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Abstract

Human papillomavirus (HPV) is the most common viral sexually transmitted infection
(STI) globally with almost the entire population coming into contact with the virus
within a few months to a few years of becoming sexually active. HPV infection at the
mucosal epithelium of the anogenital tract is common and infection with a high-risk
virus can result in anogenital lesions, which can progress into cervical and other
anogenital cancers. Infection with a low-risk HPV type in the anogenital tract can result
in genital warts. The incidence of many of these diseases and cancers, for example,
anal and oropharyngeal cancers, has increased significantly over the last two
decades. The current treatment options for pathologies caused by both high and low-
risk HPV have associated side effects including high pain, recurrence rate and risk of
complications. Therefore, better treatment options are required. Hyperthermia is a
well-documented adjunct to cancer therapy, which is also gaining traction in the
treatment of HPV-driven pathologies. Microwaves offer a precise and targeted
approach to deliver hyperthermia, and the Emblation Limited Swift® Microwave Tissue
Ablation system is currently in use for clinical treatment of plantar warts: cutaneous
lesions associated with HPV infection. Microwave ablation is a promising solution to
overcome some of the limitations associated with the current treatment options for
HPV-positive anogenital lesions but before implementation, an understanding of the
molecular mechanisms behind microwave therapy, particularly how it impacts the

HPV replication cycle, and the infected host cell must be carried out.

To analyse how microwave-delivered hyperthermia affected the host cell, we
examined transcriptional changes following treatment. Microwave treatment rapidly
altered the keratinocyte transcriptome, with 59 genes differentially expressed 4 hours
post-treatment. Of these genes, 56 were upregulated and 3 were downregulated. At
later time points post-treatment, 150 genes were differentially expressed and all of
these were upregulated. Microwave treatment triggered a heat shock response and
resulted in the upregulation of many chaperones and co-chaperones, which are
important in preventing proteolysis following temperature rises. Many of these genes
remained significantly upregulated at later time points. Genes involved in immune

pathways, including interleukins (/L8, IL20, IL24), interferons (IFNk) and chemokines



(CCL24, CCL26)were also upregulated following microwave treatment. Analysis of the
mRNA expression of IL-6, IL-1B8 and TNF-a confirmed an upregulation of innate
immunity following microwave treatment. The magnitude of this increase was greater
in HPV-positive tissues. Microwave-treated tissues secreted a higher concentration of
Th-1 cytokines (IL-18, IL-8, IL-2, TNF-qa, IFN-Y) in comparison to mock-treated tissues.
Th-1 mediated immunity is important for HPV clearance, so this has important

implications for the recurrence of pathologies following microwave treatment.

The HPV genome is associated with histones and uses host RNA polymerase Il for viral
transcription. Therefore, it was hypothesised that HPV transcription may also be
affected by microwave treatment. In models containing HPV16 episomes, there was a
transient increase in the expression of transcripts encoding the HPV16 early (E6/E7
and E4 containing) and late (E4"L1 and L1 containing) viral transcripts. The magnitude
of thisincrease was greater for transcripts encoding the viral late proteins. Anincrease
inthe differentiated compartment of these tissues following microwave treatment was
evident through increased transcription of the late epithelial differentiation markers
including transglutaminase, keratins (KRT37 and KRT75), corneodesmosomes and
late cornified envelope proteins (LCE3A, LCE3C, LCE3D, LCE6A). Following the
transient increase, the levels of early and late viral transcripts decreased by 72 hours
post-treatment, to levels below that of untreated proteins. Spatial analysis using RNA
Scope in situ hybridisation revealed this decrease in viral transcripts occurring first
within the treated area and then spreading out radially into the neighbouring tissue.
Microwave treatment could also inhibit viral genome replication up to 24 hours post-

treatment.

Finally, we sought to investigate if microwave treatment could disrupt virion
production. The L1 protein is the structural determinant of the human papillomavirus
capsid but its localisation within the nucleus, and how this enables virion assembly in
natural models of infection is poorly understood. Using immunofluorescent staining
and confocal microscopy, the subcellular localisation of L1 within differentiated
keratinocytes from organotypic rafts was examined. Over time, L1 accumulated in the
nucleus, the site of virion assembly. The majority of nuclei positive for L1 showed

diffuse nuclear staining but as rafts were grown in culture for extended periods, more
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cells contained L1 that was localised to subnuclear foci domains. This is similar to
previous reports that have identified these sites as promyelocytic leukaemia nuclear
bodies (PML-NBs) and proposed that L2, the minor structural protein, directs L1 to
these sites once it is expressed at a high level. Electron microscopy analysis of
keratinocytes grown in organotypic raft cultures revealed clusters of viral-like particles
within the upper, differentiated cells of the tissues. We propose that these clusters
may represent the foci of L1 staining observed by confocal microscopy, suggesting
that papillomaviruses assemble in subnuclear domains. The intracellular localisation
of L1 was disrupted following microwave treatment, which may restrict virion
assembly. Further experiments to confirm the presence of viral-like particles with

immunogold labelling will validate these findings.

Overall, this thesis builds on previous work that suggests that microwaves are a safe
and effective form of treatment for HPV-associated lesions. The data suggests that
microwave treatment inhibits human papillomavirus replication and induces an
immune response within HPV-infected cells. This provides an argument for the
extension of microwaves as a novel treatment option for HPV-positive anogenital
lesions. Future research will determine the regrowth of lesions to predict the

effectiveness and recurrence rates following treatment.
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CRAYB: Crystallin alpha B
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DDR: DNA damage response
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DNA-PK: DNA-dependent protein kinase
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EGF: Epidermal growth factor
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ERCC: External RNA controls consortium
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GM-CSF: Granulocyte-macrophage colony-stimulating factor
GO: Gene ontology
GSEA: Gene set enrichment analysis
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HPV: Human papillomavirus
hrHPV: High-risk Human papillomavirus
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Chapter 1 Introduction

1.1 A brief introduction to HPV

Human papillomaviruses (HPV) are a large family of epitheliotropic, small, non-
enveloped viruses ~50 nm in size, which contain a double-stranded DNA virus genome
of approximately 8,000 base pairs. HPV is the most common sexually transmitted viral
infection globally and is one of the most consequential carcinogens to humans,
accounting for around 5% of cancers worldwide including cancers of the anogenital
and oropharyngeal regions (Berman and Schiller, 2017; IARC, 2012). Globally, cervical
canceris the fourth most common cancerin women and causes an estimated 350,000
deaths annually (WHO, 2024). Over 90% of cervical cancer cases are caused by HPV
(Cubie, 2013). This chapter will introduce the life cycle of HPV, how infection with HPV

canresult in disease and the current treatment options that exist.

1.2 HPV evolution

1.2.1 Mucosal and cutaneous types of HPV

To date, more than 300 papillomavirus (PV) genomes, including 229 that infect
humans, have been identified and classified (or are pending classification by the
International Committee on Taxonomy of Viruses (ICTV) (McBride, 2017; Doorslaer et

al., 2018) (https://pave.niaid.nih.gov/). These are organised into alpha, beta, gamma,

mu and nu phylogenetic genera based on L1 nucleotide sequence homology (Figure
1.1). Papillomavirus types with less than 60% homology in L1 are classified into
different genera (de Villiers et al., 2004; Bernard et al., 2010). Within genera, a greater
than 10% difference in the L1 sequence identifies different genotypes (de Villiers et al.,
2004; Bernard et al., 2010). Evolution of PVs is extremely slow, with the mutational rate
only 5-10 times that of their mammalian hosts (Ong et al., 1993; Rector et al., 2007;
Shah, Doorbar and Goldstein, 2010). Papillomaviruses are highly host-restricted and
mostly cause benign infections, leading to the hypothesis of host-linked evolution
(Bernard, 1994; Doorslaer, 2013). However, the observation of HPV types within five
different genera demonstrates that other influences must have contributed to
papillomavirus evolution (Figure 1.1). Therefore, it has been proposed that ancestral

papillomaviruses specialised in infecting distinct ecological niches on the host
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followed by extensive co-speciation (Bravo and Alonso, 2007). HPV types can be
separated by the epithelial site the virus infects. HPV types that infect the mucosal
epithelium reside within the alpha genus (Figure 1.1). Mucosal sites of infection
include the cervix, vagina, vulva, anus and oropharynx (Cubie, 2013). Infections at
these sites are common with 80% of the population infected with an anogenital a-HPV
over their lifetime (Chesson et al., 2014). The majority of the Beta, mu and nu genera
and some of the alpha and gamma genera infect the cutaneous epithelia, where they
persist (Egawa et al., 2015). In immunocompetent individuals, this infection is often
very well controlled by the immune system and these infections remain largely
asymptomatic (Gheit, 2019). Immunosuppression can result in a large reactivation of
these cutaneous HPV types, particularly Beta HPV types, which are the most well-

studied and can resultin an increased risk for skin cancer (Egawa and Doorbar, 2017).
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Figure 1.1 Papillomavirus phylogenetic tree. The DNA coding sequences for E1, E2,
L1 and L2 for 241 PVs available on PaVE were downloaded and alighed. The maximum
likelihood reconstruction of the phylogenetic tree was based on partitioned gene
alignment. Genera were named according to previous reports (de Villiers et al., 2004;
Bernard et al., 2010) and those with an asterisk are awaiting official recognition.
Branch colours indicate viruses lacking an E6 (red) or E7 (green) open reading frame
(ORF) and those that code for E5 (purple). Figure adapted from (Doorslaer, 2013).
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1.2.2 HPV evolution: high and low-risk Viruses

The mucosal HPV types can be further classified into high- and low-risk viruses. Twelve
of the mucosal HPV types are considered high-risk HPV types (hrHPV) (HPV16, 18, 31,
33, 35, 39, 45, 51, 52, 56, 58 and 59), based on an International Agency for Research
on Cancer (IARC) working group classifying them as carcinogenic to humans due to
their association with cervical cancer (IARC, 2012). HPV68 is categorised as ‘probably
carcinogenic to humans’, with an attributable fraction of 0.2% of cervical cancers, but
is not currently defined as a high-risk type (Figure 1.2). HPV16 and HPV18 are the two
most prevalent subtypes (Li et al., 2011). HPV16 is uniquely carcinogenic, responsible
for around 60% of squamous cell carcinoma cases (SCC) of the cervix (Li et al., 2011;
IARC, 2012; IARC, 2022) and HPV18 causes around 15% of cervical SCC cases (Figure
1.2) (Li et al., 2011; IARC, 2012; IARC, 2022). HPV45 is responsible for around 5% of
cervical SCC cases and the closely related HPV31, 32, 33, 35, 52 and 58 together
account for around 15% of cases (Figure 1.2, yellow). The remaining high-risk types

(shownin dark green in the table) are much less carcinogenic (Figure 1.2).

IARC % HPV type % HPV type % Attributable

HPV type HPV species Group® prevalence in - prevalence in - Odds ratio (etiological)
cancer normal fraction

HPV16 a-9 Group 1 55.8 2.6 47.6 62.4
HPV1E a-7 Group 1 14.3 1 15.7 15.3
HPVAS a-7 Group 1 4.8 0.6 8.3 4.8
HPV33 a-9 Group 1 4 0.6 7.1 3.9
HPVSE a-9 Group 1 4 0.8 5.1 3.7
HPV31 a-9 Group 1 3.5 1 3.7 2.9
HPV52 a-9 Group 1 3.2 1 3.3 2.6
HPV35 a-9 Group 1 1.6 0.4 3.9 1.4
HPVS9 a-7 Group 1 1.2 0.4 29 0.9
HPV39 a-7 Group 1 1.3 0.6 2.0 0.8
HPVER a-7 Group 2A 0.6 0.4 1.5 0.2
HPV51 a-5 Group 1 1 0.9 1.2 0.2
HPV56 a-6 Group 1 0.8 0.6 1.3 0.2
HPVT3 a-11 Group 2B 0.5 03 18 0.2
HPV26 o-5 Group 2B 0.2 0.1 4.1 0.2
HPW30 o-6 Group 2B 0.2 0.1 2.6 0.1
HPVED 0-5 Group 2B 0.2 0.1 14 0.1
HPVE? a-9 Group 2B 0.3 0.2 1.2 <0.1
HPVa2 -5 Group 2B 0.2 0.1 1.2 <0.1
HPV34 a-11 Group 2B 0.1 0.1 1.0 Mot attributable
HPVEG a-6 Group 2B 0.3 0.6 0.4 Not attributable
HPVT0 a-7 Group 2B 0.2 0.8 0.3 Mot attributable
HPY53 a-6 Group 2B 0.5 1.1 0.4 Mot attributable

Figure 1.2 The relative importance of the carcinogenic HPV Types. The table shows
the attributable fraction of cervical cancer cases caused by each HPV type. Afive-level
grouping in attributable fraction is shown by the coloured bands. The IARC definitions
for the groups given in the third column are carcinogenic to humans (Group 1);
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probably carcinogenic to humans (Group 2A) and possibly carcinogenic to humans
(Group 2B) Figure adapted from (IARC, 2022).

1.3 HPV and disease:

1.3.1 HPV disease in the mucosal epithelium

Although most individuals acquire an HPV infection, the majority of infections (~90%),
with even high-risk viruses, are resolved by the immune system within 1 or 2 years
without overt clinical disease (Schiffman, 2007; Bulkmans et al.,, 2007). These
infections are typically productive, releasing progeny virions, which trigger the immune
system to respond (Maglennon, Mcintosh and Doorbar, 2011; Bourgault et al., 2004).
Persistence of infection can result in pathology and pre-malignant lesions can be
formed. HPV-associated pre-cancers occur as intraepithelial neoplasia, nhamed after
the site of occurrence. Cervical intraepithelial neoplasia (CIN) is the most extensively
studied consequence of persistent HPV infection, but other neoplasms at the
anogenital region include vulval (VIN), vaginal (VAIN), penile (PIN) and anal
intraepithelial neoplasia (AIN) (Cubie, 2013). These intraepithelial neoplasias can
progress to cancer due to dysregulation of HPV infection which is often associated
with a loss in the production of new virions (Section 1.8) (Doorbar et al., 2012).
Therefore, cancer has no evolutionary benefit for the virus and is a rare and inadvertent

consequence of HPV infection (Krump et al., 2018).

Anal lesions have a similar association with HPV as cervical lesions, with more than
90% of anal carcinoma cases attributable to HPV infection (Assarzadegan, Brooks and
Voltaggio, 2022). These cases have previously been overlooked due to low numbers of
incidence, but rates are currently rising by 1 to 3% a year in developed countries,
particularly in men who have sex with men (MSM) (Grulich et al., 2012; Deshmukh et
al., 2020). Vaginal, vulval and penile cancers are rare, which is thought to be due to the
lack of atransformation zone in these sites (Section 1.6.1) (Cubie, 2013). Infection with
hrHPVs can also result in oropharyngeal squamous cell carcinomas (OPSCC). The
incidence of OPSCC has increased over the past two decades, with evidence
suggesting that the incidence of HPV+ OPSCC is rising more rapidly (Taberna et al.,
2017). This has resulted in the incidence of oropharyngeal cancer in men surpassing

that of cervical cancer in women in both the UK and USA (Lechner et al., 2022).
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HPV is also responsible for other diseases at the mucosal epithelium besides cancers
including genital warts (condylomata acuminata) and recurrent respiratory
papillomatosis, the majority of which are caused by HPV types 6 and 11 (Cubie, 2013).
Genital warts are common pathologies, with reports of around 10% of women in
Scandinavia developing genital warts before the age of 45, that affect the anogenital
site (Kjeer et al., 2007). Whilst they do not carry with them the same malignancy risk as
intraepithelial neoplasia, they can cause significant psychosocial stress (Cubie, 2013)
and have a high rate of transmission between partners (60%) (Woodhall et al., 2008).
Recurrent respiratory papillomatosis is a difficult-to-manage disease with high
morbidity. Most pathologies arise from HPV6 or HPV11 infection of the larynx, which
results in exophytic warty lesions (Goon et al., 2007). In juveniles, these can be life-
threatening due to the possibility of lesions blocking the airway and they require
surgical intervention, which can be required monthly due to frequent recurrence, to

remove the lesion (Cubie, 2013).

1.3.2 HPV disease in the cutaneous epithelium

Infection with the cutaneous HPV types can result in the development of common
warts, most commonly caused by HPV2 or HPV4 (Jablonska et al., 1985; Orth, Favre
and Croissant, 1977) and plantar warts (verrucas), commonly caused by HPV 1, 2, 27
and 57 (Egawa and Doorbar, 2017). Epidermodysplasia verruciformis (EV) is a rare
autosomal recessive condition, which, through mutation of EVERT or EVER2, can
result in the selective depletion of T cell clones (Youssefian et al., 2019; Ramoz et al.,
2002). This makes individuals susceptible to extensive cutaneous infection with a
subset of the B-HPV types and can result in lifelong development of warts and lesions
(Orth et al., 1978). HPV5 and HPVS8 are responsible for the majority of warts and these
lesions canresultin SCC development on sun-exposed sites (Orth, 1987). Theimmune
deficiency in these patients is proposed to be responsible for this enhanced
propensity to infection and similar cutaneous lesions have been observed in other
immunosuppressed individuals, such as HIV-positive individuals or graft recipients

(Moore, Rady and Tyring, 2022).
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1.4 Progression of disease

The progression from infection with HPV to cervical cancer development is a rare,
long-term process that involves the accumulation of DNA alterations in the host
genome. Persistent infection, caused by an inadequate mounting of the immune
response to eradicate infection, and dysregulation of the viral life cycle are risk factors
for malignancy (Stanley, 2012). Determinants of persistence may involve the viral
genotype, tobacco smoking and the use of hormonal contraceptives (del Pino et al.,
2024). Moreover, coinfections with sexually transmitted bacterial or viral infections,
such as chlamydia trachomatis (Silins et al., 2005; Kumari and Bhor, 2022) and HIV
(Malagon et al., 2024) respectively, can result in increased likelihood for persistence.
In the cervix, pathologies can progress from CIN grades 1 to 3 (Figure 1.3). CIN3 lesions
can subsequently progress to cervical SCC (Leeson et al., 2021). The grading of CIN is
determined by the proportion of the epithelium that has undergone disruption from
normal epithelial fate (Figure 1.3). CIN1 denotes mild dysplasia, where the lower one-
third of the epithelium shows dysplasia. In CIN2, the lower two-thirds of the epithelium
is affected and once over two-thirds of the epithelium is affected, lesions are graded
CINS (Figure 1.3) (IARC, 2022). Cervical pathologies can also be classified as low- or
high-grade squamous intraepithelial lesions (LSIL, HSIL). LSIL is a similar grading to
CIN1 lesions and below whilst HSIL represents CIN2 and CIN3 lesions (IARC, 2022).
The majority of CIN1 and CIN2 lesions regress (Schiffman et al., 2011). Arecent meta-
analysis showed a 50% regression rate for CIN2 lesions over 24 months, which was
increased to 60% in women under 30 (Tainio et al., 2018). Even if lesions progress to
CINS, only one-third of cases are predicted to subsequently progress to cancer within
10-20 years (Gravitt, 2011) (Figure 1.4). Moreover, the development of invasive cancer
from CIN3 is much slower than the development of CIN3 following a new HPV
infection, which allows for detection and intervention (Schiffman and Rodriguez, 2008)
(Figure 1.4). Overall, the ability of the immune system to suppress or eradicate HPV
infection is one of the most important factors for disease progression. This is
particularly apparent when considering the progression rate in women living with HIV.
These individuals have a 2.5-fold higher incidence of HSIL and a 4-fold higher
incidence of invasive cervical cancer than HIV-negative women (De Vuyst et al., 2008;

Denslow et al., 2013; Liu et al., 2018). Moreover, they have an increased risk of
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developing invasive cervical cancer 7 to 15 years earlier than HIV-negative women

(Sharma et al., 2023).

Normal ~ CIN1 . CIN2 . CIN3 ; SCC

Virions access the '
basal cells through '
microabrasions '

; LR Bt ... @
: 89 %0a g 00
; —eagt 0 g0 ee
§ el e | l:" & _q.-;..,‘.._-
° ] ‘o aL® 0@y PN gt
i@l e s ‘ ° ® @ 6. ,}. e !‘.‘: e ®
*4 o %9 e *™: Se” e
H H ' :,,. @ ¢ ‘ ®
P ' ot o|®L0 o . . ’
- o\ " . . .
Qe
Invasion of cancer
y cells into the
Risk of basement membrane

progression

Figure 1.3. Progression of HPV infection to cervical squamous cell carcinoma.
Following infection with a high-risk human papillomavirus, persistent infection can
result in the appearance of abnormal cells (pink circular cells) and the progression of
cervicalintraepithelial neoplasms (CIN) towards squamous cell carcinoma (SCC). CIN
lesions are graded based on the proportion of the epithelium that contains disrupted
cells. Dysplasia of the lower 1/3", 2/3™ or over 2/3"s of the epithelium is graded as
CIN1, CIN2 and CIN3 respectively. A large proportion of CIN1 and CIN2 lesions will
clear naturally and even many CIN3 lesions will revert. The invasion of dysplastic cells
into the basement membrane denotes the condition as squamous cell carcinoma.
Figure created on Biorender.com
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Figure 1.4 Risk of HPV persistence and progression. The graph on the left shows the
proportion of carcinogenic HPV infections that clear, persist or progress to CIN3 in the
first 3 years after detection. The graph on the right shows the proportion of untreated
CINS lesions that progress to cancer within 30 years following initial diagnosis.
Adapted from (Schiffman et al., 2011). Based on data from (Rodriguez et al., 2008;
McCredie et al., 2008).
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1.5 The HPV genome

All HPVs contain a circular ~8 kb double-stranded DNA genome (Van Doorslaer et al.,
2017). Genomes are composed of an ‘early’ region, which contains open reading
frames (ORFs) for seven viral non-structural proteins (E1, E2, E4, E5, E6, E7, EB"E2)
and a ‘late’ region, which contains ORFs for two viral structural proteins (L1 and L2).
The genome also contains a long control region (LCR), also denoted the upstream
regulatory region (URR) (Figure 1.5) (Van Doorslaer et al., 2017; Nelson and Mirabello,
2023). The LCR contains the origin of replication and binding sites for the viral E1 and
E2 proteins for the initiation of viral replication (Figure 1.5) (Yu, Majerciak and Zheng,
2022). There are four E2 binding sites within the LCR and the most distal of these is
upstream of the transcriptional enhancer (Figure 1.5). The LCR also contains cis-
acting controlregions and binding sites for many cellular and viraltranscription factors
for transcriptional regulation (Graham, 2010; O'Connor, Chan and Bernard, 1995). The
5’ end of the LCR contains a late regulatory element, which can interact with several
cellular proteins to control viral late gene expression post-transcriptionally (Kennedy,
Haddow and Clements, 1990; Kennedy, Haddow and Clements, 1991; Koffa et al.,
2000; Cumming et al., 2002; Cumming et al., 2003; McPhillips et al., 2004).

Due to the relatively small genome, papillomaviruses employ multiple strategies to
encode the proteins required for the viral life cycle (IARC., 2007). The in vitro models
used in this thesis contain HPV16 so an in-depth introduction to its transcription will
be provided here, however many of the features are shared between the high-risk HPV
types (Graham, 2017; Yu, Majerciak and Zheng, 2022). Early and late promoters and
polyadenylation sites allow HPV to temporally regulate the expression of genes with
distinct phases of the viral life cycle (Kirk and Graham, 2024). HPV16 uses a major early
and late (p97 and p670 respectively) transcriptional start site (Figure 1.5). Recruitment
of host RNA polymerase Il is required for transcription, which takes place in a
unidirectional manner with all the ORFs contained on the same strand of the double-
stranded genome (Yu, Majerciak and Zheng, 2022). HPV pre-mRNAs are polycistronic
and encode overlapping ORFs in three coding frames (Figure 1.5) (Kajitani and
Schwartz, 2022). Alternative splicing results in the production of the HPV mRNAs,
which are capped at the 5’ terminus and cleaved at early or late polyadenylation sites

for polyA tail addition using host machinery (Figure 1.5) (Graham and Faizo, 2017).
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Figure 1.5: The genome organisation of HPV16. Other high-risk HPV genomes are
very similar in organisation. The circular ~ 7.9 kb double-stranded DNA genome is
depicted as three codon reading frames: 1 (outside track), 2 (middle track) and 3
(inside track). The genome comprises a long control region (LCR) or upstream
regulatory region (URR) and protein-coding frames depicted as coloured rectangles in
the appropriate reading frame. The major early and late promoters are denoted p97
and p670 respectively and the early and late polyadenylation sites labelled in grey
(polyAeand polyA,). Black and grey circles within the URR represent E1 and E2 binding
sites respectively and the origin of replication is labelled. Figure adapted from (Nelson
and Mirabello, 2023).

1.6 Early events in the viral life cycle

1.6.1 HPVentry

Papillomaviruses require infection at multilayered differentiated epithelial sites to
enable the full viral life cycle to take place (Doorbar and Griffin, 2019). Viral entry and
replication at the cervix will be considered here but many of the underlying features
are consistent with infection at other anatomical positions. The cervix consists of
distinct epithelial sites: the stratified epithelium at the ectocervix, the columnar
epithelium of the endocervix and the transformation zone (Figure 1.6) (Doorbar and
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Griffin, 2019; Reich et al., 2017). These areas have different vulnerabilities to infection,
with the majority of HPV-induced neoplasms arising from initial infection at the
transformation zone (Doorbar and Griffin, 2019). High-risk HPV infection requires entry
into basal or reserve (stem-like) epithelial cells (Pyeon et al., 2009; Egawa, 2003).
Microabrasions in the stratified epithelium can give virions access to infect the basal
cells (Doorbar, 2005). Alternatively, the metaplastic epithelium of the transformation
zone represents a replicating layer, which is not protected by a thick layer of non-
dividing cells, making infection of these basal or reserve cells easier (Doorbar and

Griffin, 2019) (Figure 1.6).
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Figure 1.6 HPV infection at different epithelial sites of the cervix and
consequences of infection. (A) The cervix has distinct epithelial sites (from left to
right): the conventional stratified epithelium at the ectocervix, the transformation zone
and the columnar epithelium of the endocervix, which is adjacent to the endometrium.
The cells shown in turquoise lying under the basal cells at the transformation zone are
the reserve cells that have an important role in metaplasia, resulting in the formation
of a new stratified epithelium. (B) HPV infection at different sites results in different
outcomes. Infection at the ectocervix is believed to result in productive infection or
LSIL whereas other sites are associated with viral life cycle dysregulation and higher
potential for malignancy. Figure adapted from (Doorbar and Griffin, 2019).

26



Once HPV has accessed the basal or stem-like cells, virion entry takes place. The
major capsid protein L1 binds to heparan sulphate proteoglycans on the cell surface
(Joyce et al., 1999; Cerqueira et al., 2013). This interaction triggers conformational
changes in the viral capsid, which results in the exposure of the N-terminus of the
minor capsid protein L2 (Selinka et al., 2003; Kines et al., 2009). Proteolytic cleavage
of the exposed portion of L2 and interactions with a currently unidentified secondary
receptor are necessary for virion internalisation (Richards et al., 2006). Endocytosis of
HPV through the plasma membrane uses an actin-dependent mechanism most
similar to macropinocytosis (Schelhaas et al., 2012; Spoden et al., 2008; Selinka,
Giroglou and Sapp, 2002). The resulting endocytic vesicles undergo acidification,
which triggers the disassembly of the viral capsid (DiGiuseppe et al., 2017; Smith et
al., 2008). L2 remains associated with the viral DNA and through interactions with the
retromer complex, the viral protein/DNA complex is rescued from degradation and
trafficked to the trans-Golgi network (Day et al., 2013; Lipovsky etal., 2013; Popa et al.,
2015). During mitosis, nuclear envelope breakdown enables transport vesicles
containing HPV, which likely bud from the TGN, to access the condensed
chromosomes (Aydin et al., 2014; Pyeon et al., 2009). Following cell cycle completion
and nuclear envelope reformation, the incoming viral DNA and L2 have been
characterised to be associated with Promyelocytic leukaemia (PML) nuclear bodies
(NBs) (Day et al., 2004). PML-NBs are targeted by many viruses, likely due to their
known functions in innate immunity, cell cycle arrest and apoptosis (Guion and Sapp,
2020). Transcriptional repressors that are associated with PML-NBs such as Sp100
and Daxx, have been shown to restrict the gene expression of several DNA viruses such
as adenoviruses (Schreineretal., 2013), human cytomegalovirus (Kim etal., 2011) and
herpes simplex virus 1 (Negorev et al., 2006). In turn, these viruses have evolved
effector proteins to induce the reorganisation of PML-NBs and allow for viral
transcription and replication (Ryabchenko et al., 2023). It has been postulated that
initially, PML-NBs may favour HPV transcription (directed through PML) for the
establishment of infection but during persistent infections, they may repress viral
transcription (through Sp100) (Day et al., 2004; Stepp, Meyers and McBride, 2013;
Habiger et al., 2015).
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1.6.2 E1and E2 play important roles in the early phase of HPV
replication

Following nuclear entry, viral replication begins. Initial early transcription within
infected basal cells first results in the expression of the viral early proteins, E1 and E2
(Ozbun, 2002). E2 recruits the helicase E1 to the viral origin of replication (Ori) (Sanders
and Stenlund, 2000; Sanders and Stenlund, 1998), which in turn assembles
components of the host DNA polymerase machinery at the Ori to initiate viral genome
replication (Table 1.1) (Chojnacki and Melendy, 2018). There are three different stages
of genome replication within the HPV life cycle: establishment, maintenance and
amplification. The establishment phase, early in viral infection, amplifies the viral
genome copy humber to around 50-100 copies per cell (Maglennon, Mclntosh and
Doorbar, 2011; Stubenrauch and Laimins, 1999). In the maintenance phase, genomes
are stably maintained at this number within the basal layers of the epithelium to
preventimmune detection, with viral genome replication coincident with cellular DNA
replication (Lambert, 1991). Following genome replication, E2 ensures the equal
segregation of episomes during mitosis by tethering the viral genome to chromatin
(Table 1.1) (Bastien and McBride, 2000; Lehman and Botchan, 1998; Ilves, Kivi and
Ustav, 1999). After differentiation of the host cell, the virus genome undergoes a
second amplification step, proposed to increase the viral load to several hundreds or

thousands per cell for virion production (Hoffmann et al., 2006).

Table 1.1 The functions of the viral proteins from the hrHPV types.

Viral protein | Function

El Viral helicase.

Interacts with E2 and components of host DNA polymerase
machinery to initiate genome replication.

E2 DNA-binding protein which recognises the Ori and recruits E1 to
these sites for viral genome replication.

Transcriptional regulator.

Tethers HPV episomes to host chromatin for equal partitioning of
episomes during mitosis.

E4 Interaction with the keratin filaments and the envelope in cornified
cells to promote structural instability and aid virion release.

Cell cycle arrest.

E5 Regulates cell signalling (EGFR and KGFR) to enable the
differentiation-dependent stages of the HPV life cycle.

Aids viral immune evasion through the inhibition of MHC class |
presentation.
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E6 Interaction with E6AP to enable binding and degradation of p53
resulting in inhibition of apoptosis to bypass cellular growth arrest
following DNA damage.

Inhibition of keratinocyte differentiation and interferon response.
Telomerase activation. Degradation of PDZ proteins.

E7 Binding to and degradation of Rb, p107 and p130 enabling
unscheduled cell proliferation.

Aids viralimmune evasion by interfering with the interferon response
and inhibition of NF-kB.

E8"E2 Repressor of viral replication and transcription in basal cells.
Mediates the switch to late viral events in differentiation.

L1 Major capsid protein.

L2 Minor capsid protein.

Mediates viral genome delivery to the nucleus and PML-NBs within
the nucleus during virion entry.

1.6.3 HPV gene expression and its regulation

HPV intricately links its gene expression with the differentiation status of the
epithelium that it infects (Figure 1.7) (Kirk and Graham, 2024). Alongside its functionin
viral genome replication (Table 1.1), E2 is also a major regulator of viral transcription.
Low concentrations of E2 within undifferentiated cells result in transcriptional
activation of the early promoter and production of the early viral proteins E1, E2, E6,
E7 and E8"E2 (Figure 1.8) (Steger and Corbach, 1997; Rapp et al., 1997). As the
concentration of E2rises, it acts as arepressor, leading to very low-level expression of
the viral oncoproteins (Figure 1.8) (Rapp et al., 1997; Steger and Corbach, 1997;
Stubenrauch, Lim and Laimins, 1998). E8"E2 acts synergistically with E2 in
undifferentiated cells, and together they repress viral transcription and replication to
enable immune evasion (Stubenrauch et al., 2000; Lace et al., 2008b; Zobel, Iftner and
Stubenrauch, 2003). E8"E2 has also been proposed to be involved in the switch to
productive replication within differentiated cells (Kuehner and Stubenrauch, 2022)

(Table 1.1).
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Figure 1.7: HPV viral gene expression is tightly linked to the differentiation status
of the epithelium. (A) During differentiation of the epithelium, the transcription of
epithelial cells changes. The arrows on the right-hand side indicate the expression of
these early and late differentiation markers. (B) Within HPV-infected epithelium,
differentiation begins later. The viral proteins are also spatially regulated and their
expression within different layers are indicated (coloured triangles) with the stages of
the viral life cycle. Figure made in Biorender.com.
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Figure 1.8. The E2 binding sites in the upstream regulatory region (URR) of HPV16.
Early in infection, when E2 protein concentrations are low, E2 binds to E2 binding site
(E2BS) 1, its most distal binding site from the p97 promoter and the one with the
highest affinity. This results in transcriptional activation from p97 and the transcription
of the HPV early genes. As these transcripts are translated into proteins and the
concentration of E2 increases, E2 begins to bind to the other binding sites, which are
proximal to the p97 promoter. Binding at these sites results in transcriptional
repression of the HPV early genes. Figure created in Biorender.com.
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1.6.4 HPV16 early transcription

Fourteen early HPV16 viral transcripts have been identified that use the early
polyadenylation site at 4215 nt (pAe) (Figure 1.9) (Transcript maps available at PAVE)
(Schwartz, 2013; Yu, Majerciak and Zheng, 2022; Graham and Faizo, 2017). Alternative
RNA splicing of the early HPV16 pre-mRNAs uses 8 major RNA splicing sites including
two 5’ splice donor and six 3’ splice acceptor sites to produce isoforms of mRNAs for
the expression of the seven viral non-structural proteins (E1, E2, E4, E5, E6, E7 and
E8"E2) (Figure 1.9) (Graham and Faizo, 2017). Two major splice events are preferred in
HPV16 early transcription. The first of these is early in the viral genome between the
splice donor at 226 nt to the splice acceptor at 409 nt (SD226"SA409) (McFarlane et
al., 2015). Transcripts originating from the minor p14 promoter in HPV16 also use this
splice donor and acceptor (species 1, Figure 1.9). This is proposed to result in E1
expression through leaky ribosome scanning (Lace et al., 2008a). In the central part of
its genome, HPV16 has one major splice acceptor site at SA3357 (Graham and Faizo,
2017). This was previously observed to be the most commonly used splice site on the
HPV16 genome from patient samples (Schmitt et al., 2010). The major transcript
originating from the p97 major early promoter uses both of these splice sites between
SD226”SA409 and SD880"SA3357 to produce a transcript encoding E6*1, E7, E1"EA4,
ES (species 8, Figure 1.9). The remaining six splice acceptor sites (nt 526, 742, 2582

and 2708) allow for the expression of the remaining HPV early genes (Figure 1.9).
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Figure 1.9: Transcript map of HPV16 transcripts that use the early polyadenylation
site. The HPV16 genome is shown in a linear form as a black line with the viral
promoters (black flags) indicated. Major promoters are larger in size and the putative
promoters are shown by a dashed line. The early (pAe) and late (pAL) polyadenylation
sites are shown with red triangles and the nucleotide position indicated. The diagram
is not to scale. Predicted viral ORFs and the coding frame they are in are shown above
(coloured boxes). Below the genome, are the mapped viral transcripts that use the
early polyadenylation site (species 1-17, numbered on left). Exons are represented by
black boxes and introns by black lines. The numbers above each box start/end
represent the nucleotide positioning of the splice donor and acceptor site or the
promoter used (if not p14 or p97). The coding potential for each transcriptis shown on
the right. Transcripts in red represent those that are most abundant. Transcript maps
used for reference (Milligan et al., 2007; Chen et al., 2014). Figure partially made in
biorender.com.
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1.6.5 HPV E6 and E7 are essential for the full viral life cycle

In a normal infection, E6 and E7 are expressed at a very low level and are required for
the full viral life cycle to take place (Table 1.1). Whilst HPV requires keratinocytes to
differentiate for expression of the late viral proteins and virion assembly, this normally
results in exit from the cell cycle (Moody, 2017). HPV needs to amplify its genome
within the differentiated cells to produce new virions; viral load is limited in the lower
layers to prevent immune recognition. Therefore, E6 and E7 expression early in
infection modifies cells committing to differentiation to both differentiate and remain
within the cell cycle to allow for HPV genome amplification (Moody, 2017). E7 binds to
and destabilises Rb and the associated pocket factors p107 and p130 (Berezutskaya
etal., 1997; Boyer, Wazer and Band, 1996). This prevents Rb from forming a regulatory
complex with E2F and frees E2F to become a transcriptional activator that stimulates
S phase entryin cells that would usually undergo terminal differentiation, allowing viral
genome replication (Mdller et al., 1997; Weintraub, Prater and Dean, 1992). This
unscheduled cell proliferation would normally result in apoptosis. To avoid this, the
hrHPVs encode E6, which binds to and promotes the degradation of p53 through the
formation of a trimeric complex with the cellular ubiquitination enzyme E6-associated
protein (Crook, Tidy and Vousden, 1991; Martinez-Zapien et al., 2016). E6 can also
inhibit apoptosis through its interactions with FADD, caspase 8 and TNF receptor 1
(Filippova et al., 2002; Filippova, Parkhurst and Duerksen-Hughes, 2004). E6 and E7
additionally aid HPV immune evasion, allowing completion of the viral life cycle

without detection (Section 1.9.2).

