (Turkey’s multiple comparison test)).

The patients' samples were subjected to HPV testing using PCR, which was carried out
by Mrs. Barbara Best. Out of the 5 VIN 1 samples, 3 were found to be negative for HPV,
while 2 were positive. Similarly, all 5 samples in the VIN 2 and VIN 3 groups tested
negative for HPV, except for one sample in the VIN 2 group and two samples in the VIN
3 group, which were found to be positive for HPV. Overall, there was no correlation

observed between the presence of HPV and the grade of the vulvar intraepithelial lesion.

~ 68 ~



Results

The distribution of HPV-positive and HPV-negative samples among the VIN groups was
approximately equal. In other words, the presence of HPV did not necessarily indicate a
higher grade of vulvar lesion, nor did the absence of HPV indicate a lower grade.
Furthermore, no significant correlation was found between the staining intensity of RIPK3

and the presence of HPV in the samples of vulvar intraepithelial lesions (figure 20).
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Figure 20: Difference in RIPK3 staining intensity depending on HPV status in VINs

Samples of 18 patients with vulvar intraepithelial neoplasia in various stages were stained for the presence
of RIPK3. Additionally, PCR was performed to test for the presence of HPV in these samples. The staining
intensity of RIPK3 was then compared with the HPV status (p=0.5055, t=0.6812, df=16 (unpaired t-test).

Error bars depict standard deviation).
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5 Discussion

5.1 RIPK3 correlates with PDT susceptibility of actinic keratosis

RIPK3 staining of the patient samples with actinic keratosis revealed significant
variations among individual patients. Correlating the intensity of RIPK3 staining with the
response to PDT (figure 10c), the data indicated that patients with higher levels of RIPK3
expression appeared to be more responsive to this therapy. Interestingly, age and sex
did not demonstrate any influence on therapy outcomes or RIPK3 expression (figure 10a,
10b, 10d, 10e).

Given that PDT induces necroptosis (Buytaert, Dewaele and Agostinis 2007; Coupienne,
et al. 2011) and RIPKS is involved in this signalling pathway (Cho, et al. 2009; Wu, et al.
2014), it is reasonable to assume that the therapy outcome is directly influenced by the
level of RIPK3 expression in patients. Those with higher levels of RIPK3 protein
appeared to be more susceptible to PDT. These findings are consistent with the findings
of Coupienne et al. (2011), wherein the induction of RIPK3-dependent necroptosis
following 5-ALA-PDT treatment was elucidated in patients afflicted with glioblastoma.
However, the authors posited that in addition to RIPK3, other proteins may exert a pivotal
influence on necrosome assembly, thereby necessitating further investigations.
Paradoxically, they also demonstrated in a separate study that elevated RIPK3
expression in osteosarcoma cells conferred heightened cellular viability subsequent to
PDT treatment, and alternative modes of cell demise such as apoptosis and autophagy
potentially exhibited a PDT-protective capacity (Coupienne, Fettweis and Piette, 2011).
Additionally, it should be noted that Koo et al. (2015) demonstrated that RIPKS3 is often
downregulated in cancer cells due to genomic hypermethylation. Consequently, the
RIPK-dependent cell signalling and induced cell death are minimized, promoting cell
survival. They propose combining established anti-tumour therapies with
hypomethylating agents to increase RIPK3 expression and enhance cancer cell

susceptibility to necroptosis (Koo, et al. 2015).

Hence, it is plausible that the assessment of RIPK3 expression before initiating therapy
could serve as a predictive parameter for susceptibility to PDT treatment. However, these
findings should be interpreted cautiously, given the limited sample size of the patient
cohort, which comprised only 22 individuals. To further investigate the predictive role of

RIPKS, larger sample sizes and prospective studies are imperative.
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The correlation between RIPK3 expression and therapy response, as well as the
patient's sex and age, did not reveal any significant associations (figure 10a, 10b, 10d,
10e). It should be noted that the patient cohort was limited in size and predominantly
consisted of male individuals of advanced age (with an average age of 71.36 years). This
imbalance in the distribution of the compared groups (male vs. female and age >75 years
vs. <75 years) necessitates a critical interpretation of the data. Actinic keratosis is a
dermatological condition that primarily affects elderly individuals, particularly in sun-
exposed areas of the skin. Therefore, to obtain more meaningful insights regarding
RIPK3 expression and patient data, a larger number of patients with well-matched age

and gender controls would be required.

