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Abstract
Human Papillomavirus (HPV) is responsible for 99.7% of cervical cancer cases and an estimated
5% of all cancers worldwide. The largest burden from HPV-associated cervical cancers is in
developing nations where effective cervical cancer screening programs are non-existent. Even in
developed nations, diagnosis and treatment of cervical precancers continue to be large economic
burdens. Prophylactic vaccination against HPV is an ideal method for the prevention of cervical
cancer and other HPV associated diseases. Safe and effective virus-like-particle-derived prophylactic
vaccines are available to most nations. The high cost of the current vaccines makes it out of reach
for most developing nations. Since millions of women are already infected with HPV and have serious
disease, therapeutic HPV vaccines are being developed to treat these women. The article presents
the natural history, oncogenesis, and host immune interactions of HPV and associated diseases. The
article also discusses the safety and efficacy of commercially available prophylactic vaccines against
HPV, as well as novel prophylactic and therapeutic vaccine delivery strategies in early clinical
development.

INTRODUCTION
Human papillomaviruses (HPVs) cause 5% of all cancers worldwide, which is similar to the
burden caused by both hepatitis B and Helicobacter pylori [1]. These three viral infections
result in the development of 15% of all cancers, which are responsible for over three-quarters
of the cancers caused by known infectious diseases. The greatest burden of HPV-induced
cancers occurs in developing countries. Although cervical cancer makes up the majority of
these HPV-induced cancers, HPV is also responsible for the majority of penile, vaginal, vulvar,
anal, and some oropharyngeal cancers [2–4].

Rates of cervical cancer have plummeted in countries where cervical cancer screening has been
implemented. Unfortunately, most developing countries continue to lack resources for cervical
cancer screening. This lack of screening results in the diagnosis of approximately 450,000
cervical cancer cases each year [5]. In the United States (US), approximately 11,000 cases of
cervical cancer occur each year; the majority of which are found in women who have not had
adequate cervical cancer screening (i.e., Papanicolaou [Pap] smears). In addition to the costs
associated with cervical cancer, current screening strategies lead to huge medical costs
associated with referrals and treatment of precancerous lesions. Huge medical costs are also
incurred for treatment of external genital warts. These costs combined have been estimated at
$4 billion (US dollars) annually [6]. Clearly, the impact for preventive vaccines could be
powerful.
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Since it is estimated that over 1.5 million women currently have HPV-associated disease in
the US (i.e., condyloma, cervical intraepithelial neoplasia [CIN], and cancer), therapeutic
vaccines have a great potential to result in life-saving and cost-saving therapy. In the US,
standard treatment of HPV-associated disease is already quite costly and invasive. Certain
populations, such as immunocompromised individuals, have high rates of recurrent disease
after standard treatment, creating costly and frustrating scenarios. Therefore, alternate
strategies such as vaccines for treatment of HPV infected women have been sought. In
developing countries, even standard treatment is often unavailable. If therapeutic vaccines were
cost-effective, then access to treatment could be dramatically improved.

HPV types associated with cancer
Figure 1 shows the predominant types of high-risk (HR) HPV in cervical cancer [7]. HPV 16
is also quite common in anal, penile, and oropharyngeal cancers (Figure 2) [3,4,8,9]. It is
estimated that vaccines which target HPV 16 and 18 would prevent 70% of cervical cancers;
if HPV 45 and 31 were added, approximately 80% would be prevented. The potential role of
other HPV types in causing cancer in vaccinated individuals is unknown. Some speculate that
these “other” HPV types will simply replace HPV 16 and 18. Currently, there is no
epidemiologic evidence to suggest this is true. HPV 16 and 18 have been consistently found
at similar prevalence rates in studies of cervical cancer worldwide [10]. The detection of HPV
16 and 18 in women carries a 5-fold greater risk of developing the precancer CIN 2/3 than
detection of other HR types [11]. Surprisingly, the overall efficacy of the current vaccine in
the prevention of disease from all HPV types is not as dramatic as expected (see below: Current
Vaccines). This suggests that other HPV types will continue to cause high-grade lesions [12].
Their role in causing cancers after vaccination remains to be defined.

Natural history of HPV
To understand the role of vaccines in HPV control, it is important to review the basics which
include expression of viral proteins and the importance of immunologic responses to HPV
control.

In order to initiate a productive acute infection, HPV infects basal epithelial cells via a wound
or where they are anatomically accessible, such as the columnar epithelium of the cervix.
Infection occurs when capsid proteins L1 and L2 attach to host cell receptors [13–15]. After
attachment, the viral genome makes its way to the nucleus through ways not yet completely
defined. The virus then uses the host cell DNA replication machinery to begin its own
replication process. Whether there is a latency phase prior to active replication remains
controversial. These viral genomes appear to persist in the nucleus of the infected stem cell
and are distributed during mitosis to the daughter cells [16]. Early on in the replication process,
E6 and E7 are expressed in the parabasalar cell layer. The two late proteins L1 and L2, which
are responsible for the virion assembly and DNA packaging, are expressed quite late in the
mature squamous cells. The final production of an infectious virion requires terminal
differentiation of the infected epithelial cell [17,18]. Release of infectious virus occurs at the
natural end of the epithelial cell life through normal cell desquamation. Since this process is
non-lytic, there is little induction of inflammatory processes. Viral replication during cell
differentiation may result in typical cytopathologic changes, which are considered benign (i.e.,
CIN 1) [19,20]. There is much controversy surrounding whether all women with HPV develop
these cytopathic changes.

Clearly, viral persistence as defined by repeated DNA detection is the key to the development
of cervical cancer. However, the term “persistence” remains a relatively elusive definition.
Some individuals define persistence as the presence of the same virus present over a 6-month
period; others require longer definitions. None of these definitions have credible biologic
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meaning since CIN 2 and 3 have been shown to occur in some women within months of HPV
acquisition [21,22], whereas some women carry HPV for years prior to clearance without ever
developing CIN 2/3 [23–25]. Epidemiology studies show that the mean age of invasive cancer
is several decades after the peak of detected infection [2]. Other cofactors seriously considered
are smoking, oral contraceptive use, parity, and C. trachomatis infections [2]. However,
compared with the risk associated with HPV persistence (which is in the order of 400 to 800-
fold) [26], these other risk factors contribute a much lower risk in the order of 2 to 3-fold and
are not independent of HPV persistence. These epidemiologic observations all have plausible
biologic pathways that are discussed elsewhere [27–31].

