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Abstract

A multicentre case-control study conducted by the FEBrile Infections and Melanoma (FEBIM) group has demonstrated a

reduced risk of melanoma associated with Bacille Calmette-Guérin (BCG) and/or vaccinia vaccination in early childhood and/or

with infectious diseases later in life. This has led to the recognition of a new risk indicator of melanoma; namely �not being vacci-

nated with either with BCG or vaccinia�. On the basis of these findings, we propose a hypothesis of immune surveillance for mel-

anoma induced or enhanced by prior contacts with pathogens unexpectedly cross-reactive to a cellular �marker of melanoma risk�.
The reduced risk of melanoma due to BCG and vaccinia, as well as certain common causes of infectious disease, is shown to be

associated with antigenic determinants exhibiting sequence homologies with the HERV-K-MEL-antigen. The latter is a product

of a pseudo-gene that is closely associated with the env-gene of the endogenous human retrovirus K (HERV-K). A suppressive

immune reaction appears to inhibit the expression of endogenous retroviral genes, such as the HERV-K env-gene, that could oth-

erwise result in malignant transformation years or even decades later. The HERV-K env-protein has homologous amino acid

sequences with the human nuclear factor Oxygen Responsive Element Binding Protein (OREBP) that controls the expression of

glutathione peroxidase. The formation of this and other redox-enzymes, needed to maintain appropriate levels of the normal intra-

cellular redox potential, seems to be suppressed by the OREBP-homologous protein. The present hypothesis is in accordance with

the concept that immune dysregulation due to adverse environmental impacts is a risk factor not only for some autoimmune dis-

orders, as previously described, but also for certain malignancies such as melanoma.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

During the 19th century, independent observations in

Germany, England and the United States of America
0959-8049/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ejca.2004.08.010

* Corresponding author. Tel.: +49 551 39 5758; fax: +49 551 39

4471.

E-mail address: bkrone@gwdg.de (B. Krone).
(USA) showed that severe infections such as erysipelas

can significantly modify the course of cancer, leading

in some cases to regression or even complete resolution

of the disease [1]. Against this background, certain bac-

terial components were used, apparently with some suc-
cess, in the treatment of cancer during the late 19th and

early 20th century. These included treatment of sarcoma

with the so-called Coley toxins which are mixtures of
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killed Streptococcus pyogenes and Serratia marcescens

[2]. In addition, many attempts have been made to use

Bacille Calmette-Guérin (BCG) for the same purpose,

and although intravesical BCG for treatment of superfi-

cial bladder cancer is of proven benefit [3], results with

other cancers have been variable and questionable [4].
It subsequently became apparent from several studies

that certain infections and vaccination strategies not

only affect the course of established cancers, but also re-

duce the risk for future development of certain malig-

nancies [5–7]. Interestingly, several hygiene-related

factors that are associated with a reduced risk of leukae-

mia have also been shown to be associated with a

reduced risk of atopic and allergic disorders [8].
Epidemiological studies covering several European

countries and Israel revealed that vaccinations with

BCG and/or vaccinia, and also the occurrence of some

uncommon, but severe, infectious diseases, were associ-

ated with a significantly reduced risk of subsequently

developing melanoma [9–11]. The findings of these epi-

demiological studies are briefly summarised in Table 1.

Moreover, in melanoma patients, the risk of dying was
halved over a study period of at least five years in those

with a history of BCG and/or vaccinia vaccination [12].

To formulate a testable immunological hypothesis, the

following specific questions are raised, analysed and

discussed:

1. Is the target of a postulated immune surveillance

mechanism an endogenous melanoma risk factor or
some kind of malignancy-associated antigen?

2. Is an immune surveillance mechanism for melanoma

induced or enhanced by prior contact with pathogens

with T cell epitopes unexpectedly cross-reactive with

a cellular �melanoma risk marker�?
3. Is a specific candidate target, sharing sequence

homologies with certain microbial antigens, able to

elicit an immune surveillance mechanism when pre-
sented to the immune system?

4. Are human endogenous retroviruses the basis of the

endogenous melanoma risk factor?

5. Does the target-specific immune surveillance suppress

endogenous retroviral activity?

6. What directs immune surveillance towards suppres-

sive signalling?
Table 1

Summary of the FEBIM study on the effects of vaccinia and BCG vaccinati

Vaccinations Number of cases/number of controls

Effect of vaccinations

No vaccinia, no BCG 63/37

Vaccinia and BCG 271/341

Only BCG 19/26

Only vaccinia 250/223

FEBIM, FEBrile Infections and Melanoma Group; BCG, Bacille Calmette-
* Adjusted for centre, sex, age, ethnic origin, freckling index, number of
7. How is a suppressive immune response achieved and

maintained throughout life?

8. Does the �melanoma risk protein� disturb the cellular

redox regulation, thereby inhibiting apoptosis?

In addition, we pose the question – are there realistic
vaccination strategies for the prevention of melanoma?

In this context, we identify and discuss possible alterna-

tives to BCG and vaccinia vaccination that could in the

future be used to protect the population against

melanoma (and possibly other cancers). Some closing

remarks are made on the possible underlying evolution-

ary processes and on the relevance of the hypothesis to

the overall maturation and function of the immune
system.
2. Is the target of a postulated immune surveillance

mechanism an endogenous melanoma risk factor or some

kind of malignancy-associated antigen?

The data of the FEBIM study reveal a newly recog-
nised risk factor for melanoma, namely �not being vacci-

nated with either BCG or vaccinia� (abbreviated

hereafter to �not vaccinated�). Certain co-variables of

�not vaccinated� were also investigated in parallel in this

study. In Table 2, we give some of the previously re-

ported data [11] from another perspective: the concom-

itant effect of �not vaccinated� with the absence of any

serious infectious disease in life. The two variables be-
have synergistically. Protection against melanoma is

not only afforded by one or both of the vaccinations,

but also by a history of one or more serious infectious

diseases. In view of the heterogeneous aetiology of the

infections, the influence on protection of individual

infections cannot be reliably determined. Moreover,

since these serious infections are uncommon nowadays,

melanoma protection of the present European popula-
tion is predominantly the result of prior vaccinations.

