HPV Vaccines – Why Aren’t They The Answer Yet?
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Introduction

Cervical cancer remains an important public health problem worldwide, particularly in areas without effective screening programs. Even in the United States, with screening widely available, more than 12,000 new cases of cervical cancer are diagnosed annually and approximately 4,200 women die from what is an essentially preventable disease1. The worldwide burden of disease is significantly higher, with up to 500,000 deaths per year. Cervical cancer is the leading cause of female cancer death in many areas. Although screening programs can be effective when well-implemented, limited resources have hindered their development in many parts of the world. In addition, a significant segment of the population remains unscreened even where programs are available. In the United States in 1994, approximately 20% of women between 18-64 years old had not undergone Pap smear screening within the previous three years2. 

The recognition in the 1980’s that the human papillomavirus (HPV) is the causative agent for 95% of cervical cancers provided opportunities for prevention, treatment, and preventive and therapeutic vaccinations. Such vaccinations, if effective, would have a profound impact on the incidence of cervical cancer, especially in areas of the world without effective screening programs. Several challenges remain to be overcome however prior to widespread implementation of HPV vaccination programs.

HPV Background 

The human papillomavirus is a non-lytic double stranded DNA virus. There are over 100 identified HPV types, almost half of which infect the anogenital region3. Of these, a subset of oncogenic types have been identified3,4,5,6. A recent study by Munoz et al, identified 15 high risk and 3 probable high risk types which are associated with an odds ratio of 158 for the development of cervical cancer7. 


	High Risk
	16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, 82

	Probable High Risk
	26, 53, 66

	Low Risk
	6, 11, 40, 42, 43, 44, 54, 61, 70, 72, 81


The HPV viral genome consists of 9 open reading frames encoding 7 early genes (E1-E7) and 2 late genes (L1 and L2). E1-E7 are responsible for viral propagation and L1 and L2 encode the viral capsid proteins. L1 is more abundant than L2, accounting for approximately 80% of the capsid8. The L1 and L2 capsid proteins are necessary for initial infection of the basal layer of epithelium, however, once the virion has been internalized, these proteins are no longer accessible to the host immune system. Once inside the cell, the E1 and E2 proteins initiate and maintain viral replication. It is the E6 and E7 proteins that provide the HPV virus with its oncogenic potential. E6 binds the tumor suppressor p53 and stimulates its ubiquitination and subsequent degradation, resulting in decreased apoptosis. E7 binds to the tumor suppressor pRb, leading to its inactivation and therefore uncontrolled cellular proliferation. 

Since the majority of HPV infections do not result in malignant transformation, an additional step is necessary. In benign HPV lesions, the viral genome remains separate from that of the host, existing in episomal form. This allows normal transcription and translation of the E2 gene, whose product suppresses E6 and E7. In lesions with malignant potential, the HPV DNA integrates into the host genome. This integration occurs within the E2 open reading frame, resulting in a loss of the E2 protein. This loss of E2 eliminates the suppression of E6 and E7 thus allowing them to exert their effects on their target tumor suppressor genes, p53 and pRb respectively. 

HPV Epidemiology and Natural History

HPV is the most common STD in the United States3 with estimates that half of all sexually active adults have had an HPV infection9; the Institute of Medicine has estimated the annual cost of HPV related disease at $10billion10. Over 95% of invasive cervical cancers have detectable HPV DNA11. HPV 16 is the high risk type accounting for the largest proportion of invasive cancers, approximately half, with some geographical variation. Other common high risk types are 18, 31, and 45 and together with HPV 16, these four subtypes are detected in 80% of cervical cancer lesions. 

Following infection with HPV, there is a significant lag prior to the development of cervical cancer. The success of screening programs has been due to the fact that HPV induces a series of recognizable pre-malignant lesions prior to the development of invasive carcinoma that can be successfully identified and treated. A substantial percentage of these lesions will regress spontaneously however, even without treatment, suggesting continued host immune response even after initial infection.

