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Human Papillomavirus (HPV) remains one of the most commonly contracted sexually trans-
mitted diseases around the world. There are a multitude of HPV types, some of which
may never present any symptoms. Others, however, are considered high-risk types, which
increase the chance of the person infected to develop cancer. In recent years, the utilization
of nanotechnology has allowed researchers to employ and explore the use of nanoparticles
in immunotherapies.

The new nanoparticle frontier has opened many doors in this area of research as a form of

Keywords: prevention, diagnosis, and treatment in cancers resulting from HPV. This review will provide
Cancer a brief background of HPV, its relationship to head and neck cancer (HNC) and present some
HPV insight into the field of immunotherapeutic nanoparticles.

HNC © 2019 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.
Nanoparticle

Immunotherapy

1. Introduction each with a wide range of symptoms. Some types may lead to

Human Papillomavirus (HPV) is considered to be one of the
most sexually transmitted diseases in the world.? HPV exists
on a spectrum with a multitude of types across many species,

esthetically displeasing oral, genital, or anal papillomas (more
commonly known as warts); some may lead to life threaten-
ing cancers; others may be completely asymptomatic and will
resolve on their own.?
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The high-risk types discussed in this paper, such as HPV
16 and HPV 18, are classified as such due to the increased
likelihood of those infected with the virus to develop cancer.?
These types have most commonly been connected to the
development of cervical cancer in women, which remains
one of the leading cancers in women across the globe.* How-
ever, due to recent observations, interest in the relationship
between HPV and associated head and neck cancer (HNC) has
gained the interest of many scientists.

An essential tool in exploring this relationship further is
made possible by nanoparticles. The structuring and devel-
opment of nanoparticles for medicinal purposes has allowed
researchers to not only develop more accurate diagnostic tools
but has also allowed for more specialized and personalized
treatment.>® Like HPV, these nanoparticles also exist on a
spectrum. The vast variety and ever evolving forms and tech-
niques that nanoparticles provide allow for an individualized
touch in both research approach and clinical therapies.

2. Human Papillomavirus

2.1.  Biology and physiology

Papillomaviruses exist as small, non-enveloped viruses that
inhabit and cause disruptions within the skin and mucous
membranes.”? Their genetic information is made up of circu-
lar, double-stranded DNA, whereas other viruses, like Human
Immunodeficiency Virus (HIV), consist of single-stranded
RNA. With HIV, the single-stranded RNA is much less stable
and is constantly mutating. This makes it very difficult to
study and develop treatment. The viral double-stranded DNA
that exists in viruses like HPV however, allows for higher levels
of stability and results in lower mutation rates.’ As a result,
this presents both positive and negative aspects for the human
population.

On one hand, the low mutation rate could be seen as benefi-
cial. Due to this, the virus remains consistent over long periods
of time. Increased stability allows researchers to study it more
effectively and work toward treatment without viral variations
and adaptations.

However, the steadiness of HPV also leaves behind a long-
lasting family tree. Consequentially, scientists have been able
to identify more than 200 different types of HPV genotypes
that are in existence today.'® The increased level of circulating
viral genotypes lends a hand to higher prevalence rates among
the global population.

The surface of the papillomavirus is coated in capsid pro-
teins known as L1 and L2 proteins. These surface proteins
have key characteristics that have been used by scientist to
manufacture novel immunotherapeutic approaches.

The L1 protein, also known as the major capsid protein,
is the most abundant HPV capsid protein. These form pen-
tamers that function to provide structural integrity to the
virus as it matures. Dimer linkages are formed as the cysteine
group of one L1 protein forms a disulfide bond with another
cysteine group on a separate L1 protein. Until the formation
of these cross-links is complete, the viral genetic material
is exposed, leaving it extremely vulnerable. While it may be
susceptible to attack it is still highly infectious. Throughout

this maturation process the virus transitions from a highly
flexible and vulnerable state to a rigid and securely structured
virus. The ability of L1 to extemporaneously encapsulate
has established the premise of virus-like particles (VLPs) in
HPV-related cancer immunotherapy.'!