Until 1975, more than 90% of the European population

was vaccinated with vaccinia, but this is no longer the

case in the younger population in which BCG vaccina-

tion is currently only given to a few. Accordingly,

changes in vaccination strategies may be imposing an

additional melanoma risk.
on on the risk of melanoma development [11]

Adjusted Odds Ratios* 95% Confidence Intervals

1.0 Reference

0.41 0.25–0.67

0.40 0.18–0.85

0.60 0.36–0.99

Guérin.

naevi and number of sunburns.



Table 2

Summary of the FEBIM study on the joint effects of �not being vaccinated with vaccinia and/or BCG� on the risk of melanoma [11]

Co-variable Vaccination with BCG and vaccinia Concomitant effect (type of)

Yes No

Serious infectious disease

P1 1.00 1.21 (0.67–2.06)

n = 96 n = 12

0 1.12 (0.30–4.30) 3.03 (1.58–5.97) Synergistic

n = 516 n = 88

Vaccination with BCG or vaccinia

Yes No

Serious infectious disease

P1 1.00 1.97 (1.14–3.56)

n = 98 n = 12

0 1.28 (0.35–4.90) 3.45 (1.79–6.80) Synergistic

n = 420 n = 89

The Odds Ratios (95% Confidence Intervals) for melanoma risk and the number of patients and controls (n) analysed are shown. Odds ratios are

adjusted for centre, sex, age, ethnic origin, freckling index, number of naevi and number of sunburns.

Table 3

Joint analyses of the melanoma risk indicator �not being vaccinated with either BCG or vaccinia� compared with �being vaccinated with BCG and/or

vaccinia� and five co-variables of melanoma risk

Co-variable Vaccination Concomitant effect (type of)

Yes No

Skin-type (Fitzpatrick)

III/IV 1.00 1.68 (0.93–3.05)

n = 607 n = 58

II 1.80 (1.18–2.78) 2.15 (0.65–8.34)

n = 396 n = 30

I 1.54 (1.16–2.05) 6.37 (3.50–19.64) Synergistic

n = 126 n = 12

Sunburns in life

0 1.00 1.51 (0.76–3.01)

n = 338 n = 46

1–5 0.93 (0.68–1.26) 2.29 (1.14–4.76)

n = 596 n = 45

>5 1.39 (0.91–2.14) 5.30 (0.87–102.48) Synergistic

n = 191 n = 8

Naevi

0 1.00 2.51 (1.16–5.77)

n = 272 n = 35

1–4 1.05 (0.70–1.48) 5.24 (1.89–17.10)

n = 387 n = 22

>4 1.56 (1.10–2.22) 1.71 (0.84–3.57) Non-cumulative

n = 465 n = 42

Freckles on arm

0 1.00 3.26 (1.60–6.87)

n = 457 n = 39

10–20 1.57 (1.17–2.10) 2.38 (1.09–5.32)

n = 426 n = 31

>20 3.03 (2.13–4.35) 4.06 (1.78–10.17) Non-cumulative

n = 247 n = 30

Nutritional selenium

Sufficient 1.00 1.48 (0.94–2.06)

n = 1008 n = 83

Sub-optimala 0.89 (0.62–1.29) 8.09 (1.84–35.55) Uni-directionally enhancing

n = 122 n = 17

The Odds Ratios (95% Confidence Intervals) for melanoma risk and the number of patients and controls (n) analysed are shown. Odds ratios are

adjusted for sex, age, and other known risk factors.
a Centres from the former West-Germany (Berlin, Göttingen, Hamburg).
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Additional joint analyses between �not vaccinated�
and other co-variables reveal more concomitant effects

which are of practical as well as theoretical relevance:

a synergistic association with two indicators of skin

damage, namely skin type Fitzpatrick I and >5 sunburns

in life, and a non-cumulative association of the newly
recognised melanoma risk factor �not vaccinated� with,
respectively, the two pigment anomalies, namely >4 nae-

vi and >20 freckles on the arm (Table 3).

Thus, people with light sensitive skin and with re-

peated sunburns, who are already known to have a high-

er melanoma risk, are at an even greater risk if they have

not been vaccinated. The observed concomitant effects

of the vaccinations and the co-variables on melanoma
risk imply that these factors are not independent. The

non-cumulative association of the newly recognised risk

indicator �not vaccinated� with the pigment anomalies of

more than 4 naevi and more than 20 freckles on an arm,

respectively, indicates that �not vaccinated� and the two

variables are reflecting a single underlying melanoma

risk factor. Moreover, this suggests that the target of

the immune surveillance is an endogenous factor rather
than one that is only expressed in cells that have already

undergone malignant transformation.

From these data, it may be postulated that vaccinia

and BCG vaccinations induce or enhance an immune

surveillance mechanism that is able to suppress the man-

ifestation of a genetically encoded melanoma risk factor.

The association of this risk factor with two different

types of pigment anomalies suggests that it may affect
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3. Is an immune surveillance mechanism for melanoma
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esis, three putative steps in the initiation of a melanoma

may be considered, as summarised in Fig. 1.

1. In the initial step, a gene involved in the development

of a melanoma is activated, and its gene products are

expressed.

2. The subsequent events are determined by the activity
of immune surveillance that is based on recognition of

a �marker peptide� closely linked to the �melanoma
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presentation to the immune system by human leuco-

cyte antigen (HLA) class 1 molecules. It is postulated

that an effective melanoma immune surveillance

based on recognition of this epitope depends on the

induction of clones of unexpectedly cross-reactive

CD8+ T-cells by certain prior infections and/or vacci-
nations. Such T cells, through recognition of a �mark-

er peptide�, might well be able to downregulate the

cellular expression of a �melanoma risk protein� or
the activation of the gene coding for the �marker

peptide�.
3. If immune surveillance is not active or effective

enough to inhibit the activity of the �melanoma risk

protein�, this protein could be responsible for the dis-
turbance of the redox-regulation within the cell, lead-

ing to the formation of an anomalous type of melanin

which, in turn, leads to a qualitative enhancement of

any form of oxidative stress within the cell. A high

oxygen tension within the cell inhibits apoptosis.

Thus, if the immune surveillance mechanism fails,

the stage of tumour initiation gives way to that of

tumour progression. At this stage, tumour progres-
sion induced, for example, by sunburns, is accom-

plished by the catalytic generation of highly reactive

radicals and other reactive oxygen species (ROS)

which damage the DNA within the cell. In the follow-

ing sections, the diverse aspects of the concept of

immune surveillance and the various factors involved

are discussed.
4. Is a specific candidate target, sharing sequence homol-

ogies with certain microbial antigens, able to elicit an

immune surveillance mechanism when presented to the

immune system?

