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In Remembrance of 
Rudolf  Virchow (1821–1902)

In 1863, Rudolf Virchow postulated in his well-recognized comprehensive

publication ‘Die krankhaften Geschwülste – Malignant Neoplasias’ that inflam-

mation is one of the predisposing factors of tumor genesis. He also noted that

infectious diseases such as syphilis and tuberculosis show signs of a ‘tumor

VII



process’ and were often difficult or even impossible to separate from a ‘gen-

uine’ malignant and/or benign tumor process. Virchow’s hypothesis has almost

been forgotten and ignored for more than a hundred years, but experienced a

renaissance in the past 10 years.

Axel Schmidt
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Foreword

Obtaining knowledge on the etiopathology of neoplasias and trying to

elaborate a consistent explanation for neoplastic syndromes is a scientific and

public issue which might be as old as mankind itself.

In this current volume of the Karger book series Contributions to
Microbiology, we give an up-to-date overview about the aspect of the connec-

tion between inflammation and cancer. This connection was originally postu-

lated by the German physician and pathologist Rudolph L.C. Virchow in 1863

in his well-recognized comprehensive publication ‘Die krankhaften

Geschwülste – Malignant Neoplasias’. Virchow recognized inflammation to be

one of the predisposing factors of tumor genesis. He also noted that infectious

diseases such as syphilis and tuberculosis show signs of a ‘tumor process’ and

were often difficult or even impossible to separate from a ‘genuine’ malignant

and/or benign tumor process.

Virchow’s hypothesis has been almost forgotten and ignored for more than

a hundred years, but has experienced a renaissance in the past 10 years. Because

of the increasing knowledge about the inflammatory micro-environment, it is

now generally accepted that carcinogenesis is more than a simple summation of

mutation events in single cells. In fact, cancer is the result of a sustained

proliferation of cells embedded in an environment rich in inflammatory cells,

DNA-damage-promoting agents, cytokines, and chemokines, and which can be

followed from a chronic infection with pathogens such as Helicobacter pylori or

Schistosoma haematobium. Moreover, it is becoming clearer and clearer that

the chronic inflammatory microenvironment does not exert its transforming
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capacity on differentiated tissue cells, but rather on undifferentiated cells. In other

words: Cancer might be a stem cell-based disease. Recent results substantiate

this hypothesis by showing that bone marrow-derived stem cells can give rise to

gastric cancer in the presence of a chronic Helicobacter pylori infection. Thus,

Virchow’s hypothesis has received new impact, which will definitely have impli-

cations on future pathological research and therapeutic options which are based

on the use of bone marrow-derived stem cells for tissue function restoration.

However, increasing knowledge on the inflammatory microenvironment

and on the dynamic interplay of growth factors and chemokines in the growth,

migration, and organ-specific spreading of tumors is starting to have implica-

tions in both cancer prevention as well as cancer treatment. Clinical trials are

currently underway and the results are encouraging. Anti-inflammatory-based

strategies are efficacious in preventing neoplastic progression and malignant

conversion, and inhibition of the interplay of chemokines and their receptors

reduces metastasis.

We are glad that so many internationally recognized experts accepted our

invitation to contribute to this exciting volume. We sincerely thank them all for

their interest in this important topic and that they, despite their other duties and

responsibilities, found the possibility to present us with excellent and compre-

hensive overviews of the most important recent findings in their field of scien-

tific engagement within this topic.

We further thank Mr. T. Nold and Mr. F. Brian from Karger Publishers for

their helpful assistance and excellent collaboration with this challenging project.

We hope that this volume may encourage new scientific approaches within

this interdisciplinary field of oncology/tumor pathology, immunology, inflam-

mation, and infectious agents as well as closer interdisciplinary collaboration

on this fascinating and important medical and pathophysiological issue in the

future.

Thomas Dittmar
Kurt S. Zaenker

Axel Schmidt
University of Witten/Herdecke, Germany
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In Memoriam of Rudolf Virchow:
A Historical Retrospective Including
Aspects of Inflammation, Infection and
Neoplasia

A. Schmidta, O.F. Weberb

aInstitute of Microbiology and Virology, University of Witten/Herdecke, Witten;
bInstitute of Molecular Medicine and Experimental Immunology, University of Bonn,

Bonn, Germany

Abstract
Rudolf Ludwig Carl Virchow (1821–1902) studied medicine and received his academic

degree ‘Dr. med.’ in 1843. In 1856 he was appointed as head of the institute of pathology at the

University of Berlin. In 1859, he became a member of the Berlin town council and later addi-

tionally a member of the Prussian and the German parliament. With his probably most impor-

tant publication ‘Cellularpathologie’ he introduced pathology to a cellular rationale. This was

the major basis for his research in oncology. Virchow further studied aspects of inflammation,

despite only few links to tumor pathology were drawn. The few links from infection and inflam-

mation to tumor pathology have almost been forgotten or ignored and have never been evalu-

ated and discussed sufficiently. Virchow recognized that inflammation is a pre-disposing factor

for tumor genesis. Furthermore, infectious diseases such as syphilis and tuberculosis had ele-

ments of a ‘tumor process’ and were therefore often difficult or impossible to separate from a

‘genuine’ tumor process, which was recognized by him. He further tried to explain tumor dis-

semination by an ‘infectious’ process. Additionally, there were ideas for a coherent explanation

of tumor etiology in form of a common bacterial pathogen (‘Krebsbacillus’).

Copyright © 2006 S. Karger AG, Basel

Note of Comment on Rudolf Ludwig Carl Virchow

A great physician, a revolutionary politician, an outstanding scientist and a hidden

philosopher – Rudolf Ludwig Carl Virchow: The reformer and revolutionary ascetically

serving mankind, forcefully straight forward and without any concessions. After extensive

studies of many biographies of outstanding persons, not only within medicine, Virchow con-

vinces as a brilliant of human career and character.

General Aspects
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Who Was Rudolf Ludwig Carl Virchow?

Rudolf Ludwig Carl Virchow was born on October 13th 1821 in

Schivelbein/Pommern (part of ‘former Germany’; today: Swidwin/Poland) and

died on September 5th 1902. In the time period between 1839 and 1843 he stud-

ied medicine at Berlin and received his academic degree ‘Dr. med.’ in 1843.

In 1844, he became an assistant to the pro-sector in Berlin and took over respon-

sibilities as a pro-sector at Berlin Charité University in 1846. In 1847, Virchow

became a certified university teacher and lecturer (‘Habilitation’ and

‘Privatdozent’). Due to Virchow’s liberal political activities, he was suspended

from this position and was appointed as head of the institute for pathological

anatomy at Würzburg University in the same year. Virchow married in 1850 and

went back to Berlin in 1856. He was appointed head of the new institute of

pathology at Berlin University within this year. In 1893 Virchow visited the

United Kingdom and gave a presentation to the ‘Royal Society’. Virchow broke

his hip after jumping from a tram in a hurry in Berlin in 1902. He never recov-

ered from this tragic accident and died on September 5th 1902 [1–6]. Virchow’s

attitudes to medicine, pathology and sciences were strongly influenced by his

teacher and pathologist, Johannes Müller [7–15]. Virchow’s publication

‘Cellularpathologie’ (1858) [16] is today recognized as his most outstanding sci-

entific publication. This contribution opened a new era of scientific insights into

pathological processes which brought older approaches to a cellular-orientated

approach. This was one of the most important changes in paradigm of scientific

insights especially in the rapidly developing medicine at this time.

Virchow coined the scientific career of many famous and highly recognized

scientist such as Wilhelm His (1831–1904), Friedrich Daniel von Recklinghausen

(1833–1910), Edwin Klebs (1834–1913), Ernst Haeckel (1834–1919), Georg

Eduard von Rindfleisch (1836–1908), Nicolaus Friedreich (1825–1882), Adolf

Kussmaul (1822–1902), and Hugo Wilhelm von Ziemssen (1829–1902) [2].

Virchow had a broad spectrum of interests. His main topic was research in

pathology on the cellulary orientated basis [16, 17]. He used the insights espe-

cially for his studies in tumor pathology [18–30]. Monumental is his three volume

book ‘Die krankhaften Geschwülste’ (The malignant neoplasias, lectures from

1862/1863) [18–20]. Of further scientific significance are Virchow’s insights in

inflammation [31, 32]. In addition to pathology, hygiene, Public Health issues and

bacteriology were a scope of Virchow’s scientific career [33–39]. Virchow under-

stood himself as a physician and was very active and engaged also with his oblig-

ations as a practicing physician as he always highlighted that only the

combination of clinics and pathology can give sufficient insights into the

etiopathology of diseases [40–43]. Virchow further brought the medical terminol-

ogy – especially within the field of pathology – to a new rationale [44–46].
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In the second half of his life, Virchow did research on the fields of ‘anthro-

pology’ and archaeology. His personal understanding of ‘anthropology’ was

rather distinct and covered aspects of anthropometry, ethnology, anthropogeny,

archaeology, and paleonthology especially of primates [47–55]. His major

experimental focus within this field was anthropometry and performing diverse

archaeological excavations at pre-historical sites. Virchow accompanied

Heinrich Schliemann (1822–1890) and Wilhelm Dörpfeld (1853–1940) on sev-

eral of his archaeological expeditions (e.g. Troja 1879, Egypt 1888) [56–61].

Overall, Virchow did significant contributions to the history of medicine and

sciences all over the world [62–73].

Virchow’s importance in politics was not minor to that in medicine and

sciences. His ‘real political career’ started when he retuned to Berlin in 1856 [2,

74–77]. He understood his activities as an inner ‘political mission and concern’.

This is reflected that he was elected as a member of the Berlin town council in

1859 where his major responsibilities were on health issues and statistics. Further,

in 1861 he was additionally elected as a member to the Prussian parliament where

he rapidly took over the key function as head of the budget commission. In 1861,

he was enthusiastic in founding the new liberal political party, the ‘Deutsche

Fortschrittspartei’. This understanding of Virchow’s towards a liberal state

brought him into deepest conflicts of interests with the German chancellor and

minister of the exterior, Fürst Otto von Bismarck (1815–1898). This public dis-

pute culminated in Virchow’s talk to the Prussian parliament in 1865, where he

articulated his doubts whether Bismarck was standing behind the interests of the

German Nation. Virchow became so obsessed with this issue, that a duel between

Virchow and Bismarck could only be prevented by the Prussian defense secretary.

Virchow also pinpointed the ‘holy’ encyclica ‘Quanta Cura’, released by pope

Pius IX in 1864, which significantly hindered the development process in modern

liberalism, understanding of democracy, and consecutively also with sciences.

Virchow’s political aim was to contribute to a united Germany, and showed

this in being a co-founder of the German ‘Nationalverein’. He fought for paci-

fism and for the significant reduction of the military budget in order to shift this

budget to, in his view, more important areas improving traffic, Public Health

issues, medicine, and education. This idea conflicted with the opinion of

Bismarck and the German Emperor and Prussian King Wilhelm I (1871–1888),

which made Virchow an extremely unpopular and uncomfortable person for both

of them. Virchow’s aversion against Bismarck lasted life-long and was even

not diminished after Bismarck’s unpopular suspension from all his political

obligations by the German Emperor and Prussian King Wilhelm II (1859–1941)

on March 18th 1890. For the time period between 1880 and 1893 Virchow

was additionally active as an elected member of the German parliament and

articulated his concerns about the senselessness of German colonialism
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(‘Schutzgebiete’). He articulated the appeal to a liberalization of politics and the

strengthening of activities in sciences and medicine in Germany. Additionally,

Virchow was active as a publicist [78], most obviously with his revolutionary

medical newspaper ‘Die Medizinische Reform’ (The Medical Reform), a publi-

cation he founded in 1848. Overall, becoming older and approaching the end of

his life, Virchow was full of disappointment and had growing inner conflicts

especially with politics. An overview about further literature on and original

documents from Virchow is given by Kirsten [79].

Virchow and Tumor Pathology

It is out of the scope of this chapter to review Virchow’s extensive research

activities in the field of tumor pathology. Details about his achievements in

tumor pathology are already extensively reviewed [25–30]. Instead, exempla-

rily, a case of tumor pathology (neurofibromatosis von Recklinghausen; fig. 1),

described by Virchow [18, pp 325–327], including the corresponding figures,

will be presented in the following part. To cite an original case as evaluated by

Virchow appears relevant as it exemplarily reflects the style of how Virchow

approached and evaluated cases in pathology and reflects the medical standard

in oncology at this time:

Eine 47jährige Frau trug auf ihrem ganzen Körper zerstreut eine grosse Masse

kleinerer und grösserer Gewächse, welche sich seit Jahren langsam entwickelt hatten. Viele

von ihnen waren ganz klein, erbsen- bis kirschkerngross, rund und von glatter Haut bedeckt;

andere waren grösser, wallnussgross und darüber, übrigens von gleicher Beschaffenheit. Das

grösste sass links in der unteren Rippengegend mit breiter Basis auf; es hatte 48 Zoll vom

Rückgraht. Es hing von da tief nach unten über die Hüfte herab. An seiner Oberfläche und in

seinem Umfange trug es mehrere kleine Secundärknoten; im Ganzen war die es bedeckende

Haut aber glatt und verhältnismässig dünn. Dabei fühlte es sich weich, fast fluktuirend an.

Nachdem es (von Herrn Kreisphysikus Dr. H e y l a n d in Guben) exstirpirt war, wog es 32½

Pfund. Neun Jahre früher war es Kindskopfgross gewesen.

Die Untersuchung ergab auch hier wieder ein sehr saftreiches, im Allgemeinen nur

wenig gefässreiches, lockeres Bindegewebe, welches hauptsächlich die Region des alten

Panniculus adiposus einnahm. Aus ihm liess sich eine grosse Menge gelblicher, eiweiss-

reicher Flüssigkeit mit Leichtigkeit ausdrücken. Das Gewebe zeigte selbst schon für das

blosse Auge eine gewisse Ungleichmässigkeit. Derbere, weissliche Züge, in welchen etwas

grössere Gefässe verliefen, umschrieben grössere Räume (Areolen), welche ihrerseits wieder

von einem feinmaschigen Fasernetz durchzogen waren und, von demselben umschlossen,

den ausdrückbaren Saft enthielten. Bei einer schwachen Vergrösserung zeigte sich diese

Anordnung überaus deutlich (‘Fig. 57’; fig. 2). Die feineren Fasernetze gingen mit breiteren

Ansätzen aus den dichteren und breiteren Faserzügen der Umgebung hervor, und es entstand

so eine Art von lappiger Anordnung, welche auf die Entstehung dieser Maschen aus den

früheren Fettlappen hinwies. Bei stärkerer Vergrösserung fand sich nur Bindegewebe mit

beträchtlich gewachsenen Körperchen vor.
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Fig. 1. Title photogravure (‘Titelkupferstich’): Fibroma molluscum multiplex. Reprint

of the front illustration (photogravure) of volume 1 ‘The Malignant Neoplasias’ (‘Die malig-

nen Geschwülste’) showing a patient with a tumor disease (fibromatosis) entitled ‘Fibroma

molluscum contagiosum’ deriving from the 13th lecture on tumors (‘Molluscum’). This case

reflects an elephantiasis neuromatosa with plexiform neurofibromatas in a case of a neurofi-

bromatosis von Recklinghausen [80]. Original size.
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Die kleineren Knoten der Oberfläche ergaben sich bei Einschnitten als ganz unab-

hängige, mit den grossen Gewächsen in gar keinem Zusammenhange stehende Gebilde. Sie

lagen theils in der Tiefe, zum grossen Theil aber ganz oberflächlich in der Cutis selbst.

Manche gingen offenbar von der äussersten Schicht der Cutis aus, denn sie berührten beinahe

das übrigens unveränderte Rete Malpighii, während sie von dem Unterhautfettgewebe noch

durch eine gewisse Derma-Lage getrennt waren (‘Fig. 58’; fig. 3). Sie hatten frisch ein blass-

gelbröthliches, weiches und feuchtes Ansehen; das Mikroskop zeigte darin ein zellenreiches,

in voller Wucherung begriffenes Granulationsgewebe.

Vergleicht man diese Bildung mit der Elephantiasis der Genitalien, so leuchtet die

Analogie ein, nur stimmt der in der Regel ganz fieber- und entzündungsfreie Verlauf nicht.

Denn die Entwickelung erfolgt meist ganz langsam und unmerklich. Trotzdem lässt sich eine

Grenze nicht ziehen, da auch die Elephantiasis vulvae nicht selten in ähnlicher Weise ver-

läuft. Nichtsdestoweniger habe ich nichts dagegen einzuwenden, wenn man diese Form

abtrennen will; der passende Name würde dann F i b r o m a  m o l l u s c u m sein.

(The body of a woman, 47 years of age, was totally covered by a huge mass

of small-to-large efflorescences which developed slowly within years. Many of

them were very small, the size of a pea or a cherry-stone. They were round and

covered by a smooth cutis. Other efflorescences were larger, of the size of a

walnut or even larger and of the same consistency. The location of the largest

Fig. 2. Wood-cut engraving of this case. Entitled ‘Fig. 57. Fibroma molluscum. Von dem

auf dem Titelkupfer abgebildeten Falle; ein bei 20 facher Vergrösserung gezeichneter

Durchschnitt aus der inneren Substanz der grossen, hängenden Geschwulst. a, a grössere

Balken mit Gefässen; dazwischen das maschige Fasernetz von bald dichteren und breiteren,

bald feineren und weiten Balken (Präparat No. 32. vom Jahre 1862).’ (Entitled Fig. 57. Fibroma

molluscum. Deriving from the clinical case presented on the front cover: Cut through the inner

substance of the extensively hanging tumor. Magnification �20. a � Big barks with vessels; in

between fibers of dense to broad until fine to separated barks (pathological archive #32/1862).

Original size.)
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one was on the left side within the lower rib region and had a broad basis. The

size was 48 inches when measured from the spinal cord. The efflorescence hung

downwards lower than the hip. On its surface and on its circumference it was

covered by multiple secondary nodules. In total, the covering cutis was smooth

and relatively thin. When examined by palpebration, it was smooth and had

almost a fluctuating consistency. After resection (by the responsible surgeon

Dr. Heyland in Gruben) it had a weight of 32.5 pounds. Nine years before, the

tumor had a size of a child’s head. The pathological examination again showed

a loose connecting tissue which contained a lot of liquid but only a small

amount of vessels. This seemed to be the region of the former ‘Panniculus

adiposus’. Under pressure, a huge amount of yellow, protein containing liquid

was released easily. Larger cavities (‘Areolen’) were formed by stronger, white

tissue fibers, in which the larger vessels were located. These were penetra-

ted by a dense network of smaller fibers containing the expressible liquid.

This organization could be excellently studied under smaller magnification

(‘Fig. 57’; fig. 2). The smaller network of fibers developed with a broad basis

out of the dense and stronger tissue fibers of the surrounding tissue. In total, the

efflorescences had a lobular habitus which made it most probable that these

lobes developed out of the former fatty tissue lobes. Under stronger magnifica-

tion, connecting tissue with significantly enlarged bodies became evident. The

smaller nodules of the surface – when histologically cut – showed to be not

related to the large efflorescences. Some were located in deeper areas, despite

most of them being located superficially within the cutis. Some of them seem to

have developed from the outer part of the cutis as they almost reached the

unchanged ‘Rete malpighii’ and were separated from the subcutaneous fatty

Fig. 3. Wood-cut engraving of this case: Entitled ‘Fig. 58. Fibroma molluscum. Zwei

accessorische Hautknoten, inmitten der Cutis entwickelt. Natürliche Grösse. Von demselben

Fall wie Fig. 57.’ (Entitled Fig. 58. Fibroma molluscum. Two accessory cutaneous lymphno-

dules within the cutis. Original size. Derived from the same case as Fig. 57.) Original size.
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tissue through parts of the cutis (‘Fig. 58’; fig. 3). In the fresh material they were

of pale yellow to red color, smooth and moist. Microscopically, they contained

a cell-rich, massively proliferating granulomatous tissue. This efflorescence

shows a strong homology with the elephantiasis of the genital region despite of

the difference that this case does not show any signs of fever or inflammation as

the development occurred very slowly and almost unremarkable. Nevertheless,

a clear differentiation is not possible in so far as the ‘Elephantiasis vulvae’ may

also develop in a comparable manner. Despite all of this, I see this case as a

separate disease. The appropriate nomenclature would be ‘Fibroma molluscum’.)

Virchow’s Theories about the Impact of Infection and
Inflammation on Oncogenesis

Lots of historical studies have focused on Virchow’s achievements in

tumor pathology and with minor impact also on the field of inflammation,

despite Virchow’s ideas on the impact of infection and inflammation on tumor

pathology have almost been forgotten or ignored and have never been evaluated

and discussed sufficiently. Four different key issues of infection and inflamma-

tion in Virchow’s tumor theory became evident to us and are reflected below.

Inflammation
Virchow published in 1863 [18, p 65]:

‘Ferner wissen wir, dass an Schleimhäuten am häufigsten die Geschwülste gerade an

solchen Stellen vorkommen, welche vorher der Sitz e i n f a c h e n t z ü n d l i c h e r

E r k r a n k u n g e n waren, die ausreichten, um nach und nach die natürliche Structur der Theile

zu verändern. Aus der einfach entzündlichen Hyperplasie des chronischen Katarrhs geht die

Bildung von Polypen hervor und die Polypen können später wieder der Sitz krebsiger oder

kankroider Entwickelung werden.

(Furthermore, we know that most of the tumors develop on formerly simple

mucocutaneous lesions, where a normal inflammation occurred prior to it. Parts

of these tissues were altered by the inflammatory process. Out of the ‘normal’

inflammatory hyperplasia of a chronic ‘catarrh’, polypous alterations may

develop. Theses efflorescences may later on convert into cancer.)

Syphilis and Tuberculosis
Virchow [18, pp 76–78]:

Das am meisten charakterisierte Beispiel, das wir dafür besitzen, bietet uns wohl die

Geschichte der S y p h i l i s , welche hier um so mehr in Betracht zu ziehen ist, als bekan-

ntermassen im Laufe der Lues wirkliche Geschwülste entstehen, die unter Umständen über-

aus schwer zu unterscheiden sind von anderen Geschwülsten, daher nicht ganz selten

Veranlassung zu falschen Diagnosen geben und auch leicht zu einem falschen praktischen

Handeln führen können. (. . .) Ganz ähnlich verhält es sich auch mit anderen, sogenannten

Dyskrasien. Ich erinnere an die Tu b e r c u l o s e , bei der freilich die Dyskarasie nicht
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unmittelbar nachweisbar ist, wo ihr Bestehen aber wenigstens nach einer Art von Consensus

omnium als selbstverständlich angenommen wird.

(The most outstanding example, we possess thereof, is the history of

syphilis. This disease is in so far of major importance as we know that under

this disease real tumors may develop, which are often only very difficult to dif-

ferentiate from other tumors and therefore may lead to wrong diagnoses and

therapeutic approaches. (. . .) Nevertheless, a comparable issue is with other

diseases (‘Dyskrasien’) such as tuberculosis. Despite in case of tuberculosis,

characteristic tumor lesions (‘Dyskrasien’) cannot be directly determined; their

existence can be anticipated as a ‘Consensus omnium’.)

Generalization and ‘Infection’
Virchow [18, p 127]:

Je ärmer eine Geschwulst an Gefässen ist, um so mehr wird sie nur die Nachbarschaft

inficiren; je reicher sie aber an Blut- und Lymphgefässen ist, je mehr Blut und Lymphe hin-

durchströmt, je mehr das Blut in Berührung kommt mit den Parenchymsäften, um so leichter

wird die Infection eine allgemeinere werden können.

(The less a tumor is vascularized, the more the tumor will only infect the

surrounding tissue. The more blood circulates and lymphatic vessels are within

a tumor, that means, the more blood and lymphatic liquid circulates through the

tumor, and the more the blood comes into contact with the parenchymal liquids,

the easier the infection will become generalized.) 

Further, he published concerning this issue [18, pp 51–52]: 

Meiner Ansicht nach ist gerade das Stadium der localen Vergrösserung der Knoten

einer der entscheidendsten Beweise für die infectiöse Natur der Stoffe, welche in der

Geschwulstsubstanz entstehen; und die Bildung dieser neuen Heerde, oder, was man kurzweg

das Wachsthum der Geschwulst genannt hat, das ist für mich genau dasselbe, wie die

Erkrankung der Lymphdrüsen und entfernter Organe im Laufe der Generalisation. In allen drei

Fällen haben wir eine A n s t e c k u n g, eine Art von Contagion, wo ein Ansteckungsstoff, eine

infectiöse Substanz, ein ‘Miasma’ von dem Ort der ersten Bildung aus sich verbreitet, theils auf

dem Wege der direkten Imbibition, der einfachen Endosmose in die Nachbarschaft, theils auf

dem Wege der Lymphströmung zu den nächsten Lymphdrüsen, theils auf dem Wege der

Blutcirculation durch die Venen.

(To my concern especially the locally restricted growth of the tumor mass on

its own is one of the most important criteria and proofs for the ‘infectious’ nature

of the substances which are released by this tumor mass. Growth of new lesions

and the growth of the primary tumor seem to be of similar origin to me as well as

the affection of the lymphatic glands and other organ dissemination during the

stage of generalization. In all three cases we have a kind of ‘infection’, a kind of

‘Contagion’, where an ‘infectious’ agent or an ‘infectious’ substance, a so-called

‘Miasma’, is generalized from the original, primary tumor site. This may happen

by direct distribution into the surrounding tissue, through lymphatic dissemina-

tion or through hematogenous dissemination via the veins.)
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The ‘Krebsbacillus’

In 1888, Virchow [24, pp 18–19] published: 

Eine ganz andere Bedeutung würde es haben, wenn es gelänge in dem Krebs irgend

eine andere Substanz zu entdecken, welche geeignet wäre, die alten Vorstellungen von einer

specifischen Schädlichkeit wieder aufleben zu lassen. Die seit einer Reihe von Jahren immer

zahlreicher werdenden Nachweise parasitärer Mikroorganismen in krankhaften Theilen

haben bei Vielen die immer zuversichtlicher auftretende Hoffnung erregt, es werde sich auch

ein Krebsbacillus finden lassen. Bis jetzt sind die Ergebnisse auch der eifrigsten Forschung

noch nicht in einer überzeugenden Demonstration vorgelegt worden. Indess ist die

Möglichkeit eines solchen Vorkommens nicht einfach abzuweisen; ja, man kann zugestehen,

dass mit dem Auffinden eines specifischen Bacillus ein wichtiger Fortschritt in der Diagnose

und Prognose des Carcinoms gemacht werden würde. Der Versuch, alle Erscheinungen der

Krebswucherung bis zur Dissemination und Metastase auf die Verbreitung von Krebszellen

zurückzuführen, ist keineswegs durch anatomische oder experimentelle Feststellungen so

sicher unterstützt, dass für einen anderen Modus der Erklärung kein Raum übrig bliebe.

Umgekehrt ist aber auch das Bedürfnis nach einem Krebsbacillus kein so grosses, dass wir

ohne denselben jeder Möglichkeit eines Verständnisses beraubt sein würden. Thierische oder

menschliche Zellen besitzen ebenso gut, wie Bakterien, die Fähigkeit, auf den Stoffwechsel

bestimmend einzuwirken und wirkungsfähige Secretstoffe der verschiedensten Art zu erzeu-

gen. Warum sollten wir gerade diese Fähigkeit bei den Krebszellen bestreiten, welche in vie-

len und gerade den schlimmsten Fällen in so ausgeprägtem Maasse den Habitus von

Drüsenzellen an sich tragen?

(The identification of a specific substance responsible for cancer induction

would have significant impact. This would allow us to continue our old visions

about a specific cause within malignant diseases. In the past years a rising

amount of parasitic micro-organisms have been detected in affected tumor

sides. This encouraged many of us that it might be possible to find a specific

micro-organism (‘Krebsbacillus’) responsible for it. Despite intensive research

attempts on this issue, there has been no evidence for this hypothesis until now.

Nevertheless, we also cannot reject the possibility of a prevalence of such a

micro-organism. Finding such a specific micro-organism would be a significant

innovation concerning diagnosis and prognosis of cancer. From the anatomical

point of view, and as known from experimental approaches, there is no certainty

that all pathophysiological effects observed in neoplasias – including dissemi-

nation and metastasation – have to be due to the tumor cell on its own. There is,

of course, enough space for alternative explanations. On the other hand, the

necessity for a specific responsible micro-organism is not that big that we

would not have a chance for understanding the etiopatology of neoplasias with-

out of it. Human cells and cells of other mammalian origin can comparably

adapt, like bacteria, to change metabolism and are able to secrete substances of

different origin. Why should we have doubts concerning cancer cells not to

have these abilities, as especially their habitus is very much in common with

glandular cells?)



In Memoriam of R. Virchow 11

Discussion

In the recent literature, it is cited: ‘In 1863 Virchow hypothesized that the

origin of cancer was at sites of chronic inflammation, in part based on his

hypothesis that some classes of irritants, together with the tissue injury and

ensuring inflammation they cause, enhance cell proliferation’ [81] or ‘It was in

1863 that Rudolf Virchow noted leucocytes in neoplastic tissues and made a con-

nection between inflammation and cancer. He suggested that the ‘lymphoreticu-

lar infiltrate’ reflected the origin of cancer at sites of chronic inflammation’ [82].

What is right about these statements in recent literature? Were they really so

detailed as cited? Or is it the result of a more than hundred years’ citation cascade

in introductions of scientific papers?

It is only fact that Virchow recognized that inflammation is one of the pre-

disposing conditions for a tumor process. He identified more than ten of those

factors and did not put any outstanding or specially detailed emphasis on the aspect

of inflammation in oncology out of these different factors [18]. He saw the ‘tumor

process’ within syphilis and tuberculosis, and recognized that it was sometimes

impossible to make a clear cut between a ‘genuine tumor’ and a tumor process

associated with an infection [18]. Furthermore, the termini ‘dissemination’ and

‘infection’ were unfortunately almost simultaneously used by him for the aspect of

metastazation. Virchow even postulated that an ‘infection’ may be the reason for

tumor dissemination and not the tumor or tumor cell on its own, which was unfor-

tunately even a form of regression towards Galen’s theory of ‘Humoralpathology’

[25]. In this case the definition of the word ‘infection’ from Virchow’s perspective

remains unclear. Most evident, Virchow speculates on ‘substances released by the

tumor mass’ (‘Contagion’, ‘Miasma’) despite these speculations on generali-

zation/metastazation are overall ranging from responsible micro-organisms to

specific tumor cells on their own. The speculation about a specific pathogen

(‘Krebsbacillus’) as a common reason or agent for all neoplasias nowadays

appears to be nothing more than a form of ‘capitulation’ in Virchow’s late tumor

pathology research approaches and the hope and wishes for an easy mono-causal

and comprehensive explanation of tumor etiopathology in 1888 [24]. This publica-

tion in 1888 [24] was indeed Virchow’s last significant contribution to pathology

and oncology, a time when he had already put his key interests on other topics.
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Abstract
Conventional genetic theories have failed to explain why cancer (1) is not found in new-

borns and thus not heritable; (2) develops only years to decades after ‘initiation’ by carcinogens;

(3) is caused by non-mutagenic carcinogens; (4) is chromosomally and phenotypically ‘unsta-

ble’; (5) carries cancer-specific aneuploidies; (6) evolves polygenic phenotypes; (7) nonselective

phenotypes such as multidrug resistance, metastasis or affinity for non-native sites and ‘immor-

tality’ that is not necessary for tumorigenesis; (8) contains no carcinogenic mutations. We

propose instead that cancer is a chromosomal disease: Accordingly, carcinogens initiate chromo-

somal evolutions via unspecific aneuploidies. By unbalancing thousands of genes aneuploidy

corrupts teams of proteins that segregate, synthesize and repair chromosomes. Aneuploidy is

thus a steady source of karyotypic–phenotypic variations from which, in classical Darwinian

terms, selection of cancer-specific aneuploidies encourages the evolution and subsequent malig-

nant ‘progressions’ of cancer cells. The rates of these variations are proportional to the degrees

of aneuploidy, and can exceed conventional mutation by 4–7 orders of magnitude. This makes

cancer cells new cell ‘species’ with distinct, but unstable karyotypes, rather than mutant cells.

The cancer-specific aneuploidies generate complex, malignant phenotypes, through the abnor-

mal dosages of the thousands of genes, just as trisomy 21 generates Down syndrome. Thus can-

cer is a chromosomal rather than a genetic disease. The chromosomal theory explains (1)

nonheritability of cancer, because aneuploidy is not heritable; (2) long ‘neoplastic latencies’ by

the low probability of evolving competitive new species; (3) nonselective phenotypes via genes

hitchhiking on selective chromosomes, and (4) ‘immortality’, because chromosomal variations

neutralize negative mutations and adapt to inhibitory conditions much faster than conventional

mutation. Based on this article a similar one, entitled ‘The chromosomal basis of cancer’, has

since been published by us in Cellular Oncology 2005;27:293–318.

Copyright © 2006 S. Karger AG, Basel

Despite over 100 years of cancer research, the cause of cancer is still a

matter of debate [1–26]. We propose here that the problem of cancer is still
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unsolved, because this debate has been monopolized by conventional genetic

theories, which hold that cancer is a ‘genetic disease’ [27–35]. But these genetic

theories cannot explain any of the following properties of carcinogenesis:

Cancer Is Not Heritable
The best news about cancer is that we and other animals are all born

cancer-free and typically acquire cancer, if at all, only at advanced age [34,

36–40]. This bias of cancer for old age is exponential, increasing the cancer risk

300-fold with age, from near-zero rates in newborns and adolescents to rates of

1 in 3 in the last third of a human or animal life span (fig. 1). 

In view of the prevailing gene-based cancer theory, however, this age bias is

paradoxical. This theory holds that cancer is caused by clonal expansion of one

single cell that has accumulated about four to seven complementary mutations

during the lifetime of a patient [1, 12, 34, 38, 41, 42]. If this theory is correct,

cancer should be common in newborns. For example, a baby, which inherits

3 colon cancer mutations from his mother and 2 from his father, out of the pre-

sumably 6 that are thought to cause colon cancer [1, 34], should develop cancer

at a very young age from just one more spontaneous mutation in any one of the

billions of its colon cells. Indeed, many hypothetical cancer-causing mutations,

including those thought to cause colon cancer, are heritable in transgenic mice

(Appendix) and also in humans. According to Vogelstein and Kinzler [43], “one
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Fig. 1. Age-specific incidence of invasive cancers of males in the United States in

2001. The dominant contributors to the total number of invasive cancers are solid tumors.

The growth is approximately exponential until about age 70 and then levels off. Data for the

figure, shown in the table at the right, are from the National Program of Cancer Registries at

http://www.cdc.gov/cancer/npcr/index.htm.
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of the cardinal principles of modern cancer research is that the same genes cause

both inherited and sporadic (noninherited) forms of the same tumors”. 

But there is no colon cancer in newborns (fig. 1). Thus, cancer is somati-

cally generated and not a heritable disease.

Long Neoplastic Latencies
Experimental or accidental carcinogenesis, and the age bias, demonstrate

that cancer is a late product of a gradual evolution of somatic cells that may be

‘initiated’ either by carcinogens or spontaneously [1, 10, 38, 40, 44, 45]. Once

initiated, this evolution is autonomous but very slow, generating cancer cells

only after lengthy and uneventful ‘neoplastic latencies’ [40, 45]. These latencies

last many months to years in carcinogen-treated rodents and decades in acciden-

tally exposed humans [40, 45–48]. For example, (1) the solid cancers, which

developed in human survivors only 20 years after the explosion of atomic bombs

in Japan in 1945 [38]; (2) the breast cancers, which developed only 15 years after

treatments of tuberculosis with X-rays in the US in the 1950s [49], and (3) the

lung cancers, which developed in workers of a mustard gas factory only 30 years

after it was closed in Japan in 1945 [50]. The exponential increase of the sponta-

neous cancer risk of humans with age even implies neoplastic latencies of up to

50 years from a near zero-risk at birth to a one in three risk in the last three

decades of a human lifespan of about 80 years (fig. 1). The primary cancer cells

that appear after these lengthy pre-neoplastic evolutions continue to progress

independently within individuals tumors to form evermore ‘polymorphic’ [51]

and malignant cancers with evermore exotic karyotypes and phenotypes [45].

These long latencies of carcinogenesis, however, are incompatible with

the immediate effects of conventional mutation [2, 31, 35, 52]. It is for this rea-

son that Cairns wrote in Cancer: Science and Society: ‘The conspicuous fea-

ture of most forms of carcinogenesis is the long period that elapses between

initial application of the carcinogen and the time the first cancers appear.

Clearly, we cannot claim to know what turns a cell into a cancer cell until we

understand why the time course of carcinogenesis is almost always so extraor-

dinarily long’ [38].

Non-Mutagenic Carcinogens Cause Cancer
Both mutagenic and non-mutagenic carcinogens cause cancer. Examples of

non-mutagenic carcinogens are asbestos, tar, mineral oils, naphthalene, polycyclic

aromatic hydrocarbons, butter yellow, urethane, dioxin, hormones, metal ions

such as Ni, Cd, Cr, As, as well as spindle blockers such as vincristine and col-

cemid, extranuclear radiation and solid plastic or metal implants (Appendix).

Conventional genetic theories, however, fail to explain carcinogenesis by non-

mutagenic carcinogens.
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Karyotype-Phenotype Variations at Rates that Are 
Orders Higher than Mutation
During the neoplastic phase of carcinogenesis, cancer cells gain or lose chro-

mosomes or segments of chromosomes (fig. 2) and change phenotypes at rates

that far exceed those at which genotypes and phenotypes are changed by conven-

tional mutation [53–55]. For example, highly aneuploid cancer cells become drug

resistant at rates of up to 10�3 per cell generation [53, 54, 56–58] or become

metastatic at ‘high rates’ [59, 60]. As a result of this inherent chromosomal insta-

bility most cancers are enormously heterogeneous populations of nonclonal and

partially clonal, or sub-clonal cells [13, 61]. Thus, cells from the same cancer dif-

fer from each other in ‘bewildering’ phenotypic and chromosomal variations [62]

and in mutations – even though most cancers are derived from a common, pri-

mary cancer cell and thus have clonal origins [38, 45, 51, 56, 61, 63–67].

By contrast, the karyotypes of normal cells are stable despite mutational

or developmental phenotype variations [31, 34, 52, 68]. And phenotypic varia-

tion of normal cells by conventional gene mutation cells is limited to 10�7 per

cell generation for dominant genes and to 10�14 for pairs of recessive genes in

all species [6, 47, 52, 57, 68, 69]. Even the mutation rates of most cancers are

not higher than those of normal cells [6, 19, 20, 47, 66, 70–75]. Thus, pheno-

typic variation in cancer cells can be four to eleven orders faster than conven-

tional mutation.

Cancer-Specific Aneuploidies
Despite the karyotypic instability and heterogeneity of cancer cells partially

specific or nonrandom aneuploidies have been found in cancers since in the late

1960s [61, 62, 76–87]. Since the 1990s, many more nonrandom aneuploidies

have been detected in cancers by the use of comparative genomic hybridization,

rather than by identifying specific aneusomies cytogenetically [61, 88–96]. The

term aneusomy is used for a specific, aneuploid chromosome. Specific aneu-

ploidies have even been linked with specific stages of carcinogenesis and with

specific phenotypes of cancers such as: (1) Distinct stages of neoplastic trans-

formation in human [62, 89, 95–99] and in animal carcinogenesis [84]; (2) inva-

siveness [97, 98, 100]; (3) metastasis [101–106]; (4) drug-resistance [53, 69,

107]; (5) transplantability to foreign hosts [108]; (6) distinct cellular morpholo-

gies [109]; (7) abnormal metabolism [62, 110], and (8) cancer-specific receptors

for viruses [62, 109].

Cancer-specific, nonrandom aneuploidies, however, are inconsistent with

the conventional mutational theories of cancer. In fact they are a direct chal-

lenge of the mutation theory, because specific aneusomies have the potential to

generate cancer-specific functions (Appendix). The Down syndrome-specific

functions of trisomy 21 are a confirmed model [111–114].
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Fig. 2. Karyotypes of clonal cultures of human colon cancer and Chinese hamster cell

lines. a Karyotypes of clonal cultures of the near-diploid human colon cancer cell line HCT

116 (modal chromosome number � 45) and of the hyper-diploid human colon cancer cell

line SW480 (modal chromosome number � 57). The karyotype of only 1 out of 30 cells of

the clonal culture of the near-diploid HCT 116 line was non-clonal, containing an extra, par-

tially deleted chromosome 12, termed marker M4 12� (bold italic number). By contrast, 13

(bold italic numbers) out of 19 cells of the clonal culture of the hyper-diploid SW480 line had

nonclonal karyotypes. All 13 nonclonal karyotypes differed from the modal karyotype of this

line in the numbers of one or more chromosomes. Four of these 13 nonclonal cells also con-

tained new structurally altered chromosomes, labeled M16 to 21 (bold italic numbers).

Chromosomal constituents of the marker (hybrid) chromosomes are indicated following their
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designation, e.g. M1 2/12 for a hybrid of chromosomes 2 and 12. b Karyotypes of clonal

cultures of the near-diploid, hyper-diploid and near-triploid Chinese hamster cell lines B69–1

(modal chromosome number � 21), D1 (modal chromosome number � 29) and B2 (modal

chromosome number � 35). No numbers signal normal chromosome numbers. It can be seen

that only 3 of 20 cells of the near-diploid line B69–1 had nonclonal karyotypes. Each of these

included one new structurally altered chromosome, termed ac101 and ac102. One of these

three nonclonal karyotypes also had undergone tetraploidization. By contrast, there were no

two identical cells in the clonal cultures derived from the hyper-diploid and near-triploid

Chinese hamster cells. Nevertheless, the degrees of both numerical and structural variations

were much higher in near-triploid than in hyper-diploid Chinese hamster cells.
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Cancers Have Complex Phenotypes
The complexity of most cancer-specific phenotypes far exceeds that of

phenotypes generated by conventional mutation. For example, the kind of drug-

resistance that is acquired by most cancer cells exposed to a single cytotoxic drug

is more complex than just resistance against the drug used to induce it. It protects

not only against the toxicity of the challenging drug, but also against many other

chemically unrelated drugs [56, 58, 115]. Therefore, this phenotype has been

termed ‘multidrug resistance’. Thus, drug resistance must be polygenic. The same

is likely to be true for the other cancer-specific phenotypes such as grossly altered

metabolism, invasiveness, metastasis, and immortality [40, 45], because all of

these phenotypes correlate with altered expressions of thousands of genes [34, 87,

116–118] and with highly abnormal concentrations of thousands of normal pro-

teins [16, 40, 51, 119]. Moreover, in highly aneuploid cancer cells the number of

centrosomes is increased up to 5-fold – from a normal of two to around ten – and

at the same time their structures are often altered [120–123].

The high genetic complexities of most cancer-specific phenotypes, how-

ever, are incompatible with accumulations of large numbers of gene mutations

generated at conventional rates during the limited live spans of humans and ani-

mals. Indeed, it is virtually impossible that the up to 5-fold increased numbers

of centrosomes that are observed in highly aneuploid cancer cells [17, 120, 121,

124], would be the result of mutations that increase the numbers of the 350 dif-

ferent proteins that make up centrosomes [125].

Nonselective Phenotypes of Cancer Cells
Cancer-specific phenotypes can be divided into two classes: Those, which

are selective, because they advance carcinogenesis by conferring growth

advantages to cancer cells such as invasiveness, grossly altered metabolism

and high adaptability via high genomic variability [40, 45], and those, which

are not selective for growth [73, 126]. The nonselective, cancer-specific phe-

notypes include metastasis, drug resistance and immortality. Metastasis is the

ability to grow at a site away from the primary tumor. Therefore, it is not selec-

tive at the site of its origin [126]. Likewise, drug resistance is not a selective

advantage for natural carcinogenesis in the absence of chemotherapy. Yet, a

high percentage of cancers is a priori or intrinsically drug-resistant [127, 128].

Moreover, the majority of the drug resistances associated with multidrug resis-

tance offer no selective advantages against the drug that induced it. Even

immortality is not a selective advantage for carcinogenesis, because many

types of human cells can grow over 50 generations according to the Hayflick

limit [129], and thus many more generations than are necessary to generate a

lethal cancer. Consider that 50 cell generations produce from one single cell a

cellular mass equivalent of 10 humans with 1014 cells each [10]. Nonselective
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phenotypes, however, are entirely inconsistent with conventional gene mutation-

selection mechanisms.

No Carcinogenic Genes in Cancer
Numerous gene mutations have been found in cancer cells since the 1980s

[1, 29, 42, 130–133], and the prevailing genetic theories of cancer postulate that

these mutations are carcinogenic [29, 30, 33, 34, 42].

But none of the mutations found in cancers are cancer-specific [1, 134],

and in cases where this information is available many, perhaps most, mutations

are nonclonal [8, 134, 135] and are not detectably expressed in human cancer

cells in vivo [8, 116, 136, 137]. Despite enormous efforts in the last 25 years, no

mutant gene and no combination of mutant genes from cancer cells has been

found that converts diploid human or animal cells into cancer cells [4, 5, 12, 13,

24, 73, 138]. Moreover, mouse strains with artificially implanted, hypothetical

cancer genes, or with artificially deleted tumor suppressor genes have survived

many generations in laboratories with either the same or slightly higher cancer

risks than other laboratory mice (Appendix) [8, 24, 73].

In view of this, Vogelstein and Kinzler [1] closed a very influential review of

the mutation theory in 1993 as follows: ‘The genetics of cancer forces us to re-

examine our simple notions of causality, such as those embodied in Koch’s postu-

lates: How does one come to grips with words like “necessary’’ and “sufficient’’

when more than one mutation is required to produce a phenotype and when that

phenotype can be produced by different mutant genes in various combinations?’

These and other inconsistencies between carcinogenesis and established genetic

theories are the reasons why it is still debated, whether mutations or aneuploidies

or epigenetic alterations cause cancer [1, 3–8, 10–14, 16–22, 24–26, 42].

A New, Chromosomal Evolution Theory of Carcinogenesis

In an effort to resolve the many discrepancies between carcinogenesis and

conventional genetic theories listed above, we present here a new, chromosomal

evolution theory of carcinogenesis. Our theory is based on: (1) the ubiquity of

aneuploidy in cancer [61, 62, 65, 78, 139]; (2) our own data that aneuploidy

changes the numbers and structures of chromosomes and phenotypes automati-

cally much faster than and independent of mutation [53–55, 137, 140]; (3) an ear-

lier chromosomal theory of cancer proposed by Boveri and von Hansemann over

100 years ago [141–143]. This theory, however, was abandoned in the 1950s and

1960s in favor of mutation, because instead of the expected cancer-specific aneu-

ploidy, karyotypic heterogeneity was found in most cancers by the methods

developed at that time [62, 144, 145]. Ever since, ‘aneuploidy and other forms of



Duesberg/Li/Fabarius/Hehlmann 24

chromosomal abnormality’ of cancer cells [56] are generally interpreted as ‘sec-

ondary’ events [24, 56, 61, 62, 146] – secondary to presumably primary gene

mutations [15, 32, 64, 75, 147–153]; (4) cancer-specific aneuploidies discovered

since the late 1960s by many laboratories including ours, particularly by compar-

ative genomic hybridizations [84]. These discoveries, however, are not appreci-

ated as chromosomal causes of cancer because of the prevailing genetic theories.

According to our new chromosomal evolution theory, carcinogenesis is

the result of the following chain of events: (1) carcinogens and spontaneous

mitotic errors induce unspecific aneuploidies; (2) aneuploidy corrupts teams of

proteins that segregate, synthesize and repair chromosomes. Aneuploidy is thus

a steady source of karyotypic-phenotypic variations from which, in classical

Darwinian terms, selection of cancer-specific aneuploidies encourages the evo-

lution and spontaneous ‘progressions’ of the malignant phenotypes of neo-

plastic cells. The rates of these variations are proportional to the degrees of

aneuploidy; (3) this chromosomal evolution makes cancer cells new, inherently

unstable cell ‘species’ with distinct, but unstable karyotypes, rather than mutant

cells. Owing to this inherent chromosomal instability, cancers are uncertain

combinations of random and of relatively specific or ‘nonrandom’ aneuploi-

dies; (4) the cancer-specific aneuploidies generate complex, malignant pheno-

types via abnormal dosages of thousands of genes. Down syndrome is a model

for how aneuploidy generates complex, abnormal phenotypes, and (5) thus can-

cer is a chromosomal rather than a genetic disease.

