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Carcinomas of the anogenital tract — particularly 
cancer of the cervix — account for almost 12% of all
cancers in women, and so represent the second most
frequent gynaecological malignancy in the world1.
Cervical cancer is caused by specific human papillo-
mavirus (HPV) infections (reviewed in REF. 2). Even
~25% of oral cancers contain anogenital HPV DNA3.
These HPV types have therefore emerged as one of the
most important identified risk factors for widespread
human cancers.

Here, cervical cancer will be used as a ‘test case’ to
reveal some of the properties of specific HPV types in
human carcinogenesis, and to show the development of
clinical approaches that interfere with these infections.

Between 1974 and 1976, researchers started 
to postulate and analyse a possible role of HPV in
cervical cancer4–6. In 1976, Meisels and Fortin7,8 pub-
lished two reports outlining that the appearance of
KOILOCYTES in cervical smears indicates the presence 
of a papillomavirus infection. They also suggested
that it might be possible to differentiate between
‘benign, warty’ lesions that do not progress to cervi-
cal cancer and — as they suspected initially — ‘non-
viral’ precursor lesions that do progress to cervical
cancer. This idea was supported by the identification
of typical papillomavirus particles in mild DYSPLASTIC

LESIONS of the cervix 8–10.

The demonstration of heterogeneity within the
papillomavirus family11–13, and the subsequent isola-
tion of specific types from genital warts and LARYNGEAL

PAPILLOMAS14,15, as well as the application of nucleic-acid
hybridization procedures at reduced stringency — to
screen for related but not identical HPV types16 —
allowed a fresh look into the possible involvement of
papillomavirus infections in anogenital cancers. The
first HPV types were isolated directly from cancer
biopsies of the cervix — HPV16 and HPV18 were
cloned in 1983 and 1984, respectively17,18 — and this
initiated a rapid expansion of the field.

Within four years, the basic experimental details
that explained the role of HPVs in cervical cancer
aetiology had been described: the expression of spe-
cific viral genes (such as E6 and E7) was shown in
cervical cancer cell lines and cancer biopsies19; a spe-
cific opening within the viral ring molecule was
shown for integrated genome copies17; and the
immortalization property of viral DNA20,21 and the
encoded viral oncogenes22 supported the initial sus-
picions. An early epidemiological study pointed to a
high rate of infection in younger women and to a
decreasing rate of infection with age23, although per-
sisting infections still represent a high risk factor for
cervical cancer development in older women. Shortly
after, the requirement for viral oncogene expression
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KOILOCYTE

A papillomavirus particle-
producing cell that acquires an
‘owl-eye’ shape due to the
shrinkage of the nucleus, and a
translucent halo that surrounds
the nucleus.

DYSPLASIA

An early stage in cancer
progression, which is
characterized by increased cell
proliferation and architectural
disarray at the tissue level.

LARYNGEAL PAPILLOMA

A benign tumour of the larynx.
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although the limited expression of specific ‘early’ viral
genes (such as E5, E6 and E7) results in enhanced
proliferation of the infected cells and their lateral
expansion. Following entry into the suprabasal layers,
‘late’ viral gene expression is initiated; the circular
viral genome is then replicated and structural pro-
teins form. In the upper layers of the epidermis or
mucosa, complete viral particles are assembled and
released (FIG. 1).

Three genes possess proliferation-stimulating
activity: E5, E6 and E7 (FIG. 2). E5 seems to be impor-
tant in the early course of infection. It stimulates cell
growth by forming a complex with the epidermal-
growth-factor receptor, the platelet-derived growth-
factor-β receptor and the colony-stimulating factor-1
receptor29. Recently, E5 has also been shown to pre-
vent apoptosis following DNA damage30. However, as
HPV-infected lesions progress to cervical cancer, the
EPISOMAL viral DNA frequently becomes integrated into
host-cell DNA (FIG. 2), and a substantial part of the
genome, commonly including the E5 coding
sequence, is deleted19. So, E5 is not obligatory in late
events of HPV-mediated carcinogenesis.

