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Abstract

Infection with Human papillomavirus (HPV) presents a continuous global health challenge due
to its incurable nature, particularly impacting low- and middle-income countries (LMIC).
Although highly effective prophylactic vaccines targeting the most prevalent HPV types exist,
they do not cover all oncogenic HPV types found in malignant lesions and the extent of cross-
protection against other oncogenic HPV types is limited. Moreover, these vaccines are
ineffective for women already infected with high-risk HPV types. These limitations are more
prominent in LMIC, where limited healthcare access, awareness, and proper transport and
storage hinder vaccine accessibility. Cervical cancer’s persistent status as the fourth most
common cancer in women globally underscores the urgent need for alternative interventions
that broadly target HPV infections. In an effort to identify alternative broad-spectrum protective
means against HPV infection, our previous research identified surfactant protein A (SP-A), an
innate immune opsonin, as a novel molecule capable of recognising HPV16 pseudovirions
(HPV16-PsVs) with functional consequences for reduced infection in a murine cervicovaginal
HPV challenge model. Building on these findings, our aim was to assess SP-A's suitability as
a novel broad-spectrum HPV targeting molecule to prevent initial viral infection of the human
keratinocyte cell line, HaCaT. Additionally, we aimed to study SP-A’s ability to agglutinate
HPV-PsVs and to assess potential consequences of this SP-A coating on immune cell

recognition and elicited immune responses in human-derived immune cells.

Our study demonstrated SP-A's ability to agglutinate and opsonise multiple oncogenic HPV-
PsVs types, which was accompanied by their enhanced uptake and clearance by RAW264.7
murine macrophages, THP-1 monocytes, and THP-1-derived immature dendritic cells (DCO).
Importantly, SP-A-opsonised HPV-PsVs resulted in decreased viral uptake and infection of
HaCaT keratinocytes. These results were supported by increased lysosomal accumulation of
SP-A-opsonised HPV16-PsVs as observed for both RAW264.7 and HaCaT cells. Co-culturing
selected immune cells with HaCaT keratinocytes further reduced HPV-PsV infection in the
presence of SP-A which might be explained by SP-A’s behaviour in driving a proinflammatory
immune response in THP-1 and DCQO, in the presence of HPV16-PsVs, as identified by
cytokine profiling. These results unveiled SP-A's versatility and substantial influence on
various HPV interactions with immune cells and keratinocytes and laid the foundation for future
research into the development of alternative prophylactic interventions. Increasing innate
immune recognition by exogenous supplementation with SP-A (or SP-A derivatives) holds
promise for broader protection against diverse HPV types and potentially other sexually

transmitted infections.



1 Introduction

Papillomaviruses (PVs) are a diverse family of viruses known as Papillomaviridae (1). Within
this family, there exist over 160 characterised genotypes of human papillomaviruses (HPVs)
(2). HPVs are classified into two main categories: low-risk (LR) and high-risk (HR), based on
their potential to cause malignancy (3). These viruses are primarily transmitted through sexual
activity, making them a global health concern due to their high prevalence and significant
disease burden (4, 5). In particular, infection with HR or oncogenic HPVs is a critical public
health issue, as it is directly associated with the development of various human cancers. More
than 30% of all cancers caused by infectious agents are attributable to HPV (6), where these

HPV infections contribute to approximately 5% of all human cancer cases (5).

Among the oncogenic HPV types, 15 have been identified and characterised, namely types
16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, and 82. HPV types 16 and 18 are the
most prevalent globally (7). These two HR HPV types are responsible for the majority of
cervical cancer cases, contributing to approximately 70% of all documented instances (8).
HPVs can infect both men and women, and while cervical cancer is the most well-known
consequence, HR HPVs are also associated with other anogenital cancers (9). There is also
a growing association between HPV infection and the rising incidence of head and neck
cancers (HNCs), particularly oropharyngeal cancer (10). However, it is important to note that
approximately 570,000 women are diagnosed with cancers related to HPV (including cervical

cancer), while the corresponding figure for men is 60,000 (9).

While HPV infection is necessary, it is not the sole determinant in the development of cancer.
Many co-factors have been established for the initiation and progression of cervical cancer,
some of which include long-term use of contraceptives, tobacco smoking, chronic
inflammation, and co-infection with human immunodeficiency virus (HIV) (11-13). Other likely
co-factors include co-infection with Chlamydia trachomatis (C. trachomatis) and herpes

simplex virus type-2 (HSV-2), as well as genetic and immunological factors (12, 14).

The higher incidence of cervical cancer in low- and middle-income countries (LMICs) can be
attributed to a combination of factors, including a disproportionately high prevalence of HIV,
limited access to efficient screening and monitoring systems, and challenges related to
healthcare facility accessibility (9). Globally, cervical cancer ranks fourth for both incidence
and mortality in women (15). However, it is the second most common cancer in South Africa
(16) as well as the leading cause of female cancer- associated deaths in Sub-Saharan Africa

(17). In Sub-Saharan Africa, where the burden of HIV is substantial, individuals living with HIV



are at an elevated risk of developing cervical cancer due to weakened immune responses,

which can facilitate the persistence of HPV infections (see Section 1.6) (18).

As persistent infection with oncogenic HPVs is strongly linked to cervical cancer, it has the
potential to be preventable. Highly efficient vaccines targeting the most common oncogenic
HPV types are on the market, but access to these vaccines by the target groups in LMIC has
proven challenging for a number of reasons (see Section 1.6). Therefore, alternative means

to protect against sexually transmitted HPVs are much needed.

We have previously identified surfactant protein A (SP-A), an innate immune opsonin, as a
potentially prophylactic molecule capable of enhancing the innate immune response to HPV16
pseudovirus (HPV16-PsVs) infection in both in vitro and in vivo mouse models (19). While we
have shown SP-A to be capable of opsonising HPV16-PsVs and enhancing its recognition by
murine immune cells, it is yet to be determined whether SP-A can enhance immune
recognition of human innate immune cells and if this has a functional consequence on the
infection of human keratinocytes. Moreover, it is yet unknown if SP-A has broad-spectrum

capabilities and can opsonise multiple HPV types with consequences for their infectability.

1.1 Innate Immunity

The immune system is a complex network of cells, tissues, and organs that work together to
protect the body from harmful invaders, such as bacteria, viruses, fungi, but also from cancer.
Its primary function is to recognise and eliminate foreign substances while distinguishing them
from the body's own cells and tissues. The innate immune system is the first line of defence
against pathogens and provides immediate, non-specific protection (20). Unlike the adaptive
immune system, which develops specific responses to individual pathogens over time, the
innate immune system offers a rapid and general response to a wide range of potential threats
(21, 22).

There are multiple components of the immune system. The first level of innate immunity
includes physical barriers like the skin, cilia, bodily fluids, and mucous membranes. These
barriers prevent pathogens from entering the body (20). Chemical barriers, such as stomach
acid and antimicrobial substances in bodily fluids, create an inhospitable environment for many
microorganisms. The innate immune system is further made up of cellular components,
chemical mediators, pattern recognition receptors (PRRs), and the inflammatory response
(20, 23).



1.1.1 Cellular components

The cellular components of the innate immune system includes phagocytes of myeloid origin,

mast cells, and natural killer (NK) cells (24).

Phagocytes are white blood cells that can engulf and digest pathogens. The two main types
of phagocytes are mononuclear and polymorphonuclear phagocytes. Mononuclear
phagocytes include monocytes which can differentiate into macrophages, and dendritic cells
(DCs) (25, 26): upon infection or inflammation, monocytes migrate to the affected site,
differentiate and become actively involved in clearing pathogens and debris, as well as
producing inflammatory cytokines (25). Macrophages are larger and more long-lived
phagocytes found in various tissues. Equipped with an extensive array of PRRs, which
recognise pathogen-associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs), they are pivotal in eliminating pathogens, clearing dead cells,
and releasing proinflammatory mediators (25, 27, 28). Macrophages also initiate the adaptive
immune response by presenting antigens to T cells. Both monocytes and macrophages are
considered antigen-presenting cells (APCs) which play a critical role in the immune system by
capturing, processing, and presenting antigens to other immune cells, particularly T cells, as
part of the adaptive immune response (29). Macrophages exhibit remarkable functional
diversity, and their phenotypic characteristics can be broadly categorised into different
subtypes. One commonly used classification system distinguishes between M0, M1, and M2
macrophage subtypes, each associated with specific functions and responses (30). In their
resting state, MO macrophages maintain tissue homeostasis and engage in routine immune
surveillance, with the potential to differentiate into specific subtypes (31). Activated by
proinflammatory signals, M1 macrophages play a crucial role in early defence, exhibiting
potent microbicidal activities and antigen presentation. On the other hand, M2 macrophages,
activated by anti-inflammatory cues, contribute to tissue repair and immune regulation. The
M2 subtype further divides into M2a, M2b, and M2c, each with unique functions. M2a
macrophages, induced by interleukin-4 (IL-4) or IL-13, participate in tissue repair and allergic
responses. M2b macrophages, activated by immune complexes, modulate immune responses
by balancing proinflammatory and anti-inflammatory signals. M2c macrophages, triggered by
anti-inflammatory signals, facilitate inflammation resolution and tissue remodelling. This
intricate network of macrophage subtypes underscores their nuanced roles in shaping immune
responses, thereby influencing the adaptability of the immune system in diverse physiological

contexts.

DCs, however, are often referred to as the most potent APCs in the immune system. They are

highly specialised in capturing and processing antigens, and they play a central role in initiating



adaptive immune responses (29). DCs present antigens to T cells, thereby activating the
adaptive immune system (32). DCs exist in two main states: immature DCs and mature DCs.
Immature DCs, such as Langerhans cells (LCs), are typically found in peripheral tissues, such
as the skin, mucosal linings, and other sites where they are exposed to potential pathogens
(33). Immature DCs are specialised in capturing antigens from pathogens or other sources,
such as damaged cells. They have a high capacity for antigen uptake through phagocytosis
or receptor-mediated endocytosis (34). Mature DCs can be found in lymphoid tissues, such
as lymph nodes and the spleen, where they migrate after encountering pathogens in
peripheral tissues. Mature DCs are specialised in presenting antigens to T cells. They have
reduced antigen-capturing ability compared to immature DCs but are highly efficient at antigen
presentation and immune activation (35). The transition from immaturity to maturity occurs
when DCs encounter pathogens or inflammatory signals and migrate to lymphoid tissues to

participate in the activation of specific immune responses (35).

The polymorphonuclear phagocytes (also known as granulocytes) include neutrophils,
eosinophils, and basophils (36). Neutrophils are the most abundant type of white blood cells
and are typically the first responders to infection. They rapidly migrate to the site of infection
and engulf bacteria and fungi (37). Eosinophils and basophils primarily play roles in allergic
reactions (38). Eosinophils and basophils are both less abundant than neutrophils but are
potent fighters against certain types of infections, especially parasitic infections (39). They
release a variety of toxins and enzymes that are effective against parasites and also contribute

to inflammation (39).

Mast cells play a similar role to eosinophils and are present in tissues throughout the body,
particularly in areas close to the external environment, such as the skin and mucous
membranes (40). Mast cells, although sharing characteristics with myeloid cells, are
considered a unique category due to their distinct origins and functions. They are not classified
as phagocytes but are known for their role in inflammation and allergic responses. They
release histamine and other chemicals that increase blood flow and recruit other immune cells

to the site of an infection or injury (40).

NK cells are a type of lymphocyte, but unlike B and T cells (which are part of the adaptive
immune system), they are considered a part of the innate immune system (41, 42). These
cells are responsible for recognising and destroying infected or abnormal host cells,
particularly those infected with viruses or cancerous cells. Unlike T cells, NK cells do not

require prior exposure to specific antigens to initiate their killing mechanisms (41).



In addition to myeloid cells, mast cells, and NK cells, innate immune responsiveness is a
property of the skin and the epithelial cells lining the respiratory, gastrointestinal, and
genitourinary tracts (24). Epithelial cells produce a variety of antimicrobial peptides (AMPs)
and proteins (43) which can disrupt the integrity of microbial membranes, leading to pathogen
death (20). Keratinocytes, for example, possess PRRs and can therefore, upon encountering
infection or injury, release pro-inflammatory cytokines and growth factors, which contribute to
the inflammation process and tissue repair (28, 44). While primarily part of the innate immune
system, keratinocytes can also influence adaptive immunity. By presenting antigens and
expressing co-stimulatory molecules, they can interact with DCs and lymphocytes, aiding in

the activation and modulation of adaptive immune responses (Figure 1) (44, 45).
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Figure 1: The immune functions of keratinocytes in pathogen clearance and tissue repair. Keratinocytes
express various PRRs capable of recognising PAMPs and DAMPs. This leads to the release of cytokines,
chemokines, growth factors, and AMPs by keratinocytes. The pro-inflammatory cytokines and chemokines
secreted by keratinocytes play a vital role in recruiting neutrophils and macrophages to the site of injury and
infection. These immune cells, in turn, eliminate cellular debris and destroy invading pathogens through
phagocytosis. The cytokines and chemokines produced by keratinocytes also act as chemoattractants, guiding
activated T cells to the wound. Epidermal T cells and dendritic cells respond promptly to tissue injury and infection,
producing growth factors that activate keratinocyte proliferation, promoting tissue repair. Figure adapted from (44)
and made with BioRender.com.
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1.1.2 The inflammatory response: The role of chemical mediators

In response to tissue injury or infection, the innate immune system initiates inflammation.
Resident immune cells, like mast cells and macrophages, release mediators such as
histamine, cytokines, and chemokines, promoting blood vessel dilation and increased
permeability. This enables the influx of immune cells like neutrophils and monocytes from the
bloodstream. Chemokines amplify this response, attracting more immune cells to the site,
forming a positive feedback loop. Neutrophils and monocytes, in turn, phagocytose
pathogens, release antimicrobial substances, and produce enzymes that aid in tissue repair.
The accumulation and activation of these cells manifest as the classic signs of inflammation:

redness, heat, swelling, and pain.

Soluble factors of innate immunity, also known as chemical mediators, are a critical part of the
innate immune system's response to infections and other threats (46). These factors are
present in bodily fluids, such as blood, plasma, and tissue interstitial fluid, and they play
various roles in defending the body against pathogens. These factors include proteins
belonging to the complement system, AMPs, cytokines (including interferons), acute-phase

proteins, and surfactant proteins (46-48).

The complement system, comprising over 30 proteins, activates in response to pathogens,
playing a vital role in direct pathogen destruction and immune cell-assisted removal. Three
pathways—classical, lectin, and alternative—can initiate the complement system, leading to
a common set of protein activations (49). Once triggered, a cascade of events results in protein
cleavage, enhancing the immune response. Activated complement proteins facilitate
opsonisation, making pathogens more recognisable and digestible by phagocytes (49, 50).
The system also induces inflammation, releasing cytokines and chemotactic factors that
attract immune cells to infection sites. Additionally, it directly attacks pathogens by forming the
membrane attack complex (MAC), creating pores in their cell membranes (49). The
complement system aids in immune complex clearance, binding to aggregates of antibodies
and antigens to facilitate their removal. However, strict regulation prevents excessive

activation and damage to the body's cells.

AMPs serve as a crucial component of the innate immune system (20). These small, yet
potent, molecules are endowed with the capacity to combat a broad spectrum of pathogens,
including bacteria, fungi, and parasites. Their mode of action is diverse and sophisticated,
encompassing the destabilisation and rupture of microbial membranes, the formation of pores
that compromise cell integrity, and the aggregation of proteins, which disrupts vital cellular

processes (20). AMPs not only act at the level of the cell membrane but also penetrate



pathogens to inhibit intracellular targets, including DNA transcription and protein synthesis
(20). Defensins, cathelicidins, and hepcidin, among various AMPs, are highly conserved
across species, underscoring their vital role in host immunity. Defensins insert into cell
membranes, forming pores; cathelicidins exhibit direct antimicrobial actions and modulate
immune responses. Hepcidin, with a dual role in iron homeostasis, inhibits microbial growth

by sequestering essential iron.

Cytokines are signalling molecules released by various immune cells in response to infection
or injury. They play a crucial role in regulating immune responses, including inflammation,
immune cell activation and differentiation, and killing of cells (32). They induce chemotaxis,
directing cells toward sites of inflammation, infection, and trauma. Key mediators of
inflammation include IL-1 and tumour necrosis factor (TNF), promoting vasodilation and
vascular permeability for immune cell influx. Interferons (IFNs), primarily responding to viral
infections, have antiviral properties and induce resistance in neighbouring cells. IFNs trigger
the transcription of interferon-stimulated genes (ISGs), thereby inhibiting various stages of the
viral life cycle. Beyond antiviral actions, interferons modulate the immune system, enhancing
antigen presentation and affecting immune cell activity. For instance, interferon-y activates
macrophages, increasing phagocytosis and reactive oxygen species production for pathogen

elimination.

Acute phase proteins, produced by the liver in response to infection, inflammation, or tissue
damage, regulate the inflammatory response and enhance the immune system's ability to
combat pathogens. Examples include C-reactive protein (CRP) and serum amyloid A. CRP
binds specifically to phosphocholine on the surface of apoptotic cells and certain bacteria,
activating the complement system to promote opsonisation and phagocytosis. Serum amyloid
A plays roles in lipid metabolism and acts as a chemoattractant, influencing immune cell

migration to inflammation sites.

Surfactant proteins A and D are collectins found in the lung's alveoli and help protect against
respiratory infections (51). These proteins are key innate immune molecules in the pulmonary
environment enhancing the opsonisation of pathogens, thereby facilitating their clearance
through phagocytosis by alveolar macrophages (52) (see Section 1.8). Moreover, their non-

pulmonary immune functions have attracted considerable attention over the last decade (53).

1.1.3 Pattern recognition receptors

As mentioned earlier (see Section 1.1.1), innate immune cells express PRRs that recognise

PAMPs and DAMPs, facilitating rapid responses to potential threats while distinguishing self



from non-self. Toll-like receptors (TLRs), a well-characterised PRR family, are membrane-
bound receptors recognising specific PAMPs, triggering signalling pathways that activate
transcription factors like NF-kB. This leads to the production of inflammatory cytokines and
type | interferons crucial for antiviral responses. C-type lectin receptors (CLRs), another
diverse PRR group, recognise carbohydrate structures on pathogen surfaces, contributing to
functions like direct microbial killing and modulation of inflammation. For instance, Dectin-1, a
CLR, activates immune responses against fungal infections by recognising B-glucans on
fungal cell walls (54). Additional PRR groups include NOD-like receptors (NLRs) and RIG-I-
like receptors (RLRs). NLRs act as cytoplasmic receptors and detect intracellular PAMPs and
DAMPs, while RLRs are cytosolic sensors recognising viral RNA and playing a critical role in
antiviral immunity by initiating cascades that induce the production of type | interferons and
cytokines. Collectively, these PRRs enable rapid detection and response to a broad range of
pathogens, marking early immune defence and shaping subsequent adaptive immune
responses. Their ability to discern pathogenic from normal host components is crucial for

immune homeostasis and effective immune reactions against invaders.

1.1.4 Bridging innate and adaptive immunity: The temporal handoff

While the innate immune system is traditionally considered non-specific, recent research has
suggested that it may have some memory-like features, allowing it to respond more effectively
to previously encountered pathogens. Moreover, the innate immune system plays a crucial
role in preventing infections and buying time for the adaptive immune system to develop a
specific response (20, 21). APCs, such as DCs and macrophages from the innate immune
system, capture antigens and present them to T cells. DCs, in particular, are adept at
processing captured antigens and presenting them via Major Histocompatibility Complex
(MHC) molecules to T cells in the lymph nodes (29, 35).

The adaptive immune system is a highly specialised branch of the immune system that
provides specific and targeted defence against pathogens, generating highly specialised cells,
chemokines, and antibodies with long-lasting immunologic memory (32). It comprises two
main components: the cell-mediated immune system and the humoral immune system. The
cell-mediated immune system primarily involves T cells, which play a central role in
recognising and destroying infected or abnormal cells. Cytotoxic T cells directly target and Kill
infected cells, while helper T cells coordinate and regulate the immune response, including
the activation of B cells in the humoral immune system. The humoral immune system, on the
other hand, is centred around B cells, which produce antibodies (immunoglobulins) that can

neutralise pathogens or tag them for destruction by other immune cells. Both components of



the adaptive immune system work in harmony to provide long-term immunity, and they have
the ability to "remember" specific pathogens, allowing for a more rapid and effective response
upon re-exposure, a key feature of immunological memory (55). While the innate immune
system acts within hours of a new infection, the adaptive immune system takes a few days to
respond (Figure 2) (21).

Innate immune response Adaptive immune response

Monocytes M T Macrophages Tissue-resident
BiEEls memory T cells

) | phagocytic

;‘ P APCs with
2 W capabilities.

Circulating immune Release histamine
cellscgltr;é)i:;ggscyuc and other chemicals . T cells
P 9 that increase blood V N
Produces cytokines. flow and recruit other [ )
immune cells. o . .
T cells recognise and eliminate
- virus-infected cells by releasing
cytotoxic molecules, such as
a o perforin and granzymes, inducing
Q Eosinophils apoptosis in the Larget cells.
o Basophils
=
S
S Antigen —\// \/—
= presentation B cells
10 ( A _
@ \ Granulocytes s 4 )L
= Release histamine [
o Neut hil cytokines, chemokines, and | ——= B cells differentiate into plasma cells,
eutrophils other chemicals to kill ( which secrete antibodies. Antibodies are
& viruses, parasites. (Y= proteins that can neutralise pathogens,
[ 3 o mark them for destruction, or activate
{R ) other componenls of the immune system.
<9

) Dendritic cells
Natural Killer
cells y
NK cells kill pathogen Phagocytic APCs that alerts T
infected cells. Release cells to new pathogens. Key
cytokines and attract other mediator between innate and TISSUE resident

immune cells. adaptive immunity. memory B cells

Hours Time of response Days

Figure 2: Cellular components of the innate and adaptive immune system. Innate immunity includes physical
barriers such as skin and mucosal tissues. The innate arm is orchestrated by basophils, eosinophils, neutrophils,
mast cells, natural killer cells, monocytes, macrophages, and dendritic cells, forming the initial defence against
bacteria, viruses, and even emerging cancer cells. The adaptive immune system is characterised by antigen-
specific responses that take time to develop but confer enduring protection. This includes B cell-mediated humoral
immunity and T cell-mediated cellular immunity, both honed towards specific antigens. Macrophages and dendritic
cells exhibit a dual nature, possessing traits of both innate and adaptive immune cells. Functioning as APCs, they
play a pivotal role in initiating adaptive immunity by presenting antigens to antigen-specific T and B lymphocytes.
Together, these cellular immune components, including physical barriers, form a comprehensive defence network
against a spectrum of threats. Figure adapted from (56, 57) and made with BioRender.com.

1.1.5 Immune evasion strategies of viruses

Many viruses have evolved multiple mechanisms to circumvent the innate and adaptive
immune responses, making them formidable adversaries in the ongoing battle between
pathogens and the immune system. These evasion strategies can include inhibiting antigen
presentation, downregulating immune recognition markers, and releasing immunomodulatory

molecules. Such tactics not only enable viruses to establish persistent infections but also make

10
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them particularly challenging targets for the host's immune system. Understanding these
immune evasion mechanisms is crucial for developing effective antiviral strategies,
diagnostics, and vaccines (see Section 1.5). The immune evasion strategies of HPV are

discussed in more detail in Section 1.4.

1.2 Oncogenic HPV genome and structure

HPVs are small, non-enveloped DNA viruses of 52-55 nm size in diameter with a circular
genome of roughly 8 kilo bases (kb) (58). Over 160 genotypes have been characterised (2).
The HPV genome is composed of three regions; the “early” (E) gene region, the “late” (L) gene

region, and the upstream regulatory region (URR) (58) (Figure 3).
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Figure 3: HPV viral genome and capsid structure. The HPV virion consists of its 8 kb circular double-stranded
DNA, encased in an icosahedral capsid. The capsid consists of L1 monomers that spontaneously assemble into
pentameric capsomeres which assemble into an icosahedral lattice. L2 proteins associate with the L1 capsid
proteins. 3D render of the papillomavirus capsid from cryoelectron microscopy was taken from (59).

The URR has binding sites for a number of host cellular factors (60). The viral early proteins
E1 and E2 also bind to the URR, which initiates replication and transcription (61). E1 has
ATPase, DNA helicase as well as origin of replication (ori)-specific DNA binding and unwinding
activities (62). E2 acts as a transcriptional activator protein (62). It has been shown that E1

complexes with E2 for enhanced binding of the ori (61, 62). The E4 gene plays a multifaceted
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role in the viral life cycle, including virus synthesis, ensuring the assembly of new virions within
the host cell. This process is integral to the production of infectious virus particles capable of

infecting new host cells (63).

Some controversy exists around the function of ES and its role in the HPV life cycle. It is
defined as an oncogene and has been implicated in cell immortalisation and transformation,
but its function in oncogenesis is much less defined than of E6 and E7 (58), see below. One
well-defined implication of E5 in oncogenesis is its interaction with epidermal growth factor
(EGF). In vitro transformation by HPV16 E5 is mainly facilitated by EGF, where studies have
shown that E5 can elevate the levels of vascular endothelial growth factor (VEGF) through the
EGF receptor and can enhance cyclooxygenase 2 (Cox-2) expression (64, 65). E5 has also
been implicated in immune evasion, as it could selectively downregulates surface human
leukocyte antigen (HLA) class | molecules (66). ES has also been shown to downregulate
CD1d found on NK cells (see Section 1.4). This molecule therefore serves as the bridge

between innate and adaptive immune defences (67).

The E6 and E7 genes encode oncoproteins and have been implicated in neoplastic
transformation of cells (68). Both LR and HR HPV types express E6 and E7, but the
differences lie in the strength of their interactions with host cell proteins and their ability to
disrupt cellular processes. HR HPV types are more effective at interfering with these
processes, making them more likely to lead to cancer development (69-71). E6 specifically
forms a complex with the ubiquitin ligase E6-AP and p53, a key tumour suppressor protein
involved in controlling the cell cycle, DNA repair and apoptosis (68). Proteasomal degradation
of p53 by this complex results in dysregulation of the cell cycle, promotes cell proliferation and
increases the frequency of spontaneous mutations, all of which are hallmarks of malignancy
(68, 72, 73). E7 targets the retinoblastoma protein (Rb), another major tumour suppressor (68,
74). E7 binding to Rb also leads to proteasomal degradation, resulting in the release of the
E2F transcription factor from Rb complexes, which results in the activation of genes that
control cell proliferation (68, 72, 73, 75). Furthermore, both E6 and E7 also play a role in

immune evasion (detailed in Section 1.4).

Lastly, the E8/E2 fusion protein, in which parts of the E8 gene are linked to the C-terminal half
of the E2 gene, is translated from an alternatively spliced viral transcript (58). It has been
described for HPV1, 5, 8, 11, 16, and 31 (76). This protein has been shown to inhibit viral gene

expression (77).

The late proteins L1 and L2 encode for the major and minor capsid proteins, respectively. L1

spontaneously assembles into pentameric capsomeres, which are five-membered protein
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complexes, and comprise the majority of the icosahedral viral capsid (78-80). The capsomeres
assemble into an icosahedral lattice. L2 proteins are present in smaller quantities within the
capsid. They associate with the L1 pentamers and remain hidden and embedded in the
pentamers to stabilises the shape and stability of the capsid (Figure 3) (79). The structure of
the L2 protein is less well-defined than that of L1 due to its flexible and disordered nature (80).
Itis estimated that at least 72 L2 proteins exist in a single HPV capsid (79). Studies on antibody
binding indicate that the L2 protein is mostly concealed beneath the surface of native virions,

even though its specific configuration is not yet understood (81).

