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Preface

For many years I have been tempted to write a comprehensive book on the role of in-
fectious agents in human cancers. Progress has been particularly rapid in this field
during the course of the past 25 years, and today we can convincingly report that ap-
proximately 20% of the global cancer incidence is initiated or promoted by infec-
tious events. I had admired the task carried out by Ludwik Gross. Since his two-
volume publication Oncogenic Viruses in 1961, with additional editions in 1970 and
in 1983, a number of books have appeared on similar topics, virtually all of them
authored by multiple scientists and some of them very heterogeneous in content
and structure. For these reasons, I planned to write a book which attempted to
develop a more unifying concept and a consistent structure for the individual chap-
ters. Considering the overwhelming magnitude of data, I was sure that I could not
undertake this task during my active period as scientific director of the German
Cancer Research Center in Heidelberg, and so postponed this for “active retire-
ment”. Ultimately, I was pleased that [ was able to persuade James Fox from Harvard
University to contribute Chapter 10, on Helicobacter, as this would have been beyond
my personal experience. He immediately consented and jointly with Timothy C.
Wang and Julie Parsonnet delivered the chapter in time.

The book is not intended to cover the structure and molecular biology of the
agents presented in great detail, but rather aims to concentrate on those aspects that
link the respective agents to human oncogenesis. The book should introduce inter-
ested colleagues, clinicians, and students to the field, and help to analyze some of
the developments that even 20 years ago attracted only minimal attention. Today,
this research has culminated in the development of the first — and apparently
successful — vaccines for the prevention of specific, common human cancers, cervi-
cal carcinomas, and liver cell cancer. Within the book we have tried to provide the
readers with an extensive bibliography after each individual chapter, in order to per-
mit further studies on the subject. However, even an attempt to select the most im-
portant papers in the field will almost inevitably miss some publications that our col-
leagues consider as very important. Consequently, I apologize in advance to all of
those readers who feel that we did not cover their own or other research areas ade-
quately.

Fortunately, the response on the part of my colleagues was friendly and generous,
and they provided helpful suggestions and corrected some of my statements. [ am
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Preface

particularly indebted to George and Eva Klein, Stockholm, for their many extremely
helpful comments, to Bernhard Fleckenstein, Erlangen, and Georg Bornkamm,
Munich, Vladimir Vonka, Prague, Nikolaus Miiller-Lantzsch, Homburg, to Rein-
hard Kurth, Norbert Banner, and Georg Pauli, all Berlin, and to my Heidelberg col-
leagues, Frank Rosl, Rainer Schmidt, Lutz Gissmann and Henri-Jacques Delecluse.
My secretary, Gudrun Kiithe, competently and patiently checked the entire manu-
script and corrected initial mistakes. Sherryl Sundell, the Managing Editor of the In-
ternational Journal of Cancer, tried to correct at least some of the “Germanisms” in
the language.

A special note of gratitude goes to my wife, Ethel-Michele de Villiers, who not only
patiently tolerated two-and-a-half years of evenings and weekends devoted to read-
ing and writing, but also actively contributed by discussing and modifying part of
the text. Last, but not least, I would like to mention my granddaughters, Talisa and
Johanna, who were to some extent neglected during this period. This is hopefully
going to change now.