A more significant role for malignant transformation
can be assigned to the E6 and E7 genes and their respec-
tive proteins. They are consistently expressed in malig-
nant tissue, and inhibiting their expression blocks the
malignant phenotype of cervical cancer cells. They are
independently able to immortalize various human cell
types in tissue culture, but efficiency is increased when
they are expressed together22,31.

for the maintenance of the malignant phenotype in
specific cervical cancer cell lines was shown24,25.

The subsequent 14 years have resulted in a better
understanding of viral oncogene functions and in a
more detailed knowledge of the natural history of
HPV infection. A substantial number of epidemiologi-
cal studies have also been performed, which point to
high-risk HPV as the primary risk factor for cervical
cancer. Large case–control and prospective epidemio-
logical studies supported this idea, and indicated that
persisting HPV infections were the most significant
risk factor for cervical cancer26–28.

HPV pathogenesis
The papillomavirus life cycle differs from all other
virus families: infection requires the availability of
epidermal or mucosal epithelial cells that are still able
to proliferate (basal layer cells) (reviewed in REF. 2). In
these cells, viral gene expression is largely suppressed,

EPISOME

An independent DNA element,
such as a plasmid, that can
replicate extrachromosomally or
that can be maintained by
integration into the genome of
the host.
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Figure 1 | The human papillomavirus life cycle. Infection requires the availability of a basal
layer cell. This usually occurs in microlesions of skin or mucosa. The infected cell divides and the
population spreads laterally. Some of the progeny migrate into the suprabasal differentiating cell
layers, where viral genes are activated, viral DNA is replicated and capsid proteins are formed.
Viral particle formation ensues. Particles are released at the surface and might then infect
additional tissues.
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Figure 2 | The organization of circular HPV DNA and its
integration into host-cell DNA. The human papillomavirus
(HPV) genome contains between 6800 and 8000 base pairs
and is divided into eight open reading frames — E6, E7, E1, E2,
E4, E5, and L2 and L1 — coding for ‘early’ (E) or ‘late’ (L)
functions. In the course of cancer development, the viral
molecule frequently becomes integrated into host-cell DNA.
The ring molecule is most often opened within the E2 open
reading frame, disrupting the continuity of that gene. Part of E2
and open reading frames that are adjacent to E2 — E4, E5 and
part of L2 — are regularly deleted after integration (partial genes
are represented by an asterisk). Viral transcripts, which
uniformly span the E6 and E7 region, and are often linked to
flanking cellular sequences, are present and transcription might
be modulated (enhanced) by flanking host-cell promoters. LCR,
long control region.

Summary 

• High-risk human papillomavirus (HPV) genotypes cause cervical cancer. The same
types also seem to be responsible for other anogenital, and a subset of head and neck,
cancers.

• Viral oncogene transcription and oncoprotein expression are controlled by cellular
signalling cascades.

• Expression of specific viral oncoproteins, E6 and E7, is required for maintaining the
malignant growth of cervical cancer cells, specifically by inhibiting the tumour
suppressors p53 and RB.

• The detection of viral DNA and cellular proteins that are induced by high-risk HPV
allow new approaches to cervical cancer screening to be taken.

• Preventive and therapeutic vaccines against HPV infections are, at present, in clinical
trials. The prospects for efficient prevention are excellent.

• Global application of such vaccines could contribute significantly to reducing the
human cancer burden.



© 2002 Nature Publishing Group344 |  MAY 2002 | VOLUME 2 www.nature.com/reviews/cancer

R E V I EW S R E V I EW S

E6 and E7 can independently immortalize human
cells, but at reduced efficiency 43,44; their joint function
results in a marked increase in transforming activity.
This seems to be due to an interesting complementary
and synergistic effect. As mentioned previously, E6
seems to be impaired by INK4A, whereas E7 bypasses
this inhibition by directly activating cyclins A and E. E6,
in turn, prevents E7-induced apoptosis by degrading
the apoptosis-inducing proteins p53 and BAK38,45.