During this time, the natural host defenses may successfully clear the infection. Both humoral and cell-mediated responses have been shown to be important in the natural response to HPV infection12. In one study by Ho, 72% of women with HPV16 DNA in cervical secretions developed anti- HPV16 antibodies. The mean time to seroconversion following detection of cervical HPV DNA was 8 months, and 57% of women had seroconverted within one year13. Another study by Viscidi showed that 40% of women with detectable cervical HPV 16 DNA were seropositive as compared to 15% of those without detectable DNA14. Over 5 years of follow-up, 67% of women initially HPV16 DNA positive cleared their infection, and 92% of women positive for any HPV cleared their infection. During the same time period, 14% of women acquired a new HPV infection15.

The natural immune response to HPV infection has also been demonstrated by the association of naturally regressing lesions with large T-cell infiltrates. Low levels of HPV specific killer T cells against E6 and E7 have been detected in both CIN3 and invasive cancer16. The increase in lesion progression in immunosupressed patients further implicates host defenses in the clearance of HPV infection. 

General Principles of Vaccination
Broadly stated, the goal of any vaccine is to induce long-lasting immunity without causing infection. This  immunity can be from the induction of cell mediated or humoral responses, or both. The majority of population based vaccines in use today are prophylactic, with the goal of preventing infection. To be effective, these vaccines must thus be given prior to exposure to the pathogen. Therapeutic vaccines on the other hand stimulate the host immune response to an already established infection. For HPV, both prophylactic and therapeutic vaccines have been developed and will be discussed in detail later.

Animal models are important in the early stages of vaccine development, and several animal papillomaviruses exist and have been used to elicit understanding of both the natural immune response to HPV infection and the effect of a variety of vaccines. The most commonly used naturally occurring animal models are the cotton-tail rabbit papillomavirus (CRPV), the bovine papillomavirus (BPV), the rhesus monkey papillomavirus (RhPV) and the canine oral papillomavirus (COPV). The CRPV is probably the best characterized system, and prevention of infection following vaccination with capsid proteins as well as regression of lesions following vaccination with early proteins has been shown17,18. Vaccination has also been shown to successfully prevent development of papillomas caused by COPV and BPV19,20.

To study the human papillomaviruses in animal models, xenografts of HPV infected cells can be transferred to nude mice. Studies in such mice have been promising. Both parenteral and nasal immunizations have shown good antibody responses, with increased antibody titers in mucosal secretions following intranasal immunization21,22. Oral vaccine administration has demonstrated IgG and IgA responses, though at lower levels than achieved with parenteral administration23. Mucosal administration elicits both systemic and mucosal immune responses24.

Prophylactic HPV Vaccines

Prophylactic vaccines against HPV would have the benefit of being able to prevent HPV infection and thus decrease not only cervical cancer incidence but also decrease the incidence of dysplastic precursor lesions. To be effective, a prophylactic vaccine must induce a response to viral antigens present on the intact virion.  The capsid proteins L1 and L2 would be the natural targets of such a vaccine. Both systemic antibodies and local mucosal antibodies in the genital tract would be needed for such a vaccine to be effective. Despite much recent development, challenges to a prophylactic vaccine remain. HPV L1 IgG’s are not reactive across types, and a vaccine would thus provide protection only to the type or types included in the vaccine. Given the multiple oncogenic HPV types, a vaccine that would significantly decrease the incidence of cervical cancer would have to target at least the most common types. The magnitude of regional differences in type distribution is still not entirely clear, and vaccines may need to be tailored to the region in which they are to be used14. The length of immunity provided by a prophylactic vaccine is also of concern. The potential exposure time to HPV is very long, essentially beginning at the onset of sexual activity. The immunity provided from a prophylactic vaccine would need to be equally long, or else booster doses would be required.