Harald zur Hausen
Heidelberg, April 2006



1
Historical Review

1.1
The Early Period (1898-1911)

On March 24, 1882 Robert Koch presented his famous lecture at the Physiological
Society in Berlin, suggesting that tuberculosis is caused by a bacterium. It was prob-
ably this surprising discovery of the infectious etiology of tuberculosis — a disease
which until then was not suspected to be caused by an infectious agent — that turned
the interest of microbiologists at the end of the nineteenth century towards a
possible infectious cause of other chronic conditions, among them cancer. Interest-
ingly, at the turn of the past century, the first positive reports incriminated parasites,
liver flukes and Schistosoma infections with specific human cancers: in 1900,
Askanazy reported a link between Opisthorchis felineus infection and liver cancer in
the former East Prussia. Only five years later, another report incriminated Bilharzia
infections (schistosomiasis) in bladder cancer (Goebel, 1905). Goebel mentioned in
his paper (without citation) that Griesinger and Bilharz, Zancarol, Kartulis, Harri-
son, Chaker, Rutimeyer, Scheube, Lortet and Vialleton, Brault and also Albarran had
demonstrated previously that chronic schistosomiasis might eventually lead to the
development of cancer. Possibly based on these findings, Johannes Fibiger in Den-
mark reported in the early 1920s the identification of a nematode, Gangylonema neo-
plasticum (initially named Spiroptera carcinoma), in rat tumors and drew far reaching
conclusions from these investigations also for other types of cancer. For his studies,
Fibiger was awarded the Nobel Prize in Medicine in 1926. Unfortunately, his results
have not been confirmed by other groups, though an account of the developments
leading to his award was published recently (Stolt et al., 2004). Subsequently, at least
one other nematode, Spirocerca lupi, has been identified as causing esophageal
granulomas in dogs, some of them converting into sarcomas (Bailey, 1963).

In those years the evidence for a role of these parasites in human cancer was based
exclusively on epidemiological observations and on the findings of clinical studies.
Nevertheless — and based on numerous subsequent observations — a panel estab-
lished in 1994 by the International Agency for Research on Cancer (IARC) in Lyon
concluded that there exists sufficient evidence for a role of two parasites, Schistosoma
haematobium and Clonorchis viverrini, in human cancers (IARC, 1994). The same re-
port claimed that there is limited evidence for a carcinogenic function of Schistosoma

Jjaponicum and for the liver fluke Clonorchis sinensis.
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1 Historical Review

The early reports of a link between parasitic infections and human cancers were
even preceded by a study of M’Fadyan and Hobday in England. In 1898, these
authors published details of the transmission of dog warts by papilloma filtrates
known to retain all characterized bacteria identified to that time. Warts, of course,
were not considered as “true” tumors, and therefore this publication received little
attention. The existence of a “contagium fluidum”, which passed filters that would
retain all known microorganisms, had been established previously by Iwanowski in
St. Petersburg in 1894, and also by Beyerinck in Amsterdam in 1898. Both M’Fadyan
and Hobday and Iwanowsky successfully transmitted tobacco mosaic disease by
cell-free extracts. In addition, Sanarelli in Montevideo in 1898 had recognized filter-
able agents as the cause of an acute proliferative disease, myxomatosis in rabbits.

Even in 1907, when Ciuffo in Rome conducted self-inoculation experiments with
cell-free extracts from human warts and subsequently developed cutaneous warts at
the inoculation site, this result barely created enthusiasm. One year later, in 1908,
Ellermann and Bang in Copenhagen reported the cell-free transmission of chicken
leukemia. The nature of leukemia and its relationship to malignant diseases were
not known in those days. Thus, these experiments were not immediately recognized
as the first successful transmission of a natural malignancy. However, this changed
in 1911, when Peyton Rous at the Rockefeller Institute in New York demonstrated
the cell-free transmission of a solid tumor — a chicken sarcoma — which was, un-
doubtedly, acknowledged as a malignant neoplasm. This was a first turning point in
the public recognition of studies on the infectious origin of cancers.

1.2
Frustration and Successes (1912-1950)

Unfortunately, the following years failed to provide evidence for the applicability of
the Rous data to human tumors, and even the cell-free transmission of many animal
tumors to the same or to different species attempted during this period commonly
resulted in frustration. In fact, more than 20 years passed before any further prog-
ress was recognized.

In 1932, Richard E. Shope at the Rockefeller Institute in Princeton noted fibroma-
tous tumors in a wild cotton-tail rabbit. Shope could readily transmit these fibromas
Dby cell-free extracts to either domestic or cotton-tail rabbits. Interestingly, this infec-
tion caused a partial cross-immunity against rabbit myxomatosis virus. Both condi-
tions were later identified as being caused by members of the poxvirus family.