Below, we offer a brief explanation of how aneuploidy generates new phe-

notypes, independent of mutation. According to this mechanism variations of

chromosomes have the same effects on the phenotypes of cells as variations of

the assembly lines of a car factory on the phenotypes of an automobile. If

changes are made that do not alter the balance of components, e.g. moving the

engine from the front to the rear, new, competitive car models are generated.

Indeed, motor companies change their assembly lines to create a new car model.

Likewise, phylogenesis generates new species by changing the numbers and

structures of the chromosomes of existing species [154].

If unbalanced, i.e. aneuploid, changes are made, abnormal and defective

products must be expected. The human trisomy 21, which causes Down syndrome,

is a classic non-neoplastic example [113, 114]. Although trisomy 21 is only

a tiny aneuploidy compared to that of most cancers, it generates 71 Down-

specific phenotypes [111, 112]. Likewise, experimentally induced, congenital

aneuploidies generate numerous abnormal phenotypes in drosophila, plants and

mice, independent of gene mutation [155–157]. Thus, the complex aneuploi-

dies of cancer cells can be expected to generate numerous new phenotypes.

By contrast, the power of changing the phenotypes of the cell by gene

mutation is comparable to employing a few defective or overactive workers on
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the assembly lines of a car factory. Neither of these variables will generate a

new car model, except possibly to produce either a defective car or no car at all,

if an assembly line comes to a stop [158]. For example, none of the 1.42 million

point mutations that distinguish any two humans [159] have generated a new

human species, nor have they even been sufficient to cause cancer in newborns.

Instead of being controlled by hypothetical oncogenes or tumor suppressor

genes, alias ‘gate keepers and caretakers’ [75, 160], or being de-controlled by

the corresponding mutations, most phenotypes of normal and cancer cells are

controlled ‘democratically’ by hundreds of kinetically linked proteins [161].

Such cooperative assembly lines of gene products are buffered against muta-

tions of single genes by the assembly line principle [161, 162]. According to

this principle, unchanging supplies and demands of numerous unmutated genes

from upstream and downstream of biochemical assembly lines buffer mutations

in two ways. They automatically raise substrate concentrations upstream of

slow-working, mutationally compromised genes and restrict by normal supplies

of substrates mutationally activated genes [161, 163]. This is indeed the princi-

ple that buffers cells of all multicellular organisms against all but knock out

mutations that occur during their long lifetimes.

Thus aneuploidization, upsetting the balance of thousands of normal

genes, rather than mutation of a few genes, is necessary to generate the complex

and dominant phenotypes of cancer cells.

In sum, the chromosomal evolution theory provides a coherent explanation

of carcinogenesis that is independent of mutation, and that can explain each of

the many idiosyncratic features of carcinogenesis that are paradoxical in view

of the mutation theory. However, the chromosomal theory remains challenged

by competing claims of the prevailing genetic theories of cancer. In the follow-

ing we take up this challenge.

Testing Specific Predictions of the Chromosomal Theory against
Competing Claims by Genetic Theories of Cancer

According to the prevailing genetic theories of cancer, ‘carcinogens are muta-

gens’ [164] initiating carcinogenesis by mutation, and ‘initiated’ cells then evolve

into cancer cells via poorly defined sets of four to seven complementary mutations

[1, 29, 34, 35, 38, 41, 42, 52, 134, 165]. Since these claims of the prevailing

genetic theories of cancer have monopolized cancer research in the last decades,

we have tested the most distinctive predictions of the chromosomal evolution the-

ory: (1) carcinogens initiate carcinogenesis by aneuploidisation; (2) aneuploidy is

inherently variable and thus sufficient to catalyze the evolution of cancer-specific

chromosome patterns, and (3) carcinogenesis is independent of somatic mutation.
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Carcinogens Function as Aneuploidogens
This prediction has been confirmed previously by others [4, 10, 44, 67, 70,

73, 158, 166–168] including Boveri, who first demonstrated that X-rays, several

chemicals, heat and physical stress generate aneuploidy, but failed to observe can-

cer in experimental animals [142, 143]. However, since these studies did not

establish pre-neoplastic aneuploidy as the cause of carcinogenesis [6, 7, 24, 25],

we have recently retested the question whether carcinogens cause aneuploidy

experimentally, using mutagenic [84] and nonmutagenic carcinogens [169, 170],

and by reviewing the literature [4, 10, 25, 73, 158]. These tests have shown that

mutagenic carcinogens generate aneuploidy either by breaking and rearranging

chromosomal DNA or by chromosome nondysjunction owing to alterations of the

spindle apparatus. By contrast, nonmutagenic carcinogens would induce aneu-

ploidy primarily via de-polymerization of the proteins of the spindle apparatus or

even via physical interference with mitosis as by asbestos [80]. Polycyclic aro-

matic hydrocarbons and vincristine are examples of carcinogens that cause aneu-

ploidy by depolymerizing protein polymers of the spindle apparatus [70, 158].

Moreover, carcinogens, particularly radiations and mutagenic chemical

carcinogens, induce aneuploidy without delay, and thus long before cancer

[170–174], as postulated by the chromosomal theory. Most importantly, our

own studies have shown that among the many effects that carcinogens have on

cells [40], aneuploidy is the one that consistently segregates with subsequent

carcinogenesis [84, 170].

A series of recent studies, aiming at the definition of mutations that might

‘initiate’ carcinogenesis, have instead all pointed to chromosomal initiation [67,

73, 174]. Based on the dosage of a carcinogen delivered to cell cultures, the per-

centages of ‘initiated’ cells were found to be �1,000-fold larger than expected

for the target gene [73]. Markers identified for the initiation of carcinogenesis

were either aneuploidy or chromosomal destabilization or immortalization or

‘delayed reproductive death’ [67] or transformation of cells in vitro [73]. Since

an average human chromosome contains about 1,500 genes – 35,000 genes

divided by 23 chromosomes [154] – it follows that the chromosome is the target

for the initiation of carcinogenesis [73]. We conclude that carcinogens function

as aneuploidogens as postulated by the chromosomal theory.

Aneuploidy Is Inherently Variable and Thus Sufficient to Catalyze the
Evolution of Cancer-Specific Chromosome Patterns
We have tested this critical prediction of the chromosomal evolution the-

ory, by measuring the rates at which karyotypes of cancer cells vary sponta-

neously per cell generation. For this purpose clonal cultures of cancer cells with

different degrees of aneuploidy were prepared and the fraction of nonclonal

karyotypes in these cultures was determined. The rates of karyotype alteration
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per cell generation are then calculated by dividing these fractions by the number

of generations of the clonal culture.

Using this method we found karyotypic variation at rates of near 10�2 per

generation in the hyper-diploid – modal chromosome number � 57 – human

colon cancer cell line SW480 [53]. This rate was calculated from the data shown

in figure 2a as follows: 6 of the 19 karyotypes were identical and are thus consid-

ered the ‘stemline’ [62] or modal karyotype of this line. But, 13 of 19 ‘clonal’

SW480 cells had non-clonal karyotypes, differing from the predominant ‘stem-

line’ in numerical and structural aneusomies, which are identified by bold italic

numbers in figure 2a. Since the clone was about 23 generations old by the time it

was analyzed, having grown from a single cell to about 107, the average rate of

karyotype variation per cell per generation is about 3% (13:19:23). Indeed, this is

a minimal estimate, because many random chromosomal variations are not

viable. A comparison of the karyotypes of an SW480 cell with a normal human

foreskin cell is shown in figure 3. The karyotypes were prepared from metaphase

chromosomes hybridized in situ with color-coded chromosome-specific DNA

probes, as described by us recently [53].

Even higher rates of over 1 chromosomal variation per cell generation were

observed in the hyper-diploid and near-triploid Chinese hamster cell lines D1

(modal chromosome number � 29) and B2 (modal chromosome number � 35)

[55, 140] (fig. 2b). The normal chromosome number of the Chinese hamster is

22. Not even two of these highly aneuploid Chinese hamster cells were the same

[55]. This means that the rates of karyotype variations per cell generation were at

least 4% (100%: 23), but probably higher, because most random variations are

likely to be lost as fast as they are generated. However, in the case of the near-

triploid B2 line the rates of structural chromosomal rearrangements were at least

100% per generation, because each metaphase contained several unique struc-

tural chromosome alterations, numbered ac201-ac296 in figure 2b.

As predicted by the chromosomal theory, much lower rates of karyo-

type variations were observed at low degrees of aneuploidy, namely in the

near-diploid human colon cancer cell line HCT 116 (modal chromosome num-

ber � 45) and in the near-diploid Chinese hamster line B69–1 (modal chromo-

some number � 23) [55, 140]. Only 1 of 30 clonal HCT 116 cells contained a

new, structurally altered chromosome, again identified by a bold italic number

in figure 2a, which corresponds to a rate of only 0.15% karyotypic variations

per cell generation. Not even one purely numerical variation was detected in

30 metaphases. Likewise only 3 of 20 clonal B69–1 cells had nonclonal karyo-

types (fig. 2b), which corresponds to a rate of 0.65% karyotypic variations

per cell generation.

It follows that the degrees of both numerical and structural chromosomal

instability of human and Chinese hamster cells are proportional to the degrees
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of aneuploidy, as postulated by the chromosomal theory. Others have recently

described very similar correlations between chromosomal instability and

degrees of aneuploidy in human cancer cells including some of those used by us

[175–177].

However, the fact that chromosomes are destabilized in proportion to the

degree of aneuploidy could also be explained by a series of independent muta-

tions. But, this mutation argument is unlikely, because it is very unlikely that two

inherently different kinds of mutations, those that alter the structures and those

that alter numbers of chromosomes, would both be equally proportional to the

degrees of aneuploidy in all cancers, considering that specific mutations are very

rare, even in cancer cells (Appendix). In other words, this argument predicts

some cancers with high numerical and no or low structural instability, and others

with the opposite distribution, but so far no such cancers have been described.

In sum, the conclusion can be drawn that the inherent variability of aneu-

ploidy is the cause of the chromosomal and phenotypic instabilities of cancer

cells and the resulting cellular heterogeneities of cancer, as predicted by the

Fig. 3. Metaphase chromosomes of a normal human foreskin cell and of a cell from the

human colon cancer cell line SW480. Cytogenetically intact chromosomes are identified by

numbers. The group labelled ‘mar’ (for marker chromosome) shows structurally abnormal

chromosomes, which are either rearranged intra-chromosomally or inter-chromosomally to

form various hybrid chromosomes. The numbers above these marker chromosomes identify

the chromosomal origins of hybrid chromosomes in their relative order or the basis of intra-

chromosomal alterations, e.g. 3� for an amplification of chromosome 3. A comparison of the

two karyotypes shows that the cancer cells differ from the normal cell in numerous numerical

and structural chromosomal alterations or aneusomies. See online version for color.
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chromosomal theory. This aneuploidy-specific, chromosomal uncertainty prin-

ciple had become the nemesis of the Boveri-von Hansemann theory in the

1950s and 1960s.

Carcinogenesis Independent of Somatic Mutation
Cancer coincides with aneuploidy as well as with mutations [6, 7, 10, 13,

24]. In the words of a recent review in Science, ‘Cancer cells are chock-full of

mutations and chromosomal abnormalities’ [6]. Therefore, it can be argued that

spontaneous and carcinogen-induced aneuploidization is sufficient for the initi-

ation and autocatalytic evolution of carcinogenesis, as we did here. But, it could

also be argued that the initial aneuploidization and its subsequent evolution

depend on somatic mutations, as others have done recently [13, 14, 26,

150–153, 178].

However, the following 4 arguments indicate that carcinogenesis (of nor-

mal cells in normal organisms) is independent of somatic mutation [25]. In fact,

cancer cells, via their specific aneuploidy, are even protected against the nega-

tive effects of mutation: (1) Initiation of carcinogenesis by aneuploidy, gener-

ated by mutagenic carcinogens fragmenting or eliminating chromosomes, is

about 35,000 times more likely than by aneuploidy, generated by mutation of a

specific mammalian ‘aneuploidy-gene’ [6]. This is because mammals contain

about 35,000 genes, and thus only 1 in 35,000 specific mutations would gener-

ate an ‘aneuploidy gene’ [25, 154], but any mutation leading to a chromosome

break or rearrangement generates aneuploidy. Using nonmutagenic carcinogens

to generate initiating aneuploidy via the spindle apparatus is in fact infinitely

more efficient than via the nontarget gene. Thus, initiation of carcinogenesis is

independent of somatic mutation. (2) Generating the complex, cancer-specific

phenotypes by chromosomal variation is about 1,500 times more efficient than

by mutation. Indeed, it would be almost impossible to generate the complex,

polygenic phenotypes of cancer cells in a lifetime of a cancer patient by mutat-

ing many genes, considering the complexity of cancer-specific phenotypes and

the low rates of spontaneous mutation in normal and most cancer cells

(Appendix). By contrast, chromosomal variation is a mechanism that automati-

cally alters the dosages and expressions of thousands of genes. Therefore, ane-

uploidization is infinitely more efficient in generating the complex phenotypes

of cancer cells than mutation. Thus, carcinogenesis is independent of somatic

mutation in generating complex, cancer-specific phenotypes. (3) The high rates

of cancer-specific karyotype-phenotype variations are irreconcilable with the

low rates of conventional mutation. New, cancer-specific phenotypes appear or

old ones disappear in highly aneuploid cancer cells at rates of up to 10�3 per

cell generation, which is four to eleven orders faster than conventional gene

mutation (Appendix). Thus phenotype variation in cancer cells is independent
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of mutation. (4) The relevance of somatic mutations for carcinogenesis is uncer-

tain. Cancer-specific aneuploidy can generate gene mutations by the same

mechanism that varies the structures of chromosomes. In addition, aneuploidy

renders DNA synthesis error-prone by unbalancing nucleotide pools [179].

Thus, the simplest explanation of the many mutations of cancer cells would be

that these mutations are consequences of aneuploidy and thus not necessary for

carcinogenesis. This hypothesis explains why the mutations found in cancer

cells are frequently nonclonal in cancers [8, 135], and why they do not trans-

form normal cells to cancer cells and do not breach the livelihood of transgenic

mice (Appendix). Indeed, cancer cells are immortal, because frequent, aneu-

ploidy-catalyzed karyotypic variations neutralize all potentially negative muta-

tions at much higher rates than they can be generated.

We conclude that carcinogenesis is independent of somatic mutation,

because aneuploidy is much more likely to be generated and varied at the chro-

mosomal level than by mutation. In response to this it has been argued that can-

cers associated with heritable cancer-disposition syndromes prove that

carcinogenesis is dependent on mutation. Examples are the retinoblastoma,

xeroderma, Bloom syndrome, and mosaic variegated aneuploidy syndromes

[32, 34, 180, 181]. However, these heritable – rather than somatic – mutations

are not direct causes of cancer. Instead they initiate carcinogenesis by aneu-

ploidization at much higher rates than it would occur in normal cells by sponta-

neous or carcinogen-induced aneuploidization [181–183]. According to the

chromosomal theory these mutations are genetic equivalents of carcinogens

that induce aneuploidy at high rates. This view is supported by the presence of

aneuploidy in such patients prior to carcinogenesis, as for example in mosaic

variegated aneuploidy patients [183, 184], Bloom patients [182] and xeroderma

patients [185], and by the presence of aneuploidy in the cancers of patients with

retinoblastoma [186–189], mosaic variegated aneuploidy [183, 184], xero-

derma [185, 190] and Bloom patients [182].

We conclude that the abnormally high rates of carcinogenesis in heritable

cancer disposition syndromes are dependent on abnormally high rates of

aneuploidizations that are generated by these heritable genes. Thus carcinogen-

esis encouraged by certain heritable mutations confirms and extends the chro-

mosomal theory of carcinogenesis, but does not show that carcinogenesis in

normal cells depends on conventional mutation.

Explanatory Value of the Chromosomal Theory of Cancer

In table 1, we have summarized how the chromosomal cancer theory

explains each of the idiosyncratic features of carcinogenesis that are paradoxical
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in terms of conventional genetic theories. In the following we offer further com-

mentary on items 1, 2, 5, 6 and 7 listed in table 1, because they are not suffi-

ciently explained by the table and the preceding arguments.

Cancer Is Not Heritable
The chromosomal theory predicts no cancer in newborns, because aneu-

ploidy is not heritable. Aneuploidies are not heritable, because they corrupt

embryogenic developmental programs [113, 114], which is usually fatal [157,

191] as originally shown by Boveri [142]. Only some very minor congenital ane-

uploidies, such as Down syndrome and syndromes based on abnormal numbers

of sex chromosomes, are sometimes viable, but only at the cost of severe physio-

logical abnormalities and of no or very low fertility [31, 65, 68, 192]. Thus, onto-

genesis is nature’s checkpoint for normal karyotypes. The postnatal exponential

increase of the cancer risk with age would then reflect the gradual accumulation

of non- or preneoplastic aneuploidy with age, multiplied by the relatively slow,

nonselective replication of aneuploid, preneoplastic cells (figs 1, 2).

However, it is as yet unclear, why after initiating doses of carcinogens the

neoplastic latencies are very species-dependent, namely much shorter in

rodents than in humans [1, 46, 47, 193–195]. It is also unclear, why the increase

of the cancer risk is proportional to the lifespan of an animal, i.e. is very low for

decades in humans (fig. 1), but only for months in rodents [38, 47]. Still, this is

unlikely to be due to species-specific mutation rates, because the rates of con-

ventional mutations are highly conserved in all species [52, 68]. However, the

Table 1. Features of carcinogenesis

Genetic paradox Chromosomal solution

1 Cancer not heritable aneuploidy is not heritable

2 Long neoplastic latencies autocatalyzed evolution of cancer-specific 

aneusomies

3 Non-mutagenic carcinogens carcinogens function as aneuploidogens

4 High rates of karyotype-phenotype aneuploidy catalyses karyotype-phenotype

variations and the origin of variations, including resistance to

‘immortality’ otherwise lethal conditions, at high rates

5 Cancer-specific aneuploidies cancer-specific aneuploidies generate 

cancer phenotypes

6 Complex phenotypes cancer-specific aneuploidies alter dosages

and functions of thousands of genes

7 Nonselective phenotypes nonselective genes hitchhiking with

selective, cancer-specific aneusomies

8 No carcinogenic genes in cancer cancer is caused by specific aneuploidies



significantly higher chromosomal instability of aneuploid rodent cells com-

pared to equally aneuploid human cells, shown here in figure 2, may offer a dif-

ferent explanation, namely that chromosomal stability of normal and cancer

cells is different in different species.

Long Neoplastic Latencies
The chromosomal evolution theory predicts that carcinogenesis is initially

very slow, because preneoplastic cells have no growth advantages compared to

normal cells and are typically only little aneuploid (fig. 4). Therefore, they would

not form large clonal populations that would increase the probability of further

evolutions. The non-clonality of the pre-neoplastic aneuploidies also hides any

abnormal phenotypes of pre-neoplastic cells, because phenotypes of single cells

are hard to recognize. By contrast, neoplastic ‘progression’ of established cancer

cells is predicted to be faster than during the pre-neoplastic phase for two reasons:

(1) Neoplastic cells, through their selective phenotypes, will generate large

‘clonal’ populations with high probabilities of further variations. (2) The gener-

ally high degrees of most cancer-specific aneuploidies catalyze high rates of

chromosomal variations, compared to those of preneoplastic cells (fig. 4).

The chromosomal theory also predicts a certain endpoint of chromosomal

evolutions in carcinogenesis. This endpoint would be an equilibrium of aneu-

ploidizations, which is reached once a cancer has maximized cellular variability

and adaptability [73] and ‘optimized its genome’ for essential metabolic functions

[196]. According to the chromosomal theory maximal chromosomal variability

would correspond to near or above triploid chromosome numbers (�3n) [13, 73,

137]. Near triploid aneuploidy offers an optimal average redundancy of one spare

for each normal chromosome pair, and thus sufficient redundancy to compensate

for any losses or genetic mutations of a given chromosome [73]. Accordingly, it is

the karyotype of most malignant cancer cells [10, 62, 65, 73, 146, 158, 178, 197].

High Rates of Karyotype-Phenotype Variations and the 
Origin of Immortality
The chromosomal theory attributes the high rates of karyotype-phenotype

variations of cancer cells to the inherent variability of aneuploidy. On this basis,

the chromosomal theory also explains the notorious immortality of cancer cells as

already described in 1972 by the cytogeneticist Koller [62]: ‘It seems that malig-

nant growth is composed of competing clones of cells with different and continu-

ously changing genotypes, conferring the tumor with an adaptable plasticity

against the environment. The bewildering karyotypic patterns reveal the multi-

potentiality of the neoplastic cell; while normal cells and tissues age and die,

through their inherent variability, tumor cells proliferate and survive.’ Thus, can-

cers are immortal, because subspecies from within the zoos of their polyphyletic
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Fig. 4. Carcinogenesis via chromosomal evolutions. According to this mechanism car-

cinogenesis is initiated by unspecific aneuploidies induced either by carcinogens or sponta-

neously. Aneuploidy then alters the karyotype automatically at rates that are proportional to

the degree of aneuploidy, because it corrupts teams of proteins that segregate, synthesize and

repair chromosomes. Aneuploidy is thus a steady source of chromosomal variations from

which, in classical Darwinian terms, selection would encourage the evolution and subse-

quent progressions of neoplastic cell ‘species’ with cancer-specific aneusomies. This evolu-

tion would be slow in the preneoplastic phase, because preneoplastic cells have no growth

advantages over normal cells and because the degree of preneoplastic aneuploidy is typically

low. By comparison the rate of karyotype variations of most cancer cells would be fast,

because cancer cells form large populations by outgrowing normal cells and because the

degrees of cancer-specific aneuploidy are typically high. Any kind of cancer could have as

many specific aneusomies as there are chromosomes involved in the differentiation of its

precursor cell in addition to random aneusomies. Thus cancer-specific phenotypes, such as

invasiveness, metastasis, and drug-resistance, are generated by the abnormal dosages of

thousands of normal genes. Since aneuploidy is inherently unstable, cancer-specific pheno-

types, such as drug-resistance, can be reversible or convertible to other specific phenotypes

at the same rates at which they are generated. The chromosomal model predicts the heteroge-

neous phenotypes and karyotypes of cancers as consequences of independent evolutions of

the inherently unstable cancer cells. Since aneuploidy causes dedifferentiation, the model

further predicts that the degrees of malignancy of cancer cells are proportional to the degrees

of aneuploidy.
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cell populations [110] – species are defined by karyotypes – survive conditions

that are lethal to the mortal majority of the cells, as for example toxic drugs.

Cancer-Specific Aneuploidies
The presence of cancer-specific or nonrandom aneuploidies is directly pre-

dicted by and thus correlative proof for the chromosomal theory in terms of

Koch’s first postulate. Functional proof that cancer-specific aneuploidy gener-

ates malignancy could be derived from evidence that the degree of malignancy

is proportional to the degree of aneuploidy. Indeed, numerous correlations have

confirmed the principle that the degree of malignancy of cancer cells is propor-

tional to their degree of aneuploidy since the 1930s [10, 45, 62–64, 97,

198–204]. Moreover, other studies have shown that maximal malignancy is,

indeed, achieved at maximally stable, near-triploid or hypertriploid aneuploidy

[65, 178, 197, 205, 206]. The parallel evolutions of aneuploidy and malignancy

in cancer cells are thus functional proof for the chromosomal evolution theory

of cancer in terms of Koch’s third postulate.

Complex Phenotypes
Conventional genetic theories cannot explain the generation of the poly-

genic cancer-specific phenotypes such as multidrug resistance, polymorphism,

metastasis to non-native sites, and transplantability to heterologous species

[108] based on conventional rates of mutation and selection in the lifespan of a

human or animal. By contrast, the chromosomal theory of cancer explains the

complexity of cancer-specific phenotypes by the complexicity of the genetic

units that are varied, namely chromosomes with thousands of genes.

Accordingly, the complex phenotypes of cancer cells have recently been shown

to correlate with over- and underexpressions of thousands of genes [34, 87,

116–118, 136]. Likewise, cancer cells over- and underproduce thousands of

normal proteins [16, 40, 51, 119].

Nonselective Phenotypes`
Conventional genetic theories explain the evolution of cancer cells by

cancer-specific mutations and Darwinian selections. But this mechanism cannot

explain the nonselective phenotypes of cancer cells, such as metastasis, drug

resistance and ‘immortality’. By contrast, the chromosomal theory of carcino-

genesis attributes nonselective phenotypes such as metastasis and intrinsic multi-

drug resistance to nonselective genes hitchhiking with selective, cancer-causing

aneusomies, because they are all located on the same chromosomes. The same

would be true for that part of acquired multidrug-resistance, which is not directed

against the selective drug that induced it. The nonselective phenotype immortal-

ity has been explained above.
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Conclusions

We conclude that the chromosomal theory provides a coherent explanation

of carcinogenesis and can resolve all features of carcinogenesis that are para-

doxical in terms of the prevailing genetic theories of cancer. In addition, the

theory stands out for making new, clinically testable predictions, as for example

the prediction that cancer could be detected prior to malignancy via pre-

neoplastic aneuploidy and that chemotherapy could be based on the presence or

absence of resistance-specific aneusomies. Thus, if confirmed, the chromoso-

mal theory should become beneficial for cancer research and therapy.

Appendix

The Achilles Heels of the Mutation-Cancer Theory
The currently prevailing cancer theory postulates that cancer is caused by clonal expan-

sion of one single cell that has accumulated about four to seven complementary mutations

during the lifetime of a patient [1, 12, 34, 38, 41, 42]. However, the mutation theory is hard

to reconcile with the following list of facts.

1 Nonmutagenic Carcinogens. Contrary to the mutation hypothesis, many carcinogens are

not mutagens, including some of the most potent ones. Examples are asbestos, tar, min-

eral oils, naphthalene, polycyclic aromatic hydrocarbons, butter yellow, urethane, dioxin,

hormones, metal ions such as Ni, Cd, Cr, As, spindle blockers such as vincristine and col-

cemid, extranuclear radiation and solid plastic or metal implants [40, 44, 67, 70, 73, 158,

166, 168].

2 No Transforming Genes. Despite years of efforts no genes or combinations of genes from

cancers have been shown to transform normal cells to cancer cells [4, 5, 138] or mice car-

rying such genes in their germ lines into polyclonal tumors [1, 24, 56]. Accordingly,

many, presumably cancer-specific mutations are not detectably expressed in cancer cells

[8, 116, 136, 137].

3 Dependence of Cancer on Unrealistically High Rates of Mutation. The mutation hypothe-

sis explains the exponential increase of the cancer risk with age by the low probability of

four to seven specific mutations [1, 41, 42]. However, in order to maintain the integrity of

the genome, spontaneous mutation rates in all species are naturally restricted to about 10�7

per dominant gene and to about 10�14 per recessive gene per cell generation [6, 47, 52, 57,

68]. Thus, based on these conserved mutation rates cancer via four to seven mutations

would not even exist [10]. For example, based on just 4 specific dominant mutations can-

cer would occur only once in 1012 human lifetimes. This is calculated as follows: Since the

spontaneous mutation rate per specific, dominant gene is about 10�7, it takes 1028 cells to

generate one human cell with 4 specific mutations. The expected cancer rate per human

lifetime of 1 in 1012 is then obtained by dividing 1028 by 1016. 1016 is the number of cells

that correspond to an average human lifetime [10, 38]. Thus, in order to explain the current

cancer risk of Americans and Europeans of about 1 in 3 lifetimes [39] (fig. 1), the muta-

tion hypothesis has to assume mutation rates, which are 103 [(103)4 � 1012] times higher

than in conventional mutation.
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4 No Explanation for the Long ‘Neoplastic Latency’ in Carcinogenesis Induced by a
Critical Dose of Carcinogen. The mutation hypothesis has no answer to the question why,

after a critical dose of carcinogen, carcinogenesis would only occur after exceedingly

long ‘neoplastic latencies’ of years to decades [1].

5 Dependence of Phenotype Alterations in Cancers on Unrealistically High Rates of Mutation.
The mutation hypothesis has to assume mutation rates of up to 10�3 per cell generation to

explain the frequent, spontaneous variation of phenotypes in highly aneuploid cancer cells.

Examples are the ‘high rates’, compared to mutation, at which some cancers generate

metastatic cells [59, 60], or generate drug-resistant variants [53, 54, 56, 58]. But the mutation

rates of most cancers are not higher than those of normal cells [6, 19, 20, 47, 66, 70–74].

6 Heritable Cancer Genes, but no Heritable Cancer. The four to seven gene mutation hypoth-

esis predicts that subsets of cancer causing mutations should be heritable. Indeed, proponents

of the mutation hypothesis have demonstrated that several of the six mutations thought to

cause colon cancer [1] can be introduced into the germ line of mice without breaching the

viability of these animals. According to one study, animals with one of these mutations,

namely ras, were found ‘without detectable phenotypic abnormalities’ [207]. Another study

reports, “surprisingly, homozygosity for the Apc1638T mutation is compatible with postna-

tal life” [208]. Thus subsets of colon cancer genes are heritable. Therefore, colon cancer

should be common in newborns, which are clonal for inherited subsets of these six mutations

(like transgenic mice). But there is no colon cancer in newborns [38, 39].
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Abstract
Inflammation, induced by microbial agents, radiation, endogenous or exogenous chem-

icals, has been associated with chronic diseases, including cancer. Since carcinogenesis has

been characterized as consisting of the ‘initiation’, ‘promotion’ and ‘progression’ phases, the

inflammatory process could affect any or all three phases. The stem cell theory of carcino-

genesis has been given a revival, in that isolated human adult stem cells have been isolated

and shown to be ‘targets’ for neoplastic transformation. Oct4, a transcription factor, has been

associated with adult stem cells, as well as their immortalized and tumorigenic derivatives,

but not with the normal differentiated daughters. These data are consistent with the stem cell

theory of carcinogenesis. In addition, Gap Junctional Intercellular Communication (GJIC)

seems to play a major role in cell growth. Inhibition of GJIC by non-genotoxic chemicals or

various oncogenes seems to be the mechanism for the tumor promotion and progression

phases of carcinogenesis. Many of the toxins, synthetic non-genotoxicants, and endogenous

inflammatory factors have been shown to inhibit GJIC and act as tumor promoters. The inhi-

bition of GJIC might be the mechanism by which the inflammatory process affects cancer

and that to intervene during tumor promotion with anti-inflammatory factors might be the

most efficacious anti-cancer strategy.

Copyright © 2006 S. Karger AG, Basel

There exist two opposing hypotheses concerning the origin of all cancers,

namely, the ‘stem cell hypothesis’ [1–8] and the ‘de-differentiation’ hypothesis

[9]. The following brief review of these very old ideas will be put in the context
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of the overall goal of this book, namely the role of infection and inflammation

in carcinogenesis. To attempt such an integration, several assumptions will be

made, namely that (a) carcinogenesis is a multi-step, multi-mechanism process,

consisting of an ‘initiation’, ‘promotion’and ‘progression’ step [10, 11]; (b) while

a tumor consists of many genotypes and phenotypes, suggesting ‘genomic

instability’ [12], the evidence points to a monoclonal origin of these tumor cells

[4, 5]; (c) chronic inflammatory process affects the promotion/progression

phases of carcinogenesis, not the initiation phase [13]; and (d) while the evi-

dence, which can be used to disprove either the stem cell or de-differentiation

hypotheses is still not unequivocal, using ‘Ockham’s razor’, it seems that newer

studies seem to be consistent with the stem cell hypothesis.

‘Initiation’,‘Promotion’ and ‘Progression’ Concept of
Carcinogenesis

The experimental carcinogenesis studies in rodent skin and liver have,

operationally, demonstrated that after a single exposure to a ‘subthreshold’

dose/concentration of a physical or chemical carcinogen, which does not lead to

an induction of cancers during the lifetime of the animal, an irreversible change

had occurred in a single cell, since subsequent chronic and regular exposures to

a non-carcinogen, led to the appearance of skin and liver cancers [14, 15].

While the ‘irreversible’ event in a single normal cell has been assumed to be the

result of a mutation caused by DNA damage and error-prone repair of that dam-

age, stable epigenetic events might also contribute to initiating the carcinogenic

process, such as in the case of teratocarcinomas. Known physical and suspected

chemical mutagens seem to be able to ‘initiate’ animals, irreversible epigenetic

events or the selection of pre-existing, spontaneously mutated cells, caused by

ubiquitous mutagens, endogenous oxidative damage or error-prone replication,

might also explain the ‘initiation’ event. In the case of teratocarcinoma induc-

tion, where cells from the teratocarcinoma could be placed back into a normal

blastocyst to give rise to a normal mouse, suggests that an epigenetic event that

could be reversed by placing this abnormal tumorigenic cell into a normal

micro-environment might explain this form of cancer [16].

Promotion, operationally, is that process that brings about a clonal expan-

sion of the single ‘initiated’ cell, such that, after many cell divisions, additional

changes could occur in at least one of the initiated cells to bring about all those

phenotypes associated with a malignant cell, the so-called ‘hallmarks of can-

cers’ [17]. The increase of the initiated cell by the promotion process can and

probably occurs because of both an increase in the birth of new initiated

cells and a decrease in their death. In other words, promotion involves both the
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selective mitogenesis, and not mutagenesis, and decreased apoptosis of the ini-

tiated cells. Promotion could occur then by agents and conditions that could

stimulate cell proliferation, such as endogenous mitogenic growth factors, hor-

mones, cytokines, occurring during normal growth cycles, wound healing after

burns, surgery, organ cytotoxicity or, in the context of this review, chronic

inflammatory processes leading to hyperplasia [18]. In addition, exogenous

exposure to agents that either or both stimulate cell proliferation or inhibit

apoptosis. If a mutagen, such as UV light, causes not only mutations in skin

cells but also cell death, it could be both an initiator, as well as an indirect

promoter, by inducing compensatory hyperplasia of any surviving UV-induced

initiated cell. Nonmutagenic chemicals, such as alcohol or carbon tetrachloride

or certain viruses that kill cells by necrosis, could act as an indirect promoter by

inducing compensatory hyperplasia. Inhaled solid particles, such as asbestos,

would induce chronic inflammatory process that, then, could release secreted

chemicals, e.g. interleukin-1, interleukin-6, prostaglandin E2, and tumor necro-

sis factor that might act as either or both mitogens and apoptosis inhibitors to

any initiated cell in the proximity of the irritant.

Promoters also have other characteristics that distinguishes them from ‘ini-

tiators’, in that there seems to be a requirement that (a) there be a ‘threshold’

amount of the promoter; (b) the promoter be applied in a regular, sustained

fashion; (c) the promoter be given in the absence of an antipromoter; and (d) the

promotion process can be interrupted, if not reversed [18, 19]. A wide variety of

agents and conditions seem to be able to promote tumors [20], suggesting

multi-molecular/biochemical mechanisms that can lead to a common cellular

basis for mitogenesis and to the inhibition of apoptosis of the initiated cell.

Promoters are, also, species, organ and cell-type specific.

Progression, on the other hand, seems to be a late step in carcinogenesis

that confers on a single cell in the mass of a promoted clone of initiated cells the

property of being autonomous of an endogenous or exogenous promoter, and

thereby able to acquire addition ‘hallmarks’ of cancer that enables it to invade

surrounding tissue, to metastasize and to induce angiogenesis to supply needed

nutrients to the tumor.

What Is that ‘Initiated’ Cell?

If that tumor, consisting of billions of genotypic/phenotypic heterogeneous

metastatic cells, originated from a single normal cell, the question remains is

that single ‘target’ cell any cell of the body or is that a ‘special’ cell, such as an

adult stem cell? Obviously, if that cell is a terminally differentiated cell, such as

a red blood cell, or a lens cell, which has lost its genome during the differentiation
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process, it can not de-differentiate and then give rise to a tumor cell with abnor-

mal chromosomes and genes. However, if the cell is a progenitor cell that has

been derived from an adult stem cell of a given organ, been committed to dif-

ferentiate to an organ-specific manner and has lost telomerase activity and lost

significant telomeres, it seems destined to senesce, unless it can reactivate its

telomerase and restore its telomeres. If, however, the progenitor cell has not lost

telomerase activity or significant amount of its telomeres, might it have the

ability to de-differentiate from its young differentiated or committed lineage of

that organ?

First, it seems appropriate to define what might be an initiated cell. The

initiation process must prevent a single cell to terminally different or senesce.

Second, initiated cells seem also to resist apoptosis. Functionally, an initiated

cell must be able to have unlimited proliferative potential, and be able to resist

apoptosis, two of the ‘hallmarks of cancer’.

Initiation: Is It the Induction of ‘Immortalization’ 
of a Normal,‘Mortal’ Cell or the Inhibition of 
‘Mortalization’ of a Normal ‘Immortal’ Adult Stem Cell?

One of the major paradigms, driving current thinking in the field of cancer

research, is the hypothesis that the initial/ ‘initiating’ step of the carcinogenesis

process must involve the ‘immortalization’ of a normal cell [21, 22], so that it

can survive long enough to accrue all of the other ‘hallmarks’ associated with

an invasive, metastatic cancer cell. For decades, investigators have tried to

‘immortalize’ human fibroblast and epithelial cells with all sorts of carcino-

gens, only to fail most of the times. Although rodent cells seem to ‘immortal-

ize’ fairly easily with carcinogens and transfected oncogenes, such as ‘myc’,

only by the use of ‘immortalizing’ viruses or their genes and by transfection

with the human telomerase reverse transcriptase (hTERT) gene, could human

cells be ‘immortalized’ [23–25].

However, there is a challenge to this paradigm. In that, with the isolation of

normal human adult stem cells, one can now view normal adult stem cells,

found in most, if not all, organs, as being normally ‘immortal’ until they are

induced to differentiate or ‘mortalize’ [26, 27]. If the adult stem cell is exposed

to an initiating agent which prevents the stem cell from terminally differentiat-

ing, it would maintain many stem cell characteristics through the end of the car-

cinogenic process. In other words, the metastatic cell would phenotypically

resemble the stem cell more than the normal differentiated cells of that lineage.

This will have consequences to the current trend to use sophisticated DNA

micro-array and differential gene expression studies on normal tissues and the
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cancers found in those tissues. The reason being that in the extracts of normal

tissues, not only contain normal cells at various stages of the cell cycle, various

differentiated stages and differentiated cells of the common organ-specific

adult stem cell, apoptotic cells and stressed cells, but also, the very few adult

stem cells that might be the ‘target’ cell for the cancer [27]. Moreover, in the

tumor itself, because of genomic instability, differential oxygenation of the

tumor, cell cycle differences of the dividing tumor cells, as well as invasive

inflammatory cells, and more recently, the identification of ‘cancer stem’ cells

[28–36], the mixture of genes expressed in the normal tissue would mask the

genes expressed in the few adult stem cells which might be the parent cell of the

‘cancer stem’ cell. In other words, these micro-array profiles, using the current

methodology, would not reveal the underlying mechanisms leading to the dif-

ferences that are seen in these studies.

Finally, if this interpretation is correct, then the ‘immortalizing’ viruses

used to isolate these ‘initiated’ or ‘immortalized’ cells really do not ‘immortal-

ize’ an already normally immortal adult stem cell, but they prevent the ‘mortal-

ization’ of an already ‘immortal’ adult stem cell. When one re-examines the

studies on ‘immortalizing’ human epithelial cells, one notes that the frequency

of obtaining an ‘immortalized’ cell approaches a normal mutation frequency. If

one thinks about the population of a normal primary culture, one would imag-

ine only a few stem cells would be found in the population. If the virus (simian

virus (SV) 40, papilloma virus) infects all cells, those, that were already com-

mitted to senesce, would senesce or go through ‘crises’. On the other hand, if

the population of primary cells had but a few stem cells, and these cells are pre-

vented from ‘mortalizing’ by the SV40 of E6, E7 genes, they would survive this

‘crises’ phenomenon seen in this type of experiment.

Characteristics of Adult Stem Cells: Clues to the Stem Cell
Hypothesis of Carcinogenesis

While it appears clear that with the explosion of studies on both embryonic

and adult stem cells, many of the past definitions and concepts of stem cell biol-

ogy are being called into question. However, it seems that one commonly-

agreed on definition of a stem cell is that it is a cell that has the ability to divide

symmetrically to produce two daughters with stem cell capacity in order to

expand the stem cell pool. On the other hand, these same stem cells appear to be

able to divide asymmetrically to produce one daughter that maintains stemness,

while the other daughter cell is now committed to differentiate into the lineage

of the particular organ it finds itself. Without addressing current controversies

related to ‘trans-differentiation’ of adult stem cells’ [37], it appears that, obviously,
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an embryonic stem cell can be considered as ‘toti-potent’, in that it is capable of

giving rise to all cell types within the multi-cellular organism. On the other

hand, an adult stem cell, while it maintains several characteristics of the embry-

onic stem cell such as symmetrical and asymmetrical proliferation ability, it has

been specifically committed to exhibit some organ specific genes.

Are There Adult Stem Cell Markers?

In order to test the stem cell hypothesis, one must first identify stem cells.

Aside from testing individual cells for the inability to exhibit functions, such as

symmetrical and asymmetrical cell divisions, their capacity for unlimited pro-

liferative potential, and their ability to differentiate upon exposure to appropri-

ate stimuli into cell lineages found in the organ in which they were isolated, can

one find molecular markers that might be associated with these functions?

In trying to test the stem cell hypothesis, Chang et al. [38] assumed adult

tissues must have stem cells if the stem cell is the ‘target’ cell for initiating the

carcinogenic process. Having no direct evidence of any molecular marker or

function, it was assumed that, from the field of gap junction biology, if the toti-

potent stem cell, the fertilized egg, had no expressed gap junction genes (con-

nexins) or functional gap junctional intercellular communication (GJIC), then

stem cells, both embryonic and adult, must be devoid of GJIC to remain undif-

ferentiated in their ‘niche’ [39]. Once these undifferentiated stem cells are

induced to express their connexins and have functional GJIC, they can then

start to differentiate [40]. Using an in vitro strategy based on this assumption,

cells were isolated in a ‘kiss of death’ method, by which dis-associated cells of

normal tissue, which contains a few stem cells, many GJIC positive progenitor

cells and terminally-differentiated cell, were placed on a confluent mat of

lethally radiated GJIC positive cells. Those cells of the biopsy that had func-

tional GJIC coupled with the dying irradiated cells of the mat and died. The ter-

minally differentiated cells did not proliferate on the mat. However, the few

cells, derived from the dis-associated tissue that did not have expressed connex-

ins or functional GJIC, landed on the mat of lethally irradiated cells and formed

colonies within days. Upon further characterization, these cells were shown to

be deficient in GJIC.

Assuming all the previous studies on the role of GJIC in cell proliferation

and differentiation [41], these human kidney cells were assumed to represent

adult human stem cells. To put these studies into perspective, it was known at

that time that cancer cells, which do not have growth control, do not terminally

differentiate, are immortal, and have abnormal apoptotic behavior, lacked either

functional homologous or heterologous GJIC [42]. Later, other adult cells,
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which did not express connexins or have functional GJIC, have been isolated

[43–50] and shown to have the ability to divide both symmetrically and asym-

metrically, as well as being able to differentiate and be relatively easily blocked

from ‘mortalization’ and subsequently neoplasically transformed [49, 51].

Later, after it was shown that embryonic stem cells seemed to be charac-

terized by the expression of the Oct-4 transcription factor gene [52–54], as well

in the cancer cells that were tested, but not in normal adult tissue [55–57], our

group assumed that adult stem cells might exhibit the Oct-4 gene. Since we had

multiple human adult stem cells isolated from the kidney, breast, liver, pan-

creas, and mesenchymal tissue, as well human cancer cells derived either from

the specific human adult stem cell or from the same organ from which the stem

cell was isolated, we showed that all these normal adult stem cells expressed

Oct-4, whereas their differentiated daughters did not. However, cancer cells,

derived from the stem cell or from the organ from which the stem cells were

isolated, also expressed Oct-4. In addition, although it had been claimed that in

normal adult tissue Oct-4 was not seen, because there are so few stem cells in

normal adult tissue, one could not easily see these few Oct-4 expressing cells.

We, however, knowing what to look for, did observe a few Oct-4 cells in normal

human and dog skin tissues [58]. These observations, together with those show-

ing that adult stem cells to not express connexin genes, suggest that the non-

cancer, ‘initiated’ cells and cancerous cell lines were derived from the adult

stem cells, thus supporting the ‘stem cell’ hypothesis of carcinogenesis.

Role of Gap Junctional Intercellular Communication
in Normal Growth Control and Its Dysfunction in 
Carcinogenesis

Building on the previous observations and interpretations, it is now

assumed that the adult stem cell, with its expressed Oct-4 transcription gene

and its nonexpressed connexin genes and nonfunctional GJIC, is the initial cell

that is ‘initiated’ by some mechanism. However, at this stage of carcinogenesis,

this cell is not a cancer cell, nor has it lost growth control. It is only unable to

terminally differentiate and resist apoptosis. It must be promoted to clonally

expand in number so it can accrue addition changes needed to acquire the other

phenotypes classified as ‘hallmarks’ of cancer.

Since to date, many chemical tumor promoters have been shown to

reversibly inhibit GJIC [20] and to inhibit apoptosis [59–61]. GJIC was postu-

lated to play a role in the tumor promotion mechanism [62–64]. This then raises

a potential conundrum, because when one examines many cancer cells, one

observes something very interesting, namely, some cancer cells do not express
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any connexins and have no functional GJIC such as HeLa and MCF-7 cells [65,

66]. On the other hand, other cancer cells express some connexins but have no

homologous or heterologous GJIC [67]. In those cells, many have activated

oncogenes, such as src, ras, raf, neu, which have been shown to down regulate

the function of connexins [42]. One explanation for this is that, while all tumor

cells seem to lack functional GJIC, they can do so via either by being derived

from a adult stem cell that has its connexin genes transcriptionally repressed or

from a early progenitor cell that has expressed its connexin genes, had func-

tional GJIC, started to differentiate but was initiated or blocked from its ability

to repress its Oct-4 gene, to repress its telomerase activity so as not to lose its

telomeres (‘ongogeny as blocked or partially blocked ontogency’ [68]; fig. 1).

Of course, another possibility is that both types of GJIC negative tumor cells

were derived from the adult stem cells and only in some tumors are some of the

tumor-derived stem cells capable of partial differentiation, i.e. in which the con-

nexin genes were expressed and the cells started to differentiate because of

micro-environmental factors within the tumor.

Cancer Stem Cells: Something New or a Newly 
Discovered Old Prediction

A number of recent publications have provided experimental evidence that

not all the cells of a tumor have the capacity to perpetuate the tumor. However,

within the heterologous population of tumor cells are what appears to be the

‘cancer stem cells’ [28–36]. To many, this constitutes a major conceptual break-

through in the understanding of carcinogenesis. Yet, insights, generated decades

again, suggested that adult cancers were derived from adult stem cells and tera-

tocarcinomas were derived from embryonic stem cells. Cancers, conceived of

as a ‘disease of differentiation’ [1], cancers as a ‘stem cell disease’ [2], and

‘oncogeny as partially blocked ontogeny’ [68], as well as insights gained from

the monoclonal nature of tumors [4, 5], have been long thought of as having

been derived from stem cells [8].

One property of both stem cells and cancer cells seems that to provide

some indirect evidence for the cancer having been derived from the stem cell.