1.3 HPV life cycle

HPV demonstrates a specific affinity for basal keratinocytes within squamous epithelium,
particularly in the mucosal epithelial lining of the cervix (78, 82). Approximately 40 HPV types
can infect the genital tract (58). In vivo, effective HPV infection typically requires prior epithelial
damage (83, 84). It is presumed that lesions in the protective outer layers of the epithelium
facilitate virion access to mitotically active basal epithelial cells in the inner layers, which can
support episomal viral genome replication (82, 83). Although particle-to-infectivity ratios in vitro
are estimated to be as high as 104:1, HPVs are highly transmissible agents, which suggests
much more efficient infectivity in vivo (85). Both the major L1 capsid protein and the largely
concealed minor L2 capsid protein play roles in the initial binding and entry into basal epithelial

cells.

The entry of HPV particles into cultured keratinocytes is unusually asynchronous, with some
entering within minutes but many virions remaining on the cell surface for several hours (86).
Moreover, it was found that HPV can only infect proliferating, but not senescent cells in vitro,
but remains viable on the surface of non-dividing cells for extended periods of time (87). Thus,
in vitro exploration of HPV makes it challenging to discern the specific sequence of events,
the precise mechanisms and the cell molecules required for infectious entry and subsequent
establishment of infection. It is also not known if the asynchronous entry seen in human
keratinocyte monocultures is a limitation of the model or a reflection of infectious transmission

in vivo (88).

Many infectious pathogens and viruses interact with heparan sulphate proteoglycans (HSPGs)
on the cell surface, or on the basement membrane, for attachment and subsequent cellular
entry (89). This is also the case for HPV which initially interacts with the glycosaminoglycan
(GAG) chains of HSPGs via its L1 capsid protein (27). It has also been proposed that HPV
binds in a transient manner to laminin 332 (LN332), a protein secreted into the extracellular

matrix by migrating keratinocytes via binding to syndecan HSPG ectodomains attached to
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LN332 (90, 91). Binding of L1 induces conformational changes in the capsid and facilitates
proteolytic cleavage of L1 by the secreted serine-protease kallikrein-8 (KLK8) (83, 92). This
cleavage allows for interactions between the capsid and cyclophilin B, which results in further
conformational changes that exposes the L2 N-terminus containing a conserved consensus
cleavage site for the host extracellular proprotein convertase furin (1, 93). This interaction has
been shown to be essential for successful infection of HPV, as furin cleavage results in the
exposure of a binding site on L1, postulated to be recognised by an unknown receptor, or
receptor complex (83, 89, 92, 94). The described changes in virion conformation further
facilitate the reduction in the binding affinity to HSPGs, thereby facilitating the engagement
with the unknown receptor(s), or receptor complex (95). No single molecule has been
identified as a necessary entry receptor for HPV although annexin A2, a multifunctional protein
that forms a complex with S100A10, has been implicated in the process of HPV internalisation
into epithelial cells via L2-dependent pathways and calcium-mediated translocation to the cell
surface (96-98).

The mechanisms and pathways used by HPV for intracellular trafficking remains elusive;
however, most studies indicate a clathrin-mediated endocytosis pathway for most HPV types,
including HPV16 (99). However, HPV has adapted to use many alternative intracellular
trafficking pathways. For instance, Schelhaas et al. described a novel endocytic pathway for
HPV16 entry in HaCaT and HelLa cells, which was clathrin-, caveolin-, cholesterol- and
dynamin-independent (100). Localisation of HPV into early endosomes occurs within 4 hours
of cellular internalisation, followed by uncoating of the viral particle within the late endosome
(8-12 hours after internalisation) (99). Most studies suggest the insertion and protrusion of L2
across the vesicle membrane (88). Membrane spanning of the L2 capsid protein into the
cytosol enables the recruitment of sorting nexins and retromer complexes, which promote the
release of a L2/viral DNA (L2/vDNA) complex from the late endosome, followed by retrograde
trafficking of the L2/vDNA complex to the trans-Golgi network where it reaches the nucleus in
a mitosis-dependent manner for subsequent viral DNA replication and gene expression (88,
101, 102). Furin cleavage has also been implicated in successful endosomal escape prior to
transport of the L2/viral DNA complex to the nucleus, emphasising the necessity of furin
cleavage for successful infection of HPV. Recently, it was shown that phosphorylation of L2
plays an important role in optimal uncoating of virions during infectious entry (103). In contrast
to L2, most of the L1 capsid remains within degradative lysosomal compartments (88). The

early stages of HPV infection (binding, uptake, retrograde transport) are depicted in Figure 4.
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Figure 4: Schematic illustration of the early stages of HPV infection, indicating the sites of inhibition of various anti-HPV
molecules. Binding to HSPGs results in conformational changes of the viral capsid, facilitating in interactions between the capsid
and CyPB and cleavage by KLK8. This results in the exposure of the L2 N-terminus, and cleavage by furin. The capsid dissociates
from HSPGs where exposure of a binding site in L1 is potentially needed for recognition by an unknown entry receptor complex. The
viral capsid undergoes ligand induced endocytosis. Membrane protrusion of the L2 capsid protein is chaperoned by y-secretase,
which allows L2 to interact with host cell factors in the cytosol during transport. HPVs localise with EEA1 compartments in a Rab5
GTPase-dependent manner. The early endosome matures into the late endosome when it fuses with lysosomes. Most of the contents
are degraded by lysosomal degradation, including the majority of the L1 capsid protein. Endosomal escape and subsequent post-
endocytic trafficking of HR HPVs is regulated by CD63-syntenin-1-ALIX, which traffics HPV to these multivesicular endosomes. The
capsids disassemble in a pH-dependent manner, and egress from the late endosome. The L2/vDNA complex enters the TGN, where

L2 interacts with SNX17, SNX27 and retromer complex. Figure taken from (1) and made with BioRender.com.
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The HPV life cycle is closely linked to the differentiation process of host keratinocytes (Figure
5). Initially, low levels of viral DNA are produced in actively dividing basal layer keratinocytes
(about 100 genomes per cell). The E1 and E2 proteins play an important role in maintaining
this low replication and ensuring the vDNA is distributed to daughter cells (72) which move to
the upper layers (spinous layer) and undergo differentiation, leading to increased expression
of viral E6 and E7 proteins. These proteins disrupt normal cell cycle control, pushing the cells
into the S phase, allowing viral DNA replication and an increase in copy number to thousands
per cell. Late viral L1 and L2 capsid proteins are then expressed, and they spontaneously self-
assemble to encase the viral genome (104). Newly formed virions are released from the
outermost layer of the epithelium (cornified layer) approximately three weeks after infection
(105).

In some instances, HPV DNA may integrate into the host genome (106, 107). When this
happens, it can disrupt host cell genes near the integration site and further contribute to cancer
development. However, not all HPV infections progress to this stage, and integration is not an
absolute requirement for carcinogenesis (108). Integration is considered accidental from the
virus’ perspective as it leads to a dead-end for virus production (109). However, it results in a
continuous expression of E6 and E7 oncoproteins (68). Integration also disrupts the
expression of E4, E5, and E2, with E2 being responsible for regulating E6 and E7 protein
expression (68). Consequently, this suppresses the tumour suppressor proteins, p53 and Rb
(see Section 1.2), resulting in uncontrolled cell proliferation and an increased risk of DNA
damage (68, 72, 110). The risk of cancer development varies among different HPV types, and
the likelihood of integration can also depend on the specific HPV type and host factors (108).
While integration can be a factor in the development of some HPV-related cancers, it is not
the sole determinant, and other factors, including the persistence of active viral oncogene
expression, host immune response, and additional genetic and environmental factors, play

significant roles in cancer development and progression.
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Figure 5: The life cycle of HPV and its key immune evasion mechanisms. A. The HPV life cycle is closely linked to the differentiation of the infected keratinocyte, where HPV gains access to
the Basement Membrane (BM) through an abrasion in the epithelium. Basal keratinocytes are infected, where the infected cells travel up the layers of the epithelium until new particles are released
from the outermost (cornified) layer of the epithelium. Indicated in red are the stages of the viral life cycle, and in blue the viral proteins that are expressed. B. The indirect immune evasion strategies
of HPV. There is no cytolysis as a result of low viral replication throughout most of the viral life cycle. Viral particles are therefore only released where immune surveillance is minimal making APCs
ineffective. Little to no proinflammatory cytokines are produced and as a result, no immune response is elicited. HPV remains within the epithelium and does not have a blood-borne phase,
resulting in minimal exposure to host immune defences. C-G. The direct immune evasion strategies exploited by HPV oncoproteins in keratinocytes. C. E6 and E7 increase the recruitment of
UCHL1 to inhibit TRAF3 activation and bind to IRF to prevent its transcriptional activity. D. E6 an E7 bind to TYK2 interfering with the IFNAR signalling pathway to hamper phosphorylation of
STAT1 and STAT2, and also by binding to IRF3 to prevent its binding to phosphorylated STAT1 and STAT2 for activating IFN-stimulated genes. E6 binds directly to IRF3 preventing its
phosphorylation by TBK1, thereby preventing its transcriptional activity of IFN stimulated genes E. HPV E6 and E7 recruit DNMT1 to suppress CXCL14 transcription F. E6 and E7 bind to ubiquitin
ligase E6-AP, leading to degradation of pro-IL-13. G. HR HPV E6 and E7 prevent the nuclear translocation of NF-kB via upregulation of UCHL1. E6 and E7 are also capable of binding to PCAF,
a coactivator of NF-kB in the nucleus, thereby downregulating the NF-kB signalling pathway. HR HPV E7 can interact with the MHC | promoter, leading to repression of MHC1 gene transcription.
E5 reduces MHC | and CD1d expression by blocking the transport of MHC | and CD1d proteins to the cell surface via its interactions with host proteins in the Golgi complex and endoplasmic
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1.4 HPV evasion of the host immune system

HPV infections are remarkably common, yet the immune system is typically able to clear the
virus through a cell-mediated immune response, often characterised by a Th1-type response
(66, 113). In this process, LCs play a pivotal role by capturing viral antigens from infected or
dying keratinocytes. These activated LCs then present the antigens to naive T cells, which in
turn become activated effector T cells. These T cells have the capability to home back to the
site of infection in the epithelium, where they target and destroy HPV-infected keratinocytes,
thereby mitigating the infection (113).

Although cell-mediated immunity controls HPV infection in the majority of cases, about 10%
of all infections become persistent, which greatly enhances the risk of progression to disease
and malignancy (4). HPV employs several indirect and direct strategies to effectively evade
the innate immune responses, as summarised in Figure 5. As stated previously, the infectious
life cycle of HPV is closely linked to the differentiation of the infected host keratinocytes (72).
There is no cytolysis as a result of low viral replication throughout most of the viral life cycle,
where viral release only occurs after the infected basal keratinocyte has migrated to the outer
epithelial layers and has fully differentiated. Viral particles are therefore only released where
immune surveillance is minimal, thus making APCs, such as intraepithelial DCs, ineffective
(114).

Under normal conditions, keratinocytes can either constitutively or be induced to secrete a
range of pro-inflammatory cytokines, including IL-1, -6, -10, and -8. IL-1 in particularly plays a
vital role in activation of APCs, which in turn present antigens to T-helper cells (115, 116). As
low levels of viral proteins are produced at the early stages of the viral life cycle, as well as no
cytolysis occurs, little to no pro-inflammatory cytokines are released by infected keratinocytes.
As a result, no immune response is elicited as the APCs are ineffective in non-inflammatory
environments (115). Throughout its life cycle, HPV remains within the epithelium and does not
have a viraemic or blood-borne phase, resulting in minimal exposure to host immune defences
(25), and anti-HPV antibodies can usually only be detected in infected individuals after
6 to 12 months (117). This indicates that HPVs employ indirect mechanisms to reduce the
efficiency of hostimmune surveillance, which may increase the susceptibility toward persistent

HPV infection when individuals are exposed to additional risk factors (111).

Like many other DNA viruses, HPV has also evolved mechanisms for directly evading the host
immune system. HPV oncoproteins E5, E6, and E7 are involved in these direct evasion
strategies. Particularly E6 and E7 play central roles in dampening IFN responses by inhibiting

PRR signalling pathways through multiple mechanisms: they upregulate the deubiquitinating
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enzyme Ubiquitin C-Terminal Hydrolase L1 (UCHL1), block TNF-receptor-associated factor 3
(TRAF3) activation, and they bind to interferon regulatory transcription factor (IRF), thereby
suppressing its transcriptional activity of IFN stimulated genes in the nucleus (111, 118). E6
and E7 also interfere with the IFN-a/f receptor (IFNAR) signalling pathway by binding to
tyrosine kinase 2 (TYK2) to restrict phosphorylation of the transcription factors STAT1 and
STAT2, and by interacting with IRF9 to prevent its binding to phosphorylated STAT1 and
STAT2 for activating IFN-stimulated genes (111). E6 and E7 can also inhibit NF-kB nuclear
translocation by upregulating UCHL1 (119). They also bind to P300/CBP-associated factor
(PCAF), a coactivator of NF-kB in the nucleus, leading to the downregulation of the NF-kB

signalling pathway (111).

HPV oncoproteins also directly downregulate the production of IL-1f in keratinocytes. As
mentioned previously, HPV16 EG6 it forms a complex with ubiquitin ligase E6-AP and the
tumour suppressor p53. Another consequence of this complex formation is the degradation of
pro-IL-1B and inhibition of IL-1 formation. Clinical studies using human biopsy samples have
demonstrated a progressive reduction in IL-1B gene and protein expression, transitioning from
normal epithelium to pre-cancerous lesions and to cervical tumours (120). HPV oncoproteins
were also found to associate with DNA methyltransferase 1 (DNMT1), leading to hyper-
methylation of the CXCL14 promoter (121) and downregulation of CXCL14 which has been
observed in HPV-associated cancers (121). It is suggested that CXCL14 may have significant
roles in inhibiting angiogenesis and facilitating the recruitment of immature DCs, NK cells, and
T cells (122, 123).

The elimination of virus-infected cells by antigen-specific cytotoxic T lymphocytes (CTLs) is a
highly efficient and precise mechanism. CTL-mediated killing relies on the presentation of
pathogen-derived peptides by MHC class | molecules on the surface of keratinocytes. In the
context of HR HPV, E7 interacts with the MHC | promoter, recruiting histone deacetylases to
the promoter site, which results in the suppression of MHC | gene expression (124). E7 also
represses the expression of antigen processing machinery components (125), leading to
impairment of peptide production and transportation in infected cells. In addition, HPV E5
causes retention of MHC class | complexes (HLAs) in the Golgi apparatus and endoplasmic
reticulum (ER) and prevents their transport to the cell surface (66), thereby preventing
presentation of viral peptides to CTLs (66). E5 also reduces the surface expression of CD1d
molecules on keratinocytes, where it is retained with E5 in the ER (67). Reduction of CD1d, a
crucial antigen-presenting molecule responsible for activating NK cells is likely to dampen NK
cell-mediated antiviral responses, potentially affecting the initial stages of immune activation

following HPV infection.
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Several co-factors additionally contribute to immune evasion and establishment of persistent
HPV infection. The major co-factor relevant to Southern Africa is co-infection with the highly
prevalent HIV. Both these viruses share the same route of transmission, and HIV infection has
been shown to promote HPV infection in women at both the molecular and cellular levels, such
as HPV entry into keratinocytes, establishment of persistent HPV infection, and immune
evasion (126). HIV infection and low CD4 count have been shown to be significantly
associated with increased risk of HPV infection and HPV-related disease progression.
Immune response to HPV infection is modulated by CD4+ T cell-dominated Th1 response as
outlined above; therefore in HIV positive individuals who have low CD4 cell counts, HPV
immune responses are dampened even further (127). As a result of increased risk of persistent
HPV infection in HIV positive women, the risk of cancer development also increases. Indeed,
HIV-infected women present with cervical cancer 15 years earlier than HIV negative women
(127). Usually, the administration of anti-retroviral therapy decreases the risk of AIDS-defining
cancers (such as Kaposi’'s sarcoma and non-Hodgkin’s lymphoma), but this is not the case for

HPV-associated cancers (127).

Emerging theories suggest that not all HPV infections are fully eradicated after disease
clearance (128). In some instances, a state of equilibrium may be established where memory
T cells and the virus co-exist without causing immediate disease, a phenomenon known as
viral latency (128). This delicate balance means that the virus is kept in check by the immune
system without being completely eliminated. However, should there be a shift due to
compromised immune surveillance or immune system failure, such as a result of
immunosuppression or hormonal changes, the infection may be reactivated. This reactivation
can lead to the progression of the disease, potentially resulting in the recurrence of warts,
precancerous lesions, or even cancerous growths, depending on the HPV strain involved and
the site of infection (128).
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1.5 HPV vaccines

At present, there remains no known treatment or cure for HPV infection. However, there are
three highly effective prophylactic vaccines available that target the most prevalent and HR
HPV types. In 2006, Merck introduced Gardasil®, a quadrivalent vaccine offering protection
against HR HPV types 16 and 18, as well as LR HPV types 6 and 11. The latter are implicated
in approximately 90% of genital warts cases (129). Subsequently, in 2007, GlaxoSmithKline
produced a bivalent vaccine named Cervarix™, providing prevention against the two primary
HR HPV types, 16 and 18 (130). In 2014, Merck released a 9-valent version of their vaccine,
known as Gardasil 9, which confers immunity against HPV types 6, 11, 16, 18, 31, 33, 45, 52,
and 58 (131). More recently, another bivalent vaccine produced by Xiamen Innovax Biotech,
protecting against HPV 16 and 18, was approved by the WHO (132).

As the above-mentioned vaccines are composed of virus-like particles (VLPs) of individual
type-specific L1 capsid proteins, they offer minimal cross protection against other HPV types,
as the immune response generated is highly type-specific. Moreover, the vaccines cannot
eliminate an already established HPV infection. Little is known about their use as a treatment
for existing HPV-related cutaneous and mucosal conditions. A reduction in cutaneous lesions
(warts) has been reported after receiving the quadrivalent vaccine, as outlined in a review by
Pham et al. in 2020 (133). However, most reports on the use of non-commercial HPV vaccines
for the treatment of cervical intraepithelial neoplasia, recurrent respiratory papillomatosis, and

anal intraepithelial neoplasia did not show promising results (133).

1.6 Cervical cancer prevention and treatment in LMIC

The high prevalence of HPV infection, often coupled with limited access to HPV vaccines and
cervical cancer screening programs, places women in low-resource settings at a
disproportionately higher risk of developing cervical cancer. Adding to this burden is the co-
existence of the HIV epidemic, which has ravaged Sub-Saharan Africa. HIV-positive
individuals are particularly vulnerable to HPV-related complications, as their compromised
immune systems struggle to control HPV infections, leading to a higher incidence of persistent
HPV infections and a heightened risk of cervical cancer (134). Thus, the intersection of HPV
and cervical cancer with the HIV epidemic in LMIC underscores the urgent need for innovative
prophylactic measures and comprehensive healthcare interventions to reduce the incidence

and mortality of cervical cancer in these vulnerable populations.

The South African Department of Health (DOH) began a vaccination program and rolled out

Cervarix™ to schoolgirls (Grade 4, approximately 9 years of age) in 2014 (135). In the first
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round of vaccinations in April 2014 a coverage rate of 83% was achieved. In 2014, coverage
of the second dose later that year dropped to 61%. The vaccine programme, along with
cervical cytology screenings provided for women by the state, have not been sufficient to
overcome the high HPV infection/cervical cancer rate in South Africa, due to gender inequity,
and financial and cultural strains (136, 137). Many people in LMIC are still unaware of HPV
infection and protection by vaccination (138, 139). Moreover, young girls are thought to have
missed the opportunity to be immunised through the DOH vaccination programme as a result
of absenteeism and limited access to school health teams (140). Lack of caregivers’ signed
consent has also been observed, most likely as a result of inadequate sensitisation
campaigns, the social stigma surrounding immunisation of a sexually transmitted virus and
overall vaccine hesitancy (139, 141, 142). The need for a cold chain (controlled storage at low
temperatures) has been difficult to maintain in South Africa and other LMIC with substandard
infrastructure and low funding, which makes administration of vaccines to schoolgirls in rural
areas even more challenging (136, 137). The COVID-19 pandemic, which commenced in
2020, also led to a significant decline in the vaccination rate, which plummeted to a mere 3%
(143). Lockdowns and school closures clearly contributed to the collapse of school health
programmes; and lack of facilities, cold chain issues, and poor vaccine management together

explain the low vaccine coverage during the COVID-19 pandemic.

However, there has been a gradual improvement in this situation as the country emerges from
the COVID-19 crisis. Coverage of the first vaccine dose has now increased to approximately
38% and 47% in 2021 and 2022, respectively, although this remains significantly lower than
the nearly 85% vaccination rate observed in 2014 (144). To address the potential long-term
consequences of this disruption to the vaccination program, the SA National Advisory Group
on Immunisation recommended a strategic shift. The program is now focused on targeting
girls in Grade 5, who were largely unable to receive their shots in 2020 due to the pandemic.
The 2023 campaign commenced in February, delivering the first dose to Grade 5 girls aged

nine and older at government schools across South Africa.

A modelling study published in 2022 postulated that if the vaccination program in South Africa
vaccinated 90% of the target group, incidence of cervical cancer can be reduced from a
median incidence of 47.6 in 2020 to 4.5 per 100 000 women-years by 2120, compared to the
base case scenario of 26.3 per 100 000 women-years in 2120 (145). In addition, if two life-
time cervical screens (Pap smears) are achieved, as currently supported by the DOH in South
Africa, the number is further reduced to 3.6 (145).
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1.7 Alternative HPV prophylaxis and therapy

Preventive measures such as HPV vaccination and regular cervical cancer screening (Pap
smears) play essential roles in reducing the burden of HPV-related diseases. However, given
the low vaccine coverage and screening uptake in LMIC, the disease burden resulting from
persistent HPV infections is likely to continue. Alternative therapies for the treatment and
prevention of HPV infections are required, particularly ones that are more easily accessible to
people in LMIC. Topical antiviral microbicides that can block the full spectrum of genital HPV
infections (and ideally also other common sexually transmitted infections (STIs)) could either
complement the current vaccines, be offered to those without access to these vaccines, or
even be given to people who are already infected with HPV. By the early 2000s, the only
reagents that had been studied and shown to inhibit HPV infection were monoclonal antibodies
(MAbs) with type-specific neutralising activity, and broad-spectrum antiviral agents such as
alkyl sulphates and monocaprin (1, 146-149). Over the last two decades, research has delved
into discovering and characterising a broad spectrum of molecules with anti-HPV activity.
Many approaches are targeting the early steps of HPV infection (i.e. cell-surface binding, entry
and intracellular trafficking) as a promising strategy in preventing and treating HPV infections.

This is extensively discussed in our review article published in 2021 (Figure 4) (1).

A range of competitive inhibitors have been identified that bind to the viral capsids and prevent
their binding to HSPGs (1). The most notable molecule that has shown efficacy in human
trials and is now commercially available is Carrageenan (150-152). It is an inexpensive, non-
toxic anionic polymer that is naturally derived from three species of red algae. Carrageenan
primarily blocks HPV infection through two mechanisms. First, it directly binds to the viral
capsid, preventing its attachment to cell-surface HSPGs (153). This interference lasts long
enough for natural innate defences in the genital tract to inactivate the virus. Second,
carrageenan inhibits HPV infection by either occluding virion surfaces involved in binding to
cellular proteins crucial for infection or by interfering with the necessary conformational
changes within the virion (153). In vivo research has also shown a protective effect of
carrageenan on herpes simplex virus type 2 (HSV-2) (154) and simian-human
immunodeficiency virus (sHIV), but randomised human trials demonstrated no efficacy against
vaginal transmission of HIV (155-158). Other HPV-binding molecules that target heparin
sulphate binding, such as alginate, heparin, and sulphated glycopolymers (dextran sulphate,
cellulose sulphate) have been identified to inhibit HPV infection in vitro (159-165). Moreover,
dendrimers, dispirotripiperazines, and lactoferins have been demonstrated to block the initial
binding of HPV to cells by directly binding to HSPGs (95, 166-168). These compounds have
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also shown efficacy against other sexually transmitted viruses (HIV, HSV-1/2, HIV), indicating
a broader antiviral potential (161, 169-181).

The internalisation step of HPV infection is another target for intervention. Compounds that
have been shown to interfere with this process include annexin A2 inhibitors and anhydride
modified proteins (97, 182, 183) such as JB01, which has undergone phase lla clinical trials
and showed efficacy intravaginally to treat existing HPV infections in women (183). JBO1 has
also shown efficacy in inhibiting HIV, HSV-1 and HSV-2 (184-186).

Molecules that inhibit intracellular trafficking, such as vacuolar ATPases (v-ATPases)
inhibitors, have demonstrated potential to disrupt the HPV lifecycle within host cells (187).
Prevention of lysosomal acidification, and therefore retrograde trafficking of L2/vDNA, by
saliphenylhalamide (SaliPhe), a derivative of the naturally occurring compound
salicylihalamide, was found to be an effective inhibitor against HPV 6, 11, 16, 18 and 31-PsVs
infection in vitro (187). Human defensin 5 (HD5) has also been found to prevent dissociation

of the L2/vDNA complex and redirects the viral particle to lysosomes (188, 189).

The requirement of y-secretase, a transmembrane protease, for successful infection is a
unique feature of HPVs. Knockdown of any of its four subunits were found to potently block
HPV infection (190, 191), while treatment with y-secretase inhibitors (GSls) prevented the
infectivity of several HPV types (HPV16-, HPV11- and HPV31-PsVs) in human keratinocytes
at non-cytotoxic doses (190). A strong inhibition of HPV infection was also observed in mouse
models using topically applied GSls, suggesting that GSIs could represent effective

microbicides against anogenital HPVs (190).

Stannin, a transmembrane protein, has also been proposed to affect HPV16-PsVs infection.
Stannin-deficient mutant cell lines resulted in a 50% increase in HPV16-PsVs infection to that
of their wildtype counterparts (192). Further experiments showed that stannin does not affect
virus uptake or virus uncoating, but instead blocks virus entry into the trans-Golgi network
(TGN) by routing the cargo to lysosomal compartments for degradation, presumably via
blocking L2-retromer binding, a critical step for L2/vDNA to enter the TGN (192).

Ongoing research into the molecular mechanisms of HPV infection and the development of
therapeutic interventions continue to be critical areas of study in the quest to combat these
viruses and their associated cancers. Apart from designing therapies that inhibit HPV binding,
uptake and intracellular trafficking, another strategy would be to design therapies that can
enhance innate and adaptive immune recognition and viral clearance of HPVs. The role of

therapeutic vaccines is to enhance adaptive T cell immunity by initiating naive T cells to
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produce CTL that target HPV infected cells, inducing CD4-positive T cells to produce
necessary cytokines, and enhancing APCs (193). There are four main categories of HPV
treatment vaccines: live vector-based (bacterial and viral) vaccines, peptide and protein-based
vaccines, nucleic acid-based vaccines and whole cell vaccines (e.g., DCs), where the
oncoproteins E6 and E7 are the most widely used target antigens for HPV therapeutic
vaccines development (194). To enhance innate immune recognition of HPV or other viruses,
TLR agonists engaging their respective PRR have been tested (195-197). One such example
is AS04, a TLR4 agonist, that has shown effectiveness against HPV infection in clinical trials
(198). Additionally, exploring the utilisation of innate immune opsonins stands as a promising

avenue to further enhance the recognition of HPV, as detailed in Sections 1.8 and 1.9.

