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ABSTRACT
Human papillomavirus (HPV) is a non-enveloped, double stranded DNA virus that
infects the epithelial cells of the skin and mucosal membranes. A subset of HPVs infect the
anogenital tract and are thus agents of sexually transmitted disease (STD). Within this subset are
“low risk” types including HPV-6, -11 and -40 that primarily cause warts and “high risk” types
including HPV-16, -18, and -31 which have been shown to induce cell transformations that
develop into cancer. The World Health Organization (WHO) reports that more than 98% of all
cervical cancers contain HPV DNA, and cervical cancer is the second leading cause of cancerrelated deaths in women worldwide.
Upon HPV infection, the virus gains access to the basal layer epithelium through a breach
in the mucosal membrane. Following infection of the basal cells, the virus exploits the natural
differentiation process of keratinocytes in order to replicate and produce progeny. The
mechanism by which HPV infects basal cells at the site of wounding is currently unknown.
Various in vitro models indicate that successful infection is the result of HPV binding to heparan
sulfate moieties on surface proteins found on basal keratinocytes. Additional research indicates
that α6-integrin may act as a secondary receptor for virus entry. In conjunction with these
studies, previous research has established a direct binding interaction between HPV-11 virions
and the extracellular matrix (ECM) component laminin 5. This ECM component was shown to
serve as a transient receptor for HPV-11 entry into cells in culture. As a result of these studies,
an alternate model of natural infection is proposed in which virions first bind to laminin 5 and
then utilize this binding interaction to target basal keratinocytes migrating to the site of
wounding.
These various binding studies indicate that multiple virus attachment and entry
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mechanisms may be utilized by papillomaviruses. The general objective of this thesis is to gain
insight into specific binding interactions that occur between different HPV types and the host cell
or ECM during the attachment phase of the virus life-cycle. This main objective was pursued
using virus-like particle (VLP) technology in conjunction with monolayer cells and various
blocking reagents.
Immunofluorescence studies looking at the binding pattern of various HPV types on fixed
HaCaT cells and ECM revealed that different HPV types bind to the cell and ECM associated
receptors with different affinities. HPV-6, -11 and -40 VLPs bind preferentially to the ECM
component laminin 5, whereas HPV-16, -31, and -58 bind strongly to both the apical cell surface
receptor and ECM component(s). Antibody and heparin blocking studies revealed that HPV
utilizes different types of receptors for attachment to cells and ECM. Some virus types
preferentially bind to a single receptor molecule whereas other virus types have evolved dual
binding capabilities in order to ensure attachment. By determining the critical steps involved in
HPV entry, we will gain a better understanding of the various virus-host cell interactions utilized
for successful infection and this research can further translate into designing better drug targets
for treatment.
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Chapter 1
Literature Review

1

1.1 Papillomaviruses
1.1.1

Biological relevance
Human papillomaviruses (HPVs) are small (55-60 nm), non-enveloped DNA tumor

viruses belonging to the family Papillomaviridae. Papillomaviruses (PVs) are the causative
agents of warts, infecting the cutaneous and mucosal epithelia of the hands, feet, oral cavity and
anogenital tract [1]. A subset of HPVs have been shown to induce cell transformations that can
develop into cancers. There are over 100 different HPV types, a third of which infect the genital
tract and are agents of sexually transmitted disease (STD). The viral types infecting the
anogenital region are further divided into low risk and high risk types. Low risk types including
HPV-6, -11, and -40 cause benign laryngeal and genital warts, whereas persistent infection with
the high risk types such as HPV-16, -18 and -58 cause low-grade dysplasia that can develop into
carcinomas [2]. HPV is the most common sexually transmitted disease infecting over 20 million
Americans and with 6.2 million new cases each year [3]. In addition, cervical cancer is the
second most prevalent cancer among women worldwide and high-risk HPV DNA is detectable in
98% of all cervical cancers [1].

1.1.2 Genome structure and life cycle
Infectious HPV virions consist of a double stranded DNA genome about 8 kb in size
surrounded by a naked, icosahedral capsid composed of the major (L1) and minor (L2) capsid
proteins. Nestled within the circular, viral genome are approximately ten active open reading
frames (ORF) classified as either early (E) or late (L) genes depending on their location within
the genome and on their function. The early region encodes for viral regulatory proteins needed
for genome maintenance and replication whereas the late gene region encodes for the two
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structural capsid proteins (L1 and L2) needed for virion assembly and release [6].
The papillomavirus life cycle is coupled to the terminal differentiation process of the
stratified epithelium (see fig. 1.1). The virus initially gains access to the mitotically active basal
cells lining the basement membrane through a wounding event [4]. Within the basal cells, the
viral genome is maintained as an extrachromosomal element at 50-100 copies per cell [5]. Upon
cell division, one of the daughter cells remains an infected basal stem cell and serves as a
reservoir for viral DNA, while other infected daughter cells begin a program of differentiation
[5]. The virus then exploits the natural differentiation process of keratinocytes in conjunction
with the E6 and E7 viral oncogenes, in order to replicate and amplify its genome. Following
genome amplification, the L1 and L2 capsid proteins are transcribed off the late promoter within
the upper layers of the differentiated epithelium [5]. Expression of L1 and L2 capsid proteins
allow assembly of progeny virions that are thought to be released within the shedding squames
[4].
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Figure 1.1: Life cycle of papillomaviruses. Diagram of the skin to display the pattern of HPV16 gene expression relative to the differentiated epithelium. After infection, the viral genome is
maintained as a low copy number episome within basal cells lining the basement membrane.
During differentiation, the p97 promoter directs the expression of the E6 and E7 viral proteins
needed for S-phase entry (red). The p670 promoter upregulates expression of viral replication
proteins (E1, E2, E4, E5) (green) which facilitate viral genome amplification (blue). Progeny
virions are assembled and released near the upper layers (orange) of the epithelium [5].

Figure modified from [5]: J. Doorbar. Journal of Clinical Virol. 2005;32S S7–S15
(Permission from ELSEVIER)
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1.1.3 Phylogenetic organization of Papillomaviruses
The Papillomaviridae family is phylogenetically organized based on sequence homology
of the L1 open reading frame (ORF), which is the most conserved gene within the PV genome
[57]. Papillomaviruses infect a wide array of reptiles, mammals, and birds and given this
diversity, they are organized into 12 genera, each genera sharing less than 60% homology with
another [57, 76]. Human papillomaviruses are clustered within 5 of the 12 genera; however, the
alpha genus contains the anogenital HPVs that cause benign warts and malignant mucosal
lesions [57]. HPVs of the alpha genus are further divided into species, which share 60-70%
homology with each other. Within the same species, various types of papillomaviruses exist,
which share 71-89% L1 sequence homology [57]. Finally, within an HPV type there can be
subtypes which share 90-98% homology and variants which share more than 98% identity [6].
Interestingly, two HPV-16 VLP variants (German isolate 114K and Zairian isolate Z-1194) with
only seven amino acid differences in their L1 ORF produced a 100 fold difference in the
neutralization ability of monoclonal antibody H16.E70 [58]. Epitope mapping demonstrated that
the differential neutralization activity was due to a substitution mutation within the H16.E70
epitope. Thus, even single amino acid changes can have large effects on antibody recognition
and immunological function. The hierarchical classification of papillomaviruses into genus,
species and types are shown in figure 1.2.
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Figure 1.2: Phylogenetic tree of papillomaviruses. Phylogenetic organization of
papillomaviruses based on sequence homology of the L1 ORF. The main classifications are
genus, species and type: e.g. HPV types 7, 40, 43, and cand91 belong to HPV species 8 in the
genus alpha papillomavirus [57].
(Figure adapted from [57]: de Viliers et al. Virology 2004;324:17-27.)
(Permission from ELSEVIER)
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1.1.4 L1 and L2 capsid proteins
Structural analysis via cryo-electron microscopy (cryo-EM) indicates that papillomavirus
capsids are composed of 72 capsomeres arranged in a T = 7 icosahedral, crystal lattice structure
[71]. The capsid is composed of 60 hexavalent and 12 pentavalent capsomeres [17]. The L1
capsid protein is 55-kDa in size and makes up approximately 80% of the icosahedral capsid [8].
L1 alone can spontaneously self-assemble into empty icosahedral capsids called virus-like
particles (VLPs) when expressed in various bacterial, insect, yeast and/or mammalian expression
systems [9-14]. Unlike authentic virus, L1 only VLPs assemble into a 72 pentameric capsid
shell [10]. Despite some structural differences between VLPs and authentic virus, vaccination
studies with VLPs induced genotype-specific neutralizing antibodies that were protective against
infectious virus in both initial animal models and human clinical trials [18-19,]. Thus, VLPs and
authentic virus share similar surface conformational epitopes [18, 49-54]. Furthermore, various
studies using the reducing agent dithiothreitol (DTT) indicate that L1 molecules interact with
each other and maintain the dynamic icosahedral capsid structure via critical disulfide bonds [1516]. Truncation mutation studies also reveal a DNA binding site within L1 which may be
involved in viral DNA (vDNA) encapsidation [11].
The minor capsid protein, L2, is not required for assembly of VLPs; however, if it is coexpressed with L1, L2 will be incorporated into the particle [21]. Although L2 is not critical for
VLP capsid assembly, it is important for infectivity. Similar to L1, L2 also possesses a DNA
binding site involved in packaging vDNA [20-21]. The exact location and total number of L2
molecules per virion are not well characterized. Structural studies using bovine papillomavirus
(BPV) indicate that L2 may be located within the center of the 12 pentavalent vertices [22].
Furthermore, neutralization studies using anti-L2 polyclonal sera suggest that a small termini of
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L2 may be exposed on the capsid surface and play a role in virus adsorption [23-24, 55-56].
However, the majority of cell surface binding interactions are thought to be associated with L1
given that various L1 only VLPs are still efficient at binding to many cell types [25-26].