That property or ‘hallmark’ is the ‘immortality’ of both. While it is generally

accepted that tumor cells are immortal, it has not been universally accepted that

the original target cell from which the cancer cell is derived is immortal. In fact,

the prevailing paradigm has been that the normal target cell, that is ‘initiated’ to

become a cancer cell, is ‘mortal’ and that it must be ‘immortalized’ in order that

it can escape senescence to be able to proliferate indefinitely to accrue all the

other ‘hallmarks’ needed to acquire the ultimate phenotypes of invasiveness,
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Fig. 1. Oct-4 expression in human breast epithelial cells. The presence or absence of the

expression of Oct-4 transcription factor gene in human breast epithelial cells. In all panels:

1 � low magnification; 2 � phase contrast; 3 � high magnification. The term ‘type 1’ refers to

the normal human breast epithelial stem cell, the term ‘type 2’ refers to the normal differenti-

ated human breast epithelial cell after the type 1 has been induced to differentiate and exam-

ined. a1–a3 Type 1 cells. b1–b3 Young type 2 cells. c1–c3 Type 2 cells. d1–d3 SV40

immortalized type 1 cells. e1–e3 Nontumorigenic SV40 immortalized type 1 cells that became

weakly tumorigenic after X radiation. f1–f3 Highly tumorigenic type 1 cells derived from the

weakly tumorigenic cells that were transfected with the activated neu oncogene. Oct-4 is

expressed in normal breast epithelial stem cell, its non-tumorigenic SV40 ‘immortalized’ cells,

the weakly and highly tumorigenic immortalized cells, but is not expressed in the normal

mature differentiated breast epithelial cells. g Verification of Oct-4 expression by RT-RCR

analyses. h Type 1 cells are GJIC negative in contrast to type 2 cells. GJIC was measured by the

transfer of Lucifer yellow dye via the scrape loading/dye transfer technique.
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metastasis and angiogenesis [69]. Many reports, as mentioned above, have

shown that ‘immortalizing viruses’ could produce ‘immortal’ human cells that

could be subsequently neoplastically transformed by other carcinogenic agents

[70–72].

However, if one considers that a normal adult stem cell in a developing

organism can invade tissues, ‘metastasize’ to a distal tissue and even induce

angiogenesis, one should conclude these are phenotypes not unique to only can-

cer cells. Moreover, conceptually, a stem cell should be viewed as being nor-

mally ‘immortal’ until it is induced to terminally differentiate or to ‘mortalize’.

Again, the cancer cell is not only characterized as ‘immortal’ but unable to ter-

minally differentiate under usual micro-environment conditions.

This, then, leads to the recent observations that within a tumor there

appears to be cancer stem cells, as well as tumor cells that have acquired other

phenotypes that suggest ‘partial differentiation’ or ‘mortalization’ has occurred.

It seems obvious that the micro-environment within the tumor is very different,

particularly with factors such as proximity to surround normal cells (stromal-

epithelial interactions [74, 75]) and conditions of oxygenation/nutrient supply.

If the cancer stem cells are derivatives of a normal adult stem cell, they pro-

bably have the capacity to differentiate, given the right micro-environment

stimuli. This is clearly seen within a teratocarcinoma, derived probably from

embryonic or less committed adult stem cells, where highly differentiated tis-

sues are seen such as bone, hair, teeth, etc. In adult tumors, lack of factors from

the stromal-epithelial interactions and from nutrient/oxygenation supply might

be the inducing triggers for some of the cancer stem cells to ‘differentiate’ or

‘mortalize’ by apoptosis or terminal differentiation.

Stem Cells, Oncogenic Viruses, and Cancer

In the cancer field, the ‘virus theory’ of carcinogenesis has a long history.

It should be clear, today, that if viruses do play a role in carcinogenesis, they

probably must conform to the multistage, multimechanism of carcinogenesis.

That is, the viral role would be in either or both the initiation or promotion

phases of carcinogenesis. As indicated above, the SV40 and human papilloma

viruses can ‘immortalize’ human cells so that these cells can have unlimited

proliferative capacity to accrue all the other cancer phenotypes. However, as

interpreted by this review, these viruses might have blocked the ability of the

few adult stem cells to terminally differentiate. These viruses might be able to

prevent the Oct-4 gene transcription factor from suppressing other genes needed

for differentiation, such as the connexin genes. We have shown that normal

adult human breast and pancreatic stem cells, when transfected with the SV40
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and E6-E7 papilloma viral genes, can be ‘immortalized’, but not directly neo-

plastically transformed. These cells do not express their connexin genes or have

functional gap junctional communication [40, 43]. However, if these cells are

exposed to agents that seem to trigger the expression of the connexin genes,

induce GJIC and suppress the Oct-4 gene, they differentiate. In these cases, the

role of the virus is to be an ‘initiator’ of cancer. These viral-initiated cells could

then be ‘promoted’ in the similar fashion as any other physical or chemical

mutagen.

Clearly, if viral infection leads to massive tissue cell death, the viral infec-

tion might be viewed as an ‘indirect tumor promoter’, in that the death of cells

might stimulate the proliferation of any surviving initiated cell in that tissue.

Lastly, one cannot rule out, without rigorous experimental evidence, that viral

‘insertional mutagenesis’ of critical genes that contribute to the carcinogenic

process.

Lastly, viral-derived ‘oncogenes’, such as src, ras, raf, neu, mos, have been

shown to modify, posttranslationally, the connexin protein, thereby, acting as a

stable, endogenously supplied tumor promoter by inhibiting GJIC [42].

Inflammation,Tumor Promotion and Carcinogenesis

Evidence seems to be mounting that the evolutionarily adaptive process of

acute inflammation, which is, e.g., needed for wound-healing or eliminating

infections, can be maladaptive if it is sustained chronically. Cancer, cataracts,

arthritis, chronic bowel disease, diabetes, atherosclerosis and Alzheimer’s dis-

ease have been associated with chronic inflammation [75–92]. In addition, sev-

eral anti-inflammatory chemicals and drugs have been associated with either

the prevention or treatment of many of these diseases [93–96].

Physical agents such as asbestos or small air particulates [97–99], bacterial

infections [100–102], viral infections [103–107], fungal contamination

[108–111], as well as parasitic infections [112] have been linked to inflamma-

tion, cancers, other acute and chronic diseases. Many of these studies suggest

that the inflammatory related effects on carcinogenesis seem to involve the

tumor promotion phase, rather than the initiation phase [111].

Oxidative stress, induced by physical, chemical or microbial agents, seems

to be the triggering event in cells that initiate the inflammatory process

[113–116]. Secreted factors, such as arachidonic acid, cytokines, and other secre-

togues, could, in principle, either damage macromolecules (e.g. DNA, proteins,

membrane components) or trigger signaling molecules in surrounding cells.

While the prevailing paradigm, again, seems to view agents inducing

oxidative stress as inducing DNA damage, mutating nuclear genes, and causing
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‘initiation’, an alternative view is that oxidative stress is that which contributes

to the promotion phase of carcinogenesis [117, 118]. Supporting that interpre-

tation is the oxidative-stress induced inflammatory process must be chronic and

sustained. Second, many non-DNA inducing, but oxidative-stress inducing

chemicals are not mutagens, can trigger signal transduction, block GJIC and act

as tumor promoters but not tumor initiators. Several excellent examples would

be that of phorbol esters [119], perfluorated compounds [120], pentachlorophe-

nol [121], and small-molecular-weight polynuclear aromatic hydrocarbons

(PAHs) [122]. All have been shown to induce oxidative stress, inhibit GJIC, and

act as tumor promoters [123–125].

With the recent demonstration that antioxidants seem to be correlated with

the reduced risks to chronic diseases, as well as the use of cyclooxygenase-2

(COX-2) inhibitors, some support for the role of the chronic inflammatory

process in chronic diseases [126]. However, application of a strategy to use

intervention with pure anti-oxidants or anti-inflammatory drugs to reduce risk

to various chronic diseases has led to several unexpected serious side effects

[127]. Yet, upon reflection, ‘anti-oxidants’ can be ‘pro-oxidants’ under different

sets of conditions [128]. In addition, where anti-oxidants or nutrient supple-

ments might be positively effective is in individuals that might be deficient in

these critical factors. However, to expose individuals that are constitutively

‘proficient’ in these factors, these anti-oxidants and nutrient supplements might

actually be in-effective or even negatively effective.

Implications of the Stem Cell Theory for Cancer
Chemoprevention and Chemotherapy: Cancer as a 
‘Treatable Chronic Disease’

The current paradigm of cancer treatment has led to a ‘slash and burn’

approach to deal with a tumor. The idea was to kill the cancer cells without

killing the patients. Newer approaches have been to induce either terminally

differentiation or apoptosis of the cancer cells. Others included ‘targeted’

immunotherapy to kill the cancer cells, or in case of viral carcinogenesis, to pre-

vent viral ‘initiation’ of cancer by vaccination against the viral protein [129].

Starting with the two major observations, namely, that there exists cancer

stem cells and cancer-non-stem cells within tumors [28–36] and that two kinds

of tumor cells exist, one without any expressed connexin genes (HeLa, MCF-7

cells [65, 66]) and the other with expressed connexins but non-functional GJIC

[27] (fig. 2), it should be clear that prevention and treatment of these two types

tumor cells will be very different. Indeed, the very idea that the multi-stage,

multi-mechanism process of carcinogenesis directly implies that each step of
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this complex evolutionary acquisition of the ‘hallmarks’ of cancer means the

physiological stage of the cells in the initiated, promoted and progression steps

would be different. Therefore, no one chemopreventive/chemotherapeutic treat-

ment will work equally at all stages or on either of the two types of tumor cells.

Starting from the realization that one class of tumor cells, such as the HeLa

or MCF-7 types, does not express their connexin genes, does express Oct-4

transcription factor, and does not have functional GJIC, it should be obvious

that this class of tumor cells would be very ‘stem cell-like’ or very primitive. On

the other hand, those tumor cells that express their connexin genes but do have

defective GJIC, they would be ‘partially-differentiated’. Therefore, in the former

case, targeting ‘HeLa-like’ tumor cells with agents that could transcriptionally
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Fig. 2. The stem cell theory of carcinogenesis. This diagram illustrates how two types

of cancer cells could arise from either pluri-potent stem cells (lacking expressed connexin

genes and having no GJIC) or from very early transit cells, which express connexin genes

and have functional GJIC after exposure to an initiator. Initiation is that process which would

prevent the stem or transit cell from terminal differentiation. These initiated stem or initiated

transit cells would be growth suppressed either by secreted negative growth regulators or by

gap junction-dependent ‘contact inhibition’, respectively. If these initiated stem or initiated

transit cells are exposed, chronically, to agents that either inhibit the secreted negative growth

regulator or down regulate gap junctional intercellular communication, these initiated cells

would proliferate, accumulate and accrue sufficient genetic/epigenetic changes sufficient to

become ‘promoter independent’ and invasive and metastatic. In the end, both tumor types

lack function GJIC, one due to the transcriptional suppression of the connexin genes, the

other because various mutations, activated oncogenes, deactivated or loss of tumor suppres-

sor genes cause down regulation of the expressed connexins and gap junctions. Strategically

and tactically, based on this hypothesis, the approach to chemoprevention and chemotherapy

would be very different.
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activate the connexin genes, so that they might start to contact inhibit and to

transcriptionally inactivate the Oct-4 gene in order that they can differentiate or

apoptose, would be the theoretical strategy for chemotherapy. Given that the

initiated ‘HeLa-like’ cell is a stem-like cell that is prevented from proliferating

because mitogenic suppression by some secreted negative growth regulator,

chemoprevention would be with agents that negate or ameliorate the effect of

promoters that inhibit the negative secreted growth regulators on the initiated

cells with no expressed connexins.

In those tumor cells that have no functional GJIC but do express their con-

nexin genes, targeting those oncogenes – e.g. src, Erb-2/neu, ras, raf, mos – that

alter the connexin protein via their coded proteins (tyrosine kinases, G-proteins,

etc.) would restore GJIC and cells would then contact inhibit. Clearly, not all

oncogene products render the connexin proteins non-functional in the identical

fashion. Therefore, specific inhibitors would have to be targeted to the activated

oncogene in the specific tumor. Lovastatin, for example, restored growth control

and reduced tumorigenicity to Ha-ras-transfected tumor cells, but not the src- or

neu-transfected tumor cells [130]. In addition, chemoprevention of initiated

pre-malignant cells with expressed connexins and functional GJIC would occur

by preventing endogenous or exogenous chemicals from promoting these cells

by inhibiting gap junction function. Again, not all tumor promoters work to

reversibly down-regulate GJIC exactly the same manner. The tumor promotor

12-O-tetradecanoylphorbol-13-acetate (TPA) activates the protein kinase C (PKC)

and subsequently hyper-phosphorylates the connexin proteins to inactivate GJIC

[131]. DDT also inhibits GJIC but by a completely different mechanism [132].

In other words, there cannot be a ‘universal’ chemopreventive or therapeu-

tic strategy for these two classes of tumors found in every organ. What might

make treatment of cancers even more complex is the observation that not all the

cells within a tumor are genetically/phenotypically identical. While all these

diverse phenotypic tumor cells were clonally derived from a single initiated

cell, both ‘genomic instability’ [12] and the micro-environmentally induced

phenotypes of tumor cells constitute different ‘targets’ of sensitivity to any ther-

apeutic strategy. The existence of the ‘cancer stem cells’ [28–36] could be the

source of the ‘partially’ differentiated tumor cells. These two classes of tumor

cells might be due to the micro-environmental conditions such as nutrient and

oxygen supply that induce connexin expression, leading to partially differentia-

tion of the tumor cells. These partially differentiated cells might be more sensi-

tive to agents that induce apoptosis or cytotoxicity. The remaining, ‘resistant’

tumor cells might simply be the few cancer stem cells. In fact, rather than

interpreting the induction of drug-resistance by the therapy, the therapy might

be just selecting pre-existing ‘cancer stem cells’ that are naturally resistant to

the therapy.
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If this explanation is correct, then a strategy would be the use of combined

therapy to account for these two classes of tumor cells within a tumor. To kill

the ‘partially-differentiated’, GJIC positive cells with one type of agent that can

take advantage of the ‘bystander’ effect that might be mediated through the gap

junctions in these tumor cells. To control the ‘cancer stem cells’, agents, that

might suppress the Oct-4 genes and to induce transcription of connexins, have

the potential to restore growth control in these cancer cells. This would consti-

tute another strategy for therapy.

Conclusion

An old hypothesis, namely, the stem cell hypothesis of cancer, has been re-

analyzed in view of the ‘hallmarks of cancer’, including integration with the

concepts of the multistage, multimechanism process of carcinogenesis and of

the role of intercellular communication via both secreted factors and by gap

junctions. Old observations, such as the fact that cancer cells lack functional

homologous or heterologous GJIC, either because the connexin genes are not

expressed – e.g. HeLa, MCF-7 tumor cells – or because the connexin genes were

expressed but the expressed proteins were rendered nonfunctional by some acti-

vated oncogene, had to be integrated into a new hypothesis to explain that not all

cancer cells are alike. In addition, the relative recent isolation of adult human

stem cells and their partial characterization has led to new insights as to a new

paradigm of carcinogenesis. This paradigm suggests that the stem cell, a natu-

rally immortal cell that expresses Oct-4 transcription factor and does not express

connexin genes, can be blocked from ‘mortalization’ by the initiation process of

carcinogenesis. Promotion of these initiated premalignant cells would involve

interfering with the mitotic suppressing effect of endogenous factors. In addi-

tion, in order to explain the existence of some tumor cells, which do express con-

nexin genes and are partially differentiated, but which do not have functional

GJIC, these might be the result of an early partially differentiated daughter of a

stem cell that has not yet repressed its Oct-4 gene or its telomerase gene. These

communicating initiated cells would be contact inhibited by functional GJIC, but

promoted by chemicals that reversibly inhibit GJIC. When stably inhibited by

activated oncogenes, these initiated cells can thus become autonomous in their

growth. Strategies for chemoprevention and therapy will have to take into

account these two classes of tumors and to their differential sensitivities to both

chemopreventive and therapeutic agents being used. In the context of the poten-

tial role of infections and inflammatory processes, these two factors probably

play important roles within the multistage hypothesis of carcinogenesis, but

mainly within the promotion phase.
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Abstract
Helicobacter pylori is present in the stomach of more than half of the world population.

Based on compelling epidemiological evidences, it was classified by the World Health

Organization as a type I gastric carcinogen. It is generally believed that gastric cancer devel-

opment is a multi-step progression from chronic gastritis to atrophy, intestinal metaplasia,

dysplasia, and cancer. Individuals infected with H. pylori have at least a 2-fold increase in

risk of gastric cancer development though only a small proportion of infected individuals

will ultimately develop this malignancy. The exact mechanisms underlying how H. pylori
triggers or causes gastric cancer remain elusive. Certain H. pylori genotypes like cagA, vacA

s1 or babA1 are considered to be of higher virulent potential. Apart from the bacterial fac-

tors, the host response to chronic H. pylori infection may also attribute to the cancer risk. It

was found that individuals who carry pro-inflammatory cytokine gene polymorphism have a

substantial increase in risk of cancer development. The combination of bacterial and host

genotypes may have a synergistic effect on cancer development. Despite the strong causal

link between chronic H. pylori infection and gastric cancer, the role of H. pylori eradication

in preventing gastric cancer remains controversial. More long-term data may be necessary to

clarify this controversy.

Copyright © 2006 S. Karger AG, Basel

Helicobacter pylori is a gram-negative organism that lives in the micro-

aerophilic and acidic environment of the human stomach. The rediscovery of 

H. pylori two decades ago has revolutionized the concept and management of

gastroduodenal diseases [1]. This organism is casually linked to the pathogenesis

of gastric and duodenal ulcer [2, 3]. Eradication of H. pylori from the human

host leads to long term cure of peptic ulcer diseases [4]. Moreover, H. pylori is

etiologically linked to the development of adenocarcinoma of the stomach

[5, 6] as well as MALT lymphoma of the stomach [7].

Specific Pathogens
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Whilst virtually all H. pylori infected individuals have certain degrees of

gastric inflammation, only a subgroup of individuals will develop complica-

tions like peptic ulcer or gastric cancer. The precise mechanism underlying this

development remains undefined but it is increasingly recognized that the inter-

action between host and bacterial factors may govern the development of these

complications. This review will summarize the current knowledge on the asso-

ciation between H. pylori and gastric neoplasia.

Epidemiology of Gastric Carcinoma

Gastric carcinoma is the second commonest cause of cancer related death

in the world with a mortality rate of more than 600,000 people each year [8].

Over the past few decades, a global declining trend in the overall gastric cancer

incidence is observed (fig. 1). The disease showed marked geographic varia-

tions with most diseases occurring in East Asian countries where H. pylori is

most prevalent.

Interestingly, the gastric carcinoma can be broadly categorized into two

types according to the tumor location: cardia or noncardia. The two types differ

substantially on the epidemiology and etiology. Noncardia, or distal, cancer is

associated with chronic H. pylori infection and is more prevalent in Asia and
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other developing countries. In contrast, cardia cancer is commonly associated

with gastroesophageal reflux disease and is more prevalent in western coun-

tries. This type of cancer may be inversely related to the prevalence of H. pylori
infection. The reduction in gastric cancer incidence over the past few decades

largely reflects a decline in cancers of the distal stomach and mostly of the

intestinal type. On the other hand, there has been a steady rise in the incidence

of adenocarcinoma of the proximal stomach and the gastroesophageal junction

in the past three decades [9]. According to the United States National Cancer

Institute Surveillance, Epidemiology, and End Results (SEER) database, proxi-

mal gastric lesions were increasing at a rate of 3.6–5.6% per year [9].

Epidemiology of H. pylori Infection

H. pylori is a chronic bacterial infection of the human stomach. Once

infected, most people will remain infected for the rest of the life unless treat-

ment is given. Infections are usually acquired in the first few years of life, and

childhood appears to be the ‘golden period’ for acquisition of this infection

[10]. There are overwhelming data suggesting that interpersonal spread of

infection within the family is the prime route of transmission of H. pylori
although the exact details remain obscure [11, 12]. Individuals with infected

parents or siblings have a much higher chance of contracting the infection than

those with uninfected family members.

The prevalence of a H. pylori infection varies considerably between devel-

oping countries and developed countries, and according to ethnicity, place of

birth and socio-economic factors among people living in the same country. 

H. pylori infection is prevalent in undeveloped or developing regions in which

up to 90% of population may be infected [13]. In contrast, the overall preva-

lence of H. pylori is low in developed countries. Notably, intrafamilial spread

appears to play a central role on the transmission of H. pylori infection in both

developing and developed countries.

Based on several large-scale epidemiological cohort studies published in

the early 1990s’ [5, 6], the International Agency for Research on Cancer

(IARC) classified H. pylori as a group 1 carcinogen in 1994 [14]. In a recent

combined analysis of 12 case control studies nested within prospective cohorts

[15], the association with H. pylori was found to be restricted to noncardia can-

cers and was stronger when blood samples for H. pylori serology were collected

more than 10 years before cancer diagnosis (odds ratio 5.9; 95% CI 3.4–10.3).

This study also showed that the magnitude of the association may be underesti-

mated in previous studies when the H. pylori status is assessed closely to cancer

diagnosis.
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Gastric Carcinogenesis Cascade

Apart from the location of the tumor, gastric adenocarcinoma can be

divided into two distinct histological types. Intestinal type adenocarinoma

usually progresses through well-defined series of histological changes and is

more common in elderly male. Diffuse type adenocarcinoma which consists

of neoplastic cells that do not form glandular structures. Although both can-

cer subtypes are linked to H. pylori, the carcinogenic mechanisms may be

different.

Even before the identification of H. pylori, it was observed that the stom-

ach of gastric cancer patients also harbor premalignant gastric lesions, particu-

larly intestinal metaplasia [16]. Further observational study from high risk

population demonstrated a model of progression from gland neck hyperplasia,

atrophy with gland loss, and intestinal metaplasia to dysplasia [16]. This is

widely quoted as the Correa’s model of gastric carcinogenesis and is more

applicable to the intestinal-type adenocarcinoma (fig. 2). With the identifica-

tion of H. pylori, this progression is considered to be triggered by chronic

H. pylori infection [17]. In a prospective study from Japan, it was found that

individuals harboring gastric atrophy or intestinal metaplasia have an about 5 to

6 fold increase in risk of gastric cancer development [18].

On the other hand, this multistep progression may be less applicable to the

diffuse type gastric carcinoma though epidemiological data showed that both

cancer subtypes are associated with chronic H. pylori infection [19]. Recently,
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Fig. 2. Role of H. pylori and host on the multistep gastric carcinogenesis cascade.



Leung 70

germline mutation in the E-cadherin gene is found to play an instrumental role

on the development of hereditary diffuse type cancer [20].

Molecular Events during Gastric Carcinogenesis

In contrast to the well-defined genetic events that occur during colorectal

carcinogenesis, the molecular events associated with the progression of one his-

tological stage to the next in the gastric carcinogenesis cascade are still poorly

defined. H. pylori infection is known to induce mutation in the stomach. By

using the ‘Big Blue transgenic mouse model’, it was found that the gastric

mutant frequency was 4-fold higher in mice 6-month after infection with 

H. pylori [21]. This genotoxicity can be attributed to oxidative DNA damage

involving the inflammatory host response. In keeping with this, various molec-

ular changes like p53 mutation [22], overexpression of cyclooxygenase-2

(COX-2) [23], transforming growth factor alpha and epidermal growth factor

receptor [24], and cyclin-D2 [25] have been reported in premalignant gastric

lesion, particularly intestinal metaplasia. Eradication of H. pylori reverses the

aberrant expression of cyclin D2 and p27 in intestinal metaplasia [25].

Moreover, we have previously shown that micro-satellite instability is

frequently detected in intestinal metaplasia of patients with or without gastric

cancer [26]. While micro-satellite instability is a result of inactivation of the

DNA mismatch repair (MMR) function, infection of gastric epithelial cells by 

H. pylori leads to a decrease in DNA MMR proteins [27]. These data suggest

that H. pylori infection might increase the risk of mutation accumulation in

gastric mucosa cells and the risk of gastric cancer during chronic H. pylori
infection. Recently, epigenetic alterations have emerged as an important

alternative pathway leading to inactivation of tumor suppressor genes in the

absence of alteration of genetic sequences. Epigenetic silencing of tumor asso-

ciated genes is frequently found in human gastric cancer [28] as well as in

gastric intestinal metaplasia [29]. Interestingly, promoter hypermethylation in

the E-cadherin gene was detected in the non-neoplastic gastric mucosa of 

H. pylori infected individuals, which may implicate their role in gastric

carcinogenesis [30].

Bacterial Factors

Despite the strong etiological link between H. pylori infection and gastric

cancer, there was no direct evidence demonstrating the tumorigenic effect of

H. pylori alone till the establishment of the Mongolian gerbil model of gastric
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carcinogenesis. In the absence of exogenous mutagens, Japanese investigators

demonstrated that Mongolian gerbils infected with H. pylori developed severe

active chronic gastritis, ulcers, and intestinal metaplasia within 6 months of

infection [31]. After 1 year, adenocarcinoma of stomach was detected in one-

third of the infected gerbils.

Interestingly, there is considerable genetic heterogeneity of H. pylori
strains circulating in different regions. Recent studies show that H. pylori can

be broadly divided into seven populations and subpopulations with distinct geo-

graphical distributions which can be traced back to human migrations [32].

More importantly, studies show that certain genotypes are more prevalent in

patients with gastric cancer than in control population, and are therefore

regarded to be of higher virulence/oncogenetic potential.

cagA

Among various putative virulence factors identified, the cagA gene which

encodes the CagA protein is being most studied [33]. The cagA gene is local-

ized at one end of the 40-kb cag pathogenicity island (PAI) which contains 31

putative genes. Several cag island genes have homology to genes that encode

type IV secretion system proteins. The cagA is commonly used as a marker for

the entire cag locus.

The CagA protein is a 120- to145-kDa protein with a carboxy-terminal

variable region. H. pylori strains can then be broadly divided into two main

groups according to the cagA status. The cagA-positive strains are associated

with a higher degree of inflammation and are found to be associated with pep-

tic ulcers as well as gastric carcinoma [34]. In a recent meta-analysis, it was

shown that individuals infected with cagA positive strains have an additional 2-

fold increase in risk of noncardia cancer when compared to individuals infected

with cagA-negative strains [35].

While the molecular mechanisms by which H. pylori triggers the gastric

carcinogenesis process remain largely unknown, it was found that the CagA

protein is actively delivered into gastric epithelial cells by the bacterial type IV

secretion system [36–39]. This is followed by tyrosine phosphorylation by

kinases of the SRC family. In particular, the phosphorylated CagA binds and

activates the SHP2 oncoprotein, which may promote gastric carcinogenesis [40].

One of the phenotypic characteristics of this is the induction of cell spreading,

elongation, and cytoskeletal rearrangements, the so-called the ‘hummingbird

phenotype’.

Tyrosine phosphorylation of CagA occurs at the 5-amino acid carboxy-

terminal variable region, or the EPIYA motif. Based on the sequence variation
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of these binding sites, H. pylori can be subclassified into two types: East-Asian

cagA and Western cagA [41]. The former shows stronger SHP2 binding activ-

ity, which may underlie the high incidence of gastric carcinoma in East Asian

countries.

vacA

The vacuolating toxin (vacA), a water-soluble, 88-kDa protein that assem-

bles on membranes to form a hexameric anion-selective pore, is another puta-

tive virulence factor of H. pylori. VacA causes cellular vacuolation in

mammalian cells though the exact mechanism remains elusive. Though all 

H. pylori strains possess the vacA gene, only approximately 50% of H. pylori
strains express the vacA protein, which is related to the sequence variations in

vacA. Regions of major sequence diversity are localized to secretion-signal

sequence (s1a, s1b, s1c, and s2) and the mid-region (m1 or m2) [42]. Notably,

there are considerable geographic variations in distribution of vacA subtypes.

While ‘s1a’ is the predominant strain in northern and Eastern Europe, ‘s1b’ is

the dominant strain in Central and South America. Subtype ‘s1c’ is detected in

more than 70% of East Asian strains [43].

It is found that H. pylori vacA-secreting strains are more common among

patients with distal gastric cancer [44]. Moreover, the presence of H. pylori
vacA s1, vacA m1, cagA positive genotypes were significantly associated with

a higher H. pylori density, higher degrees of lymphocytic and neutrophilic

infiltrates, atrophy, the type of intestinal metaplasia, and presence of epithelial

damage [45].

babA2

BabA, encoded by babA2 gene, is a member of a family of highly con-

served outer-membrane proteins which binds the Lewisb histo-blood-group

antigen on gastric epithelial cells [46]. The presence of babA2 is correlated

with the presence of cagA and vacA s1. H. pylori strains that possess the babA2
gene are associated with the gastric adenocarcinoma [47]. Transgenic Lewisb-

expressing mice are more likely to develop severe gastritis, atrophy and anti-

parietal cell antibodies after challenge with babA2 positive H. pylori strains

[48]. In populations where cagA positive strains are prevalent, we found that

infection by babA2 positive H. pylori strains alone or in combination with cagA
positive and vacA s1 further increase the risk of pre-neoplastic gastric lesions

[49].
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Host Factors

It is well known that H. pylori infection is associated with the development

of both gastric cancer as well as gastric and duodenal ulcers. In a large Swedish

cohort study, it is found that patients with gastric ulcer have about 2-fold

increase in risk of gastric cancer whereas patients with duodenal ulcer have

about 2-fold decrease in risk [50]. The paradoxical association between duode-

nal ulcer and gastric cancer remains enigmatic, but the pattern of gastritis may

underlie the divergent outcome to H. pylori infection [4].

The duodenal ulcer phenotype is characterized by the antral predominant

nonatrophic type of gastritis whereas gastric cancer patients tend to have multi-

focal or extensive corpus atrophic gastritis. This hypothesis is confirmed by a

recent Japanese study which showed that those with pan-gastritis and corpus

predominant gastritis have a 16- and 35-fold increase in risk of gastric cancer

when compared to those with antral-predominant gastritis [18]. The reason

underlying the development of different patterns of gastritis in different individ-

uals has been recently linked to the genetic make up of the host and more pre-

cisely, the interaction between the host and the bacteria.

H. pylori infection induces a T-helper (TH) 1-type cellular response in

humans. It is found that concurrent helminth and H. pylori infection in mouse

shifts the TH1 responses to a less-damaging TH2 response [51], which may

attenuate the progression of H. pylori-associated gastric changes. This finding

also helps to explain the unexpectedly low incidence of gastric cancer in

African countries which is sometimes called the ‘African enigma’.

Interleukin-1� (IL-1�) is a TH1 cytokine and a potent inhibitor of gastric

acid secretion. It has been demonstrated that polymorphisms in the promoter

region of IL-1� may underlie the predisposition for the development of

hypochlorhydria, gastric atrophy and hence gastric cancer [52]. Subsequent

studies from different ethnic groups confirmed this important observation

[53–55]. Interestingly, the effect of IL-1� polymorphism is less obvious in

areas with high prevalence for gastric cancer since control subjects from the

high prevalence region also have a high background frequency of the pro-

inflammatory genotype IL-1�-511T/T [55]. Whether this could explain the

high geographic variations of gastric cancer incidences in China needs to be

verified. In addition to development of gastric cancer, it was also found that

carriers of the pro-inflammatory alleles, IL-1�-511T/-31C and IL-1RN*2, had

an increased risk for the development of atrophy, intestinal metaplasia and

severe inflammation [56].

Apart from IL-1�, pro-inflammatory genotypes in other cytokines also

increase the risk of developing gastric cancer. Carriage of certain polymorphism

in tumor necrosis factor-� (TNF-�) that is pro-inflammatory is found to have
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about 2-fold increase in risk of gastric cancer development [57]. Conversely,

polymorphisms that reduce the expression of anti-inflammatory cytokine IL-10

have been associated with an elevated risk of distal gastric cancer [57]. In addi-

tion, carriers of the IL-10 GCC haplotype were found to have higher mucosal

IL-10 mRNA levels than ATA haplotype carriers, and were associated with colo-

nization by more virulent cagA-positive, vacA s1, and babA2-positive H. pylori
strains [58].

Notably, the carriage of multiple pro-inflammatory polymorphisms of IL-

1�, TNF-� and IL-10 confers an even higher risk of cancer development [57].

Individuals with three or more high-risk genotypes have an about 27-fold

increase in cancer risk. In keeping with this, the combination of host genotypes

and bacterial virulence factors has a synergistic effect for the development of

gastric cancer. Infections with cagA-positive, vacA s1 or m1 genotypes and the

presence of IL-1�-511T pose a substantial risk of gastric cancer [54] as well as

severe gastric histological changes [56].

Prevention of Gastric Adenocarcinoma by H. pylori Eradication

Despite the strong links between H. pylori infection and gastric cancer, the

role of H. pylori eradication in the prevention of gastric cancer remains contro-

versial. These interventional studies are extremely difficult to perform due to

the long lead-time in gastric cancer development. One uncontrolled study

showed that eradication of H. pylori after endoscopic mucosal resection of early

gastric cancer reduced the risk of subsequent cancer recurrence [59]. Other

studies attempted to look into changes in pre-neoplastic lesions as a surrogate

endpoint. There are conflicting data in the literature due to inconsistencies in

interpretation of histological grading, sampling errors, lack of proper control,

and different study populations. Many of these results were summarized by

Hojo et al. [60] who found that only 5 of the 28 studies reported a significant

improvement in intestinal metaplasia after treatment of H. pylori.
Results of a few large-scale randomized control studies were published

recently. In the Colombian study that involved 976 subjects, study subjects

were randomized to receive eight different treatments that included vitamin

supplements and anti-H. pylori therapy alone or in combination for up to 6

years [61]. Of the 79 subjects that received anti-H. pylori therapy, there was a

borderline regression of intestinal metaplasia when compared with placebo

(15 vs. 6%; relative risk 3.1, 95% confidence interval 1.0 to 9.3). The supple-

mentation of �-carotene or ascorbic acid resulted in a similar degree of

improvement in intestinal metaplasia, 20 vs. 19%, respectively. However, the

combination of antibiotics and vitamins did not confer any additional benefits.
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More importantly, the progression rate of intestinal metaplasia was compara-

ble irrespective of the treatments received. The progression rate was 23% in

placebo vs. 17% in H. pylori-eradicated patients.

In our previous study, 587 H. pylori infected Chinese subjects from a

region with high gastric cancer incidence were randomized to receive anti-

H. pylori therapy vs. placebo [62]. At one year, there was no significant

improvement in intestinal metaplasia in those treated with anti-H. pylori ther-

apy. On the other hand, subjects with persistent H. pylori infection had a signif-

icant deterioration of corpus atrophy. In the 5-year follow up, subjects who had

a successful eradication of H. pylori had a significantly reduced progression of

intestinal metaplasia towards those with persistent infection [63]. Gastric atro-

phy also appeared to regress after eradication of H. pylori. Although our results

strongly support the eradication of H. pylori in the prevention of metaplasia

progression, it is imperative to note that substantial proportions (�50%) of

individuals in both treatment groups had deterioration of intestinal metaplasia

over the 5-year follow-up period. Further analysis showed that persistent

H. pylori infection, age �45 years, amount of alcohol consumption, and con-

sumption of water from a well were all independent risk factors associated with

intestinal metaplasia progression [64]. Conversely, the presence of duodenal

ulcer was an independent protective factor against progression of intestinal

metaplasia.

Recently, a study using gastric cancer incidence as primary end point also

failed to show any significant difference between treatment groups with

H. pylori eradication and placebo groups after 7.5 years of follow-up [65]. It

was only in subgroup analyses that individuals with no precancerous gastric

lesions at baseline was found to have a marginal lower risk of gastric cancer

development. Whether gastric intestinal metaplasia represents a point of no

return in terms of oncogenesis deserves further evaluation.

MALT Lymphoma

The MALT lymphoma was first described in 1983 by Issacson and Wright

[66] as a distinct pathological entity. The majority of MALT lymphomas

(�90%) are related to chronic H. pylori infection [7]. It was also suggested that

high grade MALT lymphoma transformation may be more likely to occur fol-

lowing infection by cagA-positive strains [67]. Ectopic expression of CagA in B

cells inhibited cell proliferation by suppressing the JAK-STAT signaling and

impairing p53-dependent apoptosis [68]. On the other hand, there are over-

whelming evidences to show that cure of H. pylori infection results in long-term

cure of low-grade gastric MALT lymphoma in the majority of patients [69, 70].
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The overall success of antibiotics in achieving complete remission in stage E1

lymphomas is about 80% [71]. Monoclonal B cells, as detected by polymerase

chain reaction, may persist up to several years after cure of H. pylori infection

and complete histological and endoscopic remission [72, 73]. Patients with dis-

ease confined to mucosa and submucosa are more likely to have complete

regression of the MALT lymphoma after anti-H. pylori therapy [74]. The pres-

ence of t(11;18), which results in a chimeric transcript between the API2 and

MLT genes, may also predict resistance to antibiotic treatment [75].
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Abstract
Schistosomiasis is endemic in at least 75 tropical and subtropical countries where 600

million people are at risk of which over 200 million are infected. Three species, S. hemato-
bium, S. mansoni and S. japonicum, account for the majority of human infections. There is

sufficient evidence that S. hematobium, the predominant etiologic agent for urinary schisto-

somiasis, is carcinogenic to humans leading to squamous cell carcinoma of the urinary blad-

der, a relatively uncommon vesical cancer in nonendemic areas. There is limited evidence

suggesting that S. japonicum is possibly carcinogenic to humans leading to colorectal cancer

and is a risk factor for hepatocellular carcinoma formation. There is inadequate evidence for

the carcinogenicity of S. mansoni in humans. S. mansoni may still be linked to hepatocellular

carcinoma through potentiating the effects of hepatitis B virus and hepatitis C virus on the

liver. In this article, the relationship between schistosomiasis and neoplasia will be reviewed.

Copyright © 2006 S. Karger AG, Basel

Life Cycle of Schistosoma

Schistosomes are bisexual trematodes that live in the blood stream of

human beings and animals. The life cycle of this trematode is characterized by

2 stages: a sexual stage in humans and an asexual stage in an intermediate host,

the snail, which differs according to the different species. Schistosomal eggs

excreted in urine or stools of infected humans into static or slow moving fresh

water bodies, at temperatures 20–30�C, will hatch releasing miracidia. The

released ciliated miracidia will swim reaching for the specific snail inter-

mediate host: Biompholaria in S. mansoni, Bulinus in S. hematobuim and

Oncomelania in S. japonicum. The miracidia will die within 12–18 h unless

they find the specific snail. After penetrating the snail, the miracidium loses its

ciliated glycocalyx metamorphose into two generations of sporocysts that
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migrate to the digestive gland of the snail to mature into hundreds of fork-tailed

cercariae. This phase of asexual reproduction usually takes about 3–5 weeks.

The cercariae exit the snail and actively swim searching for the human or ani-

mal host. The cercariae live on their glycogen stores and will die within 48–72 h

unless they find a susceptible host [1].

The cercaiae attach to the skin of the host by means of an oral sucker and

then penetrate it after losing their forked tails and glycocalyx and acquiring a

bilayered tegument that protects them from the host’s immune response. This

transformation results in worm-like creatures called schistosomula which

migrate thorough the venous circulation to the heart and then the lungs, where

they reside and continue to mature for 2–3 weeks.

The developing worms eventually reach the left side of the heart, from

where the arterial blood carries them to the small vessels of the portal hepatic

circulation where female and male worms reach maturity and mating occurs

when the female occupies the gynecophoric canal of the male. The adult worms

remain in a state of continuous copulation within the vessels and eventually

migrate against the portal flow to the mesenteric venous plexus in S. mansoni
and S. japonicum and to the perivesical plexus in S. hematobum, where the

female, after leaving the male, deposits ova. The life span of adult worms is 3–5

years although survival of up to 30 years has been reported [2].

Ova deposition begins 4–6 weeks after penetration of the skin by cercariae.

The deposited ova take about 10 days to mature into a shell containing a fully

developed embryo called the miracidium. The morphology of the egg and the

location of the spine on the outside of the shell can be used to identify the schis-

tosome species.

The ova deposited intravascularly either migrate through the vascular wall

into the tissues of the affected organ such as large and small intestine in S. man-
soni, S. japonicum and S. intercalatum, and urinary bladder and ureter in S.
hematobium or are washed up by the blood to reach distant organs, mainly the

liver and the lungs and rarely other organs as the brain and spinal cord.

A local CD4 helper lymphocyte mediated inflammatory response facili-

tates the passage of eggs into the lumen of the affected organ, and in this case

the ova will succeed to get out to the external world via the urine and stools of

the host. The daily output of eggs of the female S. hematobium, S. mansoni and

S. japonicum is 20–200, 100–300, and 500–3,500 respectively.

Epidemiology of Schistosomiasis

Schistosomiasis is endemic in at least 75 countries in tropical and subtrop-

ical areas of Africa, Asia, South America and the Caribbean. The distribution of
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infection corresponds to the distribution of the snail hosts [3]. Within endemic

areas, transmission may be focal as a result of variations in the prevalence of the

intermediate host snail species, patterns of water exposure and sociocultural

factors. Epidemiological surveys rely on the fecal and urine egg counts for

identification and quantification of infection [4]. Prevalence and intensity of

infection are usually correlated in endemic areas. Infection with schistosomia-

sis begins in childhood, as early as 6 months of age, with peak incidence usually

between 10 and 14 years of age in areas with a high disease prevalence [5–7].

The higher prevalence and intensity of infection in males have been linked to

their higher exposure to infection. Infection with Schistosoma is not synony-

mous with clinical disease, and many infections are asymptomatic. The out-

come of infection is influenced by the intensity of infection, genetic factors, the

immune response of the host, the nutritional status, and concomitant infections

(e.g. viral hepatitis). Clinical disease is a sequel of heavy infection [8, 9].

Diagnosis of Schistosomiasis

The demonstration of parasite eggs in stool and urine specimens remains

the gold standard for the diagnosis of schistosomiasis. The schistosome species

can be differentiated based on the characteristic morphology of their eggs. All

infections can be quantified by egg counts in urine (S. hematobium) and feces

(S. mansoni and S. japonicum) and this is used in epidemiologic and clinical

studies for estimating the severity of infection and assessing the parasite burden

[10, 11]. Biopsy of the rectal mucosa is more sensitive than fecal egg detection

for the diagnosis of schistosomiasis [12]. Highly specific immunodiagnostic

assays have been developed to detect specific antibodies to Schistosoma adult

worm antigens but they do not distinguish active from past resolved infections

[13, 14].

Detection of schistosomal antigens in the sera and/or urine of actively

infected patients shows good correlation with worm burden and can be used to

assess the intensity of infection and monitor response to therapy. Enzyme-

linked immunosorbent assays (ELISA) have been developed for the detection

of two proteoglycan antigens associated with the gut of adult worms, the circu-

lating cathodic antigen (CCA) and the circulating anodic antigen (CAA) [15].

The determination of circulating soluble egg antigens (CSEA) are poten-

tially useful markers of intensity of infection and successful chemotherapy [16].

Abdominal ultrasonography is a useful diagnostic tool which allows accu-

rate measurements of the liver and spleen size, grading of hepatic fibrosis and,

diagnosis of portal hypertension, and the assessment of urinary tract morbidity

[17, 18].
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Schistosomiasis and Bladder Cancer

There is epidemiological, experimental and histopathological evidence

associating schistosomiasis and bladder cancer (BC).

Epidemiological Evidence

Squamous cell carcinoma (SCC) of the bladder is over-represented in

Egypt, Mozambique, Zimbabwe, Zambia, Iraq and Kuwait where S. hemato-
bium is endemic. In Egypt, bladder cancer accounts for 30.8% of the total can-

cer incidence and ranks first among all types of cancer recorded in males and

second only to breast cancer in females [19, 20]. An age-adjusted mortality rate

for bladder cancer of 10.8 per 100,000 males places Egypt at the top of the list

of the 54 countries providing data for the 1987 WHO database [21]. In coun-

tries where schistosomiasis is not endemic, bladder cancer ranks from the 5th to

the 7th most common cancer in men and from the 7th to the 14th in women

[22–25].

In countries where S. hematobium is endemic the peak incidence of

bladder cancer is in the 5th decade of life [19, 26–31], while in nonendemic

countries the peak incidence is in the 6th or 7th decades of life. The male to

female ratio is reported to be 5:1 (range 4:1 to 5.9:1), which is higher than the

3:1 ratio reported in nonendemic countries [32, 33]. In endemic areas the preva-

lence of S. hematobuim infection is higher in males and this probably explains

the higher prevalence of bladder cancer in this gender [34].

Experimental Evidence

The carcinogenic effects of S. hematobium infection have been studied in

experimental animals mostly through the evaluation of the pathological changes

that occur in the bladder mucosa. Infection with S. hematobium resulted in

epithelial proliferation, squamous cell metaplasia and transitional cell carcinoma

of the urinary bladder in a talapoin monkey (Cercopithecus talapoin), a capuchin

monkey (Cebus apella), gibbons (Hybbates lar), and opossums (Didelphy mar-
supialis) [35–38]. S. hematobium ova, lyophilized worms and urine from schis-

tosomal patients were not found to be carcinogenic to mice [39, 40].

Experimental studies were also performed on schistosome-infected animals

treated with urinary bladder carcinogens. Epithelial hyperplasia and metaplasia

were found in the urinary bladder of mice infected with S. hematobium after pre-

treatment with an aromatic amine such as acetyl aminofluorene [41]. Similar
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changes were observed in S. hematobium infected mice that have been infected

with Escherichia coli and treated with 2-napthylamine [42]. Four of 10 schisto-

some-infected bladders developed extensive cancer of the urinary bladder after

being treated with N-butyl-N-(4-hydroxybutyl)nitrosamine [43]. S. hemato-
bium ova deposited in the mucosa and submucosa of the urinary bladder induce

chronic inflammatory lesions that promote proliferation of the urothelium. In

some situations the proliferating cells may become neoplastic particularly with

prolonged irritation and concomitant exposure to low (subcarcinogenic) doses

of carcinogens like N-nitroso compounds [43, 44].

Histopathological Evidence

Bladder cancer associated with S. hematobium has several distinct features

which differ from those of bladder cancer in countries where schistosomiasis is

not endemic. In western countries, bladder cancer frequently arises in the

trigone, while in countries where S. hematobium is endemic it usually involves

the anterior and posterior walls. The scanty or absent submucosal tissue of the

trigone discourages significant deposition of S. hematobium ova explaining this

difference. In countries where S. hematobium is endemic squamous cell carci-

noma of the bladder dominates while in western countries transitional cell car-

cinoma (TCC) prevails [45, 46]. Even within the same country, squamous cell

carcinoma of the bladder is over-represented only in areas where S. hematobium
is endemic [47, 48]. Moreover, the intensity of S. hematobium infection appears

to play a role since squamous cell carcinoma is over-represented in areas of

moderate and high worm burdens while transitional cell carcinoma occurs more

commonly in areas with low intensity of infection [49]. The predominance of

squamous cell carcinoma in patients with S. hematobium can be explained by

the continuous exposure of the bladder mucosa to carcinogens, which are

detected in larger quantities in the urine of these patients [43, 50–52].

Pathogenesis of Bladder Cancer in S. hematobium Chronic
Inflammation

The S. hematobium ova deposited in the submucosa of the urinary bladder

will lead to the formation of granulomas, nodules, polyps ulcerations and sandy

patches. The granuloma is not a precancerous lesion, but the inflammatory cells

such as macrophages and neutrophils are important sources of endogenous

oxygen radicals which are implicated in the formation of carcinogenic N-

nitrosamines [53], and the activation of procarcinogens to their carcinogenic
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metabolites [54]. Inflammatory cells can also induce mutations [55], sister

chromatid exchanges [56] and DNA strand breaks [57] through the release of

hydroxyl radicals. The chronic inflammation in bilharzial cystitis can lead to

squamous metaplasia which is a precancerous lesion. Aberrations of chromo-

some 9 in the urothelium may be a predictor of incipient carcinoma in patients

with schistosomal cystitis [58].

Urinary Tract Infection

In Egypt 39–66% of hospitalized patients with schistosomiasis were found

to have bacteriuria [59, 60]. Community-based studies show that the prevalence

of bacteriuria is 10% in Tanzania [61], 1–3.2% in Nigeria [62] and 6.6% in

Gambia [63] among persons infected with schistosoma. Although the preva-

lence of bacteriuria in persons infected with schistosomiasis may vary from one

country to another and even in different reports from the same country, yet the

prevalence is much higher than that reported from nonendemic areas [64]. This

high prevalence of bacteriuria in schistosomal patients may be due to complica-

tions of schistosomal infection like obstructive lesions due to fibrosis of the

neck of the bladder, vesical calculi and ulcers. There could also be a relation-

ship between the schistosome worms and the bacteria, in which the bacteria

become fixed on the cutaneous surface of the worms [65] or colonise the cecum

of the parasite [66]. In vitro and in vivo studies show that co-cultivation or dual

infection of schistosome worms with Salmonella paratyphi yielded more bacte-

rial growth than the absence of the worms [67].