Only one year later (in 1933), Shope also discovered a filterable agent in cotton-tail
rabbit papillomas; this induced papillomas when inoculated into the scarified skin.
Shope partially characterized this virus and noted its remarkable heat stability as it
was able to tolerated exposure at 65 C for 30 minutes. In 1934, Rous and Beard dis-
covered that this infection also had malignant potential; this was especially noted in
domestic rabbits, where many of the initial papillomas converted into squamous cell
carcinomas. This conversion also occurred sporadically in its natural host, the cot-
ton-tail rabbit, albeit at a lower rate (Syverton and Berry, 1935). During the following



1.3 The Period from 1950 to 1965

years, Rous and his coworkers continued to study this system, and investigated in
particular the interaction of this virus infection with chemical carcinogens. Even
after systemic application of the virus, they found a remarkable degree of synergism
between infection and skin tarring or treatment of the skin with defined chemical
carcinogens in carcinoma development (Rous and Kidd, 1938; Rous and Friedewald,
1944). In 1961, Ito and Evans showed that the carcinomas contained infectious
papillomavirus DNA. Peyton Rous was conceptually far ahead of his time, his early
studies having resulted in defining initiation as an early event in carcinogenesis,
despite his not understanding the underlying mechanism. Finally, in 1966 — some
55 years after his seminal discovery in 1911 — Rous was awarded the Nobel Prize.

The 1930s were a relatively fruitful period for tumor virology: in 1936, Bittner de-
scribed a “milk factor” which was transmissible from lactating mice to their off-
spring. The milk factor was first visualized in 1948 (Porter and Thompson), and Ki-
nosita et al. (1953) characterized the virus in ultrathin sections by electron micros-
copy. The virus was later identified as a member of the retrovirus family, and its
name was changed from Bittner factor or milk factor to mouse mammary tumor-
virus (MMTV).

In 1938, Lucké reported a carcinoma of the kidney in the leopard frog (Rana
pipiens), which was apparently caused by a transmissible virus. This tumor was
known to be more prevalent in frogs during the cold season than in summer
(McKinnel and McKinnel, 1968), and subsequently in 1956 Fawcett identified typi-
cal herpesvirus particles (now labeled as Lucké herpesvirus) in the tumors of winter
frogs.

In 1907, an infectious chicken neurolymphomatosis had been recognized by the
Hungarian veterinarian J. Marek, the condition subsequently being designated as
Marek’s disease. Some 20 years later, in 1926, Pappenheimer et al. recognized the
neoplastic nature of this disease, while in 1969 Witter et al. identified the infectious
agent as a member of the herpesvirus family. Thus, by the late 1960s two animal her-
pesviruses were being considered as etiological agents for malignant tumors in
frogs and chickens.

Unfortunately, the promising studies of the 1930s were interrupted by the Second
World War, and during the postwar period it took about 10 more years before any sig-
nificant progress in this area re-emerged.

13
The Period from 1950 to 1965

Although numerous attempts had been made previously to identify an infectious
etiology of at least some human tumors, the results had proved — until 1964 — to be
rather disappointing. The involvement of parasites seemed true for some cancers
outside of Europe and the United States, and appeared to represent an exotic curios-
ity. Even up to the early 1980s, most epidemiologists at best marginally considered a
possible relationship between infections and cancer. Yet, the foundations for our
present understanding of the specific function of tumorviruses were laid between
1950 and 1965.
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In 1950 and 1951, Ludwik Gross in New York published the results of his pioneer-
ing studies on the transmission of murine leukemias following the inoculation of
cell-free extracts into newborn mice. Gross had noticed that the susceptibility to
cancer induction by viruses (later identified as members of the retrovirus family) de-
pended largely on infections early in life. His studies in 1953 and 1955 resulted in
the discovery of another cancer-inducing agent, later identified and described in
more detail by Stewart et al. (1957) and designated polyomavirus.