1.8 Surfactant Proteins A and D

SP-A and SP-D are large hydrophilic proteins of the collectins family involved in lung surfactant
homeostasis and pulmonary immunity. They are soluble, collagenous C-type lectin PRRs and
are calcium dependent (199). Their primary structure consists of an N-terminal non-
collagenous domain capable of forming inter-subunit disulphide bonds, a collagenous region
of Gly-X-Y repeats, a helical neck domain, and a globular C-terminal carbohydrate recognition
domain (CRD), the latter of which is involved in pathogen recognition (199). Monomeric units
spontaneously self-assemble into trimers and can form higher order structures (Figure 6)
(200). SP-A preferentially binds to mannose, fucose and the lipid ligands on the surface of
incoming pathogens (201). SP-D exhibits a preferential binding affinity for inositol, maltose,
and glucose (201). SP-A and D have very weak affinities to galactose and sialic acid which is
important for distinguishing self from non-self, as these sugars usually form the terminals of
carbohydrates on eukaryotic cells (201). SP-A and SP-D recognition and binding of their
specific ligands usually takes place via their CRDs and elicits a variety of immune responses,
including agglutination of pathogens, opsonisation and enhanced phagocytosis, regulating

macrophage function and inflammation, and direct killing (201).
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Figure 6: Structure of SP-A and SP-D. Monomers of SP-A and SP-D are composed of a carbohydrate recognition
domain (CRD), a neck region, a collagenous region and an N-terminal region. These form trimers which then
multimerise to form higher order structures. Figure adapted from (202) and made with BioRender.com.

1.8.1 SP-A and SP-D and their role in innate immunity

SP-A and SP-D play pivotal roles in the innate (and adaptive) immunity of the lung. More
recently, the occurrence of non-pulmonary SPs and their immunological roles have been
researched (203). SPs exhibit dual roles in the immune response due to their ability to interact
with a variety of cell surface receptors and to bind various ligands, which can result in different
outcomes depending on the context. They act as first responders to inhaled microorganisms
and particulates, triggering a cascade of immune responses that include agglutination and
opsonisation for enhanced phagocytosis, modulation of inflammatory mediator release, and
direct antimicrobial activity. SP-A and SP-D are therefore often referred to as innate immune
scavenge receptors (202). Through these actions, SP-A and SP-D not only contribute to the
immediate neutralisation of potential threats but also orchestrate the delicate balance between
effective pathogen clearance and limiting inflammation to prevent tissue damage,
underscoring their critical function in the innate immune system. The following chapters will

highlight the complex nature of SPs in immunomodulation, with primary focus on SP-A.
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1.8.2 Pathogen agglutination, opsonisation and control by SPs

SPs have the ability to cluster or agglutinate pathogens. When pathogens are aggregated,
they become larger targets that are more easily recognised by phagocytes like macrophages
and neutrophils. The aggregated form mimics the natural size preference that phagocytes
have for particles, enhancing the efficiency of phagocytosis. A single phagocyte can engulf
multiple pathogens in one event of phagocytosis if they are bound together, rather than having
to phagocytose each pathogen individually. Aggregation by SPs may additionally physically
restrict the movement of pathogens, limiting their ability to spread throughout the respiratory
tract and invade host tissues. Aggregation can also neutralise the pathogenicity of microbes
as it compromises their ability to bind to host cell receptors preventing infection of host cells
(201). The aggregation of pathogens may also facilitate the activation of the complement
system, an array of proteins that aids in the opsonisation and destruction of pathogens (see
Section 1.1.2).

Opsonisation involves the coating of a pathogen’s surface with molecules termed opsonins,
thereby tagging the pathogen as a target for phagocytes such as macrophages, neutrophils,
and DCs via their surface receptors. SPs are often referred to as innate immune opsonins and
have shown the ability to “prime” pathogens for immune cell clearance. For instance, the
inflammatory response towards lipopolysaccharides (LPS), an outer-membrane toxin on
Gram-negative bacteria, is greatly enhanced when bound to SP-A or SP-D (204). SPs can
also agglutinate and opsonise viruses, where SP-A binds, for example, to the glycoproteins of
respiratory syncytial virus (RSV), and SP-D opsonises influenza A virus (IAV) (200, 205, 206).
Recently, we have shown the ability for SP-A to bind and opsonise HPV16-PsVs, resulting in

their increased uptake into murine innate immune cells (19) (see Section 1.9).

Studies have shown that SP-A mediates macrophage phagocytosis and neutrophil uptake of
a number of other bacteria, including of Escherichia coli (E. coli), Streptococcus pneumoniae
(S. pneumoniae), Staphylococcus aureus (S. aureus), and Hemophilus influenza (H.
influenza) (207). SP-A has also been shown to mediate Mycobacterium tuberculosis (M. tb)
phagocytosis by alveolar macrophages, by binding to macrophage mannose receptors (208).
Macrophages, however, serve as the major host cell niche for the growth and survival of M.
tb, and so these results suggest SP-A assists M. tb growth and survival (209). SP-A has also
been shown to play an important role in the pathogenesis of mucoid Pseudomonas aeruginosa
(P. aeruginosa) infection in the lung in vivo, by enhancing macrophage phagocytosis (210).
Likewise, SP-A recognises HSV-1 which generally infects the mucosal layer of the mouth but
can also cause infections in the respiratory tract, leading to its enhanced uptake by alveolar

macrophages (211).
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While surfactant proteins have been historically researched in the context of the pulmonary
immune functions they have recently been shown to express at various non-pulmonary sites
(63). In the human female genital tract (FGT) SP-A and SP-D have been detected in the
myometrium, vaginal epithelium and vaginal lavage fluid (76, 77). It has been suggested that
SPs play protective roles during pregnancy as well as contribute to innate defences against
sexually transmitted pathogens (78, 79). It has recently been reported that supplementation
with SP-A resulted in decreased uropathogenic E. coli growth in the urinary tracts of mice (80).
Similarly, the addition of SP-A protein has been shown to enhance the phagocytosis of
ureaplasma by RAW264.7 murine macrophages and chlamydia by THP-1 human monocytes
(212, 213). In vitro studies demonstrated SP-A and SP-D interacting with HIV via
oligosaccharides on the HIV envelope protein gp120 (78, 81). SP-A binding to HIV inhibits its
infectivity of CD4 T cells, presumably by blocking the CD4 binding site of gp120 (78). However,
SP-A plays a dual role in HIV infection as SP-A was shown to enhance HIV uptake by DCs in
vitro, where DCs transfer the virus to CD4 cells, although no in vivo studies have validated
this (81).

1.8.3 Activation of the complement cascade by SP-A and SP-D

SP-A and SP-D show a high degree of similarity with the complement protein C1q (203),
thereby functioning as an “activation-ligand” for the complement cascade pathway (see
Section 1.1.2) which facilitates in opsonisation and particle uptake (214). SPs have the ability
to directly kill pathogens, a feature shared with C1q. The complement cascade pathway can
lead to the formation of the membrane attack complex, which creates pores in the membrane
of the pathogen (215). Both SP-A and SP-D demonstrate this ability to target E. coli (216).
Moreover, SP-A was found to bind to Macrophage 1 antigen (Mac-1), a complement receptor
comprising of CD11b and CD18, thereby modulating Mac-1 cell-surface presentation and

enhancing Mac-1 mediated phagocytosis (217, 218).

1.8.4 SP-A and SP-D interaction with immune cell receptors

SP-A and SP-D interact with various receptors on innate immune cells to modulate
inflammation (202, 203). In the absence of infection, SP-A and SP-D interact with signal-
regulatory protein alpha (SIRPa) on myeloid cells (219). This interaction prevents the
production of pro-inflammatory cytokines and maintains homeostasis. When challenged with
infection and upon pathogen binding to the CRD, SP-A and SP-D preferentially bind to the

calrecticulin/CD91 receptor complex and facilitate an inflammatory response (219).
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In addition, SP-A and SP-D bind to a number of macrophage receptors, including the Cluster
Differentiation 14 receptor (CD14) (203). CD14 acts as a co-receptor with TLR4 for LPS from
Gram-negative bacteria leading to a significant inflammatory response (220). However, upon
interaction with SP-A and SP-D decreased expression of TNF-a and IL-1 as well as decreased
IL-1 and NF-kB DNA binding activity has been observed, indicating a suppression of
inflammation (221, 222). This again demonstrates that SP-A and SP-D have important

modulatory effects during Gram-negative infection.

SP-A and SP-D were also found to act as direct ligands for TLR2 and TLR4 (203), thereby
attenuating cytokine production when exposed to pathogens and their PAMPs (223, 224).

SPs can in turn be regulated by other TLR ligands. LPS from Gram-negative bacteria has
been shown to induce expression of both SP-A and SP-D (225-227). Moreover, when exposed
to the TLR2 ligand, PamCy3, and the TLR4 ligand, LPS, human retinal Muller cells, were found
to upregulate of SP-A protein expression (228).

1.8.5 SPs interaction with immune effectors

SPs can interact with immune effector molecules, such as immunoglobulins, and enhance
each other’s functions in a synergistic manner within the immune system. Particularly, IgG (via
its Fc region) can bind to SP-A (229, 230), facilitating the opsonisation process, where
pathogens are marked for destruction and more readily ingested by phagocytes. This

interaction links the adaptive immune response with innate defence mechanisms (229, 230).

GP-340, also known as Salivary Agglutinin (SAG), is a member of the scavenger receptor
cysteine-rich superfamily. GP-340 is found in various bodily fluids and tissues and has also
been reported to play a role in the immune response by binding to a wide array of pathogens,
thereby acting as an opsonin to enhance their clearance (231). GP-340 can bind to SP-A,
forming complexes that enhance the recognition and clearance of pathogens in the lungs
(232). This interaction can help aggregate bacteria and viruses, making them easier targets

for phagocytosis by immune cells.

1.8.6 SP-A and SP-D and their role in adaptive immunity

Although their main role is in innate immunity, SPs bridge innate and adaptive immune
responses through their functions in modulating the activity of APCs, specifically DCs (202).
SP-A, in particular, has been demonstrated to hinder the presentation of E. coli antigens, while

at the same time enhancing the phagocytosis of the bacteria (233). The influence of SP-D on
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DC function has a secondary effect on T cells; by modulating DC chemotaxis, which is

essential for T cell activation, SP-D indirectly governs the T cell response (234).

SPs can directly modulate T cells by inhibiting their proliferation and modifying their function
and activation state (235-238). By maintaining T cells in a less active state under non-
inflammatory conditions, SP-A and SP-D contribute to immune tolerance, preventing

excessive inflammation and maintaining homeostasis within the lung environment (239).

1.9 Identification of SP-A as a novel immune molecule modulating HPV

infection

In an attempt to identify novel molecules capable of preventing HPV infection by enhancing
innate immune recognition and viral clearance we previously demonstrated a direct
association between HPV16 pseudovirions (PsVs) and human purified SP-A, but not SP-D,
by co-immunoprecipitation assays (19). Moreover, using fluorescently labelled HPV16-PsVs,
viral particle uptake into the murine macrophage cell line, RAW264.7, was found to be
enhanced at 1 hour post infection (hpi) when preincubated with SP-A, but not SP-D, in the
presence of CaCl, compared to the HPV only and BSA preincubation controls (Figure 7). It
was therefore hypothesised that macrophages — and potentially other innate immune cell
types — may prevent infection by effectively killing most of the internalised virus in the presence
of exogenously added SP-A (19).

159 RAW264.7
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Relative fluorescence
(arbitrary units)
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HPV16-PsVs -  + + o+ 4
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SP-D - - -+
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Figure 7: Binding of HPV16-PsVs to SP-A (but not SP-D) results in increased viral uptake by RAW264.7
macrophages (19). RAW264.7 cells were infected for 1 h with fluorescently labelled HPV16-PsVs that had been
preincubated with SP-A, SP-D, or BSA for 1 h prior. Viral internalisation was analysed by flow cytometry and is
presented as x-fold increase relative to the mean fluorescence intensity of cells infected with untreated HPV16-
PsVs which was set as 1. *** = p < 0.001; no symbol denotes not significant.

While these in vitro findings suggest that SP-A plays a role in enhancing immune recognition
of incoming HPV16-PsVs, it is essential to recognise that the natural HPV infection

environment within the genital tract is highly complex. Several diverse cell types may be
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implicated in immune responses upon viral challenge, including local epithelial cells and other
recruited immune cells. To address this complexity, we investigated the impact of SP-A on
HPV16-PsVs infection using a murine cervicovaginal challenge model (Figure 8A). This model

was chosen for its ability to closely mirror the early events in HPV infection (240).

The absence of endogenous SP-A in the murine FGT allowed us to assess the effects of
supplementation with exogenous SP-A on HPV-PsVs infection and macrophage recruitment
in vivo. As shown in Figure 8B, infection with HPV16-PsVs that were preincubated with SP-A
resulted in lower levels of infection at 72 hpi when compared to the BSA control group (19).
Moreover, macrophage staining of the FGT from HPV16-PsVs infected mice showed
enhanced infiltration of macrophages to the basal epithelium and site of HPV16-PsVs infection
in the presence of SP-A (Figure 8C and D) (19). In addition, when using single cell
suspensions derived from the FGT of naive mice to assess HPV16-PsVs uptake into
monocytes, macrophages, eosinophils, and neutrophils ex vivo (Figure 8E), we observed a
significant increase in HPV16-PsVs uptake for all these populations when the viruses had
been preincubated with SP-A (Figure 8F-G).

These data suggested an SP-A-mediated opsonisation of incoming HPV16-PsVs, increased
phagocytosis, and killing by innate immune cells with an overall effect on dampening the
infection. Besides enhanced phagocytosis, SPs are also known to agglutinate (aggregate)
pathogens, thereby hindering their entry into host cells. Although we did not study this effect,
the inhibitory action of SP-A is not necessarily dependent on agglutination, and our data
strongly point toward SP-A-mediated innate immune cell uptake of the virions. While we
demonstrated a direct biochemical interaction between HPV16-PsVs and SP-A, suggesting
opsonisation as the causal basis for enhanced phagocytosis, we could not exclude the
possibility that the mere presence of exogenously supplied SP-A in the murine FGT
contributed to enhanced infiltration of innate immune cells to the site of infection and their

prompt clearance of the invading viral particles.

To comprehensively investigate the multifaceted interactions between SP-A and various
oncogenic HPV types, this thesis assessed the agglutination phenomenon, in addition to
opsonisation, and its potential role in inhibiting HPV infection of multiple oncogenic types.
Moreover, our research extended into human cell line-based in vitro systems, such as co-
cultures, to replicate cellular interactions and microenvironments, providing a more clinically
relevant platform. In vitro systems offer the advantage of covering a wider range of conditions
and scenarios efficiently, overcoming the logistical constraints associated with in vivo work,
ultimately accelerating our progress in understanding SP-A's potential as an anti-HPV

therapeutic agent.
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Figure 8: SP-A reduces HPV16-PsVs infection in vivo by increasing macrophage recruitment into the basal epithelium and increased viral uptake by selected immune cell populations
(19). A. Mouse model for HPV16-PsVs infection using C57BL/6 mice, adapted from (240). B. In vivo infection levels presented relative to infectivity of the BSA control group at 72 hpi which was
set as 100%. C. Representative confocal images of epithelial tissue (blue) exposed to fluorescent virions (green) is shown with staining for macrophages in red. The basal epithelium is outlined in
yellow. D. The area of F4/80 (macrophage) staining in the basal layer of the epithelium was quantified, where macrophage recruitment to the epithelium in response to SP-A coated HPV16-PsVs
was compared to the BSA control group. E. Mouse model as in A) showing isolation and infection of immune cell population ex vivo. Cells were infected with SP-A or BSA-coated HPV16-PsVs.
At the indicated time points, cells were stained to visualise and gate the immune cell populations by flow cytometry (eosinophils, neutrophils, inflammatory monocytes, and macrophages). F.
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1.10 Rationale and aims

HPVs are highly prevalent sexually transmitted viruses that cause significant disease burden,
with cervical cancer being the fourth most common cancer in women worldwide. Due to
multiple mechanisms to effectively escape the host's innate immune response, which
therefore delays the activation of adaptive immunity, HPV infections can persist for years,
potentially progressing into pathologies. Prophylactic vaccination is considered the most
effective control of HPV infections. However, despite the great efforts exerted in HPV-
vaccination programs, these vaccines do not cover all the HPV types present in malignant
lesions and they have limited benefit for women already infected with HR HPV types. The cost
of these vaccines, coupled with limited education and awareness, as well as the challenges
in maintaining a cold chain for vaccine transport and storage, impose added burdens on
LMICs. This clearly underscores the need for alternative interventions that broadly target HPV
infections. Our laboratory has previously identified SP-A as a novel innate immune molecule
recognising and binding to HPV16 pseudovirions and dampening infection in a murine
cervicovaginal challenge model. Based on these results, we herein aimed to assess the
suitability of SP-A as a novel broad-spectrum HPV targeting molecule preventing initial viral
infection of human keratinocytes. We also aimed to study the occurrence of agglutination and
immune recognition of SP-A-coated HPV-PsVs in human-derived immune cells and to
uncover in more detail the immune mechanisms that are affected by SP-A in the context of
HPV infections. We hypothesise that SP-A can be developed into a candidate for use in topical

microbicides which provide protection against viral genital tract infections.
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2 Materials and methods

Chemicals of analytical/reagent grade were used and generally purchased by Merck or Sigma-
Aldrich, unless indicated otherwise. Solutions made up in the laboratory are detailed in the

Appendix.

2.1 Cell culture
2.1.1 Established cell lines

The human epithelial HPV18-positive cervical adenocarcinoma cell line HeLa (ATCC), the
spontaneously immortalised keratinocyte cell line HaCaT (Thermo Scientific), the virus
packaging cell line HEK293TT (A kind gift from Lawrence Banks), and the murine leukemic
macrophage cell line RAW264.7 (Merck) were cultured in complete Dulbecco’s Modified Eagle
Medium (cDMEM) (Appendix). The human keratinocyte cell line NIKS was cultured in
complete F-Medium (Appendix). The spontaneously immortalised human monocytic-like cell
line THP-1 (Merck) was cultured in complete Roswell Park Memorial Institute Medium (cRPMI)

(Appendix). This cell line was cultured in suspension, unless stated otherwise.

Cell culture procedures were performed under sterile conditions to prevent the risk of
contamination. All cell lines were authenticated by IDEXX BioResearch using the genetic test

CellCheck 16 before the study commenced.

2.1.2 Maintaining and sub-culturing cell lines

All cells were cultured in 75 cm? cell culture flasks and incubated in a humidified atmosphere
containing 5% CO. at 37°C. Adherent cell lines were grown in 10 mL cDMEM until 90%
confluency before being washed with phosphate-buffered saline (PBS) and removed from the
flask enzymatically with trypsin/EDTA (Lonza) or lidocaine/EDTA (Appendix). Adherent cells

were pelleted at 3000 rpm for 3 min and resuspended in fresh media at the appropriate ratio.

The suspension cell line THP-1 was grown in 20 mL cRPMI until reaching a concentration of
approximately 1.0X10°8 cells/mL. The cells were split to a density of 2.5X10° cells/mL, by
directly transferring the appropriate portion of cells in old media into fresh cRPMI. If necessary,
THP-1 cells were spun at 2000 rpm for 4 min. To maintain a homogenic population of
monocyte-like cells and to prevent differentiation and heterogeneity over time, a passage

number 25 or less was used for all experiments.
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Cells in culture were regularly tested for mycoplasma using the LookOut Mycoplasma PCR
detection kit (Sigma-Aldrich). All cell-culture flasks and plates used in this project were sourced

from SPL Life Sciences.

2.1.3 Cell counting and plating

An automated cell counter (Countess Il, Thermo Scientific) was used to count cells and
subsequently calculate the appropriate dilutions for each experiment. Total volumes of 2 mL,
1 mL, and 100 yL were used for 6-, 12-, and 96-well plates respectively, unless otherwise

stated.

2.1.4 Storage of cell lines

Cells were pelleted at 2000-3000 rpm and gently resuspended in 10% dimethyl sulfoxide
(DMSO) in foetal calf serum (FCS, Gibco) at a density of ~5.0X10° cells/mL. Cells were
transferred to cryovials (NEST) in 1 mL aliquots and stored at -80°C before being transferred
to liquid nitrogen for long-term storage. To thaw cells, cryotubes were transported on ice
before being thawed rapidly in a 37°C water bath. Cells were resuspended in 4 mL pre-
warmed media before being pelleted at 2000-3000 rpm for 3 min. Cells were resuspended in

10 mL complete medium and added to a cell culture flask.

2.2 Development of an immune cell panel derived from THP-1 cells
2.2.1 Differentiation of THP-1 cells to M0 (steady-state) macrophages

Differentiation of THP-1 to steady state macrophages (M0) was adapted from published
protocols (241, 242). Briefly, THP-1 cells were grown to a confluency of 1.0X10° cells/mL and
seeded at a density of 1.0X10° cells/mL in media containing 10 ng/uL phorbol 12-myristate
13-acetate (PMA). The cells were exposed to PMA for 24 h, washed and rested in fresh cRPMI
for 48 h before using the cells in experiments, or before further stimulating the cells. The
concentration of PMA, exposure and rest times were sufficient to induce the MO phenotype
(see Section 3.1). Depending on the type of experiment, cells were either directly differentiated
in the experimental plates, or first differentiated in a T75 flask, lifted gently with lidocaine-EDTA

(Appendix) and transferred at the correct cell density to the experimental plate.
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2.2.2 Differentiation of M0 to M1, M2c, and M2a macrophages

Phenotype biasing of MO macrophages was adapted from published protocols (243, 244).
Briefly, MO macrophages that had been resting post-PMA exposure for 24 h were exposed to
stimulatory factors for 24 h (Table 1) in RPMI containing 1% penicillin G and streptomycin
(Pen-Strep) and 1% foetal calf serum (FCS). The lower percentage FCS was to prevent any
interference with the stimulating factors.

Table 1: Stimulants used for phenotype biasing of M0 to M1, M2a, and M2c macrophages after 24 h.

Macrophage phenotype Stimulating factors Concentration
LPS (Sigma) 100 ng/mL
" IFN-y (Peprotech) 20 ng/mL
M2a IL-4 (Invitrogen) 20 ng/mL
M2c IL-10 (Peprotech) 20 ng/mL

2.2.3 Differentiation of THP-1 cells to immature dendritic cells (DCO0s)

Differentiation of THP-1 cells to immature DCs (DCO0) was adapted from published protocols
(245, 246). Briefly, THP-1 cells were plated at a density of 0.5X10° cells/mL and stimulated
with 10 ng/mL recombinant human Granulocyte-Macrophage Colony-Stimulating Factor
(rhGM-CSF, Gibco) and 20 ng/mL IL-4 (Invitrogen) in RPMI containing 1% Pen-Strep and
2% FCS. Cells were stimulated for 6 days, replenishing rhGM-CSF and IL-4 in fresh media on
day 3.

2.2.4 Validation of immune cell lineages by flow cytometry

THP-1 cells were differentiated in 6-well plates as described. Cells were lifted gently with
lidocaine-EDTA and gentle pipetting, counted and plated in FACS block (Appendix) in a
V-shaped 96-well plate, with 5.0X10° cells in 50 yL FACS block per well upon which they were
incubated in FACS block for 1 h at 4°C.

The cells were first stained for viability using the Zombie Aqua™ Fixable Viability Kit
(BioLegend). Compensation controls were made as follows: one well of cells was treated with
70% ethanol to kill the cells. This was resuspended in a well of viable cells to achieve

50/50 live/dead cells. The viability dye was diluted in PBS to working concentration (Table 2).
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The cells were centrifuged for 2 min at 700 g and resuspended in 100 pL viability dye for
15 min at room temperature (RT), before being washed 2 times with FACS wash (Appendix).
The cells were then stained with the conjugated antibodies (Table 2) for 30 min at 4°C in the
dark. Unstained controls were incubated with FACS block during this incubation step. The
cells were washed with FACS wash 3 times, resuspended in 100 uL FACS fix (Appendix), and
kept on ice in the dark until acquisition with a BD LSRFortessa™ Cell Analyser using the BD
FACSDiva software (BD Biosciences). The cell populations were defined by setting the
threshold for forward scatter at 5000 to exclude cell debris; 30 000 gated events were acquired
per sample. The FlowJoTM software (v10.7.2; BD Biosciences) was used for post-acquisition
analysis. Singlets were gated using a dot plot of the forward scatter height (FSC-H) vs area
(FSC-A). The cell population was gated using a dot plot of side scatter (SSC-A) vs. FSC-A.
Additionally, the t-SNE analysis FlowJo plugin was employed to visualise the high-dimensional

data in a reduced two-dimensional space.

Table 2: Conjugated antibodies used to phenotype the THP-1-derived immune cell panel.

. Excitation and ML per 50 uL
Antibody/Marker Fluorophore o .
emission peaks (nm) | staining volume

. BV510 (Zombie
Cell viability _ 405 and 510 0.25
Aqua™, BioLegend)

HLA-DR PE (BioLegend) 488 and 574 1
BV650 (BD
CD11c 407 and 647 2
Biosciences)
CD86 FITC (Biocom) 491 and 516 25
CD169 BV605 (Biocom) 407 and 602 25
CD206 PE-Cy5 (Biocom) 496 and 667 1.25
DC-SIGN BV421 (Biocom) 408 and 422 25

The BD™ CompBeads Set (anti-Mouse Ig k; BD Biosciences) was used to account for spectral
overlap between the fluorophores. The compensation particles were prepared according to
the manufacturer's instructions. Briefly, for each conjugated antibody used, 50 pL of the
positive particles and 50 pL of the negative control were added to FACS tubes containing 100
pL FACS block. The same volume of antibody used for staining the samples was added to the

FACS tubes. The tubes were incubated for 30 min at 4°C followed by the same washing
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procedure as the sample stains. The resuspended beads were stored at 4°C in the dark until

they were ready to be used in the flow cytometry experiment.
2.3 Purification of Native Human SP-A

Purified human SP-A was provided by Dr Jens Madsen, University College London, UK. The
human SP-A was purified from bronchoalveolar lavage fluid (BAL) obtained from human
patients with alveolar proteinosis using a previously described butanol extraction method
(247). The collection of BAL was done with informed consent and necessary ethical
permission from the Royal Brompton and Harefield Research Ethics Committee

NRES10/H0504/9. The patients underwent the procedure for therapeutic purposes.

Native human SP-A was purified from the SP-A-rich BAL pellet through gel chromatography
or butanol extraction, following the previously described protocols (248, 249). The purity of
SP-A was verified using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE), Western blotting, and N-terminal sequencing. The purified SP-A protein was diluted
with nanopure water or Tris-buffered saline (TBS) with 5 mM CaCl.. The Limulus Amoebocyte
Lysate (LAL) chromogenic assay (Lonza) was used to determine the levels of endotoxin in the
purified SP-A protein preparation (19). If the butanol-extracted SP-A had low endotoxin levels
(<1 pg/ug) it did not require endotoxin treatment. The treated proteins were filtered using a
0.22 um filter and stored as aliquots at —20°C before being shipped to our laboratory in South

Africa.