1.7 Late events in the viral life cycle

Once cells have begun differentiation in the stratified layer, the viral genomes undergo
a second round of amplification. This amplification stage is dependent upon the
activation of the ATR and ATM DNA damage response pathways (Moody and Laimins,
2009). Normally the activation of these pathways would result in cell cycle arrest for
DNA repair to occur but within HPV-infected cells, this regulation is alleviated through

the HPV oncoproteins (McKinney, Hussmann and McBride, 2015) (Section 1.6.5).
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Transcription at the late promoters is activated by DNA replication and epithelial
differentiation (Hummel, Hudson and Laimins, 1992; Ruesch, Stubenrauch and
Laimins, 1998; Wang et al., 2017). Viral late gene expression occurs at a similar time
to the expression of the late differentiation epithelial markers including involucrin,
transglutaminases and loricrin (Figure 1.7) (Kirk and Graham, 2024). This coordination
of early and late viral transcription to distinct parts of the epithelium prevents the
expression of the highly immunogenic late proteins until the upper layers of the

epithelium, an immune-privileged site (Egawa et al., 2015).

1.7.1 HPV16 late gene transcription

Five late HPV16 transcripts originating from the p670 promoter have been discovered.
Two of these are polyadenylated at the early site which allows for the expression of
E1"E4 (species 17, Figure 1.9) (Chen et al., 2014). The remaining transcripts are
polyadenylated at the downstream late polyadenylation site at nt 7321, including
those that express the viral capsid proteins L1 and L2 (Figure 1.10). Translation
initiation is thought to take place at the first 5° ORF of a transcript and it is proposed
that only this initial ORF that will be efficiently translated (Kozak, 1991). Since L1 is
always at the 3’ end of transcripts, most often with other gene ORFs before it, this
represents a problem in producing the major late capsid. However, leaky ribosome
scanning (Kozak, 2002) would allow for L1 production (species 19) and a smallamount
of L1 may also be produced through alternative splicing using the SD880 to SA5639
sites, to produce a transcript with L1 as the most 5’ ORF (species 20, Figure 1.10)
(Milligan et al., 2007; Johansson and Schwartz, 2013). There are several putative late
promoters for HPV16 (transcripts not shown in Figure 1.10). The putative promoter at
1135nt is thought to encode the regulatory protein E8"E2 and use the early
polyadenylation site (Straub et al., 2015). The promoter contained within the E4 ORF
(p3332) is proposedto encode E5, L2 or L1 (Ozbun and Meyers, 1997) and the promoter
within the E5 ORF (pE5) would contain L2 as the first reading frame (Milligan et al.,
2007).
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Figure 1.10: Transcript map of HPV16 transcripts that use the late major viral
promoter and late viral polyadenylation site. The HPV16 genome is shown in alinear
form as a black line with the viral promoters (black flags) indicated. Major promoters
are larger in size and putative promoters are shown by a dashed line. The early (pAe)
and late (pA.) polyadenylation sites are shown with red triangles and the nucleotide
position indicated. The diagram is not to scale. Predicted viral ORFs and the coding
frame they are in are shown above (coloured boxes). Below the genome, are the
mapped viral transcripts that use the late major viral promoter (p670) and the late
polyadenylation site (pAL). Exons are represented by black boxes and introns by black
lines. The numbers above each box end/start represent the nucleotide positioning of
the splice donor and acceptor site. The coding potential for each transcript is shown
on the right. Many other HPV16 transcripts have been identified that use putative
promoters within the viral genome. For a full diagram, see PAVE website
(https://pave.niaid.nih.gov/). Transcript maps used for reference (Milligan et al., 2007).
Figure partially made in biorender.com.

1.7.2 E4 & E5 protein functions

Whilst the E4 and E5 ORFs are contained within the ‘early’ region of the genome, these
proteins are expressed late in the viral life cycle (Doorbar, 2013; Kirk and Graham,
2024). E4 is the most abundantly expressed viral protein, accumulating in the upper,
differentiating epithelial layers (Breitburd, Croissant and Orth, 1987; Doorbar et al.,
1986; Middleton, 2002). Here, E4 is cross-linked to the cornified envelope by
transglutaminase (Bryan and Brown, 2000; Brown et al., 2006) and following cleavage
by Calpain, the C-termini can multimerise to form amyloid-like fibres (Table 1.1)
(Mclntosh et al., 2010). Collectively, this disrupts the cytokeratin network and
increases the fragility of cells undergoing desquamation, which has been proposed to
facilitate viral egress (Table 1.1) (Bryan and Brown, 2000; Bryan and Brown, 2001;

Wang et al., 2004). The E4 C-terminal domain has also been proposed to enable E4
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binding to DEAD-box proteins (Doorbar et al., 2000). The functional consequence of
this has not been elucidated but DEAD-box proteins regulate gene expression so it is
logical that this interaction may regulate the expression of cellular or viral genes
(Doorbar et al., 2000; lost and Dreyfus, 1994). Expression of E4 has also been reported
to arrest cells in the G2 phase of the cell cycle, which may produce an environment
supportive of viral genome replication, proposed as a ‘pseudo-S-phase’ (Davy et al.,

2002).

HPV E5 regulates cell signalling pathways to enable the differentiation-dependent
stages of the HPV life cycle (Table 1.1). Induction of EGFR sighalling by E5 is critical for
promoting unscheduled DNA synthesis within suprabasal cells (Wasson et al., 2017).
Moreover, E5 can suppress the KGFR pathway, which enables the delay in keratinocyte
differentiation during the virus life cycle (Belleudi et al., 2011). Additionally, E5 has an

important role in immune evasion, as discussed in Section 1.9.

1.7.3 The production of new virions

L1 and L2 are the major and minor papillomavirus capsid proteins (Table 1.1) (Buck,
Day and Trus, 2013; Wang and Roden, 2013). Synthesis of L2 precedes L1 expression
within the terminally differentiating keratinocytes (Florin et al., 2002a; Florin et al.,
2002b). These proteins get translated in the cytoplasm, but early studies established
that L1 and L2 predominantly localise to the nucleus, the site of virion assembly (Buck,
Day and Trus, 2013). Nuclearimportis facilitated by nuclear localisation signals (NLS).
L1 contains an NLS within the last seven amino acids of the protein (Zhou et al., 1991)
whereas L2 contains two NLSs, one at the N- and C terminus respectively (Sun et al.,
1995; Darshan et al., 2004). Five copies of L1 form capsomere structures in the
cytoplasm, which are transported into the nucleus through association with
Karyopherins (Bird et al., 2008; Nelson, Rose and Moroianu, 2002; Nelson, Rose and
Moroianu, 2003; Merle et al., 1999). L2 nuclear transport is also dependent upon the
karyopherin import pathway (Darshan et al., 2004; Bordeaux et al., 2006). Within the
nucleus, the HPV DNA genome is encapsidated within a structure containing 72
capsomeres of L1 arranged on a T = 7 icosahedral lattice (Baker et al., 1991;
Goetschius et al., 2021; Trus et al., 1997; Klug and Finch, 1965) with an unknown

amount of L2 (Goetschius etal., 2021; Buck et al., 2008). It has been proposed that the
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copy number of L2 proteins per capsid may be variable even within a population of
virions from one infection or cell preparation, due to previous failures at quantifying
the copy number within even high-resolution structures (3.1 A) (Goetschius et al.,
2021). Papillomavirus capsid maturation requires the formation of disulphide bonds
(Buck et al., 2005; Conway et al., 2009). Bond formation is dependent upon the redox
environment of the cell and desquamation, which is associated with a switch from a
reducing to an oxidising environment of cells is a requirement for virion maturation
(Conway et al., 2009). Cell egress of HPV virions is poorly understood, but it has been
proposed that the shedding of dead squames from the epithelial surface allows for

virion release (Graham, 2017).

1.8 Dysregulation of the viral life cycle and its
involvement in disease progression

Long-term persistence of infection highly increases the risk of progression to cancer
and can often be accompanied by the integration of viral DNA into the host genome
(McBride and Warburton, 2017). In persistent infections, HPV gene expression can
become dysregulated and expression of the E6 and E7 oncoproteins is greatly
increased due to the loss of the repressive function of E2 (Schmitt et al., 2010; Cricca
etal., 2009; Chen et al., 2014; Duensing and Munger, 2004). The removal of the G, to
S phase checkpoint by E6 and E7’s inhibition of p53 and Rb (Section 1.6.5) results in
increased cell cycling and permits cells containing DNA damage and mutations to
pass unchecked. This allows for the accumulation of genomic instability within HPV-
infected cells, which can result in malignancy. E6 from hrHPV types can also bind to
and activate telomerase, extending the cells' lifetime by bypassing the intrinsic
proliferative limit imposed on cells by the length of their telomeres (Oh, Kyo and
Laimins, 2001). The E6 C-terminus contains a conserved sequence which encodes a
PDZ-binding domain. This domain allows hrHPV E6 to bind to and promote the
degradation of PDZ domain-containing proteins such as DLG1 and PTPN13 (Kiyono et
al.,1997; Spanos etal., 2008). Loss of these PDZ domain-containing proteins has been
shown to contribute to HPV-induced transformation of cells (Spanos et al., 2008).

Whilst the low-risk HPV types also encode E6 and E7, these proteins do not target p53
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and Rb for degradation (Heck et al., 1992; Crook, Tidy and Vousden, 1991). Moreover,
E6 from rHPV types is unable to activate telomerase and does not contain a PDZ-
binding domain, which partly explains why the low-risk HPV types do not cause

carcinogenesis (Egawa and Doorbar, 2017).

The late stage of the viral life cycle is typically lost in persistent infections; resulting in
an abortive infection where no progeny virions are produced. E1"E4 and L1 expression
has previously been observed to be lower in high-grade compared to low-grade lesions
(Schmitt et al., 2010; Chen et al., 2014). Changes in methylation may be partly
responsible for the decrease in expression of the late viral genes during cancer
progression (Schmitt et al., 2010). The papillomavirus genome has hundreds of CpG
dinucleotides and an inverse correlation between DNA methylation and HPV genome
expression has been demonstrated by several studies (Rosl et al., 1993; Rosl, Durst
and zur Hausen, 1988; Burnett and Sleeman, 1984). HPV16 L1 and L2 gene methylation
is lowest in asymptomatic infection, when the transcriptional activity of the virus is
high and increases successively with cervical lesion progression to cancer (Sun,
Reimers and Burk, 2011; Mirabello et al., 2012; Mirabello et al., 2013; Kalantari et al.,
2014). This reduction in expression of the late genes and proteins during cancer
progression prevents the full viral life cycle from taking place and instead, infection is

considered abortive (Doorbar, 2006).

1.9 HPV and immunity

1.9.1 Epithelial cells as immune sentinels

The epithelium represents the physical barrier between the environment and our body
(Proksch, Brandner and Jensen, 2008). Mucosal epithelia are present on all inner body
surfaces and are often the entry portal and initial site of establishment for many viral
infections, including human papillomavirus (Nestle et al., 2009). To protect against
this, epithelial cells contain pattern recognition receptors (PRRs), including Toll-like
receptors (TLRs), NOD-like receptors (NLRs) and absent in melanoma-2 (AIM)-like
receptors (ALRs), that can recognize pathogen-associated molecular patterns

(PAMPs) and activate the NF-kB pathway to produce proinflammatory cytokines and
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type | and lll interferons (IFNs) for antiviral defence (Moody, 2022). Type | and Il IFNs
resultin JAK/STAT signalling and expression of interferon-stimulated genes (ISGs) that
promote pathogen clearance (Lazear, Schoggins and Diamond, 2019). This intrinsic
sensing mechanism allows for the early detection of pathogens and the mounting of
an immune response to prevent the establishment of infection. ISGs can restrict HPV
replication, for example, IFIT1 can bind to the E1 helicase to prevent viral replication
(Saikia, Fensterl and Sen, 2010; Terenzi, Saikia and Sen, 2008). The epithelium also
contains Langerhans cells (LCs), professional antigen-presenting cells which reside
above the basal layer of proliferating keratinocytes (Klagge and Schneider-Schaulies,
1999). This allows LCs to contact HPV antigens, internalise these antigens and
activate T-cells (Zhou, Tuong and Frazer, 2019). Natural killer (NK) cells are also
involved in the innate immune response against HPV and are important in promoting

the regression of lesions (Scott, Nakagawa and Moscicki, 2001; Garzetti et al., 1995).

The pattern of cytokine expression from epithelial cells defines the subsets of CD4+ T
cells into a Th1 or Th2-dominated response (Swain, 1995). A dominant
proinflammatory cytokine response, including IL-12, TNF-a and IFN-y, that drives
CD4+ Th1 activation is associated with natural HPV clearance and wart regression
(Coleman et al., 1994; Scott, Stites and Moscicki, 1999; Dupuy et al., 1997; Kadish et
al., 1997; Kim et al., 2012). These Th1 cells can recruit cytotoxic T lymphocytes, which
are attributed to the elimination of virus-infected cells and regression (Konya and
Dillner, 2001; Nakagawa et al., 2002; Scott, Nakagawa and Moscicki, 2001). Clearance
of hrHPV types takes an average of 8-14 months compared to only 5-6 months for the
low-risk types (Franco et al., 1999; Giuliano et al., 2002; Brown et al., 2005). In animal
models of papillomavirus infection, a similar cellular infiltrate accompanies
observations of wart regression (Nicholls et al., 2001; Jain et al., 2006). Moreover,
systemic T cell responses can be detected that are directed towards the early E2 and
E6 proteins (Jain et al., 2006). These T cell responses and serum-neutralising antibody
concentrations peak at periods of wart regression (Ghim et al., 2000; Jain et al., 2006).
The developed antibody response is strong and can protect animals against further
challenges with even large doses of the virus for the rest of their lives (Ghim et al.,
2000). There is evidence that these mechanisms are also important in hrHPV

infections with observations of HPV16 E2-specific T cell responses occurring at the
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time of CIN clearance (de Jong et al., 2002). The importance of T-lymphocytes to the
clearance of HPV infection is evident in cases of infection in HIV-positive individuals.
These immune-compromised individuals have a high frequency of recurrence of CIN,
viral persistence and incidence of genital warts (Fruchter et al., 1996). Failure to clear
or control HPV infection by the immune response results in persistent infection, with

anincreased likelihood of disease progression (Section 1.4) (Stanley, 2006).

1.9.2 Immune evasion by HPV

Transcriptome studies of undifferentiated keratinocytes containing HPV episomal
genomes or E6/E7 oncoproteins show reduced expression of ISGs in comparison to
uninfected keratinocytes (Karim et al., 2011; Israr et al., 2018; Kang et al., 2018;
Karstensen et al., 2006). This suggests that HPV can evade many of the intrinsic
immune sensing mechanisms described above and this evasion is in part mediated
through the multifunctional HPV oncoproteins (Scarth et al., 2021). High-risk HPV E6
can interact with IRF3 to prevent the transactivation of IFN-B and downstream ISG
induction (Ronco et al., 1998). Moreover, E6 can impair the RIG-I and Jak/STAT
signalling pathways which act synergistically with E5 suppression of STAT1 expression
(Scott et al., 2020; Scarth et al., 2021). The keratinocyte-specific interferon (IFN-k) is
downregulated by HPV with E5-directed methylation of the promoter and E6-mediated
inhibition of transcription, together preventing activation of antiviral ISGs and PRRs
(Reiser et al., 2011; Scott et al., 2020). E7 suppresses the cGAS/STING pathway
through direct binding to STING and upregulation of the DNA-methyltransferase
SUV39H1 (Lau et al., 2015; Cigno et al., 2019). Moreover, E7 can epigenetically silence
Toll-like receptor 9 (TLR9) which alongside the effects on cGAS/STING signalling helps
to prevent the production of type | interferons (Hasan et al., 2013). The transcription
factor nuclear factor-kappa B (NFkB) is activated by cellular stress, inflammation and
infection and functions as a central mediator of inflammatory and immune responses
(Oeckinghaus and Ghosh, 2009). HPV evades these pathways by E7-mediated
inhibition of NFkB activation (Richards et al., 2015). E7 can interact with transcription
factors of CCL20 to prevent its transcription and downstream recruitment of LCs
(Sperling et al., 2012). HPV can also delay activation of the adaptive immune system.
E5 canrestrict MHC class | presentation and instead results in its retention in the Golgi

(Ashrafi et al., 2006a; Ashrafi et al., 2006b; Gruener et al., 2007; Cortese, Ashrafi and
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Campo, 2010; Campo et al., 2010). It can also impede the cell-surface expression of
MHC class Il and CD1d (Zhang et al., 2003; Miura et al., 2010). Furthermore, E2 can
bind to the regulatory region of IL-10 to induce its expression (Bermudez-Morales et
al., 2011). This stimulates T-regulatory cells to create an immune-tolerant
environment, distorting the equilibrium of Th1/Th2 towards a Th2 dominant response
and enabling viral persistence (Alcocer-Gonzalez et al., 2006; Torres-Poveda et al.,

2014).

The niche tropism and life cycle of HPV may have also evolved to promote immune
evasion. Vesicularmembrane trafficking of HPV during entry shields the viral DNA from
recognition by cytosolic PRRs (Section 1.6.1). The endocytic pathway may however
expose HPV to endosomal TLR9, which recognises unmethylated CpG motifs in
dsDNA viral genomes (Hemmi et al., 2000; Thompson et al., 2011). Papillomaviruses
have reduced CpG contentin their genomes and can also downregulate TLR9, possibly
resembling a co-evolutionary mechanism for delivery of their genomes to the nucleus
without recognition (Hasan, 2014; Upadhyay and Vivekanandan, 2015). Moreover, the
lack of cytolysis or cytopathic death caused by HPV replication prevents the formation
of a ‘danger signal’ that would alert the immune system to the presence of infection
(Stanley, 2006). Instead, virions are produced in cells that are naturally dying through
desquamation, presenting an ideal, recognition-free system for progeny production

and release.

1.10 Current treatment options and disease burden of HPV
infections in the anogenital region

The global burden of pathologies driven by HPV infections is high and continuing to
grow. Recent projections have suggested that by 2040, there will be a 32% increase in
the number of new cervical cancer cases and a 40.8% increase in the number of
deaths compared to 2020 (Table 1.2) (IARC, 2022). It is projected that the number of
deaths will increase more rapidly in countries with a low or medium human
developmentindex (HDI) (Table 1.2). One key assumption of this model is that the risk

of developing or dying from cervical cancer is constant. Increasing vaccination
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coverage and screening uptake has the potential to decrease the incidence of cervical
cancer; detailed modelling demonstrates that a 90% vaccine coverage and screening
uptake would result in cervical cancer elimination worldwide by 2100 (Brisson et al.,

2020). However, before then, it is clear that good treatment options are required.

Table 1.2: Global burden of cervical cancer: estimated annual numbers of
incident cases and deaths in 2020 and projected to 2040. Taken from (IARC, 2022).

HDI category* Population in 2020 Number of new cases  Increase Number of deaths Increase
(thousands) (thousands)

(millions) (%) 2020 2040 (%) 2020 2040 (%)
Low HDI 494 12.8 82 162 97.3 56 112 99.9
Medium HDI 1136 294 183 292 59.6 113 189 66.8
High HDI 1442 37.3 240 297 235 129 182 40.6
Very high HDI 791 20.5 99 105 6.1 43 51 18.0
World 3863 100 604 798 32.0 342 481 40.8

Subunit vaccines against HPV, based on the L1 proteins that form viral-like particles,
have been demonstrated to be a huge success but are given prophylactically and
cannot be used to treat disease (Frazer, 2019). No antivirals for HPV currently exist.
Therefore, treatment options target the symptoms and diseases caused by HPV
infection such as warts or cancer. Due to cervical screening tests that take place in
many countries, the majority of cervical diseases can be caught and the WHO
recommends treatment of CIN2+ (Prendeville and Sankaranaryanan, 2017). Current
treatment options for these precancerous lesions include local ablative therapies or
excisional methods that aim to eradicate the affected tissue and any of the remaining
transformation zone (Adams and Mbatani, 2018). Local ablative therapies include
thermal coagulation, laser treatment or cryotherapy which aim to destroy cells in the
abnormal area. Thermal coagulation involves the application of a probe, heated to
around 100 °C, to the lesion (Duncan, 1983). Cryotherapy is a similar protocol, with a
probe held in close contact with the transformation zone. Gaseous CO;circulates in
the probe head, cooling it and freezing the affected tissue, which reaches
temperatures of less than -20 ©°C (Castle et al, 2017; Prendeville and
Sankaranaryanan, 2017). Cells in this region die of necrosis due to crystallisation of
the intracellular fluid and cell membrane rupture (Prendeville and Sankaranaryanan,
2017). Neither thermal coagulation nor cryotherapy produces smoke, making them
safe for virus-positive lesions, but risks include damaging the adjacent epithelium or

neighbouring structures (Prendeville and Sankaranaryanan, 2017). Moreover,
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individuals cannot have penetrative intercourse for at least a month following
treatment and cryotherapy is limited by the requirement for a reliable and inexpensive
source of CO, (Castle etal., 2017; Maza etal., 2016; Prendeville and Sankaranaryanan,
2017). Lasers can also be used to destroy the transformation zone and since all three
therapies ablate the diseased tissue, this cannot be histologically examined
afterwards (Prendeville and Sankaranaryanan, 2017). Moreover, whilst ablative
therapies are relatively effective (~80 % success rate for each form although reports
vary) (Prendeville and Sankaranaryanan, 2017; McCarthy et al., 2016; Higgins et al.,

1990) there is a significant associated pain and recurrence rate (Melnikow et al., 2009).

Excisional techniques include hysterectomy, which is mostly reserved for the
treatment of cervical cancer, large loop excision of the transformation zone (LLETZ) or
cone biopsies. LLETZ involves the removal of the transformation zone using a low-
voltage diathermy wire loop. The treatment success is very high, reported at 91- 98%
but it typically requires local anaesthesia, patients have bleeding and discharge for 4
weeks following treatment and cannot use tampons or have penetrative sex during this
time, similar to cryotherapy (Martin-Hirsch et al.,, 2013; Prendeville and
Sankaranaryanan, 2017). A major disadvantage of this therapy is the risk of
subsequent pregnancy-related complications, particularly premature labour (Kyrgiou
et al., 2006) and electrosurgical injuries to the bladder, urethra and bowel have been
reported (Prendeville and Sankaranaryanan, 2017). Moreover, a recent study found a
12.5% recurrence risk of CIN2+ disease in the 8 years following LLETZ in HPV-positive
individuals (Sand, Frederiksen and Kjaer, 2022). Conization is the oldest method of
local excision and is still widely used (IARC, 2022). It is typically carried out under
general anaesthetic and involves the removal of the entire transformation zone,
although often more tissue is removed than necessary, leaving a large cervical defect
(Martin-Hirsch etal., 2013). The treatment success rates are similarto LLETZ, reported
at 90-94% (Bostofte et al., 1986; Larsson, 1983). However, there are many well-
recognized short- and long-term complications, including primary and secondary
haemorrhage, cervical stenosis and incompetence and pregnancy-related
complications, including mid-trimester pregnancy loss (Kyrgiou et al., 2006; Arbyn et

al., 2008).

43



Anal intraepithelial neoplasms are treated using many of the same methods used for
CIN including excision, fulguration with electrocautery (similar to LLETZ) or laser
treatments (Siddharthan, Lanciault and Tsikitis, 2019). Topical treatments such as
trichloroacetic acid, imiquimod and 5-fluorouracil, which are commonly used for

genital warts, can also be used (Megill and Wilkin, 2017).

Overall, excisional methods are effective but require anaesthesia and a trained
individual to carry them out. Moreover, they carry with them considerable risks for
subsequent complications and risks for future pregnancies (Kyrgiou et al., 2006).
Ablative therapies are slightly less effective but can be used as a part of a screen-and-
treat approach in many low-and middle-income countries (Dey et al., 2002). However,
unlike excisional techniques, ablation of the transformation zone prevents the
opportunity for histopathological examination and therefore is not recommended
when the suspicion of malignancy is high (IARC, 2022). Therefore, there remains a gap
in the field for better treatment options for HPV-infected cervical precancerous

lesions.

1.11 Heat as atherapy

Hyperthermia is defined as an abnormally high body temperature, typically above 40
oC. Whilst hyperthermia is now a well-documented anti-cancer treatment, its use can
be traced throughout history and backdated as far back as 1600 B.C in the world’s
oldest surgical text, the Edwin Smith Surgical papyrus (~1600 B.C.) (Moore, 2011),
which documents a patient with a tumour in the breast treated with heat in the form of
red-hot irons (Breasted, 1930). Early Greek (Hippocrates 400 B.C.) and Roman (Galen
200 A.D.) translations also show records of heat treatments (Storm, 1983). Fast
forward in time, reports of tumour regression in patients with a fever due to ongoing
infection led to the implementation of fever-induced treatment with Coley’s toxin to
control tumours at the end of the 19" century (Storm, 1983). Fever was induced for
several days at temperatures of around 40 °C (Storm, 1983). With the technological
developments in the present day, more reproducible, well-controlled and high-quality

hyperthermia treatments can be produced (Trefna et al., 2017; Crezee et al., 2016).
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Multiple options are available to deliver the energy required to result in hyperthermia
including electromagnetic radiation, ultrasound, and nanotechnologies (Trefna et al.,

2017; Crezee et al., 2016; Crezee, Franken and Oei, 2021).

Hyperthermia is commonly used alongside radiotherapy and chemotherapy in anti-
cancer treatments with three basic categories: local, regional or whole-body (Elming
et al., 2019; Mantso et al., 2016; Franckena, 2012). Local hyperthermia involves
applying heat to a solid tumour. Temperatures can be as high as 80 °C when the
purpose is to completely ablate the tumour however, more commonly temperatures
in the range of 40-45 °C are applied (Toraya-Brown and Fiering, 2014). This results in
celldeath at the site of treatment, without causing injury to adjoining tissue and allows
for several physiological effects that sensitise tissue to anti-cancer therapies. These
include inhibition of the DNA repair pathways, allowing sensitisation to radiotherapy,
improved vascularisation, which helps overcome the areas of hypoxia attributed to
radiation resistance, and activation of immune responses (Toraya-Brown and Fiering,
2014). Regional hyperthermia involves treating an entire limb or peritoneal cavity and
whole-body hyperthermia is most commonly used for cases of metastatic cancer
which have spread throughout the body and typically involves heating to fever-range
temperatures (39-41 °C) (Wust et al., 2002). Local hyperthermia has been used in the
treatment of cervical pre-cancerous lesions and cancers. Treatment of low-grade,
hrHPV-positive lesions at 44 °C can increase the rate of clearance in comparison to no
intervention (Yangetal., 2021; Bulkmans et al., 2007). Moreover, using hyperthermia
alongside radiotherapy treatment for cervical cancer patients increased the response
rate, pelvic control and overall survival rates (Franckena etal., 2008; van der Zee et al.,
2000; Lutgens et al., 2010).Heating improves anti-tumour immunity through increased
expression of surface molecules on heated tumour cells (including MICA and MHC 1),
exosome release of tumour antigens to antigen-presenting cells (APCs) and direct
effects on immune cell activity following heating (Ito et al., 2003; Ostberg et al., 2007;
Chen et al., 2011; Mace et al., 2012; Zheng et al., 2003; Basu and Srivastava, 2003).
Moreover, the increased perfusion allows for better immune trafficking to tumour sites
(Meyer et al., 2000; Song et al., 1997; Kong, Braun and Dewhirst, 2001). Accumulating
evidence also indicates an additional role of the heat shock proteins in inducing

immunity, as they can become powerfulimmunogens when complexed with antigenic
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peptides (Binder and Srivastava, 2005; Suto and Srivastava, 1995). Several studies
have observed tumour peptides chaperoned by heat-shock proteinsin cancer (Tamura
et al., 1997; Udono and Srivastava, 1993), and in infected cells, complexes of heat-
shock proteins with pathogen-derived peptides are common (Srivastava, 2002). This
additional role of heat shock proteins has the potentialto be used therapeutically, with
mammals immunised with HSP-peptide complexes shown to elicit a potent CD8+ and
CD4+ T-cell response against the chaperoned peptides (Suzue et al., 1997). This
method has even been extended to HPV16 E7, which when complexed with HSP70,
resulted in high E7-specific T-cell mediated immune responses in vaccinated mice
(Chengetal., 2001). Tiny amounts of the peptide, in the femtomole range, are required
toresultinimmunogenicity if chaperoned by heat shock proteins (Nieland et al., 1996).
This powerful immunogenicity is in part due to the CD91 receptor on APCs which
allows for the internalisation of the HSP-peptide complex and processing for
presentation by MHC class | and Il for CD8+ and CD4+ activation respectively (Figure
1.11) (Hu et al., 2022). This induces antigen-specific adaptive immunity, but innate
immunity can also be triggered by these HSP-peptide complexes interacting with
CD91 and other receptors, resulting in dendritic cell maturation and secretion of pro-
inflammatory cytokines (Basu et al., 2000). Innate immunity may also be triggered by
heat shock through activation of the non-canonical heat shock proteins. For example,
HSF1 regulates the expression of IL-8 (CXCL8), a pro-inflammatory cytokine which has
been observed to initiate neutrophil recruitment in the lung following hyperthermia
(Singh et al., 2008; Tulapurkar et al., 2012). Other inflammatory chemokines that
recruit NK cells, T cells and monocytes (CXCL9, CXCL10, CXCL11 and CXCL12) have
been shown to contain HSF1-binding sites (Hasday, Thompson and Singh, 2014),
suggesting that following heat shock, HSF1 may promote immunity through several

pathways.
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Figure 1.11. The interaction between heat shock proteins and APCs stimulates
innate and adaptive immunity. Heat shock proteins can bind to APCs through CD91
(orange receptors) and other APC receptors (green receptors) to stimulate adaptive
and innate immunity respectively. Internalisation of heat shock proteins with their
chaperoned peptides through endocytosis can result in MHC class | and |l
presentation of the peptides to CD8+ and CD4+ T cells (upper pathway). Interaction of
HSP-peptide complexes with other APC receptors results in the secretion of pro-
inflammatory cytokines and innate immune activation (lower pathway). Adapted from
Hu et al., 2022.

1.12 Microwave radiation as a form of delivering
hyperthermia

1.12.1 Current microwave treatments

Microwaves are a form of electromagnetic radiation with wavelengths between 1
meter to one millimetre (Marion, 1981). They are a non-ionising form of radiation, due
to their low frequency and therefore do not carry the risk of inducing strand breaks in
DNA (Borrego-Soto, Ortiz-Lopez and Rojas-Martinez, 2015). Microwave radiation
generates heat internally within materials, including cells and tissues, by penetrating
and propagating through tissues and generating an internal electric field within the

material (Mishra and Sharma, 2016). This electric field induces translational motions
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of free-of-bound charges such as electrons or ions (Mishra and Sharma, 2016). It can
also cause the rotation of charged complexes such as water, which is a dipolar
molecule, to attempt to aligh with the microwave field (Brace, 2009; Mishra and
Sharma, 2016). Inertial, elastic and frictional forces resist these induced motions and

the resulting energy loss results in volumetric heating.

Thermal ablation by radio- and microwaves, types of electromagnetic radiation, is
becoming a popular method for early-stage cancer treatment (Breen and Lencioni,
2015). Microwaves offer excellent heating uniformity, larger ablation volumes and
shorter ablation times compared to radiofrequency ablation (RFA) (Yu et al., 2020;
Breen and Lencioni, 2015; Wang et al., 2021). This has led to the use of microwave
ablation for liver (Wang et al., 2021), breast (Zhou et al., 2012; Zhou et al., 2014; Liu et
al.,2022) and lung cancer (Wei-Chun et al., 2016; Moussa etal., 2019). Since these are
internal organs, percutaneous microwave application is required, using a probe that
passes through the skin to reach the tumour. In one meta-analysis, microwaves were
observed to offer better tumour control and disease-free survival compared to RFA
(Facciorusso et al., 2020). Moreover, microwave treatment could induce immune
activation. This was initially observed in mouse models of breast cancer that showed
activation of macrophages and NK cells following microwave treatment (Yu et al.,
2020). NK cell activation was proposed to inhibit metastatic progression (Yu et al.,
2020). In patients, microwave ablation activated T lymphocyte expansion and resulted
in a T-cell polarisation shiftto Th1 (Zhou et al., 2021). Immune activation by microwave
treatment makes this therapy attractive for cancer treatment and signifies its potential

use for infected lesions.

1.12.2 Microwave-delivered hyperthermia using the Swift® device

The Swift® is a CE-marked hand-held medical device which allows for the targeted
delivery of microwaves through a 6.7 mm contact site, developed by Emblation Ltd.
The application of microwaves through the Swift® is different compared to the delivery
method used in the previously mentioned studies for breast, lung and liver cancer
where a probe was delivered percutaneously. Instead, a flat-headed probe is used
which allows the treatment of lesions at the surface of the skin. The Swift® is approved

foruse in podiatry and dermatology clinics for the treatment of plantar warts (verrucas)
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and common warts. Previously, treatment options for plantar warts involved the use
of cryotherapy, laser and radiofrequency devices but these methods had a low efficacy
and induced discomfort through tissue destruction (Kwok, Holland and Gibbs, 2011;
Veitch, Kravvas and Al-Niaimi, 2017). Microwave treatment of plantar warts resulted in
the shrinkage and clearance of lesions without significant inflammation, tissue
damage or scarring (Bristow et al., 2017). Moreover, the resolution rate of microwave
treatment (75.9%) was much greater than cryotherapy (33%). Of the resolving lesions,
94% had cleared following 3 treatments, limiting the amount of time patients need to
attend clinics. Microwave treatment had a low pain score and this decreased
significantly as the treatment plan proceeded (Bristow et al., 2017). Moreover, in vitro
work suggested that microwave treatment could induce an anti-viral response with
enhanced IL-6 secretion, increased expression of surface cell activation markers and
enhanced cross-presentation of HPV antigens from primed monocyte-derived
dendritic cells (moDCs) to CD8+ lymphocytes (Bristow et al., 2017). However, this
work used HPV-negative keratinocyte cell lines so it is unclear if this can be extended
to cases of HPV infection, given the immune evasion mechanisms employed by the

virus (Section 1.9.2).

Subsequently, a UK clinical trial showed that microwave therapy was a safe and
effective treatment option for actinic keratoses (AK), common precancerous skin
lesions often with a B-HPV aetiology (Jackson et al., 2020). Actinic keratoses are
precursors to cutaneous squamous cell carcinoma (cSCC) (Hufbauer and Akgul,
2017). Whilst the individual risk of progression to cSCC is low, 65% of cSCCs on the
head and neck arise from AK (Marks, Rennie and Selwood, 1988; Hufbauer and Akgul,
2017). Currently, available AK treatments can significantly reduce the risk of cSCC
development but require dedicated application over weeks and result in inflammation
(de Berker et al., 2017; Jackson et al., 2020). Therefore, a lesion-directed treatment,
that can be delivered in primary care, may be effective in reducing the cSCC burden

(Jackson et al., 2020).

Given the current lack of good treatment options for HPV-infected anogenital lesions
(Section 1.10), we aim to determine if the Swift® device could be extended to treat

these lesions. Hyperthermia has many proven benefits as a therapy, includingimmune
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activation (Section 1.11) (Toraya-Brown and Fiering, 2014) and microwaves offer an
attractive option to deliver this hyperthermia due to the linearity, excellent heating
uniformity, and short ablation times of radiation. Due to the location of these
anogenital lesions on the surface of the mucosal epithelium, the probe head

applicator of the Swift® will allow for the precise delivery of microwaves at these sites.