Bacterial infection of the urinary tract has been reported to increase the

risk of bladder cancer in patients with S. hematobium infection [68] probably

due to the increased urinary excretion of nitrite and N-nitroso compounds [69].

Infection with S. hematobium increases significantly the ability of the bacterial

flora of the urinary bladder to reduce nitrates to the nitrite precursors of N-

nitroso compounds [70]. Urinary tract infection in schistosomal patients is

associated with increased chromosomal damage in the urothelium and this is

significantly reduced after antihelminthic treatment [71].

Altered Carcinogen Metabolism

Environmental chemicals play a significant role in bladder cancer initia-

tion. Carcinogens derived from occupational exposures, cigarette smoking, and

inflammatory conditions associated with schistosomiasis are important factors

in the initiation of bladder cancer. Bladder cancer susceptibility depends on the
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expression profiles of the enzymes responsible for the activation and detoxifi-

cation of carcinogens [72].

Disturbed Carcinogen Activation in Schistosomiasis

The cytochrome P-450 system participates in the bioactivation of poly-

cyclic aromatic hydrocarbons and other carcinogens to their reactive intermedi-

ates [51, 73–76]. The expression of cytochrome P-450 proteins 1A, 2C, 3A was

found in 68, 28 and 68% of human transitional-cell bladder cancers, and the

expression of Cyp1A correlated with tumor grade [77].

It has been demonstrated that S. mansoni infection increased the activity of

drug-metabolizing enzymes in the liver including P-450, cytochrome b5, and

NADPH-cytochrome C reductase at earlier stages (30 days) of schistosomal

infection; at later stages of infection (75 days), these activities subsided again

[78]. The decrease in the activity of drug-metabolizing enzymes in the liver of

humans and experimental animals in the later stages of the disease might be

related to the development of liver fibrosis or to toxic metabolites produced

either by adult S. mansoni worms or their deposited ova [79, 80]. This reduction

in enzyme activity might therefore increase the exposure of other organs to the

toxic, reactive, carcinogenic intermediates.

N-nitrosamines (NNA) are an important class of environmental carcino-

gens. The levels of NNA in urine are higher in Egyptian schistosomal patients

than in controls [51, 52, 81]. Demethylases act on NNA leading ultimately to

the formation of carbonium ion which can demethylate DNA [82]. The muta-

genicity of NNA is therefore dependent on P-450 activities [83, 84] especially

in early stages of infection when the demethylases are more active [85].

Occupational exposure to aromatic amines in the manufacture of dyestuffs

and tires is a risk factor for bladder cancer [86, 87]. Most aromatic amines are ini-

tially activated by N-hydroxylation, mainly in the liver via a cytochrome P-450 cat-

alyzed reaction [88, 89] which is influenced by Schistosomiasis [78]. Thus the

effect of Schistosomiasis on the metabolic activation of amines might be similar to

those of polycyclic aromatic hydrocarbons. Studies also show that the human uri-

nary bladder contains acetyltransferases, which could serve as a further bioactiva-

tion step to form the highly reactive electrophilic N-acetoxy derivative [90, 91].

Disturbed Carcinogen Inactivation in Schistosomiasis

Schistosome infection in mice is associated with a marked increase in

hepatic B-glucuronidase and sulfotransferase enzyme activities [80, 92], probably
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due to the accumulation of lysosome-rich macrophages at the site of egg depo-

sition in the liver. Sulfation of certain chemical carcinogens could lead to more

toxic conjugates, which can cause liver cell necrosis [92]. Peritoneal macro-

phages are stimulated during murine S. mansoni infection. The increased

nitrosamine formation and increased hydrolase activities found in infected liv-

ers might be due to these activated peritoneal macrophages [93, 94].

A major fraction of the N-hydroxy derivatives of aromatic amines is con-

verted to the glucuronide, which is then excreted in the bile and urine [95].

However, the glucoronide may be hydrolyzed to release the free N-hydroxy ary-

lamine which is a potent electrophil [96].

In TCC of the urinary bladder, the � and TT forms of glutathione

S-transferase were expressed in 56, 72 and 52% of tumors, respectively. These

enzymes are important for the detoxification of carcinogens and may influ-

ence the response of bladder cancer to chemotherapy [77].

Molecular Mechanisms

Tumor suppressor genes and oncogenes have been implicated in a variety

of human cancers. The activation of H-ras [97], inactivation of p53 [98] and

inactivation of retinoblastoma gene [99] have been implicated in the progres-

sion, and possibly the development of schistosomal bladder cancer.

Tumor Suppressor Genes

The p53 Tumor Suppressor Gene
The p53 gene encodes a 53-kDa transcription factor with a critical role

in DNA repair and apoptosis. Mutated p53 protein has a much longer half-life

than wild type p53, thus allowing its detection by immunohistochemistry.

Approximately 50% of muscle-invasive TCCs show nuclear overexpression of

p53 indicating the presence of a mutated protein. This is associated with increased

stage and grade [100]. Even in superficially invasive BC (T1), p53 mutant expres-

sion is associated with poorer outcome and a higher rate of disease progression.

In muscle invasive TCC, an altered p53 status has been associated with a doubling

of the risk of death, and is a predictor of decreased survival [101].

In 7 Egyptian patients with schistosomiasis-associated BC, 6 patients had

p53 mutations in exons 5, 6, 7, 8 and 10, and in a Japanese group of 61 patients

the mutation frequency increased with tumor grade. Habitual smoking in

the Japanese group did not increase the frequency of p53 mutations, but

an unusual AT: GC mutation was observed [102]. In 30 of 90 patients with
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schistosomiasis-associated BC there were mutations in exons 5 through 8 of the

p53 gene. Nitric oxide, produced by the inflammatory response to schistosome

eggs, may cause such mutations directly by deamination of 5-methylcytosine or

indirectly via its capacity to act as a nitrosating agent, leading to the formation

of endogenous N-nitroso compounds which cause DNA alkylation and hence

mutation in the p53 gene [103].

Retinoblastoma Tumor Suppressor Gene

The retinoblastoma (Rb) gene encodes a nuclear phosphoprotein (pRb)

that functions as a cell cycle regulator. Normal cells express the Rb protein

while mutations or gene deletions, which often result in lack of protein expres-

sion, can be identified by the lack of Rb protein expression. Rb gene mutations

are seen in approximately 30% of BC [104]. Inability to detect pRb immuno-

histochemically is associated with increased tumor grade and stage, especially

muscle invasion [105]. Inactivation of the Rb gene has also been observed in

schistosomal BC [99].

Chromosome 9

Deletions on chromosome 9 not only appear to occur in greater than 60%

of BC across all grades and stages, but also are likely an initiating event [106].

Cytogenetic and molecular evidence has shown that it is often the only chromo-

somal aberration in early disease. Evidence points to the CDKN2 or p16 locus

as the tumor suppressor gene since it encodes a cyclin-dependent kinase

inhibitor that prevents the phosphorylation of Rb, thereby maintaining an active

Rb and blocking the exit from the G1 phase of the cell cycle. Loss of function

of p16, by permitting Rb phosphorylation, results in unregulated cell growth as

the cell is able to escape in the S phase [107].

Tamini et al. [108] found that 25 of 47 schistosomal BC patients showed

p16 gene alterations (23 deletions and 2 mutations). In another study, deletions

in chromosome 9p, where the CDKN2 gene is located, were found in 92% of

SCC in Egyptian and Swedish patients compared to only 10% of TCC from a

literature-based sample [109].

Microsatellite Instability

Within the human genome are repetitive sequences of DNA – usually 

1–4 bases long – that are lost in many types of cancers, including BC. This
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phenomenon is called microsatellite instability. Microsatellite DNA sequences

vary from individual to individual but, being inherited, are identical in all of an

individual’s cells. However, within cancer cells, there are often variations in

many of the sequences caused by errors in DNA replication. Since microsatel-

lite DNA repeats are almost exclusively found within introns, it is unclear how

these DNA replicative errors generate mutations that provide survival advan-

tage resulting in clonal expansion. What may be more important is that

microsatellite instability represents DNA replication errors that also occur in

exons which go unrecognized because of the paucity of microsatellite repeats in

exons, and these are expressed as mutated tumor suppressor genes or oncogenes

leading to tumor growth and progression. 

Microsatellite instability has been advocated as a means to detect BC. Mao

et al. [110] identified microsatellite instability in urine sediments from 19 of 20

patients who were diagnosed with BC. Steiner et al. [111] correctly diag-

nosed 20 of 21 patients being followed for BC recurrence using microsatellite

analysis with 20 markers in a blinded fashion. Mowah et al. [112] reported

similar results by detecting microsatellite instability in 10 of 12 patients

with BC.

Oncogenes

H-ras
H-ras, which codes for a protein anchored to the cytoplasmic side of the

cell membrane that is involved in signal transduction, may play a role in BC

genesis. H-ras mutations have been found in up to 36% of bladder tumors [113],

and these mutations were similar for BC associated with schistosomiasis and

those associated with other causes [114].

Bcl-2 Gene
The Bcl-2 gene was discovered in chromosomal translocations identified

in B cell leukemias and follicular lymphomas. Expression of this gene results in

extended viability of cells by overriding apoptosis thus increasing the risk of

acquiring genetic changes that may result in malignant transformation. The

Bcl-2 gene is overexpressed in some schistosomiasis-associated BC [115].

Bcl-2 is overexpressed in SCC and adenocarcinoma but not significantly

expressed in TCC. The high level of Bcl-2 expression in malignant cells, but not

in precancerous cells, suggests that the gene may be upregulated in the later

stages of tumor progression.
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Schistosomiasis and Colorectal Cancer

Intestinal schistosomiasis is usually caused by S. mansoni and S. japon-
icum. Lesions are mostly present in the large intestine especially the rectum and

sigmoid colon. The lesions are due to deposition of ova in the submucosa pro-

ducing a granulomatous reaction. In severe cases, mainly in Egypt, exaggerated

reaction in the submucosa may lead to polyp formation. These polyps may be

sessile or pedunculated and may show a cauliflower appearance. Histologically,

the polyps are inflammatory lesions with glandular proliferation and destruc-

tion but with no adenomatous changes [116]. In Egypt, the data available tend

to deny any association of S. mansoni and cancer colon [116]. In Asia, S. japon-
icum infection is considered a significant risk factor for colonic cancer. The

considerably greater number of eggs deposited by S. japonicum worms could

cause more pathological problems and explain this discrepancy [117].

In one report from an endemic area in china, 48% of colectomy specimens

for colorectal carcinoma obtained from 1951 to 1964 were associated with S.
japonicum infection. The mean age of the patients was 36.9 years and 10 had

multicentric carcinoma [118]. The same group later reported a pathological

study of 454 colectomy specimens for colorectal carcinoma; 63.6% were asso-

ciated with S. japonicum. 92% of cancers were well differentiated, compared to

69% in the group without schistosomiasis. Patients with colorectal cancer and

S. japonicum infestation were, on the average, 6 years younger than those with-

out S. japonicum infestation. Specimens from patients with schistosomiasis

showed associated inflammatory changes, pseudopolyps, and transitional

mucosal changes of schistosomal granulomatous disease progressing to

mucosal atypia and to carcinoma were reminiscent of colorectal carcinoma in

patients with ulcerative colitis. A common feature in schistosoma-associated

cases was the widespread colonic infection and the long history of colitic symp-

toms [119]. An ecologic study of 49 Chinese rural counties indicates that both

schistosomal infestation and dietary factors contribute to the remarkable geo-

graphic variation of colorectal cancer in China [120].

Schistosomiasis and Liver Cancer

Schistosome eggs deposited into the mesenteric venous plexus may be

carried by the blood flow into the portal circulation where they lodge in the

small portal vein tributaries where they incite granuloma formation leading to

pylephlebitis, peripylephlebitis, and periportal fibrosis. Despite the intense

periportal fibrosis, the lobular architecture of the hepatic parenchyma is pre-

served. The resulting periportal fibrosis can lead to portal hypertension that can
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be complicated by splenomegaly, esophageal varices, hematemesis and death

[121, 122].

Epidemiological and clinical studies in China and Japan support a role of

S. japonicum infection as one of the risk factors in hepatocellular carcinoma

(HCC) formation. However, additional risk factors for the development of

HCC, including viral infection with hepatitis B virus (HBV) and hepatitis C

virus (HCV) and alcohol abuse, are usually present [123, 124]. Experimental

studies have shown that liver cancer appears early and in larger numbers in

animals experimentally infected with S. japonicum and given a known carcino-

gen. The mechanism of schistosome mediated enhancement of carcinogenesis

is not clear, but it has been observed that in S. japonicum-infected mice the

carcinogen metabolizing activity including P-450 was decreased. Thus, an

administered carcinogen persisted for a longer period than uninfected mice

[123].

The link between S. mansoni and HCC appears to be an indirect one.

Patients with S. mansoni infection have higher rates of hepatitis B surface anti-

gen (HBsAg) carriage and hepatitis C seropositivity than do noninfected con-

trols [125, 126]. The higher exposure of patients infected with schistosomiasis

to HBV and HCV could be explained, at least in part, by transmission of these

viruses during blood transfusion and parenteral therapy for schistosomiasis

using contaminated needles [127, 128]. Furthermore, studies have shown that

the cell-mediated immune response is depressed even in simple active intestinal

schistosomiasis and this suppression increases with advancement of the disease

and the development of hepatosplenomegaly [129, 130]. Thus, patients with

schistosomiasis tend to retain HBV and HCV for longer periods and attain a

carrier state with a higher risk of developing chronic hepatitis, cirrhosis and

even HCC [131, 132].

Patients infected with schistosomiasis have an increased risk of chronic

infection with HBV and HCV after an episode of acute viral hepatitis [127,

133]. Patients with hepatosplenic schistosomiasis who are coinfected with

HBV or HCV are at a higher risk of earlier deterioration of liver function, the

development of cirrhosis, and more rapid progression toward end-stage liver

disease and even HCC [131, 132, 134, 135].

Schistosomiasis and Prostate Cancer

Schistosomiasis of the prostate is poorly documented in the medical litera-

ture. Among 190 consecutive autopsies of patients who died of varying causes at

the university hospital in Cairo, the prostates from patients with S. hematobium
and S. mansoni showed a mean of approximately 8,000 eggs and 11 eggs per
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gram prostatic tissue, respectively. There were 3 cases of prostatic carcinoma: 2

in the schistosomiasis and 1 in the control group; however, it was not specified

whether the prostates had concomitant schistosomal infections [136]. In Zambia,

a consecutive autopsy study of 50 patients who died of varying causes found that

62% of bladders, 58% of seminal vesicles, and 50% of prostates were infected

with S. hematobium eggs. No major structural prostatic derangements were

described [137]. There are 6 reported cases of prostatic adenocarcinoma (PAC)

and schistosomiasis. One case of simultaneous PAC and S. mansoni gland infec-

tion was diagnosed in a 49-year-old Puerto Rican-born patient living in the

United States for 25 years [138]. Cohen et al. [139] described 3 patients, 27 to 29

years old, seen within a 7-month period in a rural endemic area in South Africa

who had elevated prostate specific antigen (PSA), advanced PAC and simultane-

ous florid S. hematobium of the gland. There is also a Canadian case report of a

55-year-old Ghanaian residing in Canada for 19 years who had PAC and simul-

taneous S. hematobium of the seminal vesicles, but not in the prostate [140].

Another 68-year-old Brazilian man with PAC and concomitant S. mansoni infec-

tion of the gland was also reported [141]. Since there are no strong epidemiolog-

ical data to suggest a true cause and effect relationship between S. hematobium
and PAC, these isolated cases probably represent coexistence of two common

unrelated disorders.

Schistosomiasis and Cancer of Other Sites

In Egyptian hospital material, the male-to-female breast cancer ratio is sub-

stantially greater than in the West. If corroborated by incidence studies, this

observation would be a valuable epidemiologic observation worthy of further

investigation. Hyperestrogenism secondary to bilharzial liver fibrosis has been

invoked as one possible cause. Eight cases of solitary follicular lymphoma of the

spleen were found among 863 spleens removed from patients with hepatosplenic

schistosomiasis. The rarity of an isolated tumor at this site and of this type sug-

gests a causal link, possibly mediated by cycles of follicular hyperplasia and

involution occurring in the spleen in the course of advanced schistosomiasis

[142]. In a Nigerian series, lymphoreticular tumours were over-represented in

infected individuals (16%) as compared with uninfected ones [143].

Egyptian cases indicate no relationship between bilharziasis and cancer of the

lungs, pancreas, prostate, seminal vesicles, urethra, vulva, vagina, cervix uteri,

body of the uterus, or ovaries [21]. As would be expected, surgical or autopsy

material in countries with high schistosomal endemicity from time to time shows

the presence of Schistosoma ova in various tissues, including cancerous ones. The

literature contains a number of isolated reports of such coincidences.
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Abstract
Oncogenic viruses are important pathogens in farm and companion animals. These origi-

nal pathogens are classified in various virus families, such as Retroviridae, Papillomaviridae,

and Herpesviridae. Besides a role as pathogens for its original host, animal viruses serve as valu-

able models for viruses affecting humans, such as hepatitis B virus, and issues of immunity, ther-

apy, but also basic pathophysiological mechanisms, can often only be addressed in those animal

systems.

Copyright © 2006 S. Karger AG, Basel

Oncogenic viruses are widespread among animals and can cause economic

losses in animal husbandry. They are, however, of significantly lower impor-

tance in veterinary medicine compared to human medicine, because the inter-

vention strategies in veterinary medicine are more stringent. In farm animals,

oncogenic viruses – or at least diseases caused by those agents – are eliminated

by vaccination such as bovine papillomavirus-induced warts in cattle, by

genetic selection of resistant host strains, e.g. Marek’s Disease in chicken, or

preferably by eliminating infected animals, e.g. enzootic bovine leukosis or

populations, e.g. avian leukosis. In companion animals, the situation is differ-

ent. Besides the development of efficient vaccines in those virus systems in

which virus-specific immunization is possible, such as feline leukemia virus,
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papillomaviruses or Marek’s disease virus, first attempts towards development

of antiviral therapy are being developed and applied.

Besides the role of original veterinary pathogens, which will be dis-

cussed in some detail here, some oncogenic viruses and their natural animal

hosts are very important as animal models for studying viruses of human rele-

vance and their pathophysiological equivalents. Examples will be discussed in

this review.

Viral Pathogens of Veterinary Importance

An overview of the oncogenic viruses of veterinary importance is provided

in this section and categorized according to virus/host in table 1.

Table 1. Oncogenic viruses of veterinary importance

Virus family/ Virus genus Virus Host

subfamily

Retroviridae/ �-retrovirus avian leukosis virus (ALV) poultry

orthoretrovirinae rous sarcoma virus (RSV) poultry

avian sarcoma virus (ASV) poultry

�-retrovirus ovine pulmonary adenocarcinoma (OPA) sheep

jaagziekte sheep retrovirus (JSRV) multi spec

mouse mammary tumor virus mouse

�-retrovirus feline leukemia virus (FLV) cat

murine leukemia virus (MLV) mouse

viper retrovirus reptile

�-retrovirus bovine leukemia virus (BLV) cattle

human T cell lymphotropic viruses-1/-2 human

(HTLV-1/-2)

�-retrovirus walleye dermal sarcoma virus (WDSV) fish

lentivirus feline immunodeficiency virus (FIV) cat

human immunodeficiency viruses-1/-2 (HIV-1/-2) human

Papillomaviridae papillomavirus bovine papillomaviruses-1–4 (BPV) cattle, horse*

canine oral papillomavirus (COPV) dog

Herpesviridae/ mardivirus gallid herpes virus-2 (GHV-2) poultry

�-herpesviridae gallid herpes virus-3 (GHV-3) poultry

Adenoviridae mastadenovirus canine adenovirus-1 (CAdV-1) dog, hamster*

*Abortive infection, no infectious progeny virus produced.
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Retroviruses

Numerous retroviruses are known to infect a variety of animals. Some of

them cause tumors, others interfere with the immune system and cause substan-

tial diseases by, e.g. immunosuppressive effects. Most of the exogenous retro-

viruses are replication competent, but also replication incompetent viruses that

acquired cellular oncogenes and lost some of their viral genes have been

described and are known to cause disease. Their replication requires the action

of gene products of helper viruses.

Poultry
Numerous benign and malignant neoplasms of chicken belong to the

leukosis/sarcoma (L/S) group of diseases and are caused by the avian leukosis

virus (ALV), classified among the �-retroviruses. These viruses are wide-

spread in the chicken population worldwide. They cause significant economic

losses either by (1) direct tumor-related mortality; (2) depressive effects on egg

production, or (3) general performance due to subclinical infections or

immunosuppression [1]. Mortality rates due to tumors can be as high as 20%,

but are usually 1–2%. Eradication of these viruses on flock basis is possible,

and an increasing number of flocks are ALV free.

ALVs are divided in the subgroups A, B, C, D, E and J based on their enve-

lope genes. Subgroups F, G, H, and I represent endogenous ALVs of wild fowl-

like birds. The most severe ALV-induced disease is lymphatic leukosis.

Erythroblastosis/erythroid leukosis is less often seen. Lymphoid leukosis is a

clonal malignancy of the bursal-dependent lymphoid system. The development

of lymphoid leucosis can be enhanced by co-infection with Marek’s disease

virus serotype 2 (vaccine virus). Besides leukosis and erythroblastosis, various

other tumors are associated with ALV infection, such as hemangioma, nephrob-

lastoma, tumors of the connective tissue, or sarcoma [2].

Transmission of exogenous ALVs occurs both horizontally and vertically.

At sexual maturity most chicken are infected. Chicken that were infected verti-

cally are usually persistent virus carriers. Horizontal transmission requires

direct contact of infected and non-infected birds. It occurs predominantly at

hatch, when non-infected chicken encounter high amounts of virus, for exam-

ple in the feces of persistently infected birds. Both routes of transmission are

important to maintain the viruses in the flock.

The oncogenic mechanisms of ALVs are well understood, and retrovirus

replication and transformation strategies have first been studied at the molecu-

lar level in Rous sarcoma virus by Temin and Rubin [3] in 1958. Acutely trans-

forming ALVs carry viral oncongenes that were taken up from the host cell

genome by genetic recombination. These oncogenes are derived from transcription
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factors (jun, fos, myc, myb, ets, etc.), receptors (erbA, erbB, fms, src, etc.), are

involved in cellular signal transduction (src, abl, ras, raf, etc.), or correspond to

the platelet-derived growth factor (sis).

In oncogene-transducing viruses, tumor formation is fast and the chickens

die within days. Birds infected with slowly transforming strains, which do not

possess a viral oncogen, develop disease several weeks after infection, and

tumorgenesis is based on the activation of cellular oncogens by long-terminal

repeat (LTR) insertion.

Sheep
A �-retrovirus of sheep has a so-far unique oncogenic strategy. The

Jaagsiekte (Africaans for ‘hunting disease’) virus (JSRV) induces tumors by

expression of the viral structural Env protein [4, 5]. The disease occurs world-

wide, and only Australia and New Zealand are considered to be free of JSRV.

Eradication of the virus has been achieved in Iceland, at the cost of destroying

the whole sheep population [6]. Sheep and goats are considered the only sus-

ceptible hosts, but JSRV protein and nucleic acid have been found in various

species including humans [7, 8].

Natural transmission occurs through aerosols from infected animals.

Incubation periods are reported to be 9 months to several years. Full-blown dis-

ease is generally seen after 1–3 years. Infection occurs predominantly in suck-

ling lambs. The disease is characterized by neoplasia in the lung, particularly in

the small bronchioli. So-called ‘Clara cells’ and pneumocytes type 2 are pre-

dominantly affected and proliferate. This causes obstructions of the bronchioli

and alveoles along with an overproduction of surfactant factor [9]. Transformation

is mediated by the Env protein and requires in sheep cells the binding to the

hyaluronidase 2 virus receptor [4, 10, 11]. After transfection of various mam-

malian and avian cell lines, transformation occurred via the phosphatidylinosi-

tol 3-kinase/Akt and Akt/mTOR pathways [12]. In mice, infection with a

recombinant adeno-associated virus AAV6 expressing the Env protein resulted

in tumors in immunosuppressed mice. Immunocompetent mice, in contrast,

were infected, but did not develop tumors. In this system, binding of the Env

protein to the cellular receptor was not a prerequisite for transformation [13].

As transformation is affected by the host response, tumor development can be

prevented by immune mechanisms. In sheep, however, the relative abundance

of endogenous JSRV renders this species immunotolerant to exogenous JSRV –

with fatal consequences.

Cat
The infection of cats with the feline leukemia virus (FeLV), a �-retrovirus,

is widely distributed in the cat populations worldwide. It causes numerous
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disease complexes with lymphosarcoma being the most frequently observed.

Besides that manifestation, immunosuppression (‘feline AIDS’), a particular

anemia is observed [14]. This viral disease is well studied. Between 1% and

10% of cats in various populations are infected with FeLV. One intriguing fact

after natural FeLV infection is the high percentage of cats that will be able to

eliminate the virus after a transient viremia [14]. This natural immunity can

also be induced by vaccination with a variety of vaccines, either based on inac-

tivated whole-virus preparations, subunit vaccines (p45 derived as the nongly-

cosylated form of gp70 after bacterial expression), or recombinant poxviruses

carrying the core protein p24 and the envelope protein gp70 [15]. Cats that fail

to eliminate the virus will succumb to disease within 3–4 years.

Three FeLV subgroups have been described whereby the FeLV subgroup A

virus is the most important and most often isolated one. FeLV subgroup B

appears to be produced by recombination with the env gene of endogenous

FeLVs, whereas FeLV subgroup C is generated form FeLV subgroup A viruses

by mutations in the env gene. The subgroup viruses are defined by interference

tests in tissue cultures; there is no specific antigenic difference between the

individual subgroups. High amounts of p25 protein are released into the blood

of persistently infected animals and diagnosis of FeLV is possible by detection

of this antigen in blood using commercially available tests.

The oncogenic potential of FeLV is based on its ability to establish

replication-defective viruses, so-called ‘feline sarcoma viruses’, which are recom-

binants of defective FeLVs and cellular genes. Various oncogens have been found

in those viruses, namely c-myc, c-abl, c-fes, c-fgr, c-fms, c-kit, and c-sis.

Natural transmission between cats is via saliva and, most importantly, by

vertical transmission to the kittens from a viremic queen. Elimination of the

virus in domestic cat populations is easily achieved by regular testing of young

cats, vaccination of noninfected cats and isolation of infected cats.

Cattle
Another mechanism of tumor induction is used by the �-retrovirus

enzootic bovine leukosis virus (EBL; also named bovine leukosis virus (BLV)).

This virus is also distributed worldwide. Depending on the country and partic-

ularly on the herd in question, infection rates can be as high as 100%. It is esti-

mated that, for example in the USA, about 30% of all dairy cattle is infected

[16]. EBL/BLV has been eradicated in some countries by applying strict control

measures. Those include the regular screening of the cattle populations and

removal of virus-positive animals from the herd. EBL/BLV predominantly

infects cattle but experimental infection of sheep has also been described.

Transmission occurs mainly by transmitting virus-infected lymphocytes by bit-

ing insects, but most importantly also iatrogenically by using contaminated



Truyen/Löchelt 106

needles. Vertical transmission is possible, but of less importance. The hallmark

of disease is B cell leukemia and the formation of lymphoma in various tissues.

Approximately 30% of infected animals will develop lymphocytosis and less

than 5% tumors [17]. The incubation period can be up to several years.

However, due to the strong immunogenicity, serological diagnosis can already

be made a few weeks after infection.

The pathogenesis of EBL/BLV infection is only partially understood.

The EBL/BLV genome encodes a regulatory protein called Tax [18, 19] within

the so-called X region. Tax increases the rate of viral transcription by acti-

vating the promoter in the LTR sequence. Detection of only the X region of

the viral genome in some neoplastic B cells suggests that tax gene expression

may be the only viral genetic component required to cause transformation.

Persistent lymphocytosis is due to increased cell proliferation rather than

delayed apoptosis of infected B lymphocytes [20]. The role of Tax or other

viral gene products in cell proliferation or oncogenicity is poorly defined.

Fish
Although not strictly of veterinary importance, a retrovirus infection of

fish is discussed here. Walleye dermal sarcoma, a tumorous disease found in the

freshwater perch Stizostedion vitreum in North America, is caused by the wall-

eye dermal sarcoma virus (WDSV), an �-retrovirus [21]. The tumors develop

during the cold season but in most cases, regression of tumors is observed dur-

ing spring and summer period [22]. Most likely, an antiviral immunity is

induced, as fish that experienced tumor regression do not appear to develop

tumors again. Natural WDSV infection occurs in the spring via direct contact at

spawning when high numbers of walleyes, many of them tumor-positive, con-

gregate on shoals or in streams.

Experimentally, walleyes can be infected by the topical, oral and intramus-

cular route [22]. WDSV is a complex retrovirus with three open reading frames

(ORF A-C) encoding auxillary proteins. ORF C downstream the 5�-LTR codes

for a protein that can induce apoptosis, and may therefore contribute to tumor

regression [23]. ORFs A and B appear to be gene duplicates immediately

downstream of the 3�-LTR and encode a cyclin homolog, rv-cyclin [24]. This

protein interacts with cellular cyclin-dependent kinases (CDKs) and may

cause cell proliferation by enhanced expression of some cellular genes [25].

WDSV cyclin has been shown to interact with CDK8, and therefore the

mechanism of transformation may be similar to that of Kaposi sarcoma

herpesvirus (KSHV/HHV-8) in Kaposi sarcoma [26]. Cyclin-induced oncogen-

esis is another retroviral transforming strategy that is, so far, unique to 

�-retroviruses.
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Herpesviruses
Herpesviruses can induce tumors in humans, such as KSHV/HHV-8, or as

by Epstein-Barr virus (EBV). Only one oncogenic herpesvirus, Marek’s disease

virus of poultry, is of veterinary importance. The gallid herpesvirus 2 (GHV-2)

or Marek’s disease virus (MDV) has recently been classified in the Mardivirus

genus of the �-herpesviridae subfamily. Other members of this group are

MDV-2, which is now named GHV-3, and the herpesvirus of turkeys (HVT).

Only GHV-2, but not GHV-3 or HVT, can cause Marek’s disease [27]. GHV-2

induces T cell lymphoma by an yet unknown mechanism. Recently, by use of

bacterial artificial chromosomes containing the full length genomes of several

GHV-2 strains with different oncogenic potential, a 7.7-kb region within the

internal long repeat has been mapped to determine – or at least modulate –

GHV-2 oncogenicity [28]. Interestingly, GHV-2 vaccination of ALV-infected

birds enhances ALV-mediated disease, and recombination of ALV provirus and

GHV-2 has been observed [29]. MDV is widespread and vaccination with

MDV-2 or HVT is routinely performed in most poultry flocks. The virus

replicates systemically upon first infection and establishes latency in activated

CD4-positive T cells [30]. In infected birds, cell-free MDV is only produced in

feather follicles, and its transmission is through inhalation of virus shed from

the follicles [31].

Papillomaviruses
Papillomaviruses are among the best-studied oncogenic viruses and are

important pathogens for humans and animals [for review, see 32]. Natural

papillomavirus disease of veterinary importance occurs in horses as equine

sarcoid, in cattle as bovine papillomatosis, and in dogs as canine oral papillo-

matosis. Other animals can also harbor papillomaviruses but these are of less

clinical importance. Antiviral immunity and tumor regression are common in

most of the papillomavirus-infected hosts, except in equine sarcoid or intestinal

papillomatosis of cattle.

Mechanisms of Papillomavirus-Induced Oncogenesis
Papillomavirus oncogenicity has been well studied in cell culture and

mouse models, predominantly using human papillomaviruses and bovine papil-

lomavirus-1 (BPV-1). The nonstructural proteins E6, E7 and E5 play a major

role in the transformation of cells and the generation of tumors. In BPV, E5

appears to be most crucial for oncogenicity.

E7 binding to the retinoblastoma protein (pRb) abolishes the function of

the latter, by preventing its phosphorylation by cyclin-dependent kinases

(CDKs). Phosphorylated Rb protein, however, controls as a suppressor the activ-

ity of a transcriptional regulators (E2F), which in turn stimulates transcription



Truyen/Löchelt 108

of various genes required for DNA synthesis, thus driving the cell into the S-

phase of the cell cycle.

The papillomavirus E6 protein is also involved in cell transformation. It

binds to the p53 protein via the E6-associated protein, a ubiquitin ligase

tagging p53 to a proteasome-mediated degradation. p53 is a central repressor

molecule for transcription of certain cellular genes. In response of cellular

damage, it becomes activated and may trigger either cell cycle arrest at G1/S, or

apoptosis.

The E5 protein in BPV is known to bind the Platelet-Derived Growth

Factor-� Receptor (PDGF-R), which, through a signaling cascade, results in

cell growth [33]. It also binds 16k ductin, a protein that downregulates the gap

junction intercellular communication (GJIC) and thereby facilitates detachment

from the neighbor cell. Binding to 16k ductin also results in the retention of

MHC I molecules within the Golgi apparatus, reducing the number of MHC I

on the cell surface [34]. Besides that, E5 activates numerous kinases such as

cyclin A-CDK2, thus interfering with cell-cycle control [35].

Cattle
In cattle, 6 BPV have been described, with types 3–6 being restricted to

cattle, whereas types 1 and 2 can also infect horses. Each BPV type is associ-

ated with a distinct disease. BPV-1 and -2 cause cutaneous fibropapilloma,

BPV-3 cutaneous papilloma, BPV-4 intestinal tract papilloma, BPV-5 teat

fibropapilloma, and BPV-6 teat papilloma. All types are widespread. Cofactors

associated with malignant papillomvirus disease are reported for BPV-1, 

BPV-2, and BPV-4. Ingestion of bracken fern is a major contributing factor for

BPV-associated invasive carcinoma of the alimentary tract (BPV-4) or the

bladder (BPV-2) in Europe and South America [32]. Besides the cases of the

invasive carcinomas, BPV infections are generally self-limiting and tumors

regress based on an immunological antiviral response. Vaccines prepared from

warts of infected animals are used for prophylaxis in some herds.

Horse
In horses, equine papillomavirus (EPV) cause benign warts that generally

regress after few months. Horses are also susceptible to infection with BPV-1

and -2, however these infections can cause an invasive fibrosarcoma-like skin

tumor, commonly known as equine sarcoid. These tumors do not metastasize

nor regress and are invasive and often therapy-resistant. In those tumors, the

BPV protein E5 is constantly expressed. There is some controversy whether

sequence variation of E5 sequences amplified from equine or bovine tumors are

of etiological importance [36–38].
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Dog
At least two types of canine oral papillomavirus (COPV) can induce

benign cutaneous tumors in dogs, preferably at the skin and oral mucosa and,

although less frequently, at the genital mucosae or conjunctivae. Based on his-

tology, cutaneous squamous papilloma, cutaneous inverted papilloma, and

canine pigmented epidermal nevus can be distinguished [39]. In a kennel with

susceptible dogs, more than 25% of dogs can be affected. The disease is gener-

ally self-limiting, and there is a long-lasting antiviral immunity that renders the

dog immune to re-infection. Canine papillomatosis is therefore predominantly

seen in young dogs. The nature of immunity in dogs is not well understood, but

preparations of warts, inactivated with formalin and administered parenterally,

appear to protect dogs from disease if given three weeks before experimental

inoculation [40]. Similar results have been obtained with virus-like particles or

virus capsomeres produced by recombinant expression of the COPV L1 major

structural protein [41, 42]. Cell-mediated immunity against nonstructural pro-

teins such as E1, E2, and E7 is also believed to confer protection [43, 44].

Tumor Viruses of Animals as Models of Human Oncogenesis

Conceptual Work and Pioneering Studies in Oncology

Many basic concepts in molecular oncology in general and, in particular, on

the role of viruses in the etiology of cancer have been derived from natural and

experimental animal models. This is due to intrinsic similarities and also differ-

ences in virus-induced oncogenesis in man and animals and especially due to the

experimental accessibility in animals. In addition, experimentally induced or

naturally occurring tumors in animals serve often as surrogate models for pre-

vention and therapy. In this part of the review we will discuss both aspects.

Tumor Induction by Viral and Cell-Derived Oncogenes 
and Additional Oncogenic Strategies of Retroviruses
The first virus known to consistently induce tumors in animals is the Rous

sarcoma virus (RSV), an avian retrovirus of chicken [45]. The induction of sar-

coma in chicken is an acute process taking only days to weeks for full tumor

development [for review, see 46]. Subsequent studies revealed that RSV did not

only induce tumors in chicken but also transformed cells from other species under

cell culture conditions [47]. The subsequent molecular analysis of the basic

features revealed that RSV encodes, in addition to the classical retroviral genes

required for replication and particle formation, also the so-called viral v-src

oncogene [48]. The v-src gene encodes a tyrosine kinase that is constitutively
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active thus inducing different growth-related cellular pathways [49]. Sub-

sequently, a highly related cellular counterpart, the cellular c-src gene was identi-

fied and characterized as an important component of intracellular signaling

regulating cell growth [50]. The concept emerged that RSV had, while retaining

replication competence, taken up the cellular proto-oncogene c-src. Genetic alter-

ations, relative to its cellular progenitor, of the virally transduced v-src as well as

mutations or gene amplification of the cell-encoded c-src increased the oncogenic

potential of this cytoplasmic tyrosine kinase by subverting it from a growth-

promoting protein to a protein inducing uncontrolled cell cycle progression. The

changes inducing constitutive activity are primarily related to the loss of the

autoregulatory C-terminus [49]. Thus, the constitutively active v-src induces

uncontrolled replication of cells leading to rapid tumor development in RSV-

infected chicken.

Similar situations where different cellular proto-oncogenes had been taken

up by diverse retroviruses were subsequently identified. Yet, in all these cases the

proto-oncogene transducing feline, avian, and murine retroviruses have lost repli-

cation competence since, as a consequence of proto-oncogene uptake, essential

coding sequences were deleted. In general, the cell-derived proto-oncogenes

carry mutations or are expressed as viral-cellular fusion proteins. The cellular

genes taken up by these acutely transducing retroviruses have different functions

in growth-regulating pathways; for overview see [46]. The sis oncogene corre-

sponds to the platelet-derived growth factor (PDGF), many are derived from tran-

scription factors (jun, fos, myc, myb, ets, etc.), receptors (erbA, erbB, fms, etc.),

or are involved in cellular signal transduction (src, abl, ras, raf, etc.).

The defective oncogene-transducing retroviruses depend on the presence of

genetically intact parental virus in order to replicate and to be transmitted to new

hosts or host cells. Identification of oncogene-transducing retroviruses led also

the way to engineer recombinant retroviruses as viral vectors for gene delivery

techniques. In addition, uptake of cellular genes by viruses was subsequently also

identified in other viruses, especially the large DNA viruses as mentioned above.

Another form of retrovirus-induced oncogenesis is the less frequent and

non-acute outcome of the integration of the retroviral genome into the host cell

DNA, the insertional mutagenesis [51]. Essential cellular tumor suppressor

genes are either inactivated – or their expression suppressed – or the expression

of cellular proto-oncogenes is dysregulated as consequence of retroviral

genome integration. Such events have been mostly studied in different avian

and murine sarcoma and leukemia viruses (MLV) and in the mouse mammary

tumor virus (MMTV) [46]. Retrovirus genome integration has not only contributed

to the general understanding of insertional mutagenesis and maintenance of

genome integrity but was also a tool to investigate the function of cellular genes

[52]. Oncogenic insertional mutagenesis of human immunodeficiency virus
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(HIV) and human T cell leukemia virus-I (HTLV-I) has not been described in

humans so far. However, insertion of MLV-derived retroviral vectors used to

combat human X-linked severe combined immunodeficiency (SCID) turned

out to induce leukemia in these patients [53]. Since retroviral vectors are potent

tools in ongoing and future human gene therapy trials, the risk of insertional

mutagenesis and the chances of targeting retrovirus integration to sites where

most likely no cancer can be induced are currently under intense scientific

investigation [54, 55].

Finally, inflammation- and infection-induced immunosuppression are now

considered as important cofactors during cancer development and a clear link

between HIV-induced immunosuppression and cancer development is firmly

established in AIDS patients [56].

Importance of Cofactors in Virus-Induced Oncogenesis
At present, there is no tumor virus known to be capable of acutely inducing

tumors in humans within weeks or days [46]. Similarly, only few animal viruses,

for instance the avian src-oncogene transducing RSV, FeLV, and JSRV, can – as

the single causative agent – induce acute cancer development in immunocompe-

tent animals [46]. Therefore, these acutely transforming viruses are the excep-

tion among the known tumor viruses.

The concept that viral and nonviral oncogenesis is a multi-step process was

in part deduced from studies using different virus-induced malignancies, for

instance the cottontail rabbit papillomavirus (CRPV). In this experimental sys-

tem, CRPV-infected rabbits develop, dependent on the genetic background of

the rabbit species analyzed, papilloma that may develop into carcinoma of the

skin [57]. The incubation time for tumor development was significantly

reduced when CRPV-infected areas of the skin with developing warts were

additionally treated with chemical carcinogens, for instance with tar or methyl-

cholanthrene [58]. Subsequent studies showed that the activated form of the cel-

lular proto-oncogene ras cooperated enhanced CRPV-induced carcinogenesis,

confirming the multi-step process of cancer development [59].

Abortive, Nonlytic Infections Can Promote Cancer Development
Considering the power of animal experiments and comparison of human dis-

ease with similar settings in animals indicate that these systems are not always

comparable and intrinsic differences remain. With the background that permis-

siveness of a host towards replication of a given virus is restricted by a plethora of

genetic factors [60], inoculation of a human virus into animals does not necessar-

ily reflect the natural infection of human beings. An excellent example directly

related to viral oncology is tumor induction by different human adenoviruses when

inoculated into hamsters. In this experimental setting, a clear oncogenic potential
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could be attributed for instance to human adenovirus 12 [61]. Subsequently, the

early E1A and E1B genes of different human adenoviruses were shown to immo-

rtalize or fully transform cells in culture and have a clear oncogenic potential in

rodents [reviewed in 62]. Although oncogenic in vitro and in a heterologous host,

epidemiological studies in humans fail to show any evidence that human adeno-

viruses have a corresponding oncogenic potential in their natural host; discussed

in [63]. These data corroborated with studies in infected cells lead to the concept

that limited, nonproductive, abortive replication of different DNA viruses bears an

oncogenic potential. Mechanistically, this conclusion can be explained by two

complementing and not mutually exclusive explanations.

Firstly, abortive, non-productive infections are often not lytic since the pro-

teins related to virus formation, including fusogenic surface proteins and those

related to the release of the progeny virions, often associated to apoptosis or cell

lysis, are not expressed [46]. Thus, the limited gene expression in these settings

allow the survival of the infected cell which would have been otherwise killed

during a productive infection, for instance by adenoviruses. Abortive, nonpro-

ductive infections are also characteristic for tumor induction by CRPV as men-

tioned (see above). In herpesviruses, latency of the virus is a prerequisite for

tumor development [64].

Secondly, DNA viruses depend on cellular factors required for genome

replication and these factors, for instance the essential dNTP pools, are only

fully accessible when the host cell undergoes DNA replication. Therefore, differ-

ent DNA viruses including adenoviruses have developed or acquired proteins

expressed early during infection. These early proteins drive the newly infected

cell into DNA replication and cell division. In general, these early virus-encoded

proteins display the above-discussed oncogenic properties [46, 65].

In the case of oncogenic adenoviruses, the E1A-derived proteins – besides

other functions – interact and functionally inactivate the retinoblastoma protein

Rb, which is a negative regulator of cell cycle progression and its E1A-

mediated inactivation leads to cellular immortalization [62]. The adenovirus

E1B protein is required for full transformation by inhibiting p53-mediated sur-

veillance of genome stability and induction of apoptosis of virus-infected cells.

These oncogenic functions are often also encoded and utilized by other DNA

tumorviruses, examples are the papillomavirus E6 and E7 proteins or the large

T antigens of papovaviruses [65].

Animal Models for Human Malignancies

Animal models for human disease are an essential and crucial cornerstone

of past and present biomedical research. Often, inoculation of human viruses
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was used to study their biology and to establish novel therapeutic approaches.

For instance, serial passages of human viruses in laboratory animals – or animal

cells attenuated their infectivity – even allows the usage of the attenuated virus

as a vaccine in humans [66]. Inoculation of patient-derived human viruses into

animals is routinely used for pathogen identification and characterization and,

in the past, this technique was even used for virus quantification.

In modern oncology, animal models of human malignancies are of primary

importance for basic research. Here, especially inbred mice and transgenic

mice strains are frequently used to analyze the oncogenic potential of chemi-

cals, defined human genes and their viral counterparts. In addition, SCID mice

are often used for therapeutic studies using implanted malignant human cells.

Human hepatitis B and C viruses (HBV and HCV) induce acute and

chronic liver disease in man. In a substantial portion of chronically infected

patients, hepatocellular carcinoma are induced after long incubation times.

Intense research on both viruses revealed that persistence of the virus with

ongoing replication and the resulting chronic inflammation induced by either

virus is the cause for neoplastic development [67, 68]. Thus for both viruses the

major – or single – oncogenic mechanism is not related to a viral oncogene or

the dysregulation of cellular genes involved in cell growth and survival. In con-

trast and mechanistically related to Helicobacter pylori-induced gastric cancer

[69] were chronic inflammation induced and accompanied by the release of

diverse cytokines, which defines the pathway to malignancy [67, 68].

Part of this novel view on virus-induced cancer derives from pioneering stud-

ies on the replication and cancer induction by the Woodchuck hepatitis B virus

(WHBV) in its natural host, the American woodchuck [for review, see 70]. Studies

of WHBV in woodchucks were used to characterize viral replication since ade-

quate cell culture systems for HBV – allowing analysis of all steps of viral replica-

tion – have not yet been available until the recent development of a primary

hepatocyte-based system [71]. In addition, the WHBV-system allowed defining

(WHBV) oncogenesis as a process directly related to chronic infection with liver-

specific inflammation similar to that seen in HBV-infected humans [72, 73].

Subsequently, the WHBV model was used to establish novel diagnostic procedures

and technologies. [for references, see 73]. Finally, nucleotide analogs and novel

gene therapy strategies have been used in woodchucks in order to establish corre-

sponding therapies for HBV infections and hepatocellular cancer in man [73].

Adult T cell leukemia/lymphoma (ATLL) induced by HTLV-I is also

responsible for inapparent infections and the nonmalignant, but also fatal HTLV-

I-associated myelopathy (HAM). Apparently, different replication pathways can

induce significantly different disease [74]. It is worth mentioning that HTLV-I is

almost undistinguishable from the Simian T cell leukemia virus-I (STLV-I) [75].

The extremely high genetic relatedness has even led to the suggestion to call
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these viruses collectively ‘primate T cell leukemia viruses’ (PTLV). This appears

even more justified by the recent observation that transmission of PTLV between

simians and humans occurs frequently in areas where man and primate cohabi-

tate [75]. The apathogenic persistence in chronic infections and the T cell

leukemia induced in different simians together with markers of STLV replication

in naturally infected macaques almost fully parallels the situation seen in HTLV-

I-infected carriers thus making the STLV-infected simian a very valuable animal

model for the human malignancy seen in distinct geographic regions [76].

Zoonosis and Host-Species Exchange-Associated Oncogenesis

As described above, the human adenovirus type 12 (Ad 12) does not cause

malignancies in man, however, upon inoculation into a heterologous host

species, Ad 12 induces cancer. In contrast to this scenario, BPV which is onco-

genic in cattle, retains its oncogenic potential in the heterologous host, the

horse. In horses, sarcoids develop which are characterized by a restricted BPV

replication. Therefore, the change of the host species resulting in restricted

replication in the new environment can be accompanied by the development of

virus-induced cancer. However, the recent zoonotic events, for instance HIV,

severe acute respiratory syndrome (SARS) coronavirus, emerging Influenza

viruses, Ebola and Marburg virus, and others resulted in all cases in productive,

sometimes even lytic infections that were not directly related to cancer.