The target population for a prophylactic HPV vaccine could also pose unique difficulties compared to many existing vaccines.  To ensure immunity prior to exposure, it would be necessary to vaccinate adolescents, requiring parental acceptance. Such parental acceptance of vaccination for a sexually transmitted disease cannot be assumed and has not been proven. Adolescents also do not present for medical care as often as younger pediatric patients. If life-long immunity could be provided, HPV vaccination could be added to the schedule of childhood immunizations, much as the Hepatitis B vaccine has recently been introduced. Realistic estimates of the fraction of the target population that would actually receive the vaccine must be determined before the impact of any vaccine can be predicted. An additional concern regarding the appropriate target population is the role of the vaccination of males. Although females are the subset directly affected by HPV related cervical cancer, if the prevalence of infection in males can be decreased by vaccination, the exposure to females will be further reduced. Males would also benefit directly if the low risk subtypes which are responsible for genital warts were included in a prophlyactic vaccine. It is likely this strategy would increase the appeal of vaccination to the male population. It must be also be remembered that due to the natural history of HPV infection and cervical carcinogenesis the impact of prophylactic vaccination of adolescents will not be seen for many years. As well, the global availability and use in under-developed countries would have to be addressed.

Therapeutic HPV Vaccines

Therapeutic vaccines are designed to be given to patients already infected with HPV. This would require different antigenic targets than prophylactic vaccines, as once the virus has become intracellular the capsid proteins are no longer expressed. The E1 and E2 proteins which are expressed in cells with active viral replication would be appropriate targets for vaccines aimed at patients with early CIN25. The E6 and E7 proteins on the other hand would need to be targeted in vaccines directed against high grade or invasive disease where the viral genome has integrated into the host DNA and E2 is no longer expressed. One major limitation of therapeutic vaccines in patients with invasive disease is that cervical cancer is associated with some degree of immunosuppression and downregulation of HLA Class I antigen presentation. HPV derived CTL epitopes for HPV16 E6 were unable to recognize cancer cells containing HPV16 E6 due to decreased HLA expression and decreased TAP transport proteins26. Results in animal and clinical trials of therapeutic vaccines have been somewhat disappointing as well27,28.

Types of Vaccines

Several different strategies for vaccine production exist and have been explored to at least some degree as options for HPV vaccines. Live attenuated or heat inactivated vaccines are not feasible for HPV vaccination due to the extreme difficulties in propagating HPV in culture29. Studies of the response of both animal and human subjects to HPV vaccinations of any type have been greatly facilitated by the demonstration that serum antibody titers do in fact correlate with neutralization ability30.

 

Recombinant Live Vector Vaccines

Recombinant live vector vaccines are non-pathogenic or attenuated bacteria or viruses engineered to express the antigen or antigens of interest. These vaccines induce both antibody and cell-mediated immunity, often with just one dose. Multiple antigens can be expressed in a given vector vaccine, providing the potential to target multiple HPV types with a single vaccine, as well as combined prophylactic and therapeutic vaccines. Unfortunately, vector vaccines cannot be given to immunocompromised patients. This could be a significant obstacle in many areas of the developing world where the prevalence of HIV is high, and the sero-status of vaccine candidates may not be known. 

A given vector can be used only once for vaccination of an individual, as prior immunization induces tolerance to the vector and prevents the desired immune response. This limitation would require the development of HPV vaccines using vectors not currently used for vaccination, or the incorporation of HPV antigens into existing vector vaccines.

Several companies and academic institutions are currently developing vector vaccines. The TA-HPV vaccine, targeting HPV16 and 18 E6 and E7 in a vaccinia vector has been shown to stimulate a good antibody response, but clinical outcomes have not yet been evaluated31. A combined therapeutic/ prophylactic vaccinia vector vaccine is under development in China targeting HPV16 L1 and E7. Wistar has developed both adeno and vaccinia vector vaccines for HPV16 L1 and HPV16 and 18 E6 and E7 that can be administered intranasally. Both have been shown to simulate serum and vaginal antibody responses31. A Venezuelan equine encephalitis vector vaccine is in preclinical trials by Wyeth, and a novel vaccinia vaccine for HPV16 E6 and E7 with lysosomal targeting is in Phase I trials at Johns Hopkins31. 