The L2 proteins, while still not yet fully understood, are
known to play a minor role as a structural protein but are more
commonly studied in the infiltration of HPV into the epithe-
lium. Structural changes in the capsid expose the L2 protein
and allow for it to be proteolytically cleaved. This cleavage
supports the entry of the virus into the cell. Once inside the
cell, it is believed that L2 collaborates with various other fac-
tors to enter Golgi bodies, travel along the cytoskeleton, and
ultimately infiltrate the cell nucleus.?

2.2. E6 and E7 peptides

Interestingly, not everyone that is infected with HPV develops
cancer. This observation is what led scientists to try to discover
what variables were necessary for tumorigenesis. As in most
cancers, there is no single cancerous factor; it is a conglomer-
ate of variables that ultimately results in cancer progression.
As researchers began to assess this relationship more closely,
it was discovered that this is also true for HPV-related cancer.
This resulted in a focus on the peptides E6 and E7.

These two peptides are required elements for cancer devel-
opment in high-risk infected individuals. It is important to
note they are not confined to only high-risk types of HPV. They
have been observed to form a deadlier partnership in these
high-risk types.

It is imperative to understand the basic workings of these
peptides as we move forward in research involving nanopar-
ticles for immunotherapy in HPV-related cancers. E6 and E7
work together to not only proliferate, but to also function
to resist committed cell death. Thus, by inhibiting apoptotic
process and enhancing cellular proliferation these peptides
stimulate the immortalization of epithelial cells - thereby
resulting in development of cancer disease.

E7 functions to disrupt the cell cycle and therefore allows
for an extensive proliferation of cells. This does so by directly
binding to the tumor suppressor Retinoblastoma (Rb). Rb func-
tions to bind to specific transcription factors like E2F. This
Rb-E2F complex acts as a gatekeeper that prevents the cell
from progressing into S phase. However, E7 competitively
binds Rb over E2F, which allows for early and continuous entry
of the cell into S phase which is vital for dysregulated cell
growth.? Remembering that most HPV types carry the E7 pro-
tein, we see that the high-risk types happen to bind Rb with a
higher affinity than the others (Fig. 1).

At this point the cell is continuously replicating. Fortu-
nately, our body has systems in place to counteract cells
that are undergoing unsupervised hyperproliferation. Typi-
cally, these cells would be targeted for apoptosis, a form of
regulated cell suicide, and would no longer be considered
a dangerous risk to the body. This is why the partnership
between E7 and E6 is so insidious.

The E6 peptide suppresses apoptotic signals to bolster the
extensive proliferation triggered by E7. One of the ways it is
capable of doing so is by directly binding to TNFR1. TNFR1
is a transmembrane receptor that will bind the TNF-« ligand,
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Fig. 1 - (A) Healthy cell: Rb binds and inactivates transcription factor E2F, preventing E2F from binding with its promotor,
thus suppressing proliferation. (B) Gancer cell: E7 peptide directly binds to Rb, preventing its interaction with E2F. This
allows for E2F to bind its promotor, resulting in the dysregulation of cell proliferation.®

@

Fig. 2 - (A) Proinflammatory cytokine, TNF-«, binding to its cell surface receptor TNFR1, activating the process of apoptosis.
(B) E6 binds to TNFR1 and inhibits the activation of apoptotic pathways.'>

a complex which is responsible for initiating the cascading
effects of mediated cell death, more specifically tumor cell
death.™ E6 will compete with TNF-o, and its binding to TNFR1
will inhibit apoptosis, further supporting the immortality of
the cell (Fig. 2).