We have previously published work that reveals the molecular effects of microwave
treatment on HPV-infected epithelial tissues in vitro (Conley et al., 2023). Our study
focussed on models of cervical cancer, using 3D organotypic raft cultures of SiHa,
transformed cervical cells that contain two integrated copies of HPV16 (Friedl et al.,
1970). Microwave treatment resulted in cell ablation, precisely at the treatment site
(Conley et al., 2023). Additionally, the tumorigenic phenotype of these cells was
reversed; cell proliferation was decreased alongside an increase in apoptosis and
autophagy. The expression of the viral oncoproteins E6 and E7 was decreased, with a
corresponding upregulation in the downstream target proteins p53 and Rb (Conley et
al.,2023). Microwave treatmentresulted in a cell stress response, with clearformation
of cytoplasmic stress granules and HSP70 upregulation, indicating translational stress
and heat shock respectively. We extended our analysis into an earlier model of disease
using normal immortalised keratinocytes (NIKS) stably transfected with the HPV16
genome (NIKS16) (Flores et al., 1999; Wechsler et al., 2012). Growth of these cells in
organotypic raft cultures allows for keratinocyte differentiation and the reconstruction
of the full viral life cycle (Meyers and Laimins, 1994). Microwave treatment decreased
NIKS16 cell proliferation and increased the differentiated compartment of these
tissues, through increased transglutaminase and keratin 10 (Conley et al., 2023).
Microwave treatment may be most applicable for the treatment of anogenital pre-
cancers. Therefore, further understanding of how treatment affects non-transformed

cells and the productive viral life cycle as a model for earlier disease is required.
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1.13 Aims

The present gaps in knowledge that this thesis aims to address are as follows:

Aim 1: Investigate how microwave treatment affects the transcriptional landscape of

keratinocytes and if it can induce innate immunity.

e Optimise microwave treatment for in vitro 3D epithelial raft cultures.

e Determine if microwave treatment can induce a hyperthermic response.

e Investigate the impact of microwave-delivered hyperthermia on the
transcriptional landscape of keratinocytes.

e Determine if microwave treatment can induce an innate immune response.

Aim 2: Analyse the effects of microwave treatment on HPV16 gene expression and

replication.

e |nvestigate how microwave treatment impacts HPV gene expression from the
early and late promoters.

e Determine if these transcriptional changes are taking place at sites proximal or
distal to the site of microwave treatment.

e Assess whether any transcriptional changes are translated to the protein level.

e |nvestigate changesinviralgenome replication following microwave treatment.

Aim 3: Investigate the late life cycle stages of HPV within in vitro models of disease,
including production and localisation of the major capsid protein and virion

assembly, and determine if this is impacted by microwave treatment.

e Characterise HPV16 L1 expression and spatial localisation within differentiated
keratinocytes.

e Determine if virion production can be observed within in vitro differentiated
keratinocytes.

e Analyse how microwave treatment impacts L1 expression and localisation.
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Chapter 2
2.1 Materials
2.1.1 Celllines

Materials and Methods

The following cell lines were used in this study.

Table 2.1: Details of the cell lines used in this study. The respective media and
supplements used for growing each cell line in 2D are summarised.

Cell Description Medium composition
type
3T3J-2 | Mouse embryonic fibroblast | ‘3T3 medium’
cell line used as feeder layer | Dulbecco’s Modified Eagle Medium
for growth of keratinocytes (DMEM) (Gibco, Cat # 31966-021)
supplemented with 10% donor calf serum
(Gibco, Cat #), 2 mM L-Glutamine (Gibco,
Cat #25030-024) and 1% (v/v) penicillin-
streptomycin (Gibco, Cat #15140-122).
SiHa HPV-16-positive transformed | ‘HeLa medium’
cervical cancer cells DMEM supplemented with 10% foetal
containing two host- bovine serum (FBS) (Gibco, Cat #10290-
integrated copies of HPV-16 | 106), 2 mM L-Glutamine and 1% (v/v)
(Friedletal., 1970) penicillin-streptomycin.
HaCaT | Human spontaneously
immortalized HPV-negative
keratinocytes (Boukamp et
al., 1988)
NIKS16 | Normalimmortalised ‘E medium’
keratinocytes stably 3:1 ratio of DMEM: F12 medium (Gibco
transfected with the HPV16 Renfrew, UK, ref no 21765-029)
genome (Flores et al., 1999) supplemented with 10% FBS, 2 mM L-
Glutamine, 1% (v/v) penicillin-
streptomycin, 180 uM adenine, 5 pg/ml
transferrin (Sigma-Aldrich, T1147), 5
pg/mlinsulin (Sigma-Aldrich 16624-
50MG), 0.4 mg/ml hydrocortisone (Sigma-
Aldrich, H0888) and 0.1 nM cholera toxin.
Media was supplemented with 0.2 ng/ml
epidermal growth factor (EGF) (Sigma-
Aldrich, GF144) the day after plating.
W12E HPV-16 positive ‘W12 medium’
keratinocytes derived froma | DMEM supplemented with 10% FBS, 2
CIN-grade lesion (Stanley et | mM L-Glutamine, 1% (v/v) penicillin-
al., 1989) streptomycin, 0.4 mg/ml hydrocortisone
and 0.1 nM cholera toxin. Media was
supplemented with 0.2 ng/ml epidermal
growth factor (EGF) the day after plating.
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2.1.2 Antibodies

Primary antibodies used in immunofluorescence (IF), immunohistochemistry (IHC)

and flow cytometry experiments are summarised in Table 2.2.

Table 2.2: Information on the primary antibodies used in this investigation.

Antibody | Application | Species | Dilution Manufacturer | Reference
Number
HPV16 L1 | IF Mouse 1:500 Abcam ab69
p53 IHC Mouse 1:3000 Abcam ab1101
Rb IHC Mouse 1:1600 Cell Signalling | 9309
Technology
CD14 Flow Mouse 1:20 (5 pl BioLegend 367103
Cytometry per million
cellsin 100
Hl)
CD40 Flow Mouse 1:20 (5 pl BioLegend 334307
Cytometry per million
cellsin 100
Hl)
CD80 Flow Mouse 1:20 (5 pl BioLegend 305207
Cytometry per million
cellsin 100
HL)
CD86 Flow Mouse 1:20 (5 pl BioLegend 374205
Cytometry per million
cellsin 100
HL)

2.1.3 Primers and probes

Primers and probes used for the amplification and detection of gene products in

reverse transcription-quantitative polymerase chain reaction (RT-qPCR) are shown in
Table 2.3. All probes were FAM-labelled except GAPDH which was HEX-labelled.

Table 2.3: Sequences for each of the primer/probe sets used in this study. All
primer/probe sets were desighed using PrimerQuest (Integrated DNA Technologies)
and purchased from Eurogentec. The nucleotide positions of the HPV primers and
probes on the HPV16 genome are indicated. For primers developed in house, the
efficiency of each set is shown in the appendix (work performed by Andrew

Stevenson).
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Gene Forward Reverse Primer Probe Reference
Primer

E4 5’- 5’- 5’- (Veerapraditsin,
CACACCACTA | CTATGGGTGTAGTG | CTCAGTGG | 2004)
AGTTGTTG-3’ TTAC-3’ ACAGTGCT
(nt 3508 — (nt3619-3602) CCAATCCT
3525) CACTGC-3

(nt 3534 -
3563)

E4”L1 5’- 5’- 5’- (Klymenko et al.,
CACACCACTA | CAAAGAGACATCTT | CTCAGTGG | 2016)
AGTTGTTG-3’ TTAAATGT-3’ ACAGTGCT
(nt 3508 — (cross-junctional CCAATCCT
3525) splice site 5647- CACTGC-3’

5637: 3630- 3621) | (nt3534-
3563)

EGE7 5- 5- 5- (McFarlane et al.,
CAATGTTTCAG | CTGTTGCTTGCAGT | CCACAGTTA | 2015)
GACCCACAG- | ACACACATTC-3’ TGCACAGA
3 (nt211-188) GCTGC-3’

(nt102-121) (nt 140 -
161)

L1 5- 5- 5- (Chambers etal.,
CAACGAGCAC | TACTGAAGTAGATA | CCAACTATT | 2013)
AGGGCCAC-3’ | TGGCAGCAC-3’ TGTTACTGTT
(nt6576-6593) | (Nt 6692 -6670) GTTGATACT

ACACGCAG
_3’

(nt6617 -
6652)

GAPDH | 5’- 5’- 5’- (Klymenko et al.,
GAAGGTGAAG | GAAGATGGTGATG | CAAGCTTC | 2017)
GTCGGAGT-3’ | GGATTTC-3’ CCGTTCTCA

GCC-3

B-actin 5'- 5'- 5'- (Klymenko et al.,
AGCGCGGCTA | CGTAGCACAGCTT | ATTTCCCGC | 2017)
CAGCTTCA-3' CTCCTTAATGTC-3' | TCGGCCGT

GGT-3’

HSP70 5’- 5’- 5’- Developed in
AGGCCAACAA | GTCCTCCGCTITGT | ATGCGCTC | house
GATCACCATC- | ACTTCTC-3’ GATCTCCTC
3 CTTGC-3’

TNF-a 5’- 5’- 5’- Developed in
AGAGGGAGAG | GGGTCAGTATGTG | AAACAACC | house
AAGCAACTAC | AGAGGAAGA-3’ CTCAGACG
A-3’ CCACATCC-

3’
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IL-6 5’- 5’- 5’- Developed in
CCTAGAGTAC | CAGGAACTGGATC | AGTGAGGA | house
CTCCAGAACA | AGGACTTIT-3& ACAAGCCA
GA-3’ GAGCTGTG-

3’

IL-1B 5’- 5’- 5’- (Klymenko et al.,
TCTGTACCTGT | TGCTTGAGAGGTG | CAAGCTGG | 2017)
CCTGCGTGTT | CTGATGTACCA-3’ | AATTTGAGT
GAA-3’ CTGCCCAG

T-3

KRT10 5’- 5’- 5’- (Klymenko et al.,
GCTGACCTGG | AGCATCTTTGCGGT | TGTGTCCAC | 2017)
AGATGCAAAT- | TTTGTT-3’ TGGTGATGT
3 GAATGTGG-

3

TGT 5’- 5’- 5’- Developed in
CGGTTGGATG | GGGAAATAGAGTC | AGGCCTCTT | house
GTACTCACTTA | TGCCCTTATC-3’ CCTGTCAG
C-3 CCTATCT-3

2.1.4 Kits

Kits used in this study are summarised in Table 2.4.

Table 2.4: Kits used in this study.

Kit Manufacturer Reference Number
RNeasy Qiagen 74104

Maxima First Strand cDNA ThermoFisher Scientific K1641

Synthesis

Human High Sensitivity Biotechne FCSTMO09

Cytokine A Premixed Magnetic

Luminex Performance Assay

QIAamp DNA extraction kit Qiagen 51304

MojoSort Human CD14+ BioLegend 480047

Monocytes Isolation kit
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2.2 Methods

2.2.1 Cell culture

J2 3T3fibroblasts, HaCaT cells, and SiHa cells were cultured in a humidified incubator
at 37 °C and 5 % CO2. Cells were detached from plates using 0.05 % trypsin-EDTA
(Gibco Renfrew, UK, ref no 25300-054) and passaged three times a week at either 1:5
or 1:10dilution depending on growth rate. 3T3 cells were only maintained in culture for

up to 2 weeks to prevent transformation and ensure their effectiveness as feeder cells.

2.2.1.1 Cell culture of HPV-positive W12E and NIKS16 cells

HPV-positive W12E and NIKS16 keratinocytes cannot be conventionally passaged, as
this can cause loss of the episomal copies of HPV16 within these cell lines, and
instead must be grown each time from frozen stocks to a maximum passage number
of 15-17. In addition, the cells are required to be grown on feeder layers to mimic the
dermis. 3T3 fibroblast cells were treated with Mitomycin C (50ug per 10cm plate)
(Sigma Aldrich, M050) and incubated for 2 hours at 37 °C to arrest proliferation. These
cells were then detached from plates using 0.05 % trypsin-EDTA and pelleted at 1,000
x g for 5 minutes. Then, 7.5x10° 3T3 cells were resuspended with 1x10° keratinocytes
into W12 or E medium (for W12E or NIKS16 cells respectively, Table 2.1). The mixture
of 3T3 and keratinocytes was plated equally onto five 10 cm dishes. The following day,
cells were supplemented with 0.2 ng/ml epidermal growth factor (EGF). The medium
was changed every other day and cells were grown for up to 7 days to prevent the cells
from beginning to differentiate. On day 7, the media was removed, cells were washed
with PBS, and trypsin was incubated on the cells for 5 minutes. This protocol benefits
from the strong attachment of keratinocytes to the culture plate as a 5-minute
incubation in trypsin is sufficient to remove the 3T3 fibroblast cells but the
keratinocytes remain attached. The plates were washed 3 times with PBS to remove
all of the 3T3 cells and then trypsin was added for a subsequent 15-minute incubation.
This removes the keratinocytes, which were then pelleted at 1,000 x g for 5 minutes.
Cells were resuspended and either seeded onto collagen matrices to form 3D
organotypic raft cultures or were frozen to produce aliquots of the next passage. For

analysis of the late HPV life cycle stages within keratinocytes grown in 2D, cells were
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grown to 10 or 15-day time points to allow for differentiation of the cells, with the media

changed every second day.

2.2.1.2 Preparation of Cell Stocks

Cells were removed from culture vessels using trypsin as described, counted with a
haemocytometer and centrifuged at 1,000 x g for 5 minutes. The supernatant was
removed and the pellet resuspended in the appropriate growth media + 10 % (v/v)
DMSO (Sigma-Aldrich, D1435) to give a concentration of 1 x 10% cells/ml. Cells were
stored in 1 ml aliquots at -80 °C overnight before being transferred for long-term

storage within a liquid nitrogen tank.

2.2.1.3 3D organotypic raft culture

3D culture of HPV-positive and negative keratinocytes was performed as previously
described (Meyers et al., 1992). A dermal equivalent was prepared which consists of a
collagen-fibroblast matrix. Cells of interest were then overlaid onto this dermal
equivalent and grown at the air-liquid interface (Figure 2.1). Whilst preparing the
collagen-fibroblast matrices, solutions must be kept cold to prevent the collagen from
solidifying, so solutions were prepared in a ‘pre-chilled’ Duran bottle. J2 3T3 fibroblast
cells were dissociated using 0.05% trypsin/EDTA and then centrifuged to pellet the
cells for 5 minutes at 1,000 x g. One confluent 10 cm dish of 3T3 cells was used to
prepare 12 full-sized (14 mm diameter) or 24 ‘mini’ organotypic rafts (7 mm diameter).
During the centrifugation, 17 ml of collagen isolated from rat tail tendons was added
to a pre-chilled 100 ml Duran bottle. 10 ml of filter-sterilised 1:1000 acetic acid was
added with 3 ml 10x MEM (Gibco Renfrew, UK, ref no 11430-030). The pH was adjusted
to 7.4 (indicated by an orange/pink colour) using 0.5 N NaOH as recommended (Roth-
Carter et al., 2022). The 3T3 cells were resuspended in 3 mL FBS and added to the
collagen mixture and then 2.5 ml of the resulting mixture was added to each well of a
6-well plate (for the growth of ‘full-sized’ 14 mm diameter rafts) or 1.25 mlto each well
of a 12-well plate (for the growth of ‘mini’ 7mm diameter rafts). The collagen was
allowed to polymerise for 20 minutes at 37 °C in a cell culture incubator. Following
this, 2 or 1 mlof ‘3T3 media’ (Table 2.1) was added to each well of a 6- or 12-well plate
respectively and the collagen detached from the side of the dish using a 20 plfilter tip.

The collagen matrices were allowed to contract to the desired size of the well of a 24-
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well or 48-well plate for ‘full-sized’ and ‘mini’ rafts respectively over 7 days in a 37 °C

incubator (Figure 2.1). The media was changed every second day.

3D organotypic raft cultures were produced by overlaying the collagen-fibroblast
dermal equivalent with cells of interest (Figure 2.1). Cells grownin 3D included HaCaT,
SiHa, NIKS16 and W12E (Table 2.1). Following contraction of the collagen, the cells of
interest were seeded ontop and incubated in media for 24-72 hours. The exact number
of cells and the length of incubation in media or at the air-liquid interface varied
between the cell lines and the optimised values are shown (Table 2.5). Rafts were
transferred to metal grids and E medium added such that it was just in contact with
the bottom of the grid, with no media covering the collagen-fibroblast matrices. Rafts
were then grown at the air-liquid interface for 12-14 days with the media changed every

second day (E medium supplemented with EGF (0.2 ng/ml) (Figure 2.1).

Table 2.5: Organotypic raft culture preparation details for each cell line. The
number of cells to seed on top of ‘mini’ or ‘full-sized’ rafts for each cell line is denoted
in the table alongside the time left in media before raising to the air-liquid interface
(ALI).

Cellline Number of Number of Hours Days grown
cells seeded cells seeded incubated in at the ALI
on mini raft on full-sized media before

raft raising to ALI

HaCaT 5x10"5 1x10"6 48 hours 13 days

SiHa 2.5x10"5 5x10"5 72 hours 12 days

NIKS16 2x10"5 4x10"5 24 hours 14 days

W12E 2x10"5 4x10"5 24 hours 14 days
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Figure 2.1 Diagrammatic workflow of organotypic 3D raft culture. 3T3 fibroblasts
were seeded in a collagen matrix to provide a “feeder layer” representing a dermal
equivalent. The collagen matrices were incubated for up to 7 days to allow for
contraction and overlaid with the cells of interest (Table 2.5). 24 to 72 hours later,
depending on the cell line (Table 2.5), the rafts were transferred onto metal grids and
grown at the air-liquid interface (ALl). The media in the dish was changed every other
day and on days 12 to 14 (Table 2.5) the rafts were microwave- or mock-treated.

2.2.1.4 Microwave treatment of 3D organotypic rafts

3D organotypic raft cultures were microwave or mock-treated by transferring the
tissue to the lid of a dry 5 cm dish that had been pre-incubated at 37 °C, with the cell
side facing down. The dish was closed, and the microwave probe was positioned
underneath the plastic such that the microwaves would first travel through the plastic
lid and then into the top of the tissue containing the cells, before going through the
collagen matrix. Microwaves were delivered at a power of 10 W for a 10 s duration
(unless otherwise stated). Mock-treated tissues underwent the same procedure but
without the microwave treatment to account for any cell loss caused by placing
tissues cell-side down on the culture dish. Tissues were either immediately fixed (to
produce a 0 H time point) or returned to the air-liquid interface in the original
orientation (with cells facing up) at 37 °C for up to 72 hours and then fixed. Samples for
RNA extraction were frozen in 700 pl QIAzol Lysis reagent (Qiagen ref no 79306) and
stored at -70 °C. Samples for H&E, IF, RNAScope and EM were fixed in 10 % Neutral
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buffered formalin (NBF) (Sigma, F-1635) for 16 hours, followed by a wash in PBS and

then storage in PBS.

2.2.2 Temperature measurements of organotypic raft cultures

A temperature probe (NOMAD-Touch by Neoptix, Canada) was used to measure the
temperature of rafts undergoing microwave treatment at different energies. The probe
was positioned such that it was in contact with the surface of the tissue facing the
microwave probe. Readings were taken every second during the treatment (10 s) and
continued for 20 s after treatment. Three biological replicates were included. A
subsequent experiment used two probes, one directly under the site of treatment and

another at a site in the tissue distant from that of treatment (Figure 2.2).
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Figure 2.2: Experimental set-up for microwave treatment of 3D organotypic raft
cultures and temperature measurement. (A) ‘Full-sized’, 14 mm diameter SiHa
tissue growing on a metal grid at the air-liquid interface. (B) Tissues were inverted onto
the lid of a pre-heated tissue culture dish with the top surface of the raftin contact with
the plastic and directly above the microwave probe. (C) A top view of the experimental
set-up, this time showing the yellow temperature probes that were used. One probe
was positioned directly under the centre of the raft, above the microwave probe and
another was at a distant site from treatment as shown in the cartoon (D). Figure
adapted from Conley et al., 2023.
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2.2.3 RNA extraction

Samples of HaCaT, SiHa, NIKS16 and W12E rafts that had been frozen in QlAzol were
thawed on ice and vortexed to remove cells from the collagen matrix. The supernatant
containing the cells was transferred into a clean tube (Eppendorf), leaving the collagen
matrix. Cells were homogenised with a subsequent vortex. 200 ul of chloroform (VWR,
0757) was added, the sample vortexed and then incubated for 3 minutes at 25 °C.
Samples were centrifuged at 12,000 x g for 15 minutes at 4 °C. The upper aqueous
phase was transferred to a clean LoBind 1.5 ml tube (Eppendorf, 022431021) and 230
pl of 100% ethanol (RNAse free) added. The sample was transferred to an RNAeasy
column (Qiagen, 74104). Total RNA was prepared using the RNeasy kit (Qiagen, 74104)
in accordance with the manufacturer’s protocol. RNA was eluted using 80 pl of RNAse-
free water (Qiagen, 129112) incubated on the membrane for 1 minute followed by
centrifuging at 12,000 x g for 30 seconds at room temperature. Eluates were
transferred and the concentration of the RNA was determined using a Nanodrop

One/One Microvolume UV-Vis Spectrophotometer (Thermofisher).

2.2.4 cDNA synthesis

cDNA was synthesised from total RNA (500 ng) using the Maxima First Strand cDNA
Synthesis Kit (Table 2.4) for RT-qPCR with dsDNase as per the manufacturer’s

instructions. Samples were diluted to 100 pl and stored at-20 °C.

2.2.5 Real-time quantitative PCR

Primers for HPV16, epithelial differentiation and heat shock genes were desighed
using PrimerQuest (Table 2.3). The housekeeping gene B-actin was included in RT-
gPCR analysis to use as a reference for relative quantification. RT-qPCR was
performed using a 7500 Real Time PCR System (Thermofisher). For each RT-qPCR
reaction (total volume of 20 pul), 10 ul of Takyon ROX Probe 2X MasterMix dTTP blue
(Eurogentec, UF-RPMT-B0701), 4 ul of Primer Probe Mix (final concentrations 900 nM
and 100 nM for primers and probes respectively) and 1 pl of water were used. 5 pl of
cDNAwas added. The following reaction conditions were used: 50 °C for 2 minutes, 95
oC for 3 minutes followed by 40 cycles of 95 °C for 10 seconds followed by 60 °C for 1

minute. Each sample was run in triplicate. Data produced in each qPCR reaction was
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analysed on the 7500 Real-Time SDS Software (Thermofisher). The threshold line for
Crdetermination was assigned automatically or manually and was always within the
exponential phase. Relative quantification of genes of interest was done using the
Livak method (222°T) (Livak and Schmittgen, 2001). The output generated the
expression ratio of genes of interest in treated compared to untreated rafts using -
actin as a reference. Four biological and three technical replicates were tested per
condition unless otherwise specified and statistical analysis was carried out using a
Kruskal Wallis test (Statistics Kingdom), a non-parametric alternative to the One-Way

ANOVA, to determine significance.

2.2.6 Dropletdigital PCR

Droplet digital PCR (ddPCR) allows the partitioning of individual samples into 20,000
nanolitre-sized droplets. This enables the measurement of thousands of independent
amplification events within a single sample. Absolute quantification can be carried out
without the need for standard curves. Droplet digital PCR was used to determine the
average HPV16 viral load per cell in W12E rafts with and without microwave treatment
using copy number variant (CNV) analysis. ddPCR assays were set up as duplexes with
the cellular RPP30 control probe primer set and custom-designed HPV16 L1-specific
primers and probes as previously described (Stevenson et al., 2020). For L1, the
reporter dye was FAM and the dark quencher BHQ1 (IDT). Human RPP30 was used as
an endogenous control for every ddPCR reaction as a copy number reference with the

reporter dye HEX (Bio-Rad, 10031243). Each reaction run contained a negative control.

Each ddPCR reaction (total volume of 25 pl) contained 11 pl of 2x ddPCR SuperMix for
Probes (no dUTP) (Bio-Rad, 186-3023), 0.7 ul of the RPP30 endogenous control assay
(Bio-Rad, 10031243), HPV16 L1 Primer Probe mix (300 nM final concentration), 1.25 pl
of restriction digest mix (4 U of the enzymes EcoRl and Hindlll in 1x NEB buffer) and 2
pl of template DNA (10-100 ng). Reactions were prepared in a semi-skirted 96-well
plate (Eppendorf). In-reaction restriction digest of DNA, using the restriction enzymes
EcoRl and Hindlll, helped the partitioning of DNA into droplets and was confirmed to
not cut within the viral or control target sequences. Reactions (21 pl) were mixed with
70 ul Droplet Generation Oil on DGS8 cartridges in the QX200 droplet generator (Bio-

Rad) to generate droplets. The plate was then sealed with a pierce-able foil heat seal

63



(Bio-Rad). Subsequently, PCR was performed with the reaction conditions: 95 °C for
10 minutes followed by 40 cycles of 94 °C for 30 seconds and 60 °C for 1 minute
followed by a final extension at 98 °C for 10 minutes. Samples were incubated at 12 °C
for a minimum of 4 hours to allow for maximum yield recovery of droplets (Rowlands
et al., 2019). Droplets were analysed on a QX200 Droplet Reader (Bio-Rad). The data
was analysed using the QuantaSoft analysis software (Bio-rad) to assign droplets as
positive/negative and determine the copy number of viral genomes per cell in
comparison to RPP30. Each diploid human cell contains 2 copies of the RPP30 gene
per cell which allows quantification. Statistical analysis was performed using an
unpaired Student’s t-test to determine any significant differences in the means

between mock or treated conditions at each time point.

2.2.7 RNAScope

A 2.5 LS Duplex RNAScope assay was carried out using target HPV16 E6/E7 (ACD-Bio,
311528-C2) and L1 (ACD-Bio, 315608) probes on the Leica Biosystems’ BOND RX
Research Advanced Staining System. Sections (4 pm) of formalin-fixed paraffin-
embedded (FFPE) raft tissues were placed onto a Superfrost plus slide, heat treated at
60 °C for 2 hours and loaded onto the Leica Autostainer. Positive controls using the
human PPIB (ACD-Bio, 488978) and pol UBC (ACD-Bio, 312028) probes were
performed and a negative control was carried out using dapB. Slides were imaged on
an Aperio Versa 8 slide scanner. Images were imported into HALO and each raft was
annotated as a separate layer. The HALO® Nuclear Segmentation Al module was used
to segment nuclei within tissues. The HALO® ISH module was used to quantify E6/E7
and L1 staining within tissues. The RGB profile of each probe was characterised by
selecting an area that contained a single staining dot of E6/E7 (0.135, 0.26, 0.357) and
L1 stain (0.208, 0.267, 0.208). The ISH module parameters were optimised to enable
identification of true positive staining with minimal cross-reactivity between the two
stains using the ‘real-time tuning’ window. The contrast threshold (0.179), spot
segmentation aggressiveness (0.95), spot size (0, 20) and E6/E7 size (2.1) were
adjusted for E6/E7 analysis accordingly. For L1, the following parameters were used:
contrast threshold (0.225), spot segmentation aggressiveness (0.95), spot size (0, 20),

L1 size (2.1). The boundaries for treated-proximal-distal zones were set using the
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previously determined lengths (Conley et al., 2023) and these areas were annotated

using the drawing tool.

2.2.8 Immunohistochemistry

Sections (2.5 pm) of FFPE tissues were subject to heat-induced antigen retrieval using
sodium citrate buffer pH6 (Rb) or EDTA buffer pH9 (p53). Sections were then stained
with the appropriate antibodies (Veterinary Pathology Laboratory, University of
Glasgow). Haematoxylin and eosin (H&E) staining of 2.5 ym samples was also carried

out (Veterinary Pathology Laboratory, University of Glasgow).

2.2.9 Confocalimmunofluorescence microscopy

Coverslips of 2D cell cultures of W12E cells with 3T3 fibroblast cells were fixed with
4% paraformaldehyde (PFA) for 20 minutes. The PFA was removed and the coverslips
washed with phosphate buffered saline (PBS). Cells were then acetone permeabilised
(neat) for 1 minute followed by 3 x 5-minute washes in PBS. Cells were blocked in PBS
10% (v/v) donkey serum (Sigma, D9663) for 1 hour at room temperature followed by a
PBS wash. The CamVir1 HPV16 L1 primary antibody (Table 2.2) was diluted in PBS 5%
(v/v) donkey serum (1:500) and incubated on the coverslips at 4 °C overnight. The
antibody was removed, and five PBS washes were carried out. The secondary
AlexaFluor488 Donkey a-mouse antibody (Life Technologies, A21202) (1:1000) was
diluted in PBS 5% (v/v) donkey serum and incubated on the coverslip for an hour at
room temperature. Coverslips were washed in PBS 5 times and a final deionised water
wash was carried out before mounting coverslips on a slide with ProLong Gold
Antifade reagent with DAPI (ThermoFisher Scientific, P36935). Slides were imaged on

a Zeiss LSM880 laser scanning microscope using ZEN3.2 software.

2.2.10 Corelative light and electron microscopy (CLEM)

An indirect CLEM approach was undertaken for W12E cells grown in 2D or 3D as
described (Hanson et al., 2010). W12E cells were grown in 2D to 15 days as detailed in
Section 2.2.1 on a gridded 35mm dish (kindly provided by Mattek, P35G-1.5-14-C-
Grid). To analyse cells on the top surface of raft tissues, rafts were inverted at days 10-

16 onto gridded glass-bottomed 35mm dishes (Mattek) and incubated on the glass for
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1 minute. This enabled the top cell layers from the tissue to adhere to the glass
surface. Cells were fixed in PFA (4%) for 20 minutes and permeabilized with Triton
(0.1%) (BDH, 30632) for 5 minutes. Subsequently, three 5-minute PBS washes were
performed and the samples were blocked in PBS 10% (v/v) donkey serum. The
remainder of IF staining was carried out as above for L1 except no DAPI was added.
Instead, after incubation with the secondary antibody, cells were washed 5 times in
PBS and then incubated for 5 minutes in Hoescht (abcam, ab139483) (1:1000). Cells
were washed three times in PBS to remove the Hoescht and then left in PBS for
imaging. Mattek dishes were imaged on a Zeiss LSM880 laser scanning microscope,
using 405 nm, 488 nm and transmitted light for identification of where on the grid cells
of interest were. Airyscan imaging was carried out to enable enhanced resolution and

full thickness z-stacks were taken of the nuclei of cells.

Following confocal microscopy, cells were fixed in glutaraldehyde (2.5%) (Sigma,
(5882) at 4 °C overnight. They were then stained and processed for EM. Cells were
washed twice with PBS and then stained with osmium tetroxide (1%) (Sigma, 208868)
for 1 hour. Osmium tetroxide was removed, and the cells washed twice with PBS and
then 3 times with water. Cells were then negatively stained for 30 minutes with uranyl
acetate (2%). Cells were washed twice with water and then dehydrated by passing
through a graded alcohol series (30% - 100%) followed by a second change into 100%
ethanol. The alcohol was replaced with Epon 100 resin (TAAB Laboratories, AGR1141).
Prior to solidification, an open-ended BEEM® embedding capsule (Agar Scientific,
AGG360) was placed onto the dish surrounding the cells of interest, using the grid
markers as a guide. A small layer of resin was added to the tube (1 cm) and
polymerised in a vacuum oven at 65 °C for 48 hours. Once solidified, the capsule was

topped up with more resin and placed back in the oven for a subsequent 48 hours.

The BEEM® capsule was detached from the glass-bottomed dish by placing the dish
on aheatblock at60°C for 3 minutes 30 seconds (Hanson etal., 2010). In some cases,
the glass coverslip came away with the resin face. To remove the glass, sequential dips
of the face into and out of liquid nitrogen for 2 s, followed by gently applying force to
the glass with tweezers enabled separation. It was evident that cells had transferred

to the face of the resin even when imaging on a low-powered microscope and the grid
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lines could be visualised. The block was trimmed using a double-edged razor blade to
isolate the area of interest and then the face was polished with a glass knife. A Diatome
diamond trimming knife was used to cut 120 nm sections using a LEICA EM UC6
microtome set to a speed of 1.6 mm/s. Samples were transferred to continuous

carbon-coated grids and images acquired on a JEOL 1400 flash microscope.

2.2.11 Negative staining and resin embedding of tissue sections for
transmission electron microscopy (TEM)

W12E organotypic raft cultures fixed in 10% NBF were sectioned to create 1 mm?3
blocks. These sections were fixed in glutaraldehyde (2.5%) (Sigma, G5882) at 4 °C
overnight. Tissue sections were washed twice with PBS and then stained with osmium
tetroxide (1%) (Sigma, 208868) for 2 hours. The osmium tetroxide was removed, and
the tissue sections were washed twice with PBS and then 3 times with water,
incubating the tissue in the washing reagent for 5 minutes each time. Tissues were
then negatively stained for 1 hour with uranyl acetate (2%). Tissues were washed twice
with 5-minute incubations in water and then dehydrated by passing through a graded
alcohol series (30% - 100%) followed by a second change into 100% ethanol. Each
percentage of alcohol was incubated on the tissues for at least 2 hours and at 70%
ethanol, an overnightincubation at 4 °C was carried out. The alcoholwas replaced with
Epon 100 resin (TAAB Laboratories, AGR1141). The resin was removed and the tissue
section positioned at the top of an embedding mould (Agar Scientific). The mould was
filled with resin and polymerised in a vacuum oven set to 65 °C for 48 hours. The mould
was allowed to cool to room temperature and the embedded sample was removed.
The block was trimmed using a double-edged razor blade to isolate the area of interest
and then the face was polished with a glass knife. A Diatome diamond trimming knife
was used to cut 120 nm sections using a LEICA EM UC6 microtome set to a speed of
1.6 mm/s. Samples were transferred to continuous carbon-coated grids and images

were acquired on a JEOL 1400 flash microscope.

2.2.12 Luminex assays

Human High Sensitivity Cytokine A Premixed Magnetic Luminex Performance Assays
(Table 2.4) were used to determine how microwave treatment altered the

concentration of cytokines secreted into the media from HPV-negative and HPV-
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positive rafts. Following mock or microwave treatment, HaCaT, NIKS16 and W1 2E rafts
were transferred to 12 mm transwells (Corning, CLS3462-48EA). The media was
collected from different replicates at 1, 8 and 16-hour time points post-treatment.
Media samples were centrifuged to remove debris, and the supernatant aliquoted and
frozen. Samples were analysed in duplicate using a Human High Sensitivity Cytokine
A Premixed kit (Biotechne) (Table 2.4), following the manufacturer’s instructions. The
mean fluorescent intensity (MFI) of each cytokine was analysed using a Luminex
100/200 (The Cellular Analysis Facility, University of Glasgow). A five-parameter
logistic (5-PL) curve fit was applied using the included standards and the cytokine
concentration in each sample was calculated. Three biological replicates and two
technical replicates were analysed per experimental condition and an unpaired t-test
was used to determine significant differences between mock and treated cytokine

concentrations at the same time point.

2.2.13 Monocyte isolation, differentiation to moDC and exposure to
microwave-treated media

2.2.13.1 Isolation of monocytes from PBMCs

Frozen peripheral blood mononuclear cells (PBMCs) were removed from liquid
nitrogen storage. To maximise recovery of monocytes, exposure to room temperature
was minimised during thawing. Vials were stored on dry ice whilst transporting from
liguid nitrogen. In a biosafety cabinet, the cap was turned a quarter turn to relieve
pressure and then retightened. PBMCs were then thawed in a 37 °C water bath with
gentle swirling of the vial. When a small amount of ice remained, the vials were
removed and transported into the biosafety cabinet. The following steps were carried
out quickly to maximise yield. The cell volume was transferred to a 50 ml falcon tube,
the vial was washed with 1 ml complete media composed of RPMI-1640 with 1% L-
Glutamine (Gibco, 11875093), 10% FBS (Gibco, 10290-106) and 1% Pen-Strep (Gibco,
Cat #15140-122). This wash was added to the cells dropwise with gentle swirling. The
cells were washed with 15 mL complete media and pelleted by centrifuging at 300 x g
for 10 minutes at room temperature. The supernatant was removed so that a small
amount of media remained and 100 pg of DNase | was incubated with the cells for 10
minutes to prevent cell clumping. A subsequent wash with 15 ml of complete media
was followed by centrifuging at 300 x g for 10 minutes.
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Monocytes were isolated using the MojoSort Human CD14+ Monocytes Isolation Kit
(BioLegend, 480047). The supernatant was removed from the previous spin and
PBMCs were resuspended in MojoSort Buffer (BioLegend, 480017) at a concentration
of 1 x 1078 cells/ml. Monocytes were isolated in accordance with the manufacturer’s
protocol such that the magnetically labelled fraction of cells was discarded and the
untouched monocytes retained. Samples of magnetically labelled and unlabelled
cells were reserved for CD14+ antibody staining to determine the specificity of
separation. The cell number of unlabelled cells was determined and the cell
suspension was centrifuged for 10 minutes at 300 x g. Awash was carried out using 10

ml of complete media.