At present, it is difficult to assign a role for other HPV
early proteins (such as E1, E2 and E4) in the process of
malignant conversion. The two structural proteins L1
and L2 are not expressed in precancerous and malignant
cells, but they are important for vaccine development
(see below).

High- and low-risk HPV infections
HPV types that are found preferentially in cervical and
other anogenital cancers have been designated as
‘high-risk’ types46. Conversely, those found primarily
in genital warts and non-malignant lesions were
labelled as ‘low-risk’ types. Subsequently, it was shown
that only the E6 and E7 genes of high-risk types were
able to immortalize human cells in tissue culture 22,47

and fulfil the functions outlined in FIG. 3.
High-risk HPV types (TABLE 1), particularly HPV16,

are widespread within all human populations. Infection
is commonly transmitted by sexual contact and results

Several functions have been described for E6 and E7
(FIG. 3). Initial observations revealed that E6 interacts with
p53 (REF. 32), and E7 interacts with RB33 to block the
activity of these tumour suppressors. Indeed, some of the
prominent functions of the E6 protein originate from its
interaction with, followed by degradation of, p53 and the
pro-apoptotic protein BAK34, which results in resistance
to apoptosis and an increase in chromosomal instability.
In addition, the activation of telomerase35 and the postu-
lated inhibition of degradation of SRC-family kinases by
the E6 oncoprotein36 seem to fulfil important functions
in growth stimulation. It has been speculated that the
stabilization of the activated forms of specific members
of the SRC family of kinases could contribute to the
HPV-transformed phenotype36. The cyclin-dependent
kinase inhibitor INK4A (also known as p16) seems to
counteract these functions.

E7, however, interacts with and degrades RB,
which releases the transcription factor E2F from RB
inhibition and upregulates INK4A33,37. The resulting
high E2F activity might lead to apoptosis in E7-
expressing cells. Moreover, E7 stimulates the S-phase
genes cyclin A and cyclin E38, and seems to block the
function of the cyclin-dependent kinase inhibitors
WAF1 (also known as CIP1 and p21) and KIP1 (also
known as p27)39–41. By inducing centriole amplifica-
tion, E7 also induces aneuploidy of the E7-expressing
cells, which contributes to tumorigenesis42.
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Figure 3 | Functions of the E6 and E7 oncoproteins, and their interaction with each other in steps that lead to cell immortalization. E6 functions to activate
telomerase and the SRC kinases and inhibit p53 and BAK. E7 inhibits RB, which releases E2F and results in the upregulation of INK4A, but E7 also inactivates INK4A.
In addition, E7 seems to stimulate cyclins A and E, and inactivate the cyclin-dependent kinase inhibitors WAF1 and KIP1. E6 and E7 synergize in cell immortalization
and malignant transformation: E6 prevents apoptosis that is induced by high E2F levels, and E7 rescues E6 from inhibition by INK4A.
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the course of regression50,51. The escape of high-grade
SIL and carcinomata in situ from immunological con-
trol seems to be based on different modifications of the
cellular antigen-presenting system, which might involve
the proteasome transportation system, the HLA recep-
tors and the cellular recognition system for presented
oligopeptides52–54. The escape from immune-surveil-
lance mechanisms emerges as one important step in the
progression of HPV-linked tumours (FIG. 4).