These are just a couple of ways this peptide partnership
functions to induce cancer development. Other ways include
standard viral traits like an integration of viral genome into
host DNA?; through the obstruction of anoikis, an apoptotic
pathway triggered when cells detach from the extracellular
matrix (ECM)'*; as well as preventing cell cycle arrest via

the targeting of the tumor suppressor gene p53 to undergo
proteasome-mediated degradation.'”

3. Cancer

3.1. HPV and HNC

As previously discussed, some of the types of HPV present a
much more clear and present danger to those infected as they
are more likely to result in cancer development. These are
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classified as high-risk types of HPV. The two most commonly
studied high-risk types (due to their even further increased
risk of cancer development) are HPV 18 and HPV 16, with a spe-
cific focus on their relationship to cervical and head-and-neck
cancer (HNC).*®

Many factors that function in tandem ultimately are
leading to the development and progression of cancer.
This leads to a confounding web of variables that must
be heavily researched to untangle each element. Through-
out this process, studies have uncovered an overwhelming
amount of cancers are able to be traced back to HPV
infections.

HPV is most commonly studied in association with cervi-
cal cancer. Consequently, there have been far fewer studies
that examine its relationship to HNC. This is not unsur-
prising when we consider how most HNC were an effect
of tobacco and alcohol use. Although, with the turn of
the 21st century an increase in HPV-related HNC has been
observed along with a decline in HNC due to tobacco and
alcohol usage.’ It can still be easy to forget HPV’s con-
nection to HNC when compared to over a half a million
cases of cervical cancer worldwide.'® Nevertheless, some
reports hypothesize that there is evidence that in the com-
ing years this increase in HPV-related HNC may eventually
surpass the statistics we see with HPV-associated cervical can-
cer.

From the information gathered thus far, there is evidence
implicating HPV 16 and 18 as key players in the rising inci-
dence of cancer of the oropharynx.® A recent study found that
nearly one third of oropharyngeal cancers can be attributed to
HPV.’® These results demonstrate the importance of analyz-
ing the effects of different types of the virus and their links to
various forms of cancer.

For example, the predominance of HPV 16 in oropharynx
cancer (OPC) has been observed to be around 90%, while it
is involved in only about 50% of cancer in the cervix.’ This
evidence may suggest a specific viral tropism of this type of
HPV that varies from other types.

This is important for not only our understanding of how
viral genetics play a role in infectivity, but also in how we need
different approaches to study and treat HPV. Therefore, future
studies need to be conducted to analyze this relationship fur-
ther.

Moreover, the way we study and treat cancer is due for
updates as well. While there are effective cancer therapies,
the battle is still far from over. In some cases involving cancers
of the head and neck, about half of the patients that receive
treatments like radiation or surgical resections will relapse.'®
Current therapy, like chemotherapy, while deadly to tumor
cells, is also delivered in solvents that are also toxic to the
human body, resulting in devastating side-effects. Addition-
ally, chemotherapy must be repeatedly administered due to
its high level of instability,'® furthering its toxic effects. All of
which demonstrates that while current therapies may have
success, there is always room for improvement. There is still
information that escapes our grasp and lives that are con-
sequently lost. Nanoparticles, especially when utilized as a
tool in immunotherapy, seem to shine a light on some of the
darkness that has shrouded therapeutic cancer tactics.

4, Nanoparticles and immunotherapy

4.1. Emergence of nanoparticles

Nanoparticles are a more recent tactical approach in the fight
against cancer. They have become highly sought after for their
malleability and effectiveness in infiltrating and eliminating
tumor cells. Nanoparticles are easily modified to include a
desired therapeutic peptide, often have little to no toxic effect
when in the body, are highly stable, and are considerably
more effective in being delivered to/remaining in the site of
interest.?0

4.2. Nanoparticle variations

There are multitudes of nanoparticles that currently exist
in research, one of which includes polymeric nanoparticles.
Polymeric nanoparticles are highly advantageous as they are
proficient at containing therapeutics until they are appro-
priately stimulated for release at the site of interest. These
nanoparticles are desirable due to their increased stabil-
ity, adaptability to be fused with various surface proteins,
and their highly manageable size.?>?> Chitosan is a com-
mon nanoparticle adjuvant used in these nanoparticles.?%??
Nanoparticles that are chitosan-based are often favored
as they are non-toxic, highly biocompatible, and have an
extended retention time due to their decreased susceptibility
to biodegradation.