Over millions of years of evolution, DNA of retrovi-
ral origin acquired by infection has been incorporated

into the genomes of human beings and their ancestors.

These genetic elements, termed human endogenous ret-

roviruses (HERVs), make up approximately 8% of the

human genome and possibly outnumber the functional

genes. They are thought to have played a key role in

evolution by enlarging the genome and by contributing

to genetic polymorphisms, including those of the com-
plement proteins and the major histocompatibility com-

plex [13].

Hundreds of HERVs have been described and allo-

cated to several groups. Most are functionally degener-

ate, although some code for antigenic peptides and,

rarely, whole retroviral proteins and enzymes or even

viral particles, although no HERV capable of being

transactivated into an infectiously transmissible virus
has been found. In general, the �younger� the HERV,

the more likely it is to have some functional activity.
The HERV-K group is of relatively recent origin, having

been acquired around the time of the human–chimpan-

zee evolutionary split. By means of their transposon-like

activity, HERVs are able to affect the expression of

nearby genes, and they have therefore attracted great

interest as oncogenes and as triggers for certain autoim-
mune disorders. Many HERV-encoded tumour marker

antigens have been found on solid tumours and leukae-

mia cell lines, leading to speculations about their causa-

tive role in cancer.

Investigation of a specific cytotoxic immune response

to melanoma cells in a patient with this disease led to the

characterisation of the target antigen, a nona- or deca-

peptide with the amino-acid sequences of, respectively,
MLAVISCAV and AMLAVISCAV, coded for by a hu-

man endogenous retrovirus in the HERV-K group [14].

This viral marker is termed HERV-K-MEL and is a

putative key factor in melanoma development as it is

present in most melanomas and also in their presumed

precursors, the dyplastic melanocytic naevi, but not in

normal skin or in other normal tissue. Accordingly,

the expression of this specific peptide may, directly or
indirectly, be associated with cell damage paving the

way for the development of malignancy. The presenta-

tion of this peptide to CD8+ T cells is HLA-restricted,

being presented in association with the HLA class I-mol-

ecule HLA-A2 which has a frequency of approximately

50% in the European population [14]. Since HERV-K-

MEL is a nona- or decapeptide, its presentation to the

immune system with HLA-class I does not depend on
proteolytic antigen processing.

The above considerations raise the question of why

various vaccinations and natural infections confer pro-

tection against melanoma and how this is related to

the surveillance mechanism. This, as discussed above,

we ascribe to exposure to pathogens, by natural infec-

tion or immunisation, with unexpected antigenic cross-

reactivity and the resulting expanded populations of
cross-reactive T cells [15]. Similarities could be detected

between the HERV-K-MEL antigen and peptide se-

quences in over 70 human pathogens, as shown in Table

4. The short peptide sequences from these microorgan-

isms, many of them able to cause severe infectious dis-

ease, are, at least in principle, capable of being

presented as small peptides by HLA-A2 molecules be-

cause of the presence of known anchor sequences for
the HLA-A2 molecule. Prior vaccinations against, or

infections by, one or more of these microorganisms

might well lead to clonal expansion of cells able to par-

ticipate in immune surveillance mechanisms involving

cells presenting the HERV-K-MEL peptide.

It is noteworthy that the microorganisms found to

contain sequence homologies with the HERV-K-MEL

peptide include the causative organisms of most of the
infectious diseases that were found to induce protection

against melanoma in the FEBIM study, whereas



Table 4

Peptide sequences from selected examples of pathogenic microorganisms exhibiting homologies to the (deca)/nonapeptide (A)MLAVISCAV or

(A)MLAVVSCAV from HERV-K-MEL with conserved anchor sequences (in bold) for presentation to CD8+ cells by HLA-A2 class I moleculesa

Microorganism Consensus sequence Sequence Length Position Polypeptide

Bacillus cereus ML_AVIS.AV MLGAVIS_AV 338 160–168 Ferric anguibactin transport system

permease protein fatD

Bacteroides thetaiotaomicron ML.++SCA MLVLLSCA 257 1–8 Conserved hypothetical protein

Campylobacter jejuni +LAVI.AV LLAVI—AV 488 243–249 Putative amino-acid transport protein

Chlamydia trachomatis AM.+A++SCAV AMFVAIVSCAV 360 137–147 Hypothetical protein

M+..ISCAV MMDAISCAV 412 248–256 Glutamate symport

Entamoeba histolytica AML.V.SCA AMLVVSSCA 843 553–561 19 S Cap proteasome S2 subunit

Enterococcus faecalis V583 A.L.+ISCA ATLNIISCA 324 289–297 Ribose-phosphate pyrophosphokinase

Enterococcus faecium A+LAVI.CA+ AVLAVI_CAI 450 408–416 Hypothetical protein

Escherichia coli AMLA_VVS.AV AMLAVVSGAV 156 22–32 Cytochrome c-type protein

+LA+.SCAV LLAIASCAV 191 115–120 Putative fimbrial-like protein sfmA

Giardia lamblia A++AVI.CAV AVIAVIGCAV 569 545–554 GLP_77_40692_38983

Haemophilus influenzae LA.VSC.V LAGVSCDV 610 318–325 Glucosamine-fructose-6-phosphate

aminotransferase

Klebsiella pneumoniae A.LA+I.CA AFLAMIPCA 540 179–187 PTS system, a-glucoside-specific II BC

component

L+.ISCAV LSGISCAV 373 113–120 Hypothetical 42.6 kDa protein in CPS

region (ORF8)

Legionella pneumophila A+LA+.S.AV AVLALGSSAV 289 10–19 Major outer membrane protein

precursor

Leptospira interrogans ML..VSC.V MLGFVSCIV 804 441–449 Predicted HD family protein

Listeria monocytogenes AMLA.—ICA AMLAAIDYFCA 365 105–115 Similar to aminotripeptidase

Moraxella catarrhalis LAVI+.AV LAVIA—AV 453 8–14 Outer membrane protein CD

Mycobacterium bovis

(including BCG)