2.2.13.2 Differentiation of monocytes into moDC

The cell pelletwas resuspended and cells were seeded ataconcentrationof 1.5x 1076
cells per well of a 6-well plate in complete media supplemented with 100 ng/ml GM-
CSF (Thermofisher, 300-03) and 20 ng/ml IL-4 (Thermofisher, 200-04) for
differentiation of monocytes. Cells were cultured in a humidified incubator at 37 °C
and 5 % CO2. On day 3, the plate was spun down at 300 x g for 5 minutes. The media
was collected from each well and centrifuged at 300 x g for 10 minutes. The media was
replaced in each well using 1 mL of complete media with IL-4 and GM-CSF to prevent
the attached cells from drying out. Cell pellets were retained from the centrifuge step,
resuspended in 2 mL per well and returned to the well of the plate. On day 6, plates
were spun at 300 x g for 5 minutes. The media was removed to a 50 mlfalcon tube. The
cells were detached by incubating cells in 1 ml Accutase™ (Stempro™, A1110501) per
well for 10 minutes. Detached cells were added to the 50 ml falcon tube. Wells were
washed three times with 2 ml complete media which was added to the 50 ml falcon
tube followed by centrifuging at 300 x g for 10 minutes. Cells were resuspended and
exposed to media from microwave-treated or mock-treated 3D W12E organotypic raft

cultures for 24 hours.

2.2.13.3 moDC flow cytometry
Following treatment, moDCs were collected using the previously described protocol
for Accutase detachment (Section 2.2.13.2). The resulting cell pellet was resuspended

in 100 pl PBS 10% (v/v) goat serum (Sigma, G9023) and incubated at 4 °C in the dark
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for 30 minutes to block Fc receptors and prevent unspecific antibody binding. Cells
were washed two times with PBS containing 1% BSA and pelleted between each wash
at 350 x g for 5 minutes. Phycoerythrin-conjugated antibodies to CD14 (BioLegend,
367103), CD40 (BioLegend, 334307), CD80 (BioLegend, 305207) and CD86
(BioLegend, 374205) were incubated with the moDC at 4 °C in the dark for 20 minutes.
Cells were washed twice using PBS containing 1% BSA with cells pelleted between
each wash at 350 x g for 5 minutes. Cells were then fixed in PBS containing 1% PFA for
20 minutes at 4 °C in the dark. Samples were loaded onto a round-bottomed 96-well
plate (Costar 2795) in triplicates such thatthere were 2x10”5 cells per well for analysis
using the Guava Easycyte. Samples were analysed for fluorescence using the blue
laser and yellow filter (YEL-B parameter, Guava Easycyte), The Incyte software was
used to determine the percentage of positive cells (CD14+ analysis) or mean
fluorescence intensity (CD40, CD80, CD86 analysis). Dead cells were removed from

the analysis and only cell singlets were analysed using the Incyte software.

2.2.14 IWlumina TruSeq Next Generational Sequencing

2.2.14.1 RNA extraction and library preparation for RNA Sequencing

Total RNA was prepared from 3D tissues using the RNeasy kit with on-column DNase
treatment (Qiagen, 79254) according to the manufacturer’s instructions. RNA
concentration was initially determined using a Nanodrop One/One Microvolume UV-
Vis Spectrophotometer (Thermofisher). The integrity of the RNAwas assessed using an
Aglient 2100 Bioanalyzer. All samples had an RNA integrity number (RIN) > 8.5. Prior to
library preparation, 0.15 ng of SIRV spike-ins (SIRV-Set 2, Lexogen) were added to each
sample to represent 1% of the total mMRNA reads. These were used for normalisation
during the analysis to account for differences in efficiency during the library
preparation. Libraries were prepared using the Illumina TruSeq Stranded mRNA Library
Prep (Illumina, #20020595) with 500 ng of total RNA and sequenced on an Illumina
NextSeq 2000 using paired-end sequencing with reads of 100 bp. RNA-Seq reads were
quality assessed using FastQC. RNA-Seq reads were alighed to the Homo sapiens
genome (GRCh38.110) downloaded via Ensembl using Hisat2 (Kim et al., 2015). After
the alignment, FeatureCount (Liao, Smyth and Shi, 2014) was used to count reads
mapping to genes annotation files. The Human papillomavirus type 16 reference

genome was downloaded via NCBI (K02718.1). Both the Lexogen Spike-In RNA Variant
70



Controls (SIRVs) and the External RNA Controls Consortium (ERCC) spike-ins were

added to the sample before library preparation.

We performed differential expression analysis on sample groups mock 4-hour vs 4-
hour treated and mock 16-hour vs 16-hour treated respectively using the R package
DESeqg2 (Love et al., 2014). DESeg2 estimates variance-mean dependence in count
data from high-throughput sequencing data and tests for differential expression based
on a model using the negative binomial distribution (work performed by Quan Gu using
the DESeq?2 pipeline referenced in Meehan et al., 2023). The ERCC spike-in sets were

used for normalisation of gene expression value.

2.2.14.2 Functional analysis of differentially expressed genes

Gene set enrichment analysis, protein-protein interaction networks and transcription
factor target gene set enrichment analyses were performed using Metascape (Zhou et
al., 2019). An R script was used to produce the volcano plots using ggplot2 and
heatmaps were created using the pheatmap package. The R script used is available:

https://github.com/annak2-tech/Microwave_transcriptome_pipeline/tree/main. The

Viridis colour scheme was used in heatmaps to enable accurate interpretation of
scientific data for individuals with colour vision deficiency (Nufiez, Anderton and
Renslow, 2018). Circos allowed the visualisation of correlations between features

shared between groups or their annotations (Krzywinski et al., 2009).
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Chapter3 Aninvestigation into how microwave
treatment affects the transcriptional landscape of
the cell and if it can induce innate immunity

3.1 Introduction

3.1.1 The cell transcriptome following hyperthermia

Hyperthermia is a well-documented adjunct to cancer therapy, commonly used in
combination with chemo- and radiotherapy (Cheng et al., 2019) (Section 1.11). When
exposed to hyperthermic temperatures, cells invoke a heat shock response to prevent
proteolysis and other forms of cell damage. Cells respond by rapidly altering the
cellular transcriptional landscape to result in the production of heat shock proteins
(HSPs), cytoprotective proteins which are rapidly induced upon stress (Santoro, 2000).
The main role of these HSPs is to maintain the appropriate folding of proteins within
cells to protect them against proteolysis (Hartl, Bracher and Hayer-Hartl, 2011; Lang
et al., 2022). The classification of heat shock proteins is based on their molecular
weight (kDa’s) and compartmentalisation within the cell. There are several
transcription factors induced by heat shock but HSF1 plays a major role in altering the
transcriptional landscape upon stress (Gomez-Pastor, Burchfiel and Thiele, 2018).
HSF1 is normally bound as an inert monomer in a complex with HSP70 and other
chaperones which represses its DNA-binding and transcriptional transactivation
activity (Abravaya etal., 1992; Zou et al., 1998; Guo et al., 2001) (Figure 3.1). Upon heat
shock, these chaperones are sequestered by damaged cellular proteins, thus
releasing HSF1. This allows for the translocation of HSF1 to the nucleus where
sumoylation and phosphorylation changes activate the transcription factor (Voellmy,
1996). HSF1 forms homotrimers which then bind to and activate transcription from
genes containing heat shock elements (HSESs), series of pentameric units arranged as
inverted adjacent arrays of 5’-nGAAN’3’ (Amin, Ananthan and Voellmy, 1988). HSF1’s
targets include the canonical heat shock proteins, which prevent protein misfolding
and, once levels have increased enough, act to regulate this response by binding back
to HSF1 to repress its transcriptional transactivation (Figure 3.1) (Sivéry, Courtade and
Thommen, 2016). Alongside these canonical heat shock proteins, many other genes

get induced following heat stress, with some that do not contain HSEs or show
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evidence of HSF1 binding, revealing the complexity of this response (Trinklein et al.,

2004; Mahat et al., 2016).
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Figure 3.1: Regulation of the heat shock response by HSF1. Within unstressed cells,
HSF1 is present as an inert monomer in the cytoplasm, bound to HSP70 and other
chaperones. Following stress and the appearance of non-native proteins, the
chaperones (HSP70, HSP90 and Hdj1) bind to these misfolded proteins to prevent
proteolysis. HSP70 also has ATPase activity and ATP binding allows conformational
changes for stable substrate binding. The diversion of chaperones to non-native
proteins releases HSF1 monomers which translocate to the nucleus. Here HSF1
oligomerizes to a trimeric state, becomes inducibly phosphorylated and binds to and
activates transcription from HSE elements, upstream of hsp genes. This results in the
synthesis of heat shock proteins. As the concentrations of heat shock proteins rise in
the cell, the chaperones localise to the nucleus and bind to HSF1, repressing hsp gene
transcription and leading to the dissociation of the HSF1 trimers and refolding of HSF1
to its inert monomeric state. Adapted from (Santoro, 2000).

Several meta-analyses have sought to identify common transcriptome alterations in
cells following hyperthermia (Scutigliani et al., 2022; Yonezawa and Bono, 2023;
Richter, Haslbeck and Buchner, 2010). Many of these meta-analyses focus on or have
a high proportion of studies that come from cancer celllines due to the interestin using
hyperthermia as an adjunct to radio- and chemotherapy (Section 1.11). Due to the

dysregulation of many genes within cancer cells, this weighting is important to
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consider alongside the results. Scutigliani and colleagues conducted an extensive
meta-analysis of cancer cells subjected to hyperthermia (Scutigliani et al., 2022).
Whilst many previously observed pathways could be identified within these datasets
including protein folding, cell cycle, mitosis and cell death, no ‘universal’ heat stress
response could be identified within cells. The most commonly overexpressed gene
was CRYAB, with many heat shock genes including HSPA6 commonly overexpressed,
and KRAS and TNF-a signalling were commonly upregulated (Scutigliani et al., 2022).
Yonezawa and colleagues analysed a larger number of datasets from human and mice
cell lines and tissues following hyperthermia (Yonezawa and Bono, 2023). The authors
produced an ‘HN score’ for each transcript, defined as the difference between the
number of experiments with downregulated expression of the transcript and the
number of experiments with upregulated expression (Bono and Hirota, 2020). This
data set was then used as their ‘differentially expressed’ gene set and input for
subsequent analysis. Within human data sets, HSPA6 had the highest ‘HN score’:
upregulated across most studies (Yonezawa and Bono, 2023) (Supplementary Figure
3.1). Gene ontology analysis revealed the highest upregulated pathway to be protein
folding. Other upregulated pathways included ‘response to steroid hormone’ and
‘NGF-stimulated transcription’ (Supplementary Figure 3.1). Comparing genes induced
in mouse and human datasets following hyperthermia, the enriched pathways
included ‘response to heat’ and ‘response to topologically incorrect protein’. This
second term included molecular chaperones and cofactors with the largest
representation from heat shock 70 kDa proteins (HSPA), DNAJ (HSP40) heat shock
proteins and small heat shock proteins (HSPB), with these genes shared between
humans and mice. This study also identified several immediate early genes (IEGs),
which are known to be rapidly expressed in response to stimuli, whose expression was
induced by heat stress. This included FOS, FOSB and JUN which encode the
transcription factor AP-1 as well as EGR7, EGR2, and ARC. Transcription factor
mapping revealed the importance of HSF1 and SRF, which may regulate genes induced

early in heat shock in an HSF1-independent manner.

3.1.2 Previous work in this area

No previous studies have profiled how microwave-delivered hyperthermia changes

the transcriptional landscape to our knowledge at the time of writing. The most
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common treatment condition in the meta-analyses described above was 42 °C for 60
minutes, delivered through conduction heating using a water bath (Scutigliani et al.,
2022; Yonezawa and Bono, 2023). This heats cells from the outside in and delivers heat
to all cells universally. Microwave treatment for plantar warts typically lasts 10
seconds (Bristow et al., 2017) and results in dielectric hysteresis to a defined tissue
area and heating from the inside out. Different heating methods can result in differing
biological responses (Yang et al., 2016; Whitney, Carswell and Rylander, 2013) which
alongside cell type was proposed to be responsible for differences between studies in
the meta-analyses described above (Yonezawa and Bono, 2023; Scutigliani et al.,
2022). Therefore, it is important to investigate how microwave-delivered hyperthermia

affects transcription in our keratinocyte models.

Accumulating evidence indicates the role of heat shock in inducing immunity. The heat
shock proteins themselves play a role in this, forming complexes with peptides and
becoming powerfulimmunogens that can stimulate antigen-presenting cellstoinduce
aninnate and adaptive immune response (Section 1.11). Hyperthermia can also result
inincreased expression of surface molecules involved inimmunity as well as exosome
release that may help transfer antigens to APCs (Section 1.11). Moreover, some non-
canonical heat shock proteins, such as IL-8 are upregulated by HSF1 and have roles in
innate immunity (Singh et al., 2008). HPV employs many strategies to regulate
immunity to prevent the detection and clearance of infection (Moody, 2022) (Section
1.9.2) so it is important to determine if microwave-delivered hyperthermia can

alleviate this immune repression.

Local hyperthermia has previously been demonstrated to promote migration and
maturation of Langerhans cells ex vivo in samples of condyloma acuminatum,
anogenital warts caused by HPV (Li et al., 2009). Greater effects were observed at
higher temperatures (45 °C). Bristow and colleagues proposed that hyperthermia
delivered by the Swift® microwave device may induce anti-HPV immunity (Bristow et
al., 2017). The authors showed that exposure to media from microwave-treated
keratinocytes could induce moDC activation. Moreover, these activated moDCs
exhibited enhanced cross-presentation of HPV antigens to HPV-specific CD8+ T cells

(Bristow et al., 2017). Epithelial cells are key immune sentinels (Section 1.9.1) and the
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microwave-treated keratinocytes in this study produced IL-6 in response to treatment
and showed increased expression of cell surface activation markers (HLA-DR, CD40
and CD80) (Bristow et al., 2017). This study was carried out in a monolayer of HaCaT
cells (Boukamp et al., 1988), human spontaneously immortalised HPV-negative
keratinocytes, which limits the extensions of these findings to HPV-infected lesions as
the immunoregulatory functions of the HPV oncoproteins cannot be accounted for
(Section 1.9.2). This includes the interference with the interferon signalling pathways
by E5, E6 and E7, E7 mediated inhibition of NFkB activation and E5’s inhibition of MHC
class | proteins which are involved in antigen presentation to cytotoxic T cells (Section
1.9.2) (Scarth et al., 2021). Therefore, itis unclear if the anti-HPV immunity discovered

here would occur in infected cells.

To model different disease stages of HPV16 infection, the cell lines SiHa, NIKS16 and
W12E were used. SiHa cells are cervical cancer cells which contain two host-
integrated copies of HPV16, at locus 13921, with a break-pointin the E2 coding region
(Xu etal., 2021; Adler, Erickson and Bobrow, 1997; Baker, 1987; El Awady et al., 1987).
As HPV16is integrated in these cells, they represent cancer formation where viral gene
expression is deregulated and the control over E6 and E7 expression is lost. This
infection is no longer productive due to disruption of the E2 and E4 ORFs by integration
which prevents viral replication and late gene expression. NIKS16 are normal,
spontaneously immortalised keratinocytes which have been stably transfected with
HPV16 genomes (Flores et al., 1999). When cultured at a low passage, these cells can
maintain episomal HPV16 genomes and upon raft culture, form a stratified epithelium
that supports the productive stage of the viral life cycle and resembles a low-grade
squamous intraepithelial lesion (LSIL) (Flores etal., 1999; Wechsler et al., 2012). W12E
cells are a subclone of the W12 human cervical keratinocyte cell line derived from a
low-grade cervical lesion that contains episomal copies of HPV16 (Stanley et al.,
1989). Upon differentiation, W12E cells support the production of the late HPV16
mRNAs and proteins (Milligan et al., 2007). W12E cells originate directly from natural
in vivo HPV infections of the cervix and therefore provide a more clinically relevant
early disease model over NIKS cells which are derived from neonatal foreskin and

stably transfected with HPV16 (Allen-Hoffmann et al., 2000). HaCaT cells were also
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included in the analysis to compare the heat shock and immune responses in an HPV-

negative model.
Aims of the study

e Determine a suitable energy for microwave treatment of in vitro 3D epithelial
raft cultures.

e Confirm a hyperthermic response within cells that have been microwave-
treated.

e Investigate the impact of microwave-delivered hyperthermia on the
transcriptional landscape of keratinocytes.

e Determine if microwave treatment can induce an innate immune response.

3.2 Optimising the energy required for microwave
treatment of 3D organotypic raft cultures

To optimise the treatment energy in 3D organotypic raft cultures, we determined the
temperature increase in tissues following microwave treatments at a range of power
levels (5W, 10W and 15W up to 30 seconds of treatment). SiHa 3D organotypic raft
cultures were grown at the air-liquid interface and then inverted onto the lid of a plastic
cell culture dish preheated to 37 °C. The microwave probe was positioned underneath
the plastic such that the microwaves would first travel through the plastic lid and then
into the top of the tissue containing the cells before going through the collagen matrix
(Figure 3.2A, B). This method best resembles how the device would be used in vivo
whereby the cells at the top of the epithelium would be in contact with the microwave
probe, covered with a disposable plastic cap, without compromising the sterility of
tissue cultures. Previous studies have demonstrated a considerable loss of
microwave energy when applying the Swift® device through the plastic of a cell culture
dish (Bristow etal., 2017) so itwas important to determine the optimal energy to deliver

the target temperature within our model system.

All power levels tested produced a temperature increase in the SiHa tissues analysed

(Figure 3.2C, D, E). Treatment at 5W for 10 s raised the temperature of rafts, although
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this did not exceed 40 °C (Figure 3.2C). Extending the length of treatment at 5 W to 30
s could not raise the temperature above 45 °C (data not shown). Treatment at 15 W
raised the temperature dramatically, as seen by the gradient of the line, to above 70 °C
(Figure 3.2D). This caused gross disturbance to the tissue, even away from the site of
treatment, seen visually by the eye during treatment and was considered too large of
an increase in temperature for future use. Treatment at 10W for 10 s raised the
temperature of rafts to 45 — 48 °C with no further significant increase in temperature
after this time and no gross change to the tissue morphology outside of the site of

treatment (Figure 3.2E). This energy was used for all subsequent work.

Extending this analysis to include two temperature probes allowed us to investigate
the precision of microwave treatment. Probes were positioned to record temperature
rises in sites directly below the microwave probe contact site (defined as the treated
area) and in the tissue at sites further away from the probe contact site (defined as the
distalsite) (Figure 3.2B). Large temperature increases were only evident at the ‘treated’
site of the tissue where temperatures above 45° C were reached (Figure 3.2F). Within
the distal sites, temperatures only reached 32 °C highlighting the spatial precision and

linearity of the temperature rise caused by the microwave treatment.
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Figure 3.2: Optimisation of the thermal dose delivered to 3D organotypic raft
cultures. (A) The reaction set-up for temperature measurements within raft tissues.
‘NOMAD-Touch’ opticalthermometers (Neoptrix) were positioned such that one probe
was directly under the 5 mm Swift® microwave probe contact site on the raft and a
second positioned at a site distant from the site of treatment, with the probe
positioning shown diagrammatically in (B). (C-E) Temperature increases recorded at
the treated site of 14 mm SiHa rafts following microwave treatment for 10 s at 5 W (C),
15W (D) and 10 W (E). A horizontal red dotted line indicates 45 °C, the target
temperature to ensure consistency with temperatures reached in the skin during
clinical application of the device. (F) The temperature increases from probes at the
central treated (blue) and distal sites to treatment (black) are shown. Three individual
rafts were used for each treatment condition.
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3.3 Definition of areas within a microwave-treated raft

Microwave treatment results in immediate damage to the tissue at the site of
treatment. This area is obvious when analysing a cross-section of a raft, often
associated with a loss of cells in this area or cells that have detached from the collagen
matrix and each other, with large morphological changes evident (Figure 3.3A, B red
line). The collagen matrix can also be seen to contract at the treated site (Figure 3.3A,
Credline). Inthe neighbouring tissue to the treatment site, tissue integrity is disturbed
with cell-to-cell adhesion often lost (Figure 3.3A, B). This area is defined as the
‘proximal’ tissue. Further away from the site of treatment, the tissue appears similar
to mock-treated tissue and is undisturbed (Figure 3.3A). This area is defined as the
‘distal’ tissue. These terms will be used throughout the rest of this thesis to describe

these areas.

Previous work has determined the size of each area over time (Conley et al., 2023).
Within ‘full-sized’ 14 mm tissues, the average treated area was 2.2 mm, which
increased in size over time to around 3 mm. The disrupted ‘proximal’ region had an
average width of 3.4 mm (cumulative over both sides of the treated site) which
increased to a maximum of 5.5 mm. These sites are shown labelled on a “full-sized’ 3D
W1 2E tissue (Figure 3.3A). For subsequent experiments, we sought to produce ‘mini’
3D organotypic rafts with a diameter of 7 mm in which the majority of the cells had
been exposed to microwave treatment. In these tissues, the largest area is the
‘treated’ site, with some ‘proximal’ region on either side (Figure 3.3C). Whilst every
effortis made to treat rafts in the centre, sometimes there is a larger proximal side on

one side of the tissue (Figure 3.3C).
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Figure 3.3: The defined areas within microwave-treated 3D tissues. Annotated ‘full-
sized’ and ‘mini’ rafts show our defined tissue regions following treatment. (A) A “full-
sized’ 14 mm W12E tissue that has been microwave treated. Bars show the lengths of
the ‘treated’, ‘proximal’ and ‘distal’ areas. The area within the black dashed box
containing the treated-proximal boundary is shown at a higher magnification in (B). (C)
A ‘mini’ 7 mm SiHa tissue that has been microwave-treated. In comparison to the full-
sized tissue, the treated area makes up the majority of the tissue. Some ‘proximal’
regions can be seen on either side of the treated zone. Due to dehydration during raft
processing, the total raft diameters do not add up to 14 mm and 7 mm for full-sized
and mini rafts respectively. Processing can also result in the breaking of rafts as seen
in (C). Scale bars =2 mm (A & C) and 400 um (B).
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3.4 Microwave treatmentresults in the induction of HSP70
and a heat shock response

Induction of heat shock requires temperature increases over 4 °C from baseline (Feder
and Hofmann, 1999; Ray, 1999), which we observed within microwave-treated tissues
at our chosen treatment energy. Still, we aimed to verify the induction of a heat shock
response by analysing the expression of heat shock proteins following treatment.
Microwave treatment has previously been demonstrated to cause induction of the
heat shock proteins HSP90, HSP72 and HSP27 within human skeletal muscles (Ogura
et al., 2007 Br J Sports Med). We analysed the transcriptional expression of the heat
shock protein HSP70 within microwave-treated ‘mini’ tissues which contain only the
treated and proximal zones. Microwave treatment consistently resulted in the rapid
upregulation of HSP70 transcription in both HPV-negative (HaCaT) and HPV-positive
(NIKS16 and W12E) tissues (Figure 3.4).

The increase in HSP70 transcripts peaked at 4H for NIKS16 and W12E tissues with an
average fold change of 22 and 36 times that of untreated tissues fixed at the same time
point (Figure 3.4A, B) (p<0.001). There was a statistically significantincrease in HSP70
transcripts at 4H, 8H and 16H post-treatment in NIKS16 and W12E tissues (Figure
3.4A, B). This increase was transient and in NIKS16 tissues, HSP70 expression had
fallen to comparable levels to mock-treated tissues by 72 hours post-treatment,
demonstrating the self-regulatory nature of this pathway (Figure 3.4A). Within HPV-
negative HaCaT tissues, an increase in HSP70 transcription was observed at 4- and 8
hours post-treatment, however, this was not significant (Figure 3.4C). This response
declined sooner in HPV-negative tissues, with levels of HSP70 similar to mock-treated
tissues by 16 hours post-treatment. This suggests that microwave treatment induces
an HSP70-driven heat shock response to a greater extent in HPV-positive tissues and

this effect is sustained for longer compared to HPV-negative tissues.
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Figure 3.4: Microwave treatment induces HSP70 gene expression within tissues.
RT-gPCR analysis of HSP70 mRNA in microwave-treated NIKS16 (A), W12E (B) and
HaCaT (C) tissues. Total RNA was extracted from tissues and used for RT-gPCR. Delta
Ct changes were calculated relative to the housekeeping gene Beta-actin and
expression ratios of treated to mock tissues were determined using 2°2°°T, The median
expression ratio is displayed (black line) for each time point post-treatment and each
point represents one biological replicate (n=4). The red dashed line indicates an
expression ratio with no change between the mock and treated tissues (y=1). Each
biological replicate represents an average of three technical replicates. A Kruskal-
Wallis test was used to determine if there was a statistical difference between groups.
* Indicates p< 0.05, ** indicates p< 0.01 and *** indicates p< 0.001.
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3.5 Transcriptomic analysis of NIKS16 3D organotypic
rafts following microwave treatment

3.5.1 RNA Sequencing reveals a rapid transcriptional response to
microwave-delivered hyperthermia in keratinocytes

RNA Sequencing was performed using RNA prepared from mock or microwave-treated
NIKS16 3D organotypic raft cultures at 4- and 16 hours post-treatment. Biological
replicates within each sample group clustered together and variance between the
treated and mock conditions can be visualised (Figure 3.5). Treated samples at each
time point were compared to mock samples at the same time point for differential
gene analysis. Differentially expressed genes included in the analysis were defined by
those with an adjusted p-value < 0.05 and a log2 Fold Change <-1 or >1in comparison
to mock-treated samples. At 4 hours post-treatment, there were 59 differentially
expressed genes with 56 significantly upregulated and 3 significantly downregulated
(Figure 3.6A) with a range of 5-fold downregulated to 794-fold upregulated. In contrast,
there were 150 differentially expressed genes at 16 hours compared to mock-treated
tissues (Figure 3.6C). All of these were upregulated with a range of a 2.3-fold to 208-
fold change in expression in comparison to mock-treated tissues. Of the genes
upregulated at 4 hours, 54% overlapped with genes upregulated at 16 hours post-
treatment (Figure 3.6E). This implies a rapid transcriptional response to microwave-
delivered hyperthermia which is transient for some genes, whilst others remain or
become upregulated at later time points post-treatment. Many genes had a high fold
change in expression, but this change was not significant (Figure 3.6A, C grey dots).
These genes typically had a low expression which limits the power to define
significance (Figure 3.7A, B). Increasing the sequencing depth or including more
samples may have resulted in more significant genes at both time points (Figure 3.7A,
B). Variability between samples may also account for the reasonably small number of
significantly changed genes (Figure 3.6B, D). In particular, treated samples at 16 hours
showed a high degree of variability (Figure 3.5), with one sample showing increased
expression of almost every upregulated gene in comparison to the other treated
samples (Figure 3.6D). Among genes expressed at high levels in this sample is CXCLS,

the non-canonical heat shock protein involved in innate immunity and induced by
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HSF1 following heat shock (Singh et al., 2008; Tulapurkar et al., 2012). This gene was

also significantly upregulated at 4 hours.

Across the top 10 most significantly upregulated genes at 4 and 16 hours (based on
adjusted p-value), nine are shared between both time points post-treatment (Table
3.1). These genes include heat shock proteins (HSPA6, HSPA1A, HSPA1B and HSPA?7),
immediate early genes (ARC), chaperones (CLU), GTP-binding proteins (GEM and
RASD1) and the transcriptional co-regulator (ANKRD1) which functions alongside AP-
1. Extracellular stimuli such as UV radiation, oxidative stress and cytokines are known
to stimulate AP-1 expression and promote its binding to the TPA-responsive element
(TRE) of target genes which have roles in cell growth, inflammatory responses and
repair (Eferl and Wagner, 2003; Shaulian et al., 2000; Angel and Karin, 1991). The
expression of these nine shared genes had decreased slightly by 16 hours post-
treatment but remained upregulated in comparison to mock-treated tissues (Table
3.1). Alongside ARC, multiple other immediate early genes were induced following
microwave treatment, including EGR71 and FOS. This is similar to transcriptomes
which have been generated from cells exposed to hyperthermic temperatures by other

delivery methods (Yonezawa and Bono, 2023).
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right).
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Table 3.1: Genes shared between the top 10 differentially expressed genes at 4-
and 16-hours post microwave treatment. Gene names are displayed in order of
significance with their log2 Fold Change at 4- and 16-hours post-treatment.

Gene Log, Fold change at 4 hours | Log, Fold change at 16 hours
HSPA6 | 8.1 7

ARC 5.7 5.6

HSPA1A | 3.9 2.9

HSPA7 | 9.6 7.7

HSPA1B | 3.5 3.0

CLU 3.3 3.4

ANKRD1 | 6.9 6.4

GEM 4.3 3.7

RASD1 | 5.4 5.0
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Figure 3.6: Microwave treatment of NIKS16 3D organotypic rafts leads to
transcriptomic changes. Volcano plots showing the Log2 fold change and p-value of
genes from NIKS16 treated rafts at 4 hours (A) and 16 hours (C) in comparison to mock-
treated tissues at the same time point. Each dot represents one gene. Genes that have
a Log2 fold change within the range of -1 to 1 are plotted in black. Any genes with a
Log2 fold-change < -1 or >1 but with an adjusted p-value> 0.05 are plotted in grey.
Differentially expressed genes (DEGs) that have an adjusted p-value < 0.05 and
Log2FoldChange <-1 or >1 are shown in red (for upregulated DEGs) or blue (for
downregulated DEGs). A y-axis limit of 40 was used to allow visualisation of the spread
of the data however this removed one point corresponding to HSPA6 in both the 4-hour
and 16-hour graphs. (B & D) Clustered heatmaps for all differentially expressed genes
at 4 hours (B) and 16 hours (D) in microwave-treated NIKS16 tissues. Each column
represents 1 of 4 replicates per condition. The heatmap for 4 hours includes the gene
names of DEGs. (E) Circos plot of the overlapping upregulated genes at 4 hours and 16
hours. The outside arc represents the identity of each gene list: 4 hours (blue) and 16
hours (red). The inside arc represents each gene member as a tile on the arc. Genes
coloured dark orange are shared between 4 and 16 hours and light orange genes are
unique to each time point. Purple lines link the same genes shared by each group.
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Figure 3.7: The differential expression compared to mean expression values of
genes across each data set. MA plots showing the Log2 fold change and mean
expression of genes at 4 (A) and 16 hours (B). Each dot represents one gene. Genes
that were significantly upregulated are shown as red dots and those significantly
downregulated as blue dots. Labels indicate the top 5 differentially up or
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3.5.2 Microwave treatment results in upregulation of genes
involved in protein folding and innate immunity.

To interpret the biological consequences of the transcriptome changes caused by
microwave treatment, gene set enrichment analysis (GSEA) was carried out on the
differentially expressed genes at 4 and 16 hours using Metascape (Zhou et al., 2019).
In the upregulated gene group at 4 hours, ‘chaperone cofactor-dependent protein
refolding’ (GO:0051085) was the most significantly enriched term (Figure 3.8A). The
genes included in this term included the heat shock 70kDa proteins (HSPA1A,
HSPA1B, HSPA1L, HSPA6, HSPA7, HSPH1) and DNAJ heat shock proteins (DNAJB1)
(Figure 3.8A). This is consistent with findings from the meta-analysis on heat stress
described above (Section 3.1) where following GSEA, protein refolding was
determined to be the most significantly enriched term for both human and mice
studies (Yonezawa and Bono, 2023). Metascape accounts for redundancy between
terms by clustering similar pathways from GSEA into a representative group (Zhou et
al., 2019). The term within the cluster with the highest significance is then displayed
within the bar graph. The second most significantly enriched term is ‘Overview of
proinflammatory and profibrotic mediators’ but this cluster of redundant terms
includes many immune pathways. ‘NGF-stimulated transcription’ was also in the top
5 significantly enriched terms. Again, Metascape attempts to account for redundancy
by clustering similar terms and included in this cluster are response pathways to
interleukin-1 and tumour necrosis factor, indicating innate immune activation
following microwave treatment (Figure 3.8A). There were only three significantly
downregulated genes at 4 hours post-treatment and these did not result in any

significantly enriched pathways when submitted for analysis.

At 16 hours post-treatment, GSEA of the upregulated genes reveals several shared
pathways with those upregulated at 4 hours (Figure 3.8B, C). Protein folding pathways
were still significantly enriched. Only four genes were present within ‘chaperone
cofactor-dependent protein refolding’ (G0O:0051085), compared to the seven at 4
hours post-treatment, but all four are shared with those included at 4 hours. Innate
immune pathways were still enriched at 16 hours with ‘cellular response to cytokine
stimulus’ and ‘Cytokine signalling in the immune system’ in the top 6 terms (Figure

3.8B). Treated cells appeared to show an energy requirement at later time points due
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to ‘oxidative phosphorylation’ (GO:006119) being the most significantly enriched term
at 16 hours (Figure 3.8B). Many mitochondrial metabolism pathways are included
within this redundant cluster. This pathway appears to only be switched on at later
time points following microwave treatment since itis not enriched at 4 hours. Another
upregulated pathway at later time points is ‘Formation of the cornified envelope’ (R-
HAS-6809371) (Figure 3.8B). Included in this pathway are the keratins (KRT37, KRT75),
late cornified envelope proteins (LCE3D, LCE3A, LCE3C, LCE6A) and

corneodesmosomes (CDSN).

Immune genes upregulated by microwave treatment at 4 hours included the
interleukins (/IL20, IL24), the keratinocyte-specific interferon (IFNK), TNF superfamily
members (TNFSF14) and chemokine ligands (CCL26) (Figure 3.9A, Table 3.2). The non-
canonical heat shock protein and innate immune gene CXCL8 was also upregulated.
Heat shock proteins are also implicated in these pathways due to their importance in
immune activation (Hu et al., 2022) (Figure 3.9A). Some genes involved in immunity
had increased in expression by 16 hours, including ILTR2, CRTAM, CLCF1, TNFRSF18,
CCL24, ITGAX and IL18BP, whilst others showed a slight decrease or no change in
expression (Figure 3.9B, Table 3.2).
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Figure 3.8: Pathway analysis of genes upregulated by microwave treatment at 4
and 16 hours. The top 20 pathways enriched following Metascape analysis of the
significantly upregulated genes at 4 hours (A) and 16H post-treatment (B). The
significant terms were hierarchically clustered and a 0.3 kappa score was applied to
cast similar pathways into term clusters. The term within each cluster with the highest
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significance is displayed as the output on the graph. Darker orange colours represent
pathways that are predicted to be enriched with more confidence than lighter colours.
(C) Circos plot of the overlapping upregulated genes at 4 hours and 16 hours. The
outside arc represents the identity of each gene list: 4 hours (blue) and 16 hours (red).
The inside arc represents each gene member as a tile on the arc. Genes coloured dark
orange are shared between 4 and 16 hours and light orange genes are unique to each
time point. Purple lines link the same genes shared by each group. Blue lines link the
genes that fall under the same statistically significant ontology term following
Metascape analysis. Figures made using Metascape (Zhou et al., 2019).
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Figure 3.9: Pathway analysis reveals upregulation of cytokine signalling, protein
folding and oxidative phosphorylation following microwave treatment. (A, B)
Heatmaps of differentially expressed genes involved in pathways upregulated at 4
hours (A) and 16 hours (B) post-treatment. Coloured bars on the left represent the
pathways that the genes are involved in, protein folding (red bar), cytokine signalling
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significance was chosen for data visualisation.
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Table 3.2: Changes in expression of immune genes following treatment. The log2
fold change of immune genes at 4 and 16 hours post microwave treatment. Fold
changes in green and black represent significantly upregulated and non-significant
changes at that time point respectively.