A study by Tahamtan et al. sought to provide some fur-
therinsightinto the therapeutic effect of these chitosan-based
nanoparticles in HPV DNA vaccines. A perk to DNA vaccines
is that they are considered to be safe and are also easily pre-
pared. However, a caveat to DNA vaccines can be observed
in their form of delivery as they are often ineffectively taken
up by antigen presenting cells. As a result, we may see low
levels of elicited immune responses in the administering of
DNA vaccines.”®> Tahamtan et al. experimented with a chi-
tosan delivery mechanism to assist in this uptake of DNA
vaccines expressing HPV 16 E7, one of the discussed oncogenic
peptides involved in HPV-related cancer development.

This study found that the chitosan-based nanoparti-
cles used to deliver the DNA vaccine not only significantly
increased the proliferation of lymphocytes but also signifi-
cantly increased the lysis of specific cells. Furthermore, the
chitosan-based nanoparticles initiated a substantial increase
in the Thl and Th2 immune responses, illustrating that
this delivery mechanism could effectively increase both the
activity of macrophages and antibodies against HPV tumor
formation.?*

Gold nanoparticles also provide promise in future endeav-
ors associated with the development of effective vaccines.
First and foremost, they have idiosyncratic optical proper-
ties. They can be adjusted to absorb a range of near-infrared
(NIR) light as well as retaining the ability to scatter light; both
of which are extraordinarily helpful in both diagnosis and
treatment of cancer.'®?%2> They have also been shown to be
beneficial in cancer treatment as they exhibit cytotoxic proper-
ties when exposed to oxidative stress.? Oxidative stress has
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been shown to bolster the development of cancer through a
variety of different mechanisms.?® Therefore, oxidative stress
that drives the activation of gold nanoparticles could be highly
effective in combatting tumorigenesis.

Magnetic nanoparticles have also become frontrunners in
the manufacturing of nanoparticles. These are commonly
characterized by their iron-oxide core which is useful in both
the targeting of cancer sites, as well as their capacity to remain
within the targeted tissue.”’ Even more exciting, these parti-
cles remain non-toxic due to their capability to recycle in the
body as hemoglobin.?®

In a study directed by Melancon et al., a novel therapeu-
tic approach to head and neck cancer is depicted through
the combination of gold and magnetic nanoparticles. This
novel nanoparticle manufactured an iron-oxide core that was
contained within a gold nanoshell decorated with antibodies
that would specifically target Epidermal Growth Factor Recep-
tor (EGFR) in the tumor. This hybrid approach would allow
nanoparticles to migrate to and be retained in the target tumor
site. The ability of the nanoshell to absorb NIR light would
allow for more successful image-guided laser ablation of the
tumor cells without causing harm to healthy tissue.'®

They found that these nanoparticles formed effectively,
and each element retained full functionality. More impor-
tantly, their test results showed that these nanoparticles were
drastically more successful in mediating laser-guided cell lysis
when compared to other traditional techniques. This helps to
lay a framework for how nanoparticles can be more impactful
in how we navigate cancer therapies.

4.3. Viral nano-vaccination

There currently exists four approaches in viral vaccination:
1) live-attenuated viruses — which utilize viruses that have
been weakened in a way that their infectivity is inhibited; 2)
inactive viruses — which are no longer live; 3) viral subunits
- or fragments of a whole virus; and 4) virus-like particles
and virus-based nanoparticles, which tend to be stronger
and therefore require a lower dosage. These last two novel
nano-vaccination, which include virus-like and virus-based
approaches, are strategies that have been used more recently
in nanotechnological studies involving HPV positive cancers.