RIPK3 is a protein that is present in both the nucleus and cytoplasm. The
immunoreactive score (IRS) developed by Remmele and Stegner has been employed to
quantify the level of RIPK3 in the samples. However, the assessment of RIPK3
expression in samples from patients with actinic keratosis using IRS is inherently
subjective, as it requires comparing individual staining intensities and subjective biases
cannot be completely eliminated. An alternative approach would involve quantifying the
staining intensity using specific software that automatically scans the slides and counts
the positive nuclei if present. Nevertheless, even in this case, the determination of cut-

off values and user parameters must be decided upon by an individual.

5.2 PDT does not alter RIPK3 expression in 3D cultures

To investigate the potential influence of PDT on in vitro RIPK3 expression, 3D cell
cultures were utilized. However, the staining of RIPK3 in 3D cell cultures did not exhibit
any evident differences, irrespective of whether the cultures were exposed to irradiation
or not (table 15). These findings suggest that PDT treatment did not appear to affect the
expression profile of RIPK3. Nevertheless, there might be a trend indicating that the
superficial layers, which were directly exposed to PDT, exhibited lower levels of RIPK3
expression compared to the underlying cells and the control cultures where RIPK3
expression was more evenly distributed. As mentioned earlier, cancer cells can
downregulate RIPK3 to diminish RIPK-dependent cell signalling and subsequently
reduce cell death, thereby promoting cell survival (Koo, et al. 2015). This phenomenon
was observable in the PDT-treated cell cultures, where keratinocytes directly impacted
by PDT responded to induced cellular damage by downregulating RIPK3 to prevent

subsequent cell death. As of the present moment, there exists a limited understanding
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regarding the interrelation of RIPK3 expression and photodynamic therapy. Moreover,
inquiries into RIPK3 expression concerning alternative therapeutic approaches like
PUVA or radiotherapy remain notably absent. Consequently, the imperative for

additional investigations becomes evident.

5.3 HPV 8EG6 negatively influences the expression of RIPK3 in PDT-

treated 3D cultures

The oncoproteins of HPV possess varying oncogenic potentials depending on the low-
and high-risk variants (Doorbar, et al. 2012). HPV 8E6 promotes cell proliferation and
tumorigenesis by inhibiting transcription of 53-induced proapoptotic genes (Giampieri
and Storey 2004) or by altering p53-phosphorylation (Muschik, et al. 2011). Investigation
of HPV 8E6-transduced cells and the impact of PDT revealed intriguing alterations in the
expression of RIPK3. RIPK3 expression was higher in the control cultures compared to
the cell cultures treated under the PDT lamp. Notably, cells transduced with HPV 8E6
exhibited almost complete absence of RIPK3 in the superficial layers when treated under
the PDT lamp. A similar effect, though less pronounced, was observed in pLXSN-
transduced cells treated with PDT (table 16). It appears that HPV 8 infection promotes
the downregulation of RIPK3, particularly in cells directly affected by the treatment and
exhibiting severe DNA damage. This mechanism may prevent RIPK3-induced cell death
in HPV-infected keratinocytes and ensure viral replication. These findings align with the
observations of Ma et al. (2016) suggesting that RIPK3 is influenced by high-risk HPV
infection, although this hypothesis could not be confirmed in the analysis of HPV-positive
VINs conducted previously (figure 20). Given that only the presence of HPV, and not its
activity state, was tested, it is possible that RIPK3 expression is indeed influenced by

active HPV. Therefore, further investigation is warranted.

However, it is noteworthy that the non-irradiated control cultures generally exhibited
higher levels of RIPK3 expression compared to the therapy group, regardless of whether
the keratinocytes were transduced with HPV 8E6 or pLXSN. This suggests that the PDT
treatment itself may induce a certain degree of RIPK3 downregulation. However, the
findings should be cautiously interpreted in terms of their significance and reproducibility

as only two independent experimental approaches had been performed.

Another very important fact to discuss is that in the in vitro experimental approaches
HaCaT-cells were used, an immortalized skin keratinocyte cell line, exhibiting various
mutations, besides others, a mutation on the p53-gene (Lehman, et al. 1993). In contrast

to primary keratinocytes, HaCaT-cells therefore display distinct differences in cellular
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signalling in terms of cell cycle progression, apoptosis and tumorigenesis, consequently.
To get a faithful simulation of skin tissue to examine the impact of PDT and HPV 8E6 in
vitro it would be reasonable to perform the experiments with primary keratinocytes,

representing the molecular status of tissue the best.