+LAV_V..AV LLAVDVVPIAV 330 70–80 Probable periplasmic iron-transport

lipoprotein

Mycobacterium fortuitum-chelonae +L.VV..AV LLGVV_AV 409 389–395 Tap protein

Mycobacterium leprae AMLA+.+AV AMLAIFAAV 300 205–212 CDP-diacylglycerol-serine

o-phosphatidyltransferase homologue

Mycobacterium marinum AM.AV.+.AV AMSAVAALAV 309 12–21 Erp protein precursor

Mycobacterium tuberculosis M+A+IS.AV MIALISYAV 608 165–173 Hypothetical protein

Neisseria gonorrhoeae LA.VS.AV LAGVSYAV 174 130–137 Outer membrane protein

Neisseria meningitides ML..I+CA MLGGITCA 823 96–103 Cation transport ATPase, E1–E2 family

Orf virus +LAV.+.AV LLAVAAVAV 74 38–46 Homolog to vaccinia virus F9L protein

Pasteurella multocida LAV++CA LAVVTCA 443 55–61 Unknown

Pseudomonas aeruginosa AML.+IS.AV AMLVIIS_AV 296 273–281 Conserved hypothetical protein

Salmonella enterica MLA+I..AV MLAMIVSAV 710 662–670 Putative membrane protein igaA

homolog

Serratia marcescens A.LAV+.CAV AFLAVVHCAV 217 182–191 Unknown

Shigella flexneri AMLA.V+S.AV AMLALVVSGAV 156 22–32 Cytochrome c-type protein

Staphylococcus aureus MLA.IS.AV MLAGISVAV 331 244–252 Lipoprotein

Streptococcus agalactiae A+L.A.ISCAV ALLRAFISCAV 431 159–169 Sensor histidine kinase

Streptococcus pneumoniae +LAVV+—CAV LLAVVTIVFCAV 136 22–33 Conserved hypothetical protein

Streptococcus pyogenes ML—AV.SCA+ MLKQAV_SCAI 164 112–121 Conserved hypothetical protein

Treponema pallidum LAV.+CAV LAVSTCAV 1140 209–216 transcription-repair coupling factor

Vaccinia virus A.LAV.I+CA ASLAVVIACA 1504 116–125 Polyprotein

Vibrio cholerae LAV++CA LAVVTCA 442 55–61 Anaerobic C4-dicarboxylate

transporter

Vibrio parahaemolyticus AMLA.I.C.V AMLAAIMCIV 295 143–152 Putative transmembrane protein

Yellow fever virus LAV.S.AV LAV_SSAV 3411 3287–3293 Polyprotein

Yersinia enterocolitica L.V++CAV LNNVVACAV 95 68–75 Transposase

Also given are the polypeptides and the position of the sequence therein.

HLA, human leucocyte antigen; HERV, human endogenous retrovirus; ATP, adenosine triphosphate; CDP, cytidine-50-diphosphate.
a Additional human pathogenic microorganisms with homology: Ajellomyces capsulatus, Babesia bovis, Bacillus anthracis, Bacteroides fragilis,

Bartonella bacilliformis, Bordetella pertussis, Bordetella bronchiseptica, Borrelia burgdorferi, Brucella mellitensis, B. abortus, B. suis, Californian

encephalitis virus, Chlamydia pneumoniae, Clostridium tetani, Corynebacterium diphtheriae, Coxiella burnetii, Cryptococcus neoformans, Francisella

tularensis, Haemophilus ducreyi, Helicobacter pylori, Japanese encephalitis B virus, Leishmania donovani, Leishmania major, molluscum contagiosum,

Mycoplasma penetrans, Plasmodium falciparum, Pneumocystis carinii, Proteus vulgaris, Rochalimaea quintana, Rickettsia rickettsii, Salmonella typhi,

Staphylococcus epidermidis, tick-borne encephalitis virus, Toxoplasma gondii, Trichomonas vaginalis, Tropheryma whippeli, Trypanosoma brucei

gambiense, Trypanosoma cruzi, Venezuelan equine encephalitis virus, and Yersinia pestis.
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Table 5

Vaccinations and diseases (with fever of >38.5 �C) which correlate significantly with reduced melanoma risk

Vaccination or disease OR 95% CI Causative agents with the homology Causative

agents without

the homology

Related microorganisms with the

same homology

BCG-vaccination 0.40 0.18–0.85 Mycobacterium bovis Mycobacterium tuberculosis,

Mycobacterium leprae,

Mycobacterium avium-

intracellulare, Mycobacterium

fortuitum-chelonae

Vaccinia-vaccination 0.60 0.36–0.99 Vaccinia virus orf virus, molluscum

contagiosum virus, ectromelia

virus, African swine fever virus

Tuberculosis of the lung 0.16 0.01–0.98 Mycobacterium tuberculosis, Mycobacterium bovis

Infections due to Staphylococcus aureus 0.54 0.31–0.94 Staphylococcus aureus Staphylococcus epidermidis

Sepsis 0.23 0.06–0.70 (a) Frequent causes: Streptococcus pneumoniae, Streptococcus

pyogenes, Klebsiella pneumoniae, Enterococcus faecalis,

Enterococcus faecium, Pseudomonas aeruginosa, Bacteroides

thetaiotaomicron, Bacteroides fragilis, Neisseria meningitides,

Streptococcus agalactiae, Escherichia coli, Proteus vulgaris. (b) Rare

causes: Haemophilus influenzae, Bacteroides fragilis, Salmonella

enteritidis, Pasteurella multocida, Neisseria gonorrhoeae,

Campylobacter jejuni, Serratia marcescens

Pneumonia 0.45 0.27–0.73 (a) Frequent causes: Streptococcus pneumoniae, Staphylococcus

aureus, Chlamydia trachomatis, Streptococcus pyogenes,

Haemophilus influenzae, Klebsiella pneumoniae, Neisseria

meningitides, Pseudomonas aeruginosa, Bacteroides

thetaiotaomicron, Bacteroides fragilis, Chlamydia pneumoniae,

Legionella pneumophila, respiratory syncytial virus. (b) Rare

causes: Coxiella burnetii, Ajellomyces capsulatae, Bacillus anthracis,

Moraxella catarrhalis, Leptospira interrogans, Pneumocystis carinii,

Francisella tularensis, Cryptococcus neoformans, Mycobacterium

avium-intracellulare

Influenza 0.65 0.48–0.86 Haemophilus influenzae, Streptococcus pneumoniae, Staphylococcus

aureus

Influenza virusb

Infectious enteritisa 0.70 0.52–0.94 Shigella dysenteriae, Salmonella enteritidis, Helicobacter pylori,

Campylobacter jejuni, Yersinia enterocolitica, Escherichia coli,

Clostridium difficile, Vibrio parahaemolyticus, Entamoeba

histolytica, Bacillus cereus, Staphylococcus aureus, Yersinia

enterocolitica, Pseudomonas aeruginosa, Entamoeba histolytica,

Vibrio cholerae, Giardia lamblia,

The table shows frequent and rare causative agents of these diseases with sequence homologies to the appointed target antigen HERV-K-MEL (including the anchor sequences for presentation with

HLA-A2) as well as frequent causes of the diseases without the sequence homology.