Oncogenesis
The mechanisms involved in oncogenesis are thought to be primarily associated with the early
expressed proteins E6 and E7 [32]. Although the relationships are complex, E6 works mostly
through its ability to enhance p53 degradation. E7 causes disruption of the E2F/pRb complex,
activating E2F, an important cellular transcription factor. Consequently, both E6 and E7
interfere with cell cycle control and cause cells to replicate even during times of DNA damage.
E6 also has an important role in activating telomerase, an enzyme responsible for telomere
lengthening, resulting in the prolonged life of epithelial cells. E7 is also involved in the
blockade of apoptosis. E6 and E7 are expressed quite early in the life cycle of HPV, primarily
in the basal and parabasal cell layer. In low-grade lesions, such as CIN 1, the expression level
is rather low and confined to the lower levels, but as lesions progress, E6 and E7 become
expressed throughout the epithelium. Because their expression is maintained during
progression to high-grade lesions, these proteins have been main targets for therapeutic
vaccines. The morphologic changes of CIN 2/3 (aneuploidy, altered chromatin texture, and
increased nuclear volume) suggest that CIN 2/3 changes are due, in part, to the expression of
these viral genes in epithelial stem cells which have lost the capacity to differentiate [33]. The
epithelial stem cells experience mutagenic consequences (i.e., damage of chromosomal
integrity and recombination of diverse DNA and viral integration) [34]. CIN 3 lesions and
carcinomas are also found to have a higher number of HPV genomic integrations which, in
turn, promote E6 and E7 expression [35,36].

Immune responses to HPV
Curves depicting the natural history of HPV (Figure 3) [24] demonstrate that clearance likely
involves both innate and adaptive immunity. Clearance for many women is seen within days
to weeks and is likely due to innate mechanisms. In contrast, many women clear after months
to years of infection, which is likely due to adaptive cell-mediated immune responses. The
innate immune system reflects a complex system to recognize pathogens, including innate
effector mechanisms (e.g., inflammation and chemotaxis), and acts as a bridge to adaptive
immunity. One of the most important aspects of the innate immune system is the role of Toll-
like receptors (TLRs) which are found on cells of the innate system, particularly dendritic cells
and macrophages. These TLRs respond to pathogen-associated molecular patterns on a broad
range of pathogens [37–40]. Ten human TLRs have been identified to date. The innate effector
mechanisms resulting from TLR activation are mainly mediated through the production of
cytokines that have direct anti-viral effects (e.g., type 1 interferons [IFNs] [IFN-α and -β]),
promote inflammation (e.g., IL-1α, IL-1β, IL-6, and tumor necrosis factor), and chemotaxis
(e.g., IL-8). TLRs also shape the adaptive response. The role of TLRs in control of HPV is
unknown, but in vitro studies suggest that TLR 9 and 4 are important in initial recognition
[41,42]. Other innate factors thought to be important include lysis of infected cells by natural
killer cells, inhibition of major histocompatibility complex class I proteins, and inhibition of
signaling by type I IFNs [43].
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Cell-mediated immune responses to HPV
Empirical evidence for the role of cell-mediated immunity in controlling cervical HPV
infection comes from observations of increased persistence of HPV infection and associated
disease in immunosuppressed individuals [44–47]. Although cell-mediated immune responses
to HPV have been measured in a variety of ways [48–52], it appears that both CD4+ and
CD8+ T-cell responses to E6 and E7 are important in modulating HPV infection and HPV-
associated disease [52–55]. Recently, the role of T-regulatory cells in dampening immune
responses has been recognized as potentially important in lesion progression [56,57].

Integration of E6 and E7 promotes expression of these oncoproteins. It remains unclear whether
viral integration occurs in women with viral persistence who continue to have normal cytology.
Most studies show that viral integration is not seen in women with HPV persistence who remain
healthy [58]. These findings may suggest that immune control through anti-E6 and -E7 effects
may stop integration.

Recent attention has been drawn to the importance of cell-mediated responses to other viral
proteins, including E2 (enhances viral replication and controls E6 and E7 expression) [59–
61], E4 (binds cytokeratins; assists in blocking apoptosis) [62,63], E5 (induces cellular
proliferation) [64,65], and L1/L2 (major capsid proteins) in viral clearance [66].

Mechanisms to evade the immune response
HPV is non-lytic and thereby does not elicit pro-inflammatory signals that would activate
dendritic cells. In addition, viral proteins are not secreted; they are expressed in the nucleus of
infected cells. The production of the capsid proteins, which are highly immunogenic, is limited
to the terminally differentiated outer layers that are well away from the basal cell and
subepithelial epithelium. Consequently, HPV L1 and L2 have little contact with immune
responses at the epithelium.

HPV has numerous mechanisms to escape immune recognition. HPV has been shown to
downregulate the expression of TLR, MCP-1, and IL-8, as well as block IFN-α function. In
addition, major histocompatibility complex (MHC) class II expression is dampened by both
HPV 16 and 18. E5 has been shown to enhance acidification of endosomes, disrupting
trafficking of exocytic and endocytic pathways of MHC expression. E7 represses the MHC
class I heavy chain promoter. Mechanisms used by HPV to escape the host immune response
have been reviewed in depth by Kanodia et al [67].

Mucosal immune responses and HPV
There is certainly evidence that HPV can induce local immune responses. This is not surprising
since HPV is not a systemic infection; rather, it remains an infection limited to epithelial cells.
Secretory IgA and IgG specific to HPV can be found in cervical mucous [68]. Cytokines from
cervical samples suggest that both innate and adaptive immunity is elicited by HPV in cervical
immune cells [69]. HPV also appears to dampen and evade the immune response in mucosal
cells. Whether these responses play any role in protection from re-infection is not known.