Gene name |4H Log2 Fold Change |16H Log2 Fold Change

CCL26 3.9 3.3
IL24 3 1.8
TNFSF14 2.9 1.6
IL20 2.8 1.2
CRTAM 2.7 3.6
IFNK 24 1.8
LEAP2 21 1
CXCLS8 1.9 0.8
IL1R2 0.9 1.8
CLCF1 0.8 1.7
TNFRSF18 0.2 21
CCL24 0.2 1.5
ITGAX 0 1.8
IL18BP -0.1 1.9

3.5.3 Predicted protein interactions of the up- and downregulated
genes following microwave treatment
Predicted protein-protein interaction (PPI) networks provide a detailed analysis of the
interconnectivity of upregulated genes (Zhou et al., 2019). Genes upregulated at 4
hours have a small but tightly connected protein interaction network (Figure 3.10A). A
cluster of genes encoding chaperones involved in protein folding was visualised using
the Molecular Complex Detection (MCODE) algorithm which extracts protein
complexes within the network and then annotates these for their putative biological
roles (Figure 3.10A, red cluster). This cluster involves the heat shock proteins and co-
chaperones which were annotated in the ‘Regulation of HSF1-mediated heat shock
response’ pathway (Figure 3.10A). The genes upregulated at 16 hours have a larger
network of protein interactions. Three clusters of proteins were predicted from the
MCODE algorithm. One cluster contained genes involved in the electron transport
chain and oxidative phosphorylation (Figure 3.10B, red cluster). This suggests that
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there is an energy requirement for cells undergoing microwave-driven hyperthermia. A
second cluster includes genes involved in protein folding (Figure 3.10B, blue cluster)
and a third includes genes involved in keratinocyte differentiation (Figure 3.10B, green
cluster), annotated in the ‘Formation of the cornified envelope’ pathway. This
corresponds with our previous observations of increased differentiation following

microwave treatment (Conley et al., 2023).

Enrichment analysis was performed to infer transcription factor-target regulatory
interactions using TRRUST (Han et al., 2015). At 4 hours, genes regulated by FOS, a
subunit of AP-1, were the most enriched (Figure 3.11A). Another AP-1 subunit, JUN, is
also predicted to control the upregulation of several genes at 4 hours. Genes
upregulated by NFKB1 were observed to be enriched at both 4 and 16 hours. NFKB1 is
a subunit of NF-kB and another of its subunits, RELA, was also enriched (Figure 3.11A).
NF-kB can be induced by stress, inflammatory cytokines and infection (Baeuerle and
Henkel, 1994; Hayden, West and Ghosh, 2006). It functions as a central mediator of
inflammatory and immune responses with downstream target genes involved in
apoptosis, proliferation and the immune response (Oeckinghaus and Ghosh, 2009).
Other strongly induced genes include targets of HSF1, STAT3, STAT6 and TP53, which
is normally targeted by high-risk HPV’s E6 for degradation (Figure 3.11A). The enriched
regulatory interactors upregulated at 16 hours are very similar to those at 4 hours with
TP53, NFKB1, RELA, STAT3 and JUN all inferred by TRRUST to be enriched (Figure
3.11B).
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Figure 3.10: The predicted protein interaction network of genes upregulated by

microwave treatment. Predicted protein-protein interaction (PPI) networks for genes
significantly upregulated at 4 hours (A) and 16 hours (B) post microwave treatment.
The MCODE algorithm identifies areas where proteins are densely connected (red,
blue and green-coloured clusters) and GO enrichment was applied to each cluster of
proteins to extract biological meanings. Figures made using Metascape (Zhou et al.,

2019).
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hours (A) and 16 hours (B) post microwave treatment. Figures made using Metascape

(Zhouetal., 2019).
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3.6 Investigating the change in expression of the
epithelial differentiation markers transglutaminase
and keratin 10 following microwave treatment

RNA Sequencing pathway analysis revealed an increase in the transcription of
keratinocyte differentiation genes in NIKS16 rafts following microwave treatment (R-
HSA-6809371, Figure 3.8B). We therefore wished to validate these changes using RT-
gPCR. Initially, we investigated keratin 10 and transglutaminase transcription
following microwave treatment. Keratin 10 is a more general differentiation marker,
expressed by non-basal cells in the stratified epithelium whilst transglutaminase is
expressed during the late stages of differentiation due to its importance in
cornification, which takes place in the upper layers of the epithelium (Moll, Divo and
Langbein, 2008; Chermnykh, Alpeeva and Vorotelyak, 2020). There was a decrease in
keratin 10 following microwave treatment but an increase in transglutaminase (Figure
3.12A, B). The decrease in keratin 10 was observed at 16 and 72 hours post-treatment
although this was non-significant; at other time points, levels were similar to mock-
treated tissue. Whilst transglutaminase expression was shown to increase up to 48
hours post-treatment, none of these increases were statistically significant compared
to the OH time point (Figure 3.12A). This is possibly due to the large variation between
replicates and the OH time point having increased transglutaminase expression

relative to mock-treated tissue.
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Figure 3.12: Microwave treatment enhances the gene expression of the
differentiation marker transglutaminase but not keratin 10. Expression ratio of
epithelial differentiation genes transglutaminase (A) and keratin 10 (B) in NIKS16 mini
rafts 0—72 hours following treatment. Delta Ct changes were calculated relative to the
housekeeping gene Beta-actin and expression ratios of treated to mock tissues were
determined using 22°T, The median expression ratio is displayed (black line) for each
time point post-treatment and each point represents one biological replicate (n=5 and
n=3 for A and B respectively). The red dashed line indicates an expression ratio with no
change between the mock and treated tissues (y=1). Each biological replicate
represents an average of three technical replicates. A Kruskal-Wallis test was used to
determine if there was a statistical difference between groups. * Indicates p< 0.05.
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3.7 Microwave treatment induces an innate immune
response

3.7.1 The mRNA expression of the pro-inflammatory cytokines TNF-
a, IL-6 and IL-1B increases following microwave treatment
Innate immune pathways were observed to be enriched from our RNA Sequencing
analysis of microwave-treated tissues. Previous work using the Swift® microwave
device has demonstrated increased expression of the cytokines IL-18, TNF-a and IL-6
in treated 2D HaCaT cultures (Bristow et al., 2017). We wished to follow up these
observations by investigating changes in cytokine expression in a 3D model system,
which better represents the in vivo environment in which the device would be used.
Moreover, we aimed to address how HPV16 positivity would influence the induction of
innate immunity since the virus regulates the immune response in a complex fashion
(Section 1.9.2). We analysed the mRNA expression of IL-1B3, TNF-a and IL-6 following
microwave treatment, using RT-qPCR in HPV-negative (HaCaT) and HPV16-positive
(NIKS16 and W12E) tissues. All three tissue types showed a transientincrease in these

innate immune markers (Figure 3.13).

In HaCaT tissues, IL-6 increased to a greater extent following microwave treatment
than either IL-1B or TNF-a (Figure 3.13). IL-6 expression peaked at 4 hours and by 16
hours, had decreased to similar levels to mock-treated tissues. This IL-6 dominant
response had previously been observed in 2D HaCaT cells (Bristow et al., 2017). In
comparison, the expression of IL-1B and TNF-a did not increase much above mock-
treated tissues following treatment (Figure 3.13). A small significantincrease in IL-1
was observed 16 hours post-treatment but this was small in magnitude (~1.5x) and
expression had decreased to levels below that of untreated tissues by 24 hours (Figure
3.13). Asmallrise in TNF-a was also observed up to 8 hours post-treatment, although
this was not significant, and expression had fallen below mock-treated tissues by 16

hours (Figure 3.13).

In NIKS16 tissues, IL-6 also showed the largest fold change in expression following
microwave treatment (Figure 3.13). This was significant at 8 and 16 hours (p<0.05) and
continued rising to 24 hours, where it peaked, at ~ 6.5 x that of mock-treated levels
(Figure 3.13) (p<0.05). Moreover, IL-1B expression was significantly increased at 4 and
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24 hours post-treatment (p<0.01) (Figure 3.13). TNF-a also increased significantly
following microwave treatment in NIKS16 tissues, with a peak in expression at the

same time as IL-6, at 24 hours post-treatment (p<0.05) (Figure 3.13).

Similarly to NIKS16 and HaCaT, W12E tissues showed an IL-6 dominant response, with
a peak in expression at 4 hours post-treatment, where treated tissues had an 18-fold
higher expression compared to mock-treated tissues (p<0.001) (Figure 3.13). IL-6
levels remained above that of mock-treated tissues up to 24 hours post-treatment
(Figure 3.13). There was also a significant increase in IL-13 and TNF-a following
treatment. TNF- a and IL-1B expression peaked at 4 and 16 hours respectively but
remained elevated above mock-treated tissues up to 24 hours post-treatment (Figure

3.13).

Our analysis reveals an increase in IL-6, IL-1B and TNF-a transcription following
microwave treatment in HPV-positive tissues. The observed increase in expression is
longer-lasting in the HPV-positive compared to HPV-negative tissues analysed, with
expression remaining elevated in comparison to mock-treated tissues up to 24 hours
post-treatment. Of the cytokines analysed, IL-6 had the largest fold change in

expression relative to mock-treated tissues across all cell lines.
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Figure 3.13: Microwave treatment stimulates the transcription of several innate
immune markers in HPV-negative and HPV-positive tissues. RT-gPCR analysis of
IL-1B (left column), TNF-a (middle column) and IL-6 (right column) in HaCaT (first row),
NIKS16 (middle row) and W12E (lower row) tissues. Delta Ct changes were calculated
relative to the housekeeping gene Beta-actin and expression ratios of treated to mock
tissues were determined using 22°°T. The median expression ratio is displayed (black
line) for each time point post-treatment and each point represents one biological
replicate (n=4 for HaCaT and W12E, n=5for NIKS16, some NIKS16 biological replicates
had IL-6 Crvalues too low for detection and were removed from the analysis). The red
dashed line indicates an expression ratio with no change between the mock and
treated tissues (y=1). Each biological replicate represents an average of three
technical replicates. A Kruskal-Wallis test, a non-parametric alternative to the One
Way ANOVA was used to determine if there was a statistical difference between
groups. * Indicates p< 0.05, ** indicates p< 0.01 and *** indicates p<0.001.
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3.7.2 Microwave treatment increases the concentration of
cytokines secreted into the media from HPV-negative and
HPV-positive tissues following microwave treatment

Given the increase in transcription of cytokines in HPV-negative and HPV-positive

tissues following microwave treatment, a subsequent analysis was conducted to

investigate if this could be observed downstream at the protein level. A Luminex®

Human High Sensitivity Cytokine assay was used to determine if the concentration of

twelve cytokines, including IL-1B, IL-6 and TNFa, changed following microwave

treatment. Analysis of cytokines secreted from HaCaT, W12E and NIKS16 mini rafts
into the surrounding media was conducted at 1-, 8- and 16 hours post-treatment.

Cytokine concentrations increased for both untreated and treated tissues over time,

possibly as cytokines accumulated in the media alongside media evaporation (Figure

3.14, Figure 3.15, Figure 3.16). Thus, the cytokine concentration in the media of treated

tissues was compared to mock-treated tissues at the same time point post-mock or

microwave treatment.

Within HPV-16 negative tissues, an IL-6 dominant response was observed, similar to
observations by RT-qPCR. At 8 hours post-treatment, microwave-treated tissues had
almost 5 times the concentration of IL-6 compared to mock-treated tissues (Figure
3.14A) (p<0.01). At 16 hours, the concentration was still raised in treated tissues
compared to untreated, although this was non-significant. There was also a significant
increase in IL-1B and GM-CSF in the media from treated HaCaT tissues at 8 hours
(Figure 3.14A). Increased TNF-q, IL-10, IL-4, IFN-y, and IL12-p70 were also observed at
this time point, although this was not significant (Figure 3.14A). By 16 hours post-
treatment, all cytokines in treated HaCaT tissues, except IL-6, had decreased to
concentrations below that of mock-treated tissues (Figure 3.14A). This decrease was
significant for TNF-a, IL-10, IL-4, IFN-y, IL-2 and GM-CSF. The angiogenic factor
vascular endothelial growth factor (VEGF) was decreased at both 8- and 16 hours post-
treatment (Figure 3.14A). The concentration of IL-8 and IL-5 could not be confidently
calculated, due to the Mean Fluorescence Intensity (MFI) reading falling outside the
standard curve (above for IL-8 and below for IL-5). It has been proposed that it is still
acceptable to use the fluorescent values for differential analysis and for assigning

statistical significance to treatment effects (Breen, Tan and Khan, 2016). There was a
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small increase in IL-8 at 1 hour post-treatment, but this effect was lost quickly, with
levels similar between mock and treated samples at 8 hours and by 16 hours, treated
samples had less IL-8 (Figure 3.14B). IL-5 was upregulated at 8 hours, but this was lost
at 16 hours (Figure 3.14B).

Within the media of NIKS16 tissues, seven of the twelve cytokines analysed had
concentrations which could be determined using the five-parameter logistic curve
plotted from standard samples (Figure 3.15A). Of these, the concentrations of all
except VEGF were increased following microwave treatment when compared to mock-
treated samples at the same time point (Figure 3.15A). This increase was statistically
significant for all six increased cytokines at 8 hours post-treatment (p<0.05). This
includes IL-8, TNF-a, IL-4, GM-CSF, IL-1B and IL-10, in descending order of
concentration. At 16 hours post-treatment, the concentration of these cytokines was
still higher in the media of treated tissues compared to mock-treated tissues at the
same time point, although this was only significant for IL-4 (p<0.05) (Figure 3.15A). A
similar observation to HaCaT tissues was made for VEGF in NIKS16 tissues, where the
concentration of VEGF was decreased in the media from treated rafts relative to mock-
treated rafts across all time points (Figure 3.15A). Using the approach described above
for MFI readings that fall outside of the standard curve, we determined that all
remaining cytokines analysed (IL-2, IL-6, IFN-y, IL-5, IL-12 p700) had increased
expression following microwave treatment when compared to mock-treated samples
atthe sametime pointfor 8- and 16-hours post-treatment (Figure 3.15B). This increase
was statistically significant at 8 hours post-treatment for all of the aforementioned

cytokines (p<0.05) (Figure 3.15B).

In W12E tissues, ten of the twelve cytokines analysed had MFI readings which fell
within the standard curve to allow for concentration measurements (Figure 3.16A). Of
these, 6 were significantly upregulated following treatment (IL-6, TNF-a, GM-CSF, IL-
1B, IFN-y and IL-10) (Figure 3.16A). A rapid rise in the pro-inflammatory cytokine TNF-
awas evident following treatment, with a significant rise in concentration at 1-, 8- and
16 hours post-treatment (Figure 3.16A). The profile of TNF-a activation was very
different to that of IL-6, where no evident increase was observed until 16 hours, when

treated rafts had an average concentration that was 3.25x more than mock (Figure
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3.16A). The profiles of the other cytokines corresponded well to those observed for
NIKS16 with a larger increase in cytokine concentration in the media of treated rafts at
8 hours compared to mock but with concentrations remaining elevated in the media
from treated tissues at 16 hours post-treatment (Figure 3.16A). In both HPV-positive
tissues, a significant increase in IL-6, TNF-a, GM-CSF, IL-1B, IFN-y and IL-10 was

observed following treatment (Figure 3.15, Figure 3.16).

All tissues showed an increase in the secretion of several cytokines into the media
following microwave treatment. IL-8 had the highest concentration in the media of all
cell types analysed. Moreover, all tissues shared significant increases in the pro-
inflammatory cytokines IL-6, GM-CSF and IL-1B. In HPV-negative tissues, the response
appeared short-lived, with many cytokines decreasing in concentration at 16 hours to
below that of mock-treated tissues. This effect was not observed in HPV-positive
tissues; cytokines were still raised in the media of treated tissues compared to mock-
treated tissues at 16 hours, suggesting a longer-lasting effect within infected tissues.
The expression of the angiogenic factor VEGF was decreased for all tissues following

treatment.
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Figure 3.14: Cytokines secreted from HaCaT tissues following microwave
treatment. (A) Luminex analysis of cytokine concentrations (pg/ml) secreted from
‘mini’ HaCaT tissues at 1H, 8H or 16H following mock or microwave treatment. (B) The
Mean Fluorescence Intensity (MFI) is plotted for any cytokines where the signal fell
outside the standard curve and the concentration could not be accurately calculated.
Each dot represents one biological replicate (n=3) and each biological replicate was
run in duplicate. An unpaired t-test was used to determine if there was a statistical
difference in the means between mock and microwave-treated samples at the same
time point. * Indicates p< 0.05, ** indicates p< 0.01 and *** indicates p< 0.001
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Figure 3.15: Cytokines secreted from NIKS16 tissues following microwave
treatment. (A) Luminex analysis of cytokine concentrations (pg/ml) secreted from
‘mini’ NIKS16 tissues at 1H, 8H or 16H following mock or microwave treatment. (B) The
Mean Fluorescence Intensity (MFI) is plotted for any cytokines where the signal fell
outside the standard curve and the concentration could not be accurately calculated.
Each dot represents one biological replicate (n=3) and each biological replicate was
run in duplicate. An unpaired t-test was used to determine if there was a statistical
difference in the means between mock and microwave-treated samples at the same
time point. * Indicates p< 0.05, ** indicates p< 0.01 and *** indicates p< 0.001
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Figure 3.16: Cytokines secreted from W12E tissues following microwave
treatment. (A) Luminex analysis of cytokine concentrations (pg/ml) secreted from
‘mini’ W12E tissues at 1H, 8H or 16H following mock or microwave treatment. (B) The
Mean Fluorescence Intensity (MFI) is plotted for any cytokines where the signal fell
outside the standard curve and the concentration could not be accurately calculated.
Each dot represents one biological replicate (n=3) and each biological replicate was
run in duplicate. An unpaired t-test was used to determine if there was a statistical
difference in the means between mock and microwave-treated samples at the same
time point. * Indicates p<0.05, ** indicates p<0.01.

3.8 An investigation into the activation of dendritic cells
by media from mock- or microwave-treated
keratinocytes

We wished to investigate if our observations of an increase in innate immunity in
keratinocytes following microwave treatment could induce adaptive immunity.
Dendritic cells are the most powerful APC and act as messengers between innate and
adaptive immunity (Zanna et al., 2021). The media from microwave-treated
keratinocytes grown in 2D has previously been observed to induce moDC activation
(Bristow et al., 2017). We exposed moDCs to media from mock or microwave-treated
keratinocyte raft cultures for 24 hours and then analysed CD40, CD80 and CD86
expression. Media from microwave-treated keratinocytes resulted in moDC activation
with enhanced expression of CD40 and CD80 (Figure 3.17). The media from
microwave-treated Kkeratinocyte tissues also increased CD86 expression in
comparison to moDCs grown in complete media. However, the media from mock-
treated tissues increased CD86 expression to a greater extentin comparison to media

from microwave-treated tissues (Figure 3.17).
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Figure 3.17: Activation of dendritic cells with the media from mock or microwave-
treated keratinocytes. Flow cytometric analysis of CD40 (A), CD80 (B) and CD86 (C)
expression on viable monocyte-derived dendritic cells (moDCs) exposed to media
from mock (UNT media) or microwave-treated (TR media) W12E tissue samples, or
moDCs kept in complete media (mock). W12E organotypic raft cultures were mock or
microwave-treated and rested in culture on transwells for 16 hours. The media was
collected and transferred to moDCs. MoDCs were incubated in the media for 24 hours
before harvesting for analysis. Data representative of the treatment of moDCs with
media from three biological replicates of W12E tissues which were analysed by flow
cytometry in triplicate.
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3.9 Discussion

We optimised the thermal dose delivered through the Swift® microwave device to 3D
organotypic raft cultures. This ensured temperature increases were consistent with
that applied in vivo, with our chosen treatment energy of 100 J resulting in heating to
45-48°C (Bristow et al., 2017). This energy dose is within the range of that used within
the clinic, with routine energies of 80 - 100 J per treated lesion (personal
communications with Emblation Ltd.). Arapid and transienttemperature increase was
recorded within the raft tissue. Increases to fever temperatures were spatially
localised directly under the probe contact site and we confirmed that these large
temperature increases (8 — 11 °C) did not spread out into the distal areas of the tissue,
as expected due to the linearity of microwaves. Heating to 4 °C over basal
temperatures has been shown to produce a heat shock response in mammals (Feder
and Hofmann, 1999; Ray, 1999). HSP70 plays a key role in this response, binding to
and stabilising proteins against denaturation or aggregation (Mayer and Bukau, 2005).
Our analysis by RT-gPCR revealed a rapid induction of HSP70 following microwave
treatment which peaked at 4 hours in both HPV-positive and HPV-negative tissues.
This peak was much greater in magnitude within HPV-positive tissues compared to
HPV-negative. Moreover, whilst this increase was transient in all tissues, it was lost
earlier in HPV-negative tissues. The short-lived nature of the response demonstrates
the self-limiting cycle of heat shock; as HSP70 levels rise within cells, they bind back
to HSF1, preventing its transcriptional activity (Santoro, 2000). This increase was
observed intissues that contain only the treated and proximal areas. Since we observe
cell death at the site of treatment, we suggest that this transcriptional response is
taking place within the proximal tissue. Some evidence for this comes from our
previously published work where IHC staining revealed the majority of HSP70
upregulation within the proximal tissue. Only low levels of HSP70 were detected in
areas distal to microwave treatment, confirming the linearity of microwave treatment

and demonstrating a localised heat shock response (Conley et al., 2023).

RNA Sequencing analysis provided further evidence for hyperthermia taking place
within microwave-treated NIKS16 tissues, with many HSF1-driven genes peaking in
expression at 4 hours and remaining upregulated 16 hours post-treatment. This trend

followed that observed by RT-gPCR for HSP70 mRNA. One limitation of this analysis is
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the high degree of variation observed in transcriptomes at 16 hours post-treatment.
This limits the confidence in the results of the downstream analysis from this sample

group but the trends will be discussed.

The transcriptional landscape of microwave-treated keratinocytes corresponded well
with previous transcriptomic studies that delivered hyperthermia with other methods
(Yonezawa and Bono, 2023; Scutigliani et al., 2022). This suggests that although
microwave-driven temperature changes have a shorter duration than a lot of the
studies included within the meta-analysis and the mechanism of heating is different,
the overarching cellular response is similar. Therefore, the temperature reached
within cells undergoing hyperthermia may be the most important factor that
determines the cellular response rather than the method of heating. Protein folding
was predicted to be the most upregulated and second most upregulated term at 4 and
16 hours respectively from our GSEA, with many chaperones upregulated in
expression that bind to misfolded proteins following heat stress (Lang et al., 2022).
This term was also the most upregulated in a meta-analysis of human and mouse
transcriptomes following hyperthermia (Yonezawa and Bono, 2023). There was a large
degree of overlap between the upregulated genes at 4 and 16 hours, representing
conserved pathways upregulated in response to heat shock. Moreover, some
pathways appeared to respond later, with oxidative phosphorylation and keratinocyte
differentiation pathways only enriched at 16 hours. Very few genes were significantly
downregulated following microwave treatment, with only three at 4 hours and none at
16 hours post-treatment. We propose that the downregulation of genes following
microwave-delivered hyperthermia may therefore be more random with no clear
molecular functions or pathways targeted, in stark contrast to those upregulated.
Previous studies on hyperthermia have identified a greater number of significantly
downregulated genes, however, they have had few shared pathways or protein
interactions (Yonezawa and Bono, 2023). Post-transcriptional pathways such as
ubiquitination may therefore be more important to downregulate the expression of
proteins following heat shock. This may explain why we observed fewer genes

significantly decreased at the transcriptional level.
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Innate immunity was stimulated by microwave treatment in HPV-negative and HPV-
positive tissues. Pathway analysis of differentially expressed genes from NIKS16
tissues revealed cytokine signalling and other innate immune pathways to be enriched
and many upregulated genes were determined to be regulated by NF-kB, a principal
component of immune signalling. Following its induction, NF-kB drives the expression
of pro-inflammatory genes, including cytokines and chemokines, and regulates the
activation and differentiation of T cells (Liu et al., 2017). Subunits of NF-kB have
previously been observed to be negatively regulated by HPV infection (Klymenko et al.,
2017) so it appears this HPV-mediated regulation of immunity is overcome by
microwave-delivered hyperthermia. HPV16 E6 has previously been shown to repress
IFN-k transcription through promoter methylation (Rincon-Orozco et al., 2009). Again,
this negative regulation by HPV appears to be overcome by microwave treatment with
a 5- and 3.5-fold increase in IFN-k at 4 hours and 16 hours respectively following
treatment. Alongside NF-kB, the AP-1 transcription factor subunits were predicted to
be upregulated in activity following microwave treatment. These represent two major
transcription factors induced by stress which regulate diverse cellular responses
including inflammation and immunity (Duman, Adams and Simen, 2005; Karin, Liu and

Zandi, 1997).

Following observations of increased transcription of innate immune genes post-
microwave treatment by RNASeq, we sought to verify these findings at the
transcriptional level and determine if downstream cytokine concentrations could also
be increased. The mRNA expression of TNFa, IL-1B and IL-6 in HaCaT, NIKS16 and
W12E tissues increased following microwave treatment. This correlated with an
increase in the cytokine concentration of these and other cytokines secreted from
microwave-treated rafts. We hypothesise that the increase in cytokine concentration
secreted from mock-treated tissues is due to the accumulation of cytokines in the
media (as media was changed at the time of mock/treatment) and due to evaporation
of the media at later time points causing the concentration to increase. Nevertheless,
the concentration of many cytokines secreted from treated rafts was significantly
greater than from mock-treated tissues. Immune activation was short-lived in HPV-
negative tissues, with mRNA and protein levels returning to mock-treated tissue levels

at 16 hours. Within HPV-negative HaCaT tissues, an IL-6 dominant response was
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observed, concordant with previous reports of immune activation following
microwave treatment in 2D HaCaT cells (Bristow et al., 2017). IL-6 had the highest fold
change in mRNA of the three cytokines analysed in HPV-positive tissues but when
analysing cytokine concentrations, GM-CSF and IL-18 were observed to increase the
most in W12E and NIKS16 tissues respectively. The response in HPV-positive tissues
had a longer duration, with many cytokines stillincreased in concentration compared
to mock-treated tissues by 16 hours post-treatment. It is unclear whether HPV’s
negative regulation on immunity is lost following hyperthermia or if the upregulation of
immune pathways by hyperthermia overcomes this regulation. Either way, the
increased duration of the response in HPV-positive tissues could represent a system
in which once immunity is activated, it is positively reinforced by the detection of viral
infection. One limitation of our analysis is the use of HaCaT as an HPV-negative
control. NIKS cells would represent a more biologically meaningful HPV-negative
control as they have an isogenic background to NIKS16, which would allow a direct
comparison of the effect of HPV-positivity (Flores et al., 1999). Difficulties in growing
NIKS in 3D cultures prevented including these cells as an HPV-negative control for this

study.

There is a dynamic and ever-shifting balance between pro- and anti-inflammatory
cytokines in cells that mediates and modulates inflammation (Cicchese et al., 2018).
Therefore, it is not unusual that we observed an increase in many pro-inflammatory
cytokines (including IL-8, IL-6, IL-1B, TNF-a, GM-CSF, IFN-Y) and anti-inflammatory
cytokines (including IL-4 and IL-10) following microwave treatment. This has
previously been observed in cases of hyperthermia (Heled, Fleischmann and Epstein,

2013). Pro-inflammatory cytokines induced following mild hyperthermia within
tumours have been demonstrated to enhance T-cell trafficking (Newton et al., 2018).

We observed an upregulation of several Th1 cytokines (including IL-1pB, IL-8, IL-2, TNF-
a, IFN-Y) following microwave treatment. These cytokines are normally downregulated
by HPV infection to enable virus persistence (Moody, 2022). In particular, IL-8, which
was the cytokine secreted at the highest concentration from microwave-treated
tissues, recruits leukocytes to sites of inflammation (Taub et al., 1996). The
recruitment of and differentiation of leukocytes into a Th1 response by the actions of
these cytokines may enable viral clearance (Konya and Dillner, 2001). This has
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important implications for the recurrence of HPV-driven disease following microwave
treatmentiftreatment does not clear the entirety of the viralinfection. This could occur
from cases of multi-focal disease or through infection remaining in the stem-like
reserve cells below the basal layer of the epithelium, proposed to be common sites of
recurrence (Reich and Regauer, 2023). An immune response induced by microwave
treatment in the neighbouring area to treatment may therefore act to clear any

remaining viral infection to prevent persistent forms of recurrence.

To determine if the innate immune response triggered by microwave treatment could
protect against disease recurrence, we attempted to analyse if it could be relayed
downstream to stimulate adaptive immunity. Dendritic cells act as messengers
between the innate and adaptive immune system. Initial experiments indicate that
moDCs can be activated by microwave-treated media from W12E tissues with
increased expression of CD40 and CD80, which agrees with previous reports (Bristow
etal.,2017). This may enable enhanced cross-presentation of HPV proteins to CD8+ T
cells as previously observed (Bristow et al., 2017). This has the potential to be aided in
vivo by heat shock proteins, which are upregulated following microwave treatment and
can chaperone viral proteins for cross-presentation via APCs to CD4+and CD8+ T cells
(Hu et al., 2022). Limitations of our analysis include one PBMC donor and one-time
point investigated following microwave treatment. The media from mock-treated
W1 2E tissues also activated moDCs. We propose that HPV positivity in mock-treated
tissues may be responsible for this greater activation in comparison to previous
studies that used HPV-negative cells (Bristow et al., 2017). Additional studies are
required to confirm an increase in cross-presentation to CD8+ T cells in cases of HPV

infection following microwave treatment.

RNA sequencing revealed an upregulation of keratinocyte differentiation at later time
points following microwave treatment. Subsequent RT-qPCRs for the differentiation
markers keratin 10 and transglutaminase revealed an increase in transglutaminase
expression but not keratin 10 following microwave-delivered hyperthermia (Eckert et
al., 2005; Michel et al, 1992; Fuchs and Green, 1980). The increase in
transglutaminase, which is more tightly confined to the upper layers of the epithelium

than keratin 10 suggests that microwave treatment drives an increase in the terminal
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stages of differentiation within the epithelium (Moll, Divo and Langbein, 2008;
Chermnykh, Alpeeva and Vorotelyak, 2020). Previous studies have revealed that
differentiation of HPV-infected epithelial cells results in increased expression of
innate immune genes (Moody, 2022). Therefore, hyperthermia may drive innate
immune activation both directly and indirectly. This change in the keratinocyte
transcriptome towards a more differentiated phenotype may resultin changes to HPV
viral gene expression, which is tightly linked to epithelial cell differentiation (Section

1.7).

Overall, microwave treatment resulted in hyperthermia within 3D organotypic raft
cultures. The transcriptional landscape of cells exposed to microwave-delivered
hyperthermia had increased expression of genes involved in protein folding,
mitochondrial metabolism and innate immunity which agrees well with published
hyperthermia transcriptomes. A heat shock response was observed in keratinocytes
following microwave treatment alongside an increase in differentiation and innate
immunity. These changes to the host cell may alter the dynamics of human

papillomavirus infection, which is the topic for the next two chapters.
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3.10 Supplementary figures:

(A) Human HN-score distribution (B) Human Upregulated Gene Group

? | 60:0042026: protein refolding
50 GO:0048545: response to sterosd hormone
< of HSPA6 ] | R-HSA-8031628: NGF-stimulated transcription
[ %} GO:0009617: response to bacterium
® | 60:0001775: el activation
er——rr——v] GO:0045859: regulation of protein kinase activity
———0 ] GO:0090083: regulation of inclusion body assembl
e | 60:0001933: negative regulation of protein phosphorylation
L ——] | MS885: NABA MATRISOME ASSOCIATED
200 ! | G0:0009612: response to mechanical stimulus
200 e | WP3527: Pre-implantation embryo
el | GO:0062208: pasitive regulation of pattern recognition receptor signaling pathway
e=—ae——sa] |WPS115: Network map of SARS-CoV-2 signaling pathway
r——— | GO:0045596: negative regulation of cell differentiation
1 GO:0001568: blood vessel development
. = - 3 GO:0071345: cellular response to cytokine stimulus.
——— | G0:0006936: muscle contraction
-  ——r— |G0:0002697: regulation of immune effector process
150 ] | G0:0071496: celular response to extemnal stimulus
- - M167: PID AP1 PATHWAY
0 2 - 6 8 W 1 M 16
'logm(P)

100 (C) Human Downregulated Gene Group

] |GO:0051276: chromosome organization
] GO:0090068: positive regulation of cell cycle process
PR | R-HSA-9645723: Diseases of programmed cell death
o 1 G0:0031400: negative regulation of protein modification process
GO:0051607: defense response to virus
] G0:0071214: cellular response to abiotic stimulus
=) GO:0030097: hemopoiesis
/| R-HSA-140342: Apoptosis induced DNA fragmentation
] G0:0007051: spindle organization
] G0:0032757: positive regulation of interleukin-8 production
0 e e— hsa04060: Cytokine-cytokine receptor interaction
e = ——————4 GO:0032465: regulation of cytokinesis

HN-score (human)

e ———— 0:0002761: regulation of myeloid leukocyte differentiation
| | e < G0:1904415: regulation of xenophagy
S —_—T GO:0061668: mitochondrial ribosome assembly
= GO:0070372: regulation of ERK1 and ERK2 cascade
= ] R-HS5A-418594: G alpha (i) signalling events
. ey R-HSA-168164: Toll Like Receptor 3 (TLR3) Cascade
50 ° — = GO:0001501: skeletal system development
= ] GO:0045596: negative of cell
H1-3 o 0 1 2 3 4 5 6
~logyq(P)

0 2500 5000 7500 10000 12500 15000 17500 20000
Gene ranking based on HN-score

Supplementary Figure 3.1: The results of a meta-analysis of hyperthermia in
human cell lines. (A) Scatter plots of HN-scores for all genes included in the meta-
analysis. The HN score was determined by calculating the number of times a gene
was upregulated across all studies within the meta-analysis minus the number of
times a gene was downregulated. Red and blue dots represent the top 500 up- and
downregulated genes based on HN-score. Annotations reveal the genes with the
highest or lowest HN score. (B & C) Results of gene set enrichment analysis of
upregulated genes (B) and downregulated genes (C) in humans. Adapted from

Yonezawa et al., 2022.
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Chapter4 An investigation into the effects of
microwave treatment on HPV16 gene expression and
replication

4.1 Introduction

Papillomaviruses employ multiple strategies to encode the proteins required for the
viral life cycle from their compact genome (Section 1.5). HPV16 uses early and late
promoters and polyadenylation sites, and complex splicing for the production of the
viral proteins (Section 1.5). The expression of the HPV proteins is also spatially
coordinated with the differentiation status of the epithelium (Section 1.6, Section 1.7).
This spatial coordination enables viral genome amplification and production of the
late immunogenic viral proteins to be restricted to the upper epithelial layers, an
immune-privileged site, thus preventing immune detection (Stanley, 2012; Westrich,
Warren and Pyeon, 2017). There is limited existing work on how hyperthermia may
impact HPV transcription and replication. Yang and colleagues have previously
demonstrated clearance of hrHPV in individuals with low-grade disease when
delivering localised hyperthermia at the cervix (Yang et al., 2021). Atemperature of 44
°C delivered for 30 minutes each day for three consecutive days followed by two
additional 30-minute treatments resulted in an ~85% clearance rate of detectable
hrHPV within 3 months. Oei and colleagues observed E6 degradation and loss of the
E6-p53 complex formation within cancer cell lines treated at 42 °C for 1 hour (Oei et
al., 2015a). This resulted in an increase in p53 levels and downstream activation of
p53-dependent apoptosis and G2 arrest. This study used SiHa and HelLa cells grown
in 2D, in-vivo tumours of SiHa on the hind legs of athymic mice and ex-vivo cervical
carcinoma biopsies. Hyperthermia was delivered by submerging cells or the tumour-
bearing legs of mice in a water bath (Oei et al., 2015a). Neither of these studies
investigated viral gene expression changes following hyperthermia (Yang et al., 2021;
QOei et al., 2015a). Since we have observed changes to the keratinocyte transcriptome
following microwave-induced hyperthermia (Chapter 3), there may also be relevant
changes to viral transcription. Moreover, observations of reduced E6 expression
following microwave treatment were in models of cervical cancer, containing
integrated copies of HPV16 (Oei etal., 2015a), which prevents a full examination of the
viral transcripts and proteins. Therefore, extending these findings to a model of an
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earlier disease stage (CIN) that contains episomal copies of HPV16 is important.
Episomal HPV genomes may be under different epigenetic control compared to
integrated copies and may therefore respond differently to hyperthermia. Finally,
conductive heating using a water bath involves heating from the outside in and is
applied universally to all cells. Microwave treatment results in dielectric hysteresis to
a defined tissue area and heats from the inside out (Section 1.12). It is important to
consider any differences this causes to viral replication and consider any effects on
the neighbouring tissue of the treatment site, which has implications for disease

recurrence in a clinical setting.