Another crucial point of discussion is the utilization of HaCaT cells in the in vitro
experimental approaches. HaCaT cells are an immortalized skin keratinocyte cell line
known to harbour various mutations, including a mutation in the p53 gene (Lehman et
al., 1993). In contrast to primary keratinocytes. Even though RIPKS is primarily involved
in the necroptosis signalling pathway rather than the apoptotic signalling pathway, there
is evidence suggesting potential interactions between these pathways. Several studies
have indicated that RIPK3 can have crosstalk with apoptotic proteins and signalling
molecules, leading to the modulation of apoptotic processes. For example, it has been
shown that RIPK3 can interact with caspases, key players in the apoptotic pathway, and
influence their activation or inhibition (Moriwaki, et al. 2015). These findings suggest that
there could be intricate connections and regulatory mechanisms between necroptosis
and apoptosis, potentially involving RIPK3. Therefore, the use of HaCaT cells may not
faithfully demonstrate the molecular status of skin tissue. To accurately simulate the skin
tissue and investigate the impact of PDT and HPV 8EB6 in vitro, it would be advisable to
conduct the experiments using primary keratinocytes, which better represent the

molecular characteristics of the tissue.

5.4 PDT has opposite effects in 3D cultures dependent on the

epithelial layer

5.4.1 PDT induces DNA damage in the superficial but favours cell growth in the lower

cell layers of the 3D cultures

The analysis of y-H2AX staining in the 3D cultures revealed that y-H2AX intensity was
notably higher in the superficial layers of the cultures that were irradiated compared to
the control cultures incubated with ALA but not treated under the PDT lamp (table 17).
y-H2AX serves as a robust marker for DNA damage, particularly double-strand breaks
in cells. Therefore, it can be inferred that the cell cultures treated under the PDT lamp
experience a greater level of damage due to radiation. Thereby, the number of nuclei
exhibiting positive y-H2AX- staining was significantly higher in the PDT-exposed cultures
compared to the control cultures (p=0.0082, figure 11). In other words, PDT treatment
induced considerable cellular stress in the cultures, resulting in DNA damage and

subsequent staining for y-H2AX as a molecular damage marker.
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The control cultures, which were also treated with ALA but not irradiated under the PDT
lamp, sporadically exhibited diffuse y-H2AX expression that appeared to increase over
time. It is possible that the general handling of the cell cultures induced a basal level of

damage, as evidenced by minimal y-H2AX staining.

Furthermore, the superficial layers of the cell cultures directly exposed to radiation
displayed the highest intensity of y-H2AX staining, suggesting that the effectiveness of
PDT in inducing DNA damage may depend on the penetration of radiation. In the
schematic illustration in figure 12, the amber bar clearly indicated that y-H2AX
expression and DNA damage are limited to the upper third of the culture. The depth of
penetration appeared to be a limiting factor in the efficacy of PDT treatment and the
extent of DNA damage experienced. It has been demonstrated that ALA, with its low lipid
solubility, has limited ability to penetrate the skin and cell membranes. Therefore, PDT
with ALA as a photosensitizer is only suitable for superficial lesions, as the damaging
effect of PDT is restricted to a few millimetres below the surface (Di Venosa, et al. 2008).
Attempts have been made to overcome this limitation by utilizing nanoscale vesicle
formation to enhance penetration capacity (Dirschka, et al. 2011), (Passos, et al. 2013).
Other approaches suggest improving penetration through physical methods such as
micro-needling or ultrasound, or by adding chemical enhancers, such as dimethyl
sulfoxide (Zhang, Fang and Fang 2011). Nonetheless, the limited cell-damaging effect

of PDT treatment must be carefully considered when selecting lesions and patients.

