
Are Viruses Important in Carcinogenesis?
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The role of virues in the etiology of animal cancers is fairly certain. Information
derived under both natural and experimental conditions supports the concept that
either DNA- or RNA-contamiing viruses can fulfill this function. The DNA-con-
taining herpesviruses, especially the Epstein-Barr virus, are currently the primary
objects of intense investigation concerning their role in human cancer. This article
will focus on the properties of counterpart herpesviruses in lower animals as well
as the human virus candidates with an assessment of the observations concerning
their oncogenic potential (Am J Pathol 77:85-102, 1974).

IN 1970, GROSS1 described Pevrilhe's uncanny perception,
in 1773, of the causal relationship of v-iruses and cancer. Since then,
investigators have been juggling with the etiology of neoplasia, with
viruses remaining the most suspicious candidates for this role.
The etiologic role of viruses in certain animal cancers has been

clearly established. For many, Koch's postulates have been fulfilled.
The noted similarities of virus-induced animal tumors to neoplasias in
man has served to stimulate the current surge for circumstantial evi-
dence implicating viruses as etiologic agents in certain human tumors
(Table 1). As herpesviruses are the nearest thing to primary candidate
human cancer viruses presentlv available, this article will focus on
the counterpart viruses in lower animals and on the human virus
candidates, with an assessment of the proliferating knowledge con-
ceming their oncogenic properties. Despite development of molecular
technics and the excellent observations establishing the etiologic role
of some RNA-containing tumor viruses in animals, the current evidence
of a related RNA human cancer v-irus is too circumstantial to warrant
strong consideration. However, some of the problems encountered
during the RNA virus search that are unique to the human sy-stem
should serve as a reminder of the complexity of the problems to be
solved.2
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Table 1-Evidence for the Oncogenic Properties of Herpesviruses
Virus Natural host Cells transformed Type of cancer

Marek's disease virus Chicken Leukocytes Lymphoma (chicken)
Luck6 frog virus Frog Unknown (has not Adenocarcinoma

been replicated (frog)
in vitro)

Herpesvirus sylvilagus Rabbit Leukocytes Lymphoma (rabbit)
Guinea pig herpesvirus Guinea pig Leukocytes; hamster Suspected leukemia

embryo fibroblasts (guinea pig)
in vitro

Herpesviruses saimiri Monkey Leukocytes Lymphoma (monkey)
and ateles

Epstein-Barr virus Man Leukocytes Suspected lymphoma
(man)

Herpes simplex viruses Man Hamster, rat and Adenocarcinoma and
human fibroblasts fibrosarcoma

(hamster)
Cytomegalovirus Man Hamster embryo Fibrosarcoma

fibroblasts (hamster)

Marek's Disease
Fulfillment of Koch's postulates has been demonstrated for herpes-

viruses in two animal lymphomas. The first to fall into this category
was the Marek's disease herpesvirus (MDV), responsible for lvmpho-
proliferative and neuropathic disorders in chickens. An association of
this lymphoid tumor to the herpesvirus was not established until 1967.
Independent research teams3-5 cocultivated the chicken tumor cells
with permissive (chicken kidnev or duck embryo fibroblast) cells and
observed herpes-type cytopathology. Unenveloped herpes-type particles
in the cultures seen with the electron microscope supported these
observations. Presence of virus-specific antigens in the feather follicle
epithelium6 inspired detection of complete virus replication which
occurs only in the follicle cells.7 Experimentally, cell-free transmission
of MDV isolates rapidly produce Marek's disease in young chickens.8
In nature, the infection is transmitted to susceptible chickens by dust
and dander and is initiated in the respiratory tract. Although the virus
is ubiquitous in nature, only a low percentage of infected chickens
develop the lymphoma. Strains of MDV varv in the form of disease
produced,9 while the genetic constitution of the chicken influences
the incidence of the disease.10 Cumulatively, these observations provide
proof for the etiologic role of a herpesvirus in cancer. New data have
emerged recently claiming biologic and biochemical evidence for an
in vivo interaction between Marek's disease herpesvirus and an avian
leukosis virus.11 Obviously, further speculation is unwarranted until
this observation has been confirmed and extended.
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An enticing fact for the cancer virologist is the successful vaccination
of chickens against Marek's disease. The vaccine virus, an apathogenic
herpesvirus of turkeys or an attenuated strain of MDV, replicates in
the host and elicits the synthesis of humoral antibodies.1213 However,
the mechanisms involved in preventing development of Marek's dis-
ease lesions are unclear at this time. The prophylactic procedure is
also supportive of the virus etiology of malignant transformation. If a
vaccine can prevent the neoplastic process in chickens, the possibility
exists that similar measures might be successfully used in man once
etiology is established.