In addition, two other modes of control exist in pro-
liferating cells that are infected by HPV to protect them
against malignant transformation: one involves inhibi-
tion of viral oncoprotein function, the other involves
transcriptional control (FIG. 4). The evidence that host
cells can impair the function of viral oncoproteins is
still indirect and, so far, exists only for the E6 oncopro-
tein in cells that have been immortalized by E6 alone55.
In cell lines that have been transfected with E6 DNA,
the CDKN2A gene — which encodes INK4A — is
commonly inactivated by methylation, mutation or
deletion. INK4A inactivates cyclin D1–CDK4 or cyclin
D1–CDK6 complexes, which prevents expression of
cyclin E and, therefore, progression through the cell
cycle. The consistent interruption of CDKN2A gene
function in E6-immortalized cells indicates that INK4A
can functionally interfere with the transforming activity
of E6 (REF. 55). As outlined in FIG. 3, expression of E7 can
overcome this block, as it directly stimulates cyclins A
and E through its interaction with RB38. In cells that are
immortalized by both E6 and E7, the CDKN2A gene
remains intact. It is still highly overexpressed, but seems
to be functionally sequestered from its interference with
the cell cycle56. No firm evidence exists at present for a
negative interference of other cyclin-dependent kinase
inhibitors, such as WAF1 and KIP1, with the E7 pro-
tein. This could be relevant when E7 is expressed at low
levels in the early stages of infection.

Another pathway — which involves blocking the
transcription of HPV DNA and is known as the cellular
interference factor (CIF) concept — has been analysed
in more detail. It is triggered by paracrine stimulation of
cervical epithelial cells by macrophages and tumour
necrosis factor-α (TNF-α), and causes several effects in
HPV-immortalized cells. These include a modification
of the transcription factor AP1, which is essential for
HPV gene expression, and the induction of endogenous
synthesis of the antiviral interferon-β57. It is suspected
that the change in AP1 composition mediates the sup-
pression of high-risk HPV transcription58. These path-
ways do not function in cervical carcinoma cells, indi-
cating that the TNF-α-mediated signalling cascade is
interrupted during malignant transformation59.

Factors that affect HPV malignancy
High-risk HPV infections result in progression to cervi-
cal cancer in only a small percentage of infected women,
after a long latency period (reviewed in REF. 2). A high
percentage of infected women clear the infection by
immunological mechanisms. Lasting immunosuppres-
sion represents a risk factor for viral DNA persistence
and lesional progression49, but the factors that determine

initially in inconspicuous squamous intraepithelial
lesions (SIL) in women (reviewed in REF. 48). Most of
these lesions are cleared 6–12 months after appearance,
probably due to immunological intervention. A small
percentage, however, persists, progresses to high-grade
SIL, carcinoma in situ and, without surgical interference,
to squamous-cell carcinoma or adenocarcinoma of the
cervix. The individual stages are outlined in FIG. 4.

Host control of HPV infection
The immune system is important in the control of
HPV infections. This can be indirectly deduced from
the increased incidence and prolonged persistence of
SIL in immunosuppressed women49. There is also evi-
dence for T-helper-cell involvement in regressing
lesions, and a concomitant detectable HUMORAL and 
CELLULAR IMMUNE RESPONSE against HPV antigens during

HUMORAL IMMUNE REPONSE

A specific immune response,
directed against a pathogen, that
is mediated by antibodies.

CELLULAR IMMUNE RESPONSE

An adaptive immune response,
directed against a pathogen, that
is mediated by antigen-specific
lymphocytes.

Table 1 | Papillomavirus types in genital lesions

Type of genital lesion HPV type
Less prevalent More prevalent

Condylomata acuminata 42,44,51,53,83 6,11

Intraepithelial neoplasias 6,11,18,26,30,31,33,34,35,39,40,42,43, 16
45,51,52,53,54,55,56,57,58,59,61,62,64,
66,67,68,69,70,71,73,74,79,81,82,83,84

Cervical and other (6,11),18,31,33,35,39,45,51,52,54,56, 16
anogenital cancers 58,59,66,68,69