CURRENT VACCINES
Virus-like particle-based vaccines

Gardasil® (Merck & Co, Inc.; Whitehouse Station, New Jersey) is one preventive vaccine
approved by the Food and Drug Administration (FDA). Another vaccine, Cervarix®
(GlaxoSmithKline Biologicals; Rixensart, Belgium), was filed with the FDA in March 2007.
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Both of these vaccines are composed of non-infectious, recombinant HPV virus-like particles
(VLP). These icosahedral structures are composed of the major capsid protein, L1. When L1
is expressed in cells, it self-assembles to reflect the naturally occurring viral capsid. Since the
VLP capsid assembles without viral DNA, the vaccine is non-infectious. This VLP has been
shown to elicit strong systemic immune responses, both neutralizing antibodies and
cellmediated immunity [8,70–72]. Human studies have shown that high titers of specific
antibodies are present in cervical secretions of women receiving HPV 16 L1 VLP [73].
However, it is thought that these HPV-specific antibodies are present in cervical secretions
secondary to transudation or exudation at the site of microtrauma rather than local synthesis.

Efficacy of the quadrivalent vaccine
Gardasil® is a quadrivalent HPV VLP vaccine, which includes VLPs of HPV types 6, 11, 16,
and 18. The VLPs are produced in yeast and the vaccine contains an adjuvant of aluminum
hydroxyphosphate sulfate [12].

Several publications regarding Gardasil’s® efficacy in preventing HPV acquisition,
persistence, and precancerous lesions have now been published [12,66,74–77]. None of the
studies (either Gardasil ® or Cervarix ® ) have shown that the vaccine prevents cervical cancer.
Clearly, it would not be ethical to have cervical cancer as an outcome since prevention of
cancers through screening and treatments is standard of care. Rather, the studies were designed
to see if the vaccine prevents HPV acquisition, persistence, and HPV-associated vulvar,
vaginal, and cervical premalignant disease. These studies carefully followed women with
cytology and HPV testing. The primary interest for most clinicians is reducing CIN 2/3 rates,
which are considered true precancerous lesions. Results from the two largest trials, FUTURE
I and FUTURE II, are summarized in Table 1 [12,77]. The studies were designed to have
answers regarding protection against HPV 6, 11, 16, 18-associated CIN 2/3 within 2 to 3 years
after completion of the vaccination series. In order to see differences between groups in a
limited period, women needed to be sexually active. However, in order to find unexposed
women, women were required to have a limited number of sexual partners. HPV is acquired
by most young women within 4 to 5 years after the onset of sexual activity, and the number of
partners highly influences exposure rates. Consequently, entry criteria for FUTURE I and II
limited the generalizability of the findings. In FUTURE I, women were excluded if they had
more than 4 lifetime sexual partners, had a history of abnormal cytology or genital warts, or
were pregnant. FUTURE II allowed women with a history of abnormal Pap smears or genital
warts, but excluded women with more than 4 lifetime sexual partners and those who were
pregnant. Both studies enrolled women aged 15 to 26 years. In comparison, US data show that
on average, sexually active women aged 19 to 21 years have had 4 or more sexual partners
[78].

The analyses were then separated into a per protocol and intention-to-treat analysis. Per
protocol analysis included women who appeared HPV naïve to the 4 HPV types (i.e., were
seronegative and DNA negative to the relevant vaccine HPV type at Day 1), remained
polymerase chain reaction (PCR) negative to the relevant vaccine HPV type during the
vaccination phase, had no protocol violations, and received all 3 vaccine doses (0-, 2-, and 6-
month schedule). Cases were not counted until 1 month after the third dose. This was done to
reflect a truly naïve population — the HPV virgin. This would also reflect a population who
had not initiated sexual intercourse. The intention-to-treat analysis attempted to generalize the
data to a larger group, which included women with a history of exposure by either PCR or
serology and those treated with only 1 to 2 doses of the vaccine, and began counting cases after
the first vaccination. The efficacy of Gardasil® to prevent CIN 2/3 associated with HPV 6, 11,
16, and 18 in women who appear naïve to HPV is close to 100%. Overall efficacy to prevent
vulvar lesions including warts and VIN was also close to 100%. However, the overall efficacy
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of the vaccine to prevent CIN 2/3 was lowered dramatically when women already exposed to
this virus were allowed to be vaccinated (Table 1), underscoring the importance of immunizing
groups of women not exposed to the virus. Given the high rate of HPV acquisition, even with
one partner, the vaccine has the best chance to be successful in non-sexually active youth.

One finding worth mentioning is the extremely low efficacy found in the analysis examining
the prevention of CIN 2/3 for all HPV types. Certainly, it was expected that types other than
HPV 16 and 18 would continue to cause abnormal cytology. It was expected that the vaccine
would prevent 40% to 50% of CIN 2/3 cases, which is the proportion caused by HPV types 16
and 18 [3]. Data was not given for those in the per protocol analysis for CIN 2/3 among all
HPV types. However, efficacy against CIN 2/3 lesions in the intention-to-treat analysis against
any HPV type showed no statistical efficacy against CIN 3 (21%; 95% CI, <0% to 38%), and
a reduction of 22% (95% CI, 3% to 38%) for CIN 2 (Table 1) [77].

Closer examination of the group that was already exposed to HPV revealed that once exposed
to HPV, there is no protection for that specific type. From the FUTURE II data, the vaccine
effectiveness against HPV 16- or 18-related CIN 2/3 and adenocarcinoma in situ for the
intention-to-treat group was reported for those with a history of HPV exposure. They showed
that the percent reduction was 10.6% (95% CI, <0% to 46%) if the women were serostatus
negative and DNA positive by Day 1, and 1.2% (95% CI, <0% to 35%) if the women were
serostatus positive and DNA positive by Day 1. For women who were serostatus positive but
DNA negative, the percent reduction was 100% (0 vs. 4 cases in vaccine vs. placebo,
respectively), but this was not statistically significant (95% CI, <0% to 100%).