1.1.5 Papillomavirus propagation and VLP technology
The unique tropism of papillomaviruses for differentiated epithelium makes it difficult to
propagate them in vitro. Monolayer cultures do not mimic the morphological and physiological
conditions present in the differentiating epithelium that are needed to support the complex life
cycle of papillomaviruses. However, the organotypic (raft) culture system reproduces the
stratified epithelia and permits the production of infectious virus. This culture system uses a
collagen matrix containing fibroblasts to serve as a dermal equivalent, and the “raising” of cells
to an air-liquid interface in order to promote the differentiation and stratification of the epithelia
[7]. An alternative approach for production of authentic virus is the xenograft system in which
infected epithelial fragments are placed under the renal capsule of athymic mice [27, 62]. The
renal capsule supports the growth and epithelial differentiation of the xenogenic graft [27].
Although this technique allows production of authentic virus, it can be expensive and labor
intensive.
Given these challenges, VLPs are commonly used to study virus-like behavior. As
described earlier, VLPs share common immunogenic epitopes with authentic virus and can elicit
a strong immune response. These important characteristics of VLPs are the basis for the
recently approved, prophylactic vaccine Gardasil, which elicits an antibody response against
HPV-6, -11 and HPV-16, -18 that cause 90% of genital warts cases and 70% of cervical cancer
cases, respectively [19]. In addition, VLP technology allows for the generation of different
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populations of virus-like particles depending on the plasmids transfected into the expression
system. For example, one can generate L1 only VLPs, L1-L2 VLPs and pseudoviruses (PsV),
which carry a reporter gene such as green fluorescence protein (GFP) or secreted alkaline
phosphatase (SEAP) and are useful when studying virus entry [10,51,65]. VLP technology can
also used to produce “quasiviruses,” in which authentic vDNA is packaged into homologous or
heterologous PV capsids [28]. Although the virion-like nature of these quasiviruses have not
been fully characterized, they have been shown to be infectious in vivo [29]. Given their similar
virus-like nature and ease of production, VLPs are an invaluable tool for studying virus-host
interactions.

1.2 Interactions between papillomavirus and the cell surface
The research described in this thesis focuses on the complex interactions between virus
particles and components of the host cell during the early steps of virus attachment. Presented
below is background information on possible candidates for papillomavirus receptor(s) and
structural studies used to determine actual binding sites.

1.2.1

Receptor binding site
Structural analysis of papillomavirus particles has been limited by an inability to

propagate large amounts of virus and the failure to produce suitable virion crystals. However,
expression of recombinant HPV-16 L1 carrying a deletion of 10 N-terminal amino acids in E.
coli produced a homogeneous population of icosahedral “small” VLPs containing only 12
pentameric capsomeres [17]. Authentic virus contains 72 capsomeres, thus these “small” VLPs
are not structurally identical; however, similar molecular binding motifs are shared between the
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L1 molecules of these two structures. Fine resolution X-ray crystallographic analysis of these
particles demonstrated that, similar to the VP1 capsid protein of polyomaviruses, the L1
molecule contains a classic “jelly role β sandwich” entwined with intrastrand loops and helices
involved in the binding and stabilization of adjacent monomers (refer to figure 1.3 for crystal
structure) [17].
Furthermore, L1 linear sequence alignment from 49 different HPV types showed
stretches of highly variable sequences interspersed within conserved residues [17]. A three
dimensional view of the pentameric capsomere reveals that the hypervariable loops protrude on
the outer surface of the capsid (refer to figure 1.3). Studies using hybrid papillomavirus L1
molecules map several type-specific antibodies to these hypervariable loops [30]. These findings
indicate that the variable loops may have arisen during the evolution of the different HPV types
through interactions with host functions. Likewise, differing amino acids found within the
variable loops of each HPV type may determine host tropism as well as alter both the affinity
and receptor molecule utilized during entry.
Crystallography studies also indicate that the outer surface of the L1 pentamer contains 5
“pockets” created by the BC, EF and FG loops [17]. Whereas the “rim” of these pockets is
variable, the inner lining/floor of the pocket is more conserved, making it a likely candidate for
receptor binding [17]. The crystal structure also provides insight into the possible mechanisms
involved in antibody mediated neutralization. Some neutralizing antibodies may bind to epitopes
at or near the receptor binding site and thus prevent virus attachment. Other neutralizing
antibodies may bind to the viral capsid and still allow virus attachment but then sterically prevent
necessary conformational changes needed for capsid entry. Lastly, given the unknown number
of L2 molecules per infectious virion, it is difficult to assess L2’s affects on virion structure and
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receptor binding site(s). However, given that L1 only VLPs bind efficiently to various cell types,
L1 is believed to be the dominant molecule involved in receptor binding [15,31].

Figure 1.3: Structure of HPV-16 L1 monomer and pentamer. (a) L1 monomer displaying
hypervariable loops on top. (b) Polyomavirus VP1 monomer to display analogous morphology.
(c) HPV-16 L1 capsomere viewed normal to the fivefold axis. (d) HPV-16 L1 pentamer viewed
along the five-fold axis of symmetry. The hypervariable loops are on top and correspond to the
outer surface of the icosahedral capsid.
Note: Authentic papillomavirus capsids are composed of 12 pentavalent and 60 hexavalent
capsomeres. The total number and exact location of L2 is currently not known.
(Figure from [17]: Chen et al. Mol. Cell. 2005;5(3):557-67) (Permission from ELSEVIER)
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Figure 1.4: Distribution of L1 Sequence Variation in 49 HPV Types. Hypervariable regions
are in red, fully conserved regions are blue, and positions of intermediate variation are white. (a)
Wormlike representation of an L1 pentamer, viewed normal to the five-fold. (b) Surface
representation of a tilted “side view” of an L1 pentamer. (c) Interior surface of the pentamer,
showing conserved residues (blue) in the conical cavity. Yellow arrow points to the “pocket”
formed by the hypervariable loops within L1 which may serve as a receptor binding site.
(Figure from [17]: Chen et al. Mol. Cell. 2005;5(3):557-67) (Permission from ELSEVIER)
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1.2.2 Caveats of papillomavirus attachment studies on monolayer cultures
Authentic papillomaviruses as well as VLPs bind to a multitude of human, animal and
insect cell types [32]. This finding suggests that PVs either bind to a highly conserved, broadlyexpressed receptor or via a multiple receptor mechanism in which a low specificity receptor
initiates virus-cell interactions and permits further binding of virus to other host protein
components that result in internalization and infection [33]. Thus, in the latter mechanism, the
attachment receptor is not the same as the adsorption receptor(s) used for capsid endocytosis.
Current literature provides support for both mechanisms; however, these findings may be
dependent on both the type of cell and HPV type used in the study [33, 34, 40, 41].
It is important to note that despite the promiscuous binding nature of PV to monolayer
cultures, productive infection is only observed in a few cell types which undergo differentiation
[7]. Thus, a major caveat of attachment/entry studies using VLPs and pseudoviruses in
monolayer cultures is the fact that these experiments are not an exact reflection of what happens
with an authentic virus within its natural epitheliotropic environment. Similar to how VLPs are
used to study “virus-like” behavior, monolayer culture studies only allude to possible
mechanisms of attachment and entry. Furthermore, the physiologic conditions created in one
monolayer cell system may permit the over or under expression of certain surface receptor
proteins when compared to another monolayer cell type or when compared to the stratified
epithelium. Thus, a dominant receptor mechanism observed in one monolayer system may not
be necessarily observed in another monolayer cell system. In addition, genetic differences
between PV types can also account for variability in receptor binding. Some phylogenetically
distinct PV may have evolved to possess a strict attachment mechanism while other PV
developed multiple attachment mechanisms in order to ensure entry. It is important to take these
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caveats into consideration when conducting attachment studies using model systems that don’t
mimic the natural host environment.

1.2.3 Heparan Sulfate Proteoglycans
The exact receptor(s) utilized by papillomaviruses is currently unknown. Two main
candidates have been identified, including heparan sulfate (HS) found on heparan sulfate
proteoglycans (HSPGs) and α-6 integrin [37-42]. Heparan sulfate has previously been identified
as a receptor for herpesvirus, dengue virus, adeno-associated virus, and Sindbis virus [72-74].
HS moieties are ubiquitously expressed on all animal cells [43]. They are heterogeneous in size
and possess negatively charged, heavily-sulfated polysaccharides that undergo a wide array of
pre and post assembly modifications depending on tissue tropism, signaling cascades and growth
factors [43,34]. HS moieties have been shown to interact with a wide array of biologically
relevant proteins and are involved in growth factor mediated signal transduction cascades, cell to
cell communication, cell proliferation, differentiation, wound healing, and anchorage to the
basement membrane [34, 35]. The mechanisms behind these complex, functional tasks are
poorly understood and are difficult to study given the large amount of cross-communication and
signaling involved.
The three main types of HSPGs are syndecans, glypicans, and perlecan, and they differ in
size, anchorage moieties, and function [34]. The exact composition and number of these
molecules within the context of the stratified mucosal epithelium are largely unknown.
Syndecans have been shown to play an important role in wound healing, and perlecan is a key
component of the basement membrane involved in cell anchorage [36]. Glypicans are glycosylphosphatidyl-inositol (GPI) linked and play a major role in lipid raft mediated signal
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transduction [34]. The specific roles of HSPGs within the context of the host environment are
too wide and complex for the purposes of this thesis; however, given their abundance in stratified
epithelium, specific interactions between papillomaviruses and heparan sulfate proteoglycans do
exist. The negatively charged heparan sulfate polysaccharides were shown to interact with
conserved basic amino acid residues near the carboxyl terminus of HPV-11 L1 [33]. This study
was conducted using bovine factor Xa which removes the carboxyl terminus of L1 from intact
HPV-11 L1 VLPs [33]. Subsequent cleavage with Xa no longer allowed the binding of HPV-11
L1 VLPs to heparan, a soluble polysaccharide similar in structure to haparan sulfate [33]. These
results appear to be HPV type-specific given that removal of the carboxyl-terminus of HPV-33
L1 did not affect its binding to heparin [37].
The role of heparan sulfate in virus attachment is further supported through studies using
K562, an erythroleukemia cell line that does not express syndecans and glypicans at the cell
surface [36]. K562 transfectants stably expressing syndecan-1, syndecan-4, or glypican-1
showed enhanced amounts of authentic HPV-11 virus and HPV-16 VLP binding compared to
parental cells [36]. In fact, VLP binding directly correlated with the amount of heparan sulfate
on the cell surface. Syndecan-1 transfected K562 cells express the highest amount of heparan
sulfate and also showed the most VLP binding, whereas syndecan-4 and glypican-1 express less
heparin sulfate moieties and in parallel showed less HPV-11 virus and HPV-16 VLP binding
[36]. In addition, treatment of keratinocytes (KH-SV) with increasing concentrations of
heparinase demonstrated a dose dependent decrease in binding of HPV-16 VLPs [36]. These
observations indicate that a threshold may exist which determines a cell’s susceptibility to HPV
adsorption.
These and several other studies have shown heparan sulfate to be a strong candidate
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receptor for virus attachment and entry. As mentioned before, heparan sulfate is ubiquitously
found throughout all the layers of the differentiated epithelium. Given this observation, a
common model for natural HPV infection was proposed in which receptor specificity did not
play a major role in targeting virions to the mitotically active basal cells at the basement
membrane [39]. Instead, it was believed that successful infection only occurred during the rare
event that virus attached to a heparan sulfate molecule found specifically on the basal cells.