In 1956 and 1957, Charlotte Friend isolated a virus which caused erythroblastosis
in mice, and was able to pass it serially in weanling mice. This virus, which caused
rapid enlargement of the spleen and liver and led to progressive anemia, was later
identified as a member of the retrovirus family. In contrast to the earlier observa-
tions by Gross, Friend was also able to induce this proliferative condition in adult
mice.

During the ensuing years, a number of additional retrovirus types were analyzed
in other rodents, in chicken, cats, cattle, and even in nonhuman primates. Most
frequently these infections were linked to leukemias or lymphomas in their respec-
tive hosts, and for these reasons many virologists suspected that human prolifera-
tive diseases of the hematopoietic system might also be caused by members of the
same virus family.

Two other important observations were made during the early 1960s: (i) the dis-
covery of a transforming and tumor-inducing small DNA virus, initially isolated
from rhesus monkey kidney cells; and (ii) the identification of tumor-inducing prop-
erties of the widely spread human adenoviruses.

In 1960, Sweet and Hilleman described the simian vacuolating virus, labeled
simian virus 40 or SV40, which was isolated from rhesus and cynomolgus monkey
kidney cell culture material. One year later, Eddy et al. (1961) noted that the inocula-
tion of rhesus monkey kidney extracts into newborn hamsters resulted after several
months in invasively growing tumors. During the following year, this group iden-
tified the “oncogenic” substance as simian virus 40 (Eddy et al., 1962).

The tumors induced by SV40 failed to synthesize infectious virus, but did produce
a virus-specific antigen, the Tumor- or T-antigen (Black et al., 1963 a). Similar obser-
vations were made two years later for polyomavirus-induced tumors (Habel, 1965).
Subsequently, T-antigen expression was also found in the early phase of lytic infec-
tion (Pope and Rowe, 1964; Rapp et al., 1964). The availability of a virus system
which would readily transform a variety of tissue culture cells without virus produc-
tion, permitted the development of novel experimental approaches aimed at under-
standing the molecular mechanisms of cancer. The persistence of integrated SV40
DNA in transformed cells added to the interest (Sambrook et al., 1968), and within a
short time studies on cell transformation by SV40 became a favorite system of a
large number of tumorvirologists. The subsequent isolation of two related DNA
viruses directly from humans, namely BK virus (Gardner et al., 1971) and JC virus
(Padgettetal., 1971), seemed to underline further the importance of this virus group
as potential carcinogens.

The other important result obtained during this period was the identification of
the oncogenic properties of virus infections that were widespread among the
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human population; these were the adenoviruses, which most frequently caused
either respiratory or gastrointestinal symptoms upon infection. In 1962, Trentin and
coworkers reported that adenovirus type 12 induced tumors when inoculated into
newborn hamsters. These results were soon confirmed and extended by Huebner et
al. (1962) for adenovirus type 18, by Girardi et al. (1964) for adenovirus type 7, and by
Pereira et al. (1965) for adenovirus type 31. Huebner’s group also demonstrated
specific complement-fixing antigens in adenovirus-free hamster and rat tumors
(Huebner et al., 1963).

Thus, by the mid-1960s several human pathogenic viruses had been identified
which possessed oncogenic potential for newborn rodents. Although these viruses
were also able to stimulate the permanent growth of tissue culture cells (immortali-
zation), and left their footprints as T-antigens in every tumor cell, none of them
transformed human cells or seemed to persist in human cancers. Nevertheless, this
period stimulated a number of laboratories to search for viruses, or their footprints,
in human tumors.