2.4 HPV pseudovirus (HPV-PsVs) production

HPV pseudovirions are single-cycle infectious particles comprising type-specific L1/L2 capsids
enclosing a reporter expression genome (the pseudogenome) that mimic the structure and
behaviour of a virus but lack the ability to replicate and cause pathologies (88). This makes
them safer for laboratory research and vaccine development, eliminating the risk of accidental
infection. The production of HPV-PsVs was adapted from established protocols (160, 250)

and is outlined below.

241 Plasmid production

All plasmids used for transfections were maintained by transformation of chemically
competent E. coli (TOP10, Invitrogen). Glycerol stocks of these transformed bacteria were
used to inoculate liquid LB medium (Appendix) containing selection antibiotics (see

Supplementary Table 1) and cultured for approximately 18 h in a shaking incubator at 37°C.
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Plasmids were isolated and purified using the Promega PureYield™ Plasmid Maxiprep
System. The resulting DNA was quantified using a NanoDrop Microvolume
Spectrophotometer (Thermo Fisher) and restriction enzyme digests were performed to ensure

the correct plasmid was isolated (Supplementary Table 1, Supplementary Figure 1).

2.4.2 Mammalian cell transfection and harvest of HPV-PsVs

HEK293TT cells were plated out to 50% confluency in 10x T175 flasks and transfected with
plasmids encoding for HPV-type specific L1/L2 capsid proteins together with the Gaussia
luciferase reporter plasmid pCMV-Gluc (Promega) using the calcium phosphate method. The
transfection mixture was set up in a 15 mL falcon tube as follows: 150 ug L1/L2 plasmid,
360 pg pCMV-Gluc, and 750 yL CaCl,; was added to Tris EDTA (TE) buffer (Appendix) to a
final volume of 6 mL. The mixture was gently inverted before adding 6 mL 2X HEPES buffered
saline (HBS, Appendix). The mixture was incubated at room temperature for 30 min before
being added dropwise to the HEK293TT cells. After 48 h, the cell supernatants were collected
in 50 mL flacon tubes, and the cells were lifted by trypsinisation and collected in the same
50 mL falcon tubes. The tubes were spun for 5 min at 3000 rpm and resuspended in 1 mL
PBS. The cell suspensions were transferred to low protein binding Eppendorf tubes (Thermo
Scientific) and spun again. The PBS was removed, and the size of the pellet was assessed.
The pellet was resuspended in equal amounts of PBS, followed by 1/105 volumes 1M MgCl,
(final concentration 9.5 mM), 1/28 volumes sterile 10% Brij 58 (Sigma), 2 yuL Benzonase
(Sigma), and 2 pL Exonuclease V (New England Biolabs). The pellet was incubated at 37°C
for 24 h (maturation step), mixing occasionally. After the maturation step, the lysate was chilled
on ice for 5 min before adding 0.17 volumes of PBS containing 5 M NaCl. The lysate was

chilled on ice for a further 10 min and stored at -80°C until further processing.

Lysates underwent 3 freeze/thaw (-80°C/room temperature) cycles before being spun down
at 8000 g for 10 min at 4°C. Supernatants were collected, the pellet (cell debris) washed once
in 400 pL 1X high salt buffer (HSB, Appendix) and spun down together with the supernatant
in case there was any debris left. The supernatants were either first labelled with Alexa Fluor
488 (AF488, Section 2.4.3) or directly loaded onto the CsClI gradient (Section 2.4.4).

2.4.3 HPV-PsVs labelling with Alexa Fluor™ 488

In order to fluorescently label the virus, the supernatant pH was first adjusted with 1/10
volumes 1 M NaHCO3 (pH 8.3). 1/30 volumes Alexa Fluor™ 488 Succinimidyl Ester (10 mg/mL

in DMSO, Invitrogen) was added to the lysate and incubated for 1 h at room temperature
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wrapped in aluminium foil on a rotating wheel. The pH was brought back to neutral by adding
1/25 volumes 1 M NaPO; (pH 6.5).

2.4.4 HPV-PsVs purification — discontinuous caesium chloride gradient

For purification of the HPV-PsVs a discontinuous caesium chloride (CsCl) gradient was
prepared as follows: 4 mL of light CsCl (Appendix) was pipetted into a siliconised ultraclear
centrifuge tube (Beckman). 4 mL of heavy CsCl (Appendix) was gently underlayed beneath
the light CsCI. The virion-containing supernatant was loaded on top of the gradient and topped
up with 1X HSB. The positions of the interfaces were marked on the centrifuge tube. The tubes
were immediately spun for 8 h at 20 000rpm at 4°C in a Beckman SW40Ti swinging bucket
rotor. The sample tubes were carefully removed and placed in a clamp on a ringstand
apparatus in a hood. If enough sample was loaded onto the gradient, a faint viral band slightly

above the position of the original heavy/light interface could be seen.

To harvest the virions, 18-gauge needles attached to 5 mL syringes were gently inserted into
the tube both at a position just below the original heavy/light interface, and 1 cm from the
bottom of the tube. Routinely, both the “band” fraction, containing mostly empty particles, was
collected (~2 mL), together with a 2 mL fraction positioned at the “bottom” of the tube,
containing mostly infectious particles. Both fractions were loaded into individual Amicon Ultra-
4 filter devices (100 000 kDa MWCO, Milipore) to remove the CsCl and to concentrate the
PsVs. The filters were spun down at 3000 rpm for 10 min, washed with 1X HSB and spun
again until the PsVs were concentrated down to approximately 100 uL and stored at -80°C in

low binding Eppendorf tubes.

2.4.5 AQuality checks of the HPV-PsVs preparations

Each HPV-PsVs preparation underwent the following quality checks (Sections 2.4.5.1 to
2.45.4).

2.4.5.1 SDS-PAGE and Silver Stain

10% SDS-PAGE gels were prepared following standard procedures, were loaded with 3 pL
denatured HPV-PsVs and were run at 150 V for approximately 1 h. For AF488-labelled PsVs,
the SDS-PAGE gel was imaged using the iBright FL1000 fluorescent imager (Invitrogen) prior
to staining. The gels were stained using the Pierce™ Silver Stain kit (Thermo Scientific) to

assess the purity of the HPV-PsVs. Good quality HPV-PsVs will have clearly defined bands
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for the L1 and L2 proteins of the correct size (roughly 55 and 70 kDa respectively, depending

on the HPV type), and with little to no contaminant proteins.

2.4.5.2 HPV infection and neutralisation assay

Infectability of the HPV-PsVs were tested using HelLa cells, along with neutralisation assays
using antibodies against the various HPV types to determine specificity and quality of the
virions. These antibodies were sourced from Neil Christensen (Penn State Cancer Institute,
USA) and are primarily type-specific and bind to surface exposed conformational loops (251).
Hel a cells were seeded a day prior in a 96-well plate at 5000 cells in 100 yL cDMEM per well.
In low protein binding Eppendorf tubes, 0.5 ug PsVs were incubated for 1 h on ice with 0.5 pg
of the specific antibody (e.g., HPV16-PsVs with an HPV16 antibody) or an antibody specific
for a different type of HPV (e.g., HPV16-PsVs with an HPV18 antibody). The preincubation
mixtures were added to the plated HelLa cells, along with an HPV-only positive control and a
cell-only negative control. Luciferase activity was assessed 48 hpi using a GloMax® Explorer
Multimode Microplate Reader (Promega), following the Pierce™ Gaussia Luciferase Flash
Assay Kit (Thermo Scientific) as follows: For each well, freshly prepared Reaction solution
was used, which consisted of 0.5 yL of Coelenterazine in 50 yL of Gaussia Flash Assay Buffer.
This solution was injected into each well, and the luminescence signal was measured using a

2 sec lag time and a 10 sec integration time.

2.4.5.3 Negative-stain electron microscopy

Negative-stain electron microscopy was employed to visualise the structure of HPV16-PsVs,
at a final concentration of 0.1 pg/uL. A 3 pL aliquot of purified HPV16-PsVs was applied to a
glow-discharged copper grid coated with carbon (Agar Scientific) for a duration of 30 sec.
Following this, the grid was rinsed with two drops of deionized water and stained using two
drops of a 2% aqueous uranyl acetate solution (SPI Supplies). The air-dried grid was
subsequently examined under a Philips Tecnai F20 transmission electron microscope, which
was equipped with a field emission gun operating at 200 kV. Image capture was facilitated by
a Gatan US 4000 4kX4k charge-coupled-device (CCD) camera utilizing the Digital Micrograph

software suite.

2.4.5.4 Protein quantification by BCA

The Pierce™ BCA Protein Assay (Thermo Scientific) was used to quantify the protein
concentration of the HPV-PsVs. Following the manufacturer’s instructions, the concentration
of the HPV-PsVs ranged from 0.1 to 1.0 pg/uL. 1 ng of HPV-VLPs (-PsVs) consists of
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approximately 30 million particles (252). In this study, cells were infected at an HPV-PsVs
concentration of 2-4 pg/cell (60 000 to 120 000 particles per cell. For each assay, the HPV-

PsVs concentration is stated.

2.5 Experiments with SP-A opsonised HPV-PsVs

Unless otherwise stated, HPV-PsVs were opsonised with SP-A (see Section 1.9) or the control
protein BSA by preincubating the viral particles with SP-A (or BSA) at room temperature for
1 hin 2 mL low protein binding Eppendorf tubes at a 1:10 PsVs to SP-A (or BSA) ratio, in the
presence of 5 mM sterile filtered CaCl,, before using themin in vitro assays (19). Preincubation
volumes were kept as low as possible to prevent dilution of the medium, with a maximum
preincubation volume of 7 uL added to wells of 96-well plates, and preincubation volumes of

15 and 20 pL for 12- and 6-well plates, respectively.

2.5.1 Assessing HPV-PsVs internalisation with flow cytometry (FACS)

To assess viral binding and internalisation by flow cytometry, cells were plated in triplicates in
1 mL complete media in 12-well plates at a density of 100 000 cells/mL. The cells were grown

overnight, unless differentiated from THP-1 cells (see Section 2.2).

AF488-labelled PsVs were preincubated with SP-A (or BSA) at a 1:10 (w/w) ratio for 1 h at
room temperature and added to the cells for 1 h at 37°C before lifting with trypsin-EDTA or
lidocaine-EDTA. Cell suspensions were harvested in Eppendorf tubes and spun at 750 g at
4°C for 3 min. Cell supernatants were aspirated, and the cell pellets were resuspended in cold
FACS wash and transferred to a clear 96-well V-bottom-shaped plate (Thermo Scientific). The
plate was spun at 750 g at 4°C for 2 min to pellet the cells which were washed again with
FACS wash, before being pelleted again and resuspended in 100 uL FACS fix. The fixed cells
were transferred to FACS tubes (BD Falcon) and kept shielded from light on ice until

acquisition.

Cells were acquired using a BD LSRFortessa™ Cell Analyser using the BD FACSDiva
software in the AF488 channel. Acquisition parameters were set up using an unstained
negative control and stained positive control. The cell population was defined by setting the
threshold for forward scatter at 5000 to exclude cell debris and 30 000 gated events were
acquired per sample. The FlowJoTM software (v10.7.2) was used for post-acquisition
analysis. Singlets were gated using a dot plot of the forward scatter height (FSC-H) vs area
(FSC-A). The cell population was gated using a dot plot of side scatter (SSC) versus FSC-A.
The AF488 positive threshold was set using a dot plot of FSC-A and AF488 of the uninfected
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cells (Supplementary Figure 2). This gating strategy was applied to all acquisitions of the same

cell type, providing % AF488 (HPV) positive cells.

2.5.2 Immune and epithelial cell co-cultures

A direct cell-to-cell co-culture system was utilised, where HaCaT cells were chosen as the
infectible epithelial cell line, and RAW264.7, THP-1 and THP-1-derived immune cells were co-

cultured with the HaCaT cells at various ratios.

Co-culture experiments were conducted in 96-well plates, unless stated otherwise. Briefly,
HaCaT cells were plated at a density of 5000 cells per well in cDMEM. Immune cells were
plated with the HaCaT cells with the following cell numbers: 500, 1000, 5000, 10000 to achieve
the approximate epithelial cell to immune cell ratios of 10:1, 5:1, 1:1 and 1:2, respectively. The
cells were grown overnight before subsequent infection with HPV-PsVs. Cells were infected
with 0.1 ug HPV-PsVs opsonised with 1 ug SP-A or the BSA control.

The Pierce™ Gaussia Luciferase Flash Assay Kit was used for the detection of Gaussia

luciferase as a proxy for infection, as described in Section 2.4.5.2.

Carboxyfluorescein succinimidyl ester (CFSE) was used to stain live cells following the
manufacturer's instructions (Molecular Probes). Briefly, cells were washed with PBS and then
resuspended in 5 yM CFSE in 100 uL PBS. After incubation at room temperature for 5 min,
the cells were washed 3 times with PBS to remove any unbound dye and lysed with 100 L
3% Triton X100. The lysates were transferred to a black 96-well plate. The staining efficiency
and viability of the cells was evaluated by measuring fluorescence at 475 nm excitation and
520 nm emission with a Glomax Explorer. CFSE-labelled cells were found to be highly viable
and showed a bright, stable fluorescence signal compared to unstained controls. This allowed

for the monitoring of cell viability and served to normalise infection levels to live cells (253).

2.5.3 Confocal microscopy

To investigate the uptake of HPV16-PsVs in and around cells following preincubation with
either SP-A or BSA, fluorescent and confocal microscopy was performed at the African
Microscopy Initiative Imaging Centre at the University of Cape Town. Cellular uptake into
HaCaT epithelial cells and RAW264.7 murine macrophages was assessed at 3 hpi, while

lysosomal uptake and accumulation of HPV16-PsVs was determined at 8 hpi.

2.5.3.1 Sample preparation
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75000 HaCaT or RAW264.7 cells were plated in 12-well plates containing sterile square
coverslips (22 X 22 mm, Marienfield Superior) and grown overnight. For each cell type, an
experimental condition (HPV16-PsVs + SP-A), and a control condition (HPV16-PsVs + BSA)
was plated in duplicate. AF488-labelled HPV16-PsVs were preincubated with SP-A or BSA in
the presence of 5 mM CaCl; for 1 h at room temperature using the optimal HPV:SP-A w:w
ratio of 1:10, as previously described (19). Per well, the preincubations consisted of 0.2 ug
HPV16-PsVs and 2 ug SP-A (or BSA).

To compare uptake and particle distribution, the HPV preincubations were added to the cells
for 3 h, followed by gentle washing with warm PBS and fixing with 2% paraformaldehyde (PFA)
for 5 min at 37°C. The cells were washed again and stained with Hoechst 33342 (Thermo
Fisher Scientific) for 5 min at RT at a final concentration of 5 yg/mL in PBS. The cells were
gently washed and mounted on Lasec Superior Clear Scan microscope slides
(76 X 26 X 1.1 mm) with mounting medium (Invitrogen). The mounting medium was allowed
to dry overnight at RT before imaging or for long-term storage at 4°C protected from light. For
this experiment, an unstained control was made in parallel to determine the baseline

fluorescence or background signal in the green channel.

To assess lysosomal accumulation at 8 hpi, the HPV preincubations were added to the cells
for 7 h, followed by live staining with LysoTracker™ Deep Red (Thermo Fisher Scientific) in
warm cDMEM for 1 h at 37°C at a concentration of 50 nM for HaCaT cells, and 75 nM for
RAW264.7. Cells were gently washed with warm PBS before fixing, staining with Hoechst
33342, and mounted as described above. For this experiment, a LysoTracker only and HPV
only control was prepared in parallel to determine the baseline fluorescence or background

signal of each fluorochrome.

2.5.3.2 Image acquisition

Imaging was performed on a Zeiss LSM 980 with Airyscan 2 confocal laser scanning
microscope (Carl Zeiss AG, Germany). Single stains were used to assess the background
fluorescence of each channel and acquisition settings were adjusted accordingly. Image
acquisition settings were kept constant for all samples. For acquisition, 25 fields of view each
for the SP-A and BSA control wells were imaged with a 63x oil immersion objective (1.4 NA)
with the emission spectra set to 410-440 nm, 499-529 nm, 567-617 nm and 659-759 nm for
Hoechst 33342, AF488-HPV16-PsVs, and LysoTrackerT'\’I Deep Red, respectively. The
405 nm, 488 nm, and 639 nm lasers were used to excite Hoechst 33342, AF488-HPV16-PsVs,
and LysoTracker™ Deep Red, respectively. Transmitted light images were also captured for

the 3 hpi experiment in order to visualise the perimeter of the cell.
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1 X sampling was utilised during imaging to ensure accurate representation of specimen
details. Pixel size of the image was calculated to be 16.57 ym X 16.57 ym based on the
microscope's calibration. Images were acquired at a 16-bit depth to ensure high fidelity in

capturing fluorescence intensity variations within samples.

For image acquisition, a scan speed of 6 frames per second was maintained throughout the
experiments. Mean averaging was applied with a factor of 4 to reduce noise in the acquired
images. Zoom or cropping was not employed in these acquisitions to preserve the true
magnification. The magnification for images captured using the 63X objective was calculated
as 63 X 10 (for eyepieces) X 1 (no zoom factor). The master gain settings were adjusted
individually for each channel as follows: blue — 700 V, green — 590 V, red — 650 V. Laser
intensity for each channel was individually optimised for the 3 hpi and 8 hpi series of stains:
The 3 hpi experiments used laser intensities set at 0.4% for the 405 nm laser and 2% for the
488 nm laser. The 8 hpi experiments used laser intensities set at 0.3% for the 405 nm laser,
0.3% for the 488 nm laser, and 2.5% for the 639 nm laser. Z-stack intervals were set at 1 um

and a total of 5 slices were acquired.

Chromatic shift, also known as chromatic aberration, occurs when different wavelengths of
light do not focus at the same point within the microscope. This phenomenon can lead to
misalignment between the images acquired in different channels, resulting in a shift in the
location of objects or structures when imaging in multiple channels. Chromatic shift is
especially relevant when using multiple fluorophores with varying emission spectra, and it is
critical that this is compensated for in colocalisation analyses. To correct for chromatic shift
when capturing the blue, green and red channels (i.e., to ensure that all channels were
focussed to the same point), we used the calibration MultiSpec™ bead sample (ZEISS).
Images of the beads were captured using the same acquisition settings used for the

experiment. The necessary transformation was determined as described in Section 2.5.3.3.

2.5.3.3 Image analysis using Fiji (Image J)

Fiji (ImageJ2, v2.14.0/1.54f) was used to perform the particle and colocalisation analyses. To
analyse particle occurrence and size, maximum intensity projections were made from the z-
stacks, where the cell border was outlined using the transmitted light channel so that only

bound or intracellular particles were analysed (see Section 3.5).

To use the “Analyze particles” function, a threshold for the green channel (HPV particles) was
set based on the unstained cells control. The lower upper threshold values for the green
channel for both HaCaT and RAW264.7 cells (3900-65535 and 2500-65535, respectively)
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were manually set and kept constant. The number of cells in the image, the number particles

per cell detected, and the area of each particle were recorded.

To calculate the transformation necessary to compensate for chromatic shift, three images of
the beads were loaded into Fiji and maximum intensity projects made. The Align.ijm macro
script was run to align the green, red and blue channels of the beads. The calculated

transformation was saved as a .csv file to be later applied to all experimental images.

For the experimental images, maximum intensity projections were made, and the
transformation described above was applied. For each channel (nuclei, HPV and lysosomes)
the appropriate threshold was applied to segment the objects of interest. The lower and upper
threshold values for the green channel for both HaCaT and RAW264.7 cells (1250-65535 and
811-65535, respectively) and the red channel (2250-65535 and 5010-65535, respectively)
were manually set and kept constant to separate the signal from the background by using the

single-stained controls.

The “JACoP” (Just Another Colocalisation) plugin (v2.1.4) was used to assess the
colocalisation of HPV in lysosomes. The overlap coefficient, Pearson’s correlation coefficient
and Manders’ coefficient were recorded to quantify the degree of colocalisation between the

red and green channels (lysosomes and HPV, respectively) (254).

2.5.4 Assessment of immune modulatory proteins

Levels of immune modulatory proteins were assessed for THP-1 monocytes and naive
dendritic cells (DCO) using the Proteome Profiler™ Human XL Cytokine Array Kit (R&D
Systems, cat: ARY022B). This is a membrane-based antibody array for the parallel
determination of the relative levels of selected human cytokines, chemokines and growth

factors.

250 000 THP-1 and DCO cells were plated (in parallel) in 1 mL cRPMI in 12-well plates and
cultured overnight. The next day, the cells were treated with the following conditions; one well
of each cell type was left untreated to determine baseline cytokine levels; one well of each cell
type received HPV16-PsVs preincubated with BSA (as described in Section 2.5); one well of
each cell type received HPV16-PsVs preincubated with SP-A (as described in Section 2.5);
and one well of each cell type received SP-A without HPV which had been incubated exactly
as the two previously mentioned conditions. The cell supernatants were harvested 24 hpi and
centrifuged at 500 g for 5 min to remove cells and debris and then used immediately for the

protein arrays, following the kit's instructions using the supplied buffers and reagents. First,
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the membranes were incubated in blocking buffer for 1 h at RT with gentle shaking, followed
by incubation with 500 pL cell supernatants in 1000 yL blocking buffer overnight at 4°C with
gentle shaking. The membranes were then washed three times with washing buffer for 10 min
on a shaking platform. After washing, the membranes were incubated with 1.5 mL diluted
Detection Antibody Cocktail for 1 h at RT with gentle shaking, followed by washing. The
membranes were then incubated with 2 mL of 1X Streptavidin-HRP Reagent for 30 min at RT
with gentle shaking, followed by washing. Finally, each membrane was laid on a trimmed
plastic sheet protector, covered with 1 mL of Chemi Reagent Mix and incubated for 1 min.
Excess reagent was removed from the membranes which were then imaged using an iBright
FL1000 imager (Thermo Scientific) for 1-10 min on the chemiluminescent setting. The images
were exported and analysed using the recommended in-house software, QuickSpots
(Western Vision) which aligns the spot array template for this specific kit over the images of
the membrane and calculates the pixel density at each site. The fold changes in cytokine
expression were calculated and reported as changes relative to the pixel densities for the

untreated membrane.

The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, v12.0) was used to
explore protein interactions in our expression data. STRING integrates data from various
sources, including experimental studies, computational predictions, and databases, to create

a comprehensive network of interactions between proteins and is available at https://string-

db.org.

2.6 Statistics

In the statistical analysis of the data, a one-way analysis of variance (ANOVA) was employed
to assess the significance of differences among multiple groups. To further examine pairwise
comparisons between individual groups, Dunnett's multiple comparison test was applied.
Additionally, a two-way ANOVA was performed to investigate the influence of two independent
variables on the dependent variable. In this analysis, the main effects of the two factors as
well as their interaction were examined. To determine significant differences in pairwise
comparisons within the two-way ANOVA, the Sidak multiple comparison test was employed.

All calculations were performed with Graph Pad Prism (Version 9).
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3 Results

Despite the availability of highly effective HPV vaccines, many people especially those living
in LMIC, have limited access. We therefore see a need to explore alternative methods of
protection against HPVs, such as stably incorporating HPV-targeting molecules into cost
effective and easily accessible topical microbicides. SP-A has been widely identified as an
immune opsonin, and we have previously shown its antiviral effects on HPV16-PsVs infection
both in vitro and in vivo mouse models (19). As a continuation of previously published work
from our laboratory which included my MSc thesis, we investigated the immune modulatory
effects of SP-A in human cells, and its ability to affect infection of multiple oncogenic HPV
types. In addition, we further characterised the immune mechanisms associated with SP-A

mediated modulation of HPV-PsVs infection on a cellular and molecular level.

3.1 Development of an immune cell panel derived from THP-1 cells

Studying the response to HPV infection within the context of innate immune cell interactions
holds significant implications for understanding the immune system's first line of defence in
combatting papillomavirus infections, particularly in light of HPV’s various strategies to avoid
immune recognition (see Section 1.4). The immune cell panel selected for this assessment,
encompassing monocytes, resting macrophages (M0) as well as M1, M2a, M2c macrophages,
and immature dendritic cells (DCO), offers a comprehensive view of the various responses of
innate immune cells during HPV infection. Each of these immune cell types plays distinct roles
in the immune response, contributing to a collective defence mechanism against viral threats.
Monocytes serve as initial responders, facilitating the recruitment of immune cells to the
infection site. Resting macrophages serve as a crucial initial defence and can transition into
different functional states based on the cues they receive from the surrounding tissues and
the type of immune response required. M1 macrophages exhibit pro-inflammatory properties,
aiding in viral clearance and tumour regression, while M2a and M2c macrophages are
associated with anti-inflammatory and tissue repair functions, respectively (255). Immature
dendritic cells are critical for antigen presentation and the initiation of adaptive immune
responses (see Section 1.1.1). The presence of SP-A adds another layer of complexity, as it
has been shown to modulate innate immune responses. Investigating how each immune cell
subset responds to HPV infection, both in the absence and presence of SP-A, promises to
unveil nuanced insights into the orchestrated immune reactions and their potentially
modulatory effects. Such knowledge could pave the way for tailored immunotherapeutic
strategies aimed at enhancing the immune system's ability to recognise and control HPV

infection and related diseases, like cervical cancer.
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The human leukaemia monocytic cell line, THP-1, was used as the basis for developing a
human immune cell panel. The accessibility, reproducibility, and the established research on
THP-1 stimulation made it an obvious candidate (255). THP-1 cells can be differentiated into
macrophages or DCs under specific conditions; but while they are frequently used to produce
these specialised immune cells, it is important to note that a diverse array of published
protocols exists, each offering distinct strategies to modulate their differentiation behaviour.
These protocols often vary in terms of differentiation agents, culture conditions, and
stimulation cues, resulting in a range of phenotypic outcomes. For this project, a meticulous
approach was taken in selecting a protocol that strategically combined elements from various
existing methods. The herein established protocol consistently led to distinct immune cell
phenotypes, where THP-1 cells have provided a valuable in vitro system to investigate the

plasticity and diverse functions of innate immune cells (Figure 9).
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Figure 9: Differentiation scheme of THP-1 cells to produce the immune cell panel. Indicated are the expected
changes that were observed in the selected surface marker expression patterns. Made with BioRender.com.

The most common way to differentiate THP-1 cells into resting MO macrophages is by
treatment with PMA followed by a necessary rest period, which has been shown to activate
protein kinase C and induces a signalling cascade that leads to the differentiation of

monocytes into adherent macrophages (255, 256). At this stage of the differentiation process,
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the cells transition from the small round phenotype of the suspension THP-1 cells, to larger,

more granular adherent cells (Figure 10A and B).

It is also possible to further differentiate MO macrophages into M1, M2a, and M2c subtypes by
additional treatment with specific cytokines and/or ligands. M1 polarisation can be induced by
treatment with IFN-y or LPS, while M2a and M2c polarisation can be induced by treatment
with IL-4 or IL-10, respectively (255, 257, 258). Other than exhibiting a slight increase in
granularity and a higher frequency of spindle-shaped cells, these cells looked relatively similar
to the resting phenotype (Figure 10C-E). Differentiation of THP-1 cells into immature DCs can
be achieved by treatment with GM-CSF and IL-4 (245, 246), where after stimulation, the cells
remained in suspension but become more ruffled and granular (245) (Figure 10F). The THP-
1 and THP-1 derived immune cells are from here on collectively termed the immune cell panel
or ICP.