Other immune responses
Although cell-mediated immune responses are measurably higher after vaccination with VLP-
based vaccine and cell-mediated immune responses correlate with neutralizing antibody levels
[70,71], vaccination with Gardasil® does not appear to have any therapeutic benefits for CIN
lesions. This is not surprising, as vaccines based on VLPs were never intended to be therapeutic
vaccines because L1 and L2 are not abundantly expressed in CIN 2/3 lesions.

Efficacy of the bivalent vaccine
Cervarix® is a bivalent VLP vaccine (HPV types 16 and 18) manufactured in an insectcell
system, and contains a proprietary adjuvant, aluminum hydroxide with 3-deacylated
monophosphoryl lipid A (AS04). Several articles from the Phase 2b trials have been published
for Cervarix® [2,79].

Recently, data was published from the Phase 3 trials for the efficacy of the GlaxoSmithKline
bivalent vaccine for HPV-associated cervical precancers. An interim analysis was scheduled
for the Phase 3 trial when 23 cases of CIN 2/3 were diagnosed. Similar to the Merck trials,
strict entry criteria limits the generalizability of other data. Women aged 15 to 25 years who
reported no more than 6 lifetime sexual partners were examined. Women who had a history of
colposcopy, who were pregnant or breastfeeding, or who had autoimmune disease or
immunodeficiency were excluded. Those included in this interim analysis were subjects who
were DNA negative and seronegative for the vaccine types and who received at least 1 vaccine
dose. Subjects who had protocol deviations were allowed. This analysis was similar to the
unrestricted susceptible population of the quadrivalent vaccine study as case counting began
after dose 1 (Table 1). There were 9,258 subjects in the vaccine group and 9,267 individuals
in the control group (who received hepatitis A vaccine). Data were calculated for a period of
15 months. The seropositivity was 99.5% for both HPV 16 and 18 and titers (as measured by
ELISA) were 200 to 300 times higher than natural infection at Month 7 (1 month after the last
dose). The bivalent vaccine demonstrated 90.4% (97.9% CI, 53.4% to 99.3%) efficacy against
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CIN 2+ lesions associated with HPV 16 and 18 in this analysis (Table 2). Efficacy against type
16 and 18 CIN lesions was 93.3% (97.9% CI, 47% to 99%) and 83.3% (97.9% CI, −78.8% to
99.9%), respectively [80]. Similar to data published by the FUTURE II study group, Cervarix®
has also been shown to have no therapeutic effect for those already infected with the HPV
vaccine types [81].

Cross-protection
Since many of the HPV viral types have more DNA homology than others, cross-protection is
certainly feasible, specifically with HPV types 31, 33, 35, 52, and 58, which are in the same
species as HPV 16 (A9), and HPV types 39, 45, and 59, which are in the same species as HPV
18 (A7). In vitro evidence of the potential of cross-protection has been demonstrated [82]. In
one publication, Cervarix® showed some protection against the acquisition of HPV 45 and 31
[2]. Recently published data focused on efficacy to prevent persistent infection [80]. Although
there appeared to be some protection against 6-month persistent infection for HPV 45, 31, 33,
and 52 (Table 2), only HPV 52 remained statistically significant for protection against 12-
month persistent infection. The vaccinated group had an efficacy of 46.5% (97.9% CI, −12.3%
to 75.8%; p=.0533) to prevent HPV 52 persistence compared with the control group. The
efficacy against all oncogenic HPV persistence other than the vaccine types was 27.1% (97.9%
CI, 0.5% to 46.8%; p=0.0174) [80].

Recent data from Gardasil® also showed cross-protection [83]. The analysis showed that the
vaccine had a 27% (95% CI, 8% to 42%) efficacy in preventing CIN 1–3 associated with non-
vaccine types (HPV types 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59). This was predominantly
associated with the A9 HPV types (HPV 31, 33, 35, 52, and 58) with an efficacy of 34% (95%
CI, 8% to 52%). The efficacy for the A7 types (HPV 39, 45, and 59) was not statistically
significant. The analysis was not powered to examine single type infections. The Cervarix®
analysis was not powered to examine histology [80]. The findings described for both trials may
be due to true immunologic cross-protection.

Safety
Overall, both Gardasil® and Cervarix® appear to be well-tolerated. In the Gardasil® trials,
injection site side effects were the most common side effects reported and were more common
in the vaccine group than placebo group. Erythema, pain, and swelling, were the most common
side effects (87% and 77% for vaccine and placebo, respectively), and were reported as more
severe in the vaccine group than in the placebo group. Systemic adverse experiences were
reported by a similar proportion of the vaccine and placebo groups. There were no deaths in
the trial that were considered secondary to vaccine; serious vaccine-related adverse events were
similar (1.8% and 1.7% for vaccine and placebo, respectively). Specific serious adverse events
are outlined in the supplemental text of the FUTURE I and II publications [12,77]. Pregnant
women were excluded from the study and were counseled not to become pregnant during the
trial. However, approximately 2,800 women became pregnant during the combined trials
(around 1,400 in each group [vaccine and placebo]). Pregnancy outcomes were evaluated with
respect for time from the injection to the onset of pregnancy. Sixty-six percent of the vaccine
recipients and 63% of the placebo recipients who became pregnant had a live birth. One
hundred twelve women receiving Gardasil® and 114 women receiving placebo became
pregnant within 30 days of the injection. Spontaneous abortions occurred in 17% and 22% of
vaccine and placebo groups, respectively, and in 23% in both groups of women who became
pregnant within 30 days after the injection. Among infants born to women who became
pregnant within 30 days of vaccination, 7.1% had congenital anomalies in contrast to none of
the infants born to women receiving placebo. The anomalies were unrelated in type and were
thought not likely related to the vaccine. Congenital anomalies affect 2% to 4% of all US live-
born infants. Consequently, the lower rate in the placebo group was thought to be more unusual
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than the rate in the vaccinated group. It was noted, however, that 12.9% of infants from the
vaccinated group (<30 days) had other medical conditions compared with 4.9% in the placebo
group. Medical conditions were not described.