1.2.4 α-6 Integrin
Several studies also support alpha-6 integrin as a candidate receptor for papillomaviruses.
Studies show that transfection of this protein into receptor negative DG75 cells (B-cell line)
permit the binding of HPV-6 VLPs [40-41]. Furthermore, pre-treatment of transfected DG75
cells with an anti-α6 integrin antibody (GoH3) blocks this binding interaction [40-41].
Interestingly, unlike heparan sulfate moieties, which are found throughout the epithelial layers,
alpha-6 integrin expression is mainly restricted to basal keratinocytes, the natural host cell for
papillomavirus infection [75]. Alpha-6 integrin plays a critical role in hemidesmosome
formation and anchorage of basal keratinocytes to the basement membrane through its direct
interactions with laminin 5 (LN5) [45].
Further support for an alternative binding receptor such as alpha-6 integrin instead of
heparan sulfate was demonstrated using infectious HPV-31b virions as detected by reverse
transcription PCR of spliced HPV transcripts [42]. Heparinase treatment in conjunction with the
above experimental model showed that, while heparan sulfate was required for infection of some
transformed human cell lines and non-host cells (Cos-7 monkey kidney cells), it was not
essential for HPV31b infection of natural host human keratinocytes [42]. Thus, although
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heparinase treatment reduced surface expression of heparan sulfate on keratinocytes, it did not
block successful infection of HPV-31b virus [42]. This finding suggests that heparan sulfate
may serve as a nonspecific receptor for initial virus binding but that internalization and infection
are mediated through an alternate receptor. Conversely, a virus may utilize a heparan sulfateindependent receptor pathway in which virus attachment and entry occurs irrespective of the
presence/absence of HS. Certain HPV types may utilize both entry mechanisms actively and
other virus types due to certain evolutionary constraints may only utilize one mode of virus
entry.

1.3 Virus and extracellular matrix interactions
A large portion of the research described in this thesis centers on papillomavirus particles
and their interactions with the extracellular matrix (ECM) protein laminin 5. Provided below is
background information on components of the basement membrane, insight into the
physiological role of laminin 5 within the host, and previous research that demonstrates the role
of laminin 5 (LN5) as an extracellular “transreceptor” for HPV-11 virus attachment/entry.

1.3.1 Components of the basement membrane
The basement membrane (BM) is a dense, proteinaceous network of extracellular matrix
proteins that create a mechanical barrier separating loose connective tissue from the epithelium
[45]. Basal keratinocytes lining the basement membrane secrete these basement membrane
proteins, which include type IV collagen, laminin, perlecan, proteoglycans containing HS,
nidogen, fibronectin, and various other proteins [43]. These proteins work collectively to create
a strong scaffold onto which the basal cells can adhere. Cell-matrix anchorage is supported
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through hemidesmosome structures and the direct interaction of various cell adhesion molecules
(CAMs) with extracellular matrix proteins [44]. Upon cell-matrix adherence, epithelial cells are
polarized into the apical and basal domains. This polarization is important for specialized
epithelial cell functions like macromolecular trafficking, cellular differentiation, tissue
development and wound repair [45].

1.3.2 Laminin 5
A major component of the basement membrane is laminin. Laminins are cross-shaped,
heterotrimeric proteins composed of the α-, β-, and γ-chains [45]. There are various isoforms of
laminin but the main isoform found within the BM of the skin and cervical mucosa is laminin 5,
composed of the α3, β3, and, γ2 chains [44,46]. Laminin 5 plays an essential role in the
stabilization of the epidermal and dermal layers through it interactions with α6β4 integrin.
Genetic mutations in any of the three LN5 genes cause junctional epidermolysis bullosa, a
painful blistering skin disease [44]. Interestingly, laminin 5 is over-expressed at the site of a
wounding event [47]. Cell scattering assays reveal that laminin 5 may serve as a cell motility
factor [44]. Thus, it is believed that after wounding, expression of laminin 5 is up-regulated and
basal keratinocytes utilize the direct interaction between LN5 and alpha-6 integrin to migrate to
the site of injury and re-establish the basal epithelial layer lining the basement membrane
[44,46].
Multiple experiments, using indirect immunofluorescence to stain for individual ECM
proteins revealed that unlike the cervical mucosa, cultured keratinocytes do not express high
levels of selected HSPGs, collagen VII, perlecan, and syndecans [48]. Instead, the ECM
secreted by cultured keratinocytes is composed predominantly of laminin 5 and trace amounts of
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heparan sulfate and α6 integrin [48]. Table 1 displays this comparison of the BM proteins found
within cervical mucosa and the ECM isolated from HaCaT cells, spontaneously immortalized
skin keratinocytes. The table reiterates the caveats involved in using monolayer cultures when
studying HPV, given that the monolayer does not mimic the true host environment. However,
the HaCaT ECM is a good tool when studying virus-ECM interactions given that fewer variables
are involved so direct and specific interactions can be easily tested.

Table 1.1: Summary of Immunofluorescence studies of markers present in the ECM of
cultured keratinocytes and cervical mucosa.

a

The EDTA-resistant ECM produced by HaCaT cells and cervical mucosa was analyzed using

each antibody listed. Data for staining of cervical sections was collected from experiments using
four different patient samples. Symbols: + + + +, very strong staining; + + +, strong staining; +
+ moderate staining; +, weak staining; -, absent; +/-, weak staining visible only in a fraction of
experiments; ND, staining not done under this condition [46].
b

Fixed with methanol (MeOH)

(Table 1.1 from [46]: Culp et el. Journal of Virology. 2006;80(18):1840-1850.)
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1.3.3 HPV-11 interactions with laminin 5
Recent research from Culp et al. demonstrated a direct binding interaction between
laminin 5 and HPV-11 virus and VLPs [39,46]. Interest in this direct interaction stemmed from
initial observations made during binding studies using HaCaT cells and trypsin treatments.
Previous research had shown that the membrane-associated adsorption receptor for PV is trypsin
sensitive and so the effects of trypsin treatment on binding of HPV-11 L1 VLPs to HaCaT
monolayer were examined [25-26]. Interestingly, when trypsin treated HaCaT cells were
incubated with HPV-11 L1 VLPs, the majority of VLP binding to the apical surface was
eliminated as was heparan sulfate staining [39]. However, one could also see localization of
VLPs in pockets of exposed space between adjacent cells, indicating that the VLPs were binding
to an extracellular matrix component laid down by the HaCaT cells (refer to figure 1.4a). Colocalization studies revealed that the HPV-11 L1 VLPs were binding to laminin 5 secreted by
HaCaT cells [46]. Furthermore, ECM isolated from cell lines not expressing human laminin 5,
could not support HPV-11 VLP binding [46] (refer to figure 1.4b). Similar co-localization
results were seen using authentic HPV-11 virus on primary human vaginal keratinocytes and
cervical mucosal tissue [46].
In order to demonstrate a more direct interaction between laminin 5 and HPV-11 virions,
antibody blocking experiments were conducted in which HaCaT ECM was pretreated with a
polyclonal antibody against human laminin 5. Interestingly, pretreatment of HaCaT ECM with
anti-laminin 5 antibody (Ab14509) prevented binding of HPV-11 L1 VLPs to HaCaT ECM
when compared to a nonspecific antibody. This direct binding interaction was further confirmed
by coimmunoprecipitation studies in which L1 protein could only be detected via Western
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blotting when laminin 5 and HPV-11 L1 VLPs were precipitated with an anti-laminin 5 antibody
[46].

a.

b.

Figure 1.5: HPV-11 L1 VLPs bind to a secreted ECM component Laminin 5
a. Effects of trypsin digestion on HPV-11 L1 VLP binding. HaCaT monolayers were treated
with 0.1% trypsin. Cells were stained with anti-HS, or bound with HPV-11 L1 VLPs and CTXB-FITC (nonspecific membrane stain), for 1h prior to methanol fixation. Coverslips treated with
VLPs were subsequently stained with H11.H3. Arrows indicate VLPs bound to areas between
cells which did not stain positive for CTX-B-FITC (membrane staining not shown). Nuclei were
stained with Hoechst 33342. Scale bar represents 10 μm.
b. VLPs co-localize with LN5 in the ECMs of cultured keratinoctyes. Subconfluent cells
were removed from glass coverslips using 10 mM EDTA followed by gentle pipetting.
Coverslips were then fixed with methanol, incubated with HPV-11 L1 VLPs for 45 min, and
then stained with anti-LN5 (green) and anti-VLP rabbit serum (red). Cell removal is indicated by
the absence of Hoechst 33342 nuclear staining.
(Figure from [39]: Culp et al. Virology 2006;347: 147-59) (Permission from ELSEVIER)
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1.3.4 Laminin 5 function as a transreceptor
As previously mentioned, laminin 5 may serve as a cell motility factor that allows
movement of migrating keratinocytes to the site of injury [44]. Given the specific binding
established between HPV-11 virus and laminin 5, a working model for natural infection was
proposed in which HPV virions use LN5 as an extracellular “transreceptor” [39]. During
infection, HPV virions transiently bind to LN5 and upon basal keratinocyte migration, transfer to
the entry receptor for virus internalization [39]. Unlike the previous model, in which successful
infection only occurred on the rare chance that the virus bound to a heparan sulfate containing
receptor specifically on basal keratinocytes, this new model presents a more active role of the
virus to target the host cell through its interaction with laminin 5. A comparison of the two
possible models of HPV infection are provided in figure 1.5.
In order to demonstrate LN5’s role as a transreceptor, an intricate experiment was created
involving BOUA-SV cells which are a keratinocyte-derived cell line carrying a homozygous null
mutation of α-6 integrin [46]. Briefly, ECM from HaCaT cells or Cos-7 monkey kidney cells
were isolated and then pre-incubated with authentic HPV-11 virus. Following a series of washes
to remove unbound virus, BOUA-SV cells transfected with either α-6 integrin (BO-α6) or an
empty vector (BO-neo) were seeded and RT-PCR was used to detect E1^E4 viral transcripts
[46]. The theory behind this experiment is that HPV-11 will bind to the laminin 5 secreted by
HaCaT cells and then transfer the virus into BO-α6 cells for successful infection. Interestingly,
viral transcripts above background were only present when using HaCaT ECM and BO-α6 cells
[46] (refer to figure 1.6). No viral transcripts were detectable when HPV-11 virions were added
to Cos7 ECM or when BO-neo cells were seeded, stressing the importance of LN5 and α-6
integrin for successful infection, respectively [46].
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a.

b

Figure 1.6 Models of HPV natural infection of wounded epithelium.
a. HS mediated HPV infection. Natural infection occurs in the rare event that wounding allows
virions access to basal keratinocytes and is facilitated through binding of virions to heparan
sulfate moieties found on the basal keratinocytes.
b. Laminin 5 mediated HPV infection. Microwounds in the epithelium permit virion entry into
epithelial layers. Virions bind to the laminin 5 upregulated during wounding, followed by
transfer of adsorbed capsids from the ECM receptor to a membrane-associated receptor found on
migrating keratinocytes as they infiltrate the wound and repair the basement membrane.
(Figure modified from [39]. Culp et al. Virology 2006;347: 147-59)
(Permission from ELSEVIER)
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Figure 1.7: Infection of cultured cells by HPV-11 virions preadsorbed to laminin 5. EDTA
resistant ECM substrates produced by COS-7 (C-ECM) or HaCaT cells (H-ECM) or EDTAtreated control wells (EDTA-PS) were incubated with authentic HPV-11 in culture medium at
37°C, rinsed, and seeded with uninfected BOUA-SV-neo, BOUA-SV-α6, or HaCaT cells. Viral
E1^E4 transcripts were assayed by QRT-PCR. The levels of viral transcripts (means ± standard
errors of the means [error bars] of replicates) for each cell line are shown relative to the E1^E4
transcript levels measured in control wells (EDTA-PS) for that same cell line (horizontal dashed
line). HaCaT cells serve as a positive control since they contain α-6 integrin and have previously
been shown to support infection by authentic virus as measured by E1^E4 transcripts. Values
that were significantly different from the values for EDTA-PS wells for that cell line (P values of
<0.05 by Student’s t test) are indicated by asterisks.
(Figure from [46]: Culp et al. Journal of Virology. 2006; 80(18):8940-50.)
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Chapter 2: Thesis Hypothesis
The general objective of this thesis is to gain insight into the early-step binding
interactions that occur between different human papillomavirus particles and receptors of both
host cell and ECM origin.