Human papillomavirus (HPV) types in brackets indicate extremely rare prevalence.
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Figure 4 | Systemic and host-cell controls that interfere with HPV-induced progression
towards malignant proliferation. The progression of human papillomavirus (HPV)-infected
cells to low-grade squamous intraepithelial lesion (LSIL) and high-grade squamous intraepithelial
lesion (HSIL), carcinoma in situ and invasive cancer is determined by failing control mechanisms.
These include an intracellular control that is presumably exerted by cyclin-dependent kinase
inhibitors, a paracrine signalling cascade and a decreasing immunological control. The paracrine
control is triggered by macrophages and cytokines, such as tumour necrosis factor-α, and is
underlied by loss of synthesis of interferon-β.
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resulted in a dramatic reduction of cervical cancer inci-
dence. In countries with less experienced cytologists,
cytology nurses or gynaecologists, however, these tests
run a high risk for false-negative or false-positive results.
Simple, reliable and cheap tests for effective large-scale
screening programmes are therefore required — partic-
ularly in tropical countries that do not have effective
screening programmes, and which therefore have the
highest rates of cervical cancer.

The identification of specific papillomavirus types
as causative agents for cancer of the cervix and its pre-
cursor lesions allowed the development of a new
method for cancer screening and early diagnosis. HPV
genomes and viral oncoproteins, which are present in
all affected cells, should represent convenient markers
for a transient or persistent infection. Similarly, cellular
proteins that are induced in response to these infec-
tions could have an analogous role. The presence of
high-risk HPV markers per se should not, in itself, be
cause for alarm, but rather should lead to the instiga-
tion of a careful clinical investigation and repeated 
testing for HPV persistence, which is a significant risk
factor for the development of proliferative lesions and
their progression62.

The detection of high-risk HPV DNA by hybridiza-
tion procedures or by polymerase chain reaction (PCR)
technology has been developed to some maturity, and
enables a risk assessment to be made for low-grade
squamous intraepithelial lesions (LSIL)63. This strategy
— for which molecular probes are already available as
kits — has also been recommended to replace or be
combined with conventional cytological screening pro-
cedures64. If competently performed, these techniques
clearly improve the detection rate of high-risk HPV
DNA in women, and also avoid some false-negative
diagnoses65; however, they are relatively expensive and
therefore prohibitive for a large part of the world where
cervical cancer is still a principal cause of death.

Another consequence of HPV infection might also
be capitalized on to improve screening procedures.
Papillomavirus infection induces cell proliferation
within the differentiating layers of the epithelium that
are otherwise devoid of replicating cells (FIG. 1).
Theoretically, the abnormal expression, within these
cells, of a set of proteins that are involved in progression
through the cell cycle might serve as a marker for HPV
infections. INK4A emerges as a particularly powerful
candidate for such a marker. In high-risk HPV infec-
tion, E7 binds to and degrades RB (see above and FIG. 3),
which results in substantial upregulation of INK4A syn-
thesis — readily detectable in high-risk HPV-infected
cells and tissues56. In spite of the high level of INK4A
synthesis, this protein remains functionally inactive, as
E7 induces cyclin A and cyclin E expression, thereby
functionally bypassing its interference with the cell
cycle. Antibodies that are directed against INK4A allow
selective staining of high-risk HPV-infected histological
sections or of cytological smears (FIG. 6). It is anticipated
that this procedure, if affordable, could be used in cervi-
cal screening and might significantly reduce the number
of false-negative diagnoses.

viral persistence in other women are not completely
defined. Some result from modifications of cellular genes
that influence antigen presentation, or from signalling
cascades that are engaged in the suppression of viral
oncogene transcription or viral oncoprotein function
(reviewed in REF. 48; FIG. 4). Other factors directly affect the
persisting viral DNA; for example, by upregulating viral
oncogene transcription, by modifying the viral promoter
region or by amplifying the persisting viral genomes
(reviewed in REF. 2; FIG. 5).

The modification of specific cellular genes during the
course of viral transformation has been postulated previ-
ously60 to account for long latency periods, monoclonal-
ity of the respective tumours and the SYNCARCINOGENIC

EFFECTS of chemical and physical carcinogens. Gyllensten
and co-workers elegantly showed the existence of genetic
predispositions for cervical cancer by taking advantage of
data from the Swedish Cancer Registry: there was a signif-
icantly higher risk for natural daughters in comparison
with adopted daughters, for sisters in comparison with
adopted sisters, and an approximately 50% reduced risk
for half-sisters61. The genes involved in this predisposition
have not yet been identified.