In the Phase 2b studies of Cervarix®, the vaccine also appears to be generally safe and well-
tolerated. Similar to Gardasil®, injection site adverse events, including pain, redness or
swelling, were reported more often among the vaccine group than the placebo group. The
number of women with systemic or serious adverse events, including new onset autoimmune
disorders, was similar in both groups. Serious adverse events occurred in 4% of the vaccine
group and 5% of the placebo group. There were no deaths in the trial considered to be secondary
to vaccine. Pregnancy and congenital anomaly data for this vaccine are not yet available to the
public.

Duration of protection
Both vaccines have been shown to elicit strong systemic immune responses measured by
antibody titers [2,77]. Immunobridging studies have demonstrated greater immunogenicity in
females as young as 9 years of age, compared with females in the clinical efficacy studies (15
to 25 years of age) [84–86]. It is noted that antibody titers after natural infection do not
necessarily confer protection, as women with cervical cancer were much more likely to have
antibodies to HPV than control women [53]. However, studies show that the antibody titers
after immunization are almost 60-fold higher than those seen in natural history studies
supporting its role in protection from vaccination.

The measurement of antibody titers in each of the trials was performed in separate laboratories,
according to different protocols, so no direct comparison can be made regarding specific titers.
GlaxoSmithKline is currently performing a side-by-side trial of Cervarix® and Gardasil® to
examine immunogenicity using the same method, but data is not available at this time. With
both vaccines, seroconversion occurs in over 98% of recipients. Peak antibody titers are
achieved 1 month after the third dose with a decline seen until around Month 18, where titers
appear to stabilize. Harper et al. showed that high titers associated with Cervarix® were well
above those induced by natural infections and remained quite high up to 5.5 years after
immunization (Figure 4) [2,87].

Data released in the FUTURE II study show that after 2 years, 96% of subjects were
seropositive for HPV 6, 97% for HPV 11, and 99% for HPV 16. In comparison, only 68% of
subjects were seropositive for HPV 18, as measured by the competitive Luminex
immunoassays. GMTs induced by Gardasil® in a Phase 2 study through 5 years are also shown
in Figure 5 [3]. These differences in antibody induction will need to be monitored. Since many
women who become infected with HPV do not develop antibodies, there is some question on
the reliability of following antibody titers in vaccinated women. Olsson et al. examined the
response to the quadrivalent vaccine in a subgroup augmented with a booster vaccination
[80]. The study showed that the titers for HPV 11 and 18 declined to reach similar titers as the
placebo group (positive serostatus at entry). Titers to HPV 16 remained highly elevated and
HPV 6 remained above the baseline seropositive group. They noted that despite the waning
immunity, there were no breakthrough cases of confirmed HPV 6, 11, 16, or 18. The group
then challenged the women with a booster at Month 60. Among the vaccinated subjects who
became anti-HPV 6, 11, and 18 seronegative, 75%, 86%, and 97%, respectively, became
seropositive to the relevant vaccine 1 month post challenge. Women that were seropositive had
higher titer levels 1 month post challenge compared with the 7-month titers after the first 3
initial doses [80]. This study suggests a strong immune memory.
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SECOND GENERATION HPV VACCINES
VLP vaccines

As the current vaccines only cover 70% of oncogenic HPV types, the need for additional
coverage is being actively sought. Certainly, adding VLP types to the current vaccines is
attractive. Some experts question increasing the number of types, as it may decrease
typespecific antibody induction. As mentioned above, data from the quadrivalent vaccine show
that some women lose detectable antibodies for HPV 18 two years after vaccination [77]. The
authors noted that this loss did not correlate with loss of protection and it appears that re-
exposure to the antigen through vaccination can result in immune induction [80]. It is likely
that the antibody assay has a low sensitivity to detect HPV 18-specific antibodies.

Preclinical strategies
Bacteria and plant strategies—The current cost of the first generation vaccines is
prohibitive in many developing countries. Cost may be reduced by producing the VLPs of
similar capsomeres in either bacteria or plants. Although no human trials have begun, schemes
have included producing VLPs in E. coli and transgenic plants. Maclean et al. [88] has
developed a novel transgenic plant that expresses a human codon-optimizing gene that is linked
to a chloroplast-targeted signal enhancing production of the protein.

Novel methods of delivery
Potential approaches to reducing costs may also include delivery of a single dose and removing
the need for cold storage. Currently, the VLP-based vaccines require storage at 2°C to 8 °C for
conformational stability. Developing vaccines that are lyophilized to a powder allows for easier
storage and delivery [89].

Mucosal delivery vaccines may be advantageous for several reasons. Needle-free vaccines may
reduce the cost of vaccine delivery and decrease the risk of exposure to unclean needles.
Mucosal delivery would hopefully induce mucosal and systemic immune responses. There is
data that show that the induction of mucosal immune responses, such as at the nasal mucous
membranes, can “cross-talk” to other mucosal sites (i.e., the vagina) [90]. In a Phase 1 study,
HPV 16 L1 VLP was directly administered into the upper respiratory tract using a nebulizer.
The study group showed that neutralizing antibody responses could be elicited and were equal
to those produced by intramuscular injection [91]. No data on clinical outcomes are available,
but further development is underway [81].

Oral delivery is another sought out strategy; however, current studies show that large amounts
of VLPs would be required to induce immune responses, making this strategy too costly.
Sasagawa et al. reported oral delivery of an HPV 16 L1 vaccine produced by yeast
(Schizosaccharomyces pombe) with a mucosal adjuvant heat-labile toxin L1 to mice [92].
Unfortunately, the trial showed relatively poor immunogenicity.

Another route that has been investigated is intravaginal administration. Intravaginal
preparations of HPV 16 VLPs used in mice were capable of inducing systemic IgG and mucosal
IgA [93]. However, preventive vaccines are targeted towards females who are not yet sexually
active. Consequently, such strategies would likely not be acceptable.

Viral vectors
Viral vectors have been used in many delivery systems. Both adenovirus 5 and adenoassociated
virus have been used as potential prophylactic vaccine candidates in preclinical trials [94,95].
The use of viral vectors is attractive since the gene of interest is delivered more efficiently. In
addition, viral vectors are usually highly immunogenic. Disadvantages to viral vectors include
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safety issues, specifically with DNA viruses where promoter insertion mutagenesis is a risk
[73].