Presently, the only known exception is the occurrence of different malignancies

associated with the HIV-mediated immunodeficiency.
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Abstract
The role of the immune system during cancer development is complex involving exten-

sive reciprocal interactions between genetically altered cells, adaptive and innate immune

cells, their soluble mediators and structural components present in the neoplastic microenvi-

ronment. Each stage of cancer development is regulated uniquely by the immune system;

whereas full activation of adaptive immune cells at the tumor stage may result in eradication

of malignant cells, chronic activation of innate immune cells at sites of premalignant growth

may actually enhance tumor development. In addition, the balance between desirable anti-

tumor immune responses and undesirable pro-tumor chronic inflammatory responses largely

depends on the context in which a malignancy is developing. The following chapter focuses

on the inflammatory components and processes engaged during cancer development and the

impact of the inflammatory microenvironment.

Copyright © 2006 S. Karger AG, Basel

Tumor Micro-Environment

Cancer is a progressive disease typically requiring initial mutations in pro-

liferating cells that are necessary but not sufficient for full neoplastic progres-

sion [1]. The cellular composition of (pre-) malignant lesions represents a

heterogeneous population of cells, including genetically altered cells, as well as

a diverse array of stromal cells that are activated in and/or recruited to the neo-

plastic microenvironment, including fibroblasts, endothelial, and mural cells

forming the blood vasculature and lymphatics, and innate and adaptive immune

Infection, Inf lammation and Neoplasia
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cells, all of which co-exist in a dynamic extracellular matrix (ECM) that

together modulate cancer development [2–6].

In healthy homeostatic tissue, the three-dimensional organization and

function of stroma is in balanced equilibrium. Fibroblasts, the predominant

cells present in stroma, are responsible for production, deposition and remodel-

ling of most ECM components, including collagens and structural proteogly-

cans, as well as for secretion of various classes of proteolytic enzymes, their

inhibitors and multiple growth factors that regulate cell proliferation, survival

and morphology [7, 8]. Stroma forms a structural scaffold, is crucial in cross-

talk between cells, regulates presence and distribution of nutrition and waste

and is a scaffold for few resident inflammatory cells such as mast cells,

macrophages, immature dendritic cells that monitor the surroundings for invad-

ing pathogens [4]. The blood vasculature embedded in stroma of healthy tissue

consists of quiescent mature blood vessels surrounded by uninterrupted base-

ment membranes [9].

The functional and structural characteristics of stroma undergo dramatic

changes in the presence of a developing neoplasm [4]. The quantity and com-

position of stroma varies considerably per tumor type and from tumor to tumor.

Fibroblasts typically exhibit a higher proliferative index in the neoplastic

microenvironment, as compared to fibroblasts in homeostatic tissues, and often

express �-smooth muscle actin and are commonly surrounded by dense accu-

mulated fibrillar collagens [7, 8]. Initially, fibroblasts were thought to be pas-

sive participants in neoplastic progression. However, recent data indicate they

exert an active role and can promote cancer development [3, 10, 11]. As will be

discussed below in more detail, stroma of (pre-) malignant lesions is frequently

characterized by infiltration and activation of immune cells, in particular

macrophages, mast cells, granulocytes and lymphocytes [12–18]. Reactive

tumor stroma is further characterized by the presence of abnormal blood vessels

that are tortuous, chaotic in organization and intrinsically unstable and leaky

[19–21], by increased interstitial fluid pressure [22], and by alterations in the

lymphatic architecture [23]. Growth factors and proteases produced by neoplas-

tic cells, activated fibroblasts and inflammatory cells mediate remodeling of

structural proteins of ECM and basement membranes, e.g. collagen and fibrin,

resulting in disruption of tissue homeostasis and allowing cell migration and

invasion [24, 25]. Moreover, tissue remodeling mediated by neoplastic and stro-

mal cell-derived proteolytic enzymes, such as matrix metalloproteinases

(MMPs), results in release and/or activation of a variety of factors with distinct

biological activities that are normally sequestered within the ECM [24–27].

Thus reciprocal communication between responding ‘normal’ cells, their medi-

ators, structural components of ECM and genetically altered neoplastic cells

regulate many aspects of (pre-) malignant progression [2–6].
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The Inflammatory Tumor Micro-Environment

Acute versus Chronic Inflammation
The immune system is composed of many different cells and mediators

that interact in a complex and dynamic manner to ensure protection against all

foreign pathogens possibly encountered during a life-time, while simultane-

ously maintaining tolerance towards self-antigens [28, 29]. Based on the speci-

ficity of antigen recognition and on the timing of activation, the immune system

can be divided into two subsets, the adaptive immune system and the innate

immune system. In order to provide optimal protection against invading

pathogens, both subsets of the system are intimately linked [30, 31]. The innate

immune system, also referred to as the first line of immune defense against

infection, is composed of macrophages, granulocytes (neutrophils, basophils,

and eosinophils), dendritic cells (DCs), mast cells, natural killer cells (NK

cells) and soluble complement components. It is relatively non-specific and not

intrinsically affected by prior contact with infectious agents. Cells of the innate

immune system express germline encoded pattern-recognition Toll-like recep-

tors (TLRs) with which they recognize conserved molecular patterns found on

microorganisms, but not in self-tissue, e.g. lipopolysaccharide (LPS), lipotei-

choic acid (LTA), mannans, unmethylated CpG DNA motifs and glycan [29,

32]. Acute inflammation in response to invading pathogens or tissue injury is a

multi-step process that begins with activation of resident innate immune cells

and activation of the complement cascade, resulting in release of pre-formed

and newly synthesized pro-inflammatory mediators including cytokines, pro-

teases, and membrane-perforating agents, followed by recruitment and activa-

tion of other inflammatory cells from the periphery and nonspecific lysis and

phagocytosis of foreign cells and bacteria [29, 33–35]. Acute activation of the

innate immune system not only forms the first line of immune defense against

invading pathogens, but is also necessary for efficient activation of the more

specific adaptive immune system [29, 36, 37].

The adaptive immune system – also called the acquired immune system – is

comprised of B lymphocytes, CD4� (helper) and CD8� (cytotoxic) T lympho-

cytes and distinguishes itself from the innate immune system by its antigen-

specificity and memory formation. B and T lymphocytes express unique, highly

diverse, somatically generated antigen-specific receptors, B cell receptors

(BCRs) and T cell receptors (TCRs), that are formed during their development

by random rearrangement of the Immunoglobulin (Ig) and TCR gene segments,

respectively [38, 39]. Thus, tremendously diverse B and T lymphocyte reper-

toires are generated that provide a flexible and broader range of responses to

pathogens as compared to innate immune cells [38, 39]. B lymphocytes exert

their effector function by secreting antibodies with the same antigen specificity
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as the BCR [40, 41]. Fully activated T lymphocytes contribute to acute immune

responses by cytokine production, B cell help (CD4� T cells) and cytotoxic

killing of cells expressing the antigen of specificity (CD8� T cells). The kinet-

ics of primary adaptive immune responses are slower than innate immune

responses, because clonal expansion of antigen-specific lymphocytes is required

to obtain a sufficient number of antigen-specific T and/or B lymphocytes

[40, 42]. However, upon initial activation, a subset of lymphocytes differentiates

into long-lived memory cells, thus forming heightened states of immune reactiv-

ity to later contact with the same antigen [42]. Acute inflammation therefore

triggers a cascade of immunological events, starting with activation of innate

immune responses followed by activation of antigen-specific adaptive immune

responses. Such acute inflammatory responses result in removal of invading

organisms and aberrant cells, resolution of inflammation and subsequent re-

establishment of tissue integrity and homeostasis.

Under certain circumstances however, tissue-damaging chronic inflamma-

tory responses develop, the underlying mechanisms of which are still poorly

understood. Many chronic inflammatory states are associated with pathogens

that are able to evade clearance, resulting in persistent activation of the immune

system. For instance, Helicobacter pylori persists in the gastric epithelium and

causes chronic gastritis in essentially all infected hosts, and infection with

hepatitis B virus (HBV) or hepatitis C virus (HCV) is linked with chronic

hepatitis [43–46]. In addition, unresolved inflammation can be a consequence

of autoimmunity, exposure to toxins, e.g. asbestos and smoking, ongoing chem-

ical or physical irritation, e.g. acid reflux disease or UV exposure, or exposure

to certain dietary factors or hormones. Several studies have reported a link

between increased susceptibility to chronic inflammation and specific subsets

of genes and genetic polymorphisms in cytokine and signal transduction net-

works [47–50]. For instance, in human chronic inflammatory disorders such as

asthma and diabetes, a cytokine imbalance favoring ‘pro-humoral immunity’

Th2 immune responses instead of ‘pro-cellular immunity’ Th1 immune

responses may play a key role in increased susceptibility to disease [47, 48]. In

addition, a dysregulated balance of regulatory T cells – a subset of T cells that

suppresses specific T cell responses – might lead to chronic inflammatory con-

ditions [51–54]. Continuous exposure of tissue to activated immune cells and

their soluble mediators results in excessive tissue remodeling, loss of tissue

architecture as a consequence of tissue destruction, and under certain circum-

stances, enhances risk for development neoplastic tissue states.

Clinical Association between Chronic Inflammation and Cancer
Infiltration of leukocytes into human and experimental (pre-) malignant

lesions is a common and well-described phenomenon, although its significance
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has long been a matter of debate. Over the last decade, it has become clear that

increased presence of immune cells in neoplastic tissue is not merely a sec-

ondary consequence of tissue changes occurring during cancer development,

but frequently a regulatory mechanism playing a central role in disease patho-

genesis. Clinical observations indicate that the immune system plays a dual role

in tumor development and progression; an immune balance favoring anti-tumor

T lymphocyte responses has been correlated with improved disease outcome

[55–61], whereas a balance favoring pro-tumor chronic innate immune cell

activation in the tumor microenvironment often correlates with poor clinical

outcome [12–18, 62–64]. As an example, infiltration of T lymphocytes into

multiple types of human malignancies has been reported to be associated with

improved clinical outcome [55–61]. Based on the idea that genetically altered

cells can be recognizable targets for the adaptive immune system, substantial

effort is being put into development of immunotherapeutic approaches that

elicit anti-tumor adaptive immune responses [65–71]. Although multiple groups

have been successful in developing vaccines that elicit tumor-specific CD8� T

cell responses in cancer patients, in only few patients such anti-tumor adaptive

immune responses have led to actual stabilization or regression of the tumor

[72]. One of the explanations for poor clinical therapeutic benefit of anti-cancer

vaccination strategies is that the tumor microenvironment often does not favor

efficient anti-tumor adaptive immune responses, but rather subverts the immune

system to facilitate neoplastic progression [73]. The unique characteristics of

neoplastic tissues, e.g. dysregulated cytokine production and altered oxygen

levels, favor chronic inflammation. The presence of chronically activated innate

immune cells, such as myeloid suppressor cells, and presence of regulatory

T cells may subsequently further inhibit desirable anti-tumor adaptive immune

responses both systemically as well as locally [74–78]. Consistent with this con-

cept, it has been demonstrated that many human malignancies contain innate

immune cells, and importantly, the abundance of innate immune cells, in partic-

ular macrophages and mast cells, correlates with angiogenesis and poor clinical

outcome [12–18, 62–64, 79]. For example, clinical prognosis of patients with

renal cell carcinoma containing high numbers of tumor-associated macrophages

(TAMs) is poor [79]. Likewise, the number of mast cells and macrophages infil-

trating pancreatic ductal adenocarcinomas directly correlates with intratumoral

microvessel counts and lymph node metastases [18]. Gene-expression profiling

of biopsies from human follicular lymphomas revealed that molecular features

of nonmalignant, tumor infiltrating immune cells could be used to predict

survival, again pointing out an important interplay between the host immune

response and cancer development [80].

A clinical link between inflammation and cancer provided by epidemiolog-

ical studies indicates that a broad spectrum of chronic inflammatory disorders,
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chronic infections and chronic mechanical and chemical irritations predispose

to cancer development [46, 81–84]. The best established of malignancies asso-

ciated with chronic inflammation is colon carcinogenesis arising in patients

with inflammatory bowel disease [84, 85]. In addition, hereditary and sporadic

forms of pancreatitis predispose patients to development of pancreatic cancer

and prostatitis has been associated with prostate cancer [86–89]. Moreover,

15% of all human cancers have been associated with chronic inflammation

caused by infectious agents [46, 90, 91]. Many of these pathogens are known to

genetically alter infected cells via activation of proto-oncogenes or integrating

and inducing viral oncogene expression [46]. However, some infectious agents,

e.g., Helicobacter pylori, HBV and HCV, indirectly promote carcinogenesis via

induction of chronic inflammatory states that by continuous production of

reactive oxygen species, growth factors, pro-inflammatory cytokines and

extracellular proteases regulate tissue remodelling, proliferation and angiogen-

esis [46, 92]. Experimental and clinical studies have established that chronic

gastritis induced by the gram-negative bacterium Helicobacter pylori predis-

poses to gastric cancer, the second most common cause of cancer-related

mortality word-wide [93–97] and HBV and HCV are known to cause hepato-

cellular carcinomas (HCC) by inducing chronic inflammation in the liver

[43, 92, 98, 99]. Examples of mechanical and chemical irritation-induced (pre-)

malignant lesions are mesothelioma (asbestosis) [100], Barrett’s esophagus and

esophageal adenocarcinoma (chronic reflux of gastric acid) [101, 102], and

gallbladder cancer (gallstones) [103].

Additional compelling clinical evidence for the importance of inflamma-

tion during neoplastic progression comes from studies showing a reduced risk

of cancer among long-term users of nonsteroidal anti-inflammatory drugs

(NSAID), e.g. aspirin and selective cyclooxygenase-2 (COX-2) inhibitors

[104–110]. These studies have revealed that long-term usage of these com-

pounds reduces colon cancer risk by about 50%, gastric and esophageal cancer

risk by approximately 40% and breast cancer by approximately 20% [104–106,

108, 109, 111–113]. Thus, clinical data indicate a clear relationship between

inflammation and development of cancer, and suggest that elucidation of the

mechanisms by which the immune system participates in neoplasia formation

may contribute to development of novel therapeutic approaches against human

cancer.

Experimental Studies Linking Inflammation and Cancer

The last decade, much effort has been extended towards understanding the

complex mechanisms underlying causal links between chronic inflammation and
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pre-malignant progression, tumor growth and metastasis formation [6, 73, 108,

114–122]. The availability of a growing number of de novo carcinogenesis mouse

models has allowed us to take the first steps towards understanding recruitment

pathways of inflammatory cells into (pre-) malignant microenvironments, their

modulation of such micro-environments, and their contribution to cancer pro-

gression. Using a transgenic mouse model of multistage epithelial carcinogenesis

where the early region genes of the human papillomavirus type 16 (HPV16) are

expressed as transgenes under control of the human keratin 14 (K14) promotor

[123, 124], e.g. K14-HPV16 mice, we have reported that transgenic oncogene

expression alone is not sufficient for complete cancer development. Instead, addi-

tional signals provided by immune cells are required for elaboration of the malig-

nant state [114, 115, 122]. Genetic elimination of mast cells is sufficient to

attenuate neoplastic progression in K14-HPV16 mice [115]. Recently, we found

that genetic deletion of the complete adaptive immune system in K14-HPV16

mice resulted in failure to initiate chronic inflammation during pre-malignancy,

resulting in attenuated pre-malignant progression and reduced carcinoma inci-

dence [122]. Transfer of B lymphocytes or serum isolated from K14-HPV16

mice into adaptive immune-deficient/K14-HPV16 mice restored chronic inflam-

mation in neoplastic skin as well as hallmarks of pre-malignant progression

[122], indicating that B lymphocytes play a crucial role in the onset of chronic

inflammation associated with pre-malignant progression, thus potentiating neo-

plastic cascades downstream of oncogene expression.

Tumor-promoting roles for innate immune cells downstream of oncogene

expression have also been described in other experimental tumor models

[125, 126]. Lin and colleagues studied the role of colony stimulating factor-1

(CSF-1) during mammary carcinoma development by comparing transgenic

mice susceptible to de novo development of mammary carcinomas (PyMT mice)

with CSF-1 deficient PyMT mice (PyMT/CSF-1op/op) [125]. Whereas absence of

CSF-1 during early neoplastic development was without apparent consequence,

development of late-stage invasive carcinomas and pulmonary metastases was

significantly attenuated in PyMT/CSF-1op/op mice, and correlated with a failure

to recruit mature macrophages into neoplastic tissue in the absence of CSF-1

[125]. Macrophage recruitment was restored by transgenic CSF-1 expression in

mammary epithelium in PyMT/CSF-1op/op mice, as was characteristic for primary

and metastatic tumor development [125]. Likewise, secretion of the chemokine

CXCL-8 by xenografted tumor cells is required for RasV12-dependent tumor-

associated inflammation, angiogenesis and tumor growth [126]. Depletion of

granulocytes attenuated angiogenesis of RasV12-expressing tumors, suggesting

that ability of neoplastic cells to recruit inflammatory cells facilitates tumor 

outgrowth [126]. The biological effect of tumor infiltrating innate immune cells,

however, depends on the local levels of pro-inflammatory cytokines, and
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numbers of innate immune cells in the neoplastic microenvironment [127].

Experimental studies using tumor cells expressing the chemokine MCP-1 have

revealed that low concentrations of MCP-1 elicited modest macrophage recruit-

ment and enhanced angiogenesis and tumor growth in melanoma xenograft

models [127]. In contrast, high levels of MCP-1 expression resulted in more

extensive macrophage infiltration and more robust angiogenic responses and

enhanced tumor growth, but eventually also in tumor regression [127]. Thus,

tumor infiltrating innate immune cells can play dual roles during neoplasia

development. Consistent with this, some studies have described a beneficial

effect of macrophage infiltration in human cancer [61, 128]. For instance,

survival of patients with colorectal cancer containing high numbers of tumor-

infiltrating macrophages and CD8� T cells was reported to be better than

those with low numbers of macrophages and CD8� T cells [61]. The exact cel-

lular and/or molecular mechanisms underlying these contradictory correlations

between macrophage infiltration and tumor progression remain to be elucidated.

However, it is conceivable that the dual role of macrophages owes to their activa-

tion and differentiation status and cytokine milieu present in tumor microenvi-

ronments [129, 130].

It has recently been reported that immature myeloid suppressor

GR1�CD11b� cells accumulate in peripheral blood of cancer patients [75, 131]

as well as in tumors and lymphoid organs of tumor-bearing animals [76, 132].

Myeloid suppressor cells were initially identified as cells that indirectly enhance

tumorigenesis by suppressing tumor-specific adaptive immune responses [75, 76,

133]; however, it recently became clear that myeloid suppressor cells can also

directly promote growth of experimental tumors by contributing to angiogenesis

at the tumor site [132]. In conclusion, these studies support the concept that

inflammation is not just a bystander effect of the tissue changes that occur during

neoplasia formation, but rather promotes neoplastic events downstream of onco-

gene expression.

Inflammatory Cell-Mediated Modulation of 
Neoplastic Progression
As chronic inflammation is a complex and dynamic process with many dif-

ferent cells and soluble mediators involved, it is no surprise that multiple mech-

anisms have been identified via which inflammatory states can promote cancer

development. The modulatory effects of immune cells on cancer development

can be divided into direct effects on neoplastic cells, e.g. induction of DNA

damage or paracrine regulation of signal transduction pathways inside neoplas-

tic cells, and indirect effects on neoplastic growth, e.g. activation of angiogene-

sis, tissue remodeling, and suppression of anti-tumor adaptive immune

responses (fig. 1).
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Direct Effect on Neoplastic Cells
Nuclear factor-�B (NF-�B), a pro-inflammatory transcription factor that

regulates cell proliferation, survival, and growth arrest, has been implicated as

Direct effects

NF-�B regulation
ROS generation

Activation of:
tissue remodeling

angiogenesis
proliferation

Inhibition of:
anti-tumor adaptive immunity

Indirect effects

Infectious agents Genetic mutation Genetic susceptibility

Cytokines/chemokines     Adaptive immunity

Chronic inflammation

Cancer development

Fig. 1. Chronic inflammation and cancer development. Initiation of cancer development,

e.g. by infectious agents and/or genetic mutations, often results in chronic inflammatory states

that are regulated by the presence of cytokines, chemokines and components of the adaptive

immune system, e.g. antibodies. Chronically activated immune cells promote cancer develop-

ment via direct and indirect mechanisms. Inflammatory cells are capable of modulating expres-

sion of genes within neoplastic cells, such as NF-�B, that favor proliferation and survival in a

paracrine fashion. In addition, chronic inflammation results in production of free radicals that

can cause DNA damage. Immune cells indirectly modulate cancer development by production

of proteolytic enzymes, cytokines, chemokines and pro-angiogenic mediator, and upregulation

of COX-2. These inflammatory cell-derived mediators induce tissue remodeling, proliferation

and activation of angiogenesis, thus creating a microenvironment that is permissive for primary

tumor development and secondary metastasis formation. Myeloid suppressor cells and regula-

tory T cells present in tumor-bearing hosts suppress anti-tumor adaptive immune responses,

and thus contribute to immune evasion.



Inflammation and Cancer Development 127

a link between inflammation and cancer in two independent mouse models

of inflammation-associated cancer [116, 119, 134]. Using a mouse model of

inflammation-associated hepatocellular carcinogenesis, Pikarsky et al. [119]

reported that inflammatory cells present in the neoplastic microenvironment

control hepatocyte NF-�B activation via production of tumor necrosis factor-�
(TNF-�). Greten et al. [116] reported that specific deletion of IKK� – a

key intermediary of NF-�B – in myeloid cells decreased tumor growth in a

mouse model of colitis-associated cancer through reduced production of tumor-

promoting paracrine factors [116]. These elegant studies indicate that inflamma-

tory cells are capable of modulating expression of genes within neoplastic cells

that favor proliferation and survival in a paracrine fashion.

Another mechanism by which chronic inflammation directly influences

cancer development is by generating reactive oxygen and nitrogen species that

can cause DNA damage in proliferating cells [135, 136]. Repeated tissue dam-

age and regeneration of tissue in the presence of highly reactive nitrogen and

oxygen species released from inflammatory cells can result in permanent

genomic alterations, e.g. point mutations, deletions or rearrangements that fur-

ther neoplastic programs of growth [136].

Indirect Effect on Neoplastic Cells
Besides directly influencing proliferation and survival of neoplastic cells,

infiltrating inflammatory cells also indirectly regulate tumorigenesis. The two

most prominent changes that occur in the neoplastic microenvironment besides

recruitment and activation of inflammatory cells are tissue remodeling and acti-

vation of angiogenesis. These processes are crucial for cancer development.

Breakdown of ECM molecules allows expansion of neoplastic tissues and

increases bioavailability of growth factors and cytokines, and formation of new

blood vessels is critical as expansion of tissue requires supply of oxygen and

nutrition. Both activation of angiogenesis and tissue remodeling are modulated

by inflammatory cells present in the neoplastic microenvironment [6, 73].

Innate immune cells produce numerous soluble growth factors, cytokines

and chemokines as well as various types of extracellular or cell-associated

proteinases, such as MMPs, that have pro-inflammatory, pro-angiogenic and

pro-tissue remodeling capacities. As an example, several experimental cancer

models have revealed that inflammatory cells functionally contribute to tumori-

genesis via secretion of MMPs [25]. To date, about 26 human secreted or trans-

membrane MMPs have been identified [137–139]. MMPs collectively possess

enzymatic activity against virtually all ECM components, and each MMP

family member has distinct, but often overlapping, substrate specificities [24,

25, 139, 140]. MMPs regulate tumor development by remodeling ECM compo-

nents as well as non-ECM substrates such as cytokines, growth factors, cell-cell
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and cell-matrix adhesion molecules, and thus contribute to angiogenesis,

inflammation and proliferation [24, 25]. MMP-9 deficiency in K14-HPV16

mice resulted in reduced skin carcinogenesis [114], and characteristics of neo-

plastic development were restored in MMP-9-deficient K14-HPV16 mice by

reconstitution with wild type bone marrow-derived cells [114]. Likewise, in a

transgenic mouse model of pancreatic islet cell cancer where MMP-9 could

only be detected in infiltrating inflammatory cells and not in neoplastic cells,

MMP-9 was reported to contribute to the angiogenic switch [141]. Growth, vas-

cularization and macrophage infiltration of xenografted MMP-9 expressing

human ovarian cancer cells were clearly reduced in MMP-9-deficient nude

mice [142]. Reconstitution with MMP-9 expressing spleen cells resulted in

increased angiogenesis and tumorigenicity [142]. A study by Hiratsuka et al.

[143] revealed that a primary tumor can specifically direct MMP-9 expression

in macrophages and endothelial cells in distant pre-metastatic lung. In line with

these findings, patients with distant tumors displayed significantly elevated lev-

els of MMP-9 in lung tissue as compared to those from tumor-free patients

[143]. Thus, these studies indicate that inflammatory cells contribute to car-

cinogenesis by creating an environment that is permissive for primary tumor

development and secondary metastasis formation.

Another mechanism by which inflammatory cells regulate angiogenesis

and consequently enhance tumorigenesis is production of pro-angiogenic medi-

ators such as vascular endothelial growth factor-A (VEGF-A) [18, 144]. In

addition, Gr�CD11b� myeloid immune suppressor cells can differentiate into

endothelial cells and directly incorporate into tumor endothelium in tumor-

bearing animals [132]. Other inflammatory cell-derived soluble mediators that

are known to modulate cancer development are serine- and cysteine-proteases,

membrane-perforating agents, TNF-�, interleukins and interferons [114–116,

119, 132, 143, 145, 146]. Together, host-derived soluble mediators are known

to evoke innate immune cell recruitment and/or activation, tissue remodeling

and angiogenesis, and together, create a microenvironment favoring cell prolif-

eration, genomic instability and expansion of cell populations into ectopic

tissue microenvironments, culminating in malignant conversion and cancer

development.

Inflammation is also known to up-regulate COX-2, a key enzyme in the

synthesis of prostaglandins from arachidonic acid, and there is accumulating

evidence that COX-2 up-regulation plays an important role in neoplasia forma-

tion [109, 147, 148]. In general, COX-2 is not expressed in quiescent tissues.

However, its expression is induced in many human cancers [149–151]. Chronic

presence of COX-2 in (pre-) malignant microenvironments results in produc-

tion of prostaglandins that are known to mediate many effects, including but not

limited to promotion of proliferation while reducing apoptosis, activation of
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angiogenesis, induction of pro-inflammatory chemokines, and suppression of

immune surveillance mechanisms [148]. This is underscored by the observation

that transgenic overexpression of COX-2 is sufficient to drive hyperplasia and

carcinomas in several tissues, e.g. mammary glands and the urinary bladder

[152–154] and enhances chemical-induced skin carcinogenesis [155]. Genetic

deletion or selective inhibition of COX-2 has been reported to decrease devel-

opment of several human and experimental cancers [113, 156, 157]. Great

efforts have been employed to develop selective COX-2 inhibitors, and the ther-

apeutic safety and efficacy of such selective COX-2 inhibitors in cancer pre-

vention have been and are being tested in clinical trials [113, 158, 159].

In addition, chronic inflammation promotes cancer development via

suppression of anti-tumor adaptive immune responses, allowing tumor escape

from host immune surveillance. A subset of innate immune cells, e.g. myeloid

suppressor GR�CD11b� cells of myeloid macrophage/dendritic cell lineage,

accumulates in tumors and lymphoid organs [75, 76, 133]. These myeloid sup-

pressor cells actively inhibit anti-tumor adaptive immunity via induction of T

lymphocyte dysfunction by direct cell-cell contact and by production of

immunosuppressive factors [75, 133, 160, 161]. In addition, malignant lesions

attract regulatory T cells that are known to suppress effector functions of cyto-

toxic T cells [78, 162]. In an elegant study by Curiel and colleagues, it was

revealed that tumor micro-environmental macrophages derived from patients

with ovarian cancer produce CCL22, a chemokine that was shown to mediate

trafficking of regulatory T cells to the tumor [78]. These regulatory T cells in

ovarian cancer patients suppressed tumor-specific T cell immunity, and their

presence correlated with reduced survival [78]. Thus in the presence of a

growing neoplasm, the balance between innate and adaptive immunity is often

disrupted in favor of tumor outgrowth.

In conclusion, there are many means by which inflammation contributes to

carcinogenesis. Which mechanism is involved in a particular situation will

likely depend on the stage of neoplastic progression, the tumor type, the genetic

make-up and immune status of the patient and previous exposure to therapies.

Concluding Remarks and Perspectives

Compelling clinical and experimental studies implicate adaptive and/or

innate immune cells as critical regulators of cancer development. In this chap-

ter, we have provided an overview of the many facets of inflammation associ-

ated with neoplastic programming of tissues. Each stage of cancer development

is regulated uniquely by the immune system, whereas full activation of adaptive

immune cells at the tumor stage may result in eradication of malignant cells,
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chronic activation of innate immune cells at the site of a pre-malignant lesion

during earlier stages may actually facilitate tumor progression. Likewise, differ-

ent types of malignancies are differentially effected by the presence or activa-

tion state of immune cells. Progress in understanding the dual roles of the

adaptive and innate immune system during neoplastic progression will set the

stage for development of therapeutic approaches that prevent inflammation-

induced cancer development and/or activate effective anti-tumor immune

responses. As stated above, the efficacy of NSAIDs and selective COX-2

inhibitors [108, 109] in cancer prevention argues for anti-inflammatory therapy

at the earliest stages of neoplastic progression. A deeper understanding of the

underlying mechanisms regulating inflammation at the neoplastic site, and a

more thorough translation of the data obtained so far using experimental mouse

models into the human situation will help in designing therapeutics that can

change the balance from a chronic inflammatory state into an acute inflamma-

tory response.
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Abstract
Tumor-associated macrophages (TAMs) play multiple roles in tumor initiation and pro-

gression. Tumors frequently appear in areas of chronic inflammation. This is likely aided by

the mutagenic actions of macrophages. Tumor growth and progression is supported by

macrophage-induced neoangiogenesis and stroma production, and macrophages produce

tumor-stimulating growth factors. In most cancers a high density of TAMs predicts poor out-

come. But not only do cancer cells depend upon macrophages for growth and invasion, they

also co-opt macrophage traits. These include a wide diversity of molecules and pathways reg-

ulating adhesion, matrix alterations, neoangiogenesis, motility, chemotaxis, immune signal-

ing pathways and even multidrug resistance proteins. Evidence is presented that these traits

could be generated through macrophage-tumor cell fusion. Fusion has been reported in

numerous animal tumor models and was recently documented in 2 human cases. Fusion

could also account for the high degree of aneuploidy and plasticity in cancer, and for immune

evasion. One common trait of myeloid-tumor fusion is the high expression of �1,6-branched

N-glycans, used by macrophages in systemic migration. �1,6-branched oligosaccharides

have long been associated with metastasis in animal models and were recently found to be

common in a wide diversity of human cancers. We suggest that �1,6-branched oligosaccha-

rides in human cancer may reflect widespread tumor cell fusion. Viewing the cancer cell as a

myeloid hybrid provides new approaches towards understanding and treating this complex

disease.

Copyright © 2006 S. Karger AG, Basel
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Introduction

Tumor-associated macrophages (TAMs) facilitate both cancer initiation and

progression [1–4]. Macrophages are attracted through chemotactic signals to

tumors where they exert their abilities for matrix degradation, tissue remodeling,

stroma deposition, tropism and neoangiogenesis. These are normally employed

in functions such as wound healing, osteogenesis, and embryogenesis [3]. Since

similar microenvironments exist within tumors, it is thought that macrophages

become recruited to these ‘wounds that never heal’ [2]; or ‘tissues that never

cease to develop’ [3]. Indeed, macrophages are recruited to existing tumors by

inflammatory cytokines and growth factors normally produced following

wounding or infection (e.g. chemotactic chemokine CCL2; colony-stimulating

factor, CSF-1; vascular endothelial growth factor, VEGF-A) [3, 5]. Macrophages

initiate neoplasia through release of reactive oxygen and nitrogen species that

are mutagenic and carcinogenic [4]. Tumor microenvironment cytokines – trans-

forming growth factor-�1 (TGF-�1), interleukin-10 (IL-10), and macrophage-

colony stimulating factor (M-CSF) – induce macrophages to differentiate from

M1 to M2-type cells that produce tumor growth-promoting factors and stimulate

angiogenesis [4]. Macrophages accumulate in hypoxic regions of tumors

through HIF-1-mediated upregulation of the chemokine receptor CXCR4 [6].

The density of TAMs correlates with poor outcome in more than 80% of

human cancers, most notably in carcinomas of the breast, prostate, ovary and

cervix [3, 7]. In these cancers, potential benefits from TAM anticancer immune

functions were apparently dominated by the TAM tumor-promoting abilities.

This was demonstrated in a mouse mammary tumor model where mice carry-

ing a null mutation for CSF-1 showed a marked reduction in TAM density.

Mammary tumors developed normally in the null mutants but unlike those in

wild type mice they tended not to metastasize [8]. Thus, the presence of TAMs

was a key requirement for metastasis in this model.

However, tumor progression is not completely explained by the presence of

TAMs. During transition to a metastatic phenotype, tumor cells notoriously co-

opt leukocytic traits [3, 9–11]. Malignant cells are chemotactic, responding to

chemokines and exhibiting their own matrix-degrading and angiogenic capabili-

ties. Like migratory leukocytes, metastatic cells exhibit loss of homotypic adhe-

sion, and the ability to transverse a basement membrane, migrate through the

mesodermal matrix, intravasate into lymphatics or the blood circulatory system,

extravasate from these vessels, and colonize lymph nodes and distant organs

[12–13]. But unlike normal leukocytes, cancer cells have deregulated mitotic

cycles and their numbers continually increase, killing the host if left unchecked.

During this process, invasive carcinomas and melanomas often lose differ-

entiated traits such as E-cadherin expression, homotypic cell-cell adhesion, and
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cytokeratin or melanin production, while gaining mesodermal traits normally

attributed to fibroblasts such as production of fibronectin and vimentin, loose

adherence, mesenchymal motility mechanisms, and mesoderm-associated path-

ways such as the uPA/uPAR and HGF/cmet pathways [14–19]. This is known as

the epithelial-mesenchymal transition (EMT), and thought to be a process

where cancer cells mimic the pathways through which the mesoderm is formed

from the epithelium in early development [14–17]. A developmental connection

to EMT in cancer was shown through analyses of transcription factors such as

the Snail/Slug superfamily and Twist that control EMT in embryogenesis. These

factors regulate mesoderm formation during gastrulation, and were also associ-

ated with cancer progression [16, 20–22]. It has thus been proposed that the

complex processes in metastasis may be explained by the action of master reg-

ulatory genes normally associated with development [14–16, 20–21, 23].

However, a uniform phenotype for EMT in cancer has not yet been

described. Carcinomas and melanomas are notoriously heterogeneous, particu-

larly as primary tumors [13, 24–27]. Many invasive and metastatic carcinomas

and melanomas continue to produce cytokeratins or melanin, and not all invasive

and/or metastatic carcinomas lose E-cadherin [14, 15, 22]. Twist expression is

not universal. In human breast carcinoma, Twist upregulation is associated with

invasive lobular carcinomas, but not with invasive ductal carcinomas, which

make up 80% of breast cancers and which metastasize at a similar rate as the

lobular [16, 22, 28]. If EMT defines tumor progression, why is it not expressed

more uniformly [29]? One explanation could be that EMT is transient: For

example, metastases may regain differentiated traits in the process of coloniz-

ing lymph nodes or distant organs in a reversal process known as MET (mes-

enchymal-epithelial transition) [14–15, 17, 21].

Another explanation could be that EMT is a consequence of tumor cell-

myeloid cell fusion. Monocytes/macrophages and other myeloid cells are of mes-

enchymal origin, as shown in Drosophila, where double mutants in the mesoderm

regulators Twist and Snail lack macrophages [30]. There is a growing list of

myeloid-type traits that are shared by malignant cells. These include loss of homo-

typic adhesion, chemotactic motility, matrix degradation, immune signaling path-

ways, systemic migration, neoangiogenesis, and even multidrug resistance [19,

31–107] (table 1). A key example is amoeboid motility, a characteristic of bone

marrow-derived leukocytes, stem cells, and metastatic cancer cells alike. Amoeboid

motility is required for migration through the stroma and dissemination via the

circulatory system [33–35]. In amoeboid motility, cells are highly deformable and

because of their lack of stable focal adhesions can move at high velocities. The

ability to undergo rapid shape change allows for migration through tissue without

the need to degrade matrix [31, 33]. Moreover, monocytes/ macrophages and

malignant tumor cells both show high plasticity, such as the ability to differentiate
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into fibroblastic or endothelial-like cells and to exhibit vascular mimicry [38–41].

This is mediated in part through focal adhesion kinase (FAK), a monocyte/

macrophage-associated enzyme whose expression is associated with both vascu-

lar mimicry and metastasis [47–49]. Similarly, neurotrophins and neurotrophin

receptors are expressed by macrophages and are also associated with cancer

anoikis resistance and metastasis [83–85]. Melanoma and colon carcinoma cell

lines express the macrophage-associated Toll receptor-4 (TR-4) and are respon-

sive to LPS [100]. The expression of Toll-like receptors could facilitate evasion of

immune surveillance of metastatic cells [100–101]. Cancer cells and macrophages

both express multidrug-resistance proteins (ABC transporters) such as p-glyco-

protein and other MDR proteins that confer chemotherapeutic resistance [73–75].

In other examples, freshly excised human lung carcinoma cells expressing

macrophage-specific antigens were so common that the authors proposed they

might have been of hematopoietic rather than of lung cell origin [108]. Human

Table 1. Examples of myeloid traits expressed by cancer cells

Trait Reference

Amoeboid, single cell motilities 19, 31–33

Chemotaxis, chemokines, chemokine receptors 34–37

Endothelial differention 38–41

FGF/FGFR 42–45

Fibronectin 46

Focal adhesion kinase 47–49

GnT-V, �1,6-branched oligosaccharides 50–53

HGF/cMet pathways 54–56 

Hypoxia inducible factors 57–59

�-Integrins 60–63

MAP kinases 64–68

Mesenchymal differentiation 40

MMPs 60, 69–72

Multidrug resistance, p-glycoprotein, ABC transporters 73–75

NF-kappaB1 76–82

Neurotrophin and neurotrophin receptors 83–85

Osteopontin 86–87

Phagocytic, vesicular phenotype 24, 51, 53, 88–92

RAGE/HMGB1 93–96

STATs 97–99

Toll-like receptors 100–101

uPA/uPAR pathways 102–104

VEGFs, angiogenic factors 72, 105–106

Vimentin 107
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ovarian carcinoma cells co-expressing CD68 (KP-1) and cytokeratin were cited

as evidence of macrophage-tumor cell fusion [109]. Immunomarkers in the

identification of macrophages such as CD68, �1-antitrypsin, MAC387, and

Ham56 are often expressed in melanomas and other cancers [reviewed in 9,

110]. Phagocytic activity equal to that in macrophages was observed in a vari-

ety of human cancers, and was associated with an aggressive phenotype in

breast carcinoma and melanoma [88–92].

To illustrate marker co-expression, melanoma cells and TAMs from the

same histological section of a metastatic melanoma are each shown expressing

GnT-V (EC 2.4.1.155; N-acetylglucoseaminyltransferase V), �1,6-branched

oligosaccharides, and matriptase, a GnT-V substrate (fig. 1). These markers

Fig. 1. Malignant melanoma cells and TAMs stained for three metastasis-associated

markers: �1,6-branched oligosaccharides, GnT-V, and matriptase. Slides were bleached to

decolorize melanin and stained by the immunoperoxidase reaction with the lectin LPHA for

�1,6-branched oligosaccharides (a, tumor cells; b, TAMs), with anti-GnT-V (c, tumor cells;

d, TAMs), or anti-matriptase (e, tumor cells; f, TAMs). All fields were from the same tumor.

TAMs were further verified by S100/azure blue staining [51; Handerson and Pawelek,

unpubl.]. Arrows denote nuclear size differences between cancer cells and macrophages. See

online version for color.

a b

c d

e f
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play key roles in both macrophage and cancer cell migration, and all three

are prognostic indicators for metastasis and poor outcome in human cancers

[51, 92, 111–113]. Their high expression must have been acquired at some

point during or following neoplastic transformation, since normal cutaneous

melanocytes were negative (not shown).

From these and additional examples, it is here proposed that EMT in can-

cer may better be described as the acquisition of a myeloid-type phenotype

rather than a fibroblastic one [15, 22]. As shown below, this phenomenon could

be explained by myeloid cell-tumor cell fusion and genomic hybridization.

Rather than reversion of cancer cells to earlier developmental pathways, the

phenotype of myeloid-tumor fusion hybrids would be defined by the sum of

gene expression in hybrid genomes from cells of different developmental lin-

eages, each fusion partner being imprinted for gene expression from its tissue

of origin (e.g. myeloid-epithelial, myeloid-melanocytic). Metastatic cells would

arise when the migratory abilities of myeloid cells, and the uncontrolled prolif-

eration of tumor cells were co-expressed in hybrids. Aneuploidy and hetero-

geneity would occur through variations in the hybrid genome, which would

likely differ between individual hybrids [9, 11, 26].

Cell Fusion in Normal and Cancerous Tissues

In normal tissues, it is now known that bone marrow-derived cells con-

tribute to a wide variety of normal tissues such as liver, brain, and heart. This is due

at least in part to cell fusion, shown in some cases to be with monocyte/

macrophage-lineage cells [114–124]. In cancer, Aichel proposed nearly a century

ago that fusion with macrophages might cause tumor spread [9, 11, 125]. The first

experimental support was with human astrocytic glioma cells implanted in a

hamster cheek pouch [126]. These formed aggressive metastases that through

karyotype analyses contained individual cells with both human and hamster chro-

mosomes. In later studies, Kerbel et al. [127] demonstrated sarcoma-bone marrow

hybrids in mice receiving allogenic bone marrow transplants. Larizza et al. [128]

described a highly metastatic varient generated in vivo from a mouse T cell lym-

phoma that was likely to have been derived via fusion with a host macrophage.

Similar results were reported in mice for spontaneous macrophge-sarcoma hybrids

[129], bone marrow-insulinoma hybrids [130], and host-melanoma hybrids

[131]. Hybrid melanoma cells expressed upregulated GnT-V and �1,6-branched

oligosaccharides [132] along with a coarse vesicular phenotype, marked pigmen-

tation, and high chemotactic motility (see below). These traits were identical to

those of experimental macrophage-melanoma hybrids fused in vitro, suggesting

that the host fusion partner in vivo had been a macrophage [131].
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Putative BMT Tumor Cell Hybrids in Humans

Genetic evidence for bone marrow tumor cell hybrids in human cancer was

recently obtained in 2 cases where individuals developed renal cell carcinoma

following allogeneic bone marrow transplants. In each case, DNA from bone

marrow transplant donors was detected in recipient tumor cells [133, 134]. In

the first, tumor DNA was analyzed from a child who, after a BMT from his 6-

year-old brother, developed renal cell carcinoma and then metastases [133]. The

BMT donor ABO blood group genotype was A/O, while that of the recipient

was O/O. Tumor cells from a nodal metastasis were microdissected free of

blood cells and the DNA was PCR amplified using specific A and O allele

primers. All 16 of 16 samples, taken from throughout the tumor, were shown

through PCR to contain the donor A allele. Since the donor was a child and had

remained cancer-free for more than 10 years, it was unlikely that carcinoma

cells were transferred via the BMT. The BMT recipient was also a child but his

prior history of radiation put him at elevated risk of developing solid tumors.

In the second case, a primary renal cell carcinoma was obtained from a

female patient who two years prior to detection of the tumor had received a

BMT from her cancer-free 15-year-old son [134]. As in the first case, the

patient’s prior treatment history placed her at elevated risk for malignancies.

Karyotyping revealed that some of her tumor cells contained a trisomic chro-

mosome 17 (trisomy 17). Through FISH analyses, three or more 17s and the

donor Y chromosome were visualized together in individual nuclei of primary

carcinoma cells, providing direct genetic evidence for BMT tumor hybrids.

Thus, in both of the human cases, the BMT donor DNA had in some manner

become engrafted in the recipient tumor cells. It was concluded that the data best

fit the clinical and pathological diagnoses that the tumor arose de novo in the

patient, and the carcinoma cells containing BMT donor markers were donor-recip-

ient fusion hybrids. However, there were other possible explanations, including

transfer of cryptic carcinoma cells via the BMT or differentiation of BMT cells

into renal carcinoma cells following the transplant. Transfer of cryptic carcinoma

cells was not supported by the case histories, since the BMT donors were cancer-

free children and have remained so post-transplant. Likewise, although differentia-

tion of BMT cells into renal carcinoma cells could not be ruled out, it seemed more

likely that the tumors had arisen de novo since each of the BMT recipients had

received prior treatments placing them at elevated risk for de novo malignancies.

The mechanisms for cell fusion in vivo are as yet unknown. It was pro-

posed that this might occur through aberrant phagocytosis of cancer cells by

macrophages [9, 11, 135]. In vitro transfer of oncogenes during phagocytosis of

apoptotic cells and oncogenic transformation was demonstrated [136]. Another

consideration is that fusion is a natural function of macrophages, e.g. in the
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production of osteoclasts and multinucleated giant cells [137], suggesting that

under appropriate environmental conditions macrophages may have a natural

propensity to fuse with tumor cells, even those in a non-apoptotic state. There is

also evidence for virus-induced fusion in cancer [138]. Other potential fusion

partners of monocytic origin to consider are dendritic cells, Langerhans cells

and granulocytes. Fibroblasts, epithelial or endothelial cells might become

induced into a phagocytic state when a neighboring cancer cell becomes apop-

totic or in some other manner fuse with cancer cells [136]. It is also possible

that cancer stem cells are involved in fusion events [139]. Different phenotypes

would be expected depending on the fusion partners. 

Gene Expression in Artificial Fusion Hybrids

Regarding gene expression, tumor hybrids generated in vitro between cancer

cells and normal epithelial cells or fibroblasts were suppressed in tumorigenicity

and the expression of differentiated functions, leading to the identification of

tumor suppressor genes [9, 11]. But when myeloid cells were the fusion partners

with cancer cells ‘transactivation’ of genes and differentiated traits between

parental genomes was seen. Experimental macrophage-melanoma hybrids showed

multiple phenotypic changes characteristic of each parental fusion partner, includ-

ing accentuated pigmentation (melanocytic) and markedly enhanced chemotactic

motility (myeloid) [140–141]. This was accompanied by increased metastatic

potential in mice [131, 135]. One underlying cause for this involved expression of

myeloid-type N-glycosylation [132, 140]. In particular, the myeloid-associated

GnT-V and its enzymatic product, �1,6-branched oligosaccharides, along with a

coarse vesicular cytoplasm were all prominent in macrophage-melanoma hybrids

with high metastatic potential [9, 11, 53, 131, 140].

�1,6-Branched Oligosaccharides and Coarse Vesicles in 
Human BMT Tumor Hybrids

Prompted by these observations, �1,6-branched oligosaccharides (stained

with the lectin leukocyte phytohemagglutinin (LPHA) and coarse vesicles were

investigated in the 2 human cases of putative BMT tumor hybrids in renal cell

carcinomas described above [133, 134]. In both cases, the tumors were LPHA-

positive with a coarse vesicular cytoplasm. In the case of lymph node metasta-

sis in a child receiving a BMT from his brother [133], tumor cells were nearly

homogeneous for this phenotype (fig. 2a, left), while adjacent nodal lympho-

cytes were negative (fig. 2a, right). The homogeneity of staining with LPHA

correlated with the donor A allele being distributed throughout this metastasis
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[133]. In the case of the primary tumor from a female patient with a male BMT

[134], Y-containing carcinoma cells were in the minority, yet it was chiefly these

cells that expressed an LPHA-positive, coarse vesicular phenotype. For exam-

ple, a field with three LPHA-positive carcinoma cells with coarse vesicles is

shown (fig. 2b, left). The corresponding FISH-stained nuclei revealed that one

showed no FISH signal, while the other two showed the Y and 17, with one of

Fig. 2. Putative human BMT-tumor hybrids exhibit a phenotype of �1,6-branched

oligosaccharides and coarse vesicles. a A section of a renal cell carcinoma lymph node

metastasis from a child who had received a prior BMT from his 6-year-old brother [133]. The

section was stained with the lectin LPHA (brown) and counterstained with hematoxylin

(blue). Left, renal carcinoma cells staining with LPHA. Arrows denote coarse vesicles.