Cancer screening
Cervical cancer screening is commonly based on cyto-
logical and colposcopic analyses. Screening performed
by experienced cytologists and gynaecologists has

SYNCARCINOGENIC EFFECT

Synergism between two factors,
each of them able to induce
cancer.
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Figure 5 | HPV and non-HPV factors that contribute to HPV-induced malignant
progression. Viral and non-viral risk factors that influence the progression of infected cells are listed
on the left side. Hormonal factors (oestrogen and its derivatives) activate the human papillomavirus
(HPV) promoter and facilitate immortalization of HPV-infected cells. Mutagenic agents amplify
persisting HPV DNA. They enhance progression by modifying cellular signalling cascades that
control HPV persistence, or lead to increased viral oncogene expression by a gene-dosage effect. 
A rising level of E6 and E7 oncogene expression, in turn, results in increasing genomic instability,
which further facilitates progression of the infected cells towards invasive growth.
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Several companies, but also academic research lab-
oratories, are engaged, at present, in preclinical and
clinical trials of vaccines against high-risk HPV. Most
approaches are based on the use of VLPs that are
derived from the structural proteins L1, or L1 and L2.
Frazer and colleagues initially used L1 and L2 VLPs68

and applied them to HPV-infected patients and
patients with genital warts69. The conclusion of a
Phase I safety and immunogenicity trial in adult 
volunteers of an HPV16L1 VLP vaccine was recently
reported70. This vaccine was highly immunogenic and
well tolerated, even without adjuvant, as was previ-
ously shown for an HPV6b VLP vaccine69. The anti-
body titres seem to be, on average, at least 10 times
higher than after clearing of a natural infection and
persist for prolonged periods. Although the available
data do not yet allow firm conclusions to be made
about protective effects, animal papillomavirus 
vaccination studies do point in this direction. So, the
prospects for this vaccination are remarkably promis-
ing. On the basis of previously mentioned studies 
in dogs and rabbits, an effective prevention can also
be expected for the human vaccine. If this turns 
out to be true and if the vaccine was globally applied,
prevention of infection by the most prevalent 
high-risk HPV types could theoretically prevent more
than 300,000 cervical cancer cases per year on a 
global scale.

It is anticipated that POLYVALENT VACCINES will eventu-
ally reach the market. Vaccines that cover the four or
five most prevalent high-risk HPV types should be
able to prevent 80–90% of cervical cancer incidence.
In view of some geographical differences in the
prevalence of specific high-risk HPV types, poly-
valent vaccines might need to be adapted slightly for
use in different countries.

Attempts are, at present, being made to develop
vaccines that do not require injections. Particularly in
parts of the developing world, the repeated use of
syringes without appropriate intervening sterilization
bears the risk of transmitting other agents, such as the
hepatitis B and C viruses, and human immunodefi-
ciency virus (HIV). Some studies are testing the
inhalation of VLPs or L1 genes in viral vectors71,72.
These vectored constructs seem to be particularly
suited to intranasal inhalation, and are capable of
inducing an immune response at cervical sites73.

The discovery of infectious agents as causative
factors for specific human cancers has already been
shown to have important consequences for cancer
prevention. The Taiwan vaccination programme of
newborn children against hepatitis B virus (HBV)
infections, introduced in 1986, not only drastically
reduced the percentage of persistently HBV-infected
children, but also resulted in the first measurable
decrease in liver cancer incidence74. Provided that the
vaccines against human high-risk HPVs prove to be
as effective as in animal experiments, it can be esti-
mated that a global application of HPV vaccines
could theoretically reduce the cancer risk in women
by approximately 10–15%48.

Tests for HPV DNA originate as a direct conse-
quence of HPV identification; the presence of INK4A
allows, by contrast, an indirect approach for detecting
high-risk HPV.