The hypotheses which were tested:
1) Papillomaviruses utilize both a cell-associated apical receptor(s) and a secreted ECM
component(s) to maximize successful infection of host target cells.
2) Different papillomavirus types bind to these two receptor types with different affinity.
3) HPV utilizes multiple host and ECM receptors.
4) These alternate affinities and binding receptors give rise to different mechanisms of
virus attachment and entry [hypothesized model of infection(s)].
5) An active competition for available binding sites arises between HPV types that utilize
the same attachment and entry mechanism.

We tested these hypotheses by utilizing VLP technology to generate different types of
HPV L1 VLPs. A series of blocking reagents, namely, antibodies and heparin were used to
characterize VLP binding to fixed HaCaT cells and ECM.
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Chapter 3 Materials and Methods
3.1 Cells and Virus Particles
HaCaT cells [59] were grown in Dulbecco’s modified Eagle medium (DMEM) with 10%
fetal bovine serum (FBS). 293TT cells were cultured in DMEM supplemented with 10% FBS
and hygromycin (400μg/ml). HPV-11, -16, -18, and -58 L1 only or HPV-6, -31, and -45 L1/L2
virus like particles (VLPs) were produced in 293TT cells transfected with codon-optimized HPV
type-specific L1 or L2 plasmids [70]. VLPs were isolated from cell lysates using fractionation
following centrifugation in Optiprep (Accurate Chemical) (39). Gradient fractions were
analyzed for VLP content by an enzyme-linked immunosorbent assay (ELISA) using
monoclonal antibodies that bind to properly folded L1. Total VLP protein concentration was
determined with Bradford Bio-Rad Protein Assay [61]. HPV-40 L1 only VLPs were produced in
insect cells infected with recombinant baculovirus encoding L1[60]. Plasmids expressing L1 and
L2 were provided by the laboratory of John Schiller.

3.2 Monoclonal antibody production
Monoclonal antibodies against HPV 18L1 VLPs were produced as stated in [66].
Briefly, recombinant baculovirus derived HPV-18 L1 VLPs were purified from Sf9 insect cells
by cesium chloride banding and used as an immunogen. VLPs in conjunction with complete
Freund’s adjuvant were injected subcutaneously into BALB/c mice. Two weeks after
immunization, mice were sacrificed and draining lymph nodes and spleens were harvested. Cells
were fused with mouse myeloma cells (P3X63-Ag8.653) as previously described in [67-68].
Supernatants from growing hybridomas were screened for reactivity and positive wells were
cloned and retested multiple times until pure monoclonal hybridomas were generated.
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3.3 Virus binding to fixed cells and ECM immuocytochemistry
HaCaT cells were seeded on glass coverslips at 1.0 x 104 cells/well in a 12-well plate and
stained the following day. HaCaT cells were rinsed with phosphate buffered saline (PBS) and
then fixed with cold methanol. For ECM isolation, HaCaT cells were rinsed with PBS and then
incubated 10mM EDTA for 5-7 minutes. Following incubation, cells were removed with gentle
pipetting and followed by a final PBS rinse. Residual ECM was then fixed with cold methanol
prior to further staining. All coverslips (cells and ECM) were blocked with 2% bovine serum
albumin (BSA) in PBS with Tween 20 (PBS-T) for 30 minutes. Afterwards, VLP binding to
cells or ECM was assessed using between 8-10 μg of VLPs per coverslip.
VLPs were incubated on fixed HaCaT cells or ECM for 1 hour at room temperature
(RT). Following VLP incubation, unbound particles were removed by multiple washings in
PBS-T. Bound VLPs were detected with their respective HPV type-specific mouse monoclonal
antibodies (mabs): H6.M48, H6.N8, H11.B2, H16.V5, H18.J4, H31.A6, H45.N5 or H58.G5.1.
For ECM only, the presence of laminin 5 was detected with the polyclonal rabbit (Rb) antilaminin 5 antibody (ab14509, Abcam). Addition of no primary antibodies was used as a
negative control. Fluorophore-labeled secondary antibodies used were anti-mouse Alexa Fluor
488 and anti-rabbit Alexa Fluor 594 to detect bound VLPs and laminin 5, respectively. All
coverslips were stained with Hoechst 33342 (Molecular Probes) to indicate the presence of
DNA. Coverslips clear of Hoechst staining indicate successful cell removal and ECM isolation.
Fluorescence microscopy was performed using the Nikon Eclipse E600. Photographs were
digitally prepared using Adobe Photoshop.
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3.4 α-Laminin 5 antibody block in VLP binding studies.
HaCaT cells grown on glass coverslips were removed with EDTA to isolate ECM, then
fixed with methanol and blocked with 2% BSA in PBS-T. Coverslips were first incubated with
10μg/mL of Rb anti-laminin 5 antibody (Ab 14509) followed by binding of 9μg of HPV-11, -16,
and -18 L1 VLPs or 5μg of baculovirus derived HPV-40 L1 VLPs. Bound VLPs were detected
with a panel of HPV capsid specific mabs: H11.B2, H16.V5, or H18.J4. Anti-mouse Alexa
Fluor 488 (green) and anti-rabbit Alexa Fluor 594 (red) secondary antibodies were added to
visualize bound VLPs and laminin 5 respectively. As controls, untreated ECM was incubated
with the same amount of respective VLPs in order to compare binding potentials following αLN5 antibody blocking. All coverslips were stained with Hoechst 33342 (Molecular Probes) to
indicate DNA. Coverslips clear of Hoechst staining indicate complete cell removal.
Fluorescence microscopy was performed using the Nikon Eclipse E600. Photographs were
digitally prepared using Adobe Photoshop. All images were photographed and digitally prepared
in an identical manner.

3.5 Heparin block in VLP binding studies
HaCaT cells (1.0 x 104 cells/coverslip) were seeded on glass coverslips. One day post
seeding, cells were fixed with cold methanol and blocked with 2% BSA. HaCaT ECM was
isolated in a similar fashion as section 3.3 with 10mM EDTA and fixed with cold MeOH. 5μg of
HPV-11, -16, and -18 L1 VLPs were mixed with 7μg/mL of porcine heparin (SIGMA) for 1 hour
at room temperature prior to addition to fixed cells and ECM. As a control, untreated VLPs of
the same concentration were also added to separate coverslips. Bound VLPs were detected by
respective mabs specific for the L1 capsid protein (H11.B2, H16.V5, and H18.J4). For ECM
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coverslips only, α-laminin 5 (Ab14509) antibody was added. Alexa Fluor 488 anti-mouse
secondary, Alexa Fluor 588 anti-rabbit secondary Hoechst 3342 were added to detect bound
particles, laminin 5 and DNA, respectively. Fluorescence microscopy was performed using the
Nikon Eclipse E600. Photographs were digitally prepared as before using Adobe Photoshop.
All images were photographed and digitally prepared in an identical manner.

3.6 Antibody block to heparin-BSA VLP binding assay
The ability of HPV-18 L1 specific antibodies to block HPV-18 L1 VLP binding to
Heparin-BSA was assessed by an enzyme-linked immunosorbent assay (ELISA). HPV-18 L1
VLPs were incubated with 250μl of HPV-18 specific monoclonal antibodies at 4oC over night
(O/N). 200ng/well of porcine heparin bound to bovine serum albumin (BSA) was seeded into
wells of an ELISA plate in 50mM sodium carbonate buffer at 4oC O/N. The next day, unbound
heparin-BSA was washed with PBS-T and blocked with 5% milk. Following blocking, either the
VLP-antibody mixture or the same amount of VLPs without antibody were added to the heparin
coated wells for 1 hour at RT. Unbound virus was removed by washing with PBS-T and a 1:100
dilution of primary antibody was added. The same antibody used in the pre-incubation step was
used as the primary detection antibody. Unbound primary antibody was removed by washes
with PBS-T and alkaline phosphates (AP)-conjugated anti-mouse secondary was used in
conjunction with 100μl of p-nitrophenyl phosphate (PNPP) at 1mg/mL. Colorimetric analysis
was conducted at OD 405. Duplicate wells were seeded for each antibody. As a negative
control HPV-18 L1 VLPs were pre-incubated with H11.B2 and detected with H11.B2.