Figure 10: Representative brightfield images of THP-1-derived immune cells in culture. Briefly, THP-1
monocytes were treated with 10 ng/uL PMA for 24 h followed by culture with fresh media for 48 h to produce MO
macrophages. MO macrophages were treated with stimulating factors (see Section 2.2) for further differentiation.
A. THP-1 monocytes, B. MO macrophages, C. M1 macrophages, D. M2a macrophages, E. M2c macrophages, F.
immature dendritic cells. Shown are images taken at 20X magnification.

Flow cytometry can give an indication of the size and complexity of cells. The Forward scatter
(FSC-A), which gives an indication of cell size, increases when THP-1 cells have differentiated
into MO, M1, M2a and M2c macrophages (241, 242) (Figure 11A-B). Cell size slightly
decreased when MO macrophages were stimulated to an M1 phenotype, as observed
previously by Forrester et al. (243). Interestingly, the size of DCO was found to be smaller than
that of the origin cell, THP-1. The Side scatter (SSC-A) gives an indication of cell surface

complexity or granularity. Relative to THP-1 cells, all differentiated cell types had increased
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surface complexity (Figure 11A-B), where complexity was further increased from immature
macrophages to the phenotype-biased M1 and M2a / M2c macrophages. This could result

from an increase in membrane-bound organelles (242).
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Figure 11: Flow cytometry analysis of the THP-1-derived ICP. Cells were harvested and processed as
described in Section 2.2 before acquisition on a BD LSRFortessa. Depicted in A. are contour plots of the forward
and side scatters (FSC-A and SSC-A), respectively, of the immune cells. B. The GeoMean of the FSC-A and SSC-
A of the cells are depicted. Acquisition voltages were kept constant when acquiring the different immune cell
populations. Statistical significance was determined using one-way ANOVA and Tukey’s multiple comparison tests
relative to the undifferentiated THP-1 cells. ****= p<0.0001.

The resulting macrophages and DCs should exhibit distinct functional and molecular profiles,
allowing for the investigation of specific immune cell subsets in various physiological and
pathological contexts (see Section 1.1.1). In order to determine successful differentiation and
phenotype biasing of the THP-1-derived ICP produced, cell surface staining of selected cell-
surface receptors with subsequent flow cytometry analysis was performed. A panel of 6 cell-
surface markers was chosen: HLA-DR, CD11¢, CD86, CD169, CD206, and DC-SIGN (243,

259, 260).

HLA-DR (Human Leukocyte Antigen-DR) is a class Il MHC molecule found on the surface of
APCs, including monocytes, macrophages, and DCs (261, 262). In this panel, the THP-1
monocytes and M1 macrophages had the highest surface expression of HLA-DR, with the
total live cell populations being 80% positive (Figure 12) (243). All other cell type populations
were approximately 30% positive for HLA-DR. CD11¢, also known as integrin alpha X, is a
cell surface protein that is primarily expressed on certain immune cells, particularly DCs and
a subset of macrophages (263). An increase in CD11c positivity was observed in the MO
populations compared to the THP-1 population (264). Although CD11c is more associated

with M1 macrophages, we did not see an increase in positivity in this population, nor the M2a
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and M2c populations. The same observation, however has been published (243).
Differentiation to DCO led to a slight increase in the CD11c positive cell population compared
to the THP-1 cells, but not to the same extent as the macrophage populations, as seen
previously (245, 259, 264) (Figure 12). CD86, also known as B7-2, is a cell surface protein
that belongs to the B7 family of co-stimulatory molecules. It is primarily expressed on APCs
such as DCs and macrophages (265, 266). All macrophage phenotypes were found to have
higher percentage positive CD86 populations compared to the THP-1 population, increasing
from 2% to 10% (Figure 12). The DCO population also had a greater % of CD86 positive cells
compared to the THP-1 population (4.5%). CD169, also known as Siglec-1, is a lectin-like
receptor expressed on certain subsets of macrophages and DCs (267) (260). As observed by
Forrester et al. (243), no difference in CD169 expression was observed for THP-1 and MO,
but after phenotype biasing to M1, there was a marked increase in CD169 positivity (Figure
12). CD206, also known as the mannose receptor, is a cell surface receptor primarily
expressed on M2 macrophages, particularly M2a (268, 269). Indeed, the M2a and M2c
populations had the highest percentage positivity for CD206 compared to the other cell
populations, however, the percentage was low (6%, Figure 12). DC-SIGN (Dendritic Cell-
Specific ICAM-grabbing non-integrin) is a C-type lectin receptor expressed on DCs and certain
macrophages, particularly in mucosal tissues (270, 271). As observed previously, DCO had
the largest population expressing DC-SIGN (40%, Figure 12). Previous studies have also
reported a high expression of DC-SIGN in IL-4 polarised THP-1 macrophages (272). Indeed,
we also noted a higher percentage of DC-SIGN positive cells in the M2a population compared
to the other macrophage populations (Figure 12). Interestingly, we also see a high percentage

DC-SIGN positive population in the undifferentiated THP-1 monocytes.
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Figure 12: Cell-surface marker expression on THP-1-derived immune cells. Cells were stained as described
in Section 2.2.4 before acquisition with the BD LSRFortessa. Percentage positivity relative to the whole live
population for CD86, HLA-DR, CD206, CD169, CD11c, and DC-SIGN are shown. Data are from 3 independent
experiments where the mean and SEM are plotted. Statistical significance was determined using one-way ANOVA
and Tukey’s multiple comparison tests relative to the undifferentiated THP-1 cells. *= p<0.05; **= p< 0.005; ***=
p<0.001; ****= p<0.0001; no symbol denotes not significant.

In order to visualise the high-dimensional data obtained from the multi-cell, multicolour flow
cytometry ICP panel as presented in Figure 12, T-Distributed Stochastic Neighbor Embedding
(t-SNE) was utilised. t-SNE is a dimensionality reduction technique commonly used for
visualising high-dimensional data in a lower-dimensional space. It is particularly useful for
revealing underlying patterns, clusters, or relationships within complex datasets. As shown in
Figure 13 several distinct cell populations, representing the different subsets of immune cells
derived from THP-1 cells, were identified. The t-SNE plot shows that these subsets form
distinct clusters, indicating that each group has a unique expression profile. Some cell types

have multiple clusters, such as THP-1 monocytes. The presence of two or more clusters might
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indicate the inherent heterogeneity within the THP-1 cell line. It is possible that the clusters

correspond to different subtypes or subpopulations of THP-1 cells.

There are areas where different populations seem to overlap or where outliers from one
population appear close to another, such as the M1 clusters overlapping with other
macrophage types. This could indicate transitional states between populations or cells that
share characteristics of multiple subsets. The overlap colours may indicate a biological
gradient or continuum of states between cell populations. This is likely as the immune cells
can differentiate from one type to another; and during this process, they may transiently
express a combination of markers that are characteristic of both the original and the target cell
types. The overlap is also as a result of populations sharing cell surface markers which are
not entirely exclusive to one group (Figure 14). These cells arise from the common progenitor
cell THP-1 and the markers used to define the populations are not completely specific. Some
overlap may also result from technical variability inherent to the data generation or the t-SNE

algorithm itself. t-SNE is a stochastic method where different runs can produce different plots.

Figure 13: Phenotypic analysis of THP-1-derived immune cells using t-SNE. Dimensionality reduction and
clustering analysis of flow cytometry data for the THP-1 cell derived human ICP. Distinct clusters of immune cell
populations are color-coded and labelled. The tSNE algorithm was performed in FlowJo (v 10.7.2).
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t-SNE was also used to visualise the expression of the cell-surface markers for each cell
population, excluding CD169 due to limited antibody availability (Figure 14). High expression
levels of HLA-DR (yellow-red) were observed in THP-1, M1, and DCO cells, suggesting high
antigen-presenting capability, which is typical for these cell types. The CD11c and CD86 cell
markers show the highest expression in the macrophage populations, as seen with the single
stain experiments (Figure 14). Their expression in M1 cells is particularly high, consistent with
M1 cells’ role as classically activated, pro-inflammatory macrophages. CD206 is typically
expressed on M2 macrophages and involved in anti-inflammatory responses. Here, the
difference in expression between M1, M2a and M2c was minimal. Further exploration using
other M2 markers might be beneficial. DC-SIGN showed a strong expression in DCO as
expected. The expression in the macrophage subsets MO, M1 and M2c was lower, which is
consistent with their distinct roles from DCs. M2a showed small areas of high DC-SIGN

expression.

As mentioned above, the overlap in marker expression between different populations can
indicate shared functions or transitional states between cell types. The intensity and
distribution of colours in each plot also suggest that while there are clear distinctions between
each cell type's marker expression, there is also heterogeneity within each population, which
is a common finding in single-cell analyses. While these plots support the characterisation of
the distinct cell types making up the herein described ICP derived from THP-1 cells, they can
be valuable for understanding the functional roles of these cells in the immune system, their

potential for plasticity, and how they might interact with one another in an immune response.

Taken together, this comprehensive analysis of phenotypic changes in cell size and
granularity, together with the expression of a well-defined panel of markers, provides
compelling evidence of the successful differentiation of THP-1 cells into the specific cell
populations: MO, M1, M2a, M2c, and DCO. These phenotypic changes, in conjunction with the
consistent marker expression patterns observed, affirm the accuracy and efficacy of the herein
applied protocol as described in Section 2.2 in generating these distinct immune cell
populations. Our findings strongly support the conclusion that the differentiation process has
effectively yielded the desired cell types, laying the foundation for further studies into the
functional characteristics and behaviours of these distinct cell populations in the context of the

herein studied immune responses to HPV and the potential therapeutic benefits of SP-A.
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Figure 14: t-SNE analysis of THP-1-derived immune cells with marker expression heatmaps. Shown are
median fluorescent intensities for selected markers in the various human immune cell populations derived from
THP-1 cells. Each row corresponds to a distinct cell type, and each column represents a specific marker, revealing
marker expression levels within the identified cell clusters. The colour gradient, ranging from 1 to 262144, indicates
the degree of similarity or proximity between data points in the reduced-dimensional space. Higher colour
intensities represent closer proximity or greater similarity among data points, while lower intensities indicate

increased dissimilarity or distance.
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3.2 HPV-PsVs production

To study HPV infection in vitro, non-oncogenic infectious HPV-PsVs were generated
according to previously published procedures. The types produced for this study included
HPV16, 18, 31, 45, 52, and 58 (see Supplementary Figure 3 for the plasmid maps encoding
the major and minor capsid proteins of these HPV types). The type specific L1/L2 plasmids
were validated by restriction enzyme digest (Supplementary Figure 1). The foundation work
was performed on HPV16-PsVs, whereas the other types were chosen to validate any broad-
spectrum capabilities SP-A may have. Incidentally, these types are covered by the second-
generation vaccine Gardasil®9 (Merck) and represent the most common oncogenic types. All
pseudovirions encapsidated a reporter plasmid representing the pseudogenome, which
allowed for the quantification of infection once the pseudovirions had successfully infected
cells and reached the host cell nucleus. Here, the Gaussia luciferase (GLuc) reporter plasmid
pCMV-GLuc 2 was used to measure infection. Gaussia luciferase is an oxidative enzyme
originally produced by the marine copepod Gaussia princeps and contains an internal signal
peptide for extracellular secretion (273). Because this protein is secreted from the cell
cytoplasm, using HPV pseudovirions encapsidating Gaussia luciferase can be beneficial for
certain applications, such as time course experiments as luciferase activity can be measured

directly from cell culture supernatants without needing to lyse cells (19).

Validation of the quality, purity and specificity of the produced HPV-PsVs was done before
any downstream functional experiments. The mature purified particles should solely consist of
the major and minor capsid proteins (L1 and L2, respectively) and the reporter genome. Once
denatured, the PsVs should therefore consist of two protein bands on an SDS-PAGE gel
(Figure 15). The L1 protein is roughly 55-60 kDa, and the L2 band varies in size between the
different HPV types, sitting between 70 and 80 kDa. Differences between the HPV types, but
also their purity, can be derived from appropriately stained SDS-PAGE gels.

HPV type

72kDa —»

55kDa —»

Figure 15: Representative SDS-PAGE gel of the major and minor capsid proteins for each of the HPV-PsVs
types produced. The protein bands were visualised by silver stain. The lower more pronounced bands represent
the L1 capsid protein, while the thinner bands above are the L2 capsid protein.
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Fluorescently labelled HPV-PsVs were also used to determine viral internalisation and cell
surface binding by flow cytometry and microscopy. In these experiments, Alexa Fluor 488
(AF488) was used to fluorescently label HPV-PsVs. Figure 16A shows the fluorescent labelling
of both the L1 and L2 capsid proteins, and also highlights the difference in quality between the
“bottom” fraction and “band” fraction that were harvested after maturation (see Section 2.4.5).
The “band” fraction had visible capsid protein bands, but there were more contaminant
proteins relative to the “bottom” fraction. While both fractions were of sufficient quality and
purity to perform functional assays, the “band” fraction was more heterogeneous, whereas the
“bottom” fraction contained uniform particles. This is made evident by negative stain electron
microscopy imaging of the particles (Figure 16B). This was also evident based on infection
and neutralisation assays (Figure 16C) which were performed to assess the specificity and
quality of the HPV types. The “bottom” fractions consistently yielded specific neutralisation,
while the “band” fractions could not be completely neutralised with the type-specific antibodies,

suggesting incomplete incorporation of the Gaussia luciferase pseudogenome.
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Figure 16: Qualitative comparison of the “band” and “bottom” HPV-PsVs fractions. A. Representative SDS-
PAGE gel of the major and minor capsid proteins of HPV16-PsVs. Left: Fluorescent imaging of the SDS-PAGE gel
to detect AF488 labelling of the capsid. Right: subsequent silver staining of the gel to visualise protein. Both
“pottom” and “band” fractions harvested from caesium chloride gradients are depicted. B. Negative-stain electron
microscopy of both HPV16-PsVs fractions. C. Representative infection and neutralisation assay of all oncogenic
HPV-PsVs “bottom” and “band” fractions. HeLa cells were infected with either HPV-PsVs, HPV-PsVs neutralised
with a specific antibody, or HPV-PsVs neutralised with an antibody against another HPV type (non-specific).
Gaussia luciferase activity was used as a measure of infection. Readings shown are 48 hpi for “bottom” HPV-PsVs
fractions (top) and “band” HPV-PsVs fractions (bottom). Experiments were performed in triplicate, where HPV only
has been displayed as 100% infection, and other conditions are shown relative to this. Statistical significance was
determined using one-way ANOVA and Tukey’s multiple comparison tests. *= p<0.05; **= p< 0.005; ***= p<0.001;
****= p<0.0001; no symbol denotes not significant.
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3.3 Opsonisation and agglutination of HPV-PsVs particles with SP-A

One of the main functions of SP-A is its ability to aggregate pathogens, including viral particles.
Primarily, this phenomenon can facilitate the containment and immobilisation of pathogens,
thereby impeding their spread and invasion into host tissues. The agglutination process can
create larger complexes that are more easily recognised and engulfed by immune cells,

leading to enhanced phagocytosis and subsequent degradation of the pathogens.

To investigate whether SP-A can aggregate HPV-PsVs, fluorescent images of SP-A:HPV-
PsVs complexes were captured. After incubating with SP-A and CaCl; for 1 h, HPV-PsVs were
observed to cluster together more prominently than in the control samples treated with BSA
(Figure 17). The size of clusters and thus the extent to which SP-A agglutinated HPV varied
among the types, where HPV16, 18, 31 and 52 particularly formed large complexes compared

to the respective BSA controls.

HPV16 HPV18 HPV31 HPV45 HPV52 HPV58

BSA

SP-A

Figure 17: HPV-PsVs are agglutinated by SP-A to different extents. AF488-labelled HPV-PsVs were
preincubated with SP-A or the BSA control for 1 h in the presence of 5 mM CaCl, before imaging with a Zeiss LSM
980 confocal microscope. Shown are representative images taken at the 63x objective. Scale bar = 5 ym.

3.4 SP-A enhances HPV16-PsVs uptake into immune cells but dampens uptake
into epithelial cells

We have previously shown that HPV16-PsVs preincubation with SP-A results in its increased
uptake into RAW264.7 murine macrophages, and innate immune cells derived from naive
mouse female genital tract tissue (19). The same approach was used to translate these
findings to human innate immune cells, specifically the populations of the innate ICP described
in Section 3.1, and the host keratinocyte target cells, HaCaT. Cells were infected with HPV-
PsVs and processed for FACS as described in Section 2.5.2.
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Previously we have only reported on the percentage of cells that were HPV positive at 1 hpi
as a measure for internalisation per cell. As SP-A has the ability to aggregate the viral particles
(Figure 17), we introduced another statistic: the median fluorescent intensity (MFI) of the HPV
positive cells as a measure of internalisation intensity. This additional parameter provides a
more comprehensive understanding of the interaction between SP-A and HPV and opens up
avenues for exploring its role in viral infection dynamics and intracellular processes. Further
investigation of the relationship between HPV-infected cell populations and MFI could yield
valuable insights into the mechanistic aspects of SP-A's involvement in modulating viral

infections.

As seen previously (19), preincubation of HPV16-PsVs with SP-A increased viral particle
uptake in RAW264.7 murine macrophages, as shown by a shift in the positive fluorescent
signal (Figure 7, Figure 18 and Figure 19A): the amount of HPV16-PsVs positive cells
increased by about 50% in RAW264.7 for the SP-A condition, along with the MFI (Figure 19B).
The higher fluorescent signal in the cells indicate a greater number of clustered viral particles
which suggests that SP-A may not only influence the overall infection rate, but also potentially
impact the viral load within individual infected cells. Among the human immune cell types
analysed, DCO cells showed a significant increase in uptake, while THP-1 monocytes showed
a significant increase in MFI (Figures 18 and 19A). Particle uptake and/or MFIl in MO, M1, M2a

and M2c was not enhanced by SP-A preincubation.

Notably, the response of the keratinocyte cell line, HaCaT, to HPV16-PsVs infection yielded
intriguing differences in particle uptake dynamics compared to the ICP, as a decrease in
HPV16-PsVs uptake in the presence of SP-A, with a slight decrease in the MFI, was observed.
Similar results were obtained with two other epithelial cell lines, HeLa and NIKS

(Supplementary Figure 4).

In selecting HaCaT cells as the preferred model for further studying HPV infection, several
compelling factors have been taken into consideration. Firstly, HaCaT cells offer the
advantage of being non-infected by HPV, ensuring a controlled and unbiased experimental
platform. This intrinsic characteristic eliminates potential confounding effects stemming from
viral interactions, enabling a clear focus on the mechanisms of HPV entry, replication, and
intracellular dynamics. Unlike HelLa cells, which originate from cervical cancer tissue and
possess HPV genetic material, HaCaT cells lack this viral influence, allowing for a more
accurate representation of initial infection events. Moreover, the choice of HaCaT cells avoids
the complexities associated with studying HPV within a cancerous context. Furthermore,
HaCaT cells’ ease of culture compared to NIKS cells streamlines experimental procedures

and accelerates research timelines. NIKS cells, while creating a keratinocyte-like environment,
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necessitate more specialized culturing conditions,

potentially

introducing additional

complexities and influencing variability in experimentation. The robustness of the HaCaT cell

line, combined with its consistent growth characteristics, makes it widely used and accepted
in the field to study HPV entry (100, 274-277) and is an ideal cell line to further investigate the
intricate interplay between HPV and host cells. Ultimately, HaCaT cells stand as the optimal

choice for unravelling fundamental aspects of HPV infection due to their non-infected status,

absence of cancerous attributes, and practical suitability in experimental settings.
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Figure 18: HPV16-PsVs uptake into various immune cells and HaCaT epithelial cells assessed by FACS.
Cells were treated as described in Section 2.5.2, before acquisition with a BD Fortessa. Depicted here are dot plots
for AF488-HPV16-PsVs uptake after 1 h in various immune and HaCaT cells, with the HPV positive threshold
determined by the negative control (untreated cells).
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Figure 19: HPV16-PsVs internalisation into HaCaT and various immune cells is altered by preincubation
with SP-A. Cells were treated as described in Section 2.5.2, before acquisition with a BD Fortessa. A. Fold-change
of HPV16-PsVs uptake in the presence of SP-A is depicted with the BSA control set as 1. B. Fold-change of the
median fluorescent intensity (MFI) of internalised HPV16-PsVs in the presence of SP-A is depicted with the BSA
control set as 1 (indicated by the dotted line). Data of three independent experiments are presented relative to
uptake of the BSA control group. Statistical significance was determined by one-way ANOVA and Dunnet’s multiple
comparison tests. ****= p<0.0001; no symbol denotes not significant.

3.4.1 Preincubation with SP-A is required for altered HPV16-PsVs uptake

Our previous work consistently applied a 1 h preincubation step of viral particles with SP-A,
utilising CaCl; to facilitate particle opsonisation, before infection of target cells (19) (Figures 7
and 8). Alternative literature suggests an exposure of the target cells to SP-A for 1 h or more
prior to subsequent viral infection (278). In order to determine the optimal modulation of viral
entry by SP-A, internalisation experiments were performed in HaCaT and RAW264.7 cells
subjected to SP-A exposure, in the presence of 5 mM CaCl,, at both 1 h and 24 h prior to
introducing HPV16-PsVs. Intriguingly, these conditions failed to elicit the pronounced
reduction and increase in particle uptake in HaCaT and RAW264.7 cells, respectively (Figure
20). This observation underscores the essential nature of "priming" the viral particles with SP-
A, particularly for modulating particle uptake during the initial stages of infection (205, 279,

280), and was therefore applied to all subsequent experiments.
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Figure 20: Assessment of HPV16-PsVs preincubation with SP-A versus SP-A priming of cells for
modaulation of viral internalisation. Three conditions were analysed: 1. Preincubation of HPV16-PsVs with BSA
or SP-A in the presence of CaCl, 1 h before infection; 2. Priming of cells with BSA or SP-A in the presence of
5 mM CaCl; for 1 h prior to HPV16-PsVs infection; 3. Priming of cells with BSA or SP-A in the presence of 5 mM
CaCl; 24 h prior to HPV16-PsVs infection. All cells were harvested after 1 hpi and acquired as described. HPV16-
PsVs uptake in the presence of SP-A is depicted in the top graph and the MFI of internalised HPV16-PsVs is
depicted below. Data of three independent experiments are presented relative to uptake of the BSA control group
which was set as 1. Statistical significance was determined using two-way ANOVA and Sidak’s multiple comparison
tests. *=p<0.05; ****= p<0.0001; no symbol denotes not significant.

3.4.2 Viral uptake is modulated by SP-A in HaCaT and RAW264.7 independently of
HPV type

In order to assess the broad-spectrum capabilities of SP-A, we tested the uptake of a selection
of oncogenic HPV types in HaCaT and RAW264.7 as well as THP-1 and DCO cells as these
were the immune cell types demonstrating a significant alteration in HPV16-PsVs uptake due
to the presence of SP-A (Figure 19). Although not as pronounced as seen for HPV16, there
was a significant reduction in viral particle uptake in HaCaT cells for HPV types 18, 31, and
45 in the presence of SP-A (Figure 21). Interestingly, the corresponding MFI for all tested HPV
types (i.e. 16, 18, 31, 45, 52, and 58) was significantly decreased in HaCaT cells. Viral particle
uptake into RAW264.7 was increased for all tested HPV types, with HPV31 displaying the
greatest increase in uptake compared to other types, and HPV45 the highest MFI.
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Figure 21: SP-A modulates internalisation of multiple HPV-PsVs types into HaCaT and RAW264.7 cells to
varying degrees. Cells were treated as described in Section 2.5.2, before acquisition with a BD Fortessa. HPV-
PsVs uptake is depicted on top and the MFI of internalised HPV-PsVs is depicted below. Data of three independent
experiments are presented relative to uptake of the BSA control group which was set as 1 (indicated by the dotted
line). Statistical significance was determined by one-way ANOVA and Sidak’s multiple comparison tests. *= p<0.05;
**=p<0.01; ***= p<0.001; ****= p<0.0001; no symbol denotes not significant.

3.4.3 SP-A affects internalisation into THP-1 monocytes and immature dendritic cells

HPV type-dependently

The impact of SP-A for internalisation of different HPV types was further tested on THP-1 and
DCO cells (Figure 22). As opposed to HPV16-PsVs, particle uptake into THP-1 monocytes
was not increased for any of the other HPV types tested when preincubated with SP-A. In fact,
a decrease in MFI was observed for HPV types 18 and 31, although not statistically significant.

Particle uptake in the presence of SP-A in DCO was also type-dependent and differed to
HPV16-PsVs. A notable decrease in uptake for HPV18 was observed, with a decrease in MFI
for HPV types 31, 45, 52, and 58 (Figure 22).
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Figure 22: SP-A modulates internalisation of multiple HPV-PsVs types into THP-1 and DCO cells to varying
degrees. Cells were treated as described in Section 2.5.2, before acquisition with a BD Fortessa. HPV-PsVs uptake
is depicted on top and the MFI of internalised HPV-PsVs is depicted below. Data of three independent experiments
are presented relative to uptake of the BSA control group which was set as 1 (indicated by the dotted line).
Statistical significance was determined by one-way ANOVA and Sidak’s multiple comparison tests. *= p<0.05; **=
p<0.01; ***= p<0.001; ****= p<0.0001; no symbol denotes not significant.

3.5 Monitoring intracellular trafficking of HPV in the presence of SP-A

As illustrated in Figure 17, SP-A demonstrates the ability to agglutinate HPV16-PsVs when
preincubated in the presence of CaCl,. Additionally, a notable enhancement in fluorescence
intensity was observed in selected immune cells infected with SP-A-coated HPV16-PsVs
through FACS analysis, while HaCaT keratinocytes displayed decreased viral uptake (Section
3.4). To validate and gain deeper insights into these findings, we employed confocal
microscopy to compare AF488-HPV16 clusters within and surrounding cells preincubated with
either SP-A or BSA. HaCaT and RAW264.7 cells were chosen for this analysis, and the time
point 3 hpi and 8 hpi (depending on the assessed biological process, see below) was chosen.
Using the Fiji “Analyze particles” function allowed us to count each incidence of internalised
HPV16-PsVs and measure the size of the clusters (Figure 23).
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Figure 23: Analysis of HPV16-PsVs uptake and particle size at 3 hpi. Left panel: Hoechst (blue) was used to
count cells, and the cell perimeter was defined using the phase contrast images. Middle panel: Incidence of AF488-
labelled HPV. Right panel: Thresholds were set to isolate the HPV particles of interest (numbered and indicated in
red). Exemplified here are RAW264.7 cells treated with HPV16-PsVs + SP-A for 3 h that were analysed using the
Fiji “Analyze particles” tool. Scale bar = 5 ym.

As seen in Figure 24A, the mean size of the detected particles in RAW264.7 was greater in
the BSA group, while no significant difference in the mean particle size was observed for the
HaCaT cells. However, for both cell lines, the range of particle size in the SP-A groups was
greater, and larger clusters were observed (Figure 24A) which supports the agglutination data
shown in Figure 17. Moreover, HaCaT cells showed a decrease in particle uptake in the
presence of SP-A, while RAW264.7 cells displayed an increased in particle uptake at 3 hpi
(Figure 24B), again corroborating the FACS data presented in Figures 18 and 19.