Analysis of the Ki67 expression profile in the 3D cell culture model suggested that PDT
treatment stimulates cell proliferation, as evidenced by the increased staining intensity
of Ki67 (table 18). Similarly, figure 13 demonstrated a significantly higher number of Ki67-
positive stained nuclei in cell cultures exposed to PDT compared to non-treated cultures
(P=0.0050). Based on these findings, it can be suggested that the treatment of tumorous
lesions such as actinic keratosis or vulvar intraepithelial neoplasia with PDT could
potentially lead to disease progression and accelerated transformation into highly
malignant cell growth. This outcome is highly undesirable, dangerous, and contrary to
the intended therapeutic goal. Bhowmick and Girotti (2014) demonstrated similar effects
of PDT in a prostate cancer cell model, where PDT-induced NOS2 and NO promoted
cell survival and growth. Additionally, it has been shown that photogenerated reactive
oxygen species are responsible for cell cycle progression and proliferation, confirming
the findings of this study (Blazquez-Castro, et al. 2012). Furthermore, several studies
have reported a significant increase in the incidence of squamous cell carcinoma of the
male genitalia after using Psoralens and Ultraviolet A photochemotherapy (PUVA) to
treat psoriasis. These studies described a dose-dependent increase in the risk of
squamous cell carcinoma, which was up to 300 times higher compared to the general
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population (Stern 1990). Therefore, the indication for using PUVA must be critically
evaluated. Further investigations are necessary to determine whether PDT therapy might

have a similarly dangerous long-term effect on neoplastic progression.

As previously mentioned, it is important to interpret all findings cautiously regarding their
significance and reproducibility, primarily due to the limited number of experimental

replicates and the utilization of an immortalized cell culture model.

5.5 HPV 8E6-transduced 3D cultures show an altered response to
PDT

5.5.1 HPV 8E6-transduced cells show less DNA damage and higher proliferation rates

in response to PDT

Cell cultures transduced with either HPV 8E6 or pLXSN vector exhibited different y-H2AX
expressions. The control cultures, regardless of whether they were transduced with HPV
8EG6 or pLXSN vectors, showed minimal y-H2AX expression and induced DNA damage,
consequently. However, the pLXSN-transduced cell cultures treated under the PDT lamp
displayed notably higher y-H2AX expressions compared to the HPV 8E6-transduced and
radiated cells. The y-H2AX expression profile in the pLXSN-transduced cell cultures,
which represents the control group, was consistent with the profile observed in non-
transduced 3D cultures described earlier (table 17). In contrast, the PDT-treated cell
cultures transduced with HPV 8E6, representing an infection with the human
papillomavirus, exhibited minimal y-H2AX expression (table 19, figure 15). This
observation suggests that transfection with HPV 8EG6 leads to reduced DNA damage or
at least reduced DNA damage response induced by PDT treatment. It might be
hypothesized that a viral infection somehow confers higher resistance to oxidative stress
and creates a greater tolerance for cell death, such as RIPK3-induced necroptosis.
Indeed, it has been demonstrated that HPV infection promotes the development of
various mechanisms to evade host cells' attempts at immunological clearance and cell
death induction. For example, downregulation of RIPK3 and its downstream effectors,
such as MLKL, reduces necroptosis of infected keratinocytes (Ma, et al. 2016).
Downregulating RIPK3 not only diminishes necroptosis of infected cells but also inhibits
the release of interleukin 1a, which stimulates dendritic cells to produce interleukin-12,

crucial for an effective anti-tumour response (Schmidt, et al. 2015).

~75 ~



Discussion

Furthermore, previous studies have demonstrated that HPV 16 induces a compromised
response to radiation-induced DNA damage, despite the observed increase in y-H2AX
expression (Park et al., 2014). As a result, it was postulated that this impaired DNA
damage repair response may contribute to heightened radiation sensitivity. However,
contrasting these findings, HPV 16 E7 has been associated with increased resistance to
radiation rather than heightened sensitivity. Conversely, several studies have suggested
that HPVs, particularly a-type HPVs, exploit host cells' DNA damage response to
promote viral replication, rather than inhibiting the DNA damage response (Moody,
2017).

It is worth noting that these observations were made using mucosal HPV types, such as
HPV 16. However, in the present study, the oncoprotein of a cutaneous HPV type,
specifically HPV 8, was utilized. Therefore, further investigations are warranted to
explore how both mucosal and cutaneous HPV types might impact double-strand

damage induced by PDT and how these interactions influence susceptibility to PDT.

Furthermore, our findings again revealed a notable disparity in Ki67 expression between
the cell cultures subjected to PDT and the control cultures. However, a statistically
significant distinction between the cultures transfected with HPV 8E6 and those

transfected with pLXSN could not be discerned (figure 16).

In general, these results offer preliminary insights into the alteration of radiation-induced
DNA damage by cutaneous, although they must be cautiously interpreted due to the
limited number of experimental approaches employed (n=2). Moreover, it is important to
highlight that immortalized cell cultures were utilized in this study. To better mimic normal

skin tissue, it is recommended to employ primary cell culture lines.