Right, adjacent normal lymphoid cells in the same section were negative for LPHA. b A sec-

tion of a primary renal cell carcinoma from a female who had received a prior BMT from her

15-year-old son [134]. The section was first stained with LPHA, LPHA positive cells were

photographed, and the section was processed by FISH for the Y (red) and 17 (green) chro-

mosomes. Left: three LPHA-positive carcinoma cells with coarse vesicles denoted by black

arrows. Right: the corresponding FISH-stained nuclei. One nucleus showed no FISH signal,

while two showed the Y (red, asterix) and 17 (green), with one of the Y-containing cells also

containing a trisomy 17 (white arrow). c A region of the same tumor in b [134] that was

devoid of LPHA-positive cells. Left: LPHA-negative carcinoma cells. Right: a FISH-

labelled sequential section of the same region with the LPHA-negative cells displaying only

chromosome 17 and not the Y [Yilmaz and Pawelek, unpubl.]. See online version for color.

a

b

c
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the Y-containing cells also containing a trisomy 17 (fig. 2b, right). Of the 70

LPHA-positive cells studied in this manner, 46 nuclei gave positive FISH sig-

nals, and of these 37 (80%) contained a Y chromosome. The majority of tumor

cells were LPHA-negative and displayed 17 but not the Y (fig. 2c). Therefore,

in each of the two human cases above, putative hybrid cells were the main

source of tumor cell-associated �1,6-branched oligosaccharides and these

structures were associated in part with coarse cytoplasmic vesicles.

�1,6-Branched Oligosaccharides and Coarse Vesicles Are
Common in Human Cancers

From these results, we initiated a survey for �1,6-branched oligosaccharides

and coarse vesicles in human cancers [51]. In melanoma, LPHA-positive,

melanin-containing coarse vesicles were common. Amelanotic melanomas con-

tained similar structures but lacking melanin. Further, LPHA-positive coarse

vesicles were readily found in all 22 different cancers surveyed, including carci-

nomas of the lung, colon, breast, ovary, prostate, kidney, liver, and a variety of

lymphomas [51]. To illustrate, an in situ cutaneous melanoma filled with coarse

melanin is shown (fig. 3a). When a sequential section was bleached to decolorize

melanin and stained with LPHA, the coarse vesicles were highlighted (fig. 3b).

The tumor was bordered by dermal melanophages that also displayed melanized

vesicles, thought to be phagolysosomes containing partially digested melanoma

cells. Melanophages, like tumor cells, were LPHA-positive (fig. 3b); however,

a b c

Fig. 3. Archival pathology specimens of primary melanoma and breast carcinoma dis-

playing a phenotype of LPHA-positive coarse vesicles. a A histological section of a human

malignant melanoma stained with HE. Arrows denote coarse melanin-containing vesicles.

Melanophages are labeled ‘mac’. b A sequential section from the same melanoma that was

first bleached to decolorize melanin and then stained for �1,6-branched oligosaccharides

with LPHA. c A primary breast carcinoma stained with LPHA. Arrows denote coarse vesi-

cles. See online version for color.
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nearby lymphocytes and fibroblasts were negative (not shown). A phenotype

remarkably similar to that of the melanoma is seen in a primary breast carcinoma

stained with LPHA (fig. 3c). In this and other non-melanized tumors the vesicles

were far less apparent by standard HE staining. In patient-matched specimens,

LPHA-positive, coarse vesicle-containing cells could be found in primary tumors

that were morphologically identical to those in metastases, suggesting that these

cells were the source of metastases. In breast cancer microarrays the phenotype

was most pronounced in nodal metastases where it was found at near homogene-

ity in more than 95% of cases [92]. In primary breast carcinomas, the phenotype

was a prognostic indicator of poor outcome [92, 142].

The biological implications of this phenotype in human cancer are as yet

unknown. It is possible that it is related to the high phagocytic activity associ-

ated with human cancers [88–92]. However, the relationship between high

phagocytic activity in vitro and coarse vesicles in fixed pathology specimens

will require further study. From the results herein it is tempting to speculate that

the widespread appearance of coarse vesicles and �1,6-branched oligosaccha-

rides in human cancers is a reflection of macrophage-tumor hybridization. But

the extent of tumor hybridization in humans and its potential as an initiator of

metastasis remain to be determined.

Conclusions

Tumor progression as a process of cellular evolution is fundamental to our

current view of metastasis [143–147]. Studies in evolutionary biology revealed

that the evolution of both prokaryotic and eukaryotic cells proceeded not only

stepwise, through single mutations, but also through mechanisms involving

horizontal gene transfer and endosymbiosis, where large clusters of genes were

pooled from parents of disparate genetic backgrounds. It is proposed here that

cell fusion provides analogous genetic mechanisms in the progression of human

cancer. Fusion with myeloid cells could explain the high prevalence of myeloid-

lineage traits in cancer. Spontaneous myeloid cell-tumor cell hybrids have been

reported in animals and humans. One phenotype of myeloid-tumor cell hybrids,

the expression of �1,6-branched oligosaccharides and coarse vesicles, is wide-

spread in human cancer, raising the possibility that this phenotype represents a

histological correlate of myeloid-tumor hybrids. However, the extent of tumor

hybridization in humans, and its potential as an initiator of metastasis are as yet

unknown. It is hoped that the evidence and concepts summarized here may fos-

ter more research in this important area. Further studies of cases where patients

who develop cancer following allogeneic BMT would appear to be one fruitful

direction to follow.
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Abstract
The overall mechanism of bone marrow-derived stem cell (BMDC) trans-differentiation

seems to be simple: BMDCs trans-differentiate as referred to the blueprint, which is given by

the tissue itself. Thereby, the blueprint can be the local tissue micro-environment (defined by

the tissue-specific cytokine, chemokine, adhesion molecule pattern, etc.), it can be a single

cell (cell fusion), or it can be a combination of both. In fact stem cell trans-differentiation is a

complex not yet fully understood process. In between the start- and stop-points of trans-

differentiation several gene reprogramming steps have to occur in a sequential step-by-step

manner, for which a defined set of instructions is a prerequisite to ensure an accurate trans-

differentiation. However, a recent study indicated that the ability of BMDCs – to adopt tissue

function by reading its blueprint – seems to be a double-edged sword since BMDCs that have

received a faulty blueprint, provided by chronically inflamed tissue, trans-differentiated into a

neoplastic phenoytpe. Here, we review the importance of an accurate blueprint for BMDC

trans-differentiation and discuss a model showing that BMDCs might contribute to overall

tumor development due to recruitment to tumor tissue.

Copyright © 2006 S. Karger AG, Basel

The plasticity of bone marrow-derived stem cells (BMDCs) such as

hematopoietic stem cells and mesenchymal stem cells has opened new perspec-

tives for novel clinical therapeutic strategies to restore the function of damaged

tissues by using these particular cell types. Within one decade, lots of studies have

broadened our horizon on the differentiation capacities of BMDCs, how they are

recruited to damaged tissue and how trans-differentiation of BMDCs into tissue

cells is instructed. Although the overall mechanism of trans-differentiation

sounds simple – the blueprint for trans-differentiation is given the local tissue

micro-environment (defined by a tissue-specific cytokine, chemokine, adhesion

molecule, etc., pattern), a single cell (cell fusion), or a combination of both – the

process in detail is complex and poorly understood.
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Trans-differentiation can be subdivided into an initiation, maintenance

and finalization phase, whereby the complete process is accompanied by sev-

eral gene reprogramming steps in which stem cell related genes are succes-

sively switched off and tissue specific genes are sequentially turned on. Thus,

with ongoing trans-differentiation BMDCs lose more and more stem cell qual-

ities, but gain more and more tissue specific features. All these steps must be

directed and controlled in a proper manner to ensure an accurate stem cell

trans-differentiation for which a correct blueprint is fundamental.

The fact that a correct blueprint is prerequisite for an accurate trans-

differentiation tends to the question what could be the phenotype of a BMDC

that has trans-differentiated as referred to a faulty blueprint as it is given by

chronically inflamed tissue and/or tumor tissue? Answers to this question will

be discussed here.

Instruction of Stem Cell Trans-Differentiation

The first hints that BMDCs or extrahepatic stem cells can trans-differentiate

into hepatocytes were derived from cross-gender and whole transplantation stud-

ies in rodents [1, 2]. In these studies the authors were able to identify male-

derived cells, as indicated by the presence of the Y chromosome, in female liver

tissue displaying typical liver characteristics such as albumin expression [1]. The

presence of the Y chromosome indicated that BMDCs of male origin must have

migrated into liver tissue and subsequently differentiated into hepatocytes. Based

on these studies, Alison et al. [3] were able to show that such a mechanism also

exists in humans. By analyzing liver biopsies of females, who once received a

bone marrow transplantation from a male donor, the authors detected Y chromo-

some-positive cytokeratin 8-expressing cells in the female liver tissue. Similar

results were reported by Korbling et al. [4] showing that circulating stem cells can

differentiate into mature hepatocytes and epithelial cells of the skin and the gas-

trointestinal tract.

However, in the past years it has been shown that BMDCs can trans-

differentiate into a variety of tissues including skeletal muscle [5–7], hepatocytes

[8–11], epithelial cells [12], neurons [13–15], endothelial cells [16, 17] and car-

diomyocytes [16, 17]. The capacity to trans-differentiate has also been shown

for mesenchymal stem cells from bone marrow [18, 19], processed lipoaspirate

(PLA) cells from adipose tissue [20], neural stem cells [21], and even for cells

of the myelomonocytic lineage [22–25]. The process of trans-differentiation

presupposes the presence of a defined set of instructions that directs, for

example, the differentiation of a hematopoietic stem cell into a liver cell. To

date, there are two known mechanisms that direct stem cell trans-differentiation
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(fig. 1). Both mechanisms have been validated by several in vitro and in vivo

experiments. In the first mechanism, trans-differentiation is instructed by the

local tissue milieu [26–28]; in the second mechanism, trans-differentiation is

directed by fusion of a BMDC with a tissue cell [8, 10, 18, 22, 24, 29–33].

The instructions of the local tissue milieu for stem cell trans-differentiation

can be delivered by several mechanisms such as (1) soluble factors secreted by

tissue cells [28]; (2) intercellular communication via gap junctions [34] and/or

nanotubular highways [35–37], and (3) adhesion molecules [38–43]. It can be

assumed that all of these mechanisms participate in trans-differentiation, but it

still remains unclear to which extent they are involved in this process. Co-culture

experiments with injured murine liver tissue and murine hematopoietic stem

cells, both separated by a trans-well membrane (pore size 0.4 �m), revealed

that proteins are detectable in hematopoietic stem cells within 48 h that are char-

acteristically expressed during the differentiation to liver (e.g. GATA4, NHF4)

Fig. 1. Instructions of stem cell trans-differentiation are given by the local tissue

milieu. BMDCs can differentiate to new local cells. Thereby, the complete blueprint, which

directs BMDC trans-differentiation to the organ cell is given by the organ specific milieu

itself, by an organ cell, or by a combination of both. The question is what might happen to a

BMDC within chronically inflamed or tumor tissue. Due to the hypothesized incomplete or

faulty blueprint (indicated by different arrow styles) given by chronically inflamed tissue or

tumor tissue BMDC, trans-differentiation might deviate from normal organ tissue.
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and are found in mature liver (e.g. cytokeratin 18, albumin) [26]. These data

indicate that soluble factors can at least induce and maintain stem cell trans-

differentiation. It is well-recognized that intercellular gap junction communica-

tion (GJIC) plays a crucial role in mediating several cellular functions including

control of cell growth and differentiation [44], adaptive functions of differenti-

ated cells [45] and apoptosis [46]. The diameter of one gap junction is around 2

nm and the cut-off level of molecules is around 1–2 kDa, which is sufficient for

the intercellular exchange of ions, nucleotides [47, 48] and even small proteins

[49]. An impaired or lack of GJIC is associated with severe diseases including

visceroatrial heterotaxia [50], hereditary non-syndromic sensorineural deafness

[51] and even cancer [52–54]. Studies of Trosko et al. [34] indicated that stem

cells do not appear to have gap junctions, but GJIC of tissue stem cells increases

with successive differentiation steps. Thus, it might be speculated that GJIC

occurs at a later stage of stem cell trans-differentiation and that it might be

involved in finalizing the process. In addition to the exchange of information

between two cells via gap junctions, a recent study indicated that two cells can

also exchange information via so-called tunneling nanotubes (TNTs) [37].

Those TNTs form a cytoplasma bridge between two cells large enough for the

transport of even whole cell organelles.

The question whether cell fusion is the principle source of bone marrow-

derived hepatocytes, as stated by Wang et al. [11] in their work, is still a subject

of controversial discussions. On the one hand, two independent studies have

shown that mouse progenitor cells of the central nervous system [33] as well as

mouse bone marrow cells [8] can spontaneously fuse with mouse embryonic

stem cells and subsequently adopt the phenotype of the recipient cell.

Additionally, the tetraploid hybrids exhibit full pluripotent character, including

multilineage contribution to chimaeras [33]. Further studies by Alvarez-Dolado

et al. [55] demonstrated that BMDCs fuse in vivo with hepatocytes in liver,

Purkinje neurons in the brain and cardiac muscle in the heart, resulting in the for-

mation of multinucleated cells. Studies by Wang et al. [11] and Vassilopoulos

et al. [10] revealed that liver function is completely restored after fusion of hepa-

tocytes with BMDCs. Similar to these studies, two independent groups have

recently shown that hematopoietic myelomonocytic cells are the major source of

hepatocyte fusion partners, thereby restoring liver function [22, 24]. However,

although cell fusion is an appealing descriptive model of how a stem cell adopts

the phenotype of a tissue cell, several questions remain unanswered. First, mult-

inucleated cells are predominantly found in those tissues known to be harboring

polyploid cells such as brain, liver and heart. Other tissues were negative for

multinucleated cells. Thus, it remains unclear whether cell fusion might be

a general mechanism for stem cell trans-differentiation or if cell fusion is

restricted to certain cell types and tissues. However, Ying et al. [33] reported that
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fusion of mouse progenitor cells of the central nervous system with mouse

embryonic stem cells can give rise to chimaeras and that these chimaeras har-

boring tetraploid cells. But, this cell fusion occurred under in vitro conditions

and severe selection conditions were employed to obtain fused cells. Thus it is

difficult to transfer these findings to the in vivo situation. Second, those studies

demonstrating liver restoration by cell fusion used the mouse model of tyrosine-

mia type I for their studies [10, 11, 22, 24]. These mice are dominant negative for

the fumarylacetoacetate hydrolase (FaH), which is a key enzyme in the tyrosine

degradation process. Mutant mice have progressive liver failure and renal tubu-

lar damage unless treated with 2-(2-nitro-4-trifluoro-methyl-benzoyl)-1,3-

cyclohexadione (NTBC) [56]. In all studies, NTBC application was withdrawn

immediately after introduction of bone marrow cells of FaH-positive mice.

Again, severe selection conditions were employed and thus it may be speculated

that only under these unusual conditions cell fusion might play a role in tissue

restoration. As mentioned above, several studies have indicated that BMDCs can

trans-differentiate without fusion [26–28].

In the context of cell fusion as a potential trans-differentiation mechanism,

the question about the genetic stability of hybrid cells is of pivotal interest.

Both, Wang et al. [11] and Vassilopoulos et al. [10] showed that both FaH�/�
wild-type and hybrid cells carried an aneuploid karyotype. For instance, Wang

et al. [11] identified a single hybrid cell containing 167,5X3Y chromosomes

and Vassilopoulos et al. [10] detected hybrid cells showing a karyotype of up to

18N. It is not yet clear whether this aneuploid karyotype is attributed to an

unequal chromosome segregation in hybrid cells or if it is caused due to

genomic instability because of FaH deficiency itself [57]. Nonetheless, the

finding of an aneuploid karyotype might bear a risk in view of the hypothesis

that aneuploidy might play a key role in carcinogenesis [58, 59]. Willenbring

et al. [24] observed no malignant transformation in their study, but suggested

that the potential hazard posed by aneuploidy demands further investigations.

What Happens if BMDC Trans-Differentiation 
Is Directed by a Faulty Blueprint

Trans-differentiation of stem cells is a complex mechanism and presup-

poses the presence of a defined set of instructions regulating the initiation, the

maintenance, and the finalization of this process. Although the exact mecha-

nism in detail of stem cell differentiation remains unclear, it is generally

accepted that a stem cell is a fragile cell type susceptible to various factors,

agents, or compounds with differentiating capacities. For instance, Trosko [see

Trosko and Tai, this vol, pp 45–65] postulated in his stem cell theory of
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carcinogenesis that a neoplastic phenotype could emerge from a tissue stem

cell due to carcinogen exposition [53, 54]. Here, the carcinogen acts as an addi-

tional differentiating agent on the maturing tissue stem cell and interferes with

a correct tissue stem cell differentiation process, which ultimately can give rise

to the evolution of a malignant phenotype [60]. In other words, stem cells

receiving a faulty set of instructions can (trans-)differentiate into a neoplastic

phenotype.

Several recent studies now have proven this hypothesis and the results indi-

cate that cancer might be a disease that originated from stem cells that received

a faulty set of instructions. A recent study has shown that bronchioalveolar stem

cells were identified as the putative cells of origin for lung adenocarcinoma

[61]. Additionally, Theise et al. [62] demonstrated that hepatocellular carci-

noma and cholangiocarcinoma are derived from hepatic progenitor cells. These

tumors were identified in livers with features of chronic hepatitis caused by

chronic hepatitis B virus, or hepatitis C virus infection, or chronic alcohol liver

injury, which let assume that the chronic inflamed micro-environment and/or

the chronic virus infection might be responsible for the delivery of the faulty set

of instructions. In this connection, a recent study by Houghton et al. [63] is of

interest by showing that gastric cancer is of BMDC origin. Here the authors

showed that a chronic infection of C57BL/6 mice with Helicobacter felix, a

known carcinogen, induced the repopulation of the stomach with BMDCs.

Subsequently, these cells progress through metaplasia and dysplasia to intra-

epithelial cancer [63].

The finding that tissue progenitor cells or recruited BMDCs can give rise

to a malignant phenotype within a chronically inflamed micro-environment

indicate that the faulty set of instructions must be delivered by the chronically

inflamed tissue itself. Thereby, chronic inflammation is characterized by the

presence of various cell types including monocytes/macrophages, neutrophil

granulocytes, lymphocytes, mast cells, fibroblasts, epithelial cells and endothe-

lial cells, and the complex interplay between them mediated by chemokine,

cytokines, reactive oxygen and nitrogen species, and proteases [64, 65].

Reactive oxygen and nitrogen species can cause DNA damage, can prevent

DNA repair, and can lead to the inactivation of tumor suppressor genes. The

growth and survival of malignant cells is facilitated by cytokines and

chemokines, whereas the tissue is remodelled by proteases. Moreover, the inter-

play of chemokines, cytokines, reactive oxygen and nitrogen species, and pro-

teases does also have an impact on the modulation of cell-cell communication

via gap junctions and adhesion molecules. Thus, a chronically inflamed micro-

environment possibly results in an alteration of the instructions, which are

required for a correct (trans-)differentiation of tissue stem cells or recruited

BMDCs.
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What Happens if Tumor Tissue Is the Blueprint for 
BMDC Trans-Differentiation?

The scenario ‘what happens if a BMDC has moved into tumor tissue’

might be speculative, but the rationale of this hypothesis is given on the one

hand due to the heterogeneity of tumor tissue [58, 66–71]. As a consequence,

each single tumor cell expresses a defined set of proteins including cytokines,

chemokines, proteases, and adhesion molecules. Thus, like in chronically

inflamed tissue the instructions for stem cell trans-differentiation are likely dif-

ferent in tumor tissue as compared to normal tissue. On the other hand, tumor

tissue consists not only of tumor cells but rather is a mixture of various cell

types including tumor cells, fibroblasts, lymphocytes and macrophages.

Thereby, a pivotal role in tumor growth has been attributed to the so-called

tumor-associated macrophages (TAMs), which are a major component of most,

if not all, tumors [72]. Evidence has emerged for a symbiotic relationship

between tumor cells and TAMs, in which tumor cells attract TAMs and sustain

their survival, with TAMs then responding to micro-environmental factors in

tumors such as hypoxia by producing important mitogens as well as various

growth factors and enzymes that stimulate tumor angiogenesis [73]. However,

in addition to those factors mediating the growth of tumor cells and the neovas-

cularization of tumor tissue, TAMs also secrete proinflammatory cytokines

such as tumor necrosis factor-� (TNF-�), interleukin-1 (IL-1), IL-6 as well as

various chemokines including monocyte chemoattractant protein-1, -2, and -3

(MCP-1, MCP-2, MCP-3) [65, 74]. Thus, tumor tissue resembles in a way to

chronically inflamed tissue and therefore tumors were often described as

wounds that do not heal [75]. However, the finding that tumor growth is puta-

tively associated with a latent chronically inflamed micro-environment might

have the consequence that stem cells recruited by tumor tissue befall the same

fate as stem cells that have been recruited to chronically inflamed tissue. Young

et al. [76, 77] have shown that CD34� hematopoietic progenitor cells are

recruited to tumor tissue by tumor cell-derived vascular endothelial growth fac-

tor (VEGF). Recent studies clearly indicate that stromal cell-derived factor-1�
(SDF-1�), which to date is the most prominent chemoattractant for hematopoi-

etic stem cells [78], is as well expressed during inflammatory conditions [63,

79, 80] and is suggested to be a key mediator in BMDC recruitment to damaged

tissue. Thereby, SDF-1� is expressed by various cell types including dendritic

cells [81] and endothelial cells [80, 81]. Additionally, SDF-1� itself can also be

expressed directly by tumor tissue [82, 83].

If we consider the local tissue milieu as the instructor for stem cell trans-

differentiation [26–28] then the trans-differentiation of tumor-recruited

BMDCs would take place in a substantially altered setting. This assumption is
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in view with a recent study of Mengel et al. [84] showing that metanephric ade-

nomas demonstrated microchimerism consisting of both donor- and recipient-

derived tumor cells. The authors conclude from their results that except for

metanephric adenomas, tumors arising in renal transplants originate completely

from graft cells. Thus, the mixed derivation of metanephric adenomas indicates

an incorporation of recipient-derived progenitor cells suggesting that adult stem

cells can assume neoplastic phenotypes [84]. Similar results were reported from

the Pawelek group studying solid tumors in patients who have received a bone

marrow transplantation. Two cases were reported and in both cases the authors

were able to identify donor-specific DNA in host-derived renal cell carcinomas

[85, 86]. In accordance with that, Bhatia et al. [87] have recently shown that

normal human prostate (NHP) epithelial cells, that also express several prostate

progenitor/stem cell markers, can spontaneously fuse with 293T and other

tumor cells, and thereby become immortalized and transformed.

Conclusion

The data presented in this chapter indicate that the ability of BMDCs to

adopt tissue function – simply by following its instructions written down in the

blueprint – is a double-edged sword: On the one hand, BMDCs can give rise to

healthy tissue and on the other, a neoplastic phenotype can evolve. It only

depends on the blueprint.

The process of BMDC recruitment into tumor tissue is not a static but rather

a dynamically permanent process. Due to latent chronically inflammation condi-

tions inside the tumor tissue and/or generation of BMDC recruiting cytokines/

chemokines by the tumor tissue itself, a continuous recruitment of BMDCs into

the tumor tissue should be the consequence. Due to the increasing number of mis-

trans-differentiated BMDC within the tumor tissue newly recruited naive

BMDCs should not only receive their blueprint from tumor cells, but additionally

from mis-trans-differentiated BMDCs. The result of this process would be a het-

erogeneous tissue comprising of tumor cells and a pool of mis-trans-differentiated

BMDCs (fig. 2a). However, due to the limited data available, it is difficult to elicit

how and even if such BMDC-derived neoplastic cells will contribute to overall

cancer development and even metastasis. It might be speculated that those cells,

although neoplastic, will remain inside the tumor tissue without any action.

However, it is also conceivable that those cells would boost tumor development

and metastasis formation since mis-trans-differentiated BMDCs could still

exhibit stem cell properties including telomerase activity and/or the ability

to migrate in response to cytokines and chemokines. Moreover, BMDC trans-

differentiation should be accompanied with an upregulation of cell-to-cell
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contacts via cell adhesion molecules. Thus a limited number of cell adhesion mol-

ecules, due to an incorrect trans-differentiation, could result in a limited number

of cell-to-cell contacts, which could promote the detachment of single cells from

a cell cluster or tissue and facilitating metastasis (fig. 2a). Furthermore, due to the

universal mechanism of BMDC recruitment and trans-differentiation the above-

mentioned scenario is not restricted to the primary tumor alone, but rather can

take place at any stage of tumor development (fig. 2b).

Fig. 2. Hypothesized role of stem cells in cancer development. a Due to heterogeneity

of tumor tissue (indicated by different arrow styles) BMDC trans-differentiation should take

place in a substantially altered setting. The resulting cell has adopted parts of surrounding

tumor tissue (black), but still harbors stem cell features (white). Due to latent chronic inflam-

mation and/or secretion of BMDC recruiting factor by the tumor tissue BMDCs are perma-

nently recruited. Because of the increasing number of mis-trans-differentiated BMDCs,

trans-differentiation of newly recruited naïve BMDCs should also be directed by mis-trans-

differentiated BMDCs. The result of this process should be an increased tissue heterogeneity

due to pools of mis-trans-differentiated BMDCs (indicated by varying amounts of black and

white). Some of them ultimately can give rise to a neoplastic phenotype. It is conceivable that

these cells contribute to overall tumor development due to possible persistent stem cell relicts

such as immortality, the ability to migrate, and/or a reduced expression of cell adhesion

molecules. b The mechanism shown in (a) can occur at every stage of tumor development.
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In summary, the universal mechanism of BMDC trans-differentiation –

namely that the blueprint for this process is given by the tissue itself – might at the

same time be the Achilles heel. BMDCs are ‘blind’, they do not differ between

degenerated healthy tissue and degenerated malignant tissue. Once they have

been recruited and receive the appropriate signals, BMDCs trans-differentiate in

accordance to the instructions which are given by the tissue itself. In case of

chronically inflamed tissue it was shown that BMDCs could be a source of neo-

plastic cells, which indicates a possible involvement of BMDCs in overall tumor

development and even in metastasis formation.
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Abstract
Over the last 20 years, the biology of chemokines has expanded beyond their initial role

in mediating migration of specific subsets of leukocytes. Chemokines have been found to

display pleiotropic effects for enhancing immunity to tumor-associated antigens, regulating

angiogenesis, promoting proliferation/anti-apoptosis of tumor cells; and mediating tumor

cell invasion and trafficking in an organ-specific manner that leads to metastases. Here, we

review the importance of chemokines, especially CXC chemokines in regulating angiogene-

sis, tumor cell invasion and metastases; and demonstrate why they can be seen as important

therapeutic targets for intervention in cancer.

Copyright © 2006 S. Karger AG, Basel

Chemokines are chemotactic cytokines that are classified into four groups

based on the position of the first two cysteine amino acid residues within the

amino terminus: CXC, CC, C and CX3C. CXC chemokines act largely on neu-

trophils, lymphocytes, and endothelial cells, whereas CC chemokines act on

several cell types including monocytes, dendritic cells, basophils, eosinophils,

and lymphocytes. Chemokines are important in directed cell migration, which

is achieved through a seven transmembrane chemokine receptor on cells. Upon

activation and signaling of the chemokine receptor, cells then traffic in response

to a chemokine ligand gradient. CXC chemokines function to enhance innate

and adaptive immunity, regulate angiogenesis, prevent apoptosis, promote

proliferation and mediate tumor cell metastases. The functions of CXC

chemokines have a direct impact on both the biology of cancer and the host’s

response to the tumor. Tumor growth, tumor-associated angiogenesis, invasion,

and metastasis to distant organs are dependent on a highly orchestrated series

of events that include: pre-neoplastic to neoplastic cellular transformation;

Chemokine-Directed Metastasis
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establishment of a pro-angiogenic environment; local tumor cell growth; loss of

adherence to adjacent cells and/or extracellular matrix (ECM) followed by local

invasion through ECM/vascular basement membrane and entry into the circula-

tion. This tumor cell trafficking, extravasation, and growth as metastases in dis-

tant organs was first described by Paget [1] in 1889 and is known as Paget’s

theory of ‘seed and soil’, where tumor cells (‘the seeds’) metastasize and find a

new niche in a specific organ (‘the soil’).

The above events that destine a tumor cell to invade and metastasize to

distant organs in a specific manner are analogous to leukocyte maturation,

subsequent entry into the circulation, and eventual homing to specific tissue

sites. Over the last 20 years it has been recognized that chemokines have an

increasingly important role in mediating the trafficking of populations of

leukocytes under both conditions of homeostasis and inflammatory/immuno-

logical responses. In addition, numerous studies over the last decade have

demonstrated that specific expression of chemokines and their receptors in the

context of cancer are essential events that appear to be important in either pro-

moting tumor growth, tumor-associated angiogenesis, and metastasis; or for

inhibiting tumor growth via attenuation of tumor-associated angiogenesis.

These studies highlight the expanding role that chemokines play in promoting

autocrine, paracrine, and hormonal influence for successful tumor growth,

tumor-associated angiogenesis, tumor invasion, and metastasis to distant

organs. In this chapter, we will review the role that chemokines, especially

CXC chemokines, play in regulating tumor-associated angiogenesis, tumor

cell invasion, and metastasis (fig. 1).

Angiogenesis

Tumor growth, invasion and metastasis are dependent on a pro-angiogenic

environment. While several factors have been found to promote angiogenesis,

specific CXC chemokines have increasingly been demonstrated to significantly

contribute to net angiogenesis in a variety of tumors. CXC chemokines are

heparin binding proteins that contain four highly conserved cysteine amino acid

residues with the first two cysteines separated by a non-conserved amino

acid residue [2–4]. Several CXC chemokines also possess three amino acid

residues – Glu-Leu-Arg; the so-called ‘ELR’ motif – at the NH2 terminus

preceding the first cysteine amino acid residue. Chemokines that contain the

ELR motif – ELR-positive – are pro-angiogenic, whereas members that lack the

ELR motif – ELR-negative – and are in general interferon-inducible inhibit

angiogenesis [2, 3, 5].
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ELR Positive CXC Chemokines Promote Angiogenesis
The CXC chemokine family members that are ELR positive and promote

angiogenesis are CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, CXCL8

(table 1) [2–4, 6]. Angiogenic factors in a local microenvironment can function

in a direct, parallel, or serial manner to promote angiogenesis. For example, a

serial mechanism for the maintenance of an angiogenic micro-environment

has been demonstrated by vascular endothelial cell growth factor (VEGF)-

dependent activation of endothelial cells which can lead to up-regulation of the

anti-apoptotic molecule Bcl-2 that in turn promotes the expression of endothelial

cell-derived CXCL8 [7]. The upregulated expression of CXCL8 functions in

an autocrine and paracrine manner to maintain the angiogenic phenotype of the

endothelial cell [7]. Moreover, the upregulation of Bcl-2 expression in human

endothelial cells that constitute tumor microvessels enhances intratumoral

microvascular survival and density. Furthermore, co-implantation of human

endothelial cells over-expressing Bcl-2 and tumor cells resulted in a 3-fold

enhancement of tumor growth when compared with the co-implantation of con-

trol human endothelial cells and tumor cells. CXCL8-neutralizing antibodies

attenuated this angiogenic activity in vitro and in vivo [7].

The autocrine and paracrine effect of VEGF in promoting the expression of

CXCL8 has been further substantiated in a recent finding for neutrophils in the

promotion of angiogenesis by a paracrine feed-forward mechanism involving

endothelial cell-derived CXCL8. Activation of neutrophils with N-formyl-Met-

Leu-Phe (fMLP) resulted in the generation of pro-angiogenic activity that was

Fig. 1. CXC chemokines are pleiotropic cytokines in cancer biology. Chemokines are

important in the regulation of angiogenesis, the promotion of tumor cell invasion, and the

regulation of the pattern of organ-specific metastasis.

Vessels

Regulation of angiogenesis
in NSCLC

Promotion of NSCLC invasion

CXC chemokine-
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organ-specific metastasis
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related to VEGF and CXCL8 [8]. Moreover, VEGF induced the expression of

CXCL8 from endothelial cells that was associated with formation of CXCL8-

dependent capillary-like structures. In addition, there are other serial pathways

that promote CXC chemokine-mediated angiogenesis through activation of

seven transmembrane G protein coupled receptors and receptor tyrosine kinases

(RTKs) that contribute to the expression of angiogenic CXC chemokines via

NF-�B activation in cancer cells and enhanced tumor-associated angiogenesis

[9–12]. These results demonstrate the existence of novel paracrine and

autocrine signal pathways that lead to enhanced neovascularization that are

related to angiogenic ELR-positive CXC chemokines.

The ability of all ELR positive CXC chemokines to bind to CXCR2

supports the notion that this receptor mediates the angiogenic activity of all the

ELR-positive CXC chemokines. While CXCR1 and CXCR2 are detected in

endothelial cells [13–15], the expression of CXCR2 has been found to be

the primary functional chemokine receptor in endothelial cell chemotaxis.

Heidemann et al. [16] found that endothelial cells respond to CXCL8 by rapid

stress fiber assembly, chemotaxis, enhanced proliferation and phosphorylation

of ERK1/2 through activation of CXCR2. Blocking the function of CXCR2

Table 1. CXC chemokine family members that regulate angiogenesis in cancer

Angiogenic ELR-positive CXC chemokines1

CXCL8 (interleukin-8; IL-8) [20, 25, 28, 31, 33, 35]

CXCL5 (epithelial cell-derived neutrophil attractant-78; ENA-78) [25, 28]

CXCL1 (growth-regulated oncogene-�; GRO-�)

CXCL2 (growth-regulated oncogene-�; GRO-�) [18, 19]

CXCL3 (growth-regulated oncogene-�; GRO-�)

CXCL6 (GCP-2) [2–4, 6]

Platelet basic protein (PBP), precursor protein of:

Connective tissue-activating protein-III (CTAP-III) [2–4, 6]

�-Thromboglobulin (�-TG) [2–4, 6]

CXCL7 (neutrophil-activating protein-2; NAP-2) [2–4, 6]

Angiostatic non-ELR positive CXC chemokines2

CXCL4, CXCL4L1 (platelet factor 4; PF4)

CXCL14 (breast and kidney cell chemokine; BRAK)

Interferon-inducible non-ELR-positive CXC chemokines

CXCL10 (interferon-inducible protein-10; IP-10) [66, 70]

CXCK9 (monokine-induced by �-interferon, MIG) [68, 75]

CXCL11 (interferon-inducible T cell �-chemoattractant; ITAC)

1CXCR2 is the putative receptor for their biological activity.
2CXCR3 is the putative receptor for their biological activity (except CXCL14).
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by using specific neutralizing antibodies or inhibiting downstream signall-

ing with inhibitors of ERK1/2 or PI3kinase impaired CXCL8-induced stress

fiber assembly, chemotaxis and endothelial tube formation in endothelial

cells. In addition, lung cancer placed into CXCR2�/� mice, as compared

to CXCR2�/� mice demonstrated reduced tumor growth, increased tumor-

associated necrosis, decreased tumor-associated angiogenesis, and reduced

metastatic potential [17].

The Role of ELR-Positive CXC Chemokines in Tumorigenesis
The ELR positive CXC chemokines are important mediators of tumorigen-

esis related to their angiogenic properties. Using melanoma tumor models,

studies have demonstrated that CXCL1, CXCL2, and CXCL3 play a significant

role in mediating tumorigenesis related to both their mitogenic and angiogenic

activities [18]. For example, ELR positive CXC chemokines have been found to

be highly expressed in human melanomas [18]. To determine the biological sig-

nificance of the presence of these ELR positive CXC chemokines in melanoma,

human CXCL1, CXCL2, and CXCL3 genes were transfected into immortalized

murine melanocytes [18, 19]. The persistent expression of CXCL1, CXCL2, or

CXCL3 in these cells transformed their phenotype to one with anchorage-

independent growth and the ability to form tumors in immuno-competent mice

[18, 19]. The tumors were highly vascular and demonstrated similar vascularity

to that of B16 melanoma controls [18, 19]. When tumors were depleted of

CXCL1, CXCL2, or CXCL3 there was a marked reduction in tumor-derived

angiogenesis which was directly related to the inhibition of tumor growth [18,

19]. These findings support the notion that the ELR-positive CXC chemokines

have the ability to act as both autocrine growth factors for melanoma and as

potent paracrine mediators in the promotion of tumor-associated angiogenesis.

The progression and growth of ovarian carcinoma is also dependent on

angiogenesis, and CXCL8 has been determined to play a significant role in

mediating human ovarian carcinoma-derived angiogenesis and tumorigenesis

[20]. The expression of CXCL8, basic fibroblast growth factor (bFGF), and

VEGF was examined in different human ovarian carcinoma cell lines [20]. All

cell lines expressed similar levels of bFGF in vitro, however, these cells

expressed either high or low levels of CXCL8 or VEGF. When implanted into

the peritoneum of immuno-incompetent mice, the high expressing CXCL8

tumors were associated with early death in all animals (�51 days) [20]. The

expression of CXCL8 was directly correlated with neovascularization and

inversely correlated with survival, whereas VEGF expression was only corre-

lated with production of ascites [20]. No correlation was found for bFGF with

either tumor neovascularization or survival [20]. This study has been sub-

stantiated in patients with ovarian cancer, where ascites fluid demonstrated
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angiogenic activity directly correlated to CXCL8 [21]. These findings sup-

port the notion that angiogenic ELR-positive CXC chemokines play a greater

role than bFGF and VEGF in mediating angiogenesis associated with ovarian

cancer.

CXCL8 is markedly elevated and contributes to the overall angiogenic

activity of non-small-cell lung cancer (NSCLC) [22]. Using an in vivo model

system of human tumorigenesis (i.e. human NSCLC/severe combined immuno-

deficiency (SCID) mouse chimera) [23], tumor-derived CXCL8 correlated

directly with tumorigenesis [23]. Tumor-bearing animals depleted of CXCL8

demonstrated a �40% reduction in tumor growth and a reduction in sponta-

neous metastases [23]. The attenuation of tumor growth and metastases was

directly correlated to reduced tumor-associated angiogenesis [23]. This study

has been further corroborated using several human NSCLC cell lines grown in

nude mice. NSCLC cell lines that constitutively express CXCL8 displayed

greater tumorigenicity that correlated directly with angiogenesis [24].

While CXCL8 was the first angiogenic ELR positive CXC chemokine to

be discovered in NSCLC, CXCL5 has a higher degree of correlation with

NSCLC-derived angiogenesis [25]. Surgical specimens of NSCLC tumors

demonstrate a direct correlation of CXCL5 with tumor angiogenesis. Using a

SCID mouse model of human NSCLC tumorigenesis, CXCL5 expression

directly correlated with tumor growth [25]. Moreover, when NSCLC tumor

bearing animals were depleted of CXCL5, both tumor growth and spontaneous

metastases were markedly attenuated [25]. The reduction of angiogenesis was

also accompanied by an increase in tumor cell apoptosis, consistent with the

previous observation that inhibition of tumor-derived angiogenesis is associated

with increased tumor cell apoptosis [25]. While a significant correlation of

CXCL5 exists with tumor-derived angiogenesis, tumor growth and metastases,

CXCL5 depletion did not completely inhibit tumor growth [25]. This suggests

that the angiogenic activity of NSCLC tumors is related to many overlapping

and potentially redundant factors acting in a parallel or serial manner. However,

when all ELR positive CXC chemokines are evaluated in human NSCLC, their

presence directly correlates with patient mortality [26, 27].

Cyclooxygenase-2 (COX-2) has been shown to contribute to the progres-

sion of NSCLC tumorigenesis by enhancing the expression of angiogenic

chemokines CXCL8 and CXCL5. COX-2 over-expressing NSCLC cell lines

enhanced the in vitro expression of both CXCL8 and CXCL5. In contrast, spe-

cific COX-2 inhibition decreased the production of both chemokines as well as

nuclear translocation of NF-�B. In a SCID mouse model of human NSCLC, the

enhanced tumor growth of COX-2-overexpressing tumors was inhibited by neu-

tralizing anti-CXCL5 and anti-CXCL8 antibodies, which was directly corre-

lated with a reduction in tumor-associated angiogenesis [28].
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Prostate cancer tumorigenesis and metastasis is also dependent on angiogen-

esis [29, 30]. Serum levels of CXCL8 have been found to be markedly elevated in

patients with prostate cancer. These levels were highly correlated with the stage of

the disease, independent of the ratio of free/total prostate-specific antigen (PSA)

[30]. In fact, the combined use of free/total PSA and CXCL8 levels was more

effective in distinguishing prostate cancer from benign prostate hypertrophy [30].

This suggests that ELR-positive CXC chemokines may play an important role in

mediating prostate cancer-derived angiogenesis that supports tumorigenesis and

metastasis. This observation in patients has been substantiated in human/SCID

mice chimeras of human prostate cancer tumorigenesis [31]. Human prostate

cancer cell lines were examined for constitutive production of angiogenic ELR-

positive CXC chemokines [31]. Tumorigenesis of the human prostate cancer cell

line, PC-3, was shown to be attributable, in part, to the production of the angio-

genic CXC chemokine, CXCL8. Depletion of endogenous CXCL8 inhibited

PC-3 tumor growth in SCID mice that was entirely attributable to inhibition of

PC-3 tumor-derived angiogenesis [31]. In contrast, the human prostate cancer cell

line, DU145, was found to utilize a different angiogenic ELR positive CXC

chemokine, CXCL1, to mediate tumor-derived angiogenesis [31]. Depletion of

endogenous CXCL1, but not CXCL8, reduced tumor growth that was directly

related to attenuated tumor-associated angiogenesis [31]. Thus, prostate cancer

cell lines can utilize distinct CXC chemokines to mediate their tumorigenic

potential. Other studies have confirmed this observation in prostate cancer mod-

els [32]. Similar findings have been shown in gastric carcinoma, breast, head and

neck cancer, and colon cancer [33–38].

Glioblastoma is a devastating tumor of the central nervous system, with

mortality approaching 80% in the first year postdiagnosis. The hallmark of these

tumors is the marked presence of angiogenesis [39], which suggests that it is a

biomarker that is necessary for malignant progression of this tumor. However,

the precise molecular mechanisms underlying the regulation of glioblastoma

growth and angiogenesis remain to be elucidated. Garkavtsev et al. [39] have

recently identified a candidate tumor suppressor gene, ING4, which is involved

in regulating glioblastoma tumor growth and angiogenesis. In this study, the

expression of ING4 was found to be significantly reduced in glioblastomas, as

compared with normal human brain tissue, and the extent of reduction correlated

with the progression from lower to higher grades of these tumors [39]. Human

glioblastomas that exhibit decreased expression of ING4 when engrafted into

immuno-incompetent mice grew markedly faster and displayed greater angio-

genesis than control tumors [39]. The mechanism for increased tumorigenicity

in glioblastomas that express lower levels of ING4 was related to ING4’s physi-

cal ability to interact with the p65 (RelA) subunit of NF-�B, which normally

impairs nuclear translocation of NF-�B and transactivation of NF-�B-dependent
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genes, such as ELR positive CXC chemokines [39]. In fact, the mechanism for

the angiogenic activity of glioblastomas that expressed low levels of ING4 was

directly related to CXCL8, as inhibition of CXCL8 in vivo markedly reduced

their glioblastoma growth and tumor-associated angiogenesis [39]. These results

indicate that ING4 has an important role in brain tumor pathogenesis related to

ELR positive CXC chemokines. Furthermore, the above findings of redundancy

in the expression of angiogenic ELR-positive CXC chemokines in human

tumors, provides a unique opportunity to target ELR-positive CXC chemokine-

mediated angiogenesis via targeting CXCR2.

In General, Non-ELR Positive CXC Chemokines Are 
Inhibitors of Angiogenesis
The angiostatic members of the CXC chemokine family include CXCL4,

CXCL4L1, CXCL9, CXCL10, CXCL11, and CXCL14 [2, 5, 40–42] (table 1).

Platelet factor-4 (PF-4)/CXCL4 was the first chemokine described to inhibit

neovascularization [43]. However, the product of the nonallelic variant gene of

CXCL4, PF-4var1/PF-4alt, designated CXCL4L1, was recently isolated from

thrombin-stimulated human platelets and purified to homogeneity [42].

Although secreted CXCL4 and CXCL4L1 differ in only three amino acids,

CXCL4L1 is more potent for inhibiting angiogenesis in response to angiogenic

factors in both in vitro and in vivo models of angiogenesis [42]. CXCL9,

CXCL10, and CXCL11 are induced by both type I and II interferons [3,

44–47]. CXCL9 and CXCL11 inhibit neovascularization in response to either

ELR positive CXC chemokines, bFGF, or VEGF [40]. These findings suggest

that all IFN-inducible non-ELR positive CXC chemokines are potent inhibitors

of angiogenesis.

Recently another non-ELR-positive CXC chemokine has been found to

inhibit angiogenesis. Breast and kidney-expressed chemokine (BRAK)/

CXCL14 is a non-ELR-positive CXC chemokine, which inhibits angiogenesis

in vitro and in vivo [41]. CXCL14 was first identified by differential display of

normal oral epithelial cells and head and neck squamous cell carcinoma [48].

CXCL14 was found to be down-regulated in tumor specimens [48]. The biolog-

ical significance of the absence of CXCL14 in these tumors remained to be

elucidated until Shellenberger et al. [41] discovered that CXCL14 inhibited

microvascular endothelial cell chemotaxis in response to CXCL8, bFGF, and

VEGF. Furthermore, CXCL14 inhibited neovascularization in vivo in response

to the same angiogenic agonists. These findings support the notion that the loss

of CXCL14 constitutive expression during tumorigenesis is associated with the

transformation of normal epithelial cells to cancer and the promotion of a pro-

angiogenic microenvironment. This supports the concept that CXCL14 may be

acting as a tumor suppressor gene.
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CXCR3 Appears to Be the Major Receptor for 
Non-ELR-Positive CXC Chemokine-Mediated 
Inhibition of Angiogenesis
The major receptor that has been identified for angiostatic non-ELR-positive

CXC chemokines is CXCR3. To date, three alternative splice variants of CXCR3

are known – designated as CXCR3A, CXCR3B, and CXCR3-alt – that are

involved in mediating recruitment of Th1 cells and acts as the receptor for inhibi-

tion of angiogenesis [44–46, 49, 50]. CXCR3A is the major chemokine receptor

found on Th1 effector T cells, cytotoxic CD8� T cells, activated B cells, and NK

cells [44, 49, 51–55]. IL-2 is a major agonist for the expression of CXCR3A

on these cells [49, 52, 53]. CXCR3 was originally identified on murine endothe-

lial cells [56]. Subsequent studies demonstrated that CXCR3 ligands could

block both human microvascular endothelial cell migration and proliferation in

response to a variety of angiogenic factors [15, 57].