Peptide or Protein Vaccines

The main advantages to peptide and protein vaccines are their safety and low cost. The T-cell response is lessened however, and an adjuvant is often required to stimulate inflammation. Multiple vaccine doses are required. Peptide vaccines are also limited by HLA specificity of the target epitopes32. 

Animal studies have demonstrated good clinical responses to HPV protein vaccines17. The TA-GW vaccine (an HPV6 L2/E7 fusion) from Cantab has shown clearance of genital warts and decreased recurrences in Phase I and II trials in humans31. The TA-CIN vaccine for cervical cancer prevention is currently in Phase I trials31 following successful trials in mice33. Other peptide and protein vaccines are being developed and tested, mostly targeted to therapeutic uses.

Naked DNA Vaccines

Bacterial plasmids can be engineered to incorporate HPV genes which and can then used for vaccination. Both antibody and cell mediated responses are stimulated, and protection is long-lasting since the antigen continues to be produced. DNA vaccines are relatively cheap, and their long shelf life and stability would make them particularly attractive in developing countries where it can be difficult to maintain a cold chain. Potential risks from DNA vaccines include incorporation of the bacterial plasmid into the host DNA, although this risk remains theoretical.

Virus-Like Particles (VLPs)

Virus-like particles are formed spontaneously by the HPV capsid proteins L1 and/or L2. The discovery of this phenomenon has greatly accelerated the pace of vaccine research given the difficulties in growing intact HPV viruses in culture, and VLPs are currently the most advanced line of vaccine development. Both antibody and cell-mediated response are stimulated by VLPs, and vaccines with combinations of VLPs from more than one HPV type have also been developed. Lenz demonstrated the activation of dendritic cells by papilloma virus VLPs, resulting in a dominant T-cell response34. Individually, responses to L1 VLPs are type specific, although some cross-reactivity has been seen in both animal and human studies if L2 is included35,36,37. The VLPs alone are useful only as prophylactic vaccines, since the capsid proteins are no longer expressed once the virus has moved into the epithelial cell. 

Chimeric VLPs (cVLPs) have been developed to overcome this limitation by incorporating other viral antigens inside the capsid VLP. These cVLPs provide the potential for combined therapeutic and prophylactic vaccines. cVLPs have been shown to stimulate a dendritic cell response to both the capsid proteins and an added E7 peptide38. Animal studies have demonstrated both regression of pre-existing tumors and protection against tumor challenge following vaccination with cVLPs39. One potential clinical obstacle to effective vaccination with VLPs is that although dendritic cells are activated by VLP vaccines, Langerhans cells are not, despite their internalization of VLPs40,41. This could theoretically limit the mucosal response to VLP vaccines.

A variety of VLPs have been studied in humans. They have consistently been safe with minimal side effects, and good antibody responses have been detected with both parenteral and intranasal administration42-48. A recent trial showed that 3 doses of an HPV16 VLP vaccine provided 91% protection against any HPV16 infection and 100% protection against persistent infection. The incidence of persistent HPV infection was 3.8% in controls versus 0% in immunized subjects49. Phase III trials with CIN endpoints, as well as with multivalent vaccines, are currently underway. 

The length of immunity from VLP vaccines has not yet been determined however. In animal studies of the CRPV, titers decreased from 1:10,000 2 weeks following vaccination to 1:100 after 12 months, with concomitant decrease in clinical protection50. It is also not known what level of serum antibodies is required for adequate protection from infection.

Other challenges of VLP vaccines are logistical and financial. Their production is expensive, and the requirement for a cold chain could significantly limit their feasibility in developing countries, where unfortunately the need is greatest. 

Plant Based and Edible Vaccines

Ease of administration and production are the obvious strengths of plant based vaccines. Genetically engineered plants can produce viral antigens, and have been shown to be capable of generating HPV capsid protein VLPs51,52. In mice, ingestion of a potato engineered to produce HPV antigens resulted in antibody production, although at a significantly lower level that that resulting from direct vaccination with VLP’s51. Current work involves mostly the potato and the tomato.