Cancer prevention
Hygiene. The most visible benefit from HPV research is
prevention of cervical cancer. A very early benefit origi-
nated from the recognition by clinicians that cervical, vul-
var, vaginal and perianal squamous intraepithelial lesions
are of infectious origin and produce large quantities of
infectious virus (reviewed in REF. 2). Specific standards of
hygiene were therefore enforced in order to prevent 
IATROGENIC TRANSMISSIONS among gynaecological patients.

Conversely, the mechanical prevention of anogenital
HPV infections that are transmitted by sexual contact is
impractical. HPV infections are highly prevalent within
the sexually active population and the use of condoms
offers only limited protection in view of the common
presence of virus-infected cells at external genital sites.

Vaccines. One of the main benefits of HIV research,
however, would be vaccination against high-risk HPV
types. It is widely accepted that in most cases, HPV
infection is cleared by immunological intervention.
Spontaneous regression of LSILs, or even HSILs, is
commonly accompanied by humoral and cellular
immune responses against virus-specific antigens59–61.
Although the surface localization of most viral 
antigens does not sufficiently stimulate the immune
system, vaccination with viral structural proteins in
animal systems and in humans regularly leads to the
induction of an effective immune response66–69.

Initial experiments performed with purified papillo-
mavirus structural proteins — that spontaneously
assemble into ‘VIRUS-LIKE PARTICLES’ (VLPs) — of animal
papillomaviruses (such as canine oral papillomavirus
and cottontail rabbit papillomavirus) resulted in effec-
tive protection against the primary infection of dogs and
rabbits, respectively 66,67. These results provided the
background for attempts to develop vaccines against
human high-risk HPV types.

IATROGENIC TRANSMISSION

Transmission of infections by a
physician.

VIRUS-LIKE PARTICLE

(VLP). Empty shell of a virus
particle, without genetic
material, that is produced by
genetic engineering.

POLYVALENT VACCINE

A vaccine that binds to, or
generates an immune response
against, more than one thing. In
this case, several human
papillomavirus types.

a b

Figure 6 | Cytological smears. a | A cervical adenocarcinoma
and b | a cervical neoplasia stained for the expression of
INK4A. The intensive red staining pattern of the human-
papillomavirus-infected tissue sharply demarcates it from non-
infected cells. Photographs kindly provided by Magnus von
Knebel Doeberitz, Heidelberg.
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and expression of the E6/E7 oncogenes, antisense con-
structs were generated against both the E6 and E7 mes-
sage. This was shown to inhibit the tumorigenicity of
cervical cancer cells in nude mice24.

Another report revealed that transcription of
high-risk HPV could be selectively inhibited by the
antioxidant pyrrolidine-dithiocarbamate (PDTC) in
HPV-immortalized, but not in malignant, cells58.
2-Deoxyglucose also suppresses HPV transcription —
in both immortalized and malignant cells90. More
recently, HPV16 E6-binding peptide aptamers have
been shown to eliminate HPV16-positive cancer cells by
inducing apoptosis91. In addition, histone deacetylase
inhibitors, such as sodium butyrate and trichostatin A,
arrest HPV-positive cells and induce apoptosis without
affecting the expression of HPV oncogenes92. None of
these studies has yet been clinically applied. It remains
to be seen whether some of them turn out to be useful
for treating patients.

Future directions
The present developments in preventive HPV vaccina-
tion look particularly promising. The next few years
will reveal the protective and therapeutic potential of
those preparations that are presently being tested in
clinical studies. Although all available results seem to
support the idea that interference with infections by a
number of HPV types will be achieved, some impor-
tant questions remain unanswered. Which vaccine for-
mula will provide optimal results? Do we need different
combinations of HPV types for different regions of the
world? Will it be possible to develop a cost-effective
vaccine that is suitable for global application? How do
we reach people in those tropical and subtropical
regions where cervical cancer is most prevalent?
Appropriate answers to these questions and the respec-
tive actions have the potential to save the lives of more
than 200,000 women per year.