Amphibian Renal Adenocarcinoma
Latency, a characteristic feature of herpesviruses, has made the

Luck6 tumor of Rana pipiens a valuable, though often frustrating,
system for the study of virus-induced neoplasms. Since the original
association of a virus in the etiology of the frog tumor,'4 evidence has
been accumulating to suggest that a temperature-sensitive herpesvirus
is responsible for converting normal frog kidney tissue into a renal
adenocarcinoma. Direct proof of the oncogenicity of the Luck6 herpes-
virus (LHV) awaits the development of a cell culture system in which
the virus can replicate.

Circumstantial evidence gained momentum when a herpesvirus was
detected by the presence of inclusion bodies in tumor cells from frogs
that had been captured during the winter.'" Description of the virus
particles found only in cells with inclusions was first advanced by
Faweett.'5 Injections of cytoplasmic fractions of "cold" tumors con-
taining herpesvirus into R pipiens embryos resulted in virus-free renal
tumors in frogs held at 20 C, providing evidence for a virus etiology.
The "winter" phase or virus-containing tumor is found in frogs held

in the laboratory at 4 to 9 C or in frogs captured during the hiber-
nation months of winter and spring. Conversely, "summer" phase or
virus-free tumors are carried by frogs whose environment, either in
laboratory or in nature, is warm (20 to 26 C) (Table 2).

Temperature-shift experiments have demonstrated the latent state
that a virus can assume in its host. Latency implies that the virus
genome, or a portion of it, is present within the apparently normal
cell but that virus particles and stnrctural components are not being
produced. Recent studies have demonstrated that when summer tumor
fragments are transplanted into the anterior eye chamber of healthy
leopard frogs or frogs not known to carry the virus, Lucke virus
particles develop in tumor implants of the frogs held at 7.5 C.17-'9
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Table 2-Lucke Herpesvirus Temperature Sensitivity
4to9C 20to26C

Virus particles Yes No
Nuclear inclusions Yes No
Depressed mitotic activity Yes No
Virus-specific mRNA Yes Yes
Virus-specific antigens Yes No

Further information came from the demonstration that when summer
tumor explants are incubated on agar slants at 7.5 C virus induction
occurs,20 implving that the virus activation is independent of the intact
host. Winter tumor explants held at the warm temperatures lose evi-
dence of viral replication.2' Molecular confirmation of the latent state
of the virus in these cells has been obtained through recent hvbridiza-
tion data demonstrating the presence of virus-specific messenger RNA
in summer tumor cells.22
The existence of various types of virus particles in tumor cells

further complicates defining the etiologic role of viruses in neoplasms.
Such is the case for the Lucke tumor in which two other viruses reside
with the LHV. Morphologically indistinguishable from the Lucke virus,
the tumor isolate referred to as FV 423 was able to replicate in leopard
frog cell cultures but was shown not to be tumorigenic."4 Differentia-
tion of FV 4 and LHV also may be made antigenically and geneticallv.25
In addition, a papova-like virus is found associated with tumor cells.26
The possible requirement of this virus as a cofactor for Lucke virus
replication and oncogenesis has not been ruled out despite its own
lack of tumorigenicitv.26
The fact that the Lucke tumor occurs in nature, and is therefore

not a laboratorv phenomenon, adds importance of the virus to cancer
study. The naturally temperature-sensitive virus offers a probe for
studving the functions required for the initiation and maintenance of
the transformed state. In addition, the virus contrasts with most other
DNA and RNA viruses in producing a carcinoma rather than a lvNmpho-
proliferative disorder or a sarcoma. This difference along with its
particular sensitivitv to temperature is especially relevant to the current
status of herpes simplex virus type 2 and cervical carcinoma.

Guinea Pig and Rabbit Herpesviruses
Ubiquitous herpesviruses have been associated with other animal

neoplasias, and undoubtedly the list of viruses will continue to grow.
Bovine herpesviruses have most recently become a prospective member
of the list.27 Herpesvirus sylvilagus can produce a malignant lymphoma
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in its natural host, the cottontail rabbit.2829 Freshlv isolated leuko-
cytes appear to contain no infectious virus but, following in vitro
cultivation, the virus becomes detectable in a small percentage of
cells. Incomplete replication and persistence in proliferating Ilmphoid
cells recall similarities to Marek's disease virus.

