
B
enign diseases such as hand warts, laryngeal warts,
verrucas and numerous other skin lesions can be
attributed to infection by one of the 100-plus
members of the family of human papillomaviruses
(HPV) (Fig. 1). These are small, double-stranded
DNA viruses that infect mucosal and cutaneous

epithelia through tiny cuts and abrasions that expose cells of
the basal layers. The individual virus types are defined by
DNA sequence homology, and the resulting phylogenetic
trees can also be related to the pathologies induced by specific
types (Fig. 2). Papillomaviruses have been found in most
higher eukaryotes, with minimal changes to their genomic
organization.

Scientific study of these small, epitheliotrophic viruses
benefited from two important advances in the early 1980s:
first, the cloning of HPV genomes into bacterial plasmid
vectors; and second, the realization that HPV infection was
linked to cervical cancer. The consequent surge in research
activity indicated that over 99 % of cervical tumours contain
HPV DNA, around 65 % being positive for one of the two
commonest high-risk types, HPV 16 and 18. DNA sequence
determination and classification led to the identification of
HPV types such as 16, 18, 31, 33, etc., which were termed
‘high risk for cancer induction’, while others (such as HPV 6
and 11) were grouped together as ‘low risk’.

HPV and human cancer
To confirm the causative link between HPV and cervical
cancer, just like any infectious agent, certain criteria must 
be met. Essentially the basis for this was established as long
ago as 1883 when Koch proposed his ‘postulates’ as applied
to bacterial disease. During the 1970s and 1980s these
postulates were modified (see Table 1a) to a form suitable for
virally induced cancers (Table 1b). The mechanistic and epi-
demiological postulates were fulfilled in the late 1980s. It is
therefore particularly appropriate to be writing this article in
2005 when we stand on the brink of fulfilling the last (and
most important) of the criteria as the first effective anti-HPV
vaccines are entering Phase III clinical trials.

The natural history of HPV in human cervical
tissues
The majority of genital HPV infections are sexually trans-
mitted, early after the onset of sexual activity, although there is
some evidence for transmission from mother to infant. As
shown in Fig. 3, infection initially results in low-grade lesions,
termed cervical intraepithelial neoplasias (CIN grade I and II),
which are considered pre-malignant and for the most part
regress spontaneously within 1–2 years. Some infections 
can persist for many years and may develop into malignant
tumours. Persistent high-risk HPV infection is the most
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� Fig. 1. Coloured transmission electron micrograph of human
papillomaviruses (HPV) particles. HPV form icosahedral particles that
infect mucosal and cutaneous epithelial tissues. Dr Linda Stannard/
Science Photo Library
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� Fig. 4. Cervical cancer incidence
worldwide. A comparison of cervical
cancer incidence and deaths in the
developed and developing world.
Screening and early treatment mean that
cervical cancer is relatively rare in the
developed world. The pie charts are colour-
coded according to relative prevalence. In
the developed world cervical carcinoma
has a low incidence and almost equivalent
mortality. In the developing world the
relative death rate is the highest for an
individual cancer, although in prevalence it
ranks second. In the developing world, lack
of effective screening is a major reason for
the increased cancer incidence, while late
detection means that cervical cancer is
nearly always fatal. N.J. Maitland, modified
from IARC website (www.iarc.fr)
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significant risk factor for cervical
cancer, along with increasing numbers
of lifetime sexual partners, infection
with Chlamydia or HIV, immuno-
suppression and smoking. Worldwide,
cervical cancer is the second most
common form of female cancer (see 
Fig. 4), with around 500,000 new cases
and 280,000 deaths each year, largely
in the developing world. Screening
based on the Papanicolou (Pap) smear-
test has resulted in a decline in cervical
cancer, but the annual number of cases
in the UK remains stubbornly around
3,000, with an annual death rate of
about 1,100.

The life cycle of HPV
HPV are obligate intracellular parasites
whose life cycle is intimately linked to
the differentiation of the host epithelial
cell (Fig. 5a). The HPV genome encodes
only eight open reading frames (Fig.
5b), hence the virus must recruit host-
cell functions to maintain and replicate
itself. Since the differentiating epithelial
cell normally does not divide and
frequently loses its nucleus after leaving
the basal layer, HPV proteins have
evolved to maintain their host cells 
in a cycling state. As a result, infected
epithelia contain a much higher
proportion of nucleated and dividing
cells in all layers.

The viral proteins expressed early 
in HPV infection include E1, E2, E6 
and E7. E1 is the viral replication
protein; it binds to the viral origin 
of replication and directs formation of 
the replication initiation complex, 
as well as unwinding the viral DNA. 
E2 functions to regulate both viral
replication and transcription and its
loss can serve as an excellent indicator
of the switch in cervical epithelium
between viral replication and ‘trans-
formation’ to an irrevocably pre-
malignant cell. The viral oncogenes E6
and E7 have received considerable
attention, mainly as a result of their
ability to extend the lifespan of the host
cell: useful in viral replicative strategies,
but in the correct environment a pre-

requisite for the initiation of cancer. However, the compact
nature of the HPV genome determines that all of its proteins
are multifunctional and interact with multiple cellular
proteins.