Representative images are shown in Figure 24C.
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Figure 24: HPV16-PsVs particle size and occurrence in HaCaT and RAW264.7 at 3 hpi. Briefly, 20 z-stacks of
HaCaT and RAW264.7 cells infected with BSA- or SP-A-coated HPV16-PsVs were acquired with a Zeiss LSM 980
confocal microscope. Using the Fiji “Analyze particles” function to analyse the maximum intensity projections of the
z-stacks (see Figure 23), the A. particle area (in um?) and B. number of particles were determined. Each point on
the graphs is the average particle area in pixels or average number of particles for each image. Number of particles
was normalised to cell number and cell area. C. Representative confocal images of HaCaT and RAW264.7 infected
with BSA- or SP-A-coated HPV16-PsVs taken at 3 hpi. Nuclei were stained with Hoechst 33342 (blue), and AF488-
HPV16-PsVs are shown in green. Statistical significance was determined by one-way ANOVA and Sidak’s multiple
comparison tests. *= p<0.05; **= p<0.01; no symbol denotes not significant. Scale bar = 5 pm.

The way in which SP-A is endocytosed has been previously characterised, and this can
provide valuable insights into its ability to modulate intracellular trafficking of pathogens. SP-
A has been shown to be rapidly endocytosed by a receptor mediated process through clathrin-
coated pits and is trafficked through the endolysosomal pathway in human macrophages
(281). Furthermore, SP-A has been shown to enhance the lysosomal delivery of E. coli in
RAW264.7 cells by regulating Rab7 expression (282). However, it is yet unknown whether
SP-A plays a role in the intracellular trafficking of HPV in epithelial cells and/or immune cells.
Fluorescent imaging of HPV in the lysosomal compartments will help understand the impact
of SP-A on HPV16-PsVs infection by potentially affecting lysosomal escape and degradation
and breakdown of particles before trafficking to the nucleus. Using LysoTracker, a dye that
accumulates in acidic compartments such as lysosomes, colocolisation with AF488-HPV16-
PsVs was performed to assess the difference in accumulation of HPV in these acidic

compartments.

Before colocalisation analysis could be performed, chromatic aberration between the different

channels needed to be accounted for. Using a macro script in Fiji, a transformation was
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calculated using images of multispectral fluorescent beads acquired with the same imaging
settings as that of the experimental samples. Compared to the misalignment of the different
channels before applying the transformation to the images of the beads, correcting for
transformation led to perfect overlap of the channels i.e., they focused to the same position in
the image (Supplementary Figure 5). This transformation was applied to each maximum

intensity projection used in the analysis.

To assess the colocalisation of HPV at 8 hpi with lysosomes in the absence and presence of
SP-A, the JaCoP plugin was employed analysing the Manders’, overlap, and Pearson’s
coefficients, respectively. Importantly, the thresholds for the HPV (green) and lysosome
channels (blue) were set to exclude non-specific staining before obtaining the relevant
colocalisation statistics (see Section 2.5.3). Manders’ coefficients measure the fraction of
the intensity in one channel that overlaps with the intensity in the other channel. We found that
the fraction of the lysosome signal overlapping with the HPV signal was minimal, and no
significant difference was seen for either HaCaT or RAW264.7 cells, regardless of the
presence of SP-A (Figure 25A). The fraction of the HPV signal overlapping with the lysosome
signal, however, was significantly higher in the SP-A groups for both HaCaT cells (mean value
of 0.86 compared to BSA value of 0.73) and RAW264.7 cells (mean value of 0.88 compared
to BSA value of 0.49), Figure 25A. When assessing the overlap coefficient, which measures
the spatial overlap of the pixels between two channels irrespective of pixel intensity, we found
that the overlap of the HPV signal with the lysosome signal was slightly lower for the SP-A
group compared to the BSA control group in HaCaT, but not RAW264.7 cells (Figure 25B). In
addition, the Pearson’s coefficient, which assesses changes in pixel intensities in relating
channels but not spatial overlap, was found to be significantly higher in the SP-A group for
both HaCaT cells (mean value of 0.26 compared to BSA value of 0.12) and RAW264.7 cells
(mean value of 0.84 compared to BSA value of 0.39) (Figure 25B). Taken together, these
results indicate that the overall colocalisation pattern was similar in HaCaT and RAW264.7
cells, but the specific intensity correlation between HPV and lysosomes was increased in the

presence of SP-A, indicating changes in their interaction dynamics or biological processes.

The occurrence of HPV and localisation with lysosomes for these cell lines in the absence or
presence of SP-A is illustrated in Figure 25C. Qualitative analysis of the images for each
experimental group showed an increase in the occurrence in the exocytosis of lysosomes (red
vesicles that are budding off from the cell membrane). Overall, a more intense LysoTracker
signal and larger lysosomes in the presence of SP-A were observed, where these lysosomes

were not necessarily carrying HPV particles.
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Figure 25: Colocalisation characteristics of HPV16-PsVs and lysosomes for HaCaT and RAW264.7 at 8 hpi.
25 z-stack images were taken for each cell type and experimental condition using a Zeiss LSM 980 confocal
microscope, and the resulting maximum intensity projections were used for the analysis. A. Manders’ coefficients
are indicated as Lysosomes (fraction of lysosome signal overlapping with HPV signal) and HPV16 (fraction of HPV
signal overlapping with lysosome signal). 0.0 indicates no overlap and 1.0 indicates total overlap. B. Overlap and
Pearson’s coefficients are plotted. Each dot represents a single image, and the bars represent the mean and SEM.
C. Representative z-stacks of cells infected with AF488-HPV16-PsVs +/- SP-A for 8 h. Cells were stained with
LysoTracker™ Deep Red and Hoechst 33342 (blue). AF488-HPV16-PsVs were used and visualised in green.
Statistical significance was determined by two-way ANOVA and Sidak’s multiple comparison tests. *= p<0.05; **=
p<0.01; ****= p<0.0001; no symbol denotes not significant. Scale bar = 10 pm.
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3.6 SP-A modulates HPV-PsVs infection in an in vitro immune cell / epithelial

cell co-culture system

In vitro co-cultures of epithelial cells and other types with immune cells are widely used
experimental models for studying the interactions and communication between these cell
types (255, 283-286). Co-culture experiments can be performed using various techniques,
such as transwell systems, microfluidic devices, or direct cell-to-cell contact, depending on the
research question and cell types of interest. Co-culturing epithelial cells with immune cells
such as macrophages or DCs can mimic the complex cellular interactions that occur in vivo
during immune responses and infection. These co-culture models can be used to investigate
the mechanisms of immune cell recruitment, activation, and polarisation in response to
different stimuli and to evaluate the impact of immune cells on epithelial cell functions, such
as cytokine secretion, infection with pathogens and apoptosis. Here, we aimed to establish a
co-culture system consisting of the HaCaT epithelial cell line and immune cells (RAW264.7,
THP-1, and THP-1 derived immune cells, respectively) in order to assess changes in HPV

infection in the presence of innate immune cells and SP-A.

Optimal conditions for the co-culture system were established to ensure cell viability up to
72 hpi. For a 96-well format, 5000 HaCaT cells were seeded and grown overnight as a
monoculture or seeded together with varying numbers of immune cells ranging from 500 to
10000 cells per well (Figure 26). This system was designed to determine the level of infection
in the target cells, HaCaTs, as the immune cells in monoculture showed no measurable
infectivity at 48 hpi as shown in Figure 27. In comparison, infection of HaCaT cells was 100-

to 1000-fold higher than the immune cells used in this study.
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Figure 26: Representative image of the epithelial cell / immune cell co-culture system. Depicted here are
5000 HaCaT cells co-cultured overnight in cDMEM with 1000 RAW264.7 cells. Representative HaCaT cells are
boxed in red, and RAW264.7 cells in yellow.
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Figure 27: Luciferase activity is indicative of HaCaT epithelial cell, but not immune cell infection. Briefly,
5000 cells were cultured in monoculture in 96-well plates overnight. The cells were infected with HPV16-PsVs
encapsidating the Gaussia luciferase reporter gene as described in Section 2.5.1. Gaussia luciferase was
quantified in cell culture supernatants at 48 hpi, measured as relative light units and normalised to cell number by
staining the cells with CSFE.

3.6.1 The presence of RAW264.7 or THP-1 cells and SP-A decreases HPV16-PsVs

infection of HaCaT cells

To assess the effect of RAW264.7 cells on infection of HaCaT cells with SP-A preincubated
HPV16-PsVs, the co-culture model was applied as described. Preincubation with SP-A led to
a significant 40% decrease in infection in the HaCaT monoculture after 48 h, (Figure 28 A1)
which aligns with the FACS data (Section 3.4.2), illustrating a decrease in the initial uptake of
HPV-PsVs by HaCaT cells.

The introduction of RAW264.7 murine macrophages led to a significant dose-dependent
decrease in infection of HaCaT cells in the BSA control group (Figure 28 A1). Supplementation
with SP-A along with the murine macrophages resulted in an additive inhibitory effect of
HPV16-PsVs infection, where the lowest infection levels were seen in the co-culture system
with the highest number of macrophages (Figure 28 B1). This decrease in infection in the
presence of SP-A compared to the BSA control for each co-culture condition suggests a dose-
dependent enhanced immune cell clearance of HPV16-PsVs in addition to the inhibitory effect

of SP-A seen for HPV16-PsVs infection in HaCaT monocultures.

Similar trends were observed for the THP-1 co-cultures. The introduction of 500, 1000, and
5000 THP-1, but not 10000, cells dose-dependently decreased HPV16-PsVs infection of
HaCaT cells in the BSA control group (Figure 28 A2 and B2). Infection in the presence of SP-
A and 10000 THP-1 cells was found to be the lowest of all conditions tested, although not
significant compared to infection of HaCaT monocultures in the presence of SP-A (Figure 28
B2).
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Figure 28: HPV16-PsVs infection of HaCaT cells is decreased in the presence RAW264.7 or THP-1, and further dampened by preincubation with SP-A. Briefly, 5000
HaCaT cells were plated with increasing numbers of RAW264.7 macrophages or THP-1 monocytes (depicted as ratios) the day prior infection. HPV16-PsVs encapsidating the
Gaussia luciferase reporter gene were preincubated with SP-A or BSA for 1 h at room temperature before adding to the cells. Depicted here are infection levels of HaCaT cells
after 48 h. A1. and A2. depict comparisons between BSA and SP-A for each culture condition for RAW264.7 and THP-1, respectively. B1. and B2. depict comparisons between
the different culture conditions within the same treatment group for RAW264.7 and THP-1, respectively. Combinatorial analyses of three independent experiments are represented
relative to infection of the BSA control group (HaCaT only) which was set as 100%. Statistical significance was determined using 2-way ANOVA with Sidak’s test for multiple
comparisons. *= p<0.05, **= p<0.01, ***= p<0.001 ****= p<0.0001; no symbol denotes not significant.
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3.6.2 The presence of M0 macrophages, and to a lesser extent M1 and DCO, results in
an SP-A-mediated decrease in HPV16-PsVs infection of HaCaT cells

Similar to the results shown in Figure 28, the introduction of MO cells also led to a reduction in
infection in the BSA control group (Figure 29 A1). SP-A preincubation further decreased
infection for each co-culture condition, although not significantly (Figure 29 B1). Co-culture
conditions with 5000 MO cells and more resulted in the lowest level of infection. Although initial
HPV16-PsVs uptake into MO cells was not significantly affected by SP-A preincubation,
(Figure 19), MO clearance of HPV16-PsVs appears to be modulated by the presence of SP-

A, as seen by these infection data.

HPV16-PsVs infection was also significantly dampened by the M1 population, as seen by the
addition of M1 cells for the BSA control group (Figure 29 A2). However, SP-A preincubation
did not seem to further affect infection in the presence of M1 macrophages as much as the
previously described immune cell populations (Figure 29 B2). This supports earlier
observation where the presence of SP-A did not result in any changes in initial M1 uptake of
HPV16-PsVs (Figure 19). Due to their polarisation into a proinflammatory state, we initially
hypothesised that M1 cells would be better equipped to recognise, respond to, and combat
viral infections by activating immune responses compared to the THP-1 monocytes and naive
MO macrophages. Interestingly, in this co-culture system, viral clearance mediated by MO was

comparable to that of M1 regardless of SP-A.

HPV16-PsVs infection was also significantly dampened by the DCO population, as seen by
the addition of DCO for the BSA control group (Figure 29 A3 and B3). Despite the significant
increase in initial HPV16-PsVs uptake in DCO in the presence of SP-A (Figure 22), SP-A only
slightly further decreased overall infection of HaCaT cells when co-cultured with DCO (Figure
29 B3).

Taken together, the different immune cell populations studied here exhibited varying degrees
of potency in reducing HPV16-PsVs infection in HaCaT cells, with some, like RAW264.7
macrophages and THP-1 monocytes, showing sensitivity to SP-A enhancement, while others,
notably M1 macrophages and DCO, display substantial infection reduction, but relatively
independent of SP-A. These findings highlight the differential effectiveness of distinct immune

cells in combating HPV16-PsVs infection, with and without SP-A influence.
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Figure 29: HPV16-PsVs infection of HaCaT cells is decreased in the presence of MO or M1 macrophages, or DCO, and further dampened by preincubation with SP-A to different
degrees. Briefly, 5000 HaCaT cells were plated with increasing numbers of MO, M1, or DCO the day prior (depicted as ratios). HPV16-PsVs encapsidating the Gaussia luciferase reporter gene
were preincubated with SP-A or BSA for 1 h at room temperature before addition to the cells. Depicted here are infection levels after 48 h, where A1., A2., and A3. depicts comparisons between
BSA and SP-A for each culture, for MO, M1, and DCO, respectively. B1., B2., and B3. depict comparisons between the different cultures within the same treatment group for MO, M1, and DCO,
respectively. Combinatorial analyses of three independent experiments are represented relative to infection of the BSA control group (HaCaT only) which was set as 100%. Statistical significance
was determined using 2-way ANOVA with Sidak’s test for multiple comparisons. **= p<0.01, ***= p<0.001, ****= p<0.0001; no symbol denotes not significant.
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3.6.3 SP-A contributes to the immune cell-mediated reduction of infection by multiple
HPV types in HaCaT cells

Infection of HaCaT cells by other oncogenic HPV-PsVs types in the presence of immune cells
and SP-A was also assessed. RAW264.7, THP-1, and DCO were chosen for this analysis. The
highest HaCaT: immune cell ratio that showed a significant reduction in infection for HPV16-
PsVs was chosen. This was 5:1 for RAW264.7 and THP-1, and 1:1 for DCO (Figures 28 and
29).

SP-A reduced infection of the HaCaT monocultures by the different HPV-PsVs types to varying
degrees. Infection with HPV-PsVs types 18, 31, 52, and 58 was significantly reduced,
comparable to what has been established for HPV16-PsVs (Figure 30 A1). The addition of
RAW?264.7 did not alter infection levels in the presence of SP-A for any HPV-PsVs type other
than HPV16-PsVs. The addition of THP1 and DCO cells led to significant further changes in
infection in the presence of SP-A for all types (THP-1 cells), and types 16, 52, and 58 (DCO
cells) (Figure 30 B2 and B3). Interestingly, infection of HaCaT cells with HPV31-PsVs was
increased in the DCO co-cultures for the SP-A group, although not significantly (Figure 30 B3).

Analysing the infection of HaCaT cells by various oncogenic HPV-PsVs types, our study
highlights the inhibitory effect of exogenous SP-A supplementation. The introduction of
specific immune cells amplifies this modulation, exerting varying degrees of influence on the
infection dynamics of selected HPV types in this HaCaT-immune cell co-culture model. This
differential impact underscores the distinct potency of diverse immune cell populations in

shaping HPV-PsVs infection, with SP-A often augmenting their effects.
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Figure 30: Infection levels of HaCaT cells by selected oncogenic HPV types is dampened in the presence of SP-A and RAW264.7, THP-1, and DCO cells. Briefly, 5000 HaCaT cells were
seeded with 1000 RAW264.7 cells, 1000 THP-1 cells or 5000 DCO the day prior. HPV-PsVs types 16, 18, 31, 45, 52, and 58 encapsidating the Gaussia luciferase reporter gene were preincubated
with SP-A or BSA for 1 h at room temperature before addition to the co-cultures. Depicted here are infection levels 72 hpi, where A. depicts comparisons between BSA and SP-A for each culture,
and B. depicts comparisons between HaCaT monocultures and the addition of the respective immune cells in the SP-A group. Combinatorial analyses of three independent experiments are
represented. Statistical significance was determined using 2-way ANOVA with Sidak’s test for multiple comparisons. *= p<0.05, ***= p<0.001 ****= p<0.0001; no symbol denotes not significant.
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3.7 Assessing altered immune cell cytokine profiles in response to HPV16-
PsVs infection: The role of SP-A

Our study sought to investigate the impact of HPV16-PsVs infection on immune cell cytokine,
chemokine and growth factor profiles, particularly in the presence of SP-A. Cytokines are
signalling molecules released by immune cells and other cell types that play a pivotal role in
regulating immune responses, while chemokines are molecules that specifically attract
immune cells to sites of inflammation or infection, and growth factors are signalling proteins
that stimulate cell growth, proliferation, and differentiation in various tissues and cell types.
Alterations in these immune regulatory molecules’ profiles can provide insights into the
immune system's reaction to specific stimuli or pathogens. SP-A, on the other hand, is a critical
component of the pulmonary innate immune system and has also been implicated in
modulating immune responses in non-pulmonary sites. We selected undifferentiated THP-1
monocytes and immature DCs for our immune modulator response towards HPV16-PsVs pre-
incubated with or without SP-A due to their high phagocytic activity (Figure 22) and their ability
to directly reduce HPV16-PsVs infection in HaCaT cells (Figure 20 and 30).

To assess changes in immune modulatory proteins, we utilised the Proteome Profiler™
Human XL Cytokine Array Kit, which comprises 105 different antibodies targeting human
cytokines, chemokines, and growth factors immobilised on a membrane (for a complete list of
proteins, please refer to Supplementary Table 2). This kit facilitates the detection of relative
changes in immune mediator expression in cell culture supernatants. Our experimental
conditions were as follows: An ‘untreated’ immune cell control served as the baseline immune
mediator profile for unstimulated cells (Figure 31). An 'SP-A only' condition was employed to
evaluate the impact of SP-A on immune mediator expression in isolation. Furthermore, we
exposed cells to HPV16-PsVs preincubated with BSA and SP-A (termed HPV16-PsVs only
and ‘SP-A:HPV16-PsVs’, respectively), to both assess the effects of HPV16-PsVs alone on
THP-1 and DCO cells (BSA:HPV16-PsVs), and to compare how preincubation of HPV16-PsVs

with SP-A influenced their immune response compared to control (SP-A:HPV16-PsVs).
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Figure 31: Detection of multiple cytokines, chemokines, growth factors and other soluble proteins in cell
culture supernatants of THP-1 cells (top) and DCO cells (bottom). Briefly, undifferentiated THP-1 cells and
THP-1-derived DCO were grown overnight as described in Section 2.5.4, and were left untreated, treated with SP-
A or infected with HPV16-PsVs preincubated with either BSA or SP-A for 24 h. Cell supernatants were harvested
and used on the Proteome Profiler™ Human XL Cytokine Array which contained 105 different capture antibodies
spotted in duplicate, as described by the manufacturer. Shown are the membranes simultaneously imaged for
chemiluminescence using the iBright FL1000. Relative levels of the selected immune modulatory proteins were
determined from these images using the QuickSpots software (Ideal Eyes Systems).

The analysis of the Proteome Profiler™ Human XL Cytokine Array was performed as follows:
All immune modulators that showed at least a 0.5-fold change in expression (i.e. 50%
reduction or increase in expression) of A) the SP-A:HPV16-PsVs group relative to the
untreated control (analysis A) and/or B) the SP-A:HPV16-PsVs group relative to the HPV16-

PsVs only group (analysis B) were included.

Of the 105 immune modulators analysed, only 8 were differentially expressed in the SP-
A:HPV16-PsVs group relative to the untreated control (analysis A, Table 3A), while 5 were
differentially expressed in the SP-A:HPV16-PsVs group compared to HPV16-PsVs only
(analysis B, Table 3B) in THP-1 cells. Interestingly, all the immune modulators identified by
analysis B were also identified in analysis A as shown in the Venn diagram (Figure 32), of
which the same 2 were downregulated in the respective analysis and the remaining were
upregulated. Due to this overlap and the lower number of differentially regulated immune
modulators identified in analysis B, all subsequent analyses focussed on differentially

regulated proteins in the SP-A:HPV16-PsVs group compared to control (analysis A).
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Table 3A: Analysis A - Inmune modulators that were differentially expressed in the SP-A:HPV16-PsVs
group relative to the untreated control in THP-1 cells. A 0.5-fold change in expression was used as the cut-off
value. Shown are mean values obtained from the duplicate dots on the membranes (Figure 31). Proteins are
ordered from highest to lowest according to the fold-change in expression of SP-A:HPV16-PsVs relative to the
untreated control.

Name Analysis A: Fold expression relative to untreated condition
SP-A only HPV16-PsVs only SP-A:HPV16-PsVs
VEGF 1.19 2.82 3.28
C5 4.04 1.49 297
Apoliprotein A-l 243 1.22 2.53
Lipocalin-2 2.04 1.31 1.69
FGF-7 0.97 2.22 1.59
Adiponectin 2.29 0.95 2.09
Growth hormone 0.57 1.09 0.50
GRO-a 0.64 1.02 0.42

Table 3B: Analysis B - Inmune modulators that were differentially expressed in the SP-A:HPV16-PsVs
group relative to the HPV16-PsVs only group in THP-1 cells. A 0.5-fold change in expression was used as the
cut-off value. Shown are mean values obtained from the duplicate dots on the membranes (Figure 31). Proteins
are ordered from highest to lowest according to the fold-change in expression of SP-A:HPV16-PsVs relative to the
HPV16-PsVs group.

Name Analysis B: Fold expression relative to HPV16-PsVs only
Untreated control SP-A only SP-A:HPV16-PsVs

Adiponectin 1.06 242 2.21

Apoliprotein A-l 0.82 1.90 2.08

C5 0.67 2.72 2.00

Growth hormone 0.92 0.53 0.47

GRO-a 0.97 0.63 0.41

The analyses of the immune modulator profiles for DCO cells were similarly performed and
revealed 43 proteins being upregulated (none downregulated) in the SP-A:HPV16-PsVs group
compared to untreated control (analysis A, table 4A) and 34 proteins found upregulated (none

downregulated) in the SP-A:HPV16-PsVs group compared to HPV16-PsVs only (analysis B,
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Table 4B). As seen for THP-1 cells, all immune modulators identified by analysis B were also
identified by analysis A (Figure 32). Again, all subsequent analyses focussed therefore on
differentially regulated proteins in the SP-A:HPV16-PsVs group compared to control (analysis
A).

Table 4A: Analysis A — Immune modulators that were differentially expressed in the SP-A:HPV16-PsVs
group relative to the untreated control in DCO cells. A 0.5-fold change in expression was used as the cut-off
value. Shown are mean values obtained from the duplicate dots on the membranes (Figure 31). Proteins are
ordered from highest to lowest according to the fold-change in expression of SP-A:HPV16-PsVs relative to the
untreated control.

Name Analysis A: Fold expression relative to untreated condition
SP-A only HPV16-PsVs only SP-A:HPV16-PsVs

Cripto-1 5.43 5.22 14.12
EGF 3.45 1.20 5.47
FGF-7 1.58 2.38 5.35
IL-8 1.28 4.03 4.59
FLT3L 2.45 1.67 4.58
CD26 3.03 1.18 4.60
C5 2.48 0.94 4.21
Adiponectin 212 0.99 3.45
Apoliprotein A-l 2.89 1.15 3.24
CD30 1.43 1.52 3.20
Angiopoietin-1 1.34 1.68 3.18
G-CSF 1.38 1.36 3.02
IL-1B 1.44 1.07 2.59
LIF 0.91 1.02 2.28
TNFa 1.50 1.67 227
CRP 0.91 1.44 2.24
Growth hormone 0.79 1.31 2.23
Angiogenin 1.61 1.15 214
CCL20 0.91 1.02 212
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TIM-3 1.17 1.54 2.09
IL-2 1.32 1.23 2.04
IL-13 0.82 0.93 1.98
CCL3 0.74 1.15 1.94
ICAM-1 1.14 0.75 1.93
IL-15 0.98 1.92 1.92
VCAM-1 1.03 1.39 1.89
PDG 1.20 1.01 1.89
FGF-2 0.88 1.06 1.87
IGFBP-3 1.03 1.01 1.79
IL-3 0.92 1.23 1.79
RBP4 1.37 1.30 1.77
TGFa 1.20 1.42 1.77
IL-12 0.99 0.88 1.74
CDA40 ligand 0.99 1.06 1.72
IL-16 0.96 1.69 1.69
IL-22 0.93 1.66 1.66
IL-19 0.82 1.64 1.64
Fas Ligand 0.98 1.16 1.63
IL-24 0.73 1.58 1.58
Thrombospondin-1 1.12 1.18 1.57
TARC 0.92 1.02 1.56
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Table 4B: Analysis B — Immune modulators that were differentially expressed in the SP-A:HPV16-PsVs
group relative to the HPV16-PsVs only group in DCO cells. A 0.5-fold change in expression was used as the
cut-off value. Shown are mean values obtained from the duplicate dots on the membranes (Figure 31). Proteins
are ordered from highest to lowest according to the fold-change in expression of SP-A:HPV16-PsVs relative to the
HPV16-PsVs group.

Name Analysis B: Fold expression relative to HPV16-PsVs only
Untreated control SP-A only SP-A + HPV16-PsVs
EGF 0.83 2.89 4.57
C5 1.06 2.62 4.47
CD26 0.85 2.56 3.88
Adiponectin 1.05 2.22 3.61
Apoliprotein A-l 0.94 2.72 3.05
FLT3L 0.60 1.46 2.74
Cripto-1 0.19 1.04 2.70
ICAM-1 1.33 1.50 2.56
IL-18 0.93 1.33 2.41
Lipocalin-2 1.17 1.5 2.38
IL-15 1.21 1.18 2.31
FGF-7 0.42 0.66 2.25
LIF 0.98 0.89 2.23
G-CSF 0.74 1.01 2.21
IL-13 1.08 0.88 212
CD30 0.66 0.94 2.10
IL-12 1.14 1.12 1.97
IL-24 1.21 0.88 1.90
Angiopoietin-1 0.59 0.79 1.88
PDGF 0.99 1.18 1.87
Angiogenin 0.87 1.39 1.85
CCL20 0.85 0.76 1.78
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IGFBP-3 0.99 1.01 1.77
FGF-2 0.95 0.83 1.76
IL-19 1.04 0.85 1.70
Growth hormone 0.76 0.60 1.70
GDF-15 0.81 1.06 1.66
IL-2 0.82 1.08 1.66
CCL3 0.85 0.68 1.64
CRP 0.69 0.63 1.62
CD40 ligand 0.94 0.93 1.61
IL16 0.94 0.89 1.58
TARC 0.98 0.90 1.53
IL22 0.91 0.84 1.50
THP-1 DCO
Analysis A Analysis B Analysis A Analysis B
9

Figure 32: Venn diagram showing the number of differentially expressed immune modulators as identified
by analysis A and analysis B in THP-1 and DCO.

A few proteins only responded to SP-A and showed a striking increase in expression relative
to the untreated control in THP-1, but not DCO cells. This response was neither observed in
the HPV16-PsVs nor the SP-A:HPV16-PsVs groups (Supplementary Figure 6). As these
proteins did not show an SP-A-mediated response to HPV16, they were not included in the

analysis.