1.4
A First Human Tumorvirus?

In 1958, Dennis Burkitt, a British surgeon working in equatorial Africa, noted a
specific childhood lymphoma that occurred only in specific geographic regions. As
these regions coincided with areas of holoendemic malaria, Burkitt speculated that
this tumor should have an infectious etiology, most likely vectored by an arthropod,
possibly by a mosquito (1962). These initial observations by Burkitt stimulated inter-
est among the scientific community, and consequently Pulvertaft (1964) in Western
Nigeria and Epstein and Barr (1964) in Bristol, UK, began to develop tissue culture
techniques for these tumors and to establish a number of lymphoblastoid lines. Ep-
stein et al. (1964) noted herpesvirus-like particles in a small fraction of these cells,
but in contrast to herpesviruses known at this time, they were unable to transfer the
infection to other cell systems, embryonated chicken eggs, or to conventional labora-
tory animals. These authors concluded at an early stage that they had found a new
member of the herpesvirus family which later, was named Epstein-Barr virus
(EBV).

The subsequent development of an immunofluorescent test to detect viral an-
tigens in virus-producing cells facilitated further studies (Henle and Henle, 1966).
The availability of this test system resulted in the detection of highly elevated anti-
body titers against viral antigens in patients with Burkitt’s lymphoma (Henle and
Henle, 1966; Henle et al., 1969), and subsequently also in a second human cancer, in
nasopharyngeal carcinomas (Old et al., 1966). In addition, these tests indicated that
EBV must be widely spread among all human populations. In 1968, Henle’s group
identified EBV as the causative agent of infectious mononucleosis (Henle et al.,
1968).

The first hints for an oncogenic potential of EBV originated from co-cultivation
studies of lethally X-irradiated Burkitt's lymphoma tissue culture cells with umbili-
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cal cord lymphocytes (Henle et al., 1967). This resulted in the regular establishment
of lymphoblastoid lines of cord blood origin, and was further underlined by the dis-
covery of persisting EBV DNA in “virus-negative” Burkitt's lymphoma cells (zur
Hausen and Schulte-Holthausen, 1970), as well as in primary biopsies from
Burkitt's lymphomas and nasopharyngeal cancer (zur Hausen et al., 1970). The dis-
covery of a complement-fixing specific nuclear antigen (Pope et al., 1969; Reedman
and Klein, 1973), the induction of lymphoproliferative disease after inoculation of
EBYV into cotton-top marmosets (Shope et al., 1973) or owl monkeys (Epstein et al.,
1973), and the identification of EBV persistence in epithelial nasopharyngeal carci-
noma cells (Wolf et al., 1973) added to the evidence in this early phase.

Retrospectively, it is surprising that these exciting discoveries received relatively
little attention from the scientific community. This was due in part to difficulties in
understanding a role for a virus in cancer induction that is persistently present in
the vast majority of all human populations. The remarkable geographic restriction
of the incriminated human cancers, Burkitt's lymphoma and nasopharyngeal
cancer, posed an additional problem. Another reason was that problems which arose
during the 1970s created an atmosphere of general disbelief for an infectious eti-
ology of human cancers.

