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History

The development of the Human Papillomavirus (HPV) vaccine
is one of the great public health accomplishments of the 21st
century. The roots of this success can be traced back thousands of
years. Ancient Greeks and Romans made the first tentative steps in
this journey by identifying genital warts as a sexually transmitted
disease [1]. It would not be until 1907, however, with the novel
field of microbiology entering full swing that Ciuffo would confirm
the infectious nature of genital warts [2]. Viral particles were
confirmed as the infectious vector in the 1940s [3]. HPV was first
described as a dsDNA virus in 1965 [4]. Following this description,
the large phylogeny of HPV was rapidly expanded to today where
over 175 genotypes have been identified [5] with the pace of
discovery accelerating; it wasn’t long before the connection with
cervical cancer was drawn.

Since Hippocrates first noted the, at the time, incurable nature
of cervical cancer, physicians had wrestled with this debilitating
and deadly disease. Rigoni-Stern [6], a 19th century Italian
scientist, noted cervical cancer predominated in married women,
widows and prostitutes and rarely in virgins and nuns. With this
correlation he proposed relationship of cervical cancer to sexual
contact. Scientists in the 1950s initially suspected smegma as the
culprit [7]. In the 1960s cases reports of genital warts progressing
to cervical cancer were reported. This led to Zur Hausen [8]
suggesting an association between HPV and cervical cancer in
1974. Less than a decade later, in 1982, HPV was isolated in cases of
cervical cancer [9]. HPV was therefore the second virus (and first in
humans) demonstrated to be a vector for malignancy [10]. Such a
medical breakthrough led to recognition and acclaim that included
the 2008 Nobel prize.

Pathogenesis
Viral structure

the
Papillomaviridae, are non-enveloped viruses with an icosahedral

Human papillomaviruses, belonging to family

capsid containing double stranded DNA [11]. There are more than
200 HPV types that exist and they are divided into five genera
(alpha, beta, gamma, mu, and nu) [12]. All of the high-risk HPV
types belong to the alpha genera and infect mucosa. Beta and
gamma HPV types infect cutaneous epithelium and Beta HPV types
are part of the normal human virome present at birth [12,13]. The
genome is composed of three main regions: the early coded region,
late coded region, and non-coding control region. The early coded
region contains E1, E2, E4-E7 [12] and encodes viral proteins that
have regulatory functions in the infected epithelial cell [13]. The
late coded region contains L1 and L2 [12] and encodes the two viral
structural proteins that form the icosahedral capsid. Each type of
HPV differs by at least 10% of its genotype in the highly conserved
L1 region of the gene [13].

Cell entry and replication

HPV can infect basal cervical epithelial cells one of two ways, via
micro-trauma or binding to heparin sulfate proteoglycan (HSPG)
receptors [13]. Micro-trauma occurs during sexual intercourse,
vaginal delivery, or other sexually transmitted infections. The
other way for HPV to infect cells is specific to high-risk HPV types,
especially HPV-16. HPV-16 can bind to HSPG receptors directly on
the cells of the squamous cellular junction between the endocervix
and the ectocervix [13]. HPV can only replicate in diving cells that
are undergoing maturation, senescence, and cellular death [12].
The cells which are actively dividing are the stem cells, located at
the most basal layer of the epithelium. If HPV infects a parabasal
cell that is not actively dividing then the infection has a greater
chance of being only transient [14]. HPV attaches its genome to the
host cell chromatin via the E2 protein from the early coded region.
The virus replicates in all layers of the epithelium in a steady state
fashion of one replication per cell division [14]. It is not until the
most superficial layer that the virions are assembled and released
[12] (Figure 1).
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Figure 1: The evolution of HPV exposure to invasive cervical carcinoma or spontaneous resolution.

Cervical disease

Cervical disease can be classified in one of two ways. The first
classification system contains three stages and is termed cervical
intraepithelial neoplasia (CIN). The second classification system

contains two stages and is termed squamous intraepithelial lesion

(SIL) [13].