5.6 Repression of RIPK3 has no significant impact on PDT-induced
DNA damage or post-PDT-proliferation in 3D cultures

The expression of y-H2AX was significantly elevated in the cell cultures exposed to
photodynamic therapy (PDT) radiation in comparison to the control cultures, irrespective
of whether they were transfected with siRIPK3, non-coding siRNA, or no siRNA
(p=0.0005, figure 17). In the PDT-treated cell cultures, the superficial layers directly
exposed to the radiation demonstrated the highest levels of y-H2AX staining, while the
basal layers exhibited minimal staining (table 21). These findings substantiate the notion
that PDT treatment elicits substantial DNA damage, specifically DNA double-strand
breaks, as indicated by y-H2AX staining. Importantly, this genetic damage appears to be

independent of siRNA transfection, as all approaches exhibited similar susceptibility to
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PDT treatment (figure 17). Once again, the depth of damage caused by the red light
emitted from the PDT lamp seemed to be limited, resulting in restricted damage to the
superficial keratinocytes. To augment the therapeutic efficacy of PDT irradiation,
strategies such as micro-needling or ultrasound, as previously demonstrated (Zhang,
Fang, & Fang, 2011), can be employed to enhance the depth of penetration.
Furthermore, sporadic y-H2AX staining observed in the control cultures can be attributed

to routine cell culture handling, which may induce a certain degree of DNA damage.

The expression profile of Ki67 in the siRNA experiment aligns with the findings described
earlier. Ki67, as a marker for cell proliferation, exhibited strong positivity in PDT-treated
cultures compared to the control cultures (p=0.0278, figure 18). Again, in the cell cultures
treated under the PDT lamp, Ki67 expression was particularly prominent in the
intermediate and basal layers of the culture. These intermediate layers directly interact
with the superficial cells that were directly exposed to radiation, where no Ki67
expression was detected. These observations held true regardless of siRIPK3
transfection, non-coding siRNA transfection, or no siRNA (table 22). As previously
illustrated, the higher overall expression of Ki67, indicative of cell proliferation, in the
treatment group compared to the control group supports the notion that PDT may
stimulate cell proliferation. Given that PDT is commonly used in the therapy of various
tumorous lesions, a growth-promoting effect on cells is highly undesirable and alarming
in terms of tumour progression and expansion. Nevertheless, the cell-stimulating effects
of PDT have been previously reported. Bhowmick and Girotti demonstrated that PDT-
induced NOS2 and NO promote cell survival and growth in a prostate cell culture model,
while Blazquez-Castro et al. revealed that photogenerated reactive oxygen species were
responsible for cell cycle progression and proliferation (Bhowmick and Girotti 2014;

Blazquez-Castro, et al. 2012).

Additionaly, the findings from this experimental approach suggested that the post-
therapeutic cell proliferative effect might depend on the presence of RIPK3 as Ki67
expression was lower in siRIPK3-tranfected cultures compared to the cultures that were
transfected with an non-coding siRNA or no siRNA, respectively. However, this
correlation was not significant and further studies are necessary to investigate the role
of RIPK3 in PDT-induced cell proliferation.

As already outlined before, these results must be cautiously interpreted due to the limited
number of experimental approaches employed (n=2) and usage of immortalized cell
cultures. To better mimic normal skin tissue, it is recommended to employ primary cell

culture lines. Furthermore, it is crucial to consider that siRNAs have a limited period of
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activity. The production of the 3D cell cultures used in this experimental work took three
days, and the cultures were incubated for only one day to minimize the time lag.
Nonetheless, it is possible that by the time of cell culture irradiation and subsequent
fixation (day 4), the activity of the used siRNAs was already declining, potentially
compromising their effectiveness. Further tests are required to confirm the efficacy of the
siRNAs and assess the corresponding reduction in protein presence. Alternatives for
targeted gene suppression could also be tested for their practicability, such as

ribozymes, RNA interference, or antisense oligonucleotides.

5.7 RIPK3 expression correlates with VIN grade

Significant variations in the expression of RIPK3 were observed among patients with
actinic keratosis, and the levels of RIPK3 appeared to be directly correlated with the
therapeutic response following photodynamic therapy (Chapter 4.1). It is noteworthy that
not only skin precancerous lesions such as actinic keratosis are associated with HPV
infections, but mucosal HPV also plays a critical role in the initiation of tumorigenesis,
particularly in the oropharyngeal and anogenital regions (citation). To investigate the role
of RIPK3 in lesions associated with mucosal HPV, samples from patients with VIN were

examined.