1.5
The Difficult 1970s

The frequent identification of retroviruses from animal leukemias and lymphomas,
as well as from some epithelial tumors, resulted in intensified efforts to identify
members of this virus family which also corresponded with human malignancies. A
number of reports were published during these years, claiming the isolation of C-
type viruses from human leukemias or finding components of these viruses in the
respective tumor cells. One series of reports characterized a virus isolated from
acute myelogenous leukemia (Gallagher and Gallo, 1975; Gallagher et al., 1975;
Teich et al., 1975). This virus proved to be closely related to — if not identical with —
woolly monkey type C virus. In another set of experiments, DNA from several
patients with leukemia was found to hybridize with 70% of RNA from baboon en-
dogenous C RNA virus (BaEV), whereas DNA from normal human tissues hy-
bridized only with 23% of BaEV-RNA (Reitz et al., 1976; Wong-Staal et al., 1976).
Based on these data, the authors claimed the horizontal transmission of a BaEV-re-
lated virus among humans. In 1977, the same group (Aulakh and Gallo, 1977) re-
ported sequences complementary to Rauscher murine leukemia virus in some
patients with leukemia, Hodgkin’s disease, and multiple myeloma. These
sequences were not detected in non-neoplastic spleen and kidney biopsies from a
patient without neoplasia. Thus, at the time these authors suggested that at least
three types of type-C viral sequences were present among the human population.
The discovery of a viral RNA-dependent DNA polymerase, reverse transcriptase
(which was postulated by Howard Temin in 1964, and demonstrated by Temin and
Mizutani and by Baltimore in 1970), seemed to open a new experimental approach
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for the search of retroviruses in human tumors. Several reports were made on the
detection of a high molecular-weight RNA associated with an RNA-instructed DNA
polymerase in various human tumors, such as human leukemias (Gallo and
Spiegelman, 1974), lymphomas (Spiegelman, 1975), human melanomas (Hehl-
mann et al., 1978) and human skin cancers (Balda et al., 1975). Unfortunately, none
of these reports was later confirmed by other groups.

A third line of publications covered the possible presence of MMTV-like viruses in
human breast cancer and milk. Electron microscopic investigations, as well as bio-
chemical and biophysical analyses, suggested the presence of MMTV-like particles
in human milk and malignant breast tumors (Moore 1974; Schlom et al., 1975). Par-
ticularly in the milk from women of the Parsee community in India, where there
was a high incidence of breast cancer, polymerase and RNA studies provided early
evidence for the existence of a MMTV-related virus in humans (Das et al., 1972). Al-
though even controversial today, these reports still require confirmation.

It was the coincidence of these numerous reports during the 1970s (part of them
presumably originating from inadvertent contaminations), and the inability of
many other groups to confirm these findings that resulted in a widespread distrust
and disbelief in a role of viruses in human cancers.

One other aspect added to the problems of tumor virology during the 1970s. In
1976, when Stehelin et al. reported the cellular origin of retroviral oncogenes, this
had an immediate effect on tumorvirus research. Although modified cellular proto-
oncogenes were clearly sufficient to stimulate cell growth and mediate cellular
transformation, Knudson in 1971 proposed another class of genes — the tumor
suppressor genes — based on his studies on retinoblastoma development. The
failure of these genes is supposed to activate potential oncogenic functions within
the affected cell. The identification and isolation of the retinoblastoma susceptibility
gene Rb in 1986 and 1987, the demonstration of its modification in retinoblastomas
and osteosarcomas (Friend et al., 1986; Lee et al., 1987), and the identification of a
number of additional tumor suppressor genes paved the way for a new interpreta-
tion of cancer development. Accordingly, cancer development results from an inter-
ruption of the interplay of tumor suppressor genes and protooncogenes. This is usu-
ally mediated by mutations or loss of the suppressing alleles, or by activating muta-
tions in oncogenes. This relatively simple and straightforward concept did not re-
quire any interaction with foreign, predominantly viral nucleic acids. In fact, it was
only disturbing an otherwise clear-cut concept.

It was only consequent that, based on these considerations, a substantial number
tumorvirologists turned to cell biology and the characterization of gene/gene inter-
actions in normal and malignant cells.

1.6
The Re-Emergence of a Concept

Ten years later, the situation gradually started to change, due mainly to the contribu-
tions of three independent findings: (i) the discovery of a role of hepatitis B virus in
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liver cancer; (ii) the identification of a retrovirus in a rare form of human leukemia;
and (iii) the characterization of novel types of papillomaviruses causing the second
most frequent cancer in females, cancer of the cervix.