Epidemiologic Concerns

The impact of any HPV vaccine on a population level will depend on several factors. First, the vaccine’s effectiveness and the length of immunity induced. Second, the percent of the population at risk who actually receives the vaccine, or the vaccine coverage. Finally, the percent of cervical cancer caused by the HPV type or types included in the vaccine, known as the population attributable fraction(PAF). A meta-analysis has estimated the PAF of HPV16 at 27-44% depending on its prevalence in the population53. 

A vaccine with 100% efficacy against types 16 and 18 is predicted to prevent 60% of high risk HPV infections, 46% of CIS, and 47% of invasive cancers54. Several researchers have modeled the impact of HPV vaccination on cancer incidence with a variety of baseline assumptions2,11,35,55-57. One estimate of the number of vaccinations required to prevent a single case of cervical cancer, given 90% efficacy and inclusion of the 4 most common oncogenic types, ranged from 200-350 vaccinations to prevent one cancer diagnosis55 The possibility of serotype replacement still requires further investigation58. Will other serotypes increase in prevalence as those targeted by a vaccine decrease? If so, the impact on the overall incidence of cervical cancer could be blunted. 

The effectiveness of the vaccine itself is not straightforward to measure, and the appropriate endpoints for clinical trials are not clear59. Lessons from the use of surrogate endpoints in chemoprevention trials must be considered60 and ultimately, clinical decisions must be made on clinical endpoints. Both logistical and ethical issues must be considered in selecting trial endpoints. While the ultimate goal of vaccination is a decrease in cervical cancer, it is neither feasible nor ethical to follow patients without intervention until the development of cancer. High grade lesions have been proposed as an alternative endpoint that will both allow shorter duration studies and not put subjects at undue risk. Trials with this end point would still require several years of follow-up. Feasibility studies have attempted to estimate required sample sizes and length of follow given varying endpoints61,62. With a 70% effective vaccine against HPV16, 1000 subjects would be needed for an endpoint of HPV16 infection, and 15,000 for an endpoint of CIN362. Acquisition or persistence of HPV DNA in cervical samples is a potential endpoint that would allow for shorter trials, although the small percent of infection that proceeds to cancer, and the lack of definitive predictive cofactors, would make it difficult to extrapolate from such a study to the ultimate endpoint of invasive cancer. 

The length of immunity will also impact the ultimate effect of vaccination. The more doses that are required or the need for a booster dose will decrease overall coverage. Animal studies suggest that immunity from VLP vaccinations may be dependent on booster doses50. In the US and Europe the prevalence of HPV infection decreases with increasing age so some degree of waning immunity may be acceptable. Unfortunately this is not true world wide, and the populations most in need of booster doses may end up being those with the least infrastructure to receive them.

Vaccination coverage will also depend on the choice of target population, the societal acceptability of vaccination, and the infrastructure for vaccine administration. A long lasting vaccine that could be incorporated into the current childhood vaccination schedule would likely have the greatest coverage, unless societal acceptance of STD vaccination for children limits its use. A combined therapeutic/ prophylactic vaccine given to adults, while more socially acceptable, would be likely to miss a greater percentage of the population. 

Finally, vaccination infrastructure will be particularly important in developing countries, where trained providers are limited and cost and cold-chain requirements could be prohibitive. The effect of vaccination on current screening programs must also be considered. As it is unlikely that any vaccine will be capable of preventing all high risk HPV infections, some screening program must remain in place. This will also be necessary to detect the small proportion of cervical cancers that are not HPV related. The intensity of this screening will to some degree depend on the PAF of disease that the HPV types NOT in the vaccine account for. The effect of the vaccine on the prevalence of low grade lesions must be considered. If a vaccine is successful in preventing high grade lesions and cancer, but does not also decrease the prevalence of low grade lesions, current triage guidelines will need to be revised to spare patients with low grade lesions unnecessary testing and intervention. The effect of a vaccine on the ultimate prevalence of cervical cancer will also depend in part on the behavior of vaccinated women. The fewer HPV types included in the vaccine, the more important continued screening will be. If vaccinated women mistakenly believe they are no longer at risk for cervical cancer and drop out of screening programs, the ultimate impact on cancer incidence will be decreased.