OR, Odds Ratio; 95% CI, 95% Confidence Interval. Odds ratios are adjusted for centre, sex, age, ethnic origin, freckling index, number of naevi and number of sunburns.
a With at least elevated temperature.
b Severe disease associated with influenza is often the result of bacterial superinfection.
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Table 6

Diseases (with fever of >38.5 �C) which did not correlate significantly with reduced melanoma risk

Vaccination or disease OR 95% CI Causative agents with the homology Causative agents without the

homology

Bronchitis 0.56 0.29–1.05 Streptococcus pneumoniae, Haemophilus influenzae,

Moraxella catarrhalis, Chlamydia trachomatis, Bordetella

pertussis

Diverse respiratory viruses

Mycoplasma pneumoniae

Meningitis 0.59 0.20–1.59 Neisseria meningitides, Streptococcus pneumoniae,

Haemophilus influenzae, Streptococcus agalactiae,

Enterococcus faecium, Enterococcus faecalis, Listeria

monocytogenes, Klebsiella pneumoniae, Pseudomonas

aeruginosa, Salmonella enteritidis, Staphylococcus aureus

Diverse viruses such as

enteroviruses, mumps virus,

adenovirus, EBV

Hepatitis 0.74 0.35–1.53 Diverse hepatitis viruses, EBV

Herpes simplex 0.88 0.42–1.81 Herpes simplex virus

Erysipelas 0.77 0.32–1.82 Streptococcus pyogenes Other Streptococci

Rheumatic fever 0.84 0.23–2.00 Streptococcus pyogenes Other Streptococci

Urinary tract infections 0.86 0.41–1.79 Klebsiella pneumoniae, Enterococcus faecium, Enterococcus

faecalis, Pseudomonas aeruginosa, Serratia marcescens

B-Streptococci, Staphylococcus

saprophyticus, Providentia,

Alcaligenes

Cholecystitis 0.95 0.32–2.78 Streptococcus pyogenes, Bacteroides, Pseudomonas

aeruginosa, Klebsiella pneumoniae, Salmonella enteritidis

Other Streptococci

The table shows frequent and rare causative agents of these diseases with good sequence homology to the appointed target antigen HERV-K-MEL

(including the anchor sequences for presentation with HLA-A2) and frequent causes of the diseases without the sequence homology. Odds ratios are

adjusted for centre, sex, age, ethnic origin, freckling index, number of naevi and number of sunburns.

EBV, Epstein Barr Virus.
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infections which were not significantly associated with

melanoma protection were mainly caused by other

microorganisms (Tables 5 and 6).

At the present time, it is not known whether the rele-

vant microbial peptides are cleaved from corresponding

proteins by proteolysis. It also remains to be determined

whether only those individuals who express the HLA-A2

tissue type are protected against melanoma by vaccina-
tion or serious infectious disease. It is possible that other

as yet undiscovered melanoma-associated antigens show

different forms of HLA restriction. Thus, for example,

melan A, a DNA repair enzyme, is another important

melanoma antigen. The human gene for melan A seems

to have been acquired from prokaryotes by horizontal

gene transfer and, as it shares sequence homologies with

analogous proteins in most bacteria [16], this target (as
well as others) might therefore substitute for the

HERV-K-MEL �marker peptide� of melanoma risk.

Although most other types of tumour that have been

studied differ from melanoma in not expressing the

HERV-K-MEL peptide, there are exceptions including

some sarcomas and carcinomas [14]. Accordingly, this

type of immune control of tumours may not be re-

stricted to melanoma, especially if the many other de-
scribed HERV-related cancer antigens elicit similar or

identical immune responses.
5. Are human endogenous retroviruses the basis of the

endogenous melanoma risk factor?

Endogenous retroviral genes are normally not ex-
pressed in melanocytes or other normal adult cells,
although it has recently been shown that the HERV-K

env-protein (envelope protein) is formed in melanoma

[17]. The corresponding gene is, with 60–200 copies, part

of the human genome [18,19]. The HERV-K-MEL pep-

tide stems from the env-gene region of HERV-K, though

it is not part of the same ORF that codes for the env-pro-

tein. A genetic pre-disposition to melanomawould result,

for example, from the absence of stop codons within at
least one copy of a gene, such as the env-gene, and from

a failure of gene repression which can result from a

hypomethylation of genomic retroviral DNA (see below).

Accumulating mutagenic events in a specific somatic cell

removing all stop codons of this gene in combination with

a failure of gene repression could launch the initiating

events in the development of melanoma.

Despite widely held earlier views, the antigens recog-
nised by the immune system are not �foreign�, but �weak-
self�, with immune regulatory pathways preventing weak

self-recognition from inducing autoimmune reactions.

Such self-recognition, which develops during embryo-

genesis (during which time antigens rarely expressed in

the adult are expressed and recognised), enables the im-

mune system to maintain a surveillance of the body to

detect and rectify harmful endogenous events such as
malignant transformation as well as the effects of invad-

ing pathogens. The internal self-image of the body �seen�
by the immune system has been termed the �immunolog-

ical homunculus� [20]. This is a paradigmatic change in

immunology. It allows for an easier understanding

why the HERV-related antigens are part of �self� and,
as such, are detectable, by immune surveillance mecha-

nisms when expressed on normal or cancer cells. T cell
clones expanded by prior immune contact with cross-
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reactive microorganisms are the initiators, or at least the

enhancers, of the immune surveillance. We postulate

that this immune surveillance potentially affects other

retroviral genes, either their expression or functional

activity, as well as the expression of other cellular genes

which come under the influence of endogenous retrovi-
ral elements [13,19].
6. Does the target-specific immune surveillance suppress

endogenous retroviral activity?