To model the impact of microwave treatment on the transcription and replication of
HPV16 in different disease stages, we used SiHa, transformed cervical cells containing
integrated copies of HPV16, and NIKS16 and W12E, keratinocytes that contain
episomal HPV16 genomes that support the productive viral life cycle when grown in
3D and thus represent an earlier disease stage (Section 3.1 for an in-depth

introduction). These cell lines were used to investigate the following aims:

e |nvestigate how microwave treatment impacts HPV gene expression from the
early and late promoters.

e Determine where these transcriptional changes are taking place around the
site of microwave treatment.

e Assess whether any transcriptional changes are translated to the protein level.

e |nvestigate changesinviralgenome replication following microwave treatment.

4.2 Microwave treatment reduces HPV16 oncoprotein
expressionin a cervical carcinoma cell line

The hrHPV oncoproteins E6 and E7 act to drive tumour progression through their
repressive effects on p53 and Rb respectively (Section 1.6.5). It was important,
therefore, to determine if the expression of these oncoproteins was altered following

microwave treatment in models of cervical cancer. Initially, total RNA was harvested
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from SiHa ‘full-sized’ rafts (14 mm diameter) and analysed by RT-gPCR. However,
distinguishing the effect of treatment on these tissues was difficult as most cells had
not been exposed to microwave treatment due to the 6.7 mm contact site of the Swift®
microwave probe head (data not shown). We instead used ‘mini’ 3D organotypic rafts
with a diameter of 7 mm, such that the majority of the cells were exposed to microwave
treatment (classed as ‘treated’) or were neighbouring cells (classed as ‘proximal’)
(Section 3.3, Figure 3.3). The level of E6/E7 bicistronic mRNAs within these tissues did
not change significantly up to 48 hours following treatment but at 72 hours post-

treatment, E6/E7 expression was significantly downregulated (p<0.05) (Figure 4.1).
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Figure 4.1: Microwave treatment in a model of cervical cancer. Total RNA from 7
mm diameter SiHa tissues was extracted and RT-gPCR was carried out to determine
the expression of E6/E7 encoding transcripts. Delta Ct changes were calculated
relative to the housekeeping gene Beta-actin and expression ratios of treated to
untreated tissues were determined using 2-2°°", The median expression ratio for each
time point post-treatment is displayed (black line) and each point represents one
biological replicate at each time point (n=3). Each biological replicate represents an
average of three technical replicates. A Kruskal-Wallis test, which is a non-parametric
alternative to the One-way ANOVA, was used to determine if there was a statistical
difference between groups. * Indicates p< 0.05.
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4.3 Microwave treatment of a 3D model of cervical
precancerous disease transiently increases HPV16
viral transcription followed by a decrease.

Subsequently, we aimed to investigate how the transcription of HPV16 genes was
affected in models of CIN, which is more likely to represent the disease stage where
microwave treatment will be used. The expression of early (E6/E7 and E4 containing)
viral transcripts was analysed within ‘mini’ NIKS16 and W12E organotypic rafts. E6 and
E7 expression increases and becomes deregulated during disease progression, thus
making it important to analyse following microwave treatment (Schiffman et al., 2007)
(Section 1.8). Although E4 is a late protein, E4 primers will detect any transcripts with
the coding potential for E1"E4 and due to the abundance of early transcripts, the
majority of the signal will be derived from viral early genes (Chen et al., 2014) (Figure
1.9). A small increase in the expression of E6/E7 and E4 containing HPV16 mRNA
species was observed following microwave treatment in NIKS16 rafts (Figure 4.2A, B,
Table 4.1). At 16 hours post-treatment, the expression ratio of both E6/E7 and E4
containing transcripts was ~2 times greater in treated rafts compared to mock-treated
rafts (2X and 2.5X respectively), which was statistically significant (p<0.01)(Figure
4.2A, B, Table 4.1). This increase in expression of the early transcripts was transient
and at 72 hours post-treatment, it had fallen to levels below mock-treated tissues

(Figure 4.2A, B, Table 4.1).

To determine changes in late viral gene expression following microwave treatment, we
focused on the expression of the transcripts containing the E4*L1 splice product and
the L1 ORF. The primer set for E4"L1 detects E4-containing late viral transcripts of
HPV16 that use the splice donor site at 3632 and the splice acceptor at 5637
(Transcript 19, Figure 1.10) (Milligan et al., 2007) whilst the primer set for L1 detects all
late transcripts of HPV16 (Figure 1.10). Anincrease in the expression of E4*L1-and L1-
containing late HPV16 transcripts following microwave treatment was observed
(Figure 4.2C, D). At 16 hours post-treatment, the expression of E4”"L1 and L1
containing transcripts was ~3 times and ~8.5 times greater in microwave-treated
samples than in mock-treated tissue respectively, which was statistically significant
(p<0.05, p<0.01) (Table 4.1). The increase in E4"L1 expression was temporary and was
followed by a substantial although non-significant decrease in expression, to levels
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even below those of mock-treated tissue at 72 hours post-treatment (~0.3x) (Figure
4.2C, Table 4.1). Whilst the expression ratio of L1 also decreased over time, at 72 hours
post-treatment, the expression in treated NIKS16 tissues was still above that of mock-
treated tissue (~1.5 fold change), although this was not statistically significant (Figure

4.2D, Table 4.1).

We repeated our analysis of early and late viral transcription following microwave
treatment in W12E tissues from 0 to 24 hours post-treatment (Figure 4.3). The
observed trend for the viral early genes was similar to that in NIKS16 with a small
transient rise (Figure 4.3A, B). However, unlike in NIKS16 tissues, this increase was not
significant for any time point analysed in W12E tissues (Figure 4.3A, B, Table 4.2). The
fold change in expression was also lower within W12E tissues compared to NIKS16
with the greatest average fold change in both E6/E7 and E4 at 1.5 times that of mock
tissues (Table 4.2). In agreement with our results in NIKS16, the late viral transcripts
showed a larger fold change in expression compared to early transcripts (Figure 4.3C,
D). At 8 hours post-treatment, the expression of E4”L1 and L1 containing transcripts
was ~3.5 and ~3 times greater than mock-treated tissue respectively which was
statistically significant (p<0.05) (Table 4.2). Whilst E4"L1 and L1 levels remained high
in NIKS16 tissues until 48 hours post-treatment, the expression of these transcripts
within W12E tissues was approaching that of untreated tissues by 24 hours post-

treatment (Figure 4.3C, D, Table 4.2).

The data indicate that the expression of HPV16 early and late transcripts in 3D models
of cervical precancerous disease transiently increases following microwave treatment
before falling to levels of or below that of untreated tissues at later time points. The

increase in expression was greater in magnitude for the viral late transcripts.
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Figure 4.2: HPV16 gene expression in NIKS16 ‘mini’ rafts at 0 — 72 hours following
treatment. (A-B) HPV16 early gene expression following microwave treatment was
128



analysed by RT-gPCR to compare the expression of E6/E7 bicistronic transcripts and
E4 containing transcripts in microwave-treated rafts compared to mock-treated. (C-D)
HPV16 late gene expression following microwave treatment was analysed by RT-qPCR
to compare the expression of spliced E4”L1 containing transcripts and L1 containing
transcripts in microwave-treated rafts compared to mock-treated. (A-D) Delta Ct
changes were calculated relative to the housekeeping gene Beta-actin and expression
ratios of treated to mock tissues were determined using 222", The median expression
ratio is displayed (black line) for each time point post-treatment and each point
represents one biological replicate (n=5, except E4"L1 24H (n=4), 48H (n=3) and 72H
(n=4) where missing samples had < 2 technical replicates with detectable transcripts
and L1 16H where one outlier was removed (n=4)). Each biological replicate represents
an average of three technical replicates. A Kruskal-Wallis test was used to determine
if there was a statistical difference between groups. * Indicates p< 0.05, ** indicates
p<0.01 and *** indicates p< 0.001.

Table 4.1: Average change in expression of the HPV16 transcripts analysed in
NIKS16 tissues following microwave treatment. The table shows the mean fold
change (FC) and standard deviation (SD) for each gene from Figure 4.3 at different time
points post-treatment (H.P.T = hours post-treatment). The p-value results from
Kruskal-Wallis statistical testing are shown to 2 significant figures (black, green and
red text indicates non-significant, p<0.05, and p<0.01 respectively).

E6/E7
H.P.T | Mean Mean
FC FC
0.74 0.18 0.79 0.20
4 1.27 0.23 0.045 4 1.36 0.21 0.011

8 1.60 0.23 0.0015 8 1.57 0.24 0.0018
16 1.99 0.75 0.00034 16 2.58 1.73  0.0016

24 1.33 0.28 0.031 24 1.00 0.15 0.46
48 1.6 0.90 0.021 48 1.02 0.13 0.37
72 0.72 0.36 0.88 72 0.67 033 0.78
E4ML1
) Gl
FC
0.67 0.20 1.54 0.49
4 1.54 0.24 0.044 4 3.25 1.97 0.12
8 2.30 0.14 0.012 8 3.24 1.93 0.18
16 3.16 256 0.014 16 9.18 8.05 0.0023
24 2.44 2.65 0.096 24 2.85 1.54 0.25
48 1.83 1.06 0.062 48 291 205 0.25
72 0.29 0.29 0.45 72 1.47 1.74 0.92

129



A E6/E7
— 2.5
=
&
~ 2.0
=
- L
215+ . M
2 * —4— L4
S0 T v :
3 - ——
@ i
50.5- +*
3
0.0 T T T T T
OH aH 8H 16H 24H
B Time post treatment (hours)
E4
—2.5
=
=
~ 2.0+ ] &
2 =
.%1.5- . &
= “ . y .
104 —f .
@ 954
S 0.5 .
&
0.0 T T T T T
0H 4H 8H 16H 24H
C Time post treatment (hours)
E4*L1
— 6 *
= T 1
=
=] A
> i
e M
B -
[ ]
2 5] - id b4
.y . Y
8 . - v *
0 L) T L] T L)
OH 4H aH 16H 2
D Time post treatment (hours)
L1
— 4- *
= T 1
5 s ¥
B .
2 &
E] o — ¢ v
s | *= 8 d ¢
]
[
E 14 .
o
&
0 L) T L] T L)
OH 4H aH 16H 24H

Time post treatment (hours)

Figure 4.3: HPV16 gene expression in W12E ‘mini’ rafts at 0 — 24 hours following

treatment. (A-B) HPV16 early gene expression following microwave treatment was
analysed by RT-gPCR to compare the expression of E6/E7 bicistronic transcripts and
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E4 containing transcripts in microwave-treated rafts compared to mock-treated. (C-D)
HPV16 late gene expression following microwave treatment was analysed by RT-gPCR
to compare the expression of spliced E4”L1 containing transcripts and L1 containing
transcripts in microwave-treated W12E rafts compared to mock-treated. (A-D) Delta
Ct changes were calculated relative to the housekeeping gene Beta-actin and
expression ratios of treated to untreated tissues were determined using 22°T, The
median expression ratio is displayed (black line) and each point represents one
biological replicate at each time point (n=4). Each biological replicate represents an
average of three technical replicates. A Kruskal-Wallis test was used to determine if
there was a statistical difference between groups. * Indicates p< 0.05.

Table 4.2: Average change in expression of the HPV16 transcripts analysed in
W12E tissues following microwave treatment. The table shows the mean fold
change (FC) and standard deviation (SD) for each gene from Figure 4.4 at different time
points post-treatment (H.P.T = hours post-treatment). The p-value results from
Kruskal-Wallis statistical testing are shown to 2 significant figures (black text indicates
non-significant, green indicates p<0.05).

E6/E7
)
FC FC
1.15 0.09 1.02 0.0S
4 1.43 040 031 4 1.53 043 0.15
8 1.35 0.61 0.59 8 1.38 048  0.37
16  1.28 0.23 0.63 16  1.00 0.15 0.77
24  0.83 0.27 0.15 24 0.79 0.28 0.26
E4M1
ol
FC FC
1.59 0.16 1.60 0.35
4 1.69 0.76  0.77 4 2.23 0.86 0.44
8 3.46 1.43  0.023 8 2.87 0.55 0.049
16 1.52 0.23 0.90 16  2.63 0.99 0.094
24 1.55 0.74 0381 24 1.20 033 040
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4.4 Employing RNAScope as an In Situ Hybridisation (ISH)
approach to determine how the expression of the viral
transcripts is spatially altered following microwave
treatment.

4.4.1 Training and optimisation of the HALO® ISH module for
RNAScope analysis

We aimed to determine the spatial localisation of changes to viral transcript
expression relative to the site of treatment. We performed dual RNAScope, an RNA in
situ hybridisation (ISH) technique that allows the visualisation of mMRNAs within tissue
sections, with probes specific for E6/E7 and L1 transcripts (Wang et al., 2012). In SiHa
tissues, only E6/E7 staining (brown) was visualised, as expected due to the integration
of the viral genome preventing the expression of the late viral transcripts (Figure 4.4A).
We employed HALO®, a digital pathology image analysis platform, to quantify the
RNAScope staining. Modification of the HALO® ISH module allowed accurate
identification of E6/E7. The contrast threshold was adjusted using the ‘Real Time
tuning window’ so that only E6/E7 staining was detected; the green dots in the middle
row of Figure 4.4A. Nuclei were segmented using the HALO® Nuclear Segmentation Al
module to enable transcript quantification within the cell nucleus or cytoplasm (Figure
4.4A, bottom row). Cells could be scored based on the number of transcripts they
contained (Table 4.3). In some cases, the E6/E7 stain appeared as larger dots (Figure
4.5). This might result from two transcripts being in close proximity and due to the
amplification step in RNAScope, chromogen binding may end up being concentrated
into one spot. To address these areas, we set the maximum ‘spot size’ within the
HALO® ISH program to the size of the smaller, individual mRNA dots. Any particles
larger than this were then segmented into multiple spots, with the same diameter as
individual mRNA dots, and then scored as multiple mRNAs. Since this method
introduces a degree of variability, we cannot be accurate on the number of transcripts
per cell and therefore, the expression relative to mock-treated tissues was used for

analysis.

In NIKS16 tissues, both E6/E7 staining (brown) and L1 staining (pink) were observed
(Figure 4.4B, top row). We modified the parameters of the HALO ISH module to enable
detection of each stain with minimal crosstalk between the stains. This helped to
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prevent any false positivity that derived from the detection of E6/E7 staining in the L1
channel (Figure 4.4B, middle row). The overlaid result shows cells of different colours
depending on the presence of one or both stains at different concentrations. (Figure
4.4B, lower row). The software mistakenly identified the cornified cells in NIKS16 and
WH12E tissues (light brown) as the chromogen for E6/E7 (brown) (data not shown).

Therefore, this layer was excluded from analysis for all tissues.

In NIKS16 tissues, E6/E7 staining was restricted to the lower layers of the raft (Figure
4.4B), demonstrating the spatial regulation of the viral early genes to the basal and
suprabasal cells of the tissue. L1 staining was sparse in comparison to E6/E7 staining
with only a few cells within the tissue positive for L1 and these cells contained few L1
transcripts. The restriction of E6/E7 staining and the rarity of L1 staining left many cells
within the mid-layers unstained (Figure 4.4B). The majority of L1 staining was observed
within the upper layers of NIKS16 rafts. Rarely, L1 was observed within the basal cells
but in these locations, it was always within the nucleus. These basal transcripts
probably represent pre-mRNA L1 transcripts that lack a polyA tail, previously observed
to be present within undifferentiated cells (Milligan et al., 2007). Throughout the entire
tissue, nuclear L1 staining was predominant (63% average +/- 2%). In contrast to the
tight regulation of E6/E7 transcripts to the lower layers of NIKS16 rafts, E6/E7
transcripts were ubiquitously distributed throughout the tissue in SiHa rafts, signifying
the loss of early gene spatial regulation following the transformation of these cells
(Figure 4.4A). Transcripts were evenly distributed between the nucleus and cytoplasm

with 55% of transcripts in the cytoplasm on average and 45% in the nucleus.

Table 4.3: Cell scoring using HALO®. Cells were scored in categories 0 — 4
depending on the detected number of transcripts per cell.

Scored phenotype Number of transcripts detected in cell
0+ 0

1+ 1<x<4

2+ 4<x<10

3+ 10<x<16

4+ >16
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Figure 4.4: Optimisation of the HALO ISH module for RNAScope analysis. (A & B)
Dual RNAScope for E6/E7 (brown) and L1 (pink) mRNAs in SiHa (A) and NIKS16 (B)
tissues. The right panel provides zoomed-in images of the left panel to allow for
identification of the staining and in NIKS16 tissues, brown and purple arrows indicate
E6/E7 and L1 staining respectively. The top row shows scanned tissues following
staining. The second row includes an overlay showing transcripts identified by our
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optimised HALO ISH module with green dots representing detected E6/E7 mRNAs and
pink representing L1 mRNA. The bottom row shows the overlaid analysis including cell
identification. Cells are coloured based on the detection of one or both stains at
different concentrations. White cells had no detectable transcripts, green had only
E6/E7 transcripts and pink L1. Brown cells were positive for both E6/E7 and L1 staining.
Different shades of each colour indicate the relative concentration of transcripts per
cell (with darker colours indicating more detected transcripts).

———1100pm |

Figure 4.5: The variation in spot size by RNAScope. SiHa mock-treated tissue with
E6/E7 mRNAs stained brown. Some chromogen staining is present as small dots,
which are likely individual mRNA molecules whilst others appear as larger dots (red
arrows). This was also observed within NIKS16 tissues for E6/E7 staining but not L1.
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4.4.2 RNAScope reveals a spatially localised decrease in E6/E7
expression within treated SiHa rafts.
We used ‘full-sized’ 14 mm diameter tissues for RNAScope since we could identify the
treated, proximal and distal areas by examination of the tissue structures and
previously determined lengths of each area (Section 3.3) (Conley et al., 2023). This
allowed the inclusion of sites distant from the site of treatment in our analysis, which
were not present within our RT-gPCR analysis of mini rafts that only included the
treated and proximal areas. E6/E7 RNA expression across entire SiHa tissues
decreased slightly following treatment at 16 and 48 hours post-treatment (Figure 4.6A,
B). Subsequently, tissues were annotated to differentiate transcript expression in the
treated, proximal and distal areas of the raft. E6/E7 expression was reduced within the
treated areas at all time points post-treatment compared to the proximal and distal
zones (Figure 4.6D). Moreover, later time points showed a reduction in expression of
E6/E7 in the proximal and distal zones in comparison to the same areas 0 hours post-
treatment (Figure 4.6D). The statistical power for determining these results'
significance is limited by only two biological replicates. Some thinning of the tissue
within the proximal zone is evident at later time points which is commonly observed
due to tissue disruption taking place at these sites (Figure 4.6A) (Conley et al., 2023).
Cellswere scored based onthe concentration of E6/E7 stainingin each cell (Table 4.3).
At 16 and 48 hours post-treatment, the percentage of cells containing no, or less than
four E6/E7 transcripts (categories 0+ and 1+ respectively) had increased in
comparison to mock-treated tissues (Figure 4.6C, Table 4.3). Overall, RNAScope
revealed a small decrease in E6/E7 RNA in SiHa rafts 16 and 48 hours post microwave
treatment. This decrease appears to be in a spatially localised manner, with fewer

transcripts in cells at the treated and proximal relative to distal sites.
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Figure 4.6: Dual RNAScope of E6/E7 and L1 transcripts in SiHa 3D rafts. (A)
RNAScope stained tissues showing positivity for E6G/E7 (brown staining). Mock-treated
tissue is shown in the top left panel compared to the proximal areas of rafts 0, 16 and
48 hours post-treatment. Some thinning of the tissue and disruption is evident at the
late time points, likely due to cell death taking place. (B) Images were quantified using
HALO to determine E6/E7 expression and this is expressed relative to mock-treated
tissues. E6/E7 expression across the total treated raft at OH, 16H and 48H post-
treatment. The mean expression from two biological replicates, relative to mock-
treated tissues is plotted with SD bars. (C) Using the relative staining per cell, cells can
be assigned a score based on the concentration of transcripts they contain (from 0 to
4) (Table 4.3). Distribution of cells in each of these categories following
mock/microwave treatment at different time points. The black area represents cells
with no transcripts and colours associate with increasing concentrations of E6/E7
staining (pink, teal, dark purple, light purple in ascending order) (colour-blind friendly
colour scheme). (D) Annotations of each area (treated/proximal/distal) within treated
rafts were defined by length from previously published results. Relative E6/E7
expression compared to mock-treated tissue is shown per area for 0, 16 and 48 hours
following treatment. (B-D) Data from 2 biological replicates.
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4.4.3 RNAScope reveals the spatial localisation of the transient rise
and subsequent decrease in E6/E7 mRNAs following
microwave treatment in models of an earlier disease stage.

We extended the RNAScope analysis to determine where changes in the gene

expression of the viral transcripts took place relative to the treatment site, in models

of an earlier disease stage, using NIKS16 and W12E rafts. The total E6/E7 expression
within rafts was observed to rise slightly at 16 hours and then decrease at 48 hours
post-treatment in both cell lines (Figure 4.7C, E). This is similar to our observations by

RT-gPCR (Figure 4.2, Figure 4.3). At later time points (16 and 48 hours), E6/E7

expression was reduced within the treated and proximal areas of NIKS16 tissues

compared to the distal sites (Figure 4.7D). Following treatment, fewer NIKS16 cells
across the entire raft had high concentrations of E6/E7 mRNA, and more cells were
negative for E6G/E7 mRNAs (Figure 4.7G). Overall, microwave treatment reduces the
expression of E6/E7 transcripts in NIKS16 tissues in a spatially localised manner over

time.

Within the treated areas of W12E tissues, E6/E7 expression was reduced at 16 and 48
hours post-treatment, with very few visible transcripts remaining (Figure 4.8A, B). In
the neighbouring ‘proximal’ zones, there was a small increase in staining at 16 hours
followed by a statistically significant decrease at 48 hours (p<0.05) (Figure 4.8C, D).
We propose that this increase at 16 hours in the proximal zone may represent the
transientincrease in E6/E7 transcripts detected by RT-qPCR (Figure 4.3). In distal sites
to treatment, there was no significant change at 0 and 16 hours post-treatment but by
48 hours post-treatment, E6/E7 transcripts were significantly reduced (p<0.05) (Figure
4.8E, F). The increased E6/E7 expression at 16 hours can be visualised by the
distribution of cells in the cell scoring categories at this time point, with more positive
cells (Figure 4.7H). The number of cells positive for E6/E7 was reduced by 48 hours in
W12E and very few cells were scored within the most concentrated categories,
indicating a total decrease in transcription at later time points (Figure 4.7H). We
observed less E6/E7 staining in both mock and treated W12E tissues compared to the

corresponding NIKS16 tissues (Figure 4.7, Figure 4.8).
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We also wished to investigate the spatial localisation of changes in expression of the
late viral genes following treatment. Dual RNAScope assays allowed the detection of
L1 transcripts within tissues alongside E6/E7 mRNAs (Figure 4.7A, B pink dots
annotated by purple arrows). However, due to running two individual RNAScope
experiments, we only have L1 data for two NIKS16 biological replicates due to a
reagent failure on the second experiment (preventing analysis of a third NIKS16
biological replicate and W12E tissues). Previously stained positive controls and the
firsttwo NIKS16 biological replicates also showed no staining at the time of the second
run, confirming that it was a problem with the reagent rather than no expression of the
viral transcripts within these tissues (data not shown). This limits the statistical power
of the analysis, but the trends will be discussed. L1 expression within entire NIKS16
treated rafts showed a small increase at 16 hours post-treatment, followed by a
decrease at 48 hours (Figure 4.9A). This trend in expression is similar to our
observations by RT-qPCR, which showed a transient increase in L1 transcripts that
peaked at 16 hours and then decreased at later time points (Figure 4.2). Most treated
NIKS16 rafts showed a reduction in L1 expression in the treated compared to the
proximal and distal areas, however, there was variability between replicates (Figure
4.9B). At 16 hours, the increase in L1 expression could be detected within the proximal

(replicate 1) or distal areas (replicate 2) to treatment (Figure 4.9B).
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Figure 4.7: RNAScope analysis of E6/E7 (brown) and L1 (red) transcripts in NIKS16
and W12E 3D rafts. (A) Dual RNAscope staining of E6/E7 (brown) and L1 (pink) in
NIKS16 tissues. Mock-treated tissue is shown in the top left panel compared to the
proximal areas of rafts 0, 16 and 48 hours post-treatment. Dark pink arrows indicate
L1 staining in the images as it is difficult to distinguish by eye at this magnification.
Zoomed-in sections of each panel are included in (B) to enable identification of spots.
(C-F) Relative E6/E7 expression in tissues following microwave treatment as a
percentage relative to mock-treated tissue. E6/E7 expression across entire NIKS16 (C)
and W12E (E) tissues. (D &F) Each area (treated/proximal/distal) within treated rafts
was defined by length from previously published results (Conley et al., 2023). Relative
E6/E7 expression in each area for 0, 16 and 48 hours following treatment. Each point
represents a biological replicate (n=3). For some treated areas, only 2 points are
displayed as the treated area was lost in these tissues during processing. A one-
sample t-test was used to determine if the mean of each group was significantly
different from mock-treated tissues using a hypothetical mean of 100. * indicates p
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<0.05. (G & H). Using the relative staining per cell, cells can be assigned a score based
on the concentration of transcripts they contain (from 0 to 4) (Table 4.3). Distribution
of cells in each of these categories following mock/microwave treatment at different
time points. The black area represents cells with no detectable E6/E7 transcripts and
the remaining colours associate with increasing concentrations of E6/E7 staining
(pink, teal, dark purple, light purple in ascending order) (colour-blind friendly colour
scheme).
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Figure 4.8: Spatial analysis of EG/E7 mRNA by RNAScope in treated, proximal and
distal areas of treated W12E tissues. (A & B) RNAScope staining of E6/E7 mRNA
(brown dots) within treated areas of W12E tissues following microwave treatment in
comparison to mock-treated tissue with HALO quantification (B). (C & D) RNAScope
staining of E6/E7 mRNA within proximal areas of W12E tissues following microwave
treatment in comparison to mock-treated tissue with HALO quantification (D). (E & F)
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RNAScope staining of E6/E7 mRNA within distal areas of W12E tissues following
microwave treatment in comparison to mock-treated tissue with HALO quantification
(F). Images are representative of 3 biological replicates. Bar graphs plot the mean
results of E6/E7 expression across the biological replicates with SD. A one-sample t-
test was used to determine if the mean of each group was significantly different from
mock-treated tissues using a hypothetical mean of 100. * indicates p <0.05.
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Figure 4.9: RNAScope analysis of L1 transcripts in NIKS16 3D rafts. (A) Quantified
L1 mRNA levels as determined by HALO quantification as a percentage relative to
mock-treated tissue in NIKS16 rafts. (B) L1 expression within treated, proximal and
distal areas of NIKS16 tissues (areas defined by length). Data from two biological
replicates are displayed.
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4.5 Determining if the rise in transcription of the HPV16
oncoproteins following microwave treatment is
translated through analysis of the downstream targets
of E6 and E7, p53 and Retinoblastoma (Rb)

Due to the lack of good antibodies against the HPV16 oncoproteins, we indirectly
analysed their expression following microwave treatment by investigating the change
in expression of the proteins regulated by E6 and E7: p53 and Rb. IHC analysis showed
relatively few cells expressing Rb in mock W12E tissues (Figure 4.10A). Rb expression
was restricted to the mid-layers of the raft (Figure 4.10A), similar to previous
observations of suprabasal positivity in CIN (Del Nonno et al., 2011; Li et al., 2004).
Following microwave treatment, there was a small, non-significant increase in cells
positive for Rb in the proximal tissue at 48 hours post-treatment (Figure 4.10B, C).
More cells stained positive for p53 than Rb in both mock and treated tissues. The
maijority of this staining was within the suprabasal and upper layers of mock-treated
WA12E tissues (Figure 4.11A). Following microwave treatment, p53 levels increased
within the proximal and distal areas up to 16 hours (Figure 4.11A, B, C) (p<0.001). At
this time point, almost all cells appeared positive for p53, with even some positivity
within the basal cells observed (Figure 4.11A). By 48 hours the number of cells positive
for p53 had decreased slightly, however, tissues still contained more p53 than at 0
hours post-treatment (Figure 4.11A). Altogether these results suggest that microwave
treatmentincreases the expression of p53 and to a lesser extent, Rb. Whilst anindirect
form of analysis, this may indicate that there is no increase in functional E6 and E7
proteins following microwave treatment, which would target p53 and Rb for

degradation and resultin a decrease in the expression of these proteins.
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Figure 4.10: Rb IHC staining in mock and treated W12E tissues. (A) W12E tissues
stained by IHC for Rb protein (positive cells are stained black). Mock-treated tissues
(top left) compared to tissues at 0, 16 and 48 hours post-treatment. The number of
positive cells is indicated in the distal (B) and proximal (C) areas of W12E tissues at 0,

16 and 48 hours post-treatment. The mean across three biological replicates is
displayed with SD.
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Figure 4.11: p53 staining in mock and treated W12E tissues. (A) W12E tissues

16HTR 43HTR

stained by IHC for p53 protein (positive cells are stained black). Mock-treated tissues
(top left) compared to tissues at 0, 16 and 48 hours post-treatment. The number of
positive cells is indicated in the distal (B) and proximal (C) areas of W12E tissues at 0,
16 and 48 hours post-treatment. The mean across three biological replicates is
displayed with SD. p-values were determined using a One-Way ANOVA and Tukey HSD
test. *** indicates p<0.001.
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4.6 The number of genome copies per cell decreases in
microwave-treated tissues

We aimed to determine if microwave treatment could impact other aspects of the viral
life cycle alongside transcription. For a productive viral life cycle, genome replication
is essential to create new virions. We investigated if microwave treatment could
impact viral replication through droplet digital PCR which enables absolute
quantification of viral load without standard curves. We used human RPP30 as a
reference for our copy number variance analysis as each human cell should contain 2
copies of this gene. The viral load was significantly reduced per cell following
microwave treatment (Figure 4.12A). This effect was observed as early as 4 hours post-
treatment and was sustained until 24 hours post-treatment (Figure 4.12B). Over time,
the viral load in mock-treated tissues increased and whilst this was also evident for
treated tissues, the mean viral load was still reduced in comparison to mock-treated
tissue fixed atthe same time. (Figure 4.12B). One tissue within the mock-treated group
at 24 hours appears as an outlier with a much greater viral load than any other tissue
(~130 copies per cell) (Figure 4.12B). This value was retained as it is likely a biological

effect, i.e. this tissue has more viral amplification, rather than experimental error.
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Figure 4.12: Viral load per cell in W12E tissues following microwave treatment.
DNA was extracted from mock and microwave-treated W12E tissues. Droplet digital
PCR was performed to determine the number of HPV16 genomes per cell using the
human gene RPP30 as a reference (with 2 copies per cell). (A) Grouped analysis of
mock and microwave-treated tissues. Each point represents one biological replicate.
Black lines represent the median of each group. (B) Genome copy number per cell
values separated by time following mock or microwave treatment. The mean and SD
are displayed with each point representing one biological replicate. An unpaired t-test
was performed to determine any significant differences in the means between mock
or treated conditions at each time point. * Indicates p< 0.05, ** indicates p< 0.01, ***
indicates p< 0.001 and **** indicates p<0.0001.
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4.7 Discussion

We analysed the effect of microwave treatment on several aspects of the HPV life
cycle including transcription, translation and genome replication. Within a model of
cervical cancer, using the SiHa cell line, microwave-treated 3D tissues exhibited no
change in the expression of E6 and E7 mRNAs until 72 hours post-treatment, when a
significant decrease was observed by RT-qPCR. RNAScope allowed us to investigate
where this change in expression was happening in the context of the tissue.
Transcripts encoding the oncoproteins E6 and E7 were decreased in a spatially
localised manner, in the treated compared to proximal and distal sites at 16 and 48
hours in response to microwave treatment. Our previously published work identified
that E6 and E7 protein levels also decrease following microwave treatment in SiHa
tissues in the treated and proximal areas relative to distal sites (Conley et al., 2023).
We reported a correlative upregulation of p53 and Rb, the target proteins of the viral
oncoproteins, and a reduction in proliferation, which suggests a reversal of the E6/E7-
driven tumorigenic phenotype of these cells (Conley et al., 2023). This result is similar
to that seen by another group that induced hyperthermia at 42 °oC for one hour in
cervical cancer cell lines and observed upregulated p53 and its activity (Oei et al.,
2015a). We predict that the greater reduction at the protein rather than mRNA level of
EG/E7 is due to the inhibition of translation due to heat-shock-induced cell stress, as

previously demonstrated (Conley et al., 2023).

We observed a slightly different response when extending this analysis to models of
earlier disease stages using NIKS16 and W12E tissues. The expression of the early and
late HPV16 transcripts was transiently increased, with a peak at 8-16 hours, following
microwave treatment, with late viral transcripts upregulated to a greater extent. At
later time points, transcripts then decreased to levels below that or similar to mock-
treated tissue levels. W12E tissues showed less E6/E7 staining by RNAScope
compared to NIKS16. Moreover, there was no significant upregulation in E6/E7
expression following microwave treatment in W12E tissues by RT-qPCR or RNAScope.
This suggests that the expression of the oncoproteins is more tightly regulated in these
tissues, thus resembling an earlier stage of disease. W12E cells additionally provide a
more relevant model for cervical precancerous disease as they were derived from a

CIN lesion (Stanley et al., 1989). Therefore, the changes to HPV gene expression in
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these cells may be more translatable to the application of microwave treatment in

Vivo.

The transient increase in viral gene expression observed in NIKS16 and W12E tissues
may be due to an increase in the differentiation phenotype of cells in response to
microwave treatment. Pathway analysis of differentially expressed genes following
microwave treatment in NIKS16 tissues revealed an increase in keratinocyte
differentiation (Section 3.5.2) and previous work has revealed an increase in involucrin
and keratin 10 protein expression following treatment (Conley et al., 2023). The late
stage of HPV gene expression is tightly linked to keratinocyte differentiation, through
E2-mediated inhibition of the early promoter and activation of the late promoter with
the cellular LAP isoform of the terminal differentiation transcriptional factor C/EBP
(Gunasekharan, Haché and Laimins, 2012). The HPV regulatory protein E8"E2, which
restricts viral replication and transcription in undifferentiated cells, has also been
proposed to be involved in the switch to productive HPV replication within
differentiated cells (Kuehner and Stubenrauch, 2022). Therefore, an increase in
differentiation following microwave treatment may result in increased production of
late gene transcripts (Chow, 1987; Hummel, Hudson and Laimins, 1992; Bedell et al.,
1991; Gunasekharan, Haché and Laimins, 2012). Transcription factors that drive
differentiation-dependent cellular genes may be upregulated in activity or level
following hyperthermia which may also drive viral gene expression. For example, some
transcription factors such as Kruppel-like factor 4 (KLF4) regulate the expression of
differentiation-dependent cellular genes (Sen et al., 2012; Kalabusheva et al., 2023)
and can activate late viral gene expression (Gunasekharan et al., 2016). Increasing
evidence shows that the viral early genes also increase in expression following
differentiation. Since the viral episome associates with histones to form nucleosomes,
it is subject to epigenetic modification. There have recently been several elegant
studies demonstrating CTCF-YY1-driven chromatin looping within the HPV genome,
between the URR and E2 ORF, which results in epigenetic repression of the viral
oncogenes (Paris et al., 2015; Pentland et al., 2018). Following differentiation, the
downregulation of YY1 removes this epigenetic silencing and drives the expression of
the viral early genes (Pentland et al., 2018; Ferguson et al., 2021). A combination of

epigenetic and transcription factor changes thatresultin a more differentiated cellular
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phenotype following microwave treatment may result in our observation of increased
viral early and late gene expression. Moreover, this may explain the difference between
SiHa, NIKS16 and W12E tissues. Since SiHa cells have lost the ability to differentiate
following transformation, these mechanisms would not enhance the expression of the

oncogenes in these cells.

At later time points post-treatment, the transcription of the viral genes decreased to
levels similar to or below that of untreated tissues. This decrease occurred earlier for
W12E (observed at 24 hours) compared to NIKS16 tissues (72 hours) for RNA derived
from tissues containing the treated and proximal zones. When we interrogated the
spatial localisation of these changes using RNAScope, we observed a decrease in
E6/E7 expression within the treated areas from 16 hours post-treatment, likely due to
cell death in this area. Subsequently, a decrease in expression was observed within
the proximal areas (of both NIKS16 and W12E tissues) and distal areas (of W12E
tissues) at 48 hours, suggesting cell-to-cell communication from the treated area
conveys this response radially across the tissue. We propose that the induction of
innate immunity following microwave treatment may inhibit viral transcription at later
time points (Chapter 3). Exposure to interferon has previously been reported to reduce
the transcription of the viral oncoproteins (De Marco and Marcante, 1993).
Additionally, the cell stress response upregulated by hyperthermia may result in
transcriptional inhibition at later time points (Mahat et al., 2016; Vihervaara et al.,

2017).