Yang and Richmond [58] have recently determined that CXCR3 ligands

that use CXCR3 on endothelial cells mediate their angiostatic effect via spe-

cific binding to endothelial cell-derived CXCR3. They demonstrated that

CXCL10 mediates its angiostatic activity in vivo by binding to CXCR3, and not

via binding to glycosaminoglycans. To clarify this issue, they created expres-

sion constructs for mutants of CXCL10 that exhibit partial (IP-10C) or total

(IP-10C22) loss of binding to CXCR3 or loss of binding to glycosaminoglycans

(IP-10H and IP-10C22H). They transfected a human melanoma cell line with

these expression vectors, and stable clones were selected and inoculated into

immuno-incompetent mice [58]. Tumor cells expressing wild-type CXCL10

showed remarkable reduction in tumor growth compared to control vector-

transfected tumor cells. Surprisingly, mutation of CXCL10 resulting in partial

loss of receptor binding (IP-10C), or loss of glycosaminoglycans binding

(IP-10H), did not significantly alter the ability to inhibit tumor growth. The

reduction in tumor growth was associated with a reduction in tumor-associated

angiogenesis, leading to the observed increase in both tumor cell apoptosis and

necrosis [58]. In contrast, expression of the CXCL10 mutant that failed to bind

to CXCR3, failed to inhibit tumor growth [58]. The above study has been

confirmed in another in vivo angiogenesis-dependent model. Burdick and asso-

ciates have found that CXCL11 in a CXCR3-dependent manner inhibits angio-

genesis in a murine model of pulmonary fibrosis [59]. These data suggest that

CXCR3 receptor binding, but not glycosaminoglycan binding, is essential for

the tumor angiostatic activity of non-ELR-positive CXC chemokines.

While CXCL12 is a non-ELR-positive CXC chemokine, CXCL12 through

its receptor CXCR4 has been implicated in angiogenesis [60–63]. The role of

the CXCL12/CXCR4 ligand-receptor pair in tumorigenesis has, however, been

shown to be through its ability to mediate metastasis rather than its ability to
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promote angiogenic activity. Phillips et al. [64] demonstrated that CXCR4 is

predominantly expressed on tumor cells and does not mediate angiogenesis in

an in vivo model of heterotopic and orthotopic human NSCLC tumor growth

and metastasis. When CXCL12 was blocked in vivo during tumorigenesis and

metastases, there was no change in the size of the primary tumor, nor was there

any evidence of a decrease in primary tumor-associated angiogenesis. However,

there was a marked attenuation of the metastatic capability of these tumors [64],

suggesting that the CXCL12/CXCR4 axis mediates metastases of the tumor

cells in an angiogenesis-independent manner. One explanation for this dichotomy

is that CXCL12 mediates metastases through direct effects on tumor cell migra-

tion, whereas ELR-positive chemokines, VEGF, and bFGF mediate metastases

through their stimulatory effect on angiogenesis.

Non-ELR Positive CXC Chemokines Attenuate Angiogenesis 
and Reduce Tumorigenesis
Non-ELR-positive CXC chemokines have been shown to inhibit angiogen-

esis in several model systems such as Burkitt’s lymphoma cell lines form

tumors in nude mice [65]. Angiogenesis is essential for tumorigenesis of these

lymphomas, analogous to carcinomas. The expression of CXCL10 and CXCL9

were found to be higher in tumors that demonstrated spontaneous regression,

and were directly related to impaired angiogenesis [66]. To determine whether

this effect was attributable to CXCL10 or CXCL9, more virulent Burkitt’s

lymphoma cell lines were grown in nude mice and subjected to intratumor inoc-

ulation with either CXCL10 or CXCL9. Both conditions resulted in marked

reduction in tumor-associated angiogenesis [66–69]. Although these CXCR3

ligands have been shown to bind to CXCR3 on mononuclear cells [44, 49,

51–55], the ability of these non-ELR positive CXC chemokines to inhibit

angiogenesis and induce lymphoma regression in immuno-incompetent mice

supports the notion that these chemokines mediate their effects in a T lympho-

cyte independent manner.

The level of CXCL10 in human NSCLC tumor specimens was found to be

higher in the tumor specimens than in normal adjacent lung tissue [70]. The

increase in CXCL10 from human NSCLC tissue was entirely attributable to the

higher levels of CXCL10 present in squamous cell carcinoma (SCCA), as com-

pared to adenocarcinoma [70]. Moreover, depletion of CXCL10 from SCCA

surgical specimens resulted in augmented angiogenic activity [70]. The marked

difference in the levels and bioactivity of CXCL10 in SCCA and adenocarci-

noma is both clinically and pathophysiologically relevant, and represents a pos-

sible mechanism for the biologic differences of these two cell-types of NSCLC.

Patient survival is lower, metastatic potential is higher, and evidence of angio-

genesis is greater for adenocarcinoma, as compared to SCCA of the lung
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[71–73]. A SCID mouse system was applied to examine the effect of CXCL10

on human NSCLC cell line tumor growth in a T and B cell independent manner

[70]. The production of CXCL10 from adenocarcinoma and SCCA tumors was

inversely correlated with tumor growth [70]. However, CXCL10 levels were sig-

nificantly higher in the SCCA, as compared to adenocarcinoma tumors [70]. The

appearance of spontaneous lung metastases in SCID mice bearing adenocarci-

noma tumors occurred after CXCL10 levels from either the primary tumor or

plasma reached a nadir [70]. In subsequent experiments, SCID mice bearing

SCCA tumors were depleted of CXCL10, whereas, animals bearing adenocarci-

noma tumors were treated with intratumor CXCL10 [70]. Depletion of CXCL10

in SCCA tumors resulted in a 2-fold increase in their size [70]. In contrast,

reconstitution of intratumor CXCL10 in adenocarcinoma tumors reduced both

their size and metastatic potential that was unrelated to infiltrating neutrophils or

mononuclear cells such as macrophages or NK cells, and was directly attribut-

able to a reduction in tumor-associated angiogenesis [70]. Similar strategies have

been found for CXCL10 in melanoma using a gene therapeutic strategy [74].

Similar to CXCL10, CXCL9 also plays a significant role in regulating

angiogenesis of NSCLC. CXCL9 levels in human specimens of NSCLC were

found to be not significantly different from that found in normal lung tissue

[75]. However, these results suggested that the increased expression of ELR-

positive CXC chemokines and other angiogenic factors found in these tumors

were not counterregulated by a concomitant increase in the expression of the

angiostatic CXC chemokine, CXCL9. Thus, this imbalance could promote a

micro-environment that promotes angiogenesis. To alter this imbalance, studies

were performed to overexpress CXCL9 by three different strategies including

gene transfer [75]. These experiments resulted in the inhibition of NSCLC

tumor growth and metastasis via a decrease in tumor-derived vessel density

[75]. These findings support the importance of the interferon-inducible angio-

static non-ELR positive CXC chemokines in inhibiting NSCLC tumor growth

by attenuation of tumor-derived angiogenesis.

Evidence that Chemokines Are Involved in Tumor Cell Invasion

Tumor cell invasion through ECM and entry into the circulation is depend-

ent on cellular loss of adherence, cellular motility, and ECM/basement mem-

brane degradation. Invasive tumors cells have the ability to secrete a variety of

enzymes that include matrix metalloproteinases (MMPs) as well as serine and

cysteine proteinases. The generation of these proteinases allows for the migra-

tion of tumor cells through the ECM and penetration through the basement

membrane followed by entry into the circulation. CXC chemokine activation of
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tumor cells is important in this process. The expression of CXCL8 by human

melanoma cells up-regulates MMP-2 activity and increases tumor growth and

metastasis [76]. Luca et al. [76] have demonstrated that the expression of

CXCL8 by human melanoma cell lines directly correlates with their metastatic

potential. They further substantiated their findings by using non-metastatic

melanoma cells with negligible levels of CXCL8 that were subsequently trans-

fected to overexpress CXCL8 [76]. The overexpression of CXCL8 enhanced the

tumorigenicity and metastatic potential of the melanoma cells in vivo [76]. In

conjunction with this change in biological behavior, the CXCL8-transfected

cells displayed upregulation in MMP-2 [76]. This expression was accompanied

by heightened collagenase activity and increased tumor cell invasiveness in vitro

[76]. Moreover, they found that the effect of CXCL8 activation was at the level

of induction of the promoter of the MMP-2 gene, suggesting that CXCL8 was

involved in MMP-2 gene transcription [76]. These finding support that CXCL8

can activate tumor cell-derived collagenase activity that can lead to enhanced

tumor cell invasion into the host stroma and increased metastatic potential.

These findings have been further substantiated in prostate cancer where

CXCL8 expression regulates tumorigenicity and metastases in androgen-

independent prostate cancer [77]. Inoue et al. [77] have found that prostate

cancer cell lines that overexpress CXCL8 are associated with a highly metasta-

tic phenotype. They further evaluated this biology in vivo by implanting these

human tumor cells into immuno-incompetent mice [77]. They transfected

the overexpressing CXCL8 cells lines with full-sequence antisense CXCL8

cDNA, and transfected the under-expressing CXCL8 cell lines to over-express

CXCL8 and engrafted these cells in immuno-incompetent mice [77]. The over-

expression of CXCL8 in vitro resulted in the up-regulation of MMP-9 in these

cells [77]. The effect was at the levels of mRNA, protein, and biological func-

tion with heightened collagenase activity resulting in increased invasiveness

of the prostate cancer cell lines in vitro [77]. Orthotopic implantation of the

human prostate cancer cells over-expressing CXCL8 that normally in of them-

selves are not tumorigenic or metastatic in behavior, became highly tumori-

genic and metastatic with associated increased angiogenesis, whereas the cells

transfected with anti-sense CXCL8 were inhibited in their growth and metasta-

tic potential [77]. These findings have been further corroborated by Kim et al.

[32] who found that the expression of CXCL8 correlated with angiogenesis,

tumorigenicity, and metastasis of human prostate cancer cells implanted ortho-

topically in immuno-incompetent mice. These findings suggest that angiogenic

ELR positive CXC chemokines, like CXCL8, play a multifunctional role in

aiding tumor cell invasion by augmenting their local angiogenic environment

and up-regulating the expression of MMPs to aid tumor cell invasion and entry

into the circulation.
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Evidence that Chemokines Regulate the Pattern 
of Organ-Specific Metastasis of Cancer

Paget’s theory of tumor cell metastasis based on the concept of ‘seed’

(tumor cell) and ‘soil’ (specific organ) was first described for the nonrandom

visceral metastases of breast cancer [1]. While this theory has been debated,

experimental data has demonstrated that sites of metastasis are determined not

only by the characteristics of neoplastic cells but also by the microenvironment

of the specific organ [78]. However, the specific mechanisms that actually pro-

mote organ-specific metastasis have not been fully determined. Breast cancer,

as characterized by the original observation of Paget [1], has a distinct meta-

static pattern preferentially involving the regional lymph nodes, bone marrow,

lung, and liver. This distinctive metastatic pattern is seen in a number of other

cancers. Müller et al. [79] have provided new insight into potential mechanisms

for chemokines in relation to the organ-specific metastasis of breast cancer

cells. They found that of all known chemokine receptors, specifically CXCR4

and CCR7 are highly expressed in human breast cancer cells, malignant breast

tumors and metastases [79]. The ligands for these receptors, CXCL12 for

CXCR4 and CCL21 for CCR7 exhibited peak levels of expression in organs

that are preferential destinations for breast cancer metastasis [79]. In breast can-

cer cells, signalling through CXCR4 or CCR7 mediated actin polymerization

and pseudopodia formation and, subsequently, induced chemotactic and inva-

sive responses at the local level [79]. Moreover, neutralization of CXCL12/

CXCR4 interactions significantly inhibited metastasis of breast cancer cells to

regional lymph nodes and lung [79]. While this study suggested that the

CXCL12/CXCR4 biological axis was important in mediating organ-specific

metastases of breast cancer, this concept has remained somewhat controversial,

as the findings did not take into consideration other potential biological effects

of CXCL12/CXCR4 in the tumor itself.

For example, CXCL12 is a non-ELR-positive CXC chemokine, CXCL12

via CXCR4 has been implicated in promoting angiogenesis [60–63]. This has led

to the speculation that the predominant function of this ligand/receptor pair in

tumorigenesis is due to its angiogenic effect, not necessarily due to its potential of

mediating organ-specific metastases. However, in order for the biological axis of

CXCL12/CXCR4 to mediate tumor-associated angiogenesis, both the ligand and

receptor should be temporally and spatially present within the tumor. Schrader et

al. [80] demonstrated in both renal cell carcinoma cell lines and actual patient

specimens of renal cell carcinoma that CXCR4 is expressed predominately by the

tumor cells, and its ligand CXCL12 is essentially absent within the tumor. These

findings have been further substantiated in human breast cancer and NSCLC

tumor specimens, in which CXCR4 is found expressed on the tumor cells (fig. 2),
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and does not mediate tumor-associated angiogenesis in vivo [64, 79]. These stud-

ies demonstrate that when animals with breast or NSCLC tumors are treated with

either neutralizing anti-CXCL12 or anti-CXCR4 antibodies, there is no change in

the size of the primary tumor nor is there any evidence for a decline in primary

tumor-associated angiogenesis [64; Albert Zlotnik pers. commun.]. However,

there is a marked attenuation of tumor metastases in an organ-specific manner

[64, 79]. These studies support the notion that CXCL12/CXCR4 biology medi-

ates metastases of the tumor cells in an angiogenesis-independent manner.

An explanation for the disparity of the tumor studies in vivo from in vitro

studies of CXCL12/CXCR4 mediated angiogenesis, is that tumor cells express-

ing CXCR4 are themselves able to ‘out compete’ endothelial cells for CXCL12

if present. In support of this contention, classical angiogenic factors are elevated

in human tumors, whereas CXCL12 is not [2, 64, 70, 80–82]. Moreover, the

depletion of classical angiogenic factors in vivo results in a net reduction of

angiogenesis, and a consequent reduction in primary tumor size and metastatic

potential [2, 70, 81, 82]. These findings suggest a dichotomy in the function of

CXCL12 vs. classical angiogenic factors. For instance, angiogenic factors pro-

mote metastasis through their effect in mediating angiogenesis, whereas

CXCL12 promotes metastasis in an angiogenesis-independent manner via

CXCR4-dependent tumor cell migration. This concept supports the notion that

expression of CXCR4 on tumor cells may represent a critical biomarker for their

propensity to metastasize. Therefore, further understanding of the molecular

Fig. 2. CXCR4 expression on large cell NSCLC. CXCR4 is highly expressed on cells

of the primary tumor of large cell NSCLC.
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mechanisms that are involved in the regulation of CXCR4 expression on tumor

cells could lead to targets to modify expression of this receptor that impact on

tumor metastases.

Studies on a number of different human cancer types have shown the

importance of CXCR4 expression for increased tumor cell survival, tumor cell

proliferation and metastasis of cancer cells. In human pancreatic and prostate

tumor cell lines CXCR4 is frequently expressed on metastatic cells, and stimu-

lates cell motility and invasion, as well as proliferation and survival [83–85]. In

addition, CXCR4 gene expression in primary colorectal cancer is associated

with tumor recurrence, survival, and liver metastasis [85], and use of a CXCR4

antagonist prevented lung metastases in a mouse model of osteosarcoma [86].

Recently, hypoxia and more specifically hypoxia-inducible factor-1�
(HIF-1�) has been found to be a critical transcription factor for gene expression

of CXCR4 on a variety of cells, including tumor cells [87, 88]. Moreover,

the von Hippel-Lindau (VHL) tumor suppressor gene can negatively regulate

the expression of CXCR4, owing to its capacity to target HIF-1� for degrada-

tion under normoxic conditions [87, 88]. This process may be suppressed under

hypoxic conditions in cells allowing HIF-1�-dependent induction of CXCR4

expression [87, 88]. In contrast, under normoxic conditions, RTK activated

PI3kinase/AKT/mTor and ERK1/2/MAPkinase pathways can augment the

expression of HIF-1� in a post-transcriptional manner [89–91]. Phillips et al.

[92] have shown that the combination of hypoxia and epidermal growth factor

receptor (EGFR) activation markedly upregulates the expression of CXCR4

on NSCLC cells. This increase in CXCR4 expression is regulated through the

PI3-K/PTEN/AKT/mTOR pathway, which activates HIF-1� and results in HIF-

1� dependent transcription of the CXCR4 gene [92]. This link between

hypoxia-induced HIF-1� and CXCR4 expression provides a novel mechanism

to reduce metastases in a variety of cancers (fig. 3).

Conclusion

Although chemokine biology was originally felt to be restricted to recruit-

ment of subpopulations of leukocytes, it has become increasingly clear that

these cytokines can exhibit many varied effects in mediating biology that goes

beyond their originally described function. Tumor biology provides an excellent

system to study this diversity of function. Chemokines have an autocrine,

paracrine, and hormonal role at every level related to primary tumor growth,

invasion, and organ-specific metastases. The understanding of this expanded

role of chemokines in tumor biology will open new doors for novel therapeutic

interventions.
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Abstract
The chemokines are a family of small proteins known for their ability to control cell

migration in the body. Their receptors belong to the class A subfamily of G protein-coupled

receptors. In recent years, chemokines have grown in importance, because they are involved

in inflammation and autoimmune disease. Some of them are also involved in infectious dis-

ease, since two chemokine receptors, CXCR4 and CCR5, are used by the human immunode-

ficiency virus (HIV) to gain entry to cells. Several years ago it also became clear that

chemokines can also influence tumor cells. Specifically, tumor cells express chemokine

receptors in a nonrandom manner, and this suggested a role for chemokines in the metastatic

destination of tumor cells. By far the most common chemokine receptor expressed by many

cancer cells is CXCR4. Its ligand, CXCL12, is strongly expressed in lung, liver, bone mar-

row and lymph nodes, places that represent common metastatic destinations in many cancers.

Many studies have now validated the concept that chemokines and their receptors influence

metastasis. The potential therapeutic importance of these observations depends on the role

that each metastatic destination such as liver, lung, bone marrow, etc., plays in the prognosis

of a cancer patient.

Copyright © 2006 S. Karger AG, Basel

Cancer represents a number of diseases that are characterized by the

uncontrolled proliferation of various cells of the body. Some cells are notably

more likely to undergo this ‘transformation’ to the cancer phenotype than oth-

ers. Examples of some of these cell types and the diseases they cause include

breast mammary epithelium (breast cancer), melanocytes (melanoma), and

microglia (glioblastoma). A critical characteristic of cancer, and one that indeed

defines the ‘malignant’ vs. ‘benign’ nature of a given tumor is their ability to

metastasize, that is, to give rise to secondary tumors in other parts of the body.

Thus, benign tumors do not metastasize, and depending on their anatomical
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location they can usually be removed surgically with excellent prognosis. An

example of these benign tumors are lipomas, tumors of fatty cells that are very

common but are not a cause for concern. Serious cancers metastasize, and it is

this characteristic that makes them so dangerous. While the primary tumor(s)

can usually be removed surgically, it is usually very difficult to remove all the

transformed cells and the leftovers may in time grow again and form secondary

foci elsewhere in the body. This is why early diagnosis is so important; in can-

cer, early diagnosis can literally be the difference between a complete cure – by

removing the nascent primary tumor – and a very poor prognosis if metastasis

has already taken place.

There are several tumor development facts that deserve comment: firstly,

any tumor detected macroscopically has likely been there and growing for a

long time (depending on the tumor type, this may be years). Second, at some

point, which we do not understand well, some tumor cells will escape from the

primary tumor and somehow reach either the lymphatic or circulatory systems.

The tumor cells then travel and will enter target organs where they begin to

proliferate and develop into secondary tumors. Importantly, not all organs of

the body develop metastases at the same rate. In fact, the ‘target’ organs for

metastatic development depend on the type of primary tumor, and often exhibit

significant specificity. However, we can generalize that certain organs are much

more likely to be metastatic destinations than others. The common ones include

bone marrow, lung, liver, and lymph nodes. Rare metastatic destinations include

the stomach, kidney, or pancreas. These organs are typically only involved

when the primary tumor arises in these organs, and therefore are more likely to

be sources of cancer cells than metastatic destinations.

Several years ago metastasis was considered to be a mostly mechanical

process, that is, if a tumor cell escaped from a tumor, reached the circulation and

finally got lodged in a small blood vessel, that would become the center of a new

metastatic focus. This process can occur, however, this usually happens only at

more advanced stages of the disease. The metastatic patterns described above

eventually break down and multiple metastases can develop in many organs.

However, at early stages of cancer development, the mechanisms that control

metastasis are controlled by a number of specific molecular interactions. We have

now identified several of these molecular interactions. Here, I will discuss the

role of a family of small molecules called the chemokines in cancer metastasis.

Chemokines

The chemokines are a superfamily of small molecules, produced by many

different cell types of the body. To date, there are 45 known human chemokines
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and 18 receptors [1]. There are likely to be more receptors since at least 2

human chemokines do not yet have known receptors (CXCL14 and CCL18).

The chemokines typically include a conserved structure with four cysteines that

form two disulfide bonds; there is only one chemokine that makes it with two

cysteines (instead of four) and therefore only one instead of two disulfide bonds

(XCL1/lymphotactin). Chemokines were originally characterized through their

ability to chemoattract cells. There are two main subfamilies of chemokines.

The first one has an amino acid between the first two cysteines (CXC) and the

second one has these two first cysteines together (CC). Given the rapid pace of

discovery of ligands in the chemokine superfamily we now use a systematic

nomenclature that reflects these structures [2]. There are two other types of

chemokines that are not families but instead represent single types: XCL1/

lymphotactin and CX3CL1/fractalkine, which do not fulfill the criteria

(CXC/CC) of the other two large subfamilies.

As mentioned above chemokines were originally characterized by their

ability to chemotax different cells, especially those of the immune system.

Since then, chemokines have been implicated in a variety of fields including

infectious disease such as HIV (the chemokine receptors CXCR4 and CCR5

are coreceptors for the AIDS virus); control of immune responses, and many

other areas including organ development. Furthermore, they are produced by a

variety of cells and organs in the body. They have been divided into ‘homeosta-

tic’ and ‘inflammatory’ depending on their expression patterns. The inflamma-

tory ones tend to be those whose genes are located in certain chromosomal

locations (the CC are in human chromosome 17q11.2 while the CXC cluster is

in chromosome 4q12–13). In contrast, the genes for the homeostatic chemokines

are located in discrete chromosomal locations, and they also tend to have a sin-

gle ligand/receptor relationship. A typical homeostatic chemokine is CXCL12,

which has a single receptor, CXCR4. This is an important ligand/receptor pair

that we will discuss in detail below.

We knew that chemokines can control cell migration, but it was not clear to

what extent they did so in vivo. Nakano et al. [3] described a natural mouse

mutant, the plt (for paucity of lymph node T cells) mouse, which had very few

T cells in the lymph nodes. The defect of this mouse is the inability to express

two chemokines (CCL21 and CCL19) in the lymph nodes. These chemokines

bind CCR7 and knockout mice of this receptor also had a phenotype resembling

the plt mouse [4]. This observation underscored the importance of chemokines

in normal lymphocyte recirculation. Not only could chemokines influence

migration of leukocytes – as in inflammatory responses – but indeed, they were

completely necessary for, in this case, T cells to enter lymph nodes.

Importantly, it did not matter that thousands of lymphocytes were in circulation

in lymphatic or blood vessels. Without the adequate molecular signal – the
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interaction of CCL21 with its receptor CCR7 – the T cells could not enter

lymph nodes. Similar observations were also made for CXCL13/CXCR5, a

relationship that controls B cell migration to the lymph nodes [4].

Chemokines and Metastasis

Against this backdrop we hypothesized that, if chemokines were in fact so

important in determining the migration and mobility of leukocytes in the body,

could they also do it for tumor cells? In order to test this hypothesis, we meas-

ured the expression of chemokine receptors in breast cancer tumor cell lines.

What we observed was that the expression of chemokine receptors in these lines

was not random [5]. This was an absolute requirement for the hypothesis to be

correct, since random chemokine receptor expression would make it impossible

for chemokines to account for the specificity observed in metastatic tumor cell

patterns. Furthermore, two receptors appeared specially expressed – and inter-

esting – in breast cancer cells: CXCR4 and CCR7. I have already discussed that

CCR7 is of critical importance to enter lymph nodes. This suggested that this

receptor was important in breast cancer metastasis to the lymph nodes.

However, the ligand of CXCR4 was expressed in various tissues that collec-

tively represent very common metastatic destinations of breast cancer including

lung, liver, and bone marrow. We used a mouse model of a the breast cancer cell

line MDA-MB-231 that metastasizes to the lung, and showed that blocking

CXCR4 prevented metastasis of these breast cancer cells to the lung [5]. Taken

together, these studies demonstrated a role for CXCL12/CXCR4 in an animal

model of breast cancer metastasis.

Since then, many reports have appeared documenting the expression of

chemokine receptors in many cancers. At this point, these are too numerous to

list here. But we can generalize the findings and some studies deserve further

comment. Firstly, some general findings are as follows: the expression of

chemokine receptors in cancer cells is not random. Second, the most common

chemokine receptor expressed in most types of cancer cells is CXCR4. A dis-

tinguished second place may go to CCR7, which is likely important for lymph

node metastasis. For example, a retrospective clinical study by Takanami [6]

found that expression of CCR7 in non-small-cell lung cancer showed excellent

correlation with lymph node metastasis.

But there are several reasons to conclude that the CXCL12/CXCR4 inter-

action is of critical importance in cancer. As mentioned above, CXCR4 is by far

the most widely expressed receptor in many cancers [7]. In some, like ovarian,

it is the dominant chemokine receptor expressed [8]. Moreover, its ligand,

CXCL12, is strongly expressed in liver, lung, bone marrow (and lymph nodes)
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and all common sites of metastasis in many cancers. A series of studies have

shown that CXCR4 neutralization has impressive effects in cancer development

and metastasis in animal models [7]. Many studies have independently reached

the same conclusion in many different cancers [9–14]. Finally, other known

mechanisms that influence cancer growth and development now have been rec-

ognized to be acting through the control of CXCR4 expression [15].

All these observations have transformed our understanding of the role of

chemokines in cancer. But they also raised many questions. We do not know the

mechanism(s) how, for example, CXCR4 signaling influences tumor cells. Our

progress, however, does show that the interaction CXCL12/CXCR4 is of partic-

ular importance in cancer, and this gives us the advantage to focus on under-

standing this interaction in order to obtain practical information that may lead

to cancer therapeutics.

Mechanism of Action of CXCR4 in Cancer

One discrepancy in the studies that have described effects of CXCR4 in

cancer development is that in some cases, the interaction CXCL12/CXCR4

does not influence tumor cell growth directly, e.g. in breast cancer cells [5],

whereas other studies have observed direct growth effects of CXCL12 in tumor

cells, e.g., in cells from the central nervous system [9]. However, even in the

nervous system, evidence for CXCL12/CXCR4 influence in metastasis of, e.g.,

breast cancer cells, has been documented in detail [16, 17].

One concept we should consider in interpreting these data is that tumor

cells, while transformed, still have many of the characteristics of their normal

counterparts. This means that we may learn from the functions of CXCL12/

CXCR4 in normal development. The interaction CXCL12/CXCR4 has pro-

found effects on the development of various organs including the heart and cen-

tral nervous system (CNS). In fact, the CXCR4 knockout mouse is lethal, but

the developing embryo showed distinct defects in CNS development [18].

Neurobiologists now consider CXCL12/CXCR4 as one of the most interesting

chemokines because of its involvement in CNS development [19]. This points

to the involvement of CXCL12/CXCR4 in a process we can call organogenesis.

A developing organ has multiple challenges to conquer in order to produce a

fully functioning organ. These include angiogenesis, and a ‘minimum’ level of

structural organization at the cellular level. The fine specificity of homeostatic

chemokine expression in many organs suggests that they play an important role

in this process. Similarly, metastasis can be viewed as a similar process. What

the developing tumor must achieve is, again, a minimum of cellular organiza-

tion, angiogenesis, and protection from attacks from the host’s immune system.



Zlotnik 196

In all of these areas chemokines, and more specifically CXCL12/CXCR4, are

likely to play pivotal roles, and they may involve direct effects such as growth

and differentiation, as well as indirect effects, e.g. the regulation of gene expres-

sion in the tumor cells. I consider that these questions represent the next fron-

tiers in this field. We now have many studies that have validated the

involvement of chemokines in tumor biology both in animal models as well as

in retrospective studies. The next challenge is to obtain practical information

that may allow us to exploit these findings for therapeutic purposes.

CXCR4 in Breast Cancer

In the particular case of breast cancer CXCL12/CXCR4 are more likely to

be involved in the metastatic process by defining the metastatic destination.

Some practical aspects arise in this disease: while the metastatic destinations in

breast cancer include lymph nodes, lung, liver, and bone marrow (and to a lesser

extent brain), the critical metastatic destination in this disease that will most

likely impact the survival of the patient will be the lung. Metastasis to the lymph

nodes may affect the immune system and may even compromise it at later stages

but it is not likely to be the cause of death. A similar argument may be made for

bone marrow. In the case of liver, it can still function even with large metastatic

foci. But the main function of the lung is gas exchange and this will be seriously

compromised by disseminated metastases from the breast cancer cells, which

lack the capacity to do this function and will also seriously compromise the elas-

ticity of the organ necessary for its main function. For this reason, if disrupting

the CXCL12/CXCR4 interaction could slow down the progress of metastasis in

the lung it could have a significant impact on life expectancy, a critical clinical

goal that new drugs must fulfill in cancer. Unfortunately, breast cancer is, at a

certain level, a bad disease in which to test the value of CXCR4 antagonists in

cancer. The reason is that most patients get diagnosed at early stages, get treated

with neo-adjuvant therapy and if they respond, will be declared in remission and

will just be monitored carefully in the future for signs of recurring disease. This

would be the patient cohort that could potentially benefit from an anti-metastatic

agent, since the future lesions could show up in the lung. However, CXCL12/

CXCR4 also has significant effects in the immune system. CXCR4 is expressed

in T cell subsets and many other cells and it is not clear what effects long-term

CXCR4 antagonism could have in the immune system. Moreover, the length of

time required for such a clinical trial would make this project impractical for

most pharmaceutical companies.

A significantly different scenario would apply for cancers where the

effects of CXCR4 included direct growth and organogenesis. One of these
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could be ovarian cancer. In this disease, patients are typically first treated surgi-

cally to remove the main tumors and then with chemotherapy to try to kill most

leftover cells. Unfortunately this is a very aggressive disease and most patients

will recur within a year and their prognosis is very poor. This creates an oppor-

tunity for more focused clinical trials of CXCR4 antagonists that may signifi-

cantly influence the course of the disease. For this reason ovarian cancer may

provide a better opportunity for proof of principle studies.

Conclusion and Future Directions

The concept that chemokines influence organ-specific metastatic destina-

tions is now well established. This conclusion is best supported by some of the

retrospective clinical studies that have been reported [6, 20]. The picture that

emerges is that chemokine receptor expression by tumor cells is a potentially

important aspect of tumorigenesis and metastasis. Not all chemokine receptors

are equally important in this mechanism. Clearly the most widely expressed

chemokine receptor in most cancers is CXCR4 and it is likely to be involved in

metastasis to lung, liver, and bone marrow. CCR7 has emerged as the chemokine

receptor most likely to mediate metastasis to the lymph nodes. The clinical

importance of the latter, however, may be more questionable as this process –

lymph node metastasis – is not likely to result in significant mortality, as dis-

cussed above for breast cancer. This is a point that deserves further comment.

The morbidity and cause of death of different cancers differ significantly. For

example, for ovarian cancer patients bowel obstruction may be life-threatening,

while in prostate cancer bone marrow metastasis is a significant problem. If the

overall hypothesis is correct – that organ-specific metastasis involves molecular

signals – then each of these diseases must be considered separately and the

causes of its morbidity considered independently. Even if a single therapeutic

was being considered, for instance CXCR4 antagonists, the conditions surround-

ing each disease should be analyzed carefully to design the correct clinical trials.

Furthermore, as mentioned above, different cancers may be more or less suscep-

tible to immune system alterations. Since many chemokines are involved in

immune response regulation, this is another factor to consider. However, in the

real world, any such therapeutic would be unlikely to be used alone, and would

instead be used in combination with established chemotherapy protocols, and

therefore immune system alterations would already be occurring in the patient.

From the basic science perspective, we still have much to learn about this

area. We do not know, for example, what are the effects of a chemokine ligand such

as CXCL12 on tumor cells are. This is unlikely to simply be a matter of migration

regulation, indeed, a whole gene expression program must be induced. This
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program may differ depending on the cancer cell. CXCR4 has been found to be

involved in other cancer metastasis mechanisms, for example, hypoxia [20].

Instead of trying to antagonize this receptor, it may also be possible to prevent

or modulate its expression in tumor cells. There are many studies already indi-

cating that transfecting CXCR4 into a tumor cell greatly enhances its metastatic

potential [21].

Notably, while CXCR4 is by far the most widely expressed chemokine

receptor in most cancers, there are other examples of chemokine receptors associ-

ated with some specific cancers. One is CCR10 which is expressed by normal

melanocytes [22] but is also present in melanoma [23]. Another is CX3CR1 which

is present in microglia and also present in glioblastoma [24]. The latter receptor

may participate in the unusual invasive ability of glioblastoma to invade normal

brain tissue. These examples, moreover, have another underlying message: tumor

cells by and large tend to express the chemokine receptors that their normal coun-

terparts are already programmed to express. Thus, inhibitors of these receptors

may affect specific functions of the tumor cells in these cases, but, in contrast to

CXCR4 inhibitors, they are likely to be restricted to these specific cancers.

Finally, the central question remains of the nature of organogenesis. There

are now many examples, some of them from model organisms such as drosophila

or zebrafish, where genes specifically control the development of certain organs.

As this field advances, eventually we may get a much better picture of the role of

chemokine receptors, and especially of CXCR4, in this process. This may give us

the tools to identify potential secondary targets induced by CXCR4 that control

specific aspects of this process. I conclude that this is a field that should see

strong interest in the next few years.
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Abstract
In cancer the blood-borne spread of tumor cells leads to the formation of secondary

tumors at distant loci, whereby the extravasation of tumor cells is a prerequisite step during

hematogenous metastasis. In regard to the fate of endothelial cells located at the site of

tumor cell infiltration, tumor cell-endothelial interactions were analyzed using an in vitro

real-time model. This model shows the complete sequence of the transmigration process

and gave new insights into the complex and dynamic cell-cell and cell-matrix interactions

which occur during tumor cell transmigration across the endothelial barrier. An in vitro

real-time apoptosis assay permits the distinction between apoptotic cell death from

necrotic cell death. This model indicates that transmigration of tumor cell clusters derived

from the invasive human bladder carcinoma cell line T24 irreversibly damages the

endothelial cells by inducing apoptosis at the site of tumor cell infiltration. It is postulated

here that apoptosis induction facilitates the removal of detached endothelial cells, thereby

forestalling a local inflammatory response which might be detrimental to extravasating

tumor cells.

Copyright © 2006 S. Karger AG, Basel

Cancer as a disease has already been described in the earliest medical

records found in the history of mankind, dating back to ancient Egypt. The term

‘cancer’ is attributed to the Greek physician Hippocrates and is derived from

bizarre ‘crablike’ growth forms of tumors – ‘karkinoma’ is the Greek word for

‘crab’. Today, cancer is the second most prevalent cause of death after heart dis-

ease in the industrialized world. The transformation of a normal somatic cell to a

malignant phenotype is generally perceived to proceed in a series of sequential
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steps, including gene mutations, deletions, and chromosome aberrations. The

hallmark in cancer disease is the progression towards unrestricted proliferation

of cancer cells as well as dedifferentiation, which implies loss of growth control

and tissue specific function in tumor tissue.

The formation of metastasis is the primary cause of death in cancer [1, 2].

Metastasizing tumor cells (fig. 1) must traverse natural barriers, such as connec-

tive tissue components and organ epithelia at multiple stages of the metastatic

process [3]. Thereby, a variety of cellular events are mandatory for secondary

tumor formation far away from the primary tumor site. For instance, multiple cell-

cell and cell-matrix interactions are necessary to allow the spread of tumor cells

and growth of secondary tumors [4]. During this process, tumor cells may alter-

natively demonstrate increased or decreased adhesive properties depending on the

metastatic stage [5, 6]. The way by which cancer cells spread, i.e. by the lymphatic

or blood circulatory system, depends on the tumor type. In this chapter, the

hematogenous spread of cancer cells will be discussed.

Fig. 1. The metastasis cascade. The events leading to metastasis can be summarized as

follows: (1) detachment from the primary tumor; (2) accession of the lymphatic or blood cir-

culatory system; (3) survival in the circulation; (4) arrest at distant sites; (5) transfer of can-

cer cells, both single cells and cell clusters, across the vessel wall into the parenchymal

tissue; and (6) tumor growth at the secondary site. Transendothelial migration of tumor cell

clusters is likely associated with an irreversible disruption of the endothelium.
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Tumor Cell Extravasation

Tissue or organ compartments in the body are separated by two types of

extracellular matrix, basement membranes and interstitial stroma. Connective

tissue components, as well as epithelia which are localized on basement mem-

branes, form natural barriers which malignant cells have to traverse at multiple

stages of the metastatic process [3]. Cancer cells must detach from the primary

tumor in order to metastasize. This requires the disruption of existing

homophilic cell-cell contacts at the primary site. For example, downregulation

of E-cadherin, an adhesion molecule, which is found preferentially at cell-to-

cell junctions in epithelial tissues, correlates with a higher metastatic potential

[7–9]. Additionally, Dittmar et al. [10] have recently shown that upregulation of

the growth factor receptor tyrosine kinase c-erbB-2 in EGFR overexpressing

cells contributed to the EGF-induced migration of such cells due to a c-erbB-2-

dependent modulation of the kinetics of the adaptor protein phospholipase

C-�1 (PLC-�1).

Malignant cells must gain access to the blood capillary vessels (intravasa-

tion) to spread with the blood circulation to distant organs. Thereby, single

tumor cells, as well as multi-cellular aggregates, escape into blood vessels from

a primary solid tumor. It is well established that only a small fraction of tumor

cells which are released from the primary tumor actually form lesions at distant

sites [11]. For instance, experimental observations show that only about 0.01%

of tumor cells injected into mice survive the passage through the blood circula-

tion [12]. It has been suggested that cancer cells are rapidly destroyed either by

the immune system [13, 14] or by hemodynamic forces in the microvasculature

[15]. The formation of multi-cellular aggregates is perceived to enhance tumor

cell survival in the vasculature by providing a suitable micro-environment [16].

However, other studies suggest that tumor cells survive the circulation primarily

by rapid adhesion and escape from the vasculature [17, 18].

During their passage through the blood circulation, tumor cells arrest in

the capillary bed of distant organs. Tumor cell extravasation can be briefly

defined as the process, which translocates tumor cells from the blood circula-

tion across the vascular endothelium to the surrounding tissue. Extravasation

has been described as a rate-regulating event in metastasis [19, 20]. Thereby, it

can be subdivided into the following steps: (1) adhesion of tumor cells to the

vascular endothelium; (2) transmigration across the endothelial lining and the

underlying basement membrane; and (3) invasion of the surrounding tissue

[4]. It has been demonstrated in situ that single tumor cells adhere to vascular

endothelium and form microcolonies within the vasculature prior to extrava-

sation [21]. In addition, it has been proposed that tumor cell clusters detach

from the primary tumor and are transported through the blood vasculature as
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multi-cellular aggregates [22], and are subsequently arrested in the micro-

capillary system where they form tight interactions with the endothelial cell

lining [23].

The initial site of tumor cell arrest is effectively determined by size con-

straints, depending on the relative size of the tumor cells and the capillaries.

The observation that some tumors preferentially metastasize to certain organs

may be explained by (1) anatomical criteria, such as the location of the next

capillary bed, where the spreading cancer cells are entrapped after entrance

into the vasculature and transport by the blood circulation. Furthermore, (2) by

the ‘seed and soil’ hypothesis, which was originally postulated by Paget [24],

where both ‘seed’ (cancer cells) and ‘soil’ (organ environment) contribute to an

organ-specific pattern of secondary tumor formation [25]. Recent findings

suggest an important role of chemokines in the direction of organ-specific

metastasis formation. Muller et al. [26] were able to show that breast cancer

metastasis into regional lymph nodes, bone marrow, liver, and lung is directed

by the interplay of the stromal cell-derived factor-1� (SDF-1�; CXCL12),

which is predominantly expressed in these tissues, and its receptor CXCR4

found to be expressed on breast cancer cells. Neutralizing the interaction

between SDF-1�/CXCR4 using a specific SDF-1�-antibody significantly

impaired the metastasis of breast cancer cells into regional lymph nodes and

lung in vivo. A similar mechanism was reported for the metastasis pattern of

prostate cancer [27, 28].

Tumor Cell-Endothelial Cell Interactions during 
Extravasation

Endothelial cells were once believed to be a passive barrier for blood cells.

However, it is now well-established that the endothelial lining of the blood

circulation assumes an active role in many physiological processes, such as the

extravasation of leukocytes during inflammation and homing, e.g. by well-

regulated expression of cell adhesion molecules [29]. It is generally accepted

that the extravasation of tumor cells is preceded by the adhesion to vascular

endothelium [5, 30]. The subsequent extravasation event occurs within 24–48 h

for more than 80% of cancer cells after their initial arrest in the microvasculature

[18]. However, the exact mechanism by which tumor cells leave the blood circu-

lation remains controversial. Nicolson [31] observed that melanoma cell extrava-

sation induces endothelial cell retraction, with subsequent reformation of the

endothelial monolayer and closing of the gap at the site of extravasation. In vivo

observations of mouse liver and chick chorioallantoic membrane suggest that

individual tumor cells may extravasate without observable disruption of the
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microvasculature [32, 33]. Alternatively, morphological studies of early lung

metastases show disintegration of endothelial cells adjacent to attached tumor

cells [34]. Also, it has been shown in vitro that pancreatic tumor cells are able to

impair endothelium at the site of extravasation [35]. A study by Kebers et al. [36]

demonstrated that tumor cell lines derived from mammary epithelial tissue

(MCF-7), as well as a fibrosarcoma cell line (HT-1080) were able to induce

apoptosis in endothelial cells.

The findings of Kebers et al. [36] are in view with recent data we obtained

by studying the transendothelial migration of tumor spheroids. In this study, the

extravasation of T24 tumor spheroids was investigated in a three-dimensional

extravasation assay. This method allows for live cell imaging of tumor spheroid

transmigration events from a perpendicular point of view and an observation of

endothelial cell/tumor cell interactions in real-time. Moreover, this assay helps

to overcome those limitations when using modified Boyden chamber/transwell

assay systems [37–41]. Due to the design of modified Boyden chamber/tran-

swell assays, the mechanism of transmigration can only be viewed in a plane

parallel to the endothelial monolayer. However, this can be overcome if several

optical sections of one sample are taken and the three-dimensional process

of transmigration is reconstructed from a stack of two-dimensional images

using three-dimensional imaging/deconvolution software. Nonetheless, since

mostly fixed samples are used the time dimension of transmigration can not be

resolved by such an assay.

Therefore, we analyzed the infiltration of the endothelial monolayer by

tumor spheroids in real-time by confocal laser scanning microscopy.

Endothelial cells and tumor spheroids were stained with fluorescent dyes

(endothelial cells: calcein AM, T24 tumor spheroids: PKH-26) prior to analysis.

The image sequences in figure 2 show the transmigration process of a single

T24 tumor spheroid across the endothelial monolayer. In figure 2A, only the

endothelial cells were stained with Calcein green AM, whereas in figure 2B

both endothelial cells and tumor spheroids were stained with Calcein green

AM and PKH-26, respectively. Both image sequences clearly indicate that the

complete T24 tumor spheroid transmigrates across the endothelial monolayer

within a time frame of 4 h. Approximately 90 min after addition of the T24

spheroid, tumor cells established a close contact to the apical surface of the

endothelial cells. One hour later, the endothelial cells showed a contracted mor-

phology (fig. 2A, B, white arrows) at the site of contact to the T24 tumor cell

cluster, finally assuming an almost rounded shape after 3.5 h (fig. 2A, B, yellow

arrows). During this time period, the T24 tumor spheroid completely invaded

the collagen matrix beneath the endothelium, concomitant with a complete

destruction of the endothelial layer at the site of infiltration. Single endothelial

cells showed a rounded morphology with structures resembling membrane
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Fig. 2. Confocal laser scanning microscopy analysis of T24 tumor cell extravasation. A
The endothelial monolayer was stained by Calcein AM (green fluorescence) and dissociates

irreversibly in the course of tumor spheroid (black arrow) transmigration. The dotted line

indicates the cell body mass of the invaded spheroid. The images (a) and (b) show a different

focal plane (step size 4 �m) at 1:30 h. c Lower magnification view at 4:30 h showing that dis-

ruption of the HUVEC monolayer integrity is restricted to the extravasation site. B T24 cell

spheroids were stained with the lipophilic dye PKH-26 (red fluorescence), whereas HUVEC

were labeled by using Calcein AM (green fluorescence). The image sequences clearly indi-

cate that within a time period of 4 h, a complete tumor spheroid transmigrates across the

endothelium. White arrows indicate the retraction process of endothelial cells at the invasion

front of the tumor spheroid. Yellow and red arrows indicate rounded morphologies on

endothelial cells with structures resembling membrane blebbing. C HUVEC (white arrows)

and T24 tumor spheroid (blue arrow) were stained by Calcein AM. Annexin-V-Cy3 labeling

(red fluorescence) in conjunction with a strong green fluorescent signal from Calcein AM

after 3.30 h indicates that endothelial cells are triggered to undergo apoptosis (yellow and red

arrows) at the site of tumor spheroid infiltration. A–C Time is shown in hours, the bar repre-

sents 50 �m. Movie files (Quicktime) of the complete image sequences can be viewed at:

http://www.uni-wh.de/immunology
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blebbing (fig. 2B, red arrows). The cell-to-cell contacts between the endothelial

cells were completely destroyed at the site of transmigration. A lower magnifi-

cation view verified that the destruction of the endothelial monolayer was

solely restricted to the site of transmigration.

For a better definition of the processes involved in the destruction of the

endothelial monolayer, an annexin-V based assay was conducted to test if

endothelial cells undergo apoptosis or necrosis at the site of transmigration (fig.

2C). After 3.5 h, the tumor cell cluster was in the process of transmigrating

across the endothelium into the underlying collagen matrix, whereby the

endothelium at the site of invasion was disintegrated and showed strong

annexin-V staining (red fluorescence). The retention of Calcein green AM

within the cytosol indicates that the plasma membrane of endothelial cells was

still intact. In combination with annexin-V staining, this is a typical indication

for early apoptotic events (fig. 2C, yellow arrows). Moreover, the formation of

membrane blebs is visible, which is a characteristic morphological feature in

apoptotic cell death. The finding that disruption of endothelium integrity is

restricted to the site of tumor spheroid extravasation supports the hypothesis

that apoptosis of endothelial cell by tumor cells is induced via a direct cell-to-

cell contact. However, transmigration of T24 spheroids is not influenced by

blockade of caspase-dependent pathways through caspase inhibitors leading to

the assumption that endothelial cell apoptosis is caused by anoikis [42, 43] due

to disengagement of endothelial adhesion receptors from the extracellular

matrix and loss of endothelial homophilic cell-to-cell interactions [23].

Our data strongly suggest that the real-time in vitro extravasation model

will give new insights into the complex and dynamic cell-to-cell and cell-to-

matrix interactions during transendothelial migration of tumor cells.
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Abstract
Detection and observation of primary tumor growth and metastasis in living subjects is

an important task in clinical and basic cancer research. Recently several approaches and

techniques emerged which offer a huge variety of options with respect to the specific objec-

tives and questions of a given study. Recent developments in the field of in vivo imaging not

only allow the assessment of anatomic information but also functional processes with cellu-

lar resolution and molecular sensitivity. This chapter will provide an overview of the most

common imaging techniques which are currently available for the detection and observation

of metastasizing tumor cells. General capacities, advantages, limitations and drawbacks will

be discussed. These techniques include computed tomography (CT), molecular resonance

imaging (MRI), positron emission tomography (PET), single photon emission computed

tomography (SPECT), fluorescence imaging (FI), and bioluminescent imaging (BLI). The

objective is to provide the cancer researcher with information that will help solve the

dilemma of how best to apply the latest imaging tools for studying biological questions in the

context of the living body.

Copyright © 2006 S. Karger AG, Basel

Since W.C. Roentgen’s discovery of ‘a new form of rays’ in 1895, we have

been advancing our ability to gain insights into the bodies of humans and ani-

mals noninvasively [1]. Since this time a multitude of new techniques has

emerged, and the current revolution includes assessing functional changes with

cellular resolution and molecular sensitivity in addition to anatomic informa-

tion. What was inconceivable only a decade ago, imaging gene expression

patterns and cell movement in the living body, is rapidly becoming common

place in today’s biomedical laboratories and soon will emerge as opportunities

in the clinic. These incredible advances present researchers, however, with a new
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dilemma, what modality to use. This demands that we understand the advan-

tages and drawbacks of each new technique given the specific objectives and

questions of the study.