As mentioned above, the HERV-K-MEL-associated

antigen mediates a cytotoxic immune response and, in-
deed, such cytotoxicity led to its discovery. While cyto-

toxicity undoubtedly plays a key role in the immune

defence against established tumours, we postulate that

cytolytic immune reactions are not involved in the pre-

vention of the initial stages of melanoma development

– that part of the story which is of relevance with regard

to our current hypothesis on melanoma prevention.

Rather than destroying cells that present the auto-anti-
gen, it appears more likely that the immune defence

mechanisms suppress its expression and also the expres-

sion of the closely associated HERV-K env-protein.

Thus, a principal function of immune surveillance may

well be to rectify an underlying malfunction, thereby pre-

venting the transcription of the HERV-K-MEL pseudo-

gene as well as of the HERV-K env-gene and possibly to

also preventing the adverse effects of the expression of
other retroviral genetic elements. There are clear advan-

tages to the host of suppressive rather than cytotoxic im-

mune reactions against endogenous antigens which are

coded for in all of the cells of the body.
7. How is a suppressive immune response achieved?

CD8+ T cells expanded by prior contacts with micro-

organisms with cross-reactive antigens should, as de-

scribed above, recognise the HERV-K-MEL retroviral

antigen which is presented with HLA-A2. When acting

as specific suppressor T cells, they transmit one or more

soluble factors to the target cells by cell-to-cell contact.

The involvement of such soluble factors in the mode of

action of T suppressor cells has long been recognised
and a major candidate is the ganglioside, LM1 [21]. This

molecule has been shown in several studies to have

important effects on cell growth and differentiation – it

can normalise a malignant phenotype in various pre-ma-

lignant cell lines, cause a cell cycle arrest within the G0/

G1 phase of the cycle [22,23], and it suppresses the

expression of retroviral mRNA (see below).

In this context, it has been suggested that the signal
transduction of the LM1-effect involves phospholipase

A2 which is regulated by G-proteins and mitogen acti-
vated protein (MAP)-kinases, and via an activation of

protein kinase C. Various gene activities induced by

LM1 have been demonstrated in human promyelocytic

cells [24], and three of the differently expressed mRNAs

identified as stemming from parts of the human genome

have recently been characterised (Nos. 7, 10 and 11 in
Table 1 of [24]; Krone, data unpublished). Thus, LM1

induced an mRNA coding for the hypothetic protein

MGC22679 with motifs known to mediate transcrip-

tional repression [25], whereas it suppressed two

mRNAs from the human genome which are, respec-

tively, highly homologous to human endogenous retro-

viruses; namely, HERV-K (I) and a human cellular

counterpart of feline sarcoma retrovirus mRNA. The
gene product of the latter has transforming capabilities,

and its activity is required for maintenance of cellular

transformation [26]. The mRNAs of the two aforemen-

tioned retroviruses themselves were not found but, in-

stead, a �patchwork� of the retroviral sequences making

up >95% of these mRNAs was found, suggesting a sup-

pression of retroviral gene expression. In addition,

HERV expression is known to be strongly downregu-
lated by agents that induce cellular differentiation [13].

The influence, postulated above, on the expression of

proteins needed for normal redox processes was also ob-

served. In the same experiment, LM1 induced NADH

ubiquinone oxidoreductase and a thioredoxin homo-

logue, an enzyme and a protein co-enzyme, respectively,

that are physiologically involved in redox processes [24].

One important reason why endogenous retroviral
genes are not normally expressed by cells is that tran-

scription of the HERV provirus is prevented by hyperme-

thylation of the DNA [27,28]. Conversely, expression of

these antigens in some cells is due to DNA hypomethyla-

tion. In such cells, a likely reason why transmission of

LM1 stemming from appropriately co-operating macr-

ophages suppresses expression of the gene is that LM1 in-

duces S-adenosyl-homocysteine hydrolase, the enzyme
which catalyses the production of active methyl groups

for the methylation of DNA [24,29], thereby re-establish-

ing hypermethylation.

Although we could not find any specific report in the

literature of a role for LM1 in the regulation of melano-

mas, such a role is, in principle, probable. As has also

been described for other tumour cells, various ganglio-

sides are known to be enriched on melanomas, with the
ganglioside pattern differing, qualitatively and quantita-

tively, from that on precursor cells [30], and gangliosides

shed from melanomas are known to have immunosup-

pressive activity [31]. Some gangliosides, such as GD1b,

GT1b and GQ1b, have been shown to suppress the

growth of human melanoma [32]. Moreover, a role in sig-

nal transduction has been ascribed for gangliosides [33].

Specific cytotoxic immune responses to the expressed
HERV may also be directly suppressed by the antigen

itself [34], or they could be indirectly inhibited by
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suppressor macrophages [35]. A major problem is that

different immune reactions may be required for the pre-

vention of cancer and for the destruction of established

tumours. In this context, the T-helper cell type 2 cyto-

kine interleukin 4 enhances the antigenicity of mel-

anoma cells, thereby increasing their ability to activate
cytotoxic T cells and to act as targets for these cells [36].
8. What directs immune surveillance towards suppressive
signalling?

First, within the framework of the above-mentioned

concept of �weak self-recognition�, T cell clones with a

close homology to the endogenous target antigen should

have an intrinsic preference for a suppressive mode of ac-

tion. Second, it has long been recognised that exposure to

a small amount of antigen favours induction of toler-
ance, but why? The simplest idea is that a specific T-cell

requires repeated contact with an antigen to become acti-

vated. Several possible mechanistic models are reviewed

by Jun and Goodnow [37]. We suggest that this activa-

tion is based on the induction of receptor cross-linking

which cross-activates adjacent kinases, as demonstrated

for receptor tyrosine kinases, such as the insulin receptor

[38]. After repeated antigen contacts, and with the help of
active CD4+ T-cells, the specific CD8+ T-cell becomes

activated to have a cytotoxic effect on an antigen-

presenting cell. On the other hand, in the presence of a

relatively small amount of antigen, and in the absence

of the specific help of active CD4+ T-cells and of profes-

sional antigen-presenting cells, the specific CD8+ T-cell is

likely to encounter the antigen just once, rather than

repeatedly over a short period of time. (A comparable
situation is given in the case of a slowly increasing

amount of antigen, together with a slowly enlarging pop-

ulation of specific T-cells.) Although only in contact with

the antigen once, the T-cell will have repeated contacts

with cells of granulocyte/macrophage lineage. We postu-

late that this is a physiological process and that during

these contacts with cells of this lineage, such T-cells will

acquire – from the cell membrane of the granulocytes/
macrophages – gangliosides and other lipids which mod-

ify the structure of the T-cell receptor complex. Upon

contact with their specific target, these T-cells will, as a

result of the modification of their receptors, react in a tol-

erogenic and immunosuppressive manner, as described

for the insulin receptor tyrosine kinase activity that is

blocked by the ganglioside, LM1 [39].
9. How is active immune surveillance maintained through-

out life?