CIN 1, is mild dysplasia (“Weekly epidemiological
record,” 2017) thought to represent a transient infection with
a low probability of progressing to cervical cancer [12,13].
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Approximately 80-90% of CIN1 cases regress spontaneously [13].
CIN2 is moderate to marked dysplasia (“Weekly epidemiological
record,” 2017) and is considered premalignant but it is possible that
it can be caused by either carcinogenic or non-carcinogenic HPV
types [12]. CIN3 is severe dysplasia or carcinoma in situ (“Weekly
epidemiological record,” 2017). This level of dysplasia is always
caused by carcinogenic HPV types and has the same risk factors
as cervical cancer [12]. Only 60% of CIN3 regress spontaneously
[13]. As noted previously transient infections are generally a result
of HPV infecting cells that are no longer dividing. This is consistent
with what is seen between low grade CIN lesions and high grade
ones. What is seen is that the low grade lesions express E6 and E7
in cells that have withdrawn from the cell cycle while high grade
lesions express E6 and E7 in the proliferating cell compartment
[14]. Also, CIN3 is also more likely than CIN1 or CIN2 to exhibit HPV
genome integration [12].

Carcinogenesis

HPV is the most common sexually transmitted infection and
the most common viral infection of the reproductive tract [12].
The overall lifetime risk of becoming infected with HPV via sexual
transmission is 50-80% [12,13]. The highest incidence of infection
occurs between the ages of 20-25 during an individual’s first sexual
encounter [13]. Fortunately, a majority (70-90%) of infections is
asymptomatic and resolve spontaneously within 1-2 years [12].
If the infection is not discovered and allowed to persist without
treatment, the interval of time from HPV exposure to invasive
carcinoma is about 20 years [11].

The transition from infection to cervical cancer occurs in a
predictable order of events. It is thought that genomic integration
is the key event leading to transformation from HPV infection to
cancer [12]. One reason being that genomic integration can lead
to genomic instability and thus tumor formation. E6 and E7 are
responsible for inhibiting tumor suppressor pathway. Therefore, if
they are more abundant, then the tumor suppression is released
and carcinogenesis is more likely to occur. E6 is specifically
responsible for targeting p53 via aubiquination-mediated pathway
and degrading it. E7 is responsible for inhibiting the retinoblastoma
protein, which leads to increased expression of S-phase protein, re-
entry into the cell cycle, and continued initiation of DNA synthesis
[12]. Normally when unexpected cell proliferation occurs, the
cell responds by undergoing apoptosis. Therefore the E7 activity
would be expected to cause apoptosis. To counteract this E6 protein
inhibits apoptosis specifically [13].

In addition to mechanisms created to enhance cellular
proliferation and inhibit apoptosis, other mutations exist to help
promote immortalization of malignant epithelial cells. One of
the important steps to immortalization is abnormal growth of
telomeres. In cervical cancer, E6 can activate telomerase leading
to stabilization and even lengthening of telomeres. This allows
the cells to continue to divide. Other mutations that help promote
cancer include one set of mutations that allow the cells to break
through the basement membrane and another that allows cells to

move into the dermis. Together these mutations promote invasion
[14].

Malignancy
Epidemiology

HPV accounts for more than 5% of all human cancers, [13]
more than 50% of infectious cancers in women and 5% of infectious
cancers in men [12]. In terms of the specific cancers it causes, HPV
is estimated to be responsible for 91-100% of cervical cancers,
88-93% of anal cancers, 70-78% of vaginal cancers, 50-63% of
penile cancers, and 15-69% of vulvar cancers. It is more difficult to
determine for oropharyngeal cancer due to tobacco and alcohol use
but it is estimated to be 26-72% [15]. In 2012 there were 630,000
new cases of HPV related cancers in women and 530,000 of them
(84%) were cervical cancer. This caused approximately 266,000
deaths worldwide which is 8% of cancer death in women for that
year [11].

Most cancer registries worldwide report that the incidence of
cervical cancer rises between the ages of 20-40 then plateaus or
continues to increase smoothly beyond that age. It is important to
note that the age specific incidence reported in cancer registries is
highly influenced by the screening programs in that country [14].

Association between HPV and Cervical cancer

Squamous cell carcinoma found positive for HPV DNA is
caused by about 15 high risk HPV types (most notably type
16,18,45,31,33,52, and 58) approximately 90-95% of the time
[11]. In terms of cervical cancer specifically, HPV 16 accounts for
approximately 50-55% of cases and HPV 18 causes about 10-15%
of cases with the remaining cases being caused by other high risk
HPV types [12,13]. Multiple studies have consistently found that
HPV DNA is found in cervical cancer specimens 90-100% of the
time [14]. Findings such as these have lead to HPV becoming the
first ever identified “necessary cause” of a human cancer [14]. This
association between HPV and cervical cancer is one of the strongest
associations ever seen in a human cancer. For example, the strength
of association (relative risk/odds ratio) between different risk
factors and the human cancer they cause is 500 for HPV DNA 18
and cervical adenocarcinoma in the Philippines, Costa Rica, and
Bangkok, but only 50 for HBsAg and liver cancer in Greece, HCV
and liver cancer in Italy, and only 10 for cigarette smoking and lung
cancer [14].