31

3.7 Antibody mediated block in VLP binding immunofluorescence studies
The ability of the monoclonal antibodies to block binding of HPV-18 L1 VLPs to HaCaT
cells and ECM was assessed via immunocytochemisty. 1.0 x 105 HaCaT cells were seeded onto
glass coverslips in DMEM (10% FBS). On the same day as cell seeding, 7μg of 18L1 VLPs
were mixed with 500μl of each individual antibody and incubated at 4oC O/N. As a negative
control for blocking, HPV-18 L1 VLPs were mixed with H11.B2 antibody. The next day,
HaCaT cells and ECM were isolated via as previously described in section 3.3. Fixed cells and
ECM were blocked with 2% BSA in PBS-T for 30 min. Afterwards, the virus-antibody mixtures
were added to HaCaT cells and ECM for 1 hour at RT. Unbound virus was removed by washing
3 times with PBS-T. No primary antibodies against the VLPs were added for this cohort of
wells. Anti-laminin 5 antibody (ab14509) was added to the ECM coverslips in order to detect
laminin 5. We assume that if antibody-tagged VLPs are still able to bind to cells and/or ECM,
then secondary antibody would detect their presence.
In parallel to the above study, the same amount of HPV-18 L1 VLPs (7μg) was added to
HaCaT cells and ECM. Following VLP incubation, this cohort of coverslips did receive specific
primary antibodies (1:50 dilution) to detect VLPs. As before, anti-LN 5 antibody was added to
ECM coverslips to detect laminin 5. Coverslips received Alexa Fluor 488 anti-mouse and Alexa
Fluor 594 anti-rabbit antibodies in order to detect VLP and laminin 5, respectively. Hoechst
33342 (1μg/mL) was added to detect cellular DNA. Fluorescence microscopy was performed
using the Nikon Eclipse E600. Photographs were digitally prepared as before using Adobe
Photoshop. All images were photographed and digitally prepared in an identical manner
between the 2 cohorts of the same set of antibodies.
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3.8 VLP binding competition assay
For the HPV-11/18 VLP competition assay, equal amounts (5μg of protein) of each VLP
were added. Due to limited reagents 5μg of HPV-11 L1 VLPs and only 3.5 μg of HPV-40 L1
VLPs were used for the HPV11/40 competition assay. HaCaT cells and ECM were isolated in a
similar fashion as described in section 3.3. Following blocking, respective VLPs were either
added sequentially or simultaneously. Thus, setting # 1: HPV-11L1 incubation followed by
either HPV-18 or -40 L1 VLPs, Setting # 2: HPV-18 or -40 L1 VLPs followed by HPV-11 L1
VLPs, Setting # 3: HPV-11 and HPV-18 L1 or HPV-11 and -40 L1 VLPs at the same time. As a
control, coverslips were incubated with individual VLP types. Following VLP incubations, L1
specific mouse monoclonal antibodies H18.J4, and H40.D3 were added to detect bound HPV-18,
and -40 VLPs, respectively. HPV-11L1 VLPs were detected with polyclonal rabbit serum
Rb1077. Alexa Fluor 488 anti-mouse and 598 anti-rabbit secondary antibody were used to
detect HPV-18 or -40 and HPV-11 L1 VLPs, respectively. Hoechst 33342 was used to detect
presence of DNA. Lack of Hoechst staining indicates proper isolation of HaCaT ECM.
Fluorescence microscopy was performed using the Nikon Eclipse E600. Photographs were
digitally prepared using Adobe Photoshop. All images were photographed and digitally prepared
in an identical manner.