The history of the hepatitis B virus and its role in hepatocellular carcinoma (HCC)
is not easily unraveled. As early as the 1950s, British and French pathologists in
Africa noted the frequent coincidence of hepatitis infections and hepatocellular
cancer (for a review, see Szmuness, 1978). In 1956, Payet et al. suggested directly
that HCC is the consequence of chronic viral hepatitis. Further, some of the early
epidemiological studies stressed a role for chronic hepatitis B infections in HCC
development (Prince et al., 1970; Vogel et al., 1970; Denison et al., 1971; Sankalé et
al., 1971; Teres et al., 1971; Nishioka et al., 1973; Trichopoulos et al., 1975; Larouzé et
al., 1976). Clear-cut evidence of this was presented a few years later when, in a pros-
pective study conducted in government employees in Taiwan, Beasley et al. (1981)
noted an increase in relative risk by a factor of 103 for HCC of hepatitis B carriers in
comparison to hepatitis B-negative individuals. This clearly emphasized an impor-
tant role of hepatitis B in the development of liver cancer.

Although it is still unclear by which mechanism hepatitis B virus contributes to
the emergence of liver cancer, vaccination studies performed today underline the
importance of this infection for hepatocellular carcinomas (this will be discussed in
Chapter 5, Section 5.3).

In 1980, the isolation of a human T-lymphotropic retrovirus (HTLV-1) was re-
ported from a cutaneous T-cell lymphoma (Poiesz et al., 1980). The virus could be
propagated in T-cell growth factor-stimulated lymphocytes. The factor, interleukin-
2, was previously purified and characterized by the same group (Mier and Gallo,
1980). Japanese researchers later identified the same virus (Miyoshi et al., 1981), and
linked this infection to adult T-cell leukemia, which is endemic in the coastal regions
of Southern Japan (Hinuma et al., 1981). These findings were rapidly reproduced,
and firmly established at least one member of the retrovirus family as the causative
agent of a rare form of human leukemia. Today, the link is basically proven.

Studies on papillomaviruses have a long history, in part already described for the
cotton-tail papillomavirus. Early studies on the cell-free transmission of bovine
warts were initiated by Magelhaes in Brazil (1920) while later, in 1951, Olson and
Cook showed that the transmission of these viruses to another species, horses, re-
sulted in the induction of sarcoids. These invasively growing but nonmetastasizing
tumors are also noted in domestic horses under natural conditions. The Olson
group made another striking observation, namely the induction of bladder tumors
in cattle by bovine papillomavirus (BPV) infection (Olson et al., 1959). Only four
years later, two additional reports by Black et al. (1963 b) and Thomas and colleagues
(1963) demonstrated the transforming activity of BPV preparations for bovine fetal
and murine cells.

The analysis of human papillomatous lesions and their relationship to virus infec-
tions and carcinogenesis had a much slower start. Although the infectious etiology
of human warts had been clearly established based on their cell-free transmission,
they were mainly regarded as a cosmetic nuisance and not thought to be of any sig-
nificant medical interest.
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The gradual change of this view originated from the description of a syndrome
first reported by Lewandowsky and Lutz in Basel, in 1922. These authors described
an hereditary condition, characterized by an extensive verrucosis, epidermodys-
plasia verruciformis. In these patients, at sun-exposed sites such as the forehead, the
face, and the backs of the hands and arms, some papillomatous lesions converted
into squamous cell carcinomas. Lutz, in 1946, and subsequently Jablonska and Mil-
lewski in 1957, proved the viral etiology of these warts in autoinoculation experi-
ments. It was mainly the merit of Stefania Jablonska to point out a potential role of
the human papillomavirus (HPV) particles seen in these warts as causal factors for
the subsequent development of squamous cell cancers of the skin (Jablonska et al.,
1972). Working jointly with Gérard Orth, these groups successfully demonstrated
the presence of novel types of papillomaviruses, most frequently HPV 5, within
epidermodysplasia verruciformis lesions and within biopsies of squamous cell car-
cinomas of those patients. (Orth et al., 1978, 1979).