Will the observed changes in transcription be translated into protein?

It is unclear if the transcripts we have analysed through RT-gPCR are stable mRNAs
which will be translated. HPV transcripts associate with several RNA-binding proteins
following transcription that influence mRNA stability and translation (Graham, 2024).
We have limited methods to analyse E6/E7 protein levels following treatment due to
the poor quality of the antibodies against these species. However, analysing their
downstream targets, p53 and Rb can help determine their activity and levels. We
observed a significant increase in p53 following microwave treatment and a small,
non-significantincrease in Rb. Heat shock-induced cellular stress is likely responsible

for the greater upregulation of p53, which results in its phosphorylation and tetramer
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formation in the nucleus (Jentsch et al., 2020; Matsumoto et al., 1997). In support of
this, our RNA Sequencing analysis predicted an increase in the transcriptional activity
of p53 following microwave treatment, with many genes regulated by p53 upregulated
in expression (Section 3.5.3). Reduced expression of the HPV oncoproteins would add
to the increase in p53 levels and may be responsible for the small rise in Rb staining
observed following microwave treatment. Heat shock may result in a reduction of E6
and E7 through translational stress, which we previously observed following
microwave treatment (Conley et al., 2023). However, our indirect analysis method is a
major limitation, and quantitative proteomics would be required to determine how E6

and E7 protein levels were affected by microwave treatment with confidence.

Viral load is decreased following microwave treatment

We observed a significant decrease in viral replication following microwave treatment.
This response was fast-acting with a significant reduction in the viral load from 4 hours
post-treatment. Within mock-treated tissues, the viral load continued to rise
throughout the experiment as cells became more differentiated and viral amplification
took place. There was some increase in the viral load over time in treated tissues, but
itwas always below that of untreated cells at the same time point, suggesting impaired
replication of the viral genome. Heat shock can inhibit replicative DNA synthesis
through arrested or decelerated progression of replication forks and the movement of
nucleolin into the nucleoplasm to target RPA (Velichko et al., 2012; Wang et al., 2001).
DNA replication remained inhibited following heat shock for up to 8 hours (Wang et al.,
2001). Since HPV requires host cell DNAreplication machinery to replicate its genome,
this inhibition may also impact viral genome replication. Hyperthermia can also
temporarily inhibit the DNA damage response (DDR) via homologous recombination
pathways and decreased activity of the DNA-dependent protein kinase (DNA-PK)
(Ihara et al., 2014; Oei et al., 2015b). DDR pathways are important for viral genome
amplification, so their inhibition following microwave treatment may account for the
reduction in viral genomes seen in treated tissues. Moreover, innate immunity has
previously been observed to inhibit viral genome replication. IFN-B treatment of
HPV31- and HPV16-positive keratinocytes resulted in a loss of viral episomes
(Herdman et al., 2006; Chang et al., 2002). Moreover, the interferon-stimulated gene

(ISG), IFIT1 can bind to and inhibit the E1 helicase in HPV11 and 18 (Hong, Mehta and
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Laimins, 2011; Saikia, Fensterl and Sen, 2010; Terenzi, Saikia and Sen, 2008). If this
mechanism extends to HPV16, our observed increase in interferons upon microwave

treatment (Section 3.7) could drive IFIT1 expression and thus inhibit viral replication.

Limitations to our transcriptional analysis involve the clustering of staining seen by
RNAScope that prevents accurate determination of transcript numbers per cell.
Relative changes are sufficient to address our aims, but subsequent work could make
use of smFISH a non-amplifying technology which should only result in single-stained
mRNA molecules (Femino et al., 1998). It would also be important to repeat the L1
RNAScope analysis in both NIKS16 and W12E tissues with a new probe since a reagent
failure limited our analysis to two NIKS16 biological replicates. Although the trend for
L1 expression by RNAScope was similar to that observed by RT-qPCR for NIKS16
tissues, variability between the replicates made it difficult to draw firm conclusions.
Budget constraints for this expensive technology limited the purchase of a new probe
and repetition of the L1 analysis. The viral load observed in W12E tissues by ddPCR
analysis is quite low, as during amplification in differentiated cells, the viral load is
proposed to increase to several hundreds or thousands per cell (Hoffmann et al.,
2006). Previous work has shown that few cells within the top layers of raft cultures
stain positive for viral episomes, indicating the rare occurrence of the productive
phase of the viral life cycle in this model system (Bedard et al., 2023). Additionally, if
productive amplification is rare, the resulting high viral load may be difficult to detect
when analysing the average copy humber throughout a raft culture. The proportion of
cells in the terminally differentiating layers is much lower than those in the basal and
suprabasal layers and the low viral load in these basal and suprabasal cells may

conceal any cells undergoing productive amplification.

Overall, microwave treatment impairs human papillomavirus replication. Viral
genome replicationis inhibited and viral transcription is decreased, at later time points
post-treatment. The decrease in transcription is greatest in the treated area but this
extends into neighbouring tissue and even distal sites from treatment at later time
points post-treatment. Analysis of the late stage of the virus life cycle following

microwave treatment is carried out in the next chapter (Chapter 5).
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Chapter5 Investigating the spatial localisation of
the HPV late protein, L1 and virions and how their
expression is affected by microwave treatment

5.1 Introduction

The viral lifecycle and pathogenicity of HPV are intricately linked to the localisation and
functions of the viral proteins within host cells. Viral late proteins, including the major
capsid protein L1, are produced within the differentiated cells of the epithelium
(Ozbun and Meyers, 1998; Doorbar et al.,, 1997; Florin et al.,, 2002a). Following
translation in the cytoplasm, L1 is transported to the nucleus in association with
Karyopherins (Bird et al., 2008; Nelson, Rose and Moroianu, 2002; Nelson, Rose and
Moroianu, 2003; Merle et al., 1999)(Bird et al., 2008; Cerqueira and Schiller, 2017).
Here, virion assembly takes place (Section 1.7.3). Unlike many viruses, it is very
difficult to produce large quantities of papillomavirus virions in vitro. This is partly due
to the requirement for epithelial cell differentiation for expression of the late capsid
proteins and virion assembly (Pyeon et al., 2005). Therefore, detailed structural
models of HPV have been produced using virus-like particles (VLPs), quasiviruses or
pseudovirions (PsVs). VLPs are composed of the major capsid protein (L1) alone orin
combination with L2 (Kirnbauer, 1992). Pseudoviruses and quasiviruses contain the
major and minor capsid proteins and dsDNA (papillomavirus genome for quasiviruses
and plasmid DNA as a mock genome for pseudoviriuses) (Buck et al.,, 2005;
Christensen, 2005). Papillomaviruses are also quite inefficient at packaging genomic
information. For example, Phage P2 has similar-sized icosahedral capsids to PVs (60
nm) but can package linear 33 kb dsDNA, compared to the 8 kb PV genomes which are
packaged (Christie and Calendar, 2016). Moreover, no packaging sequence has been
identified for PVs and it appears that the length of dsDNA is the limiting factor. PVs can
pack completely unrelated dsDNA into capsids so long as the size of 8 kb is not

exceeded (Cardone et al., 2014; Buck et al., 2004; Stauffer et al., 1998).

Limited work has been carried out on the localisation of the late HPV proteins within
differentiated cells and how virion assembly takes place, partly due to difficulties in
replicating HPV productionin vitro. The current understanding of L1 and L2 localisation

within differentiated cells is based on the following studies. Transfection of plasmids
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expressing HPV16 L1 into cervical cancer cell lines resulted in diffuse nuclear staining
with nucleolar exclusion (Siddiqga et al., 2015) (Figure 5.1A). L1 was also observed to
interact with HPV16 E2 and prevent E2’s nucleolar localisation (Siddiqa et al., 2015),
normally seen as foci staining that colocalises with nucleolar markers (Prescott et al.,
2014). This diffuse nuclear L1 staining was also observed in studies demonstrating the
nuclear import of the HPV16 L1 capsomeres (Nelson, Rose and Moroianu, 2002)
(Figure 5.1B). Results from Day and colleagues also showed diffuse bovine
papillomavirus (BPV) L1 staining when introducing this protein alone, expressed from
recombinant Semiliki Forest Virus (SFV) into fibroblast cells (Day et al.,, 1998).
However, these authors showed that when L1 and L2 were introduced together, L2
could recruit L1 to tightly stained nuclear dots that colocalise with promyelocytic
leukaemia nuclear bodies (PML-NBs) (also known as ND10) (Day et al., 1998) (Figure
5.1D). Viral genomes localise to PML-NBs through E2 during cellular differentiation so
this may represent a conserved site of virion assembly (Day et al., 1998). Moreover,
PML-NBs are a common target during replication of other DNA viruses including
herpes viruses and SV40 (Kieback and Muller, 2006). Other groups have also observed
foci of HPV33 L1 when co-expressed with L2 using recombinant vaccinia viruses
(Figure 5.1C) (Schafer, Florin and Sapp, 2002). These studies used viral vectors due to
the limitations of transient transfection assays of the papillomavirus structural genes
resulting in poor expression, even when under the control of strong promoters.
However, development of codon-optimised HPV16 L1 and L2 allowed for transfection
assays that produce sufficient quantities of the papillomavirus structural proteins to
be used (Kieback and Mdller, 2006). Within this system, the dot-like expression pattern
of L1 and L2 in PML-NBs was observed to be a rare phenomenon and the majority of L1
and L2 staining was homogenously distributed throughout the nucleus when stably
expressed (Kieback and Mduller, 2006). The authors demonstrated that foci staining
was directly correlated to protein concentration (4% of cells showing PML-NB
localisation at low concentrations to 13% at higher concentrations) and the presence
of avirus vector (capable of increasing the observation of PML-NB localisation from 13
to 50%) (Kieback and Muller, 2006). An anti-viral response mechanism generated
against the viral vector used to deliver the papillomavirus L1 and L2 may therefore be
responsible for the increased PML-NB localisation since it is known that type |
interferons can alter PML-NB composition (Regad and Chelbi-Alix, 2001). Overall,
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HPV16 L2 could recruit L1 to PML-NBs but most cells showed diffuse distribution of

both proteins throughout the nucleus.
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Figure 5.1: Previous studies of L1 nuclear localisation when introduced via
transfection or viral vector assays. Adapted figures from several studies which
introduced L1, L2 and E2 proteins via several techniques. (A) HPV16 E2 and L1 were
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transfected independently or together into C33a cells. (B) L1 staining of cells following
HPV16 L1 capsomere transport into HelLa cells. (C) HPV33 L1 alone or with L2 was
introduced into HEK293 cells using recombinant vaccinia virus. (D) BPV L1 alone or
with L2 was introduced into BPHE-1 cells (hamster fibroblast cells) using recombinant
SFV. The staining patterns observed are shown. (Figures adapted from (Siddiqa et al.,
2015; Nelson, Rose and Moroianu, 2002; Schafer, Florin and Sapp, 2002; Day et al.,
1998).

Additionally, studies have analysed L1 staining within differentiated cells that stably
maintain the entire viral genome, which may more accurately resemble natural
infection and model how the other viral proteins affect late protein localisation. In
differentiated, 2D W12E cells the majority of L1 staining is cytoplasmic with almost all
cells positive (Milligan et al., 2007). When extended to organotypic raft cultures, the
majority of L1 staining is in the nuclei in the uppermost layers of tissues (Ferguson et
al., 2021; Song et al., 2010). Some cells at the very top of rafts show more dispersed
staining, which may also represent L1 within the cytoplasm as these cells flatten and
enucleation takes place (Lagana et al., 2024; Wechsler et al., 2012; Matsui and
Amagai, 2015). In productive lesions, HPV16 L1 is predominantly nuclear in the mid
and upper layers of the epithelium (Middleton et al., 2003). Interestingly, the amount
of L1 staining within differentiated cells varies amongst the HPV type and the cell line
or model used. L1 expression from HPV31 in CIN612 9E organotypic rafts is a rare
observation (Song et al., 2010) but almost half of cells containing HPV18 in the upper
layers of organotypic rafts have L1 positivity (Lagana et al., 2024) and almost all HPV16
positive W12E cells show L1 expression when differentiated in 2D (Milligan et al.,

2007).

Overall, our current understanding of the localisation of the HPV late capsid proteins
is limited. Although providing information on protein localisation, none of these
studies serve as good models for natural infection or contain the entire HPV genome.
Therefore, cell differentiation, other viral proteins and/or the viral genome may play
additional roles in the localisation of the capsid proteins. Previous reports of L1
localisation within models that contain HPV episomes provide limited resolution due
to the challenges of immunofluorescent labelling within tissue sections. Therefore,
patterns within the nucleus of diffuse or foci staining are difficult to discern. To
overcome these challenges and obtain high-resolution images of capsid protein

localisation, this chapter aims to:
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e Characterise HPV16 L1 expression and spatial localisation within differentiated
W12E cells, which serve as a good model for natural infection and contain the
entire viral genome.

e Determine if L1 staining correlates to the production of virions within
differentiated W12E cells.

e Analyse how microwave treatment impacts L1 expression and localisation.

5.2 The expression and localisation of the HPV major
capsid protein L1 within undifferentiated and
differentiated W12E cells grown in 2D

We aimed to characterise the production and localisation of the major capsid protein
L1 within epithelial cells as they differentiate. Initially, we used W12E cells grown in 2D
on a 3T3fibroblast layer, fixed cells from day 4 to day 15 and stained for L1 (Figure 5.2).
W12E cells grownin 2D are known to begin differentiating at day 7 (Milligan et al., 2007;
Veerapraditsin, 2004). There was a small amount of cytoplasmic L1 within
undifferentiated cells at day 4, as previously observed (Figure 5.2) (Milligan et al.,
2007). Following W12E cell differentiation, the expression of L1 increased (Figure 5.2,
day 8 - 15). Staining was exclusively cytoplasmic in all cells fixed up to and including
day 10 (Figure 5.2). After 15 days of growth, the majority of staining was still
cytoplasmic but it now appeared filamentous, with parallel lines of staining across the
cell (Figure 5.2). Moreover, condensates of brightly stained spots were visible around
the cell periphery (Figure 5.2). We collected z-stacks to visualise how L1 staining
changed throughout the thickness of W12E cells fixed at day 15. Slices through the
nucleus revealed most cells to have exclusively cytoplasmic L1 although a few showed
diffuse nuclear L1 staining (Figure 5.3A). Within these cells, L1 was excluded from the
nucleoli (seen as holes in the DAPI stain) (Figure 5.3A, white dashed ovals outline the
nucleoli). When moving to planes just above or below the nucleus of the same cells,
punctate spots of L1 staining could be observed (Figure 5.3B, red-boxed cell). These
may be capsomeres of L1 that are being imported into the nucleus or may represent
HPV nuclear assembly sites depending on their positioning inside or on the periphery

of the nucleus.
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Figure 5.2: HPV16 L1 staining of W12E cells grown in 2D. Immunofluorescent
staining of L1 (green, 488 nm) and cell nuclei (blue, 405 nm) in W12E cells. Cells were
grown for up to 15 days on a 3T3 fibroblast layer. Cells were fixed at days 4 to 15 of
growth to show L1 expression and localisation in undifferentiated cells (before day 7)
and differentiated cells (after day 7). A no-primary negative control sample was imaged
and processed identically. The merged 488nm (L1) and 405nm (DAPI, nuclear stain)
channels are shown as well as individually. Results are representative of three
individual experiments. Scale bars =10 pm.
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Figure 5.3: L1 localisation throughout differentiated 2D W12E cells.
Immunofluorescent staining of L1 (green, 488 nm) and cell nuclei (blue, 405 nm) in 15-
day W12E cells. A z-stack was performed with images taken every 0.57 ym for a total
of 10 images. Images collected in the plane of the nucleus (A) and in line with the top
of the nucleus (B) for the same cells are shown. The cell enclosed by the red box is
shown at different z heights enlarged on the right-hand side. Results are representative
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of three individual experiments. Scale bars = 10 um and 2 pm for the full-sized and
zoomed, single cell images respectively.

5.3 Ultrastructural imaging of differentiated W12E cells
grown in 2D to determine if virion assembly takes
place

We subsequently used a correlative light and electron microscopy (CLEM) approach
to determine if we could gain additional insights into the location of these brightly
stained spots of L1. CLEM is a powerful technique that allows the identification of
molecules of interest within cells by fluorescent labelling and light microscopy (LM)
followed by high-resolution imaging of these features by electron microscopy (EM) (de
Boer, Hoogenboom and Giepmans, 2015). The resulting overlay of the images adds
resolution and cellular context to light microscopy observations whilst the fluorescent
signal enables target identification in the EM images. We aimed to use CLEM to
determine if the fluorescently labelled clusters of L1 visualised by confocal
microscopy were inside or outside the nucleus and thus identify if these were HPV
replication factories or capsomeres being transported into the nucleus. Cells were
grown for 15 days on gridded glass-bottomed dishes (Figure 5.4A, B), fixed, antibody
labelled for L1 and imaged by confocal microscopy. Immunofluorescence data was
collected for cells of interest and the location of the cells could be determined on the
grid using differential interference contrast (DIC) (Figure 5.4C). Cells were
subsequently negatively stained, and resin embedded. Following detachment of the
resin from the glass coverslip, the resin face retains an imprint of the grid such that
cells can berelocated (as described in (Hanson et al., 2010)) (Figure 5.4D). The face of
the resin block was then trimmed and cut as thin resin sections to isolate cells of

interest and subsequently, imaged and analysed by EM.

Cells visualised by confocal microscopy showed a similar L1 staining pattern to that
previously observed (Figure 5.5A). Following resin embedding, the grid and cells could
be visualized as they had been effectively transferred into the face of the resin (Figure
5.5B). Aface was cutinto the resin, around the region of interest that had been imaged
by confocal microscopy and thin sections were taken from this area. When imaged by
EM, these cells had intact nuclear membranes but the cellular membranes were

disrupted (Figure 5.5C, D). This could have been due to dehydration during processing.
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Limited conclusions can be made about the cell structures due to the disintegration
of the cell membranes and no virions could be visualised within the W12E cells
differentiated in 2D. Due to the lack of cellular membranes, it is possible that if L1
clusters seen by IF were putative L1 capsomeres awaiting nuclear import, these
structures may have been disrupted following cell membrane breakdown. The
breakdown of cellular membranes also made it difficult to identify cells to produce an
overlay of the LM and EM images. Overall, our analysis of L1 staining within 2D W12E
cells revealed an increase in the production of the major late capsid protein within
differentiated cells, in line with previous reports (Milligan et al., 2007). The majority of
this staining was cytoplasmic and although brightly stained spots could be visualized
just above the nucleus of cells grown to 15 days, these did not correspond to

observable virions by EM analysis.

It is probable that cells cultured in 2D may not differentiate enough to represent the
terminally differentiated cells of the epithelium where HPV assembly takes place and
3D models may instead be required to mimic this fully. Therefore, our subsequent
CLEM analysis made use of 3D models of W12E cells to maximise the chance of

visualizing HPV assembly.
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Figure 5.4: Method for indirect CLEM analysis of W12E cells. (A) W12E cells were
grown for 15 days on gridded, glass-bottomed 35 mm dishes (Mattek). (B) The gridded
coverslips at the base of the dish have a unique alphanumeric pattern within each
square to enable location of cells. (C) Cells imaged by confocal microscopy can be
located on the grid using the DIC channel. This is overlaid with DAPI staining from the
405 nm channel to confirm the presence of cells. The grid markings are outlined here
to enable easier identification. (D) The cells were then negatively stained and
embedded into resin. Once the polymerised resin surface is detached from the
surface of the glass dish, it retains an imprint of the grid on the surface. This allowed
relocation of the cells that had been imaged by confocal microscopy and resin
sections could be cut from this area for an indirect CLEM approach.
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Figure 5.5: Indirect CLEM analysis of W12E cells differentiated in 2D. (A)
Immunofluorescent staining of L1 (green, 488 nm) and cell nuclei (blue, 405 nm) in
W12E cells grown to 15 days on gridded, glass-bottomed 35 mm dishes (Mattek). (B)
The grid of the Mattek dish was imprinted in the resin surface and allowed relocation
of the cells that had been imaged by confocal microscopy. The resin was trimmed to
create asurface isolating the cells of interest and sections taken from this. (C, D) Resin
sections containing W12E cells grown to 15 days in 2D were imaged by EM. Blue arrows
indicate the loss of the cell membrane. Scale bars =10 um, 5 pm and 2 um in (A), (C)
and (D) respectively.
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5.4 Expression and localisation of the HPV major capsid
protein L1 within differentiated W12E cells from 3D
organotypic raft cultures

To better resemble the epithelial environment that is known to be important for human
papillomavirus virion assembly (Pyeon et al., 2005), we extended our analysis of L1
cellular localisation to 3D organotypic raft cultures. Immunofluorescence in tissue
sections often results in a lot of autofluorescence and limited resolution, which would
make it difficult to identify staining patterns within nuclei. Moreover, tissue sections
(2.5 pm) do not allow for the entire thickness of the cell to be visualised. To overcome
this and enable spatial analysis of L1 expression within the differentiated cells of 3D
tissues to a high resolution, we developed a technique to study the cells within the top
layer of W12E organotypic rafts for CLEM analysis. W12E rafts were inverted onto a
pre-heated gridded glass-bottomed dish. The cells at the top of the raft attached to the
glass such that once the tissue was removed, a layer of cells remained on the glass,
which represented the upper, most differentiated layer of the W12E raft. These cells
were then fixed and processed for immunofluorescence. This overcame the size
constraint of tissue sections (2.5 pm) and enabled entire cells to be stained and

imaged to high resolution.

Almost all cells that were derived from the most differentiated layers of W12E tissues
stained positive for L1. Specifically, three L1 staining phenotypes could be observed
(Figure 5.6A, B). Cells showed either no nuclear L1 staining (phenotype A), diffuse L1
nuclear staining, which was absent from the nucleoli and areas of dense nuclear
material (phenotype B) or tightly condensed spots (foci) of L1 staining (phenotype C).
Phenotype A most closely resembles the majority of L1 staining seen in differentiated
W12E cells grown in 2D (Figure 5.3, Figure 5.6B). However, the minority of cells
differentiated in 2D that showed nuclear staining best resembles phenotype B, with
diffuse nuclear staining (Figure 5.3, Figure 5.6B). All phenotypes showed speckled L1
staining at the nuclear periphery (Figure 5.6A, B). We propose that this may be the
translation of L1 taking place at the polysomes, which tightly associate with the ER at
the nuclear boundary (Duan et al., 2020). In cells with the staining pattern C, the L1
foci never colocalised with DAPI, with holes in the DAPI staining at these sites (Figure
5.6B). These DNA-free spaces could represent nucleoli or the high concentration of
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HPV proteins in these areas excluding DNA. The staining patterns of each phenotype
did not vary throughout the cell, as demonstrated by z-stacks that traversed the full

width of the cell (Supplementary Figure 5.1).

To determine if cells progressed between these observed phenotypes over time, we
quantified the number of cells demonstrating each staining phenotype on days 10, 14,
and 16 of organotypic raft growth (Figure 5.6C). At day 10, most cells had either no
nuclear staining (A) (43%) or diffuse nuclear staining (B) (56%), with very few cells
showing discrete L1 staining spots (C) (Figure 5.6C). At day 14, the number of cells with
no nuclear staining had decreased and 72% had diffuse nuclear staining (Figure 5.6C).
Therefore, cells may progress from phenotype A to B as L1 is transported into the
nucleus (Buck, Day and Trus, 2013). The number of cells with L1 foci increased over
time to a maximum at day 16, although this was still a rare observation, with 12% of
cells showing this phenotype (Figure 5.6C). The observed proportion of cells with foci
staining patterns is similar to previous reports (Kieback and Muller, 2006). The
increase in cells with foci staining (phenotype C) correlated with a decrease in cells
with diffuse nuclear staining (phenotype B) at day 16. Therefore, we propose that
staining phenotype B may be a precursor to C. Strengthening this hypothesis are
observations of cells containing diffuse nuclear staining with brightly stained spots
that may represent intermediates between B and C (Figure 5.7). Some of these
‘intermediates’ contain a lot of diffuse nuclear L1 staining and might be early in the
transition from B to C whilst others have much less diffuse L1 staining and may

represent later B-C intermediates (Figure 5.7).
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Figure 5.6: Staining pattern of L1 in W12E cells differentiated in 3D changes over
time. (A) Immunofluorescent staining of L1 (green, 488 nm) and cell nuclei (blue, 405
nm) in cells derived from the top of W12E organotypic rafts. A no-primary antibody
negative control sample was imaged and processed identically (top row). Three
phenotypes of L1 staining can be observed, which are shown as zoomed-inimages (B):
no nuclear staining, diffuse nuclear staining or discrete foci of nuclear staining
(denoted phenotypes A, B and C). Scale bars =10 pm and 2 pm for (A) and (B)
respectively. (C) Cells derived from the top of rafts grown to day 10, 14 or 16 were
stained for L1 and the number of cells in each phenotypic group was quantified. At
least one hundred cells were counted for each biological replicate and three individual
experiments were carried out. Each dot represents the percentage of cells with that
staining pattern from each replicate and the mean and standard deviation are
displayed.
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Figure 5.7: Proposed development of L1 nuclear staining over time.

Immunofluorescent staining of L1 (green, 488 nm) and cell nuclei (blue, 405 nm) in

cells derived from the top of W12E organotypic rafts. We propose that phenotype A

progresses to phenotype B as L1 is transported into the nucleus at later times in cell

differentiation. Following this and due to the accumulation of cells with phenotype C
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and reduction in cells with phenotype B, we propose that as cells terminally
differentiate, they may progress from staining phenotype B to C. Staining patterns that
appear to be intermediates along this pathway are shown in the panels on the right
with L1 (488 nm) and nuclear staining (405 nm) alone or merged. A no-primary antibody
negative control sample was imaged and processed identically (bottom right row).
Scale bars =2 pm for all images except NC where scale bars =10 pm.

5.5 L1 clusters within the nucleus are composed of
multiple independent fragments

We wished to gain further detail on the composition of L1 foci within differentiated
cells from the top layers of epithelial organotypic rafts to determine if these were
structured clusters of L1, such as assembling virions or capsomeres. Full-thickness z-
stacks through a celldemonstrating an intermediate between phenotypes B and C that
contained L1 foci and some diffuse staining throughout the nucleus were captured
using Airyscan to enable high resolution (Figure 5.8A, B). Z-stacks were subsequently
rendered using Imaris software to fit a surface over the immunofluorescence data and
provide definition to structures within the cell (Supplementary video 1, Figure 5.8C).
Clusters of L1 can be observed that fill ‘holes’ in the nucleus (Figure 5.8C, D). Whilst
these appear as one cluster of staining when visualised as a 2D slice through the cell,
3D reconstruction reveals these L1 foci to be comprised of multiple independent
staining fragments (Figure 5.8C, D). Two such clusters are shown in detailin the orange
and red boxes (Figure 5.8). The remainder of L1 staining outside of these foci appears
as smaller clusters and as individually stained molecules. Some L1 staining was also
observed outside of the nucleus with some clusters of L1 staining, which were smaller
than those within the nucleus. Clusters within the perinuclear space (Figure 5.8C)
mirror those seen in Figure 5.6 and may represent the translation of L1 at the
polysomes. However, the negative control also contained a small amount of staining
outside of the nucleus. This likely represents cellular debris from the top of the tissue,
which autofluoresces and may limit the confidence in the cytoplasmic staining
observed (Figure 5.8E). However, no nuclear staining was observed in the negative
control, so we have confidence that the nuclear L1 staining is true. Overall, the foci of
L1 observed in differentiated W12E cells from the top of organotypic rafts contain

multiple structures and may represent organised assembly sites.
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Figure 5.8: Intranuclear foci of L1 are composed of multiple structured particles.
Immunofluorescent staining of L1 (green, 488 nm) and cell nuclei (blue, 405 nm) in
cells derived from the top of W12E organotypic rafts. A z-stack was collected with
images taken every 0.2 um for 40 slices to capture the full thickness of the nucleus. (A)
A 2D image of a single slice through the z-stack. (B) Each slice was compiled to
produce a maximum intensity projection (MIP) of the L1 staining throughout the cell.
(C) Imaris was used to render a surface over the nucleus and L1 staining, which allows
for structures within the cell to be visualized. The orange and red boxed images of foci
stainingin A, B and C are shown magnified in (D). Here, the surface generated by Imaris
shows these foci to be composed of multiple structured particles. (E) A no primary
antibody control was imaged and processed identically to the previous images. A
small amount of signhal can be observed outside of the nucleus, which we propose is
due to autofluorescence from debris derived from the top of tissues. Scale bars = 2
pm.
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5.6 EM analysis of W12E tissues reveals viral-like
particles in the upper layers

To gain further understanding of what each of these observed phenotypes of L1
staining may represent in terms of the viral life cycle and virion assembly, we
attempted the CLEM approach described previously for the cells derived from the top
of W12E organotypic rafts (Section 5.4) (Hanson et al., 2010). Unfortunately, this
approach was unsuccessful, with no cells detected within the resulting resin sections.
We suggest that this may be due to not having a high enough confluence of cells that
come off during the rafts being inverted onto the coverslip. This makes it difficult to
detect adequate cells within the resin when imaging by electron microscopy. Another
limitation involved the cell location at the front of the resin face. Some of the face is
removed during the polishing steps which may have resulted in the resin containing
the cells of interest to have been lost before sections were taken for imaging. Instead,
we opted to process whole 3D organotypic raft cultures directly for EM analysis. Small
1 mm? sections of tissue were cut from W12E tissues, negatively stained and
processed for TEM. Tissues were fixed in resin such that a cross-sectional slice of the
tissue (including the collagen layer and then up through the full thickness of the cell
layers) could be imaged. This approach was successful and allowed cross-sectional
analysis of W12E organotypic raft tissues (Figure 5.9). It was difficult to image the full
thickness of the raft as the grid bars of the copper TEM grids occluded some layers
(Supplementary Figure 5.2). Nevertheless, layers of undifferentiated and differentiated
cells can be visualised in one grid square and cells at the top of the tissue had
differentiation phenotypes including flattening of the cell and nucleus, and in some
cases nuclear breakdown (Matsui and Amagai, 2015). A dense fibrous network can
also be observed within cells in the upper layers of the tissue, with tightly
interconnected fibres and the darker appearance of cells in the upper cells compared
to the basal and mid-layer cells due to the density of proteins within these cells (Figure
5.9). The W12E cells differentiated in 2D appeared more similar to cells within the mid-
layers of the organotypic raft cultures, as they still had intact nuclear membranes and
did not contain the dense fibrous network of cells atthe top of organotypic rafts (Figure
5.5C, Figure 5.9). This suggests that it is difficult to reproduce the later stages of

differentiation that take place within tissues in 2D culture.
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Cells within the upper layers of the epithelium contained darkly stained spheres within
the nucleus (Figure 5.10). These particles had a diameter between 44 - 55 nm and may
represent HPV virions, however, there was some variability in shape and size (Figure
5.10B, D). This variability could be due to differences in the assembly progression of
these particles or due to differences in capsid maturation. Disulphide bonds between
neighbouring L1 capsomeres are required for the maturation of capsids from relatively
unstructured, physically fragile structures to stable, tightly formed capsids (Buck et
al., 2005). The redox environment of cells is important for the development of these
disulphide bonds and it has been proposed that this process does not take place
within the reducing environment of living cells but only within the oxidising
environment of cells at the surface of the epithelium (Buck et al., 2005; Wang et al.,
2009; Buck, Day and Trus, 2013). Some cells in the upper layers of W12E rafts
contained dense clusters of darkly stained material (Figure 5.11A-D). These resemble
the aggregates of VLP’s observed previously in the literature (Flores et al., 1999) (Figure
5.11E) and could represent the staining phenotype C, with foci of L1 staining limited to
discrete areas of the nucleus. It is tempting to speculate that these particles are HPV
virions, however, due to the variability in size, it would be important to confirm our
observations with immunogold labelling of L1 to determine that these structures are

composed of viral proteins.
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Figure 5.9: Cross-sectional EM analysis of a W12E organotypic raft. W12E
organotypic rafts were grown for 14 days at the air-liquid interface, fixed and dissected
to produce 1 mm? sections of tissue. These tissue blocks were negatively stained and
embedded in resin. Thin resin sections were cut and analysed by TEM. The cross-
section through part of a raft is shown. The full thickness of the tissue was not visible
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due to the gridlines of the copper grids occluding part of the tissue (Supplementary
Figure 5.2). The upper differentiated layers are annotated by a purple line. Here,
cellular flattening and enucleation can be visualised and a dense fibrous network is
formed (with fibres indicated by orange arrows). Below this are the suprabasal cells.
The approximate cell layers in which viral-like particles were observed across tissues
is indicated by the green brace. The tissue had a small tear, likely due to processing
events so the break in the tissue at the bottom of the image does not represent the
bottom of the tissue as basal cells and the collagen layer could still be visualised
below the copper grid lines (data not shown).

Figure 5.10: Size determination of negatively stained particles within the upper
layers of W12E organotypic rafts. EM images of W12E organotypic rafts negatively
stained and embedded in resin. (A & C) Cells in the upper epithelial layers contain
darkly stained spheres which resemble viral-like particles. These cells still contain
intact nuclear membranes and the nucleus and nucleolus are denoted by N and Nc
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respectively. Orange arrows show keratin granules which demonstrate these cells are
within the upper epithelial layers. The blue boxes are magnified in the right-hand
panels. (B & D) Size determination of darkly stained particles within cells in the upper
epithelial layers of W12E organotypic rafts. Image) was used to determine the
diameter of darkly stained particles using the scale bar as a reference. Representative
images from two biological replicate W12E rafts. Scale bars =2 pym (A & C), 200 nm (B)
and 500 nm (D).
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Taken from Flores et al., 1999
Figure 5.11: Aggregates of virus-like particles in the upper layers of W12E

organotypic rafts. EM images of W12E organotypic rafts negatively stained and
embedded in resin. (A) Differentiated cell in the upper epithelial layers that showed
densely stained areas with a different composition to nucleoli. Blue boxed region is
zoomed in on the right-hand side (B). (C, D) Similar densely packed, darkly stained
aggregates of viral-like particles were observed within biological replicates. These
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appear similar to the VLP aggregates shown by Flores and colleagues (E) (Flores et al.,
1999). Scale bars =2 uym (A), 500 nm (B, C &D) and 100 nm (E).

5.7 Microwave treatment reduces L1 nuclear expression

Following our characterisation of L1 expression and localisation within W12E tissues,
we aimed to understand how microwave treatment affected this. We repeated the
quantification of cells within phenotypes A, B and C following microwave treatment.
Rafts were inverted for treatment after 14 days of growth onto gridded glass-bottomed
dishes and cells coming off the top of tissues were immediately fixed to provide a OH
time point. Microwave treatment reversed the normal progression of L1 localisation
observed during differentiation, as the proportion of cell staining patterns within
tissues fixed immediately after treatment (OH) resembled that of mock-treated tissues
at day 10 (Figure 5.12). The number of cells with diffuse nuclear staining (pattern B)
had reduced in comparison to mock-treated tissues at the same time point (52% from
72%) and the number of cells with no nuclear staining had increased (pattern A) (41%
from 23%) (Figure 5.12). Cells derived from the treated area had abnormal looking
nuclei with no nuclear L1 staining (Figure 5.13A). Instead, L1 was disorganised around
these cells, possibly due to the degradation of nuclear or cellular membranes
following microwave treatment (Figure 5.13A). The majority of cells that were derived
from the distal sites of treated tissues showed diffuse nuclear staining at OH post-
treatment, similar to mock-treated tissues (Figure 5.13A). Therefore, cells at the site
of treatment are responsible for the reduction of phenotype B in tissues 0 hours post-

treatment (Figure 5.12, Figure 5.13A).