33

Chapter 4
Results

34

Chapter 4 Results
4.1 HPV VLPs bind to both a cell and ECM components with different affinities.
The first set of experiments were aimed at qualitatively comparing the binding profile of
various human papillomavirus VLPs to fixed HaCaT cells and ECM via immunofluoresence.
Direct binding was previously published between HPV-11 and LN5, thus HaCaT ECM were also
stained for LN5 in order to determine whether other HPV types also co-localize with this ECM
component [39, 46]. Utilizing VLP technology, HPV-6, -11, -16, -18, -40, -58 L1 only and
HPV-31, and -45 L1/L2 VLPs were generated. These VLPs are all within the alpha genus;
however, certain sets of VLPs encompass different species classifications. For the binding
studies, a subconfluent layer of HaCaT cells were grown on glass coverslips. HaCaT ECM was
isolated via physical removal of cells with 10mM EDTA treatment. All coverslips (cells and
ECM) were fixed with cold methanol followed by blocking with 2% BSA. Afterwards, each
VLP type was added to HaCaT cells or ECM and bound VLPs were detected with L1 typespecific mouse monoclonal antibodies.
One caveat of this experimental design is that various antibodies bind at distinct epitopes
with different strengths, thus it is difficult to normalize the expression profiles of these primary
antibodies during immunocytochemistry. In addition, antibody output can vary between mouse
hybridomas hence supernatant titers may not be equal. For each VLP type, a panel of available
mabs were initially screened for best binding (data not shown). Different amounts of VLP
protein were also tested in order to determine which concentration would provide the clearest
detection (data not shown). In general, between 5-10μg of VLPs were used for the
immunofluorescence studies, and in most cases this concentration produced saturated binding.
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Protein level was determined using the Bradford Bio-Rad protein assay which induces a
differential color change in a Coomassie Blue G dye in response to various protein
concentrations [61]. A caveat of this protein assay is that non-protein sources such as detergents
or particular buffers can influence the color change reaction and hence give an overestimation of
protein levels. In addition, the Bio-Rad protein assay determines total protein concentration, thus
contaminant cellular proteins from the VLP preparations can give false readouts that don’t reflect
the actual concentration of VLPs.
Despite these limitations, qualitative observations can be derived from the immunofluorescence study described above. Figure 4.1 is a compilation of the observations made during
the preliminary experiments described above. In terms of binding to fixed HaCaT cells at room
temperature, the majority of the VLPs, namely HPV-16, -18, -31, -45, and -58 coated the apical
surface of the cells indicating binding to a membrane bound receptor(s) (Figure 4.1a). Similar to
what has been published before, HPV-11 L1 VLPs showed preferential binding to exposed ECM
near the edges of the fixed HaCaT cells [39]. This preferential binding could be due to a higher
affinity interaction between HPV-11 VLPs and the ECM over a cell-associated receptor.
Interestingly, HPV-40 L1 VLPs, also displayed this similar binding preference for ECM. This
similar in vitro binding pattern suggests that these two VLP types share a common binding site.
Thus, competitive binding dynamics may exist when both VLP types are present. This idea is
further pursued later in section 4.3 of the thesis.
Although not as apparent, HPV-6 L1/L2 VLPs also showed decreased binding to the
apical receptor(s) found on the fixed HaCaT cells and instead, the majority of the VLPs
concentrated near the edges of the cells. HPV-6 and -11 are closely related, residing within the
same species [57]. HPV-6 L1 only VLPs are currently not available for production and so L1/L2
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VLPs were used. The presence of L2 could have an effect on particle binding however
preliminary data comparing HPV-18 L1 or L1/L2 VLPs indicate that L2 doesn’t affect the
staining pattern for this HPV type (data not shown). When comparing VLP binding on fixed
HaCaT cells, it is apparent that different HPV types possess different binding preferences for the
apical surface receptor and the HaCaT ECM receptor.
VLP binding to fixed HaCaT ECM demonstrates that all of the papillomavirus particles
tested bound to a HaCaT ECM component (figure 4.1). However, co-localization studies with
laminin 5 revealed that not all VLP types may be binding to the same ECM component. Similar
to what was previously shown, HPV-11 VLP binding co-localized with LN5. This colocalization was also apparent for the majority of VLP types tested. However, HPV-18 L1 and
HPV-45 L1/L2 VLPs showed a more promiscuous staining pattern given that areas of ECM
bound by particles (green) did not correlate with laminin 5 staining. This alternate staining
pattern was consistently seen when repeated with several different HPV18 mabs (data not
shown). Although co-localization studies do not establish direct binding interactions, it appears
from figure 4.1b that different HPV types may bind to different ECM components.
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Figure 4.1 Binding characteristics of various HPV types on fixed HaCaT cells and ECM.
(a) Staining of individual VLP types on fixed HaCaT cells. Between 8-10μg of indicated VLPs
were incubated at RT for 1 hour followed by detection with individual mouse monoclonal
antibodies indicated on the right. Cells were stained with Alexa Fluor 488 (green) anti-mouse
secondary antibody to detect VLPs and Hoechst (1mg/mL) for DNA. Overlay of Hoechst with
VLPs is shown in (a).
(b) Staining of individual HPV types on fixed HaCaT ECM. HaCaT ECM was isolated via
EDTA mediated removal of cells and then fixed with cold methanol. As before, VLPs were
added and then detected with individual mouse monoclonal antibodies. Anti-LN5 rabbit
antibody (ab14509) was added along side the HPV capsid specific mabs to detect laminin 5.
Alexa Fluor 488 (green) α-mouse and Alexa Fluor 594 (red) α-rabbit secondary antibody was
added to detect bound VLPs and laminin 5 respectively along with Hoechst. Lack of Hoechst
staining indicates successful cell removal. Co-localization of VLPs with laminin 5 are shown in
the merge panel on the right. This figure is a compilation of multiple experiments. HPV-40 L1
VLP co-localization with laminin 5 is not available.
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Figure 4.1 Binding characteristics of various HPV types on fixed HaCaT cells and ECM
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4.2 Identifying the cell and ECM component(s) utilized by various HPV types
4.2.1 Anti-laminin 5 antibody mediated blocking studies.
Previous blocking experiments showed that pre-treatment of fixed HaCaT ECM with a
high dose (10μg/mL) of polyclonal anti-laminin 5 antibody blocked binding of authentic HPV-11
virus or 11L1 VLPs to HaCaT ECM [46]. This observation emphasizes the direct binding
interaction and strong binding preference that HPV-11 L1 VLPs have for laminin 5 over any
other ECM component that may be secreted by HaCaT cells. Similar α-LN5 antibody blocking
experiments were conducted on select HPV types (HPV-11, -16, -18, and -40 L1 VLPs) in order
to correlate the co-localization studies displayed in figure 4.1 to possible direct binding
interactions. Antibody mediated block in VLP binding is based on comparing the amount of
bound VLPs on α-LN5 treated and untreated HaCaT ECM.
Unlike findings for HPV-11 L1 VLP binding interactions, pretreatment of HaCaT ECM
with α-LN5 antibody did not block binding of HPV-18 L1 VLPs to HaCaT ECM (figure 4.2a).
This result parallels the lack of co-localization seen between LN5 and HPV-18 L1 VLPs (figure
4.1) and supports the notion that HPV-18 L1 VLPs preferentially bind to an alternate ECM
component. Despite the co-localization previously seen between HPV-16 VLPs and LN5,
antibody treatment also failed to block HPV-16 VLP binding to HaCaT ECM. One explanation
is that HPV-16 binds with highest affinity to laminin 5 and only binds to an alternate ECM
component as a default when LN5 binding is not possible. Conversely, pretreatment of HaCaT
ECM with α-LN5 antibody blocked binding of HPV-40 L1 VLPs to HaCaT ECM (figure 4.2b).
This result supports the notion that HPV-11 and -40 VLPs bind to the same ECM component,
laminin 5.
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Figure 4.2 Anti-Laminin 5 antibody mediated block in binding studies. (a,b) HaCaT cell
ECM were isolated via EDTA removal of cells and followed by fixation with cold methanol.
Coverslips were either blocked with anti-LN5 polyclonal antibody (ab14509) or incubated with
the indicated VLPs (1st column). After washing the coverslips, the opposite treatment was added
(2nd column). VLPs were detected with H11.B2, H16.V5, H18.J4 or H40.D3 primary antibody.
For a,b: Merge column indicates VLP staining overlain with LN5 stain. For b: HPV-40 results
are preliminary and merge photo is unavailable. Each set of pictures were prepared in an
identical manner using the same exposure time per VLP set.
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Figure 4.2 Anti-Laminin 5 antibody mediated block in binding.
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4.2.2 Heparin mediated block of HPV VLPs
Heparan sulfate has previously been identified as a candidate binding receptor for
papillomviruses [36]. In our efforts to further characterize HPV binding components on fixed
HaCaT cells and ECM, a series of heparin mediated VLP blocking experiments were conducted.
Briefly, 7 mg/mL of porcine heparin was pre-incubated with HPV-11, -16, or -18 L1 VLPs for
one hour at room temperature before addition to fixed HaCaT cells or ECM. As a control,
similar amounts of untreated VLPs were added to separate cultures of fixed cells or ECM and
bound VLPs were detected via indirect immunofluorescence. Soluble heparin and heparan
sulfate are closely related in structure, both consisting of heavily sulfated disaccharides.
Therefore, it is believed that these two molecules bind to similar sites on the VLP capsid. The
theory behind these blocking studies is that pre-incubation of VLPs with porcine heparin will
prevent VLP binding to heparan sulfate containing molecules found on HaCaT cells or ECM.
However, if alternate receptors are utilized by a particular HPV type, then VLP binding would
still occur.
On HaCaT cells (figure 4.3a), heparin had no affect on HPV-11 L1 VLP binding since
HPV-11 L1 VLPs bind to the ECM receptor laminin 5, near the edges of the fixed cells with or
without heparin incubation. This result emphasizes the strong preferential binding of HPV-11
VLPs to the ECM binding receptor over the cellular apical receptor(s). Conversely, pretreatment of HPV-16 L1 VLPs with heparin greatly diminished binding of the VLPs to the cell
surface and instead sequestered VLPs to exposed ECM. This result is consistent with previously
published heparin studies conducted on HPV-16 VLPs [69] and given its similar structural
homology, heparan sulfate containing proteoglycans found on HaCaT cells may serve as the
primary apical cell-associated attachment receptor for HPV-16 L1 VLPs. The binding of heparin
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treated HPV-16 L1 VLPs to exposed ECM near the edges of the HaCaT cells, suggests that
heparin binding does not sterically hinder the ECM receptor binding site. Interestingly,
pretreatment of HPV-18 L1 VLPs with porcine heparin did not block binding of these VLPs to
HaCaT cells. As is shown in figure 4.4a, HPV-18 L1 VLPs bind to heparin coupled to bovine
serum albumin Heparin-BSA in a binding ELISA and indicates that a heparan sulfate binding
sites does exist on HPV-18 L1 VLPs. Binding of heparin treated HPV-18 L1 VLPs to HaCaT
cells indicate that these VLPs can bind to alternate receptor molecules on HaCaT cells when HS
mediated binding is not possible.
The effects of heparin treatment on VLP binding to HaCaT ECM were also determined
(figure 4.3b). Pretreatment of HPV-11L1 VLPs with heparin did not diminish VLP binding to
fixed HaCaT ECM. This result further supports the preferential, and high affinity binding
interaction consistently observed between HPV-11 VLPs and laminin 5. Compared to untreated
VLPs, pretreatment of HPV-16 L1 VLPs with heparin visibly diminished VLP binding to HaCaT
ECM. However, this was not a complete block indicating that HPV-16 L1 VLPs bind to an
alternate HaCaT ECM component when HS mediated binding is not available. We were
surprised to find that pretreatment of HPV-18 L1 VLPs with heparin completely blocked VLP
binding to HaCaT ECM. Two main possible explanations for this result are that heparin binding
to HPV-18 L1 VLPs sterically hinders all possible VLP-ECM binding interactions or that HPV18 L1 VLPs preferentially utilize heparan sulfate molecules for binding to HaCaT ECM and as a
result of heparin treatment, HS mediated binding is not possible. In order to better distinguish
between these two possibilities, a set of HPV-18 specific monoclonal antibodies were utilized as
an alternative approach to studying HPV-18 and heparan sulfate interactions.
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Figure 4.3 Heparin mediated block of VLPs to HaCaT cells and ECM: HaCaT cells (a)
seeded on glass coverslips were fixed with cold methanol. HaCaT ECM (b) was isolated via
EDTA removal of cells followed by fixing with cold methanol. HPV-11, -16 or -18 L1 VLPs
either pre-incubated with 7μg/mL of porcine heparin or left untreated were added to fixed cells
or ECM. Bound VLPs were detected by their respective mabs specific for the L1 capsid protein.
For ECM, presence of laminin 5 was detected with Rb polyclonal antibody. Merge of VLP and
LN5 is shown on the right column. Alexa Fluor 488 anti-mouse, and 588 anti-rabbit secondary
antibody and Hoechst 3342 were added to detect bound particles, LN5, and DNA respectively.
Merge of bound VLPs and Hoechst nuclear staining are shown in (a). Lack of Hoechst staining
indicates successful cell removal. All images were photographed and digitally prepared in an
identical manner within each VLP set.
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Figure 4.3 Heparin mediated block of VLPs to HaCaT cells and ECM
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4.2.3 Antibody mediated block of HPV VLP binding.
In order to better characterize the binding profile of HPV-18 L1 VLPs, a set of HPV-18
specific mouse monoclonal antibodies were utilized. These antibodies have been characterized
for their reactivity, specificity and neutralizing ability [66, unpublished data]. Initial blocking
experiments indicate that HPV-18 L1 VLPs may utilize HS as the preferential ECM component
because heparin treated VLPs did not bind to HaCaT ECM (figure 4.3b). The ability of
monoclonal antibodies to block binding of HPV-18L1 VLPs to heparin was tested in a binding
ELISA. Porcine heparin coupled to bovine serum albumin (BSA) was seeded into wells of a
microtiter plate followed by incubation with either HPV-18L1 VLPs or VLPs pretreated with
250μl of each monoclonal antibody. Bound VLPs were detected with a 1:100 dilution of their
specific, individual antibodies followed by AP anti-mouse secondary and PNPP mediated
colorimetric analysis. Thus, a set of wells would contain HPV-18 L1 VLPs bound to heparinBSA and detected by H18.J4, or 18L1 VLPs preincubated with 250μl of H18.J4 antibody and
detected with a 1:100 dilution of H18.J4 antibody as well. As a control, HPV-18L1 VLPs were
preincubated with H11.B2 or added untreated to heparin-BSA coated plates, followed by H11.B2
primary antibody. The results of these antibody mediated blocking experiments are shown in
figure 4.4.
The OD 405 values seen with the negative control antibody H11.B2 were set as a
threshold (dotted line in figure 4.4) and values greater than the baseline indicated specific
binding/blocking interactions. Pre-incubation of HPV-18L1 VLPs with H18.G10 and H18.J4
greatly diminished VLP binding to heparin-BSA. Block in VLP binding was not as evident with
H18.R5 which could be a reflection of antibody epitope site in relation to heparan sulfate binding
site or antibody affinity. These results however do indicate that HPV-18 L1 VLPs bind to
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heparin and that pre-incubation of VLPs with saturating amounts of mab H18.G10 and H18.J4
can greatly diminish this binding interaction.
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Figure 4.4 Antibody mediated block in VLP binding to heparin-BSA. The ability of HPV-18
L1 specific antibodies to block VLP binding to heparin-BSA was assessed via ELISA. Briefly,
HPV-18 L1 VLPs were incubated with each HPV-18 antibody O/N. 200ng/well of heparin-BSA
was seeded in 50mM sodium carbonate buffer. Either antibody treated or untreated VLPs were
added to the heparin coated wells for 1 hour at RT. Unbound virus was removed and a 1:100
dilution of the same antibody used in the pre-incubation was used as the primary detection
antibody. AP-conjugated anti-mouse secondary and PNPP were used with colorimetric analysis
at OD 405 to quantitate level of VLP binding. As a negative control, HVP-18 L1 VLPs were
pre-incubated with H11.B2 and detected with H11.B2. Dotted line indicates baseline for
background binding. Mean + SD of OD values for duplicate wells are plotted for each mab.
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The ability of HPV-18 specific monoclonal antibodies to block binding of HPV-18 L1
VLPs to fixed HaCaT cells and ECM were tested in order to gain greater insight into host
binding interactions. In these studies, the same amount of HPV-18 L1 VLPs (7μg) was mixed
with 500μl of individual antibody supernatants at 4oC over night. These virus-antibody mixtures
were added to fixed HaCaT cells or ECM. Only secondary antibody was added to this cohort of
cells and ECM. The rational for this experimental design is that if an antibody binds and
prevents VLP attachment to a host cell or ECM component, then no signal will be detected.
However, if the antibody binds to VLPs but this complex still binds to HaCaT cells and ECM,
then the bound antibody-VLP complex will be detected by the secondary antibody. In parallel, a
separate set of cell- and ECM-containing coverslips were incubated with the same amount of
untreated VLPs and were probed with a 1:50 dilution of each individual HPV-18L1 specific
primary antibody. This cohort represents the maximum amount of detectable bound VLPs for
each antibody set and was used to assess an antibody mediated decrease in binding. In addition,
a negative control cohort containing 18L1 VLPs preincubated or detected with a non-binding
antibody was also included.
Interestingly, the majority of antibodies tested blocked binding of HPV-18L1 VLPs to
HaCaT ECM (figure 4.6). These observations indicate that binding interactions between HPV18 L1 VLPs and the ECM receptor are readily blocked by steric hindrance induced by antibodyVLP binding. These results also support the conclusions drawn from the heparin mediated VLP
blocking study (figure 4.3b) and the antibody mediated block in heparin-BSA ELISA study
(figure 4.4), which indicates that HS moieties may be the primary ECM receptor bound by HPV18L1 VLPs. In contrast, pre-incubation of HPV-18 L1 VLPs with large quantities of tested
monoclonal antibody did not greatly block binding of these VLPs to HaCaT cells (figure 4.5).
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These results parallel the heparin blocking studies conducted on HPV-18 L1 VLPs (figure 4.3a)
and support the concept that HPV-18 L1 VLPs bind to a wide array of host cell surface proteins,
some of which may not contain HS.
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Figure 4.5 Antibody mediated block in VLP binding to HaCaT cells. The ability of HPV-18
antibodies to block binding of 18L1 VLPs to HaCaT cells were assessed via immunocytochemisty. HaCaT cells seeded onto glass coverslips were fixed with cold methanol. Fixed
cells were then incubated with antibody treated or untreated HPV-18 L1VLPs. Bound VLPs not
treated with antibody were detected by a 1:50 dilution of each individual antibody. In parallel,
antibody treated VLPs did not receive primary antibody. All coverslips received Alexa Fluor
488 anti-mouse secondary antibody and Hoechst 33342 (1μg/mL) to stain DNA. All images
were photographed and digitally prepared in an identical manner for their respective antibodies.
Incubation of VLPs with H58.J6.3 were used as a negative control.
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Figure 4.5 Antibody mediated block in VLP binding to HaCaT cells.
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Figure 4.6 Antibody mediated block in VLP binding to HaCaT ECM. Experimental
technique is same as Figure 4.5. Fixed HaCaT ECM were incubated with antibody treated or
untreated HPV-18 L1 VLPs. Treated VLPs did not receive primary antibody. Untreated VLPs
received a 1:50 dilution of individual antibodies. Anti-laminin 5 antibody (ab14509) was added
to detect laminin 5. All coverslips received Alexa Fluor 488 and 594 anti-mouse secondary
antibodies to detect VLPs and laminin 5 respectively. Hoechst 33342 (1μg/mL) was added to
stain for DNA. Lack of Hoechst staining indicates successful cell removal. Negative control
staining not shown. All images were photographed and digitally prepared in an identical manner
for their respective antibodies.
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Figure 4.6 Antibody mediated block in VLP binding to HaCaT ECM.
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4.3 Competition dynamics between HPV types
Competition is the driving force behind evolution and natural selection. It arises when
two objects seek to occupy the same resource. Initial studies revealed that HPV-11 and -40 L1
VLP both showed preferential binding to the ECM receptor (figure 4.1) and may bind to the
same ECM component, laminin 5, since binding of both VLP types was blocked by pretreatment
of HaCaT ECM with polyclonal anti-LN5 antibody (figure 4.2). Thus, it is hypothesized that an
active competition exists when these VLP types bind to ECM. Conversely, multiple heparin and
antibody blocking studies have shown that HPV-18 VLPs bind to both the apical and ECM
receptor and that HS may be critical for ECM binding but not necessarily for cell surface
binding. As a result of these observations, it was hypothesized that direct competition will not
exist between HPV-11 and HPV-18 L1 VLPs. In order to test these competitive interactions,
fixed HaCaT cells or ECM underwent a series of sequential VLP incubations in which each VLP
was added either sequentially or together. VLP binding was then assessed using indirect
immunofluorescence. As a control for comparison, HaCaT cells and ECM were incubated with
individual VLP types. An HPV-11 specific rabbit polyclonal (Rb 1077) serum and mouse
monoclonal antibodies (H18.J4 or H40.D3) were used to differentiate between HPV-11 VLPs
and HPV-40 or HPV-18 L1 VLPs respectively. For the HPV-11/18 competition study, equal
amounts of VLP fractions (5μg total protein) were used. However, due to limited reagents only
3.5μg (total protein)/coverslip of HPV-40 L1 VLP fraction were used with 5μg (total protein) of
HPV-11 L1 VLP fraction for the HPV-11/40 competition assay.
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4.3.1 HPV-11/40 Competition
Individual staining of HPV-11 and 40 L1 VLPs confirms the strong binding preference
these VLP types have for the ECM receptor (figure 4.7a and 4.8a). Interestingly, when both
VLP types are incubated together, you see a near complete block in HPV-40 L1 VLP binding to
HaCaT cells and a more moderate decrease in binding to HaCaT ECM (figure 4.7b and 4.8b).
This discrepancy in HPV-40 VLP binding between HaCaT cells and ECM is most likely due to
the fact that less ECM binding is available on coverslips containing fixed HaCaT cells than fixed
HaCaT ECM. Thus the magnitude of HPV11/40 competition is greater on HaCaT cells than
ECM only coverslips. The diminished binding in HPV-40 VLPs may be due to the presence of
extra HPV-11 L1 VLPs or may indicate a stronger binding affinity of HPV-11 VLPs for laminin
5 compared to HPV-40 VLPs. These studies need to be repeated using equal amounts of each
VLP in order to differentiate between these two possibilities.
When looking at sequential binding studies, pre-incubation of HaCaT cells and ECM
with HPV-11 L1 VLPs diminished binding of HPV-40 L1 VLPs (figure 4.7c and 4.8c).
Conversely, pre-incubation of HPV-40 L1 VLPs prior to incubation with HPV-11 L1 VLPs reestablished the binding of HPV-40 VLPs to HaCaT cells and ECM. We could not determine if
the increased HPV-40 VLP binding correlated with a decrease in HPV-11 particle binding due to
unequal starting protein concentrations and the low degree of sensitivity exhibited by
immunofluorescence studies. However, the data does confirm our predictions that some level of
competitive binding occurs between HPV-11 and HPV-40 VLPs.
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Figure 4.7 HPV-11/40 L1 VLP Competition on HaCaT cells. (a) HaCaT cells on glass
coverslips were fixed with cold methanol and incubated with either HPV-11 L1 or HPV-40 L1
VLPs individually. (b) HaCaT cells incubated with HPV-11 and -40 VLPs together at the same
time. (c) Sequential incubation with each VLP on HaCaT cells. Column 1 indicates the VLP
incubated first and column 2 indicates the VLP incubated second. HPV-11 and -40 L1 VLPs
were detected by H11.B2 and H40.D3 respectively. Pictures overlaid with Hoechst nuclear
(blue).
59