Bacterial vectors
Live bacteria vaccines have been pursued, as they are relatively inexpensive to manufacture.
There are several bacterial-based vaccines in development. One is the L1 recombinant Bacille
Calmette-Guérin vaccine, which showed full protection in the cotton-tailed rabbit
papillomavirus[96]. Nardelli-Haefliger and colleagues have developed a recombinant
Salmonella organism that assembles HPV 16 VLPs and is capable of inducing high titers of
neutralizing antibodies in mice after a single nasal or oral immunization with the live bacterial
vaccine [97]. Clinical trials (for a similar vaccine based on recombinant Salmonella) using oral
delivery are planned in the near future [81,98].

L2-based vaccines
L2 is the minor capsid protein. Vaccines including this protein have been examined since L2
appears to induce cross-neutralization more commonly than L1 which is relatively type-
specific. Consequently, a monovalent vaccine could potentially protect a broad range of HPV
types. Unfortunately, the neutralizing antibody titers are much lower than the ones generated
by the L1 VLPs [99]. Better adjuvants may improve L2’s prospects as a vaccine target. Kawana
et al. [100] performed a small pilot study examining the vaccination of women with a synthetic
peptide of HPV 16 L2. The nasal inoculations generated anti-L2 antibodies that bound to both
HPV 16 and 52 L1/L2-capsids in 4 of 5 recipients. Sera from the 4 recipients showed
neutralizing activity against HPV 16 and 52. Optimization of L2-based vaccines is underway,
with clinical trials planned in the near future [81].

Therapeutic vaccines
Several therapeutic vaccines have been in early trials. Most of the therapeutic vaccines are
based on either E6 or E7 expression since E6 and E7 are consistently expressed in pre-
malignancies and malignancies and have well known oncogenic properties reviewed earlier.
The importance of cell-mediated immune responses to these proteins is well documented
[53,54,101].

DNA vaccines
Native E7 has been disappointing in many studies showing its inability to confer resistance to
tumor challenge. In addition, using non-mutated DNA has safety concerns. Brulet et al. recently
published a study examining a novel E7 vaccine based on plasmids expressing E7 protein
specifically in the endosomal compartment [102]. The plasmid encodes for an E7 protein fused
to a domain of the MHC class II-associated invariant chain. This strategy to improve class II
presentation of an antigen has been previously employed for other antigens [103]. In this trial,
the E7 fusion protein was able to protect more than 60% of the vaccinated mice against E7-
expressing tumors. This protection correlated with CD8+ T-cell responses but required the
presence of CD4+ T-cells. This type of vaccine construct may allow more efficient targeting
of the MHC class II pathway. Hung et al. recently published another study based on this strategy
[104]. The group constructed a DNA vaccine encoding the invariant chain in which the class
II-associated invariant chain peptide region is replaced with a CD4+ T-helper epitope (PADRE:
invariant Pan HLA-DR reactive epitope). In preclinical studies, administration of this vaccine
significantly showed both preventive and therapeutic responses.

Peptide-based DNA strategies
Few peptide-based vaccines have been used for therapeutic intervention since these vaccines
are usually human leukocyte antigen (HLA)-specific. One study developed an HLA-A2-
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specific vaccine for women with HPV 16-associated disease. Women were treated with
escalating doses of a vaccine consisting of a 9-amino acid peptide from residues 12–20 encoded
by the E7 gene emulsified with incomplete Freund's adjuvant [105]. Unfortunately, the clinical
results were not encouraging.

Another study used HLA-A2 restricted epitopes derived from HPV 16 E7 protein encapsulated
in biodegradable polymer microparticles in patients with CIN and found a response rate of
33%; no controls were available for comparison [106]. A different version of the vaccine was
developed which was based on plasmid DNA vaccine encoding protein peptides derived from
the E6 and E7 proteins of HPV 16 and HPV 18. Although well-tolerated, overall, the vaccine
did not show statistically different rates of regression of CIN lesions. Interestingly, in women
under 25 years of age, the vaccine promoted resolution of CIN 2/3 more commonly than
placebo (70% vs. 23% in vaccine group vs. placebo group, respectively). This could reflect the
use of such vaccines early in the natural history of HPV infection. Once other mutations occur
or there is evidence of a single clonal expansion, reversal may be more difficult [9]. Failure to
induce remission could also reflect T-cell tolerance to E6/E7. No further trials are currently
underway.

Protein-based strategies
Lu et al. developed an E7 fusion protein consisting of Mycobacterium tuberculosis heat shock
protein 70 (TBhsp70) with HPV 16 mE6 delta/mE7 (mutated E6 and E7) [81]. It is well known
that heat shock protein boosts immune responses [107,108]. In preclinical trials, this vaccine
induced tumor apoptosis and inhibition of tumor growth in mice. HPV 16 mE6 delta/E7 alone
did not change tumor development. The vaccine was developed so that full E7 was expressed,
leading to presentation of epitopes in the context of various HLAs, making it applicable to any
patient regardless of HLA restriction. mE6 was truncated so that it would not have any
transformation potential [81]. Another fusion protein, PD-E7, was comprised of a mutated
HPV 16 E7 linked to the first 108 amino acids of Haemophilus influenzae protein D, formulated
in the GlaxoSmithKline Biologicals’ adjuvant, AS02B. A small pilot study showed that the
majority of women developed immune responses. However, efficacy data has not been reported
[109].

A trial is currently ongoing at Johns Hopkins University, involving women with HPV 16-
associated high-grade squamous intraepithelial lesions of the cervix and patients with advanced
HPV-associated head and neck cancers. E7-heat shock fusion protein-based vaccine,
pNGVL4a-Sig/E7(detox)/HSP70 DNA vaccine is being used in the study. pNGVL4a-Sig/E7
(detox)/HSP70 DNA vaccine administered via gene gun generated the highest number of E7-
specific CD8+ T-cells in comparison with other methods of delivery and vaccine combinations.
No published data is available on clinical outcomes.