Most human beings have melanocytic naevi.

Although dysplastic naevi are regarded as precancerous

lesions, only a few will develop into melanoma, indicat-
ing that although most persons are adequately pro-

tected, some require enhancement of their protection.

In this context, it is possible to distinguish four groups

of individuals in relation to melanoma –

Group 1.
Persons who are adequately protected by immune sur-

veillance and never develop a melanoma.

Group 2.

Those who have some degree of protection and develop

melanoma late in life.

Group 3.

Those who are less well protected and develop mel-

anoma earlier in life.
Group 4.

Those who have a different type of melanoma that is

not subject to the immunological control under consid-

eration and who tend to develop the disease early in

life.

It is likely that many persons in groups 2 and 3 move

to group 1 after experiencing appropriate immune stim-
uli, but those in group 4 are unlikely to be protected and

develop melanoma, irrespective of their history of vacci-

nation or infections. Thus, in a vaccinated population,

relatively more melanoma patients would be expected

to belong to group 4. This could explain the paradoxical

findings in the FEBIM studies [11] that, although the

incidence of melanoma was significantly lower in indi-

viduals with a history of vaccinia and/or BCG vaccina-
tion than in those who had received neither vaccination,

the mean age of those developing the disease was about

10 years lower in the former population compared with

the latter (P < 0.0001, t-test).
10. Does the ‘melanoma risk protein’ disturb the cellular

redox regulation, thereby inhibiting apoptosis?

It is postulated that the HERV-K env-protein is the

principal candidate for the �melanoma risk protein�
and, accordingly, the complete env-protein or truncated

fragments of it play an important role in melanoma

development. The env-protein has, between amino acids

488 and 529, a sequence homology with a human nucle-

ar factor termed the Oxygen Responsive Element Bind-
ing Protein (OREBP), also known as the Nuclear Factor

of Activated T Cells (NFAT) [40,41]. This factor is

essential for controlling the redox regulation of the cell

and is itself regulated by the oxygen tension within the

cell. OREBP is a homo-dimer that forms a stable dimer

with human DNA at the two oxygen responsive ele-

ments, ORE1 and ORE2. The homologous viral env-

protein might block the binding of OREBP to DNA,
altering the redox regulation of the cell via the biosyn-

thesis of an anomalous melanin pigment.
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OREBP regulates the expression of glutathione per-

oxidase, a selenium-dependent enzyme, that catalyses

the reduction of hydrogen peroxide (H2O2) to water

(H2O). Low levels of the enzyme lead to enhanced con-

centrations of H2O2 and of superoxide anion radicals.

Moreover, melanin binds metal ions. In the presence
of elevated levels of H2O2, Fe

2+-ions catalyse the Fenton

reaction so that hydroxyl-radicals (�OH) are formed.

Within the cell, an accumulation of metal ions is associ-

ated with metallothioneins, elevated intracellular levels

of which have recently been found to be associated with

an unfavourable prognosis for melanoma [42]. Accord-

ingly an enhanced level of metallothioneins in a pre-

melanotic cell might well be an unfavourable risk factor
for melanoma. A well regulated redox condition of the

cell is necessary for the biosynthesis of normal melanin,

whereas an anomalous pigment is formed in the pres-

ence of redox dysregulation. Endogenous or exogenous

oxidative stress is enhanced by the anomalous pigment,

and qualitatively more reactive oxygen species, such as
�OH, are formed [43]. These cause damage to diverse cel-

lular structures, including DNA, and the enhanced oxy-
gen tension induces the activation of the nuclear factor

NF-jB and of other redox-dependent transcriptional

factors that have an anti-apoptotic activity [44–46], to-

gether paving the way to malignancy. This process

may continue for years or decades.

In this context, there may be a parallel to nutrition-

derived selenium which exerts an influence on these

processes. Low levels of this element have been found
in adults with a number of cancers, notably breast can-

cer [47], and in children, particularly those with wide-

spread cancer [48]. Conversely, although questions of

cause and effect remain, optimal levels of selenium are

associated with tumour protection as well as with a late

onset of tumour manifestation. Selenium levels in water

supplies and food vary considerably between and within

countries. Using recently published data [49], we have
shown, for the first time, that low selenium levels in

the local environment are associated with an enhance-

ment of melanoma risk in the �not vaccinated� group,
but not in the vaccinated group (Table 3). This suggests

that the underlying melanoma risk factor manifests itself

in a selenium-dependent way, possibly related to the

role of the selenium-dependent enzyme, glutathione

peroxidase.
In the FEBIM study, patients in the combined centres

Berlin and Göttingen, Germany, lived in regions with

low selenium concentration in the soil. Healthy control

persons from Berlin (Germany) had a median selenium

level of 0.452 lg/g in their toenails which was lower than

that in all the other seven European countries investi-

gated and in Israel, with a median selenium level of

0.611 lg/ml [50]. As our findings suggest that the vacci-
nia and BCG vaccinations negate a melanoma-enhanc-

ing effect of a suboptimal nutritional selenium supply,
further studies on selenium and tumour risk should take

the vaccination status into account.
11. Statement and summary of the hypothesis

We postulate that BCG and vaccinia as well as cer-

tain common causes of infectious disease are associated

with a reduced risk of melanoma because they code for

antigenic determinants showing sequence homologies

with the HERV-K-MEL-antigen, a product of a pseu-

do-gene which is part of the env-gene of the endogenous

human retrovirus K (HERV-K). A suppressive immune

reaction appears to inhibit the expression of endogenous
retroviral genes, such as the HERV-K env-gene, that

might otherwise result in malignant transformation

years or even decades later. The HERV-K env-protein

has homologous amino acid sequences with the human

nuclear factor OREBP which controls the expression

of glutathione peroxidase. The former might, in turn,

suppress the formation of this and other redox-enzymes,

of which appropriate levels are necessary for a normal
redox potential within the cell.
12. Are there realistic vaccination strategies for the

prevention of melanoma?