Screening

The strength of association found between HPV and cervical
cancer has led to efforts to improve screening programs and develop
HPV vaccines. The United States Preventative Task Force (USPSTF)
recommends that all women begin cervical cancer screening
when they turn 21 [12]. From age 21 to 30 the recommendation
is to undergo a pap smear to look at cytology every 3 years. From
the age of 30 to 65 the recommendation is to continue with the
cytology every 3 years or that can be replaced with co-testing with
cytology via pap smear and HPV DNA detection every 5 years [12].
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In addition to extending the screening interval, HPV DNA testing
can also be useful when cytology comes back as atypical squamous
cells of undetermined significance [12,14]. It is important to note
that HPV testing has lower specificity in younger women whereas
the specificity increases in women greater than 30 years old and
tends to be similar to cytology [14].

Screening is important to try and prevent the progression
of HPV infection and cellular dysplasia to carcinoma. When pre
invasive disease of the cervix is detected then ablative methods
such as burning or freezing, also known as cryotherapy, or surgical
removal via a loop electrosurgical excision procedure (LEEP) or
cone biopsy should be performed [11].

Vaccine Development

It was not long after the identification of HPV as the instigator
for cervical cancer that efforts turned towards developing a vaccine.
Animal studies in the 1980s and 90s demonstrated excellent
protection in various host species [16]. Following this success
Merck and GSK undertook nearly simultaneous development of
HPV vaccines. Merck focused on a quadrivalent vaccine while GSK
developed a bivalent version. Both vaccines were developed using
virus-like particles that mimic the L1 epitope [17]. This epitope
induced a high antibody response making it an ideal candidate for
vaccine trials [18]. An additional advantage of these vaccine designs
is that by utilizing virus-like particles they are noninfectious.

Initial phase II trials were highly encouraging, demonstrating
100% protection from cervical dysplasia due to protection against
subtypes [19-23]. With these results in hand, multiple international
phase III trials were started. When results were reported, these
studies also demonstrated greater than 90% efficacy in all
subgroups analyzed [24-26]. Following publication of this data,
Merck was the first to obtain licensure from the FDA in an expedited
manner in 2006, and GSK followed closely behind.

Vaccine Implementation

Global vaccine coverage

By October of 2014, 64 countries nationally, four countries
sub national, and 12 overseas territories had introduced the HPV
vaccine into their national immunization program. A majority of the
settings were high income and upper middle income. They found
that from 2006 to 2014 about 47 million women received the full
course of vaccine and that about 59 million women received at least
one dose. This represents 39.7% and 50.1% of the targeted females
respectively and 1.4% and 1.7% of the total female population [27].
Unfortunately the populations that still do not have access to the
HPV vaccine are the populations that carry most of the burden of
cervical cancer worldwide. Access to the HPV vaccine in those low
and low-middle income countries is almost non-existent. The HPV
vaccine has hardly introduced outside of high income counties.
The middle-income countries that it was introduced into were the
pacific countries, South Africa, Libya, Seychelles, Malaysia, some

Kazakhstan regions, Macedonia, and Bulgaria. The only three GAVI-
eligible countries were Bhutan, Lesotho, and Rwanda [28]. Efforts
should be focused on introducing the vaccine into these low and
middle income countries since screening is scarce and vaccination
is the only other feasible option for prevention. GAVI is the Vaccine
Alliance, which supports projects in developing countries to
provide vaccines. Unfortunately only low income countries and
40% of lower middle income countries meet eligibility for GAVI
[27]. When trying to fill the gaps, school based programs may be
the answer since they have been reported to achieve the highest
coverage [27]. Other than accessibility to the vaccine, there are
other factors affecting vaccine uptake that will take time to change
[29]. For example, social norms and values related to sexual activity
and trust in vaccination programs and health care providers [30].
According to the World Health Organization (WHO), by March 31,
2017, 71 countries (37%) had introduced HPV vaccine into their
national immunization program for girls and 11 countries (6%)
also for boys which are an increase from October 2014 [11].