How HPV causes cancer
A schematic outline of the two possible fates of an HPV
infected cell is shown in Fig. 3. The critical role of the viral
oncogenes was established more than 10 years ago: E6 has
multiple activities, including the inactivation of the tumour

suppressor gene p53 by ubiquitin-mediated degradation 
and telomerase activation (high-risk viruses only), while E7
binds to and sequesters the tumour suppressor gene pRB110,
resulting in cell-cycle stimulation. The effect of these two
proteins is to permit long-term unrestricted cell proliferation,
with minimal checkpoint restriction to eliminate cells which
might have accumulated mutations. This is ideal for the
replication of HPV, as the infected host cells are induced 
into cycle. With high-risk HPV, a key event seems to be the
integration of the virus genome into the human genome.

Table 1. Original and modified Koch’s postulates

(a) Koch’s postulates (1883)

1. The specific organism should be shown to be present in all cases of animals suffering from a 

specific disease but should not be found in healthy animals.

2. The specific micro-organism should be isolated from the diseased animal and grown in pure

culture on artificial laboratory media.

3. This freshly isolated micro-organism, when inoculated into a healthy laboratory animal, 

should cause the same disease seen in the original animal.

4. The micro-organism should be re-isolated in pure culture from the experimental infection.

(b) Modified Koch’s postulates as applied to HPV and cervical cancer 

1. Do patients have evidence of a viral infection relative to the normal population?

2. Are viral genes present in the tumour cells?

3. Can the tumour be linked to the presence of an active viral gene product, e.g. an oncogene?

4. Does prevention of the infection stop the tumour e.g. by vaccination?

� Fig. 2. The papillomavirus family tree. Over 100 HPV types have been described, most causing benign
hyperproliferative lesions such as warts and verrucae. About one-third of HPV types infect genital tract
epithelia and a subset of these, known as high-risk types, are the causative agents of anogenital cancers,
particularly cervical cancer. High-risk HPV have also been implicated in the development of non-genital
cancers, with DNA found in a subset of skin and oropharyngeal malignancies. Cutaneous types (HPV 1, 2, 7,
etc.) cause warts and verrucae in skin. Epidermodysplasia verruciformis-associated viruses form another
large grouping typified by HPV types 5 and 8. This rare immune-suppressive disorder is characterized by
keratinizing skin lesions, which can result in skin carcinomas at sun-exposed sites, depending on the HPV
type present. N.J. Maitland, modified from HPV website (http://hpv-web.lanl.gov)

� Fig. 3. HPV and cervical cancer development. Infection of genital epithelium with a low-risk virus results 
in a short-term, usually self-limiting infection with benign lesions that eventually regress. High-risk HPV
infections can develop to form pre-malignant CIN 1 and CIN 2 lesions. Integration of virus DNA into the
genome and consequent dysregulated expression of the E6 and E7 oncogenes, together with accumulation
of genetic damage, allows such lesions to progress to malignancy over a period of several years.
N.J. Maitland
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Remarkably, this integration was shown to occur prefer-
entially within the HPV E1 and E2 open reading frames,
although not in a sequence-specific manner. One effect of this
is the prevention of further HPV genome replication, and the
stimulation of HPV oncogene expression. Over a period of
years, and with the accumulation of further damage to the
host-cell genome, the potential to develop as a malignant
cancer is established.

The immune response
As with all exogenous infectious agents, the (human) host
mounts a potent immune response against infection. In a self-
limiting benign (wart) lesion the immune response eventually
eliminates infected cells, which has encouraged efforts to
develop vaccines against HPV. These vaccines were initially
against individual viral proteins (both the capsid protein 
L1 and the viral oncogenes). However, vaccine efficacy was

transformed by the generation of virus-like particles, which
self-assembled from cloned L1 and L2 genes in a variety of
host cells, including yeast, overcoming the lack of effective
large-scale culture systems for HPV. 

We live in exciting times for HPV prevention and treatment.
The first vaccines have shown some promising results against
cervical cancers in phase I trials, and in phase II trials, vaccines
against HPV 16 and 18 prevented 90 % of new infections 
and all persistent infections. Extensive phase III trials of two
commercial prophylactic vaccines are now under way.

The future
There are still problems remaining in the treatment of warts
and HPV-induced cancers. For example, which patients
should be vaccinated: young, sexually active/very young;
female or male (or both)? Will the vaccines really show
reproducible effects against all cervical cancers? Will prophy-
lactic vaccination of previously infected patients result in
selection of new HPV variants? Can those (predominantly
developing) countries where cervical screening is absent and
cervical cancer rates high afford to use the vaccine?

What we should not lose sight of in this new era is that 
the vaccine is only one weapon in the antiviral armoury and
that it arose from first-rate basic science and a fundamental
knowledge of the viral life cycle, which is not yet complete.
Even small DNA viruses like HPV have salvage and backup
pathways that have been honed over thousands of years of
evolution and many replicative cycles. To close the book on
supporting basic HPV science just because a vaccine is nearly
here would be short-sighted indeed.
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� Fig. 5. (a) Biology of HPV. HPV replication is dependent on a
differentiating epithelium. The viruses infect basal epithelial cells
through micro-abrasions and the infection results in expression of
early viral proteins and amplification of the virus genome, which is
maintained as an episome at 50–100 copies per cell. As the host cell
leaves the basal layer and terminally differentiates, progressively
more virus DNA is replicated, late proteins are expressed and mature
virus particles are formed, which are shed from the epithelial surface.
(b) The HPV genome and protein function. The HPV genome
comprises around 8,000 bases of supercoiled, circular, double-
stranded DNA encoding eight overlapping genes on one strand. Early
(E) genes are largely concerned with maintaining and replicating the
viral genome in the host cell, while late (L) genes encode the proteins
of the viral capsid. J.E. Burns and N.J. Maitland
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