Figure 4.8 HPV-11/40 L1 VLP Competition on HaCaT ECM. Same experimental design as
figure 3.3 but with fixed HaCaT ECM. (a) Stain of VLPs added individually (b) Stain of HPV-11
and -40 L1 VLPs added at the same time (c) Sequential binding of each VLP one at a time. Lack
of Hoechst staining indicates cell removal.
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4.3.2 HPV-11/18 Competition
The staining patterns of competitive binding between HPV-11 and -18 VLPs were quite
different from the competition binding studies with HPV-11 and HPV-40 VLPs. Individual
staining revealed that HPV-11 L1 VLPs bind preferentially to the edges of the HaCaT cells
containing exposed ECM, whereas HPV-18 L1 VLPs coat the HaCaT cell surface (figure 4.9a).
Pictures of each individual VLP on ECM also demonstrates strong binding of both VLPs to an
ECM component secreted by HaCaT cells (figure 4.10a). When both VLPs were added at the
same time to HaCaT cells, a unique staining pattern was observed in that the majority of HPV-18
L1 VLPs bound to the apical cell surface while HPV-11 L1 VLPs bound to the exposed ECM
surrounding the HaCaT cells (figure 4.9b). Further sequential staining studies revealed that no
matter which VLP was plated first, HPV-11 L1 VLPs still bound to exposed ECM on HaCaT
cells (indicated by the white arrows), while HPV-18 L1 VLPs remained bound mostly at the
apical surface of HaCaT cells (figure 4.9c). When comparing HaCaT ECM staining patterns
(figure 3.2b and c), the presence of both VLPs at the same time or in sequential order, did not
greatly diminish binding of either VLPs.
One major caveat of these binding competition studies is that the staining patterns we
observe are only the end-product of some undefined VLP-VLP interaction. The assay is not
equipped to measure the complex dynamics involved in such multi-variable binding interactions.
However, the previous blocking studies on these VLP types suggest a probable explanation
based on the premises that (1) HPV-18 L1 VLPs and -11L1 VLPs bind to different ECM
components, (2) HPV-18 L1 VLPs favor the apical receptor while HPV-11 L1 VLPs
preferentially bind to the ECM receptor and as a result, no matter the order, each VLP type will
bind to its preferential receptor molecule without any substantial competition.
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Figure 4.9 HPV-11/18 L1 VLP Competition on HaCaT cells. (a) HaCaT cells on glass
coverslips were fixed with cold methanol and incubated with either HPV-11L1 or HPV-18L1
VLPs individually. (b) HaCaT cells incubated with HPV-11 and -18 VLPs together at the same
time (5μg protein) (c) Sequential incubation with each VLP on HaCaT cells. Column 1 indicates
the VLP incubated first and column 2 indicates the VLP incubated second. Third column is a
merge of HPV-11 and -18 staining. HPV-11 L1 and -18L1 VLPs were detected by Rb 1077 and
H18.J4 respectively. White arrows indicate areas of exposed ECM bound by HPV-11 L1 VLPs.
Some of the pictures are overlays of Hoechst nuclear staining (blue).
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Figure 4.10 HPV-11/18 L1 VLP Competition on HaCaT ECM. Same experimental design as
figure 4.10 but with fixed HaCaT ECM. (a) Stain of individual VLP type. (b) Stain of HPV-11
and -18 L1 VLPs added at the same time (c) Sequential binding of each VLP one at a time. Lack
of Hoechst staining indicates successful cell removal. Right column is a merge of HPV-11 and
HPV-18 VLP staining.
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Chapter 5
Discussion
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Chapter 5 Discussion
5.1 Interactions between HPV capsids and host cellular components
The main objective of this research was to gain a better understanding of the binding
interactions that occur between HPV and host cell components. Previous literature on this
subject matter has often led to variable conclusions because of differences in selected virus
types, experimental design, and culture systems used between the studies. Utilizing VLP
technology, we sought to characterize and compare the binding abilities of various HPV types
using the same culture system. Although certain parameters were changed, the “backbone”
design of the different experiments remained the same.
Initial screening of different HPV types on fixed HaCaT cells and ECM revealed that all
VLP types bound to a cell and ECM associated receptor(s) but with different preference. The
implications that capsids from different HPV types show differential binding to host cell
components represent novel observations. While the majority of the VLPs bound to the apical
surface of the fixed HaCaT cells, HPV-11, -40, and -6 preferentially bound near the edges of the
cells containing exposed ECM (figure 4.1). Co-localization studies on HaCaT ECM revealed
variable binding as well, in that HPV-18 and -45 did not co-localize with laminin 5 whereas
HPV-11 and -40 VLPs did. Several explanations could account for the alternate staining patterns
of HPV-18 L1 VLPs: (1) fixation of HaCaT ECM creates staining artifacts; (2) HPV-18 L1
VLPs produced from the 293TT expression system contain dual populations of VLPs which
possess alternate binding properties; (3) HPV-18 L1 VLPs bind to a cleaved, processed or unique
area of laminin 5 that the anti-laminin 5 antibody does not detect; (4) HPV-18 VLPs bind to an
alternate protein found within the HaCaT ECM in addition to laminin 5.
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Previous research on HPV-11 VLP binding did not show any differential staining patterns
between fixed and unfixed cells, thus the first possibility is unlikely [39]. Furthermore, VLP
technology has been well characterized and the VLPs undergo purification by density gradient
centrifugation. Thus the second explanation of dual VLP populations is also unlikely. In
addition, binding studies using different HPV-18 L1 VLP stocks gave similar results, which
diminishes the possibility of artifact staining due to VLP production (data not shown). Laminin
5 is composed of the α3, β3, and γ2 [44] chains and monoclonal antibodies against each of these
chains co-localize with the polyclonal anti-laminin 5 antibody used on fixed HaCaT ECM (data
not shown). Thus, HPV-18 VLPs binding to an alternate site on laminin 5 is improbable. The
most likely explanation is that HPV-18 VLPs bind to an alternate ECM component that
juxtaposes LN5.
It is important to note that co-localization studies do not establish direct binding
interactions. Thus, in order to identify the host components involved, a series of reagents aimed
at blocking specific binding interactions were utilized on select VLP types. Pretreatment of
HaCaT ECM with a polyclonal anti-LN5 antibody was shown to block HPV-11 L1 VLP binding
as previously published [46]. However, this result was not observed with HPV-16 or HPV-18
L1 VLPs (figure 4.2). Given the polyclonal nature of the α-LN5 antibody, the most likely
explanation for these results is that HPV-16 and -18 VLPs bind to an alternate ECM component
when laminin 5 binding is not available.
Heparin is structurally similar to heparan sulfate and is often used to block HS mediated
binding interactions [69]. Heparin blocking studies on fixed HaCaT cells and ECM revealed that
while HS may be necessary for HPV-16 VLP binding to HaCaT cells, ECM binding can still
occur in a HS independent manner. We were surprised to see an opposite effect with HPV-18 L1
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VLPs in that heparin treatment of these VLPs completely blocked HaCaT ECM binding but still
permitted binding to HaCaT cells. It suggests that heparan sulfate is a primary ECM component
for HPV-18 VLPs but not for HaCaT cell binding.
Blocking studies with HPV-18 specific monoclonal antibodies also support this
hypothesis. The monoclonal antibodies were shown to inhibit HPV-18 VLP binding to heparinBSA (figure 4.4). In parallel, pretreatment of VLPs with these antibodies greatly diminished
binding to HaCaT ECM but not to cells (figure 4.5 and 4.6). All data combined suggest that
unlike HPV-16 VLPs, which dually bind to HS and laminin 5, HPV-18 L1 VLPs bind to HS
containing molecules on HaCaT ECM. These results conflict with previous studies which
showed that HPV-18 pseudovirus could adsorb to human laminin 5 and be transferred to adjacent
cells for detectable infection [46]. However, the source of human LN5 for those studies were
HaCaT cells. Thus, HS moieties could have been present which allowed for HPV-18
pseudovirus binding. It would have been interesting to determine whether HS treated HPV-18
pseudoviruses would have still caused infection in that experimental model.
The competition studies on HPV-11, -40 and -18 VLPs revealed that in addition to
heparin molecules and antibodies, VLPs could also be utilized as blocking agents. Active
competition was observed between HPV-11 and -40 VLPs, consistent with the idea that these
two VLP types appear to bind to the same ECM component laminin 5. In general, HPV-11
VLPs appeared to have a competitive edge since the presence of HPV-11 VLPs either preceding
or concurrent with HPV-40 VLPs, blocked binding of HPV-40 VLPs to both HaCaT cells and
ECM (figure 4.7 and 4.8). HPV-40 VLP binding was only present in high amounts when HaCaT
cells and ECM were initially incubated with HPV-40 VLPs prior to the addition of HPV-11
VLPs. Because equal amounts of HPV-11 and -40 VLP fractions were not used in these
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preliminary studies, we can not determine if the stronger binding seen with HPV-11 VLPs are
due to a greater affinity interaction with laminin 5 or because of the higher starting concentration
which shifts binding to be more favorable towards HPV-11 VLPs. Epidemiologically, HPV-11
in conjunction with HPV-6 account for 90% of genital warts cases whereas HPV-40 infection is
a rare low-risk type found in small regions of the world [62-64]. Further studies better equipped
to study competition dynamics need to be utilized in order to understand the magnitude and
nature of interaction between these two HPV types.
No apparent binding competition was observed between HPV-11 and HPV-18 VLPs. On
cells, HPV-11 VLPs bound primarily to exposed ECM near the edges of cells whereas HPV-18
VLPs bound with high affinity to the cell-surface receptor. This observation is most likely due
to different affinities of the two HPV type for cell and ECM associated receptor. On HaCaT
ECM, both VLP types bound to the ECM and the order of VLP addition did not appear to affect
staining patterns. Unlike the HPV-11/ 40 competition, the merge column of HPV-11/18 VLPs
did not show strong co-localization, which further implies the use of different receptor molecules
for these latter types.