The financial implications of HPV vaccination must also be considered, especially in parts of the world where health care resources are scarce. Since screening will not be able to be eliminated, cost savings with vaccination will come primarily from decreased treatment costs of high grade lesions and invasive cancer. If vaccine boosters are necessary, the cost savings will be reduced.

Current Clinical Trials

Several trials are currently underway evaluating potential HPV vaccines. Although not a comprehensive list, every effort was made to identify all current trials. 

	TA-HPV
	Vaccinia vector
	Phase II
	Cantab

	TA-CIN
	Protein, HPV16/18, L2/E6/E7
	Phase I-II
	EORTC/Cantab

	???
	VLP
	Phase III to start 2004
	Medimmune

	???
	Recombinant vector
	Phase II
	GSK

	MVA-HPV-IL2
	Vaccinia vector
	Phase II
	Transgene

	FUTURE II
	VLP 6,11,16,18
	Phase III
	Merck

	???
	VLP
	Phase III
	NCI

	SGN-00101
	
	Phase II
	GOG, Institutional

	???
	DNA, HPV16 E7
	Phase I-II
	Johns Hopkins / NCI


Conclusions

Despite dramatic advances in the last few years, several obstacles to the wide spread implementation of an HPV vaccine remain which are both scientific and programmatic. Perhaps the most important scientific obstacle is the lack of definitive data on the length of immunity provided by any of the HPV vaccines currently under development. Clinical follow-up is not yet long enough to accurately determine length of protection. While serum antibody levels may be used as a surrogate marker of immunity, the levels required to provide protection against HPV infection is not clear, nor is the importance of cervical IgA levels as compared to serum IgG levels, and studies in both animals and humans have shown decreasing serum titers over time following vaccination50. Before a vaccine is offered to the public, we are obliged to be able to provide an accurate estimate of the length of protection such a vaccine will provide. The experience with the measles vaccine in the 1990’s cannot be forgotten, where unrecognized waning immunity resulted in an epidemic of cases in adolescents and young adults63. If boosters are required, the population coverage will likely be significantly reduced resulting ultimately in a diminished effect on cancer incidence. 

The impact on current screening programs also needs to be determined prior to implementation of widespread vaccination. If a vaccine against a single subtype such as HPV16 is made commercially available, even if 100% vaccine coverage is achieved, screening programs must continue to detect the half of cervical cancer not caused by this subtype. As well, the possible shift in viral types with excluded types becoming more prominent and resulting in an increasing number of cervical cancers. Adequate screening programs must also continue for the millions of women who have already been exposed to HPV, even if a 100% effective prophylactic vaccine were to become available. If vaccination is introduced in a way that does not allow for at least a reduction in screening, the costs may be prohibitive in many areas. Combination vaccines to multiple types would be better able to impact both the ultimate incidence of cervical cancer and the need for screening programs, even though the development of such multivalent vaccines is not as far advanced at this time. 

The societal acceptance of vaccination must also be established and decisions must be made whether to vaccinate males, and whether to include low risk types in a combination vaccine. Although this would increase the initial cost of vaccination programs, it would ultimately decrease the female exposure to the virus. It has been estimated that a prophylactic vaccine given to females only would be 60-75% as effective as if both males and females were vaccinated54. Education and information will need to be provided to both women and men regarding the benefits and limitations of vaccination. 

In summary, although an effective prophylactic HPV VLP vaccine is likely to be technically feasible within the next several years, several questions critical to its ultimate success remain unanswered. The length of protection, the population coverage likely to be achieved, the feasibility of vaccinations in resource poor areas, and the ability to revise current screening programs, will all impact the ultimate endpoint of cervical cancer incidence. Given the numbers of women required for large scale trials with clinical endpoints, collaboration between the many disparate groups working throughout the world on vaccine development is crucial. It would be both medically and fiscally foolhardy to introduce widespread vaccination before these technical and programmatic issues are further addressed.
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