Another vaccine was developed by Stressgen Biotechnologies (Collegeville, PA) and was
based on a fusion protein, Mycobacterium bovis, heat shock protein 65, covalently linked to
HPV 16 and E7 [110]. Although the early clinical trials were promising for CIN treatment and
recurrent laryngeal papillomatosis, Nventa Biopharmaceuticals Corporation (Victoria, British
Columbia) has since reformulated the vaccine and is planning new clinical trials.

Viral-based strategies
Several reports have used viral vector strategies to deliver intracellular antigens for HPV
therapeutic vaccines. Baez-Astua et al. used human adenovirus type 5 to express the fusion
protein HPV 16 E7-hepatitis B surface antigen (HbsAg) and showed that this vaccine was able
to induce high levels of E7-specific humoral and cellular immune responses in mice [94].
Brandsma et al. reported on the use of a recombinant vesicular stomatitis virus (VSV) vector
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expressing cotton-tailed rabbit E1, E2, E6, and E7 [111]. Although all 4 vaccines significantly
reduced papilloma volumes, VSV-E7 was the most effective, ultimately eliminating all of the
disease in the immunized rabbits. One of the concerns of using viral vectors such as VSV is
the safety of its use in immunocompromised individuals. Another group developed a
recombinant vaccinia virus encoding modified HPV 16 and 18 E6 and E7 [61]. A small number
of women with high-grade vulvar intraepithelial neoplasia were immunized with this vaccine.
Although the responders had higher levels of CD4+, CD8+, and CD1a+-immune infiltration
cells than non-responders, none of the women had a complete clinical response, and less than
50% had some response.

Another strategy uses Modified Virus Ankara (MVA) E6-E7-IL-2 vaccine (Transgene;
Strasbourg, France). MVA is a non-propagative attenuated vaccinia virus strain. An advantage
of MVA is its cytoplasmic location, which prevents the risk of integration into the host genome.
The vaccinia virus contains modified nucleotidic sequences that encode for HPV 16 E6 and
E7 antigens and immunoregulatory cytokine interleukin-2 (IL-2). IL-2 is expected to enhance
both specific and non-specific cellular immune responses. An unblinded Phase 2 trial in 21
CIN 2/3 patients who were given 3 subcutaneous injections showed promising results, with
almost 50% (10) of women having complete regression. Tests for HPV 16 E6 and E7 mRNA
expression were also negative. Seven of the women remained untreated at 12 months and were
found to be free of CIN 2/3 [112].

E2 vaccines
E2 has important control over E6 and E7 transcription and is highly expressed in lesions.
Consequently, some vaccines have been directed towards generating anti-E2 responses. A
Phase 2 trial of a vaccinia virus recombinant MVA E2 vaccine was performed in 54 women
[113]. Treatment consisted of weekly injections directly into the uterine cervix in a radial
clockwise fashion at points corresponding to 3, 6, 9, and 12 o’clock over a 6-week period. They
showed that 59% of patients with CIN 2/3 had complete regression. No similar follow-up was
available for the control group, and MVA alone was not used as a control. High antibody titers
to E2 were shown in all vaccinated patients. Few adverse events, such as headache and flu-
like symptoms, were reported. The invasive procedure requires injections to be administered
to the uterine cervix, which may limit the widespread use of such a vaccine.

Chimeric-based strategies
Another strategy is to use VLPs as vehicles to deliver unique epitopes such as chimeric E7
VLPs. Chimeric VLPs are papillomavirus VLPs composed of L1 or L1/L2 fused with a foreign
epitope or polypeptides. Because VLPs induce strong T-helper cell responses, they are
considered good adjuvants. Papillomavirus VLPs can be taken up by immature dendritic cells,
which results in activation. Maturation of dendritic cells results in the up-regulation of co-
stimulatory molecules. It has been shown that fusion proteins of L1 can also self-assemble into
VLPs. Up to 60 amino acids can be fused to the C-terminus of a truncated papillomavirus L1
without disrupting the assembly of VLPs. Larger proteins can be placed into certain areas of
L1 or L2 that are not important for assembly. Another strategy is to fuse epitopes into the loop
regions of L1 that are exposed to the outer surface. The idea is that these epitopes are efficiently
delivered to immune cells to induce epitope-specific immune responses [114]. These strategies
have been used to create several chimeric vaccines.

Results from two clinical trials using chimeric vaccines have been published. An HPV L1-E7
chimeric VLP vaccine targeting HPV 16-associated high-grade squamous intraepithelial
lesions (sponsored by Medigene; Martinsried, Germany) found no statistical effect on
regression [72]. Another clinical trial included the Cantab/Xenova TA-CIN trial, which
examined an HPV 16 L2-E6-E7 fusion protein, which does not form VLPs [60]. No clinical
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effect on CIN regression was found. E2 has also been used in a chimeric vaccine with VLP in
mouse models and showed strong immunogenic responses to both L1 and E2 [73]. Several
strategies to vaccinate women with advanced stage cervical cancer are also in preclinical phases
but are beyond the scope of this review.

Summary
Prophylactic vaccines look quite promising for cervical cancer prevention. However, as per
the Advisory Committee of Immunization Practices’ recommendation, targeting non-sexually
active women will be critical for cervical cancer prevention. Evidence suggests that the benefit
in sexually active women currently remains marginal, at best. Nonetheless, targeting non-
sexually active women in the public health domain, specifically in countries that have no
cervical cancer screening, has the potential to greatly decrease the burden associated with HPV.
High cost of the current vaccines has driven researchers to continue to seek new methods of
production and delivery. Most methods are in preclinical or early pilot phases. In addition to
preventive strategies, therapeutic strategies remain of interest for the millions of women who
currently are infected and/or have diseases requiring treatment. Several therapeutic strategies
have focused on HPV E6 and E7. The few clinical trials to date have not shown the same
success as the prevention trials.
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Figure 1.
Cumulative percent of cervical cancer due to high-risk HPV types [7].
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Figure 2.
Role of HPV 16 in associated cancers [4,113-115].
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Figure 3.
Natural history of HPV type-specific clearance (personal communication, Moscicki,
University of California San Francisco).