Rarely detected in fresh tumor tissue, a latent guinea pig herpesvirus
(GPHV) can be expressed in lymphoblasts or spleen tissue cultured
in vitro from leukemic or normal strain 2 gulinea pigs.3-32 The nature
of the herpesvirus and a C-type particle also present in leukemic
cells are unknown. Athough GPHV demonstrated in vitro transforma-
tion of hamster cells and leukocytes,3334 neither of the two viruses,
the herpesvirus or the C-type particles, has shown indications of inde-
pendent neoplastic potential when inoculated into guinea pigs.

Herpesviruses in Nonhuman Primates
Association of viruses with human cancer has increased the im-

portance of nonhuman primate virology. Two oncogenic viruses have
been isolated from monkeys with the potential to produce fatal neo-
plasms in several species other than the natural host.337 Herpesvirus
saimiri (HVS) fulfills Koch's postulates; it normallv replicates in
healthy squirrel monkeys but is the causative agent of malignant
lymphomas in marmoset monkeys.38 The natural host for Herpesvirus
ateles (HVA) is the spider monkey.
Although no virus is found in HVS tumor-bearing animals, culti-

vation of the neoplastic cells stimulates derepression of the virus
genome with concomitant production of infectious virus and virus anti-
gens within 24 to 72 hours.39 Permanent cell lines have also been
established.YO
The prospective research potential of HVS (already demonstrated

to be a cancer virus) and of HVA lies in similarities to EBV 4' and in
the immunologic response the host manifests against the different
viruses. The oncogenic potential of these viruses in the natural host is
intriguing. The squirrel monkey's rapid development of antibodies
after HVS infection appears to correlate with the resistcance to the
oncogenic properties of the virus.42 Lymphomas develop in rabbits
inoculated with HV7S with a concomitant low level of antibodv, while
HVA-infected rabbits produce high levels of antibody and remain
tumor free.43

Epstein-Barr Virus-A Prime Suspect
The chief contender for position as the first virus demonstrated to

be involved in the etiology of a human neoplasia is the Epstein-Barr
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virus (EBV), another herpesvirus. Due to lack of an acceptable host
for reimplantation of the suspected agent, the case cannot be proven
directly. However, circumstantial evidence continues to be generated
that plicates not only EBV but other herpesviruses, such as herpes
simplex (HSV) and human cytomegalovirus (CMV), in human cancer.

Questions to be considered include: a) Is the state of the host's
immune system decisive? b) Do different routes of virus entry imply
different diseases? c) Is the involvement of a cofactor necessary for
the disease? and d) Is a genetic predisposition of the host or virus
required?
EBV has been firmly associated with two lymphoproliferative dis-

eases-one malignant (Burkitt's lymphoma), the other self-limiting
(infectious mononucleosis). Less strongly, correlations have also been
made to nasopharyngeal carcinoma' '4 and to the Guillain-Barre
syndrome."

Tlhe case of EBV and infectious mononucleosis (IM) was estab-
lished primarily on seroepidemiologic grounds as reviewed by Epstein
and Achong.47 Oral transmission of the virus is suggested by the presence
of EBV in throat washings from patients with mononucleosis.48'49 A
ifiterable agent from the patients transformed fetal and adult leuko-
cytes5° and replicated in marmoset leukocytes with the release of
virus.5l Demonstration of the oncogenic potential of these leukocytes
will increase the case for EBV as an oncogenic agent.

In contrast, the possible virus involvement in Burkitt's lymphoma
results in a jaw tumor of children in Africa, where it is endemic. A
clinically and pathologically similar disease is found in America but
only rarely. Whether or not EBV is potentially responsible for the
American version is under investigation.52-3
The instigation of intense EBV cancer research began with the

observation of herpesvirus particles in a cell culture derived from
Burkitt's lymphoma, a mere decade ago.54 The association of EBV to
Burkitt's lymphoma has been substantiated by the following.
Normal peripheral white cells or fetal lymphoid cells exposed to