Conclusions
Research in high-risk HPVs started actively in the sec-
ond half of the 1970s. The concept of HPV hetero-
geneity and its proof, as well as the demonstration of
specific HPV types in cervical and other anogenital
cancers, substantially boosted this research. After par-
tial elucidation of the viral functions that contribute
to malignant conversion, clinical application of these
results started to emerge. An important practical
impact originates from the development of prophy-
lactic and therapeutic vaccines. Theoretically, cervical
cancer, which contributes to approximately 12% of
the global cancer burden in women, should be pre-
ventable. In addition, however, new screening proce-
dures that are based on the molecular understanding
of high-risk HPV–host-cell interactions and targeted
therapeutic approaches are emerging. These will, in all
likelihood, contribute in the future to the control of
this, as well as of other, HPV-linked human cancers.
HPV research exemplifies the value of basic research
for cancer prevention and shows the importance of
infectious events in human carcinogenesis.

Cancer therapy
Immunotherapy. Concepts similar to those developed
for immunoprevention of HPV infections have also
been adapted for immunotherapy. The development of
chimeric vaccines seems to be an appropriate step in
this direction75,76. For example, antigenic epitopes from
the E7 oncoprotein have been added to the L1 protein
to generate deformed VLPs. In animal experiments,
these VLPs exert both a preventive and a therapeutic
effect, as an immune response is induced against the
viral E7 oncoprotein; a Phase I trial was initiated in
2001 (L. Gissmann, personal communication). This
type of combined immunopreventive and
immunotherapeutic vaccine might be particularly use-
ful in the treatment of early lesions (cervical intraep-
ithelial neoplasias), but it is more questionable whether
it will still be effective in invasive HPV-caused cancers
that have a large tumour mass. A Phase I clinical trial
that vaccinated cervical cancer patients with E6 and E7
proteins — with the aim of generating an immune
response against these viral oncoproteins — has also
been reported77,78. Unfortunately, for the women vacci-
nated in this study — who had late-stage cervical 
cancer — the vaccine did not seem to be beneficial.
Oligopeptide vaccines derived from the E7 oncoprotein
might, however, show some clinical activity79.

It remains to be seen whether vaccinations will be of
benefit to those who have developed cervical cancer, as
the cellular adaptations that take place during tumori-
genesis regularly seem to result in the loss of appropri-
ate viral antigen presentation. Immunotherapy might
have a reasonable chance of success in patients with
precursor lesions, but its effectiveness in invasive 
cancer is less likely.

Immunomodulatory therapy. Several cytokines have
been shown to repress papillomavirus transcription,
and this repression involves transforming growth 
factor-β (TGF-β)80, 81 and interleukin-1 (REF. 82), as well
as TNF-α59,83. The repression by TNF-α is lost during
malignant conversion59. None of the cytokines have
been used in clinical trials so far.

The activation of retinoic-acid receptors by a tis-
sue hormone, retinoic acid, can also suppress HPV
gene activity 84,85 and has been shown to reveal some
clinical effects in premalignant and malignant cervi-
cal lesions. Unfortunately, unpleasant side effects
accompany its use86,87.

An ACYCLIC NUCLEOSIDE PHOSPHONATE, cidofovir, which has
broad-spectrum activity against DNA viruses, also shows
some activity against papillomaviruses, by inducing
apoptosis, if locally applied in infected cells88. In addition,
the IMMUNOMODULATORY DRUG imiquimod has proved to be
effective in HPV-infected cells (reviewed in REF. 89) and
seems to act by the stimulation of cytokines.

Molecular and chemotherapy. Several interesting in vitro
studies might have an impact on future developments
in chemotherapeutic approaches to HPV infections and
HPV-linked human cancers. Because the malignant
growth of cervical cancer cells depends on the presence

ACYCLIC NUCLEOSIDE

PHOSPHONATE

A drug that blocks the
replication of several virus types.

IMMUNOMODULATORY DRUG

A drug that modifies the
immune system.
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FURTHER INFORMATION
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