As illustrated in Figure 33, DCO cells displayed a much higher degree of differential expression

compared to THP-1 cells, with more than 40 immune modulatory proteins exhibiting alternate
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expression in the SP-A:HPV16-PsVs group with a higher fold-change relative to the untreated
group on average (Tables 4A and Figure 32). All differentially expressed immune modulators
identified in THP-1 cells (except VEGF and GRO-a) were also differentially expressed in DCO
following the same trends with the exception of GH which was downregulated by SP-
A:HPV16-PsVs in THP1 cells but upregulated in DCO cells. (Figure 34 and 35).

Figure 33: Venn diagram showing the number of immune modulators differentially expressed in THP-1 and
DCO cells in the SP-A:HPV16-PsVs group compared to the untreated control. The depicted proteins were
identified by analysis A (Tables 3A and 4A).

All data derived from analysis A are also further presented in Figures 34 and 35. For THP1
cells, we found that the majority of proteins was differentially expressed due to the presence
of SP-A irrespective of the presence of HPV16-PsVs (i.e. C5/C5a complement component,
Apoliprotein A-l, Lipocalin-2, Apidonectin, GH, and GRO-a). In addition, HPV16-PsVs alone
was found to have a positive effect on the expression of VEGF and FGF-7 irrespective of the
presence of SP-A (Figure 34). Overall, it is therefore evident that the effects driven by SP-A
are more prevalent than those induced by HPV-PsVs16 which was expected given the low
immunogenicity of HPV. The differentially expressed proteins in Figure 34 are linked to the
inflammatory response, modulation of inflammation, and cell growth and repair: the
upregulation of C5/C5a (key components in the late stages of the complement cascade) in
THP-1 cells challenged with SP-A opsonised HPV16 suggests an activated immune response
involving complement activation, potential inflammation, enhanced immune recognition, and
potential immunomodulation by SP-A. Likewise, Apolipoprotein A-l (ApoA), being the main
constituent of lipoprotein has been shown to regulate activated complement (287).
Adiponectin, a crucial adipokine, has been shown to reduce TNF-a expression in
macrophages, effectively counteracting its detrimental effects. It also suppresses endothelial
inflammation via a cAMP-dependent pathway, particularly inhibiting NF-kB signalling (288).
The increase in Adiponectin found here suggests safeguarding against systemic inflammation
(289). Lipocalin-2 is a protein highly expressed in barrier tissues and is known for its
antimicrobial activity by sequestering iron, regulating cell death, and modulating the

inflammatory response (290, 291). Its upregulation may indicate protection from excessive
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inflammation. Both VEGF and FGF-7 (also known as keratinocyte growth factor) were found
to be upregulated in THP-1 when challenged with SP-A opsonised HPV16-PsVs or challenged
with HPV16-PsVs alone. Their upregulation may indicate their involvement in cell growth,
tissue repair, angiogenesis, and the regulation of cellular differentiation, which collectively
support innate immunity and the body's ability to heal and recover from injuries or damage.
Interestingly, Growth hormone (GH) and GRO-a were downregulated in the SP-A:HPV16-
PsVs group compared to both the untreated and HPV16-PsVs only group. GH influences the
immune system by regulating the production, differentiation, and function of immune cells
involved in innate immunity, such as monocytes, macrophages, DCs, and natural killer cells
(292-294). GRO-a belongs to the CXC chemokine family and acts as a chemoattractant for
neutrophils and other inflammatory cells (295, 296). Its primary role involves recruiting

neutrophils to sites of inflammation or injury, thereby amplifying the inflammatory response.

These changes collectively suggest a dynamic environment with a potential decrease in
certain aspects of immune regulation in the presence of SP-A (e.g. due to reduced growth
hormone and GRO-a) alongside an increase in factors associated with tissue repair and
angiogenesis (e.g. FGF-7 and VEGF). This scenario might point toward a context where the
body is responding to tissue damage, stress, or a need for repair, potentially balancing
immune responses with tissue regeneration processes. This again highlights the dual immune

functions of SP-A when responding to infection.
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Figure 34: Cytokines, chemokines, and growth factors differentially expressed in the SP-A:HPV16-PsVs
group compared to untreated control in THP-1 cells. Proteins shown were identified by analysis A (Table 3A).
Data are represented as mean fold-change relative to the untreated control group which was set as 1 (dotted line).
Statistical significance was determined using 2-way ANOVA with Tukey’s test for multiple comparisons. *= p<0.05,
**=p<0.001, ***= p<0.001 ****= p<0.0001; no symbol denotes not significant.
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For DCO cells, we observed many proinflammatory cytokines and mediators of the
inflammatory response to be upregulated when challenged with SP-A opsonised HPV16-
PsVs. Interestingly, we identified half of the proteins (n=21) to be differentially regulated in the
presence of SP-A alone or HPV16-PsVs alone, respectively, with an overall increase in the
presence of SP-A:HPV16-PsVs (Figure 35A). The other n=22 proteins were found to be
irresponsive to the presence of both SP-A and HPV-16-PsVs alone but induced when HPV16-
PsVs was pre-coated with SP-A (Figure 35B).

For further analysis of these rather complex data, we employed the STRING (Search Tool for
the Retrieval of Interacting Genes/Proteins) database, a valuable resource for exploring
known and predicted protein-protein interactions (297). We utilised it to investigate the
complex network of interactions among cytokines, chemokines, and growth factors. This
allowed us to delve into the molecular connections that underlie the complex biology of the
immune modulators in our study. Additionally, we harnessed the power of the K-means
clustering algorithm. This approach was instrumental in unravelling the intricate protein
interactions within the unique context of HPV and SP-A, shedding light on the underlying
mechanisms that drive the observed immune modulatory protein dynamics. The known
functions of the assessed proteins are described, and the predicted functional enrichments,
gene ontology (GO), STRING network clusters and associated KEGG pathways for these
clusters that may have any relevance in SP-A mediated enhanced immune recognition of HPV

are documented in detail in Supplementary Table 3.

The DCO immune modulators were clustered into 4 groups which were found to have predicted
interactions with other cytokines within the same cluster or other clusters with high certainty,
where many were associated with enhancing inflammation (Figure 36). Every immune
modulator in this cluster analysis was upregulated in the SP-A:HPV16-PsVs condition
compared any other condition tested (Figure 35), emphasising heightened (Figure 35A) or
induced (Figure 35B) HPV16-PsVs immune responses when opsonised with SP-A. Cluster |
is composed of proteins displaying prominent roles in promoting epithelial and endothelial cell
proliferation and migration (Figure 36). These proteins collectively exert their functions through
positive regulation of epithelial and endothelial tube formation, thereby implicating their crucial
involvement in tissue repair in response to HPV16-PsVs infection. Cluster Il proteins exhibit
roles in orchestrating immune cell chemotaxis and fostering inflammatory responses. These
proteins are closely associated with regulating the migration of macrophages, monocytes,
lymphocytes, and neutrophils, indicating their pivotal role in the innate and adaptive immune
responses. Pathway analyses reveal their involvement in signalling cascades such as the C-

type lectin receptor and JAK-STAT pathways, crucial in mediating immune cell activation and
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cytokine interactions. Cluster lll proteins are primarily characterised by their cytokine activities
and signalling pathway involvement. These proteins are linked to the regulation of cytokine-
mediated pathways like JAK-STAT signalling and IL-20 family signalling, hinting at their
potential impact on Th17 cell differentiation and cytokine-cytokine receptor interactions.
Meanwhile, Cluster IV includes an extensive array of proteins and showcases a multifaceted
involvement in immune responses, spanning from the regulation of inflammatory processes to
the modulation of various immune cell activities. Notably, these proteins are associated with
pathways like toll-like receptor signalling, NF-kB signalling, and cytokine interactions,
underscoring their crucial role in orchestrating immune cell activation, migration, and

inflammatory signalling cascades.

Overall, many of the proteins upregulated in DCO in the presence of HPV16-PsVs and SP-A
have specific functions in B cell maturation, T cell proliferation, and act as chemokines for
adaptive immune cells (Supplementary Table 3). This emphasizes SP-A’s ability to activate

the link between innate and adaptive immunity in DCs.
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Figure 35: Cytokines, chemokines, and growth factors differentially expressed in the SP-A:HPV16-PsVs group compared to untreated control in DCO. Proteins shown were identified by
analysis A (Table 4A). Data are represented as mean fold-change relative to the untreated control group which was set as 1 (dotted line). A. Immune modulators differentially expressed in SP-A
alone and/or HPV16-PsVs alone, and further modified by HPV16-PsVs in the presence of SP-A. B. Immune modulators upregulated only in the dual presence of SP-A and HPV16-PsVs. Statistical
significance was determined using 2-way ANOVA with Tukey'’s test for multiple comparisons. *= p<0.05, **= p<0.001, ***= p<0.001 ****= p<0.0001; no symbol denotes not significant.
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Figure 36: STRING Protein-Protein Interaction Cluster Network for immune modulators upregulated in DCO cells in the SP-A:HPV16-PsVs group. This network map illustrates predicted
functional interactions among the upregulated cytokines, chemokines, and growth factors identified in DCO, when exposed to HPV16-PsVs and SP-A compared to untreated cells, as analysed
using the STRING database. Nodes represent individual molecules, lines connecting nodes indicate known or predicted interactions. Proteins were grouped as indicated by the colour of the nodes,
using kmeans clustering. Predicted interactions were determined as follows: from curated databases, experimentally determined, , co-expression, and . Solid
lines represent interactions within clusters, and dotted lines connect proteins between clusters. Predicted protein-protein interactions were set to a high confidence threshold score. Abbreviations
are specified in Supplementary Table 2.
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4 Discussion

Infection with HPV presents an ongoing global health challenge as a result of its incurable
nature and heightened impact when co-existing with HIV, especially in regions such as
Southern Africa with elevated HIV prevalence. Prophylactic vaccination is considered the most
effective control of viral infections. Highly efficacious prophylactic vaccines against the most
prevalent oncogenic HPV types have been developed (see Section 1.5). However, despite the
great efforts exerted in HPV vaccination programs, these vaccines do not cover all the
oncogenic HPV types present in malignant lesions and the extent of cross-protection against
other oncogenic HPV types, of which there are more than twenty that have been identified, is
largely unknown. In addition, the vaccines are ineffective for women already infected with HR
HPV types. The limitations of these vaccines are especially prevalent in LMIC regions such
as Sub-Sharan Africa, where limited access to healthcare, awareness, and proper transport
and storage all negatively affect the accessibility of these vaccines. The persistence of cervical
cancer as the fourth most common cancer in women globally underscores the urgent demand
for alternative interventions that can more broadly target HPV infection, especially in regions
facing challenges of limited healthcare access and awareness. Over the last couple of
decades, research has been underway to explore alternative means of protection against HPV

that are broad-spectrum, easily accessible, and affordable (1).

In response to the dire need for alternative intervention, our research has previously identified
SP-A, an innate immune opsonin, capable of recognising HPV16-PsVs (19). We have shown
that SP-A opsonisation of HPV16-PsVs resulted in increased viral uptake by mouse immune
cells and was capable of recruiting macrophages to the site of infection in a murine
cervicovaginal HPV challenge model. Moreover, these in vivo data also suggested that SP-A
was capable of reducing HPV16-PsVs infection. We hypothesised that this could be translated
to human cells, and that exogenous supplementation with SP-A could lead to a reduction in

HPV infection of human keratinocytes.

By using in vitro monoculture and co-culture systems, together with various molecular and
imaging techniques, we set out to describe the broad-spectrum recognition capabilities of SP-
A using multiple oncogenic HPV-PsVs types. We also aimed to describe in further detail the
immune mechanisms of SP-A in the context of HPV infections by exploring the intracellular
trafficking of HPV in the presence of SP-A, and the regulation of cytokine and chemokine
production. Given the myriad of immune evasion mechanisms evolved by HPV, we propose
that harnessing innate immune molecules, such as SP-A, to enhance HPV immune

recognition holds great promise. This approach not only addresses the challenges posed by
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HPV’s immune evasion strategies but also opens new avenues for developing effective
interventions in combating this persistent viral threat. We are currently in the process of
preparing a manuscript for publication to disseminate these findings to the scientific

community.

3.1. Examining SP-A-mediated innate immune responses to HPV-PsVs using murine

and human immune cell lines

The innate immune response against HPV infections remains a critical area of study for
developing effective intervention and therapeutic strategies, where numerous studies have
utilised receptor agonists to enhance immune responses in both prophylactic and therapeutic
vaccines targeting HPV-associated diseases (195-198). The herein described research
focused on utilising the murine macrophage cell line, RAW264.7, and human THP-1-derived
immune cells as a foundational platform to explore the interplay between the innate immune
response towards HPV-PsVs and the modulatory effects of SP-A. Despite its murine origin,
RAW264.7 cells have been pivotal in our previous research endeavours, serving as a
foundational model for investigating immune regulation (19) (Section 1.9). Therefore, in the
continuation of our studies, we have chosen to delve deeper into understanding the immune
responses and regulatory mechanisms within this well-characterised cell line. THP-1 cells are
a human monocytic cell line that have been widely used in research to study innate immunity
due to their ability to differentiate into macrophage-like cells upon stimulation with PMA.
Moreover, THP-1 cells possess the remarkable capacity to differentiate into various myeloid
populations, which are represented by specific cell surface marker expression profiles,
allowing for a broader exploration of immune cell functions in controlled in vitro environments.
Both RAW264.7 and THP-1 cells are commercially available and can be cultured and
manipulated easily, providing a consistent and reproducible cell source for experiments and
eliminating the need of frequent isolation of primary murine or human immune cells which can
introduce great experimental variability. While acknowledging that engineered cell lines and
in vitro systems may not perfectly replicate the entirety of native immune cell heterogeneity,
they remain indispensable tools in uncovering fundamental immune mechanisms and

providing preliminary insights into immune responses in controlled settings.

As mentioned previously, innate immunity serves as the frontline defence against pathogens,
initiating rapid responses upon encountering threats like infection with HPV (see Section 1.1).
However, HPV has evolved several strategies to evade host immune surveillance and innate
immune detection which could be targeted to develop potential prophylactic and therapeutic

intervention (see Section 1.4). Through a series of comprehensive analyses, this research
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delineated the impact of SP-A on the innate immune response against HPV-PsVs in
RAW264.7 and THP-1-derived immune cells, and how SP-A might influence immune cell
recognition of HPV-PsVs, impact response pathways, and subsequent antiviral mechanisms.
We indeed found that SP-A facilitates enhanced uptake of HPV-PsVs by selected innate
immune cells while reducing viral uptake and infection of keratinocytes through agglutination

and opsonisation.

Agglutination occurs when particles, such as pathogens or cells, clump together due to the
binding action of certain molecules, such as SP-A. Studying SP-A’s potential broad-spectrum
activities we observed that it could indeed induce agglutination of the full panel of oncogenic
HPV-PsVs types studied here (i.e. 16, 18, 31, 45, 52, and 58), leading to the formation of viral
clusters or aggregates at varying degrees (Figure 17). This process may have a dual effect
on the subsequent outcome of HPV infection and immune responses: while agglutination
enhances the recognition of these clusters by selected immune cell populations followed by
their engulfment, it might simultaneously reduce the ability of individual HPV particles to enter

susceptible cells like keratinocytes as observed in this study.

Opsonisation refers to the process by which molecules, such as SP-A, bind to pathogens,
marking them for recognition and subsequent engulfment and destruction by immune cells.
SP-A, as a part of the innate immune system, can recognize certain structures on pathogens,
including HPV16-PsVs in this context, and coat them. This coating, along with particle
aggregation is proposed to enhance the herein observed recognition of HPV-PsVs by selected
immune cells, leading to their enhanced uptake. This study also confirmed the necessity of
“priming” the HPV-PsVs with SP-A prior to infection of target cells in the presence of CaCl;
(Figure 20). Being a C-type lectin, SP-A typically recognises carbohydrate residues; however,
the specific pattern and recognition of glycosylated sites on HPV remains enigmatic due to the
limited glycoproteins on the HPV surface (298-300). Further investigation into the precise
structural elements and functional implications of this interaction is crucial for a deeper
understanding of SP-A / HPV dynamics and for the development of potential therapeutic
targets against HPV infections.

In contrast to the enhanced uptake of SP-A agglutinated HPV-PsVs into immune cells, particle
entry into HaCaT keratinocytes was greatly hindered (Figure 21). This phenomenon was also
observed in HeLa and NIKS (Supplementary Figure 4). It is reasonable to assume that the
above-described agglutination prevented HPV-PsVs binding to host cellular receptors. This is
supported by the observation that HPV45-PsVs formed the smallest fragments in the presence
of SP-A (Figure 17) which correlates with its much lower reduction in uptake and infection of

HaCaT cells when compared to SP-A coated HPV16-PsVs (Figure 21 and 30, respectively).
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As mentioned above, the SP-A mediated increase in HPV-PsVs uptake was only observed for
selected immune cell populations: THP-1 monocytes, and THP-1-derived immature DCs
showed a significant increase in HPV16-PsVs uptake in the presence of SP-A which was
comparable to that of RAW264.7 cells (Figure 19), while entry into the other immune cell
populations was not substantially affected. THP-1 monocytes, DCO and RAW264.7 cells were
therefore further explored in their recognition and uptake of other oncogenic HPV types
besides the prototype 16. While RAW264.7 displayed increased uptake of the whole HPV-
PsVs panel in the presence of SP-A, THP-1 and DCO were found to only SP-A dependently
enhance type 16 entry but showed no differential uptake towards any of the other studied HPV
types (Figure 22). This differential response highlights SP-A’s distinct potency on viral uptake
across cell lines, demonstrating a robust effect on RAW264.7 cells and a more limited
influence on THP-1 and DCO. While our focus was on the very initial uptake of particles at 1
hpi, it remains plausible that THP-1 and DCO cells could potentially exhibit a delayed response
to SP-A for HPV types other than type 16 at later time points. This is supported by the
observation that infection of HaCaT cells by selected HPV-PsVs types was dampened by
THP-1 or DCO cells, and further reduced in the presence of SP-A (Figure 30), highlighting the

necessity for further investigations beyond this early uptake phase.

Overall, SP-A’s properties of opsonisation and agglutination play a crucial role in modulating
the interactions between HPV-PsVs and various cell types, potentially influencing the immune

response against the virus and its ability to infect specific cell populations.

3.2. SP-A alters lysosomal accumulation of HPV-PsVs in keratinocytes and

macrophages

Intracellular trafficking of HPV has been explored to identify potential targets for anti-HPV
molecule design, with particular focus on understanding and preventing lysosomal escape
which is essential for successful infection (101, 275). We were particularly interested in
studying lysosomal interaction and accumulation of the prototype HPV16-PsVs in the
presence of SP-A and to understand if and how SP-A influences lysosomal processing of the
virions within cells. Understanding this interaction may provide insights into how SP-A affects
the virus’s degradation or survival pathways within lysosomes, offering potential strategies for

combating HPV infections.

SP-A has been shown to increase pathogen delivery to lysosomes which are intracellular
compartments responsible for breaking down and recycling molecules (282, 301); therefore,
we set out to elucidate any potential modulations in lysosome accumulation of HPV when

preincubated with SP-A making use of confocal imaging of AF488-labelled HPV16-PsVs and
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staining cells for lysosomes using LysoTracker™ Deep Red (Figure 25). When analysing
selected colocalisation parameters such as HPV Manders’ coefficient and the Pearson’s
coefficients, we saw both increase in the presence of SP-A suggesting a more pronounced
association between HPV-PsVs and lysosomes both in keratinocytes and macrophages. This
correlation indicates a potential enhancement in the targeting or trafficking of HPV-PsVs
towards lysosomal compartments within these cells. However, we did not observe any
changes in the spatial arrangement or the extent of overlap between the signals in these cells
in the presence of SP-A, as seen by the overlap coefficient. This suggests that while SP-A
appears to enhance the association between HPV-PsVs and lysosomes within keratinocytes
and macrophages, it might not significantly alter the physical proximity or closeness of these

entities.

These results indicate that in the context of both keratinocytes and macrophages, SP-A may
modulate various endocytic pathways, potentially contributing to increased lysosomal
accumulation and alterations in lysosomal dynamics with different biological outcomes in
these cell types. In macrophages, SP-A might specifically impact lysosomal phagocytosis, a
process where macrophages internalise large particles or pathogens by forming phagosomes
that fuse with lysosomes for degradation. SP-A’s influence on this pathway could enhance the
formation of larger lysosomes, possibly due to increased fusion events between phagosomes
and lysosomes. This may result in augmented lysosomal accumulation, promoting a more
efficient degradation or processing of internalised materials, including HPV particles. In
keratinocytes, SP-A’s effects on endocytic pathways might involve alterations in general
endocytosis or autophagocytosis. Changes in these pathways could lead to the accumulation
of larger lysosomes within the cells. While the specific implications are less clear, SP-A’s
impact on endocytic processes in keratinocytes seems to promote the formation of larger
lysosomes, as indicated by increased lysosomal size and accumulation (Figure 25). SP-A’s
observed ability to induce larger lysosomes and stimulate lysosomal exocytosis, leading to the
release of lysosomal content outside the cell, might suggest a broader influence on endocytic
trafficking. This could involve alterations in recycling pathways or lysosomal exocytosis
mechanisms across both macrophages and keratinocytes. The observed increase in
lysosomal accumulation of HPV16-PsVs, larger lysosomes, and lysosomal exocytosis in both
cell types in the presence of SP-A implies a multifaceted influence on endocytic processes.
However, our analysis does not allow a conclusion as to whether the increased association of
HPV-PsVs with lysosomes in the presence of SP-A had consequences for increased capsid
degradation or any changes in the L2/vDNA dissociation from these acidic organelles, unlike
HD5, an anti-HPV molecule that was shown to prevent the dissociation of the L2/vDNA

complex thereby redirecting the viral particles to lysosomes (188).
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Access to additional lysosomal markers like LAMP1 and 2, the staining for degrading capsids
using the L1-7 antibody, and the labelling of the viral genome could further enhance our
understanding of the specific mechanisms governing HPV trafficking, lysosomal dynamics and

HPV capsid disassembly in different cell types under the influence of SP-A (302).

3.3. SP-A reduces HPV-PsVs infection of keratinocytes which is further reduced in the

presence of immune cells

In an attempt to elucidate the impact of both selected innate immune cell populations and the
presence of the innate immune molecule SP-A on HPV-PsVs infection of human
keratinocytes, we established a co-culture system which allowed us to study the intricate
interactions between different cell types, mirroring the complex interplay during an actual

infection scenario.

Supporting our earlier observations of SP-A mediated decreased HPV-PsVs uptake into
HaCaT keratinocytes 1 hpi, we also saw decreased infection levels (as measured by Gaussia
luciferase reporter gene activity 48 hpi) in HaCaT monocultures in the presence of SP-A.
Importantly, we consistently observed a decrease in HaCaT infection for HPV-PsVs types 16,
18, 31, 52, and 58, but not 45, in the presence of SP-A (Figure 30), which might be correlated
to the different agglutination patterns observed for the different HPV types in the presence of

SP-A as mentioned above.

Co-culturing of selected immune cells alongside HaCaT keratinocytes further reduced their
infection by HPV-PsVs to varying extents when pre-coated with SP-A. This synergistic effect
seen for some immune cells (particularly RAW264.7 macrophages and THP-1 monocytes)
might be due to immune cell-mediated clearance of HPV-PsVs, or due to enhancing the anti-
viral environment in the co-culture system. This effect was most pronounced for co-culturing
RAW264.7 with HaCaT cells and appeared to be rather specific for HPV type 16. The
widespread prevalence of HPV16 may have led to the evolution of a more robust immune
response and the development of a highly effective recognition system by immune effectors
against HPV16 due to repeated exposures. Additionally, variations in viral antigens might have
made HPV16 more immunogenic, further contributing to the evolution of a heightened immune
response. Potential immune evasion strategies by HPV16 could have reinforced this evolved
immune recognition, while host-specific factors may have also played a role in fostering this

heightened response.

These findings highlight the complex interplay of SP-A, immune cells, and their joint effect on

HPV infection in a physiologically relevant cellular setting. However, it is important to note that
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the co-culture system used here involved the co-culturing of only a single immune cell type
per experimental condition and may not encompass the diverse array of immune cells and
their interactions found in the human body. Moreover, the focus here was on macrophage
populations and DCO while other innate immune cell populations (such as selected
granulocytes) which also potentially respond to SP-A opsonised HPV-PsVs (Figure 8) were
not included. Therefore, balancing the benefits and limitations is crucial when interpreting the
results derived from co-culture systems. While they offer valuable initial insights into cellular
interactions during infection avoiding the use of animal models or primary cells, their
constraints must be acknowledged and further complementation using alternative

experimental models or clinical data for a comprehensive understanding of HPV is necessary.

3.4. SP-A regulates immune mediator production in the context of HPV infection

In the absence of infection, SP-A primarily functions as an anti-inflammatory molecule (200),
contributing to maintaining immune homeostasis by regulating the inflammatory response. SP-
A has been observed to dampen excessive immune reactions, acting as a modulator that
helps prevent unnecessary inflammation (200). This anti-inflammatory role often involves the
suppression of immune cell activation, reduction in pro-inflammatory cytokine production, and

the regulation of immune cell functions to maintain a balanced immune environment.

Conversely, in the presence of infection or microbial challenge, SP-A’s role shifts towards
promoting inflammation and triggering immune responses. When encountering pathogens like
viruses, bacteria, or other infectious agents, SP-A functions as a pattern recognition molecule.
It binds to these pathogens, initiating signalling pathways that lead to the activation of immune
cells and the production of pro-inflammatory cytokines (202). This pro-inflammatory function
aims to combat the invading pathogens by recruiting immune cells, enhancing their activity,

and orchestrating an effective immune response to eliminate the threat.

The ability of SP-A to switch between anti-inflammatory and pro-inflammatory roles highlights
its context-dependent modulation of immune responses. This dynamic behaviour allows SP-
A to finely regulate immune reactions, adapting its function based on the presence or absence
of infection (200), which is crucial in mounting appropriate immune responses against
pathogens while preventing excessive or harmful inflammation. Our research elucidated the
SP-A mediated changes in immune modulatory protein expression in the context of HPV16-
PsVs immune recognition. THP-1 monocytes and DCO were again chosen, as a result of their
substantial increase in HPV16-PsVs uptake in the presence of SP-A (Figure 19), and their
ability to aid in the reduced infection of keratinocytes (Figure 30). While monocytes are highly

versatile and can adapt their cytokine and mediator production based on their
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microenvironment, DCO cells are effective antigen presenting cells which also possess the

capability to produce cytokines and chemical mediators.

Our overall analysis of relative changes in cytokine, chemokine and growth factor expression
using the Proteome Profiler™ Human XL Cytokine Array Kit showed a substantially more
potent inflammatory response in DCO compared to THP-1 cells, with multiple inflammatory
mediators being upregulated, when DCO were exposed to HPV16-PsVs in the presence of
SP-A (Figures 34 and 35). STRING analysis indicated an SP-A mediated effect on the
upregulation of the JAK-STAT pathway, on macrophage differentiation, neutrophil activation,
TNF-signalling, NF-kB-signalling, complement cascade activation, and activation of the Th1
immune response in DCO, highlighting DC’s role in bridging innate and adaptive immune
responses (Figure 36). Interestingly, many proteins were only upregulated in the SP-
A:HPV16-PsVs group, but not by SP-A or HPV16-PsVs alone (Figure 35B), indicating that
upon binding to HPV16-PsVs, SP-A drives a heightened immune response towards immune

cell activation and pathogen recognition and clearance.