cells carrying EBV or to EBV concentrates transform into immortal
lymphoblasts.'5-9 These in vitro transformed cells, as well as Burkitt's
lymphoma cells, demonstrated EBV-specific antigens.Y8 In addition,
established Burkitt lvmphoblastoid cell lines that are antigen negative
can be induced to synthesize antigens and subsequently virus particles
by exposure of the cells to halogenated pyrimidines.""f`3 Fusion of a
virus-producing lymphoblastoid line with human cells results in re-
pression of the virus in the somatic cell hybrid. Following exposure
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to idoxuridine (IUDR) or dibutyryl cyclic AMP, these "negative"
cells express the virus."-" Sera from patients with Burkitt's tumor
exhibit high anti-EBV titer.66 Molecular hybridization has detected
the presence of EBV DNA in all Burkitt lymphoblastoid lines as well
as in the tumors.,'68 The physical state of the DNA in these cells is
controversial. Nonoyama and Pagano69 have suggested that the virus
genome may be carried in a plasmid-like state, while recent evidence
by Adams et a170 indicates that the EBV DNA is linearly integrated
with host cell DNA.
The possible existence- of other virus genomes in the tumors has

made the proposed involvement of EBV less clear-cut. Recent molecular
hybridization studies reveal that Burkitt tumor cells contain RNA
related to the murine leukemia virus.71 Particles that band in sucrose
gradients at 1.16 to 1.19 g/ml and that possess both 60 to 70S RNA as
well as RNA-directed DNA polymerase have also been reported.72
Whether these particles are cofactors in the disease or merely pas-
sengers remains to be demonstrated.
Other complications in clearly defining the system are malaria and

the sickle cell trait. The endemic area of Burkitt's lymphoma prompted
Burkitt to propose that malaria, occupying a similar geographic loca-
tion, is a cofactor in the disease.73 Malaria's stimulation of the reticulo-
endothelial system may alter the host's defense against the lympho-
proliferative power of EBV. Secondly, genetics may be involved in
susceptibility since the sickle cell trait confers partial protection against
malaria, and children with the trait have a reduced tumor incidence.74
That EBV is not a passenger seems established by recent findings
that other (non-African) lymphomas do not contain the virus genome.
This suggests a special case for Burkitt's lymphoma, and a cofactor
unique for African children in the endemic area in which these tumors
are found.

Herpes Simplex Viruses

Mounting evidence is associating other herpesviruses with a variety
of human cancers. Demonstration of the transforming potential of
herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) in hamster
embryo fibroblasts and the oncogenic potential of the resultant cells
has served to classify these ubiquitous viruses as potential carcinogens
in humans. HSV-1 is generally isolated from nongenital regions, while
HSV-2 is venereally transmitted and associated with anogenital areas.
The two viruses are distingui'shable by biologic, biochemical and
biophysical parameters.75
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Although once considered to be associated primarily with sexual
promiscuity, cervical cancer has been linked to all levels of the social
scale and to HSV-2.7677 Seroepidemiologicallv, prevalence of neutral-
izing antibodv to HSV-2 is higher in women with cervical cancer
than in control groups.78 79 A correlation of greater tumor advancement
with a correspondinglv higher incidence of HSV-specific antibody
(anti-AG-4) compared to the less advanced tumors has also been
reported." Careful examination of the results suggests that a host cell
antigen may play a part in the reaction observed. Complement-fixing
antibodies present in the sera of patients with certain tumors, including
cervical carcinoma, appear to be specific for a herpesvirus-labile
antigen.8183 Herpesvirus particles have been observed in prostatic
carcinoma cells 14 and isolated from degenerating cervical tumor cells
grown in cell culture.85

Antigenic data also relate this virus to the cancer. On exfoliating
squamous carcinoma cells, but not tumor biopsies, HSV-2 antigens
were detected by immunofluorescence.8"- Frenkel et al 9 claim to
have found a portion of HSV-2 DNA in cells of one cervical carcinoma.
Confirmation of these results would strengthen the hypothesis that
the virus genome or part of it is necessarv for maintenance of the
transformed state.

Returning to animal models for further support, the previously men-
tioned hamster-transformed cells arose when hamster embrvo fibro-
blasts were exposed to HSV-2 or HSV-1 whose infectivitv was inacti-
vated by ultraviolet light.9091 Inoculation of these cells into newborn
hamsters resulted in tumor production, often accompanied by metas-
tases. The footprints of the virus, HSV-specific antigens, have been
detected in the cvtoplasm of transformants and on the corresponding
unfixed cell membranes. Neutralizing antibodv, specific for the trans-
forming virus, has been found in tumor-bearing animals. Hybridization
technics using RNA from the transformed cells and DNA from the
virus revealed that at least 10, of the HSVI-2 genome is in the HSV-2-
transformed cells.92

Clinical interest was recentlv stimulated by the demonstration of
enhanced lung metastases in weanling hamsters immunized against
HS'V-1 and then challeged with HSV7-2-transformed cells.93 The large
prevalence of antibody to HSV-1 in the human population, and the
possible role of blocking antibodies establishes need for continued study
of the svstem.