Certain microorganisms have been used from time to

time as non-specific immune stimulants in the treatment
of cancer. These include BCG and listeria, both of which

have sequence homologies with the HERV-K-MEL

antigen (Table 4). Among the various microorganisms

with this homology, S. marcescens shows a particularly

close sequence homology with the melanoma antigen –

only Entamoeba histolytica and Treponema pallidum

show a closer homology. In this context, killed S. mar-

cescens (previously termed Bacillus prodigiosus) was a
principal component of Coley toxins used in the late

19th and early 20th centuries for the treatment of sarco-

mas and other malignancies, including melanoma. In

view of this hypothesis, Coley toxins or S. marcescens

in some other suitable formulation might well be worth

a reinvestigation for use in cancer prophylaxis, as well as

in treatment.

Vaccinia and BCG were once widely used as vaccines.
The former was abandoned with the conquest of small-

pox, and BCG is no longer used in many developed na-

tions. More than a dozen of the other microorganisms

with sequence homologies with the HERV-K-MEL anti-

gen are used to prepare vaccines. Among these, the most

frequently administered are tetanus and pertussis vac-

cines, but the currently used vaccine formulations (teta-

nus toxoid and acellular pertussis vaccine) do not
contain the relevant antigens. Moreover, most of the

non-viable vaccines are in formulations that induce
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antibody responses rather than cell-mediated immunity.

Several relevant currently available vaccines are viable;

namely one each against yellow fever, a new Japanese

encephalitis B, and Venezuelan equine encephalitis

viruses, and an oral vaccine against typhoid fever. It re-

mains to be determined whether these live vaccines can
deliver co-stimulatory signals necessary for the induc-

tion of the mechanisms protecting against melanoma.

Despite the possible suitability of these vaccines, the

strongest candidate is BCG as there are other pressing

arguments in favour of its re-introduction, notably the

resurgence of tuberculosis, including multi-drug resist-

ant forms, in developed as well as in developing nations

[51].
13. Are there evolutionary processes underlying HERV-

K-MEL-mediated tumour protection?

We suggest that the homology to the HERV-K-MEL

found in so many pathogens (which also implies that

there are homologies between the pathogens) did not
come about by chance, but because of related evolution-

ary pressures. It seems to be beneficial to the microor-

ganism, as well as to the host, in that the latter has a

chance to attack the microorganism immediately after

an encounter because of cross-reactive memory T-cells

which resulted from prior immunologically effective con-

tacts with unrelated but epitope-homologous pathogens.

On the other hand, some microrganisms, notably intra-
cellular pathogens, can establish a persistent, although

often latent, infection. When such a microorganism

has invaded a cell, this cell presents the homologous

peptide epitope, resulting in the immediate and effective

suppressive immune reaction against this cell, as dis-

cussed above. This would affect not only the activity

of the cell, but would also result in a downregulation

of the metabolism and replication of the microorganism.
As a consequence, only small amounts of microbial anti-

gen would be encountered by cells of the immune sys-

tem, leading to the generation of tolerance to the

larger amounts of antigen released later in the active dis-

ease process.
14. Relevance of the hypothesis to the overall maturation
and function of the immune system

In recent years, it has become apparent that the nor-

mal maturation of the immune system, especially during

the first few years of life, is critically dependent on envi-

ronmental factors. Over millennia, the human immune

system has evolved to �expect� certain infections and

other immunological challenges that drive its matura-
tion [52,53]. In the industrially developed nations, there

has been, over the past few decades, a significant in-
crease in the incidence of a number of diseases that

are, at least to some extent, the result of dysregulated

immune responses. Such conditions include allergic

and atopic disorders, a wide range of autoimmune dis-

eases, and cancer. The rising incidence of these diseases

has been attributed to environmental changes that have
prevented contact of the human population with the

usual antigenic stimuli required for an adequate matura-

tion of the immune system [52,53].

Silent HERVs can be reactivated by environmental

conditions that induce cellular stress including physical

or chemical agents and DNA viruses [19]. In this con-

text, it is noteworthy that two major classes of disease

– cancer and autoimmune disorders – have been linked
to changing environmental conditions associated with

expression of HERVs. It is thus probable that deficits

in maturation of the immune system compromise the

normal regulatory mechanisms that prevent the transac-

tivation of HERV pseudo-genes and the ensuing associ-

ated disease processes. The challenge to immunologists

is to characterise the exceedingly complex immunoregu-

latory pathways and the cellular and cytokine markers
that indicate immune dysregulation and that could be

used to monitor its therapeutic correction.

Many studies commencing in the late 1950s have

shown that T cell-cross-reactivity between non-related

(heterologous) microorganisms has an important influ-

ence on T cell immunodominance and maintenance of

memory [15]. This phenomenon has been given the name

�Original antigenic sin� [54]. We postulate here that
cross-reactivity also extends to HERV-encoded �self�-an-
tigens and that this may well explain the lasting influ-

ence of previous vaccinations and infections on the

induction of CD8+ T cell responses against subsequent

processes contributing to malignancy. Much attention

has recently been devoted to changes in the balance be-

tween Th1 and Th2 T cell populations and their respec-

tive cytokines in cancer as well as the impact of
successful therapy on this balance [55–58]. However,

these changes may merely reflect in a superficial manner

the activity of a far more complex underlying immuno-

regulatory network involving the interplay of various

regulatory T cell (Treg) populations [52]. The immuno-

regulatory network is also affected by endocrine factors,

notably the balance between dehydroepiandrosterone

and corticosteroids within tissues and lesions [59], and
in this context, there is evidence that mRNA expression

of some HERVs in various normal and tumour tissues is

profoundly influenced by steroid hormone balances [60].

A detailed elucidation of the complex immune proc-

esses involved in the prevention of malignant transfor-

mation leading to melanoma, leukaemia and other

malignancies, as well as to the destruction of established

malignant cells, will require an enormous amount of
work. The hypothesis presented here may prove to be

helpful. Furthermore, there is now considerable empiri-
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cal evidence that environmental factors exert a major

impact on the prevalence of several cancers, as they do

on autoimmune, atopic and allergic disorders. There

are also clear indications for a beneficial impact of sim-

ple vaccination strategies on human health far beyond

the specific illnesses that they were intended to combat
[58,61]. National and international agencies should

therefore give serious and urgent consideration to a revi-

sion of their vaccination policies.
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