While our study sheds light on SP-A’s pivotal role in modulating inflammatory responses in
the context of HPV-PsVs exposure, it is essential to acknowledge the inherent limitations of
our experimental design. Notably, by using a pseudovirus system our explorations were
restricted to the effects of SP-A on immune responses triggered by the initial encounter with
these particles which lack any HPV oncogenes. Therefore, our study did not encompass the
investigation of HPV E5, E6, and E7 proteins’ immune evasion mechanisms and their potential
interplay with SP-A-mediated immune modulation. Understanding the intricate ways in which
these viral proteins might influence SP-A’s impact on inflammatory responses remains an
unexplored area. Moreover, we focussed these studies on isolated immune cell populations
(THP-1 and DCO, respectively) and did not similarly characterise immune modulator profiles
of HaCaT keratinocytes which potentially (but most likely to a lower extent) contribute to

immune responses to HPV infection and its potential evasion strategies.

3.5. Potential for SP-A as a component in topical microbicides against HPV infection

SP-A’s ability to act as an innate immune molecule recognising and targeting incoming
pathogens while modulating immune responses, emphasizes its significance in maintaining
immune balance and combating infections while avoiding immune-related pathologies. This is
particularly important in the context of infection with HPV as this virus has successfully evolved
several immune evasion strategies. Our herein presented data indicate that SP-A is capable
to render incoming HPV more visible to the immune system, potentially inhibiting viral

infection.
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Developing small molecule inhibitors and their incorporation into topical microbicides is a
targeted approach in fighting viral infections, particularly those that are sexually transmitted.
Vaginal lubricants containing carrageenan have been successfully developed to prevent HPV
and HSV-2, but not HIV, infection and are commercially available (150, 151). Our study
demonstrating SP-A’s interaction with HPV offers potential new avenues for alternative
prophylactic means. By identifying which parts of SP-A interact with HPV, possibly through
advanced imaging and mutational analysis, small peptide inhibitors could be designed and
incorporated into topical lubricants. As isolation of full-length SP-A derived from human
sources (as used in this study) is not sustainable, developing small molecules would be more
cost-effective and easier to scale up. Established production methods, such as demonstrated
for recombinant fragments of human SP-A (rfhSP-A) (199, 303), could pave the way for
exploring scaled-up production of biologically active fragments. Harnessing SP-A’s inhibitory
mechanisms extends beyond HPV to other sexually transmitted infections (STIs), which
should be addressed in further studies. This potential broad-spectrum inhibition of various
STIs by SP-A and its viability in therapeutic interventions promises a broader impact on

infectious disease management.
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5 Conclusion

This thesis represents a substantial step forward in unravelling the intricate interactions
between SP-A, innate immunity, and HPV infection dynamics. Our exploration has unveiled
the versatile nature of SP-A and its significant influence on various aspects of HPV interactions
with immune cells and keratinocytes. Importantly, we could show that SP-A is capable in
recognising multiple oncogenic HPV types, leading to their agglutination with consequences
for increased human innate immune cell uptake, while concurrently impeding viral entry into
keratinocytes. This dual action potentially orchestrates immune cell clearance of incoming
HPV while limiting viral infection in susceptible cells. Moreover, our studies shed light on SP-
A's impact on lysosomal accumulation of HPV-PsVs within keratinocytes and macrophages.
This aspect introduces an additional layer of complexity, suggesting that SP-A not only
influences viral degradation pathways but also augments immune cell phagocytosis,
contributing to potential strategies for viral clearance. Further, our investigations unveiled SP-
A's ability to trigger a pro-inflammatory response in innate immune cells upon encountering
HPV-PsVs, potentially enhancing their capacity to combat HPV infections. Figure 37

summaries these mechanisms.

In resource-limited settings grappling with HPV-related challenges, effective therapies are
urgently needed, given limitations in existing vaccines and the high prevalence of HPV-linked
malignancies. Exploring SP-A-associated pathways offers hope for broader protection against
diverse HPV types and sexually transmitted infections. Understanding how SP-A influences
immune responses, its interactions with HPV evasion strategies, and its modulation of immune
cell signalling during HPV recognition stands as crucial avenues for future research in these

contexts.
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Figure 37: Proposed mechanisms of SP-A immunomodaulation in the context of HPV infection. SP-A binds and agglutinates HPV resulting in increased uptake of larger HPV clusters into
immune cells, and a decreased uptake into keratinocytes as a result of hindering HPV binding to cell surface receptors. SP-A opsonises HPV resulting in immune cell recruitment, activation and
pathogen clearance. SP-A affects intracellular trafficking of HPV, by enhancing accumulation of viral particles in the phagolysosomes of immune cells and redirecting HPV endocytosis to
autophagosomes and subsequent lysosomal degradation. SP-A opsonisation of HPV results in SP-A binding to immune cell receptors and subsequent initiation of a proinflammatory response.
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7 Appendix

7.1 Solution recipes

cDMEM

1% Penicillin-Streptomycin (10000 U/mL, Lonza)

10% Foetal calf serum (FCS, Gibco)

In 500 mL Dulbecco’s Modified Eagle Medium (DMEM), high Glucose (Capricorn Scientific)

F-Medium

3 volume Ham’s F12, with L-glutamine (Capricorn Scientific)
1 volume DMEM, high Glucose (Capricorn Scientific)

5% FCS (Gibco)

1% Pen/Strep (10000 U/mL, Lonza)

0.4 pg/mL hydrocortisone

5 pg/mL insulin

8.4 ng/mL cholera toxin

10 ng/mL Epidermal Growth Factor (Invitrogen)

24 ug/mL adenine

cRPMI

1% Penicillin-Streptomycin (10000 U/mL, Lonza)

10% Foetal calf serum (FCS, Gibco)

In 500 mL RPMI 1640, with L-glutamine (Capricorn Scientific)

Lidocaine-EDTA

Lidocaine hydrochloride (Sigma) 4 mg/mL
10 mM EDTA

In PBS

FACS block
5% Bovine serum albumin (BSA) in PBS

FACS wash
0.5% BSA in PBS

FACS fix
1% paraformaldehyde in FACS wash
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Luria-Bertani (LB) medium

10 g Tryptone

10 g Sodium Chloride (NaCl)

5 g Yeast extract

To 1L dH,O

The pH was adjusted to 7.0 and the volume adjusted to 1L. The LB was sterilised by

autoclaving for 20 min at 15 psi on liquid cycle.

2X HEPES buffered saline (HBS)

50 mM HEPES

280 mM NacCl

1.5 mM Na,HPO,

The pH was adjusted to 7.1, and filter sterilised.

5X High salt buffer (HSB)
125 mM HEPES, pH =7.5
2.5 M NaCl

0.1 % Brij58

5 mM MgCI2

500 uM EDTA

Light caesium chloride (CsClI) solution
54 g CsCl
Up to 200 mL in 1X HSB

Heavy CsClI solution
77.6 g CsCl
Up to 200 mL in 1X HSB
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7.2 Additional material

Supplementary Table 1: Information on the plasmids used for the production of HPV-PsVs.

Plasmid Genelinsert Source Selection | Restriction | RE products

name antibiotic Enzymes

pXULL HPV16 L1and | JohnT 50 pyg/mL | Hindlll 1.6 kb + 1.6 kb +
L2 Schiller’ zeocin 24 kb +28kb

pV18cap HPV18 L1and | John T 50 pg/mL | Xhol, Not | | 2.2 kb + 6.7 kb
L2 Schiller’ kanamycin

p31shelLL HPV31L1and | JohnT 100 pg/mL | Notl, 9.28 kb + 1.45 kb
L2 Schiller ampicillin EcoRV

p45shelL HPV45L1and | John T 100 pg/mL | Kpnl, Hpal | 5.5 kb + 5.29 kb
L2 Schiller ampicillin

p52shelL HPV 52 L1 and | John T 100 pg/mL | Notl, 9.28 kb + 1.44 kb
L2 Schiller ampicillin EcoRV

p58shelL HPV 58 L1 and | John T 100 pg/mL | EcoRV, 8.63 kb +2.1 kb
L2 Schiller ampicillin | Xhol

pCMV-Gluc | Gaussia (Gau) | New 75 pyg/mL | Stul, Not | | 0.94 kb + 4.86 kb
luciferase England ampicillin
Reporter Biolabs

Thermo Fisher Scientific
GeneRuler 1 kb DNA Ladder
bp ng/0.5ug %

16 18 31 45 52 58 Gau

—
C— .- 9 - 10000 30 6
b — . 4 8000 30 6
-— 6000 70 14
3 5000 30 6
p 4000 30 6
. 3500 30 6
Yy

-— s —-3000 70 14
- g 38 2 3
20000p —> D . 50 5 5

C — 2 o .
s s e B —1000 60 12
— 750 25 5
[ —500 25 5
—250 25 5

1% agarose

Supplementary Figure 1: Restriction enzyme digest of the plasmids used to produce HPV-PsVs. HPV types
16, 18, 31, 45, 52, and 58 were produced encapsidating the Gaussia luciferase reporter gene (Gau). Note: Some
digests are incomplete and full plasmid constructs are detected along with the RE fragments.

! National Cancer Institute, NIH
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Supplementary Figure 2: Gating strategy for the FACS internalisation assay. Cells were treated as described
in Section 2.5.2 before FACS analysis with a BD Fortessa. Singlets were gated based on the FSC-H/FSC-A plot,
Singlets were further gated as cells based on the FSC-A/SSC-A plot. The HPV positive threshold in the AF488
channel was determined using untreated cells, where the same gating strategy was applied to all samples of the
same cell type. Depicted here are uninfected RAW264.7 cells.
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Supplementary Figure 3: Maps of the expression plasmids for the various L1/L2-specific HPV types
prepared in this study. A. - F. L1-L2 expression plasmids for oncogenic HPV types 16, 18, 31, 45, 52, and 58. G.
Gaussia luciferase reporter gene expression plasmid.
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Supplementary Figure 4: HPV16-PsVs internalisation into HaCaT, HeLa, and NIKS cells is altered by SP-A
preincubation. Cells were treated as described in Section 2.5.2, before acquisition with a BD Fortessa. A. Dot
plots for AF488-HPV16-PsVs uptake after 1 h into the epithelial cell lines HaCaT, HelLa, and NIKS in the presence
of BSA (top) or SP-A (bottom). B. HPV16-PsVs uptake on the left and the median fluorescent intensity (MFI) on
the right is depicted. Data of three independent experiments are presented relative to uptake of the BSA control
group which was set as 1. Statistical significance was determined by two-way Anova and Tukey’s multiple
comparison tests. *= p<0.05; **= p< 0.01; ****= p<0.0001; no symbol denotes not significant.

Pre-
transformation

Post-
transformation

Supplementary Figure 5: Transformation of images acquired of multispectral fluorescent beads. Chromatic

shift was accounted for using chromatic beads that fluoresced in the experimental channels: green, red, and blue.

The top panel shows misalignment of these channels before the calculation was applied, and the bottom panel

shows the channels aligning once the calculation was applied. The Align_Channels MacroScript created by Jerome

Boulanger and available at https://github.com/jboulanger/imagej-macro.
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Supplementary Table 2: List of the cytokines, chemokine and growth factors included in the R&D Systems
Human XL cytokine array. Shown are the co-ordinates of each analyte on the membranes, the Entrez Gene ID,
and the alternative nomenclature.

Coordinate Analyte/Control Entrez Gene ID Alternate
Nomenclature

A1, A2 Reference Spots N/A RS

A3, A4 Adiponectin 9370 Acrp30

A5, A6 Apolipoprotein A-l 335 ApoA1

A7, A8 Angiogenin 283

A9, A10 Angiopoietin-1 284 Ang-1, ANGPT1

A11, A12 Angiopoietin-2 285 Ang-2, ANGPT2

A13, A14 BAFF 10673 BLyS, TNFSF13B

A15, A16 BDNF 627 Brain-derived
Neurotrophic Factor

A17, A18 Complement 727 C5/Cbha

Component C5/C5a

A19, A20 CD14 929

A21, A22 CD30 943 TNFRSF8

A23, A24 Reference Spots N/A RS

B3, B4 CD40 ligand 959 CD40L, TNFSF5,
CD154, TRAP

B5, B6 Chitinase 3-like 1 1116 CHI3L1, YKL-40

B7, B8 Complement Factor D | 1675 Adipsin, CFD

B9, B10 C-Reactive Protein 1401 CRP

B11,B12 Cripto-1 6997 Teratocarcinoma-
derived Growth Factor

B13, B14 Cystatin C 1471 CST3, ARMD11

B15, B16 Dkk-1 22943 Dickkopf-1

B17,B18 DPPIV 1803 CD26, DPP4,
Dipeptidyl-peptidase
v

B19, B20 EGF 1950 Epidermal Growth
Factor

B21, B22 EMMPRIN 682 CD147, Basigin

C3,C4 ENA-78 6374 CXCL5

C5, C6 Endoglin 2022 CD105, ENG

C7,C8 Fas Ligand 356 TNFSF6, CD178,
CD95L

C9, C10 FGF basic 2247 FGF-2
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C11,C12 FGF-7 2252 KGF

C13,C14 FGF-19 9965

C15,C16 FIt-3 Ligand 2323 FLT3LG

C17,C18 G-CSF 1440 CSF3

C19, C20 GDF-15 9518 MIC-1

C21,C22 GM-CSF 1437 CSF2

D1, D2 GROa 2919 CXCL1, MSGA-a

D3, D4 Growth Hormone 2688 GH, Somatotropin

D5, D6 HGF 3082 Scatter Factor, SF

D7, D8 ICAM-1 3383 CD54

D9, D10 IFN-y 3458 IFNG

D11, D12 IGFBP-2 3485 .

D13, D14 IGFBP-3 3486

D15, D16 IL-1a 3552 IL-1F1

D17, D18 IL-1B 3553 IL-1F2

D19, D20 IL-1ra 3557 IL-1F3

D21, D22 IL-2 3558 .

D23, D24 IL-3 3562 .

E1, E2 IL-4 3565 .

E3, E4 IL-5 3567 .

E5, E6 IL-6 3569

E7, E8 IL-8 3576 CXCL8

E9, E10 IL-10 3586 .

E11, E12 IL-11 3589 .

E13, E14 IL-12 p70 3593 .

E15, E16 IL-13 3596 .

E17,E18 IL-15 3600 .

E19, E20 IL-16 3603

E21, E22 IL-17A 3605 IL-17, CTLA8

E23, E24 IL-18 Bpa 10068 .

F1, F2 IL-19 29949

F3, F4 IL-22 50616 IL-TIF

F5, F6 IL-23 51561 IL-23A, SGRF

F7, F8 IL-24 11009 C49A, FISP, MDA-7,
MOB-5, ST16

F9, F10 IL-27 246778 -

F11, F12 IL-31 386653 .

F13, F14 IL-32 9235 .
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F15, F16 IL-33 90865 C9orf26, DVS27, NF-
HEV

F17, F18 IL-34 146433 C16orf77

F19, F20 IP-10 3627 CXCL10

F21, F22 I-TAC 6373 CXCL11, SCYB9B

F23, F24 Kallikrein 3 354 PSA, KLK3

G1, G2 Leptin 3952 OB

G3, G4 LIF 3976

G5, G6 Lipocalin-2 3934 NGAL, LCN2,
Siderocalin

G7,G8 MCP-1 6347 CCL2, MCAF

G9, G10 MCP-3 6354 CCL7, MARC

G11, G12 M-CSF 1435 CSF1

G13, G14 MIF 4282

G15,G16 MIG 4283 CXCL9

G17,G18 MIP-1a/MIP-1B 6348/6351 CCL3/CCL4

G19, G20 MIP-3a 6364 CCL20, Exodus-1,
LARC

G21, G22 MIP-383 6363 CCL19, ELC

G23, G24 MMP-9 4318 CLG4B, Gelatinase B

H1, H2 Myeloperoxidase 4353 MPO, Lactoperoxidase

H3, H4 Osteopontin 6696 OPN

H5, H6 PDGF-AA 5154 -

H7, H8 PDGF-AB/BB 5154/5155

H9, H10 Pentraxin 3 5806 PTX3, TSG-14

H11, H12 PF4 5196 CXCL4

H13, H14 RAGE 177

H15, H16 RANTES 6352 CCL5

H17, H18 RBP-4 5950

H19, H20 Relaxin-2 6019 RLN2, RLXH2

H21, H22 Resistin 56729 ADSF, FIzz3, RETN

H23, H24 SDF-1a 6387 CXCL12, PBSF

11,12 Serpin E1 5054 PAI-I, PAI-1, Nexin

13, 14 SHBG 6462 ABP

15, 16 ST2 9173 IL-1 R4, IL1RL1, ST2L

17,18 TARC 6361 CCL17

19, 110 TFF3 7033 ITF, TFI

111,112 TR 7037 CD71, TFR1, TFRC,
TRFR
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113, 114 TGF-a 7039 TGFA
115, 116 Thrombospondin-1 7057 THBS1, TSP-1
117,118 TNF-a 7124 TNFSF1A
119, 120 uPAR 5329 PLAUR
121, 122 VEGF 7422 BEGFA
J1, J2 Reference Spots N/A RS
J5, J6 Vitamin D BP 2638 VDB, DBP, VDBP
J7,J8 CD31 5175 PECAM-1
J9, J10 TIM-3 84868 HAVCR2
J11, J12 VCAM-1 7412 CD106
J23, J24 Negative Controls N/A Control (-)
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Supplementary Figure 6: Cytokines, chemokines, and growth factors that are upregulated by SP-A alone
in THP-1 cells. Data are represented as mean fold-change relative to the untreated control group which was set
as 1 (dotted line). Statistical significance was determined using 2-way ANOVA with Tukey’s test for multiple
comparisons. *= p<0.05, ****= p<0.0001; no symbol denotes not significant.
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Supplementary Table 3: Protein information and pathway enrichment predicted by STRING for immune modulators most elevated in DCO cells in the presence of SP-A and HPV16-
PsVs compared to untreated cells. Elevated proteins were submitted to the STRING database and grouped using kmeans clustering, set to a high confidence threshold score for protein
interactions (297). The relevant functional enrichments for GO biological and molecular function, STRING network clusters and KEGG pathways are listed. Only functional enrichments with a
*strength of 1.75 or higher and a false discovery rate of p<0.05 are shown.

Name Function Definition Top Cluster GO enrichments,
STRING and KEGG pathways

FLT3L (FIt-3 ligand) Regulates haematopoiesis. The activated receptor kinase subsequently phosphorylates and activates multiple cytoplasmic GO:

effector molecules in pathways involved in apoptosis, proliferation, and differentiation of hematopoietic cells in bone marrow.

Potent DC stimulator (304). Positive regulation of epithelial tube
FGF-7 (fibroblast Keratinocyte growth factor that also acts as an integrin ligand which is required for FGF2 signalling (305). formation and epithelial cell
growth factor 7) proliferation and migration.
FGF-2 (fibroblast Plays an important role in the regulation of cell survival, cell division, cell differentiation and cell migration (24). Positive regulation of endothelial cell
growth factor basic) proliferation.
EGF (epidermal Acts as a potent mitogenic factor that plays an important role in the growth, proliferation and differentiation of numerous cell
growth factor) types (306, 307).

TGF-a (transforming A growth factor which activates a signalling pathway for cell proliferation, differentiation and development (307).

growth factor alpha)

Cripto-1 Membrane-bound signalling protein that plays an essential role in embryonic development and tumour growth (308).

Angio-1 (Angiopoietin- | Roles in vascular development, angiogenesis, endothelial cell survival, proliferation, migration, adhesion and cell spreading,
1) reorganization of the actin cytoskeleton (309).
IGFBP3 (insulin-like Exhibits IGF-independent antiproliferative and apoptotic effects mediated by its receptor TMEM219/IGFBP-3R (310).

growth factor binding
protein)

GH (growth hormone) | Plays an important role in growth control by stimulating secretion of insulin-like growth factor (IGF-1) (311).

PDGF (platelet- A growth factor that regulates cell growth and division (312).

derived growth factor)

Angiogenin This protein induces angiogenesis after binding to actin on the surface of endothelial cells (313). GO:

C5 complement A mediator of local inflammatory process. Binding to the receptor C5AR1 induces a variety of responses including intracellular | Regulation of macrophage chemotaxis.

component calcium release, contraction of smooth muscle, increased vascular permeability, and histamine release from mast cells and Monocyte chemotaxis.
basophilic leukocytes. C5a is also a potent chemokine which stimulates the locomotion of polymorphonuclear leukocytes Lymphocyte chemotaxis.

and directs their migration toward sites of inflammation (314, 315).
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CCL20 (chemokine
ligand 20)

Signals through binding and activation of CCR6 and induces a strong chemotactic response and mobilisation of intracellular
calcium ions. The ligand- receptor pair CCL20-CCR® is responsible for the chemotaxis of DCs, effector/memory T cells and
B cells. Acts as a chemotactic factor that attracts lymphocytes (316, 317).

G-CSF (Granulocyte

colony-stimulating

Acts in haematopoiesis by controlling the production, differentiation, and function of granulocytes and the monocytes-

macrophages (318).

factor)

IL-2 Required for T cell proliferation and other activities crucial to regulation of the immune response. Can stimulate B cells,
monocytes, lymphokine-activated killer cells, natural killer cells, and glioma cells (319, 320).

IL-8 Attracts neutrophils, basophils, and T cells. It is also involved in neutrophil activation. It is released from several cell types in

response to an inflammatory stimulus (296, 321).

TARC (Thymus and
activation regulated

chemokine)

Chemotactic factor for T lymphocytes. May play a role in T cell development in thymus and in trafficking and activation of
mature T cells (322, 323).

Thrombo-1
(thrombospondin 1)

Plays a role in ER stress response, via its interaction with the activating transcription factor 6a (ATF6) which produces

adaptive ER stress response factors (324).

Regulation of granulocyte chemotaxis.
Neutrophil chemotaxis.
Regulation of leukocyte chemotaxis.
Inflammatory response.

Innate immune response.

Defence response to other organisms.

KEGG:
C-type lectin receptor signalling
pathway.
JAK-STAT signalling pathway.
Viral protein interaction with cytokine
and cytokine receptor.

CD26 Essential for T cell receptor-mediated T cell activation. Acts as a positive regulator of T cell coactivation. Induces T cell GO:
proliferation and NF-kB activation in a T cell receptor/CD3-dependent manner (325, 326). Cytokine activity.
GDF-15 Member of the TGF{ superfamily and is a stress-induced cytokine released in response to tissue injury (327).
(Growth/Differentiation STRING:
Factor-15) JAK-STAT signalling pathway.
IL-12 It is produced by APCs and plays a critical role in host defence against intracellular microbial infection and control of IL20 family signalling.
malignancy via its ability to stimulate both innate and adaptive immune effector cells (328, 329).
IL-19 May play some important roles in inflammatory responses. Upregulates IL-6 and TNF-a and induces apoptosis (330, 331). KEGG:
IL-22 Cytokine that contributes to the inflammatory response (332). JAK-STAT signalling pathway.
IL-24 Has antiproliferative properties on melanoma cells and may contribute to terminal cell differentiation. Belongs to the IL-10 | Viral protein interaction with cytokine
family. DCs not known to produce IL-24 (333, 334). and cytokine receptor.
Lipocalin-2 Iron-trafficking protein involved in multiple processes such as apoptosis, innate immunity and renal development (291). Th17 cell differentiation.
Cytokine-cytokine receptor interaction.
Adiponectin Inhibits endothelial NF-kB signalling through a cAMP-dependent pathway (335, 336). GO:

ApoA (Apoliprotein A-
1)

It has serine proteinase activity and is able of autoproteolysis. Regulates activated complement (337).
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CCL3 (chemokine

Has inflammatory and chemokinetic properties. Binds to CCR1, CCR4 and CCR5. One of the major HIV-suppressive factors

ligand 3) produced by CD8+ T cells (338, 339).

CD30 May play a role in the regulation of cellular growth and transformation of activated lymphoblasts. Regulates gene expression
through activation of NF-kB (340).

CD40 ligand Costimulates T cell proliferation and cytokine production. Induces the activation of NF-kB. Induces the activation of kinases

MAPKS8 and PAK2 in T-cells (341, 342).

CRP (C-reactive
protein)

Promotes agglutination, bacterial capsular swelling, phagocytosis and complement fixation through its calcium-dependent
binding to phosphorylcholine (343, 344).

Fas ligand Involved in cytotoxic T cell-mediated apoptosis, natural killer cell-mediated apoptosis and in T cell development. Initiates
fratricidal/suicidal activation-induced cell death (AICD) in antigen- activated T cells contributing to the termination of immune
responses (345).

ICAM-1 During leukocyte trans-endothelial migration, ICAM1 engagement promotes the assembly of endothelial apical cups through
ARHGEF26/SGEF and RHOG activation (346).

IL-1 Stimulates thymocyte proliferation by inducing IL-2 release, B cell maturation and proliferation, and fibroblast growth factor
activity. IL-1 proteins are involved in the inflammatory response (338, 347).

IL-13 Inhibits inflammatory cytokine production. Synergizes with IL-2 in regulating IFN- y synthesis. May be critical in regulating
inflammatory and immune responses. Positively regulates IL-31RA expression in macrophages (348, 349).

IL-15 Stimulates the proliferation of T lymphocytes. In neutrophils, stimulates phagocytosis probably by signalling through the IL-
15 receptor (350, 351).

IL-16 Stimulates a migratory response in CD4+ lymphocytes, monocytes, and eosinophils. Primes CD4+ T cells for IL-2 and IL-15
responsiveness. Also induces T lymphocyte expression of IL-2 receptor. Ligand for CD4. Involved in cell cycle progression
in T cells (352, 353).

IL-3 Act in haematopoiesis by controlling the production, differentiation, and function of granulocytes and the monocytes-

macrophages (354, 355).

LIF (leukaemia

inhibitory factor)

Has the capacity to induce terminal differentiation in leukemic cells. Its activities include the induction of haematopoietic

differentiation in normal and myeloid leukaemia cells (356).

RBP4 (retinol binding

protein)

Mediates retinol transport in blood plasma (357). Shown to activate APCs leading to inflammation (358).

TIM-3 (T cell

immunoglobulin and

Modulates innate and adaptive immune responses and regulates macrophage activation. Inhibits Th1-mediated auto- and

alloimmune responses and promotes immunological tolerance (359-361).

Positive regulation of neutrophil
activation.

Toll-like receptor 3 signalling pathway.
Positive regulation of macrophage
activation and differentiation.

T cell migration.

Acute inflammatory response.
Calcium-mediated signalling.
Positive regulation of defence
response.

Cytokine receptor binding.
NF-kB signalling pathway.
Positive regulation of I-kB kinase/NF-
KB signalling.

STRING:

JAK-STAT signalling pathway
Toll-like receptor signalling pathway.
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mucin domain-

containing protein 3)

TNF (tumour necrosis | It is mainly secreted by macrophages and can induce cell death of certain tumour cell lines. It is a potent pyrogen causing

factor) fever by direct action or by stimulation of IL-1 secretion and is implicated in the induction of cachexia and under certain
conditions it can stimulate cell proliferation and induce cell differentiation (362, 363).

VCAM-1 (Vascular Important in cell-cell recognition. Appears to function in leukocyte-endothelial cell adhesion. Interacts with integrin a-4/ -1

cell adhesion on leukocytes and mediates both adhesion and signal transduction (364-366).

molecule 1)

* Strength: Log10(observed / expected). This measure describes how large the enrichment effect is. It's the ratio between the number of proteins in the network that are annotated with a term and
the number of proteins that we expect to be annotated with this term in a random network of the same size. False Discovery Rate: This measure describes how significant the enrichment is. P-

values corrected for multiple testing within each category using the Benjamini-Hochberg procedure
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