Application of these experiments led to the transformation of thvmi-
dine kinase (TK )-negative cells by a v-irs carrving a TK gene.94
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The transformed cells demonstrated virus TK activity, supporting the
theory that the virus genome is stably conserved in transformants.
A system analogous to the Luck6 frog virus was reported with the
transformation of human embryonic lung cells by HSV-2 at a tempera-
ture nonpermissive for virus replication.9 Confirmation of such a system
and development of one for transformation of cells by temperature-
sensitive herpesvirus mutants would enhance study of the functions
involved in virus-mediated transformation.

Utilizing the nonhuman primate system, investigators have sought
to initiate in animals the observations seen in man. NMice occasionally
develop cervical atypia or carcinoma when inoculated intravaginally
with HSV-2.?697 Experimentally or venereally infected with HSV-2,
Cebus monkeys have developed characteristic cervical and penile herpes
lesions.98'" The recurrence of the infections is similar to that in man,
indicating the latent presence of the virus. Of paramount interest
would be the development of tumors in these animals.
The most recent evidence for involvement of herpes simplex viruses

in the neoplastic process stems from the transformation of hamster
embryo cells by HSV treated with a heterocycic dye, neutral red,
and subsequently inactivated for infectivity with ordinary light.100
Some of the transformants are oncogenic in newborn hamsters (Fig-
ure 1)*101 This virus inactivation procedure is similar to the one fol-
lowed by clinicians to treat HSV infections.102-1w It is curious that
one would want to transform an infectious population of viruses often
causing a mild disease into a population with demonstrated potential
to transform normal cells into cancer cells.

The Emergence of Cytomegalovirus

Until the past few years, little was known about the human cyto-
megaloviruses. In 1973, this herpesvirus was reported to have trans-
formed hamster embryo fibroblasts.14 More recently, demonstration
of its ability to stimulate cell DNA synthesis has increased its impor-
tance in the struggle to characterize a human cancer virus.'05 Further
investigation of the virus will most assuredly add to the understanding
of virus-cell interactions and to the role of viruses in carcinogenesis.

Prospectus and Prospectives
Evidence has been presented demonstrating the transforming and

oncogenic properties of both animal and human herpesviruses. The
malignant potential of several animal herpesviruses is well documented
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and accepted. Just how conclusively does the cumulative data impli-
cate a herpesvirus as a human carcinogenic agent?
To date, the Epstein-Barr virus has been indicted most often in

association with a human neoplasia. Several basic criteria met by EBV,
as previously discussed, include: a) ubiquitv of the virus, b) virus
genetic information is regularly found in the associated tumors, c) virus
is capable of stable interactions with the host, d) virus converts
normal cells into transformants with infinite replicative capabilities
without impairing essential cell functions, and e) virus stimulates cell
DNA synthesis. A summarv of the herpesvirus-cell interactions are
listed in Table 3.

Table 3-Herpesvirus-Cell Interactions

Replication Transformation Latency

Synthesis of early virus + ± or + ±
RNA and proteins

Cell appears altered + +
Virus gene products expressed + +
Synthesis of virus DNA, late + -
RNA and proteins

Assembly and release of virus +
particles

What have these years of research offered to the public? The early
detection of cancer may be possible using serologic methods. Develop-
ment of the finding of complement-fixing antibodies specific for herpes-
virus nonvirion antigens in certain cancer patients may be of prognostic
value. The demonstration of the transforming potential of photo-
dynamically inactivated virus may prevent a higher risk for cancer in
patients who would have been so treated for minor herpetic lesions.
Vaccination of chickens against Mlarek's disease has saved the poultry
industrv, and ultimatelv the public, millions of dollars.
The fourth important area of direct clinical application to virus-

cancer research is the potential vaccination of the public against
certain cancers. Hopefullv, these measures could eradicate EBV and
HSV from the population. Success with vaccination of chickens against
MID makes the venture optimistic. However, extreme caution must
be exercised. Vaccines made bv inactivating oncogenic viruses or by
live virus 106 may be hazardous in at least three wavs: 107,108 a) labora-
torv propagation of the virus mav have created defective particles,
b) inactivation mav have increased the number of these potential
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transformants, and c) the route of inoculation may expose non-
permissive but transformable cells to the virus.