Moscicki Page 22

J Adolesc Health. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Figure 4a. Geometric mean titers and seropositivity rates for HPV 16 according to group in
according-to-protocol analyses for immunogenicity. (Reprinted with permission from Elsevier
[Figure 2, page 1250 in: Harper, D. M., E. L. Franco, C. M. Wheeler, A. B. Moscicki, B.
Romanowski, C. M. Roteli-Martins, D. Jenkins, A. Schuind, S. A. Costa Clemens, and G.
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Dubin. 2006. Sustained efficacy up to 4.5 years of a bivalent L1 virus-like particle vaccine
against human papillomavirus types 16 and 18: follow-up from a randomised control trial.
Lancet 367:1247-55])
Figure 4b. Geometric mean titers and seropositivity rates fir HPV 16 according to group in
according-to-protocol analyses for immunogenicity (Reprinted with permission from Elsevier
[Figure 2, page 1250 in: Harper, D. M., E. L. Franco, C. M. Wheeler, A. B. Moscicki, B.
Romanowski, C. M. Roteli-Martins, D. Jenkins, A. Schuind, S. A. Costa Clemens, and G.
Dubin. 2006. Sustained efficacy up to 4.5 years of a bivalent L1 virus-like particle vaccine
against human papillomavirus types 16 and 18: follow-up from a randomised control trial.
Lancet 367:1247-55])
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Figure 5.
Geometric mean titers of Gardasil according to HPV type through five years (Adapted by
permission from MacMillan Publishers LTD. [Table 4 page 1464 in: Villa LL, Costa RL,
Petta CA, et al. High sustained efficacy of a prophylactic quadrivalent human
papillomavirus types 6/11/16/18 L1 virus-like particle vaccine through 5 years of follow-
up. Br J Cancer. Dec 4 2006;95(11):1459-1466 copyright 2006])
Figure 5a. GMT for HPV 6
Figure 5 b. GMTs for HPV 11
Figure 5 c. GMTs for HPV 16
Figure 5 d. GMTs for HPV 18
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Table 1
Vaccine efficacy of Gardasil® against external genital, vaginal, and vulvar lesions associated with HPV 6, 11, 16, or
18, or regardless of HPV type.

Vaccine (per
protocol*) % (95%

CI)

USP** (Unrestricted
susceptible population) %

(95% CI)

ITT*** (Vaccine types
only) % (95% CI)

ITT*** (any HPV) %
(95% CI)

FUTURE I
Condyloma 100 (92 – 100) 96 (86 – 99) 76 (61 – 86) 51 (32 – 65)
VIN† 1 or
VAIN‡ 1

100 (49 – 100) 82 (16 – 98) 63 (<0 – 88) 18 (<0 – 46)

VIN† 2/3 or
VAIN‡ 2/3

100 (49 – 100) 91 (37 – 100) 62 (<0 – 89) 26 (<0 – 63)

CIN 1 100 (92 – 100) 97 (89 – 100) 62 (46 – 74) 25 (12 – 36)
CIN 2 100 (81 – 100) 100 (86 – 100) 30 (<0 – 56) 13 (<0 – 34)
CIN 3 100 (76 – 100) 100 (83 – 100) 12 (<0 – 44) −9 (<0 – 22)
AIS†† 100 (15 – 100) 100 (15 – 100) 83 (<0 – 100) 83 (<0 – 100)
FUTURE II
CIN 2 100 (86 – 100) 99 (93 – 100) 57 (38 – 71) 17 (1 – 31)
CIN 3 97 (79 – 100) 97 (90 – 100) 45 (23 – 61) 22 (3 – 38)
AIS†† 100 (<0 – 100) 100 (55 – 100) 28 (<0 – 82) 21 (<0 – 38)

FUTURE I included 2,723 vaccinated women and 2,732 control women; FUTURE II included 6,087 vaccinated women and 6,080 control women

*
The per protocol susceptible population was defined as subjects who were negative on PCR analysis and serologic testing for the relevant HPV type at

enrollment, remained negative on PCR analysis for the same HPV type through 1 month after administration of the third dose of vaccine or placebo,
received 3 doses of vaccine or placebo within 1 year, and did not have protocol violations.

**
Unrestricted susceptible population was defined as subjects who were negative by PCR analysis and serologic testing at enrollments, were allowed

major protocol violations and received at least 1 dose. Case counting occurred after the first dose.

***
ITT = intention-to-treat. The intention-to-treat population was defined as subjects who underwent randomization, including those with prevalent

anogenital disease or infections caused by any high- or low-risk HPV type before the administration of vaccine or placebo.

†
VIN = vulvar intraepithelial neoplasia

‡
VAIN = vaginal intraepithelial neoplasia

††
AIS = adenocarcinoma in situ
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Table 2
Vaccine efficacy of Cervarix® against CIN 1 and CIN 2+ due to vaccine types 16, or 18 and 6 month persistent infection
with vaccine types 16, or 18, or non-vaccines types 31, 45, and 52.

Efficacy analysis endpoint (Paavonen et al. 2007) Vaccine efficacy%* (97.9% CI)
CIN 1 89 (59 – 99)
CIN 2+ 90 (53 – 99)
CIN 2+ Due to type 16 93 (47 – 100)
CIN 2+ Due to type 18 83 (−79 – 100)
6-month persistent infection type 16 84 (74 – 91)
6-month persistent infection type 18 74 (49 – 88)
6-month persistent infection type 31 36 (1 – 60)
6-month persistent infection type 45 60 (3 – 85)
6-month persistent infection type 52 32 (4 – 52)
12-month persistent infection type 16 80 (48 – 94)
12-month persistent infection type 18 66 (−33 – 94)
12-month persistent infection type 31 11 (−115 – 64)
12-month persistent infection type 45 62 (−93 – 95)
12-month persistent infection type 52 47 (−12 – 76)
*
Primary analysis of efficacy was initiated at post dose 1
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