To create a 16-hour time-point, treated tissues were incubated at 37 °C for 16 hours
following treatment and subsequently inverted onto a pre-heated glass-bottomed dish
and the cells were fixed. Again, microwave treatment was observed to reverse the
changes normally associated with differentiation. Cells derived from 16H treated
tissues had continued to lose nuclear L1 staining with 66% of cells classified within
phenotype A (from 41% at 0 hours post-treatment) (Figure 5.12). The cells that were
derived from the treated areas of rafts had nuclei that were undefined with chromatin

condensation evident, which could represent cells committing to apoptosis (Figure
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5.13A). Moreover, these cells showed very little L1 staining in either the nucleus or
cytoplasm, similar to observations at 0 hours post-treatment. At 16 hours post-
treatment, a lot of cells distal from the site of treatment had also lost nuclear L1
staining, which may be responsible fortherise in phenotype Ain comparisonto 0 hours
(Figure 5.12, Figure 5.13A). Overall, microwave treatment not only reduces L1 nuclear
localisation within treated cells, likely through nuclear breakdown induced by cell
death, but also at sites away from treatment, where nuclei still appear healthy. This
represents a reversal to the progression of L1 staining observed during the
differentiation of tissues and might therefore help to prevent virion production and

assembly.
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Figure 5.12: L1 staining within treated rafts is reduced and represents a reversalin
differentiation. Quantification of IF staining patterns of L1 in mock compared to
treated tissues. Cells derived from the top of mock rafts grown to day 10, 14 or 16, or
following microwave treatment at 0 and 16 hours, were stained for L1 and the number
of cells in each phenotypic group was quantified. At least one hundred cells were
counted foreach replicate and three individual experiments were carried out. Each dot
represents the percentage of cells with that staining pattern from each replicate and
the mean and standard deviation are displayed in the graph. The key in the top right-
hand corner represents the staining phenotype (as defined in Figure 5.6B).
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Figure 5.13: Microwave treatment results in L1 disruption at the site of treatment
and reduces nuclear L1 staining in the distal sites. Immunofluorescent staining of
L1 (green, 488 nm) and cell nuclei (blue, 405 nm) within cells from the top of
microwave-treated W12E raft tissues. (A) The staining of L1 in cells directly under the
site of treatment and cells at distal sites to treatment is shown at 0 and 16 hours post-
treatment. (B) A no-primary antibody control was imaged and processed identically to
the previous images. Images are representative of three independent experiments.
Scale bars =10 pm.

5.8 EM analysis of microwave-treated rafts reveals gross
morphological changes at the site of treatment

Subsequently, we aimed to determine if changes to virion assembly or cellular
morphology could be observed by EM analysis following microwave treatment. Rafts
were dissected to create tissue sections that contained either treated or distal tissue.
Within the treated areas of rafts 16 hours post-treatment, the tissue structure was
markedly disturbed (Figure 5.14B). Cellular and nuclear membranes were disrupted
and cell-to-cell attachments within the tissue were lost (Figure 5.14B, C). Interestingly,
the upper layers of the tissue appeared less disorganised than the mid and lower
layers, possibly due to the tight packing of cells and the dense fibrous networks in
these upper layers making them less susceptible to hyperthermia-driven disruption
(Figure 5.14B). Large dense aggregates can be observed in the mid and lower layers of
the raft which could be due to protein denaturation following exposure to heat (Figure
5.14B, C). The nuclei appear to have shrunk in size, lost their membranes and include
densely stained material which could represent condensed chromatin (Figure 5.14C).

No viral-like particles or aggregates were observed within the treated areas of treated
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tissues, however, these could be occluded by the dense aggregates of other proteins
within these cells. Moreover, due to time constraints, we were limited to two biological

replicates for analysis.

At distal sites to treatment, the tissue appeared more similar to mock-treated tissue.
Here, nuclear and cell membranes were stillintact for the majority of cells and no large
dense aggregates (likely due to protein denaturation following heat stress) were
visualised, due to the linearity of microwave treatment, up to 16 hours post-treatment
(Figure 5.15A, B). Some cells had abnormal-looking nuclei, which may represent cells
committing to apoptosis, which we have previously reported to be upregulated at
distal sites to microwave treatment (Figure 5.15C) (Conley et al., 2023). We observed
one aggregate of viral-like particles at distal sites to treatment, similar to those
observed in mock-treated tissues and previously published reports (Figure 5.15D, E)
(Flores et al., 1999). These observations were made in a tissue section that had been
fixed immediately post-treatment (OH) so it is likely that these viral-like particles had
assembled prior to microwave treatment. No aggregates of viral-like particles were
observed in tissues at distal sites to treatment that were fixed 16 hours post-
treatment. However, since aggregates were also a rare observation in mock-treated
tissues and we only analysed two biological replicates, we cannot confidently draw

comparisons between the quantity of these in mock compared to treated rafts.

Overall, microwave treatment induces large morphological changes at the site of
treatment. The temperature increase disrupts cell and nuclear membranes but this
effect is limited to the site of treatment, confirming the linearity of microwaves. No
viral-like particles could be observed within the treated sites of tissues. Aggregates of
viral-like particles, as seen in mock-treated tissues, were evident at sites distal to
treatment immediately following treatment, but virus-like particles were absent in

distal sites to treatment at 16 hours post-treatment.

190



Figure 5.14: Microwave treatment results in gross morphological changes to
tissue structures. Microwave-treated and mock W12E tissues were sectioned to
produce 1 mm?® sections of tissues directly at the site of treatment negatively stained
and embedded in resin. Thin resin sections were cut and analysed by TEM. (A) Mock-
treated W12E tissue for comparison. (B) The treated site of W12E tissues at 16 hours
post-treatment showed gross morphological changes. Nuclear and cellular
membranes were disrupted and cell-to-cell connections lost. The cells in the red box
are magnified in (C). Scale bars =10 pm (A), 20 um (B), 5 pm (C).
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Figure 5.15: Gross morphological changes induced by microwave treatment are

limited to the treated sites. Microwave-treated W12E tissues were sectioned to

produce 1 mm?® sections of tissues at distal sites to treatment (> 3 mm from the edge

of treated tissue), negatively stained and embedded in resin. Thin resin sections were

cut and analysed by TEM. (A, B) Distal sites of treated W12E tissues at 0- and 16-hours
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post-treatment. The cellular and nuclear membranes were still present and cellular
connection remained. Some cells appear to be undergoing apoptosis, such as the one
within the red box, shown magnified in (C). (D, E) Densely stained virus-like particle
aggregates observed in distal sites to treatment at 0 hours post-treatment resemble
those seen in mock-treated tissues. Scale bars =5 um (A, C), 10 um (B), 5 um (B), 200
nm (D) and 500 nm (E).

5.9 Discussion

We characterised the localisation of the HPV16 major capsid protein L1 in
differentiated W12E cells. These cells were derived from a natural infection and
contain HPV episomes, allowing analysis of L1 in the context of the viral genome and
production of the other viral proteins, which is a limitation of many previous studies.
Initially, we used 2D differentiation models. The majority of cells had exclusively
cytoplasmic L1 staining, which is similar to previous reports (Milligan et al., 2007). In
differentiated W12E cells grown in 2D, diffuse nuclear staining of L1 was rarely
observed and punctate clusters could be visualised at the nuclear boundary using z-
stacks. These clusters could represent L1 capsomeres that are imported into the
nucleus through the nuclear pores via association with karyopherins (Bird et al., 2008;
Nelson, Rose and Moroianu, 2002; Nelson, Rose and Moroianu, 2003; Merle et al.,
1999). To our knowledge at the time of writing, no other studies have reported these L1

condensates at the nuclear periphery.

We extended our analysis of L1 localisation to cells in the upper layers of organotypic
raft cultures. This involved the development of a protocol for the isolation of these
cells and subsequent immunofluorescence staining and imaging to high resolution,
which has never previously been attempted in the field. Differentiation phenotypes
such as cell flattening and nuclear reorganisation, with larger nucleoli and
condensates of chromatin, could be observed in the upper cell layers of tissues
analysed by EM (Matsui and Amagai, 2015). Since rafts were inverted onto dishes, we
propose that these top cell layers were retained on the glass dishes and analysed by
IF and therefore, these cells represent more terminally differentiated stages in
comparison to the cells differentiated in 2D. Within cells derived from the upper layers

of W12E raft cultures, most cells had diffuse nuclear L1 staining which was excluded
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from the nucleoli (phenotype B). This is similar to previous reports of L1 staining
patterns using transfection assays (Kieback and Muller, 2006; Siddiga et al., 2015;
Nelson, Rose and Moroianu, 2002). At later time points of raft growth, when more
terminal differentiation had taken place, the proportion of cells with L1- staining foci
within the nucleus had increased. These foci have similarities to observations by Day
and colleagues of L2 recruitment of L1 to nuclear foci, but our observed fociwere fewer
in number and larger in size than these previous reports (Day et al., 1998). However,
the percentage of foci observed in this study was similar to transfection assays using
codon-optimised L1 and L2 expressing plasmids (Kieback and Muller, 2006). The
authors observed 4% to 13% foci staining of L2 in cell populations when using low and
high concentrations of L2 respectively (Kieback and Muller, 2006). L2 was reported to
recruit L1 to these nuclear dots, so a similar percentage of L1 foci may be expected
(Day et al., 1998; Kieback and Miiller, 2006). We observed 1% to 12% of L1 foci staining
in cells derived from day 10 and day 16 rafts respectively. The accumulation of L2 in
these cells as they continue differentiating over time may drive this increase. This
represents a future avenue for research to determine if L1 and L2 colocalise in these
cells. Synthesis of L2 is thought to precede L1 expression in terminally differentiating
keratinocytes, but a threshold of L2 concentration may be required before
relocalisation of the capsid proteins to foci occurs (Florin et al., 2002a; Florin et al.,
2002b; Kieback and Muller, 2006). We observed potential intermediates along this
pathway which were not observed in previous studies but the transfection assays used
in those reports may result in the overexpression of proteins, preventing the

visualisation of intermediates (Kieback and Miiller, 2006).

We propose that these foci of L1 may represent viral replication or assembly factories.
Incoming virions have now been well documented to colocalise with PML-NBs (Day et
al., 2004) and previous studies observed L1 colocalisation with PML-NBs when L1 was
coexpressedwith L2 (Dayetal., 1998; Kieback and Mtiller, 2006). L2 is known to induce
the translocation of papillomavirus E2 and the cellular protein PMSP to PML-NBs
(Heino, Zhou and F., 2000; Gornemann et al., 2002). This recruitment of E2 may enable
the packaging of viral DNA into capsids due to its known ability to bind to episomal
papillomavirus genomes (You et al., 2004; McBride, 2013). Viral protein accumulation

at PML-NBs may therefore facilitate virion assembly at late times of infection. L2 can
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also promote the reorganisation of PML-NBs, with Sp100 release and Daxx
concentration (Florin et al., 2002b). Sp100 is a known repressor of viral infection,
although it has previously only been implicated in the initial stages of viral
establishment, so itis unclear if this function of L2 is necessary at the later assembly
stages (Stepp, Meyers and McBride, 2013). Whilst we did not perform colocalisation
experiments in this work for L2 or PML-NB components, we predict that due to the full
viral genome being present in these cells, L2 expression could direct L1 to PML-NBs,
resulting in the foci staining observed. Future experiments should include co-staining
of L1 with both L2 and PML-NB components to confirm this hypothesis. The closely
related polyomaviruses have been demonstrated to use replication factories within
the nucleus which colocalise with PML-NBs, which may represent a shared

mechanism between these viruses (Erickson et al., 2012).

Although our CLEM analysis of L1 staining on the upper cells of differentiated W12E
rafts was unsuccessful, we were able to image the ultrastructure of cross-sections of
W12E organotypic rafts at high resolution. Within the upper layers of these tissues,
aggregates of densely stained particles were observed that resembled the VLP
aggregates reported by Flores and colleagues (Flores et al., 1999). These were tightly
packaged and could represent the foci seen by immunofluorescence, composed of
multiple independent structures, suggesting that these foci may be papillomavirus
assembly sites. However, to increase our confidence in these findings, it would be
important to have correlated data for these cells confirming they show the overlapping
foci staining of L1 by both immunofluorescence and EM and/or to use immunogold
labelling for L1. We also observed individual viral-like particles in the nuclei of
epithelial cells in the upper layers of rafts. These were of a similar size to previous
reports of HPV virions in rafts (Pyeon et al., 2005; Wang et al., 2009; Meyers et al., 1992;
Song et al., 2010) but the size and shape of these particles varied. Variability in virion
size and shape in organotypic raft cultures harbouring HPV16 has previously been
reported in the literature (Conway et al., 2009). Virions within raft cultures may
therefore have immature capsids. These capsids have previously been demonstrated
to have structural flexibility due to the lack of disulphide bonds and appear variable in
size and shape by EM analysis (Buck et al., 2005; Buck, Day and Trus, 2013). The

development of disulphide bonds in the HPV capsid requires several days during
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desquamation and is associated with the oxidising environment of the cell (Buck et al.,
2005; Conway et al., 2009). The nuclei of cells in the mid and upper layers of
organotypic rafts are largely a reducing environment and the limited growth time of
organotypic rafts (14 days) may not allow for the terminally differentiating cell oxidising
environment required for virion maturation (Conway et al., 2009). Again, it would be
important to carry out L1 immunogold labelling on these viral-like particles observed
in the nuclei of the upper epithelial layers of W12E rafts to confirm that these contain

viral proteins.

This work progresses the current knowledge of L1 localisation within differentiated
cells that mimic natural infection. Although L1 staining had been carried out in tissue
sections of organotypic rafts and productive lesions, the resolution limitations
prevented spatial analysis of the staining within nuclei (Middleton et al., 2003; Milligan
etal., 2007; Wechsler et al., 2012; Song et al., 2010; Ferguson et al., 2021; Lagana et
al., 2024). Moreover, current work that discusses L1 localisation within the nucleus
was done using transfection or viral vector assays that introduce L1 alone or with L2
(Day et al., 1998; Schafer, Florin and Sapp, 2002; Siddiga et al., 2015; Nelson, Rose
and Moroianu, 2002; Kieback and Mdiller, 2006). Here, we provide analysis of L1 to high
resolution in models that contain the entire viral genome and allow for the full viral
lifecycle to take place. Our work shows that the majority of L1 nuclear staining is
diffuse. Over time, and possibly accumulation of L2 within these cells, an increase in
L1 foci staining was observed which we predict to colocalise with PML-NBs. This
confirms previous observations of L1 localisation within transfection and viral vector

systems.

Microwave treatment was observed to revert the usual progression of L1 staining in
cells during differentiation. Instead, more cells showed no nuclear L1 staining
following microwave treatment. This was evident within the treated areas of tissues at
0 hours post-treatment and extended into the distal areas of tissues at 16 hours post-
treatment. This contrasts with our previous observations of an increase in epithelial
cell differentiation (Chapter 3) (Conley et al., 2023) and L1 transcription following
microwave treatment (Chapter 4). Heat shock results in the retention of non-HSP

mRNAs in the nucleus where they accumulate (Saavedra et al., 1996; Saavedra et al.,
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1997; Carmody et al., 2010). Therefore, even with an increase in the transcription of
L1, if these transcripts cannot access the cytoplasm to be translated following
microwave treatment, L1 protein cannot be transported back into the nucleus for
virion assembly. Within the treated areas, we observed cellular and nuclear
membrane breakdown which is likely responsible for the loss of nuclear L1 staining
following treatment. Moreover, at 16 hours, chromatin condensation was evident in
the treated areas, possibly due to apoptosis, and there was very little L1 staining. No
viral-like particles or aggregates of viral-like particles could be observed within treated
areas. However, this was limited to two biological replicates and condensates of
proteins caused by heat shock could obscure these particles. In the distal areas of
treated rafts at later time points, the cells appeared healthy, with intact nuclei and cell
boundaries visible by confocal microscopy, but nuclear L1 staining was reduced. EM
analysis revealed the distal areas of treated rafts to have intact nuclear and cellular
membranes. Aggregates of viral-like particles previously observed in mock-treated
tissues were present in the distal sites of tissues immediately following microwave
treatment but could not be visualised within these sites at 16 hours post-treatment.
However, this was limited to two biological replicates and since these aggregates were
a rare observation, we cannot confidently conclude they are lost in the distal sites of

tissues at later time points post-treatment.

Since virion assembly takes place within the nucleus, the overall reduction in L1
nuclear staining following microwave treatment may act to reduce the production of
new virions (Buck, Day and Trus, 2013). In particular, the large reduction in L1 foci
staining following treatment, which we propose to represent assembly sites of HPV,
may help to prevent the assembly of new virions and subsequent infection. This could
help to prevent recurrence of disease from re-infection from an adjacent or distant
site, if observations of a lack of viral-like particles at later time points post-treatment
are correct (Reuschenbach et al., 2023) (Figure 5.16 Case 2 & 3). However, our work is
limited to 16 hours post-treatment so it would be important to determine if these
observations were extended to later time points. To investigate this further and the
possibility of recurrence from reinfection following microwave treatment, in vivo work
would be required as the lifetime of organotypic rafts is a limiting factor for this

analysis. It would be important to also quantify the virions derived from mock and
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microwave-treated tissues, which could make use of previously developed assays to
determine viral titres and infectivity (Bodily et al., 2011). Previously, microwaves have
been reported to inactivate influenza particles through structure-resonant energy
transfer (Yang et al., 2015). The authors hypothesise that microwave photons at
frequencies of 8 GHz are capable of physically fracturing virions. Whilst influenza has
an envelope and is a different size to HPV, which may result in different resonances of
the two viruses, itis an interesting mechanism to consider alongside our observations
of no viral-like particles within the treated areas of W12E rafts. Further investigation to
determine if this is the case for HPV could involve microwave-treating HPV VLPs or

PsVs and analysing virion structures to identify disruption by electron microscopy.

Overall, using high-resolution imaging we have defined the localisation of the major
capsid protein of HPV within differentiated epithelial cells harbouring the entire viral
genome. Microwave treatment of organotypic rafts reverted the usual progression of
L1 staining during differentiation, which resulted in a reduction of cells with L1 nuclear
positivity. Since HPV assembles within the nucleus, microwave treatment may prevent

virion production and help to prevent recurrence from autoinoculation.
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Figure 5.16: Models of recurrence following treatment of CIN2+ lesions. Types of
subsequent disease development after excisional treatment of a CIN2+ lesion due to
residual cells (Case 1), HPV re-infection due to autoinoculation from an adjacent site
(Case 2) or re-infection from a distant site or new infection from a partner (Case 3).
Figure made by Caroline Walker and adapted from Reuschenbach et al., 2023.
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5.10 Supplementary figures:
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Supplementary Figure 5.1: L1 staining phenotypes do not vary over the thickness

of the cell. Immunofluorescent staining of L1 (green, 488 nm) and cell nuclei (blue,
405 nm) in cells derived from the top of W12E organotypic rafts. A z-stack was
collected with serial sections (Z=1 to 14) taken along the z-plane every 0.3 pm to show
L1 staining throughout the thickness of the nucleus. The L1 staining pattern does not
change whilst traversing through the nucleus. A no-primary antibody control was
imaged and processed identically to the previous images. Scale bars =10 pm. The
same acquisition and processing settings were used as in Figure 5.6.
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Top of the raft

Supplementary Figure 5.2: The thickness of W12E tissue within resin sections
extends over the copper gridlines of TEM grids, preventing high magnification image
acquisition of the full thickness of the raft tissue.
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Chapter6 Discussion

Human papillomavirus is the most common sexually transmitted viral infection and
can result in morbidities in the mucosal epithelium of the anogenital region and other
anatomical sites (Bruni et al., 2023). Whilst an effective prophylactic vaccine is now
available against many of the most common, disease-causing genotypes of HPV
(Frazer, 2019; de Sanjose et al., 2019), the uptake of this vaccine is low in many
geographical areas and the vaccine was only introduced in 2006, initially just to
adolescent females, leaving several generations unprotected (Bruni et al., 2016).
Cervical canceris the most extensively studied disease arising from HPV infection and
whilst the WHO has implemented targets for the eradication of cervical cancer (WHO,
2020), recent models have predicted that the threshold for elimination (less than 4
cases per 100,000 women per annum) will not be reached until 2100, dependent upon
a high (90%) vaccination and screening rate (Brisson et al., 2020). Cases of HPV-
positive cervical, anal and oropharyngeal cancers are rising (Lechner et al., 2022;
Deshmukh et al., 2020; IARC, 2022). Therefore, there is still a large burden of disease
caused by HPV, which requires good treatment options, especially in low and middle-
income countries (LMIC) where the number of cases is predicted to rise the highest
(IARC, 2022). Current treatment options are relatively effective but carry with them
significant side effects, potential complications and some carry high rates of
recurrence (McCarthy et al., 2016; Prendeville and Sankaranaryanan, 2017; Martin-
Hirsch et al.,, 2013; Kyrgiou et al., 2006). Therefore, we aimed to determine if
microwave treatment, which has previously been used for the treatment or co-
treatment of selected cancers, may offer an improved option for the treatment of HPV-
positive anogenital lesions (Wang et al., 2021; Breen and Lencioni, 2015; Liu et al.,
2022). The Swift® is a hand-held device capable of delivering microwaves through a
probe applicator tip and has previously been observed to be safe and effective for the
treatment of HPV-associated plantar warts and actinic keratoses (Bristow et al., 2017;
Jackson et al., 2020). Before extending the Swift® device to the treatment of HPV-
positive anogenital lesions, we sought to investigate the molecular mechanisms
behind microwave treatment on the life cycle of HPV and the keratinocytes the virus

infects.
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Before discussing the effects of microwave treatment elucidated in this study, a
summary of the novel HPV lifecycle findings in this thesis will be provided. The main
aim of Chapter 5 was to determine, to a high resolution, the intracellular localisation
ofthe HPV16 major capsid protein L1. Our analysis used W12E cells which contain the
entire viral genome and were differentiated within organotypic rafts, providing a more
natural infection model than previous studies (Day et al., 1998; Sun et al., 1995;
Schafer, Florin and Sapp, 2002; Siddiga et al., 2015). We provide new insights into the
change of L1 nuclear localisation over time, which had not previously been possible
due to limitations in transfection-based or viral vector assays. We observed an
accumulation of L1 within the nucleus over raft growth time, which supports the theory
of virion assembly in the nucleus of more differentiated cells (Buck, Day and Trus,
2013). Following the nuclear translocation of L1, which was initially diffusely
distributed about the nucleus, L1 became localised to tightly stained nuclear foci. The
percentage of foci observed is similar to previous studies that used codon-optimised
L1 and L2 transfection assays (Kieback and Miller, 2006) and supports the
observations of L1 localisation to PML-NBs, first reported by Day and colleagues (Day
et al., 1998). We propose that these foci of L1 correlate to aggregates of viral-like
particles observed by EM in our work, which mirror those observed by Flores and
colleagues (Flores et al., 1999). However, due to a low cell density restricting cellular
identification by EM, our correlative approach of the immunofluorescence and EM
data was prevented, and further work is required to confidently draw this conclusion.
Avenues for future research include immunogold labelling to confirm that the
aggregates of viral-like particles contain HPV capsid proteins. Moreover, to overcome
the CLEM limitations of a low cell density, it may be possible to use nitrocellulose
blotting membranes to retain a confluent layer of cells from the top of organotypic
rafts. This strategy has recently been used to preserve a near-uniform coverage of
surface cervical keratinocytes, which can subsequently be wused for

immunofluorescence staining (Shiraz et al., 2022).

The main aim of Chapter 3 was to investigate changes to the keratinocyte
transcriptional landscape following microwave treatment. The results indicate that
microwave treatment of 3D in vitro-grown tissues results in a hyperthermic response,

which strengthens our previous observations of HSP70 induction following treatment
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(Conley et al.,, 2023). A comparison of our data with previously published
transcriptomes of cells undergoing hyperthermia revealed several shared genes and
pathways (Yonezawa and Bono, 2023; Scutigliani et al., 2022; Richter, Haslbeck and
Buchner, 2010). This suggests that the temperature reached within tissues rather than
the method of heating is most important to the resulting transcriptomic effects within
cells, which contrasts with previous observations of different heating methods
resulting in differing biological effects (Yang et al., 2016; Whitney, Carswell and
Rylander, 2013). Microwave treatment resulted in some transcriptomic changes that
haven’t previously been reported in other studies on hyperthermia, such as increased
differentiation, although this may be characteristic of the keratinocyte model used in
this work. We previously observed increased differentiation following microwave
treatment through involucrin and keratin 10 staining (Conley et al., 2023). The high
degree of variation observed in samples 16 hours post treatment represents a
limitation to our sequencing analysis. Subsequent work to increase the number of
biological replicates per sample group to enable identification of outliers would

improve the confidence in the results.

Microwave treatment also induced immune activation. The role of hyperthermia in
immune activation is well-documented (Toraya-Brown and Fiering, 2014) although not
extensively reported in previous transcriptome meta-analyses (Yonezawa and Bono,
2023; Scutigliani et al., 2022; Richter, Haslbeck and Buchner, 2010). Innate immunity
was activated, at both the mRNA and cytokine level, in HPV-negative and HPV-positive
cells following treatment but this increase was greater in HPV-positive cells. We
propose that the enhanced immune activation in treated compared to mock HPV-
positive cells is through the alleviation of the normal immune evasion tactics used by
the virus (Section 1.9.2) (Zhou, Tuong and Frazer, 2019). The viral oncoproteins have
multiple functions in inhibiting immune activation (Scarth et al., 2021) and we have
previously shown that microwave treatment decreases the expression of E6 and E7 in
cervical cancer models (Conley et al., 2023). We provide additional evidence for
oncoprotein downregulation following treatment within an earlier disease stage by
inferring an indirect decrease in the expression of E6 and E7 through increased
expression of their downstream target proteins, p53 and Rb (Figure 4.10, Figure 4.11).

Therefore, detection of the virus may be unhindered, resulting in an increased
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mounting of the immune response following microwave-delivered hyperthermia. We
observed an increase in several Th1 cytokines following microwave treatment in both
HPV-negative and HPV-positive cells, which builds on existing evidence of microwave
treatment upregulating Th1 immunity (Zhou et al., 2021) and cross-presentation of
antigens to CD8+ T cells (Bristow et al., 2017). Therefore, microwave treatment may be
capable of driving the Th1/Th2 balance from a Th2 dominant response which enables
viral persistence (Alcocer-Gonzalez et al., 2006; Torres-Poveda et al., 2014) to a Th1
dominant response which is responsible for the clearance of HPV (Coleman et al.,

1994; Konya and Dillner, 2001; Nakagawa et al., 2002).

Following our observations of microwave treatment altering the host transcriptome,
our main aim of Chapter 4 was to investigate if this was also extended to viral
transcription. Within models of cervical cancer, the abundance of transcripts
encoding the E6 and E7 oncoproteins was decreased in a spatially localised manner,
which radiated from the treated to proximal and distal areas following treatment
(Conley et al., 2023). In cells that contain HPV16 episomes and resemble an earlier
model of disease, microwave treatment caused a significant increase in the
expression of the early and late viral transcripts, with a larger magnitude fold change
in the late viral transcripts. We hypothesise that the increase in the differentiation
status of the keratinocytes following microwave treatment is responsible for this
increase (Chapter 3). Following this rise, a decrease in HPV16 mRNA levels was
observed at later time points post-treatment, which could be due to immune
activation or the cell stress response inhibiting transcription. Previous reports have
suggested that non-heat shock protein mRNAs are retained within the nucleus of
eukaryotes following hyperthermia, although this has not been confirmed in
mammalian cells (Saavedra et al., 1996; Saavedra et al., 1997; Carmody et al., 2010).
If mMRNAs were transported out of the nucleus, we have previously observed the
formation of stress granules in microwave-treated cells which would prohibit
translation (Conley et al., 2023; Riggs et al., 2020) Therefore, these mechanisms may
prevent the viral transcripts from being translated following treatment. Our results
support this as we observed an increase in the expression of p53 and Rb following
microwave treatment, which are normally targeted by E6 and E7 respectively for

degradation. Agreaterincrease in p53 compared to Rb was observed, likely due to heat
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shock-mediated induction of this protein (Jentsch et al., 2020). L1 expression and
localisation in microwave-treated cells were also disrupted with reduced nuclear
translocation of the protein and very few instances of foci staining in comparison to
mock-treated tissues. The production of new virions will be hampered if L1 cannot
access the nucleus, the site of virion assembly (Buck, Day and Trus, 2013). In support
of this, no viral-like particles were observed by EM within the treated areas of treated
rafts, however further investigation is required to confirm this using immunogold
labelling. Our EM observations of treated rafts also showed nuclear and cellular
membrane breakdown within the treated areas. Nuclear breakdown could expose the
viral DNA, which is normally tightly confined to the nucleus, to cytosolic PRRs (Uhlorn
et al., 2020; Moody, 2022) whilst cellular breakdown could expose viral antigens to
antigen-presenting cells within the epithelium (Stanley, 2006). We also showed that
microwave treatment could inhibit viral genome replication (Figure 4.12). Altogether,
microwave treatment reduced viral transcription at later time points, inhibited genome
amplification and interfered with viral protein production and localisation within the

cell representing a restriction of the viral life cycle.

Our data builds on existing evidence that microwaves are a safe and effective form of
treatment for HPV-associated lesions (Bristow et al., 2017; Hagon et al., 2023; Jackson
etal., 2020). Microwave treatment of in vitro models of HPV-positive anogenital lesions
ablates the tissue precisely at the site of treatment without grossly disturbing the
neighbouring tissue (Conley et al., 2023). Previously, we reported that microwaves
could induce HSP70, apoptosis and autophagy, downregulate the HPV oncoproteins
and reduce proliferation in cancer models (Conley et al., 2023). The work presented in
this thesis has uncovered some of the additional molecular mechanisms behind
microwave treatment. We confirmed that microwave treatment results in
hyperthermia and our results indicate an induction of immunity and inhibition of the
viral life cycle in precancerous models of disease. Alongside ablation of lesions, the
immune activation and viral life cycle inhibition driven by microwave treatment may
prevent local recurrence and in cases of multifocal disease, may result in the
regression of lesions at untreated sites. The importance of immunity in preventing
lesion recurrence is evident through studies that have introduced pre or postoperative

vaccination for HPV, found to result in a 59% risk reduction for CIN2+ recurrence in a
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recent meta-analysis (Jentschke et al., 2020). Larger studies that are currently taking
placeincludingthe NOVEL, HOPE9, VACCIN and CONVENANT trials will confirm these
conclusions and help to determine the optimal point of vaccination. However, due to
the expense of vaccination and the requirement for trained personnel for excisional
treatment, a treatment option thatinduces the immune response would be more cost-
effective and applicable to LMIC. The low cost of the Swift®, at several thousand
pounds, alongside the potential foritto be used without a consistent electricity supply

also makes it attractive for use in developing nations.

Microwaves offer a greater depth of penetration in comparison to cryo- or laser
therapies (Conley et al., 2023). This is particularly beneficial when considering the
hypothesis that the reserve cells, which lie under the basal cells of the epithelium,
frequently harbour HPV infection following treatment and can result in recurrence
(Doorbar and Griffin, 2019; Reich and Regauer, 2023). No smoke orvapour is produced
by the Swift® device, making it safe for virus-positive lesions and different probe sizes
could be designed to target lesions at particular anatomical sites. Moreover, the small
size of the treated area following microwave treatment may reduce the associated
side effects, compared to other treatment options, and the risk of subsequent
complications carried by the excisional techniques. Participants in the cutaneous in
vivo studies using the Swift® device reported pain from microwave treatment, which
was bearable and transient and didn’t require the use of anaesthesia (Bristow et al.,
2017). Whilst treatment of the mucosal epithelium could result in higher pain, local
anaesthesia could be administered alongside treatment (as for the excisional
therapies), allowing microwave treatment to be used as a part of a ‘see and treat
approach’, which can be particularly efficientin low resource settings (Prendeville and
Sankaranaryanan, 2017). Moreover, microwave treatment is quick, which could save
clinicians time, and the mild nature of the procedure might allow for sequential
treatments to be carried out in quicker succession than those used currently. We
propose that the Swift® device could be used to improve the treatment of genital warts
and anal, cervical and vulval precancers (AIN, CIN and VIN) and the device has
recently been approved for a clinical trial for AIN. Data from the clinical trial will enable

an analysis of the pain experienced by individuals undergoing treatment and
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determine the requirement for local anaesthesia. Longitudinal studies will also enable

the effectiveness and recurrence rates to be determined in mucosal lesions.

Our in vitro modelling of tissues that resemble CIN-grade lesions and cervical cancer
has allowed us to analyse the molecular mechanisms behind microwave treatment,
however, they have some major limitations. We carried out our research exclusively
on models containing HPV16. The high-risk HPV types share many similarities in their
life cycles and genome organisation, so the findings presented in this thesis likely
apply to infections with other high-risk types (Graham, 2017; Doorbar et al., 2012).
However, some differences between the high-risk viruses have been proposed, such
as the hypothesis that the HPV16 dominance in OPSCC cases is due to differences in
the interactions of the high-risk viral proteins with the immune system (Villa et al.,
1992; Roberts et al., 2019). NIKS18 are an attractive model for further testing of
microwave treatment since, due to the isogenic background of NIKS16 and NIKS18,
direct comparisons between HPV16 and HPV18 could be made. The low-risk HPV
types share many similarities in their life cycles with the high-risk types with the core
proteins (E1, E2, E4, L1 and L2) having conserved roles (Egawa and Doorbar, 2017).
Therefore, both the immune activation and the disruptions to the HPV16 life cycle
observed in our study (which also took place in HPV-negative cell lines) are likely

extendable to lesions containing these IrHPV types.

Another limitation is that these models do not represent the complexity of the tissue
structure as they do not contain infiltrating immune cells, such as LCs, or a blood
supply. Itis also difficult to model lesion regrowth following microwave treatment due
to the limited lifespan of these models. Moreover, the nature of heating within tissues
is different and optimisation of the treatment parameters would be required before
implementing the therapy into each new tissue site. To overcome some of these
limitations, in vivo animal modelling could be used. Mice infected with the mouse
papillomavirus MmuPV1 can form lesions in the vaginal and anal tracts (Cladel et al.,
2013; Cladeletal.,2015; Hu etal., 2015). Thiswould provide a model of the anatomical
site of interest and could be used to investigate immune cell infiltration and lesion
regression. MmuPV1 infection can also induce lesions at the back of mouse tongues,

providing models of OPSCC which would allow comparisons between microwave
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treatment at different sites within the same model (Cladel et al., 2016). However,
differences between MmuPV1 and the high-risk HPV types exist, including differences
in the functions of the oncoproteins (Hu et al., 2017; Romero-Masters, Lambert and
Munger, 2022). Furthermore, due to the extensive host adaptation of the
papillomaviruses (Doorslaer, 2013), there are likely differences in the immune evasion
strategies used by MmuPV1 that may limit the extension of these findings to anogenital
lesions caused by the high-risk HPV types. An alternative in vivo model could be to
generate tumours in transgenic mice containing the HPV16 E6 and E7 oncoproteins
under the control of the K14 promoter (Song, Pitot and Lambert, 1999; Schaeffer et al.,
2004). These mice can develop anal or cervical cancers following treatment with the
chemical carcinogen DMBA (Stelzer et al., 2010; Thomas et al., 2011) or exogenous
estrogen (Spurgeon et al., 2017) respectively. Similarly to MmuPV1 infection, this
would provide a model of disease which would include immune cell communication
and could provide a model of lesion regrowth following treatment. Moreover, it would
allow confirmation of a reduction in the HPV16 oncoproteins following microwave
treatment. However, gene expression is regulated from the K14 promoter rather than
the endogenous papillomavirus promoter and since E6 and E7’s functions are
dependentupon theirinteraction with several proteins, there may be some differences
inthese protein-protein interactions in mice. The small size of these murine anogenital

lesions would also require alterations to the Swift® probe and microwave energy.

In conclusion, this investigation has shown that microwave treatment induces
hyperthermia, which can drive immune activation within keratinocytes. The resulting
cytokine release would be predicted to induce a Th1 response which may help to
protect against disease recurrence. Microwave treatment inhibits the human
papillomavirus life cycle by restricting viral genome amplification and gene expression
at later time points post-treatment. We have progressed the current understanding of
the localisation of the major capsid protein within a natural model of disease and
observed disruption of L1 nuclear placement following microwave treatment, which
may prevent virion assembly. Overall, our work has added to the growing body of
evidence that microwave treatment is a safe and effective therapy. We have

additionally provided evidence for the extension of its use to HPV-driven lesions in the
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anogenital region which has contributed to the approval of the Swift® device for clinical

trials for the treatment of AIN.
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Appendix
Primer efficiencies for RT-qPCR

To calculate the primer efficiencies for any unpublished primer probe sets (HSP70, IL-
1B, TNF-a and TGT), six ten-fold dilution series of cDNA were run in triplicate by RT-
qPCR using the primer-probe sets. A simple linear regression was carried out on the
resulting Crvalues and log (Dilution factors). The slope of the line was then used to
calculate the gPCR Efficiency, using the ThermoFisher online gqPCR Efficiency
Calculator. All efficiencies were within 90 — 110% and considered acceptable. Work
performed by Andrew Stevenson.

TNFa IL-6
40- 40
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Supplementary Figure 1: Primer efficiencies for RT-gPCR. A cDNA sample was
serially diluted (using 10-fold dilutions) and run by RT-gPCR using primer-probe sets
for TNF-qa, IL-6, HSP70 and Transglutaminase. Samples were run in triplicate and a
semi-log plot shows the resulting Crvalue against the dilution factor. A simple linear
regression was used to calculate the slope of the line and this was used to estimate
the efficiency of the reaction (E) using the ThermoFisher online qPCR Efficiency
Calculator.
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