Vaccines made against structural components, such as virus antigen,
offer somewhat more hope. Again, extensive safety tests and long range
follow-up of vaccines will be necessary. None of this will be cheap
in terms of manpower, time or money.

References
1. Gross L: The search for oncogenic viruses in human tumors, Oncogenic

Viruses, Oxford, Pergamon Press, 1970, p 860
2. Moore DH: Possible viral aetiology of human breast cancer. Br J Cancer

28:88-89, 1973
3. Churchill AE, Biggs PM: Agent of Marek's disease in tissue culture. Nature

[Lond] 215:528-530, 1967
4. Solomon JJ, Witter RL, Nazerian K, Burmester BR: Studies on the etiology

of Marek's disease. I. Propagation of the agent in cell culture. Proc Soc Exp
Biol Med 127:173-177, 1968

5. Nazerian K, Solomon JJ, Witter RL, Burmester BR: Studies on the etiology
of Marek's disease. II. Finding of a herpesvi in cell culture. Proc Soc Exp
Biol Med 127:177-182, 1968

6. Calnek BW, Hitchner SB: Localization of viral antigen in chickens infected
with Marek's disease herpesvirus. J Natl Cancer Inst 43:935-950, 1969

7. Nazerian K, Witter RL: Cell-free transmission and in vivo replication of
Marek's disease virus. J Virol 5:388-397, 1970

8. Calnek BW, Aldinger HK, Kahn DE: Feather follicle epithelium: a source
of enveloped and infectious cell-free herpesvirus from Mlarek's disease. Avian
Dis 14:219-233, 1970

9. Nazerian K: Oncogenesis of 'Marek's disease. Cancer Res 33:1427-1430,
1973

10. Biggs PM, Thorpe RJ, Payne LN: Studies on genetic resistance to 'Marek's
disease in the domestic chicken. Br Poult Sci 9:37-52, 1968

11. Peters WP, Kufe D, Schlom J, Frankel JW, Prickett CO, Groupe V, Spiegel-
man S: Biological and biochemical evidence for an interaction between
Marek's disease herpesvirus and avian leukosis virus in vivo. Proc Natl Acad
Sci USA 70:3175-3178, 1973

12. Churchill AE, Payne LN, Chubb RC: Immunization against Marek's dis-
ease using live attenuated virus. Nature (Lond) 221:744-747, 1969

13. Okazaki W, Purchase HG, Burmester BR: Protection against Marek's
disease by vaccination with a herpesvirus of turkeys. Avian Dis. 14:413-429,
1970

14. Lucke B: Carcinoma in the leopard frog: its probable causation by a virus.
J Exp Med 68:457-468, 1938

15. Lucke B: Kidney carcinoma in the leopard frog: a virus tumor. Ann NY
Acad Sci 54:1093-1109, 1952

16. Fawcett DW: Electron microscope observations on intracellular virus-like
particles associated with the cells of the Lucke renal adenocarcinoma.
J Biophys Biochem Cytol 2:725-742, 1956



96 RAPP AND BUSS American Joumal
of Pathology

17. Mizell M, Stackpole CW, Halperen S: Herpes-type virus recovery from
"virus-free" frog kidney tumours. Proc Soc Exp Biol Med 127:808-814,
1968

18. Stackpole CW: Herpes-type virus of the frog renal adenocarcinoma. I. Virus
development in tumor transplants maintained at low temperature. J Virol
4:75-93, 1969

19. Mizell M, Stackpole CW, Isaacs JJ: Herpes-type virus latency in the
Lucke' tumor, Recent Results in Cancer Research. New York, Springer-Verlag
Inc, 1969, pp 337-347

20. Breidenbach GP, Skinner MS, Wallace JH, Mizell M: In vitro induction
of a herpes-type virus in "summer phase" Luckl tumor explants. J Virol
7:679-682, 1971

21. Skinner MS, Mizell M: The effect of different temperatures on herpesvirus
induction and replication in Lucke tumor explants. Lab Invest 26:671-681,
1972