The first part of this chapter will give a short overview of the best estab-

lished in vivo imaging techniques and where they offer potential for revealing

cellular and molecular changes, with special attention to the usefulness of these

modalities for imaging metastasis and secondary sites of tumor growth post

therapy. The second part will focus on those techniques, which have had

the greatest impact on metastasis associated cancer research. These will then be

highlighted in studies presented in the most recent literature. The objective here

is to provide the cancer biologist with information that will help solve the

dilemma of how to best apply the latest imaging tools studying biological ques-

tion in the context of the living body. Studying these processes noninvasively

where the influences of organ systems, a functional immune system and active

circulation are intact the outcome will provide greater insights into disease

mechanisms and improve our ability to intervene metastatic disease.

The new tools of molecular imaging rely on advances in established

modalities and development of several novel modalities. Based on Roentgen’s

classical X-ray imaging, computed X-ray tomography (CT) provides excellent

anatomic imaging, especially of bone. In contrast to imaging using external

radiation sources, positron emission tomography (PET) and single photon

emission computed tomography (SPECT) utilize energies emitted by radionu-

clides that are injected into the body. Another modality that has been developed

for anatomic imaging is magnetic resonance imaging (MRI), which is based on

the measurement of the relaxation dynamics of magnetic dipoles in a strong

magnetic field. The oldest modality for whole body imaging is based on optics,

and physicians still rely on the ‘optical’ appearance of the patient in their diag-

nosis, but optical methods are in a renaissance with a number of new develop-

ments and advances. Although not yet well established for clinical applications,

optical imaging techniques, based on the detection of endogenous or exogenous

reporter molecules within the body are beginning to revolutionize preclinical

studies in oncology. The emerging optical modalities rely on photon emission

either from fluorescent proteins or dyes, or light-emitting enzymes, called

luciferases that produce biological light (bioluminescence).

Extension of imaging modalities beyond obtaining only anatomic informa-

tion toward representation, characterization and quantification of biological

processes with cellular resolution und molecular sensitivity comprise the

emerging field of molecular imaging [2–6]. To achieve measurements of this

type, signal amplification strategies based on novel molecular reporter designs

are necessary. For this purpose, there are three basic design strategies. First,

there are reporter probes, which are initially evenly distributed in the body and
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then their design enables them to be trapped in certain tissues or cells by meta-

bolic conversion or internalization by cell surface proteins. This trapping might

either occur naturally in the cells/tissue of interest by targeting intrinsic mole-

cules, or alternatively additional specificity can be achieved through the expres-

sion of reporter molecules such as herpes simplex virus 1 thymidine kinase

(HSV-TK), dopamine 2 receptor (D2R), and transferrin receptor (TfR) [7–11].

This approach has been used to concentrate radioactive tracers and for magnetic

particles in MRI. To reduce background signals an activation step can be used

with modalities other than PET and SPECT to improve detection capabilities.

The second strategy, therefore, is one where the molecular probe is silenced but

targets an activation process to yield a detectable signal. This is the underlying

concept for many optical imaging approaches using exogenous expression of

reporter genes; the goal is to also use this approach to target intrinsic enzymatic

activity [12–16]. This approach is also the focus of considerable efforts in the

development of novel MRI contrast agents [17, 18]. The third strategy is the use

of regulated expression of exogenous reporter proteins such as green fluorescent

protein, �-galactosidase, or luciferases, with some of these requiring chemical

substrates and others external excitation light in the case of fluorescence detec-

tion [19, 20]. For a general overview of imaging techniques see table 1.

Applications of Whole-Body in vivo Imaging Techniques

Computed Tomography 
CT imaging is based on differential absorption of X-rays by tissues of dif-

ferent density and properties. Images are acquired by a rotating X-ray source

and detectors, classically consisting of a scintillator for conversion of X-rays to

photons and CCD detectors for the collection of the photons. The resulting

images, taken from different angles, are transformed into three-dimensional

information by a computer. CT imaging is characterized by low contrast of soft

tissues, relative to MRI, and considerable efforts have been directed at the

development of improved contrast agents with successes in the literature for

some organ systems [21, 22]. A standard approach is the administration of iodi-

nated contrast media, which allows a more clear visualization of organs and

tumors. While there is some development of molecular probes for CT imaging,

the technique is typically used for morphological analyses and not specifically

for molecular imaging. CT serves as an excellent second modality for combina-

tions where structural data can be used to enhance functional data sets.

A significant contribution to the field is the combination of CT with other

imaging techniques like PET and SPECT, as a means of complementing anatomic

information with functional data [23–25] (cf. fig. 1). Multimodality imaging
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using hybrid instruments, or probes with dual, or multiple, signals is being real-

ized as necessary for maximizing image quality and localization of signals, and

greatly improving the diagnostic capability of imaging. Imaging of small ani-

mals by CT is possible with special �-CT scanners [26], and combined PET/CT

and SPECT/CT scanners for small animals are in development and being used

in some imaging centers [27–29]. The availability of these instruments for

small animal imaging will undoubtedly lead to advances in contrast agents that

will have a significant impact on clinical imaging, as well as lead to image pro-

cessing advances that will improve image quality.

Fig. 1. Clinical imaging of metastases. a Fusion of a monocrystalline iron oxide

nanoparticle-enhanced MRI image with a CT image (MION-CT). Preoperatively detected

pelvic lymph node metastases of a prostate cancer patient are colored red. They were later

confirmed histologically [71, 103]. Figure taken from Jaffer and Weissleder [3]. Copyright ©

2005, American Medical Association. All rights reserved. b PET-CT-Fusion image of the

apical thorax of a patient with non-small-cell lung cancer. Application of [18F]fluoro-2-

deoxy-D-glucose before PET scan led to the identification of a focus of radionuclide uptake

which turned out to be a lymph node by CT imaging. After surgical excision histological

analysis confirmed the existence of a 5-mm lymph-node metastasis [70]. Copyright © 2003,

Massachusetts Medical Society. All rights reserved.

a

b
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Magnetic Resonance Imaging 
Like in CT, MRI scans are transformed computationally into three-

dimensional information, leading to cross-sectional images of the body.

However, the method of data acquisition is completely different. MRI imaging

is based on the magnetic properties of unpaired nuclear spins. These magnetic

dipoles align within a very strong magnetic field, which is applied in MRI

scanners. For the production of image data, temporary radiofrequency pulses

are produced by coils in the scanner, which lead to alteration of the spin align-

ment. Following a pulse, the orientation will return to the original status, in a

way which strongly depends on the surrounding physicochemical conditions.

The relaxation of the dipoles such as hydrogen in water and carbohydrates,

can be detected by the same radiofrequency coil, which produces the pulses,

as a change in electromagnetic flux. Since tissues vary in composition and

content of all kinds of molecule classes with and without dipole character, the

signals collected this way can be computed into three-dimensional images of

the body [30].

In contrast to CT, MR images provide very good contrast in soft tissue,

which may even be improved by contrast agents, namely paramagnetic cations,

chelated gadolinium, ferric ammonium citrate and manganese chloride or super

paramagnetic iron oxide particles. Most of these have specific distribution pat-

terns and require careful selection for a given application [31]. Additionally, the

emerging technique of MR 1H and 31P spectroscopic imaging (MRS) allows

detection of a number of metabolites, which aids in identifying tissue types,

determining the composition of malignant tissue and can assist in tumor grad-

ing [32]. While MRI is characterized by high spatial resolution (about 10 �m),

greater than that of other imaging modalities, it is generally less sensitive to

molecular species compared to radionuclide based and optical imaging. For this

reason several studies have reported combined data that take advantage of the

high sensitivity of optical or radionuclide imaging with the high soft-tissue

resolution of MRI [33, 34]. A number of attempts have been made to obtain

gene expression information by MRI using the activity of tyrosinase or TfR, as

Fig. 2. Fluorescence imaging. In vivo

fluorescence imaging of A375M human

melanoma tumor cells growing subcuta-

neously of a nude mouse using CRI Maestro.

Cells were labelled by lentiviral transduction

and are stably expressing the hrluc-DsRed2-

ttk tri-fusion reporter gene on left and Fluc-

IRES-GFP reporter on right flank of the

mouse [Image kindly provided by De A,

Keren S, Gambhir SS, unpubl. data].
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reporter genes, to concentrate molecules with magnetic properties in cells [9,

35, 36]. These strategies allow for detection of labeled cell populations in vivo

by MRI. Imaging of small animals by MRI is well established [37, 38] and the

development of novel molecular agents will benefit from the number of scan-

ners that are available to the scientific community.

Nuclear Medicine Modalities (PET/SPECT)
In contrast to MRI and CT, which typically utilize intrinsic differences of

tissue compartments for generation of an image, radionuclide imaging depends

on the administration of a high energy emitting molecule, accumulating differ-

entially in tissues based on the unique cellular physiology in the organ or tissue.

Fig. 3. Bioluminescence Imaging. Use of in vivo bioluminescence imaging to reveal

the patterns of disease progression following radiation therapy and bone marrow transplant

for the treatment of lymphoma. The images of disease burden are shown on top and the time

line of treatment and imaging is shown below. BCL1 lymphoma cells that had been labeled

via retrovirus transduction were delivered i.v. to mice (3,000 cells per mouse) to generate an

orthotopic model, and the animals were imaged seven days later. This image shows signal

primarily from the spleen. Following the imaging mice were treated with radiation and given

a syngeneic bone marrow transplant and imaged 2 days later (9 days). The response to ther-

apy is apparent in the 9-day image with a noticeable reduction in tumor burden. After a total

of 16 days, the animals were imaged again. The cells that persisted following treatment were

apparent at 16 days with signals largely from the spinal column. All of the animals in this

study showed this pattern and all of these animals eventually relapsed. Imaging enables the

entire disease course to be monitored including primary and secondary sites of tumor

growth, response to therapy, metastasis and relapse. These approaches refine the animal

models and accelerate their analyses such that treatment regimens can be tested and refined.

This research was originally published in Edinger et al. [57]. Copyright © 2003, American

Society of Hematology.
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Table 1. Overview of IVI imaging techniques suitable for whole body imaging

Approach/ EM radiation Depth Spatial Time/scan Sensitivity Main field Pros Cons

imaging utilized limit resolution mol/l of use

technique mm mm

Magnetic resonance Radiowaves none 0.025–0.1 Minutes to �10�5 anatomic, highest spatial very expensive 

imaging (MRI) (1–100 MHz) hours gene resolution, apparatus,

expression combination of long imaging/

functional and processing time,

morphological medium-low

imaging sensitivity

Computed X-rays none 0.05–0.2 minutes n/a anatomic medium cost radiation exposure,

tomography (CT) solution for low soft tissue

anatomical lung/ resolution, limited

bone and tumor functional

imaging applications

Radionuclide imaging
Positron emission �-rays (high none 1–2 seconds to 10�11–10�12 metabolic, gene tagging of natural radiation exposure,

tomography (PET) energy),  minutes expression, compounds, cyclotron or

�-decay reporter quantitative, high generator needed,

tracking sensitivity, clinical medium-low

applications spatial resolution, 

very cost-intensive

Single photon �-rays (lower none 1–2 minutes 10�10–10�11 gene expression, simultaneous radiation exposure,

emission computed energy), alpha probe tracking imaging of collimation, 

tomography decay (antibodies, multiple probes, medium to 

(SPECT) peptides etc.) multitude of low spatial

available probes, resolution

clinical

applications
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Optical imaging
Fluorescent visible/near �10 �10% of seconds to 10�12 cell tracking, cost-efficient medium to

imaging infrared light depth minutes gene low spatial 

expression resolution, surface 

weighted

Bioluminescent visible light �30 minimum seconds to �10�12 cell tracking, cost-efficient, low spatial

imaging (BLI) resolution � minutes gene detection in resolution,

depth expression live max substrate 

sensitivity injection,

surface weighted, 

restricted clinical 

application

Table 1. (continued)

Approach/ EM radiation Depth Spatial Time/scan Sensitivity Main field Pros Cons

imaging utilized limit resolution mol/l of use

technique mm mm
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Since PET and SPECT imaging are based on the emission of high-energy pho-

tons, produced during nuclear decay of instable isotopes, penetration of tissues

is generally good and thus the sensitivity of detection is high. The basic differ-

ence between the two nuclear medicine methods is that SPECT utilizes isotopes

which generate a single photon, e.g. 99mTc, 111In, 123I, 131I, while decay of the

isotopes used in PET leads to emission of a positron, which emits two gamma

rays at a 180� angle upon annihilation with an electron. The most commonly

used isotopes in PET are 15O, 13N, 11C, 18F, and the less frequently used are 14O,
62Cu, 64Cu, 124I, 76Br, 82Rb, 68Ga. 18F is typically used for hydrogen replacement.

The simultaneous emission of two gamma rays at a known angle makes it pos-

sible to localize the source of the signal. For SPECT imaging it is necessary to

use collimators for identifying the origin of the signal; although collimators

enable 3D localization of the source, they exclude a majority of the signal

resulting in a significant loss in signal. Collimators with pinhole arrays have

been used to capture some of this data and this approach results in more rapid

data acquisition [39, 40]. The basic differences in PET and SPECT results in

SPECT being generally less sensitive than PET by at least one order of magni-

tude. In addition, many of the positron-emitting isotopes for PET can be used as

substitutes for naturally occurring atoms in bioorganic molecules, which opens

up a multitude of possibilities in living organisms. However, the decay of all

positron-emitting isotopes results in the production of two gamma rays of the

same energy, which hinders the simultaneous imaging of two individual probes.

In contrast, it is theoretically possible in SPECT to detect two isotopes of dif-

ferent energies, but is not practicable with current technologies. In practice, the

main drawback of PET is its requirement for a nearby cyclotron to generate

imaging agents [41–44], while the isotopes used in SPECT are generally longer

lived and can be obtained from off site sources.

Linking molecular biology and imaging has been accomplished for both

SPECT and PET. Several PET strategies are available for visualizing gene expres-

sion patterns, which mostly rely on a trapping effect, keeping the tagged molecules

inside the expressing cells. A prominent example is the dopamine D2R receptor

which triggers internalization and subsequent sequestration of the probe FESP

(3-(2	(-[18F]-fluoroethyl)spiperone). More recently a D2R mutant was developed,

which acts independent of signal transduction. Another well established reporter

gene for both, PET and SPECT visualization is HSV-TK. This enzyme catalyses

the phosphorylation of a number of 18F (for PET) or 131I (for SPECT) labeled

reporter molecules such as 18F-fluoropenciclovir (18F-FPCV), 9-(4-[18F]fluoro-3-

(hydroxymethyl)butyl)guanine (18F-FHBG) and 2	fluoro-2	deoxy-D-arabinofura-

nosyl-5-[131I]iodo-uracil (131I-FAIU), respectively) and thus leads to intracellular

trapping of the processed and tagged molecules [7, 8, 10, 11]. The somatostatin

receptor has been similarly used for SPECT imaging [45]. The techniques have
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been extensively used in small animal models [46–48], and two clinical studies

have been reported that use reporter genes for assessing DNA transfer to tumors

[49, 50]. Extremely low spatial resolution of radionuclide imaging can, in part, be

overcome by combining it with CT [24, 25] (cf. fig. 1).

Optical Imaging
Generally speaking, optical imaging techniques, based on either biolumi-

nescence or fluorescence, were specifically developed for obtaining functional

data and are not particularly well suited for anatomic information. Both of

these optical methods have been developed around the use of reporter genes

for studies of gene expression, tumor burden and cell trafficking in vivo [13,

51–53] (cf. fig. 2 and fig. 3). Moreover, there are dyes that can be used with

fluorescent approaches and these have had utility in developing in vivo

enzyme assays [14]. The range of optical imaging approaches offers a number

of complementary opportunities for studying biology in living animals [54].

Detection of optical reporters in vivo depends on the optical properties of tis-

sues and the penetration of light through mammalian tissues is controlled by

both absorbance and scatter, which is largely wavelength dependent [55]. The

primary absorber in the body is hemoglobin; this pigment absorbs blue and

green wavelengths of light. In addition to reduced absorption of light at wave-

lengths greater than 600 nm, there is less autofluorescence from mammalian

tissues at these longer wavelengths. Taken together these optical properties of

tissues has led investigators to develop dyes and reporter proteins that excite

and emit at longer wavelengths.

An advantage of using fluorescent proteins, relative to bioluminescent, is

that they can be used in fluorescence microscopy and in flow cytometry, which

can greatly contribute to interpretation of the in vivo data by providing valida-

tion with other methods [56, 57]. Furthermore, it has been noted in the litera-

ture that an advantage to fluorescent proteins is that generation of signal does

not require exogenous addition of chemical substrates; however, the pharmacol-

ogy of these substrates has been studied and levels in given tissues can be

predicted. The excitation of fluorescent proteins using external light sources

requires understanding tissue optics, and predicting the amount of light that

reaches the fluorophor for quantification of emitted signals.

The recent description of a wide range of colors of fluorescent proteins

suggests that multiplexing may be possible [58] and that proteins with longer

wavelengths of excitation and emission will lead to more sensitive in vivo

assays. However, this is only an advantage if the excitation wavelengths are

long enough to penetrate mammalian tissues and excite the fluorophor. The

amount of excitation light that hits the fluorophor determines the brightness of

the signal and assessing the levels of excitation can be challenging. The need
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for light to cross the tissue twice is both an advantage and a disadvantage. Since

the excitation intensity and subsequence emission intensity can be controlled

and can be pulsed there are opportunities for quantitation. However, efficient

delivery of excitation light of short wavelengths can be limiting. The availabil-

ity of a multitude of fluorescence proteins such as the green fluorescent protein

(GFP), the enhanced GFP (EGFP), or the red fluorescent protein (RFP), and

fluorescent dyes, which can be coupled to ligands and antibodies that can be

distinguished by their excitation and emission spectra may enable parallel

imaging of several reporters. Furthermore the recent development of near

infrared fluorochromes might overcome some of the problems caused by tissue

absorption of light [59, 60]. Recent studies suggest the use of fluorescence-

tagged Quantum dots to overcome several problems of classical fluorophores

such as photobleaching and the need for individual excitation at different wave-

lengths for parallel imaging of multiple fluorophores [61, 62].

Bioluminescence imaging (BLI) utilizes the expression of enzymes called,

as a class, luciferases. These emit light upon oxidation of a substrate. To date

several of these have been used in vivo and two have been widely used for in

vivo applications. These include firefly luciferase (Fluc), which is derived 

from the North American firefly Photinus pyralis, and Renilla luciferase (Rluc),

which was isolated from the sea pansy Renilla reniformis [12, 51, 63–66].

While Fluc catalyses the oxidation of luciferin, Rluc is highly specific for its

substrate coelenterazine. Since the substrates are not utilized by the respective

other enzyme, imaging of both reporters in a given subject is possible. Two

luciferase enzymes derived from the click beetle Pyrophorus plagiophalam
have been engineered to emit red, CBred, and green light, CBgreen, and these

have also been used in vivo [67]. Although these are not yet widely used for in

vivo imaging, their coding sequences have been extensively modified for

expression in mammalian cells and hold promise to improve expression levels.

Furthermore, their expression patterns may more accurately reflect that of

the native gene that they have been engineered to emulate. Although the

reported wavelength of Fluc is 560 nm, its emission peak shifts from 560 nm at

room temperature to 618 nm at 37�C. Thus, the potential advantage of CBred –

emission peak at 620 nm at 22 and 37�C – having a longer wavelength and

potentially more efficient penetration has not been realized [67]. For use of

luciferases in vivo the chemical substrates need to be injected into the animals

and this has been done both via intraperitoneal and intravenous routes.

Understanding the biodistribution of the chemical substrates in animals is

important for their application and can be used to the advantage of the investi-

gator. Luciferin has a comparatively long circulation time while ceolenterazine

is rapidly cleared from the body such that its conversion should be analyzed

first in a sequence of images. In contrast to luciferin, which is relatively
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inexpensive, ceolenterazine is, at present, too expensive to use in concentrations

that saturate the enzyme in many models and this affects quantitative measure-

ments of this reporter. The rapid clearance of coelenterazine also presents the

problem of not being able to acquire the data prior to clearance of the substrate.

The red light of Fluc and CBred penetrates tissues to greater depths than

the blue light of Rluc and thus the sensitivity of detection of the red emitters

may be greater than that of luciferase that emit blue light. However, for the

detection of two biological processes in a given animal, it is necessary to use

two luciferases that use different substrates and all coelenterazine-utilizing

enzymes at present emit blue light.

In both, bioluminescence and fluorescence techniques emitted photons can

be detected by charge-coupled device (CCD) cameras, which are ideally cooled

down to –105�C for reduction of thermal noise leading to minimal background

signals. Tissue autofluorescence can generate significant noise and thus effi-

cient means of separating signal from noise are beneficial for in vivo detection

of fluorophores. Unfortunately, the need for exogenous expression of fluores-

cent and bioluminescent reporters and the injection of luciferase substrates or

delivery of excitation wavelengths can be limiting. These features will have a

dramatic impact on possible translation to the clinic. Furthermore, light

absorbance by tissue is a significant barrier to sensitivity, and absorbance by

melanin in dark skin and fur limits the choice of animals that can be effectively

imaged with maximum sensitivity. Nevertheless, optical techniques are charac-

terized by very high sensitivity and easy handling, which allows the detection of

hundreds to thousands cells in whole body imaging in vivo, without cutting tis-

sue windows or otherwise exposing the tissues. In addition, the methods are of

relatively high throughput with parallel imaging of up to five animals in time

frames of a few seconds to a few minutes.

Tomographic reconstruction methods have been reported for both fluores-

cence and bioluminescence [68, 69]. For BLI, a system using a rotating CCD

camera is currently under development, which would allow CT for more

detailed information on the exact position and size of the light emitting source.

For fluorescence imaging (FI) similar systems are currently being tested, which

might allow routine fluorescence tomography in small animals in the near

future. Future developments promise to increase the utility of each of these

optical methods.

Clinical Imaging of Metastases

Generally speaking, the attempt of imaging of metastases in living patients

may be compared to their treatment. Usually there is only little information
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available about the properties of putative metastases, which makes it hard to

apply probes for specifically detecting them. While characterization of a

primary tumor after surgery gives hints about probable characteristics of meta-

stases the characteristics of the primary lesion should be interpreted relative to

metastasis since metastasizing tumor cells may undergo several evolutionary

steps, which may more or less change their properties. At the moment all imag-

ing techniques that are available clinically fail to detect extremely small-size

metastases.

Current techniques are able to detect metastases of about several millimeters

in size. Most useful in this task seems either a combination of PET-CT or MRI.

Using PET-CT imaging, it was shown recently that by intravenous injection of

[18F]fluoro-2-deoxy-D-glucose (18F-FDG) a remarkable improvement in identi-

fication of metastases could be achieved compared to conventional PET or CT

analysis. The approach is based on an accumulation of the radiolabeled glucose

analogue in metabolically highly active tumor cells and combines the sensitiv-

ity of PET with the high spatial resolution of CT [70] (cf. fig. 1b). Even higher

sensitivity, however, is reached, when highly lymphotropic super-paramagnetic

iron oxide nanoparticles are administered intravenously before imaging by

MRI. This technique is able to detect occult nodal prostate cancer metastasis as

small as 2 mm, which is one third to one fifth the size of the detection limit of

conventional MRI [71]. Another promising approach of metastasis detection in

patients implies the use of marked antibodies, or antibody fragments, directed

against tumor-specific or tumor-associated antigens. This possibility is espe-

cially alluring because many therapeutic antibodies are under clinical investiga-

tions at present, which could be utilized in lower concentrations, or by using

derivatives of these antibodies, for imaging purposes, and even combined imag-

ing and therapy. However, advances are still necessary to overcome the limitation

of the minimum detectable size of 2 mm when combined with PET imaging. At

present a significant number of metastasizing tumor cells can be missed; nonethe-

less, it is still considered to be useful in cancer staging [5, 72, 73].

Despite the progress that has been made in the clinical imaging of metas-

tases, none of the techniques to date is suitable for reliable detection of minimal

residual disease following therapy. This topic is reviewed in more detail else-

where [3, 42].

In vivo Imaging of Metastases in Animal Models

Previously, metastases in animal models could only be identified after

sacrifice of the animals and examination of excised tissues. For this reason,

preclinical studies of metastatic disease had required a huge number of
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animals with serial sacrifices for data analyses. Moreover, it was not possible to

follow the development of metastasis in a certain group of animals and only

relatively large metastases could be identified using these time-consuming

approaches.

In vivo imaging techniques have overcome most of these problems,

although the approach to a given study and the modalities used for analysis

should be considered carefully when planning a project. There are two basic

strategies for preclinical models of metastasis. The first consists of mouse models

with conditionally or chemically induced spontaneous tumors and metastases,

while the second approach is based on tumors cells implanted in animals; this

is primarily performed in rodents. While several models of sporadic tumors

are available, spontaneously metastasizing cancers are rare in all animals com-

monly used in biomedical research. Moreover, these models face the same

problems as clinical imaging of metastases, since only large metastases can be

found without killing and time-consuming microscopic analysis of the animal

[74–76]. Nevertheless, sporadic metastases of xenografted prostate cancer cells

have been successfully detected in a mouse model with the help of a reporter

gene delivered by an adenoviral vector in vivo. This vector contained the Fluc

gene under control of an enhanced prostate-specific antigen promoter, enabling

the detection of metastases originating from the implanted prostate tumor [42].

Utilizing additional tissue-specific promoters, e.g. whey acidic protein (WAP)

or mouse mammary tumor virus (MMTV) for breast cancer cells, this strategy

might prove successful for the detection of sporadic metastases of other origins

as well. Another approach for the visualization of tumors and metastases not

labeled ex vivo was described by Yu et al. [77]. This group reports the detection

of tumors and metastases by injecting bacteria and vaccinia virus, expressing

luciferase and GFP. These pathogens preferentially settle and replicate in the

tumor microenvironment where they are protected from the host’s immune sys-

tem. Although this system facilitates the search for spontaneous, nonlabeled

tumors and metastases, it implicates the drawback of yielding only endpoint

results.

While the general usefulness of these approaches and ideal applications

remain to be elucidated, a multitude of studies has been published examining

the behavior of tumor cells marked with a reporter gene before implantation.

Models of Metastasis Utilizing Implanted Tumor Cells

Tumor cell implantation models can be divided into two groups: syngeneic

and xenograft models. Syngeneic transplantation describes the implantation of

cells and tumors, which were originally derived from the same species, which is



In vivo Imaging of Metastases 223

used as a recipient. This has several important implications regarding an intact

interaction between tumor cells, their microenvironment and all cell-cell and

cell-stroma interactions, which play a role during the complex process of

metastasis [78, 79]. Xenograft models usually consist of human cells implanted

in immunocompromized rats or mice. While this approach is often inevitable

there are several aspects to keep in mind, when working with such models. One

of these are the already mentioned cell-cell and cell-stroma interactions which

are considered to be crucial in carcinogenesis and metastasis and which are

often impaired in xenografts because essential molecular interactions do not

occur across species boundaries. The use of immunocompromized animals is of

similar importance because it impedes the study of the role of the immune

system during cancer progression. Furthermore, it should be considered that

immunocompromized mice often have additional unintentional properties.

Nude mice – characterized by depletion of T cells and an impaired function of

T and B cells – are for example described to have impaired angiogenesis,

whereas severe combined immunodeficiency (SCID) mice – characterized by

deficits in number and function of B and T cells – display an age-dependent

leakage of their immune functions, which might interfere with long-term stud-

ies of metastasis [80–83]. With respect to the important process of tumor angio-

genesis it should be mentioned that substantial differences were observed in

mice and men, which strongly influences the development of xenografted

human tumors and metastasis [84, 85].

Furthermore, an important decision to be made in the planning of metasta-

sis models is the site of implantation/injection of the tumor cells. Several

strategies are well established to date. Orthotopic tumor cell engraftment is

preferentially done to visualize the whole process of metastasis originating

from the original organ tissue, while bloodstream injection or direct implanta-

tion is more suitable to examine processes involved in later steps of metastasis

like tumor cell homing, attachment and vascularization [86]. Thus far, ortho-

topic implantation models leading to metastasis have been described for all of

the most common types of cancer, including breast, prostate and lung cancer

[19, 52, 87]. A frequently used, though rather unspecific approach is subcuta-

neous implantation, which is commonly used for the assessment of tumor cell

behavior [42, 88]. Bloodstream injections are common to study circulating

tumor cells of different tumor origins. Depending on the site of injection and

the choice of cells this approach is suitable to simulate the second phase of

metastasis of a number of different metastatic cancers. The most common injec-

tion sites are the tail vein, the portal vein and the left ventricle. Portal vein injec-

tions are likely to result in liver metastasis, which was shown for colon cancer

and pancreatic cancer cells [19, 89]. Cells injected into the tail vein mainly get

trapped in the lung [88, 90–92] and cells injected into the left heart ventricle
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most commonly form bone marrow metastases even though the formation of

metastases in other organs has also been described [93–95]. Direct implantation

of tumor cells into the target tissue has been described for examination of bone

metastasis [93, 95].

Choice of Imaging Techniques for Visualization 
of Metastasizing Tumor Cells in Animal Models

To date, reporter genes suitable for the in vivo imaging of metastasizing

tumor cells are available for radionuclide imaging (PET/SPECT), MRI and

optical imaging (BLI/FI). The general strategy in most of these approaches is to

label cells ex vivo with a reporter gene of which the expression can be visual-

ized, with or without help of a specific probe. The reporter gene is put under the

control of a strong, constitutive and non-tissue-specific promoter. Most fre-

quently used for this task is the cytomegalovirus promoter (CMV) or SV-40

promoter [96–98]. Though it is highly recommended to use cells with a stable

expression of the marker gene, coupled to a selection marker, temporary trans-

fected cells might be used for short term studies (�7 days). Several conditions

should be met by a suitable reporter: The reporter and its probe, if necessary,

should be nontoxic and not trigger an immune response. The reporter gene

product should furthermore not leave the cells/tissue where it is expressed. It

should have a short clearance time, while its probe, if applicable, should be sta-

ble until it reaches its target. The image signal should quantitatively reflect the

reporter gene expression.

Even though suitable reporter genes are available for MRI, PET, and

SPECT such as HSV-TK, D2R, and TfR [9, 99–102], which allow imaging with

deep tissue penetration, studies examining metastasis in animal models in vivo,

as published recently, utilize one of the two optical imaging techniques. The

main reasons are probably the ease of use, small expenditure of animals and

time and cost effectiveness. Thus, optical imaging allows sensitive screening of

large numbers of mice at several time points and leads to strong, statistically

significant data with reasonable effort. For most studies these points are obvi-

ously more important than spatial resolution, which is highest in MRI and PET-

CT imaging, respectively. Routine application of PET-CT so far is limited to

imaging of humans [3, 70, 71, 103, 104], although feasibility studies have been

carried out in small animals [27, 105]. MRI has been used for obtaining

anatomic information of metastases detected by BLI or FI [90, 106].

Even though the detection of single tumor cells, labeled with GFP has been

reported in microscope assisted studies, these require removal of overlying tis-

sues and skin flap windows [54, 107]. BLI has largely been used and tested
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without cutting into the animals and has been shown to have good sensitivity of

detection. Studies published to date support the idea that it is useful to combine

the expression of luciferase and a fluorescent protein for the labeling of tumor

cells. By this means it is possible to sort successfully transfected cells by flow

cytometry using the fluorescent protein, perform whole-body screening for

tumors and metastasis pattern at high sensitivity with luciferase and identify

minimum amounts of tumor cells in situ after sacrifice of the animals or using

intravital fluorescence microscopy. By combining optical imaging with X-ray

analysis, this elaborated approach was used in the identification and gene

expression profiling of breast cancer cells with a bone-specific metastatic phe-

notype, utilizing a triple-modality reporter gene vector, whereby HSV-TK was

used as the additional reporter gene [34, 108].

Taken together, the imaging of metastasis with help of reporter gene based

optical imaging has become routine during recent years and is already an inte-

gral part of cancer research utilizing animal models [91, 92, 107–110], while

similar approaches for MRI, PET, and SPECT are still in a more experimental

phase. Even though MRI, PET, and CT analyses are used in combination with

optical imaging, their general distribution is still rather limited due to their high

cost and the need for sophisticated equipment. MRI, PET, SPECT, and CT are,

however, the modalities of choice for clinical translation, at least at the present

time.

Future Outlook

The use of imaging in preclinical models of human biology and disease

holds great promise for revealing new biology, and for greatly accelerating and

refining the study of these models. As the number of reporters and dyes

increases and new chemistries are described there will be opportunities for mul-

tiplexed assays and more detailed analyses of regulatory pathways and net-

works. This will greatly aid in the development of new therapeutics and lead to

a greatly improved understanding of disease mechanisms, specifically in

metastatic disease. Micrometastatic lesions can be revealed more easily and

with greater sensitivity than ever before and as such the course of disease from

initiation, through progression, regression and relapse can be studied. As the

tools improve the lessons learned will increase. We only need to be careful not

to overinterpret the data. However, although a picture is worth a thousand words

it is imperative that the correct words are gleaned from an image. Image data

are subject to interpretation and it is incumbent on us all to take objective views

of the new data and to validate the new assays with as much supporting data

from more conventional approaches as possible. We have an opportunity to
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open a window into mammalian biology and let the light shine out. We are on

the verge of a powerful set of new tools and we have the potential to learn sub-

stantially from these approaches.
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Abstract
During the past two to three decades there has been an exciting revolution in our

understanding of the multistage carcinogenic process and of the molecular genetics of can-

cer. The general principle of multifactor interactions is central to our understanding of can-

cer causation. The paradigm that persistent infections and chronic inflammation contributes

via cytokine- and chemokine-mediated disbalanced immune response to carcinogenesis

becomes more and more attractive in cancer research. Besides genetic factors, the epigenet-

ics of impaired cell signaling and signal transduction by proinflammatory cytokines and

chemokines are important potentiators of carcinogenesis. The activation of the nuclear fac-

tor �B, for example, a hallmark of inflammatory responses that is frequently detected in

tumors, might constitute a missing link between inflammation and cancer. It will be a chal-

lenge for future therapeutic and preventive cancer research to detect potential targets in

chronic inflammatory disease which are essential links to promote inflammation-associated

cancer.

Copyright © 2006 S. Karger AG, Basel

Inflammation,Wound Healing, and Carcinogenesis

The association between human carcinogenesis and inflammation is a clas-

sic theme of cancer research arising in the late 1970s, when it had become

apparent that the growth of normal cells is largely controlled by the interplay

between several polypeptide hormones and hormone-like growth factors that

are present in tissue fluids. In general, it had been shown that malignant cells

required less of these exogenous growth factors than did their normal counter-

parts for optimal growth and multiplication, and the Nobel laureate, Robert

Holley, has suggested that ‘transformed or malignant cells escape from normal

growth control by requiring less of such hormones or growth factors’ [1].

Outlook and Perspectives



Infection/Inflammation-Associated Tumors 233

Indeed, it had long been hypothesized that there was a functional connec-

tion between tumors and wound healing, as manifested in Haddow’s [2] famous

dictum that ‘the wound is a tumor that heals itself’, later inverted by Dvorak [3]

to ‘tumors are wounds that do not heal’. Wound healing by itself is a very com-

plex process, involving the limited proliferation of fibroblasts, the formation of

extracellular matrix (ECM) proteins, like various types of collagens, the deposit

of hyaluronic acid and the vascularization of the connective tissue in the pres-

ence of immune competent cells.

Ultimately, in the world of cellular physiology, one described later on

cytokines and chemokines as molecular elements of a complex biological sig-

naling language, which is used for both intercellular and intracellular commu-

nication. At the laboratory bench and from the results of translational research

by applying cytokines and chemokines in mouse models and from clinical set-

tings, we learned within the last two decades that these molecules are like sym-

bols or letters of an alphabet in a code or in a language, which need to be

considered in the context of all other signals present. These signaling molecules

should be regarded as cues or cellular switches with multifunctional activities,

and that their true function is to provide subtle mechanisms for coupling a cell

to its environment, so that the cell has the necessary plasticity to respond appro-

priately to changes in its environment, or even within its own state.

Multifunctionality of Cytokines and Chemokines

In the past, research in the field of immunology predominantly studied the

role of cytokines and chemokines as regulators of inflammatory processes after

viral, bacterial or helminthic infections, in allergy and in autoimmune diseases

and the results led rapidly to a much more sophisticated appreciation of the role

of cytokines and chemokines as multifunctional molecules.

For instance, although the first description of the activity of the cytokine

transforming growth factor-� (TGF-�) on both T and B lymphocytes empha-

sized its inhibitory effects, it was soon found that TGF-� could act as both a

stimulator and inhibitor of IgA production in B lymphocytes [4].

At present, we have a more sophisticated understanding of the actions of

cytokines as multifunctional molecules in both inflammation and the immune

response, summarized as: ‘the good, the bad, and the ugly’, where the latter dis-

tinctive mark might be seriously linked to cancer development.

The chemokine system controls leukocyte trafficking during homeostasis as

well as during inflammation and is necessary for the linkage between innate

and adaptive immunity. Tissue regulation outside the hematopoietic compartment,

for instance, angiogenesis, organogenesis and tumor development, growth and
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metastasis, is another important function of the chemokine system [5]. The

chemokine-mediated regulation of angiogenesis, e.g. in the process of wound healing,

is highly sophisticated and fine tuned, and involves pro-angiogenic chemokines,

like CXCL8 (IL-8) interacting with the CXC-receptor 2 (CXCR2), and anti-angio-

genic chemokines such as CXCL10 (IP10) interacting with CXC-receptor 3

(CXCR3). Chemokines also regulate angiogenesis in a receptor-independent man-

ner by means of perturbation of basic fibroblast growth factor (bFGF) and VEGF.

Examples of the delicate angiogenesis (1) in wound healing – and of the dysregula-

tion; (2) in tumors – considered as ‘wounds that do not heal’– are provided with the

interesting phenomenon of molecular piracy of host-encoded genes within the

chemokine system. Yet, a certain group of herpes virus – the �2 herpes virus –

encode a functional CXCR2 homologue that is activated by angiogenic chemo-

kines and antagonized by angiostatic chemokines, and this particular gene seems to

cause the development of a vascular tumor, the Kaposi’s sarcoma, in the host.

Chemokines have now emerged as key regulators in the development, dif-

ferentiation and anatomic distribution of immunocompetent cells. Chemokines

orchestrate both the innate immune response and the antigen specific immunity

through their coordination of dendritic cells and lymphocytes. Due to their vast

functional responsibility, they are linked to the pathogenesis of many seemingly

unrelated diseases that include HIV, infection, cancer, atherosclerosis, autoim-

mune disease, graft rejection and dermatological disorders [6].

Perhaps the biggest lesson we can learn from the multifunctionality of

cytokines and chemokines in health and illness is that their physiological inter-

play keeps on going in a healthy organism. However, if this very complex and

regulative system between cells, tissues and organs is perturbated, a pathologi-

cal status will be determined and multimorbidity might occur, because these

molecules, when malfunctioning, bridge different diseases as mentioned above.

‘Wounds that Never Heal’ and Carcinogenesis

In many solid tumor types the abundance of tumor-associated macrophages

(TAMs) or tumor-infiltrating lymphocytes (TILs) is correlated with poor

prognosis [7]. Macrophages and leukocytes are recruited through the local

expression of chemokines, such as colony stimulating factor-1 (CSF-1) or the

inflammatory mediator IL-8. Overexpression of such factors is also correlated

with poor prognosis in a variety of tumors. TAMs and TILs are recruited to

tumors through the expression of potent chemoattractants and in this site their

normal trophic functions are subverted to promote tumor progression and metas-

tasis [8]. In wound healing and immune surveillance, the physiological function

of immunocompetent cells is, besides control of pathogens, matrix remodeling,
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angiogenesis, stimulation of migration of mesenchymal and endothelial cells

through the synthesis of growth and chemotactic factors. However, these func-

tions are also found pathologically during chronic inflammation. This supports

the notion that tumors are ‘wounds that never heal’ and suggests that chronic

inflammation through persistent infections or by other means might be impor-

tant cofactors in the genesis and promotion of tumors [9]. If chemokines are

responsible for the excessive recruitment of leukocytes to inflammatory sites

and damaged tissues, it is rational to argue that the chemokine system offers

many potential entry points for innovative anti-inflammatory therapies in

autoimmune diseases, arthritis, and cancer [10].

Chemokine-Mediated Cell Function Inhibition – Where,
Which and How?

Unlike cytokines, chemokines signal via seven transmembrane G-protein-

coupled receptors (7-helix receptors) and are favored targets by the pharmaceu-

tical industry. For the future in drug development we have to decipher the

meaning of (1) the input layer; (2) the signal processing layer; and (3) the output

layer of a given cell which is in the therapeutic focus. Understanding the signal-

ing network of targeted cells implicitly opens a window to find inhibitory or

stimulating molecules which can be side-directed to different molecules of one

of the three layers of the signaling network. Small molecule receptor antagonists

have been developed to abrogate competitively incoming signals by natural lig-

ands. Furthermore, chemokines have an in vivo requirement to bind to extracel-

lular glycosaminoglycans (GAGs) in order to mediate cell locomotor

directionality. Prevention of the GAG interaction has been shown to be a viable

therapeutic approach. Targeting chemokine intracellular signaling pathways at

the level of the signal processing layer offers a further promising alternative

small molecule approach. Key signaling targets downstream of a variety of

chemokines receptors identified to date are the dynamic spatial calcium distribu-

tion in a cell, the phosphoinositide 3-kinase � (PI3K�), a member of the class I

PI3K family, or members of the protein kinase C (PKC) isotype family [11].

However, as recently shown, serpentine signaling induces in neutrophils

dichotomically two signal transduction pathways for the regulation of cellular

locomotion [12]. This finding shows that the complexity of the therapeutic

approach is drastically increased, because of the different cell types such as tumor

cells, immune competent cells, and mesenchymal cells, which have to be consid-

ered and because of the putative usage of a salvage pathway which is switched

on if pivotal cell signals are disturbed by small molecule approaches. All these

features make a rational approach of intracellular signal cascade targeting so
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complex and complicated intending to manipulate the cellular read out – growth,

differentiation, apoptosis, migration – selectively.

Cancer and Inflammation: From Epidemiological Perspectives to
Molecular Mechanisms

The critical role of inappropriate inflammation is becoming accepted in

many diseases, including autoimmune disorders, neurodegenerative conditions,

and tumor development. It is estimated that approximately 20% of human can-

cers develop at the background of chronic inflammation [13]. Many chronic

inflammatory conditions increase the risk of cancer in affected tissues. The

inflammatory bowel diseases, ulcerative colitis and Crohn’s disease, predispose

to the development of cancers of the large bowel and/or terminal ileum.

Chronic cholecystitis and gallstones predispose to cancer of the gallbladder.

Epidemiology data have revealed an increased risk of prostate cancer in men

with a history of certain sexually transmitted infections or prostatitis [14]. A

novel putative prostate cancer precursor lesion, proliferative inflammatory atro-

phy (PIA), which shares some molecular traits with prostate intraepithelial neo-

plasia (PIN) and prostate cancer, has been characterized [14]. The expression of

cyclooxygenase-2 (COX-2) and lipid mediators of inflammation increases dur-

ing the multistage progression of these tumors. Nonsteroidal anti-inflammatory

drugs (NSAIDs), which inhibit COX-2 activity and tumor development in many

experimental and clinical settings are inversely associated with certain cancers in

epidemiological studies. In an orthotopic mouse model with the human pancre-

atic carcinoma cell line PANC-1, it has been shown that N-acetyl-salicylic acid

repressed tumor formation by PANC-1 cells in vivo in a prophylactic setting,

suggesting a possible mechanism for this NSAID to be effective in pancreatic

carcinoma through inhibition of NF-�B activation and a mechanistic link

between inflammation and tumorigenesis [15]. Despite their promise, however,

NSAIDs have to be further evaluated for the risk/benefit ratio before being used

in treatment regimens in designated patient populations. Cancer cells upregulate

the angiotensin II type 1 (AT1) receptor through systemic oxidative stress and

hypoxia mechanisms, thereby triggering chronic inflammatory processes to

remodel surrounding tissue and subdue the immune system. It is anticipated that

manipulation of the angiotensin system with existing anti-hypertensive drugs

could provide a new approach to the treatment of cancer [16].

There is a vast body of evidence that chronic inflammation contributes to

carcinogenesis, but the underlying mechanisms are poorly understood, yet.

Recently, it was hypothesized that the higher infection burden in developing

countries might mean an earlier aging of immune competent cells by telomere
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shortening, resulting in decreased efficiency of immune surveillance and, thus,

predisposing to cancer at an earlier age than seen in developed countries with

lesser infection burden [17]. Very recently, an inflammation-based prognostic

score (Glasgow Prognostic Score, GPS) was found to be a significant predictor

of survival in patients with inoperable non-small-cell lung cancer [18]. It is

likely that the new paradigm of chronic inflammation-associated neoplasms

will prove useful in future investigations understanding and drug-targeting the

underlying mechanisms.

Infection and Cancer

Since the discovery that Helicobacter pylori infection leads to gastric cancer,

other chronic bacterial infections have been shown to cause cancer [19].

Streptococcus bovis (S. bovis)/infantarius was traditionally considered a lower

grade pathogen frequently involved in bacteremia and endocarditis. This bac-

terium became important in human health as it was shown that 25–80% of

patients who presented with S. bovis bacteremia also had a colorectal tumor. It

could also be demonstrated that S. bovis wall extracted antigens were able to pro-

mote carcinogenesis in rats [20]. Tobacco smoking can give a growth advantage

to tobacco tas-resistant Staphylococcus aureus (S. aureus) because tobacco tar-

sensitive S. aureus would not usually exist in the tumor micro-environment. The

tumor promotion stage would be the result of dominant growth of tumor necrosis

factor-� (TNF-�) inducing S. aureus and probably other bacteria, resulting in focal

trauma of the buccal cavity, respiratory tract, and other organs in humans [21].

Many bacteria that cause persistent infections produce toxins that specifi-

cally disrupt cellular signaling to perturb the regulation of cell growth or to

induce inflammation. Other bacterial toxins directly damage DNA. Such toxins

mimic carcinogens and tumor promotors, like TNF-�, and might represent a

paradigm for bacterially induced carcinogenesis [22]. Presently, about 100

genotypes of human papilloma virus (HPV) are known and several types have

been identified that cause specific types of cancers. The etiology of cancer of

the cervix has been linked to several types of HPV, with a high preponderance

of HPV 16. A major portion of anal, vulvar and penile cancers appeared to be

linked to the same HPV infections. In addition, close to 25% of oropharyngeal

cancers contain DNA from the same types of HPV and recent evidence sug-

gests a possible role of HPV infections in squamous cell carcinomas of the skin.

There is a viral (hepatitis B and C virus) and a nonviral cause of hepatocellular

carcinoma. Chronic necroinflammatory hepatic disease generates oxygen and

nitrogen reactive species with may influence cellular gene expression leading to

hepatocellular carcinoma [23].
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Although there are enormous regional differences, the global frequency of

cancer linked to infectious agents is between 17 and 24% with a rising tendency

because of increasing research efforts to evaluate the epidemiological, clinical

and molecular linkages between infection, inflammation and neoplasia [23].

Interdisciplinary Challenge

There is increasing experimental and clinical evidence that infections

either inducing oncogene products, e.g. HPV oncogene products E6 and E7, or

producing mutagenic bacterial toxins or maintaining chronic inflammation are

causally linked to cancer. These emerging insights into (1) the interplay of

cytokines and chemokines between cells, tissues and ECM; (2) the vascular and

lymphatic functions; and (3) the processes of chronic inflammation in the etiol-

ogy of carcinogenesis hold the promise of spawning new diagnostic, preventive

or therapeutic modalities for cancer-prone people or men with cancer. However,

this holds only true, if and only if, the global scientific community in health,

social and economic sciences exchanges their ideas without discrimination,

either politically, economically or ideologically and scientists, businessman and

patients respect each other; because every human being will become a patient

once.
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