Although HPV 5 represents the first papillomavirus infection regularly detected
in cutaneous squamous cell cancers of epidermodysplasia patients, the rarity of the
syndrome, the difficulties in obtaining sufficient clinical materials for extensive
studies, and the absence of tissue culture lines from these carcinomas were prob-
ably the reasons for a limited interest in this condition. Only in recent years has the
study of cutaneous papillomavirus infections and their relationship to non-
melanoma skin cancer in immunosuppressed and immunocompetent patients re-
ceived increasing attention.

Another track of papillomavirus research resulted in the identification of specific
HPV types as causative agents for cancer of the cervix, other anogenital cancers, and
a subset of oropharyngeal carcinomas. These investigations began with the search
for a viral etiology of cancer of the cervix, but by the late 1960s and 1970s the results
of serological studies had suggested a role for human herpes simplex virus type 2
(HSV 2) in this cancer (Rawls et al., 1968; Naib et al., 1969). The present author’s
group was unable to confirm these findings, and sought alternative viral candidates.
A number of anecdotal reports on the malignant conversion of genital warts (condy-
lomata acuminata), scattered among the medical literature of the preceding 100
years, attracted attention. Subsequently, a possible causal role of papillomavirus in-
fections for cervical cancer was postulated, and initial attempts were begun to
characterize the viral DNA in genital warts (zur Hausen et al., 1974, 1975; zur
Hausen 1976, 1977). These and other studies had the early consequence of discover-
ing the heterogeneity of the papillomavirus family (Gissmann and zur Hausen,
1976; Orth et al., 1977; Gissmann et al., 1977), presently counting close to 106 fully
sequenced genotypes (de Villiers, 1994; also Personal communication). However,
the eventual isolation of HPV DNA from genital warts, labeled as HPV 6 (Gissmann
and zur Hausen, 1980), and from laryngeal papillomas (HPV 11) two years later
(Gissmann et al., 1982), did not yield reproducibly positive data for these viruses in
cervical cancer. Yet, the use of their DNA in hybridization experiments, performed
under conditions of reduced stringency, permitted the subsequent cloning of HPV
16 (Diirst et al., 1983) and HPV 18 DNA (Boshart et al., 1984), the two papil-
lomavirus types most frequently found in cervical cancer. This allowed further ex-
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periments to be conducted that would prove the role of these papillomaviruses in
causing this malignancy (see Chapter 5).

The identification of three viral families with representative types that clearly
cause cancers (including common carcinomas such as cancer of the cervix and liver)
gradually resulted in an acceptance of infectious agents as important human car-
cinogens. The subsequent identification of additional infections clearly linked to
other cancers further strengthened the role of infectious agents in human cancers.
The hepatitis C virus was identified in 1989 (Choo et al., 1989), and initial reports on
its relationship to a subset of hepatocellular carcinomas appeared in the same year
(Bargiggia et al., 1989; Simonetti et al., 1989). Some earlier reports had been made,
however, linking non-A, non-B hepatitis infections to liver cancer (Kiyosawa et al.,
1982; Resnick et al., 1983; and others). Human herpesvirus type 8 was discovered in
1994 (Chang et al.) as being the most likely causative agent for Kaposi's sarcoma,
while in 1989 (Forman et al., 1991; Nomura et al., 1991; Parsonnet et al., 1991) and
1993 (Wotherspoon et al.), Helicobacter pylori, as a bacterial infection, was added to
the list of potential human carcinogens. Subsequently, a large number of additional
HPV genotypes has been added, the pathogenic significance of which remains to be
determined. The same is true for the recently discovered TT viruses; these clearly
represent a new virus family, establishing probably life-long persistent infections in
a high proportion of the human population.

Thus, today — more than 100 years after the first attempts to link infections to
human cancer, and after more than 80 years of mainly frustrating experimentation —
infections causing cancer emerge as a major factor in human carcinogenesis. This
mode of research leads to new approaches towards cancer diagnosis and treatment,
and — most importantly — of cancer prevention.
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