22. Collard W, Thornton H, Mizell M, Green M: Virus-free adenocarcinoma of
the frog (summer phase tumor) transcribes Lucke tumor herpesvirus-
specific RNA. Science 181:448-449, 1973

23. Rafferty KA Jr: The cultivation of inclusion-associated viruses from Lucke
tumor frogs. Ann NY Acad Sci 126:3-21, 1965

24. Granoff A, Gravell M, Darlington7 RW: Studies on the viral etiology of
the renal adenocarcinoma of Rana pipiens (Luck6 tumor).19 pp 279-295

25. Gravell NI: Viruses and renal carcinoma of Rana pipiens. X Comparison
of herpes-type viruses associated with Lucke tumor-bearing frogs. Virology
43:730-733, 1971

26. Lunger PD, Darlington RW, Granoff A: Cell-virus relationships in the
Lucke renal adenocarcinoma: an ultrastructure study. Ann NY Acad Sci
126:289-314, 1965

27. Van Der Maaten MJ, Boothe AD: Isolation of a herpes-like virus from
lymphosarcomatous cattle. Arch Gesamte Virusforsch 37:85-96, 1972

28. Hinze HC: Induction of lvmphoid hyperplasia and lymphoma-like disease
in rabbits by Herpesvirus sylvilagus. It J Cancer 8:514-522, 1971

29. Hinze HC, Wegner DL: Oncogenicity of rabbit herpesvims. Cancer Res
33:1434-1435, 1973

30. Nayak DP: Activation of guinea pig herpesvirus antigen in leukemic
lymphoblasts of guinea pig. J Virol 10:933-936, 1972

31. Hsiung GD, Kaplow LS: Herpeslike virus isolated from spontaneouslv
degenerated tissue culture derived from leukemia-susceptible guinea pigs.
J Virol 3:355-357, 1969

32. Nayak DP: Isolation and characterization of a herpesvirus from leukemic
guinea pigs. J Virol 8:579-588, 1971

33. Fong CKY, Hsiung GD: In vitro transformation of hamster embryonic
cells by a guinea pig herpes-like virus. Fed Proc 32:1019, 1973

34. Hsiung GD, Fong CKY, Lam KM: In vitro transformation of leukocvtes
with a guinea pig herpes-like virus. Bibl Haematol 39:401-409, 1973

35. fMekndez LV, Daniel '-ID, Hunt RD, Garcia' FG: An apparently new
herpesvirus from primary kidney cultures of the squirrel monkey (Sainmri
sciureus). Lab Anim Care 18:374-381, 1968

36. Melendez LV, Hunt RD, Daniel -ID, Garcia FG, Fraser CEO: Herpes-



Vol. 77, No. 1 VIRUSES AND CARCINOGENESIS 97
October 1974

virus saimiri. II. Experimentally induced malignant lymphoma in primates.
Lab Anim Care 19:378-386, 1969

37. Melendez LV, Hunt RD, King NW, Barahona HH, Daniel MD, Fraser CEO,
Garcia' FG: Herpesvirus ateles, a new lymphoma virus of monkeys. Nature
[New Biol] 235:182-184, 1972

38. Wolfe LG, Falk LA, Deinhardt F: Oncogenicity of Herpesv.irus saimiri in
marmoset monkeys. J Natl Cancer Inst 47:1145-1162, 1971

39. Falk LA, Wolfe LG, Hoekstra J, Deinhardt F: Demonstration of Herpes-
virus saimiri-associated antigens in peripheral lymphocytes from infected
marmosets during in vitro cultivation. J. Natl Cancer Inst 48:523-530, 1972

40. Rabson AS, O'Conor GT, Lorenz DE, Kirschstein RL, Legallais FY,
Tralka TS: Lymphoid cell-culture line derived from lymph node of
marmoset infected with Herpesvirus saimiri. J Natl Cancer Inst 46:1099-
1109, 1971

41. Deinhardt F, Falk LA, Wolfe LG: Simian herpesviruses. Cancer Res 33:
1424-1426, 1973

42. Klein G, Pearson G, Rabson A, Ablashi DV, Falk L, Wolfe L, Deinhardt F,
Rabin H: Antibody reactions to Herpesvirus saimili (HVS) -induced early
and late antigens (EA and LA) in HVS-infected squirrel, marmoset and owl
monkeys. Int J Cancer 12:270-289, 1973

43. Melendez LV, Hunt RD, Daniel MD, Fraser CEO