The first to be discussed are the virus-based nanoparticles
(VNPs). These are typically easier to produce than VLPs as the
viral genome remains intact. However, this makes them more
dangerous when used in humans and are thus preferred to be
studied with bacteriophages and plant viruses.?’

On the other hand, there exists VLPs that belong to a group
of nanoparticles that are capable of self-assembling to form a
capsid. VLPs lack the viral genome, and as a result, are unable
to replicate. VLPs are primary candidates for immunotherapy
as they retain viral factors that allow for autonomous manu-
facturing but no longer exhibit infectious capabilities, which
makes them less dangerous when used in human studies.?”

There are currently three methods in use to genetically
modify the self-assembled viral coat which allows for the
attachment of a peptide of interest. These are as follows: 1)
direct fusion, where a peptide is directly linked to either the
C-terminus or the N-terminus of the viral coat protein; 2)
linker fusion, which utilizes a short, repeated amino acid

sequence (like glycine) to link the peptide to the viral coat pro-
teins; and 3) “protein overcoat”, which employs viral catalysts
like Foot and Mouth Disease Virus (FMDV) to enact a ribosomal
skip in the coat protein translation.?’

Direct fusion is depicted by studies done by researchers
like Monroy-Garcia et al., where VLPs containing L1 pro-
teins were additionally fused with E6 and E7 epitopes
to elicit long-term protection against tumorigenic HPV.
Interestingly enough, this team utilized a chimeric VLP
(cVLP) derived from tomato plants. The use of tomato
plants to manufacture recombinant proteins is not only a
more cost effective decision, but also yields less harmful
effects.°

For this study, researchers directly fused E6 and E7 T-cell
epitopes from HPV 16 to the C-terminus of the cVLP. This
was then compared to the untransformed plant sample, non-
chimeric VLP, and the leading vaccine at the time, Gardasil.

They verified that their product was viable and unaf-
fected by the larger amino acid sequence epitopes via electron
microscopy. Further evaluation via western blotting confirmed
the fusion of the high-risk HPV 16 peptides to the cVLP.

Through this study, they unveiled that mice vaccinated
with the cVLP were able to bolster long-lasting immune
response when compared to other VLPs. Strikingly, mice in
this study that were preemptively vaccinated with cVLP devel-
oped tumors that were significantly smaller in size. Even more
astonishing, mice thatreceived an additional vaccination after
a year of the primary immunization were entirely safeguarded
from tumor development.

Furthermore, cVLPs in this study depicted an inhibitory
effect in vivo, meaning it was able to reduce pre-existing tumor
size in mice that had not been immunized with the cVLP.*

Direct fusion is again exemplified in a study performed by
Tumban et al., this time to the N-terminus. Here, they sought
to offer insight into a potential immunization that would
effectively provide cross-protection among the high-risk types
of HPV. Their study linked L2 epitopes to the N-terminus of an
MS2 bacteriophage in an attempt to achieve this goal.

The successful assembly of their VLP was confirmed via
Transmission Electron Microscopy (TEM) and western blotting.
These confirmed that morphologies were similar to the wild
type and the L2 fused MS2 VLPs were viable. However, they
did note that the VLP structural integrity remained uncom-
promised only when linked with a sequence of 10-27 amino
acids.

Through their research, they determined the following: the
L2-MS2 VLP was effective at producing an immune response at
levels lower than usual treatments. Also, near complete pro-
tection from HPV 16 was observed in mice treated with the
L2-MS2 VLP. Another important discovery of this study was
that the L2-MS2 VLP provides cross-reactivity to HPV types 1,
5, 6, 16, and 18.%! This is important as there is a wide range
of HPVs; therefore, in order to ward off this ubiquitous virus,
a single vaccine is required that can combat many different
types.