5.2 Future Studies
Future studies are aimed at: (1) assessing direct protein-protein interactions between the
different HPV types and candidate receptors; (2) determining the identity of the apical cell
receptor(s) that various HPV types utilize; and (3) further characterizing the competition
dynamics of different HPV types. Determining direct protein-protein interactions between the
different VLPs and their host cells and ECM receptors can be accomplished by coimmunoprecipitation studies or titrating binding ELISAs in order to quantitate dose-dependent
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interactions. Another approach would be to create truncated mutants of laminin 5 in order to
determine the exact chain(s) or interaction domains bound by HPV-11 VLPs. These mutation
studies would aid in the design of pharmaceutical drugs that would block such binding
interactions and control the secondary spread of active HPV infections.
Similar blocking studies using different molecular weight classes of heparin should be
conducted in order to determine whether the results seen with porcine heparin are not an artifact
of the heterogeneous nature of this blocking reagent. Parallel studies should be conducted to see
whether heparin treatment of ECM could promote VLP binding. My predictions are that heparin
treatment of ECM would increase HPV-18 VLP binding but not HPV-11 VLP binding, given the
strong preference that HPV-11 has for LN5 over any other ECM component. Heparanase, an
enzyme that cleaves HS moieties should also be used in order to validate the heparin blocking
studies. I would expect decreased HPV-18 VLP binding to heparanase treated ECM but no
decrease with HPV-11 VLPs. Further studies should also include combination blocking
experiments targeting both HS and laminin 5 in order to look for complete block in VLP binding.
For example, if HPV-16 VLPs still bind after both treatments, then there might be yet a third
cellular/ECM binding partner associated with VLPs for this HPV type.
Identifying the cell-associated receptors utilized by HPV for virus adsorption and
infection is another avenue that should be pursued. Our studies indicate that HS moieties are
important for HPV-16 VLP binding to HaCaT cells but not necessarily for HPV-18 VLP
binding. Heparanase treatments of HaCaT cells should be conducted to validate the use of
heparin in blocking HS mediated interactions. It would also be interesting to compare the effects
of heparin on virus entry by conducting infectivity assays using pseudoviruses pretreated with
heparin. HPV-16 pseudoviruses pretreated with heparin may not be infectious, whereas heparin-
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treated HPV-18 pseudoviruses may be able to infect host cells via a HS independent receptor
pathway. Alpha-6 integrin is a candidate receptor for HPV infection [40], thus antibody
blocking studies against this receptor molecule should also be tested in conjunction with
heparin/heparanase to block VLP binding.
The construction of HPV 11/18 hybrid L1 VLPs would help determine the specific
regions of L1 that promote the promiscuous binding nature of HPV-18 L1 VLPs or the specific
sequences of L1 that confer the strong affinity of HPV-11 L1 VLPs for laminin 5. These binding
studies should also be conducted with authentic virus and primary keratinocytes, in order to
validate the use of VLPs and HaCaT cells for studying virus-like behavior, and to determine the
role of L2 in receptor binding.
The binding competition assays conducted in this thesis were useful in visually observing
the end product of a VLP-VLP interaction. However, this assay is not equipped to detect minor
changes in virus binding or the steady-state kinetics of competition. A better experimental
model which could be used to quantitate competitive binding would be a competition binding
titration ELISA. In this experimental protocol equal amounts of HaCaT ECM containing LN5
are plated in ELISA wells. After blocking, different concentrations of individual VLPs are
added in order to set up a binding titration curve for that specific VLP to HaCaT ECM. A dose
dependent increase in VLP binding to the ECM would occur as detected by a capsid specific
monoclonal antibody. Increasing levels of VLPs in the titration curve will eventually reach a
plateau due to saturation of binding sites. After setting up a baseline titration curve for one
particular VLP, similar titration studies would then be conducted using “competing” VLPs added
to each test dilution. If a direct competition is present between the two HPV types for ECM
binding, then the titration curve for the test VLP will be shifted downward. However, if no
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competitive binding exists, the titration curve will remain the same even in the presence of this
alternate VLP. The model binding titration curves possible for this binding ELISA competition
assay are shown in figure 4.11. Such future experiments will allow for more precise qualitative
and quantitative analysis of attachment competition dynamics.

Figure 4.11 Binding Titration Curve and Competition Model. This ELISA based titration
protocol allows for quantification of any competitive binding. Briefly, an initial titration curve
of VLP binding to ECM is created (solid line) in which laminin 5 is seeded onto wells of a
microtiter plate followed by incubation with increasing titers of VLP. In parallel, the same
titration experiment is conducted but in the presence of “competitor” VLP (dashed line). If no
competition exists between the two VLP types, then no shift in the sigma line will be observed
(top). However, if a competitive binding dynamic exists between the two VLPs, a shift in the
sigma line will be observed (bottom)
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5.3 Working model of natural HPV infection
As discussed earlier, a major caveat to monolayer culture systems is their inability to
mimic the natural environment of the differentiated epithelium. However, these VLP studies
provide snap-shots into the possible binding mechanisms utilized by HPV during natural
infection. When various HPV types are compared, there appears to be a spectrum of binding
possibilities for both host cell and ECM components (refer to figure 4.12). Some virus types
such as HPV-11 and HPV-18 appear to bind preferentially to one particular ECM component and
other types such as HPV-16, bind to two (or more) ECM components. This interaction with both
ECM components concurrently may ensure strong virus attachment and selectivity for basal
keratinocytes and a preferable cell adsorption mechanism. For example, some virus types such
as HPV-11 may utilize the LN5-α6 integrin interaction complex for host targeting and adsorption
whereas other viruses types (HPV-16) may bind to laminin 5 in order to target migrating
keratinocytes but then preferentially utilize HSPGs for cell attachment. In contrast, some viruses
such as HPV-18 may utilize multiple cell-surface receptors, both HS dependent and independent,
in order to maximize infection and compensate for poor host cell targeting.
This thesis highlights the versatile nature of viruses to exploit host interactions in order to
ensure virus attachment. It also provides insight into treatment strategies in that therapeutic
drugs should aim at blocking virus attachment to both host cell and ECM components.
Furthermore, given the different possible binding mechanisms of HPVs, a cocktail of drugs may
be needed for broad-spectrum blocking activity in virus attachment.
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Figure 4.12 Working model for natural infection. Depending on the virus type and binding
receptor(s) involved, different mechanisms of virus infection are possible.
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