Implementation has been only moderately more effective in the
United States. The annual National Immunization Survey for Teens
was performed on 20,475 adolescents (9661 females and 10814
males) aged 13-17 years old [31]. It showed that from 2015 to 2016
there was an increase in the percentage of individuals receiving
at least one dose of the HPV vaccine from 56.1% to 60.4%. The
estimated coverage varies from state to state. For example there
are 11 states with < or equal to 55% coverage and 9 states plus
Washington DC that have > or equal to 72% coverage. All other
states fall somewhere in between. Interestingly, the initiation of
HPV vaccine was 16% lower among adolescents living outside of
central cities compared to those living in central cities [31,32].

American cancer society recommendations

According to the American Cancer Society, about 28,500
cases of cancer could be prevented each year by HPV vaccination
in the United States [15]. Therefore, clinicians should all strongly
recommend for their patients to be vaccinated against HPV at the
age of 11-12, trying their best to complete the series by their 13th
birthday [15]. This recommendation is due to providing the greatest
effectiveness. The ACS agreed with 2015 ACIP (advisory committee
on immunization practices) recommendation which was:

“Females and males: routine vaccination with 3-dose series at
age 11 to 12 (series can be started beginning at age 9). Vaccination
recommended for females aged 13-26 and for males aged 13-
21 who have not been vaccinated previously or who have not
completed the 3 dose series.

Males age 22-26 may be vaccinated. Vaccination recommended
through age 26 y for men who have sex with men and for person
who are immune-compromised, including those with HIV infection”
[15].

In October 2016, the ACIP updated its recommendation, which
the ACS adopted. The updated recommendation is as follows:
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“For persons initiating vaccination before the 15th birthday, the
recommended immunization schedule is 2 doses of HPV vaccine.
The second dose should be administered 6 to 12 months after the
first dose (0, 6-12-month schedule)” [33].

World Health Organization recommendation

The World Health Organization released an updated position
paper on the HPV vaccination on 12 May 2017. The WHO
recommends that for successful implementation there are a variety
is approaches and steps that can be taken. These include “focus
on education about reducing behaviors that increase the risk
of acquiring HPV, training of health workers and information to
women about screening, diagnosis, and treatment of precancerous
lesions and cancer. The strategy should also include increased
access to quality screening and treatment services and to treatment
ofinvasive cancers and palliative care” [11]. The primary population
should be girls age 9-14 years old prior to becoming sexually
active and the secondary target population should be females 15
years or older and males [11]. This secondary population should
only be targeted if it is feasible, affordable, cost-effective, and does
not interfere with providing the vaccine to the primary target
population. The WHO recommended vaccination schedule:

“A 2 dose schedule with adequate spacing between the first and
second dose in those aged 9-14 years. A 2 dose schedule with a 6
month interval between doses for individuals receiving first dose
before 15. Those aged 15 or greater at the time of the second dose
are also covered by 2 doses. A 3 dose schedule (0,1-2, 6 months)
should be used for individuals 15 or greater and also for those
younger than 15 known to be immune-compromised and/or HIV
infected” [11]. Other important information to be aware of is that
the HPV vaccine can be administered at the same time as other
non-live and live vaccines by using separate syringes and injection
sites [11]. Also, the vaccine is safe to provide to individuals who
are immune-compromised and/or have an HIV infection. The data
in pregnant women is limited so that vaccine should be avoided
in pregnant women [11]. They also recommend studying the
effectiveness of a 1-dose schedule and the safety of administering
the vaccine in children less than 9 years old [11].

The center for disease control recommendation

The Center for Disease Control (CDC) recommendations are
consist with the ACS and WHO recommendations. They recommend
routine vaccination with the HPV vaccine between ages 11 and 12
with 9 years old being the earliest that it can be given. The Advisory
Committee on Immunization Practices (ACIP) also recommends
vaccinating females age 13 to 26 and males age 13 to 21 if they
are not already immunized. For men who have sex with men,
transgender, and immune-compromised the recommendation is
to vaccinate until the age of 26. In terms of dosing, two doses are
required for individuals starting the vaccine series before they turn
fifteen with at least five months between the two doses. If there
are less than 5 months between the two doses then the individual

needs to receive three doses. Three doses are also required for
individuals starting the series after their fifteenth birthday as well
as those that are immune-compromised. The three doses should be
administered at 0, 1-2, and 6 months [34].
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