In another study conducted by Tyler et al., we see the devel-
opment of another chimeric virus-like particle. Traditionally,
VLPs fused with L2 do not perform as effectively as those
bound with L1. This study focuses on increasing the immuno-
genicity of VLP combined with the L2 epitope. However, in this
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instance, we see a fusion of both the HPV 16 and the HPV 18
L2 epitope.

This hybrid VLP stimulated increased levels of antibodies
that were not only cross-reactive for the high-risk HPV types
16 and 18, but were also reactive against types 1, 5, and 6. Even
more surprising, this cVLP (fused with L2 from HPV 16 and 18)
performed more effectively when compared to immunizations
that contained a mixture of HPV 16 and 18 that were not fused
together. Even though both immunizations were comprised
of the same contents, the hybrid VLP was significantly more
successful.

This may be a result of the multivalent display of the
chimeric particle. The research team believed that this led to
an increase in the cross-linking abilities of B-cells, ultimately
resulting in elevated antibody production due to stronger
B-cell activation.?? This discovery could be effective in our
future steps of vaccine development. Increasing the bound
epitopes—to the extent that does not compromise the particle
morphology—could be incredibly more effective in producing
higher levels of cross-reactivity in antibodies against various
types of HPV.

In arecent study by Sonali et al., nanoparticles were praised
for their theranostic abilities. Theranostic nanomedicine is
a tactic which utilizes nanoparticles to deliver both a thera-
peutic effect, as well as diagnostic capabilities. This practical
technique has gained momentum as it helps to detect the for-
mation or development of disease, allows for spatial targeting,
enables healthcare providers and researchers alike to track
the progress of the administered therapy, and possibly the
most important attribute, allows for personalized medicine
for individual cancer phenotypes.?’

As previously discussed, the various types of just HPV alone
have a multitude of malicious effects and can strike in differ-
ent regions of the body. Consequently, the idea that through
the use of nanoparticles patients may be able to receive a
personalized treatment to combat disease specific to their
needs is strongly welcomed and sets a precedence for medical
approaches moving forward.

5. Future studies

So, what steps need to be taken to improve both laboratory
techniques and clinical approaches as we move forward into
the future of nanoparticle tumor therapy?

For starters, cancer related to viral infection is preventable.
There is a huge demand to not only educate the public,
but to also provide increased availability and affordability of
screening procedures. Taking the initial steps to prevent the
infection, or even early detection of the virus, we can expect
to see a drastic decline in cancer incidence rates.

While screenings exist for cervical cancer, there is still
a barrier in the detection process for HPV-related HNC.
Although awareness levels are rising, there are limited stud-
ies of HPV-related cervical cancer. Techniques are still being
established for screening purposes, although it is proving to
be difficult to differentiate normal tissues from precancerous
lesions. Understanding that tissue collection and character-
ization may be difficult, Kreimer et al. attempted a different
diagnostic approach. Their study found that antibodies for

these high-risk types of HPV could be detected up to ten
years before cancer even developed.?® Establishing new ways
to monitor the infections and predict the risk of the disease
should help to develop our front line of defense.

Also, using nanoparticles as a resource outside of the diag-
nostic or therapeutic realm should be considered. Due to their
size and high traceability, they could be utilized as a vessel to
discover pathways and interactions of L2 once inside the cell.
Although itis understood that L2 is responsible for infiltration,
there is still much about this process that remains unknown.
Gold nanoparticles may potentially be small enough to travel
inside the cell with L2 and function to pinpoint its actions
within, hopefully without hindering normal L2 processes.
Further exploration of nanoparticle functionality could help
identify new target mechanisms that may eliminate cancer
development.

In addition, current studies are depicting the increased
effectiveness in the combination of nanoparticle styles. The
layering of nanoparticle categories as well as the proteins
adaptations bound to their shell command higher immuno-
genic effects. Just as the collective efforts of cancer researchers
are necessary for treatment development, the combined abil-
ities of nanoparticles could be just as efficacious.
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