RIPK3 expression profiles exhibited variations among the tested vulvar intraepithelial
lesions. Consistent with the findings from RIPKS3 staining in actinic keratosis samples,
patients with vulvar lesions displayed diverse levels of RIPK3 expression (table 24).
There was a negative correlation between the grade of vulvar intraepithelial lesions (VIN
/7 and RIPK3 expression (figure 19). The VIN grade reflects the stage of
carcinogenic progression, ranging from VIN | (mildest form) to VIN grade lll (severe
dysplasia with minimal epithelial differentiation). The downregulation of RIPK3 in cancer
cells impedes cell death and promotes cell survival, suggesting that RIPKS is a critical
component of the signalling pathway inducing necroptosis. This downregulation of
RIPK3 in cancer cells has been previously documented (Koo, et al. 2015), which is
further supported by our findings. As tumorigenesis advances, there is a pronounced
decrease in RIPK3 expression. Heterogeneous RIPK3 expression profiles have also
been observed in cervical squamous cell carcinomas and adenocarcinomas. Moreover,
our group has previously demonstrated the significant impact of RIPK3 on the outcome
of anti-tumour immunotherapy using Poly-IC. Therefore, it is recommended to assess

the pre-therapeutic RIPK3 expression level. Loss of RIPK1/RIPK3 has been associated
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with tumour progression and poorer overall outcomes in patients with head and neck

squamous cell carcinoma (McCormick, et al. 2016), (Shi, Zhou, et al. 2019).

Considering the negative correlation between RIPK3 expression and VIN lesion grade,
as well as the crucial role of high-risk HPV in altering RIPK3 expression (Ma, et al. 2016),
it was of interest to investigate the relationship between HPV infection status and VIN
lesion grade. However, the analysis of vulvar intraepithelial samples for the presence of
HPV DNA did not reveal a significant correlation between HPV status and VIN grade.
Among the tested VIN samples, the proportion of HPV-positive and HPV-negative

samples was approximately equal.

This result could potentially be attributed to the limited sample size, as it is well-
established that the prevalence of HPV in VINs is generally high. For instance, a meta-
analysis conducted in 2017 by Faber et al. reported an overall prevalence of HPV in VINs
exceeding 76%. Specifically, the pooled prevalence of HPV was found to be 75.8% in
VIN | lesions and 82.7% in VIN II/lll lesions. Examining the specific HPV types, De Vuyst
et al. (2009) revealed that in VIN | lesions, HPV 6, 11, and 16 exhibited the highest
prevalence, while in VIN Il/1ll lesions, HPV 16 was found to be the most prevalent type

by a significant margin.

Furthermore, when correlating RIPK3 staining intensity with HPV infection status in
patients with vulvar intraepithelial neoplasia (figure 20), it was observed that HPV had
no discernible impact on the expression of RIPK3. Samples that tested positive for HPV
exhibited similar levels of RIPK3 expression compared to HPV-negative samples. ltis
imperative to note that no additional HPV typification has been executed; nonetheless,
this aspect should be explored in subsequent investigations. Although RIPK3 expression
was found to be directly associated with the grade of VIN, HPV does not seem to play a
crucial role in this correlation. However, the sample size investigated was insufficient,
rendering meaningful interpretation unfeasible. Moreover, as mentioned earlier, the state
of HPV activity may hold more significance than the mere presence of the virus. These
findings contradict those of Ma et al. (Ma, et al. 2016), which suggest that high- risk HPV

infection directly alters gene expression, including that of RIPK3, in keratinocytes.

In addition to HPV, there have been findings indicating that other viruses involved in
carcinogenesis, such as EBV, interact with the RIPK3 signalling pathway to evade
RIPK3-dependent necroptosis. EBV appears to promote hypermethylation of the RIPK3
promoter, resulting in the downregulation of RIPK3 expression. This downregulation is
directly associated with poorer disease-free survival and overall survival in HNSCC

patients, respectively (Shi, Zhou, et al. 2019).
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The utilization of PDT as a therapeutic approach for VINs and vulvar cancer has been
increasingly prominent. This minimally invasive treatment modality offers significant
reduction in physical and psychological distress for patients compared to radical
extinctions. In order to delve deeper into the role of RIPK3 in mucosal lesions such as
VINs or vulvar cancer, as well as its association with PDT response, it is imperative to

conduct in vitro experiments using, for instance, HPV 16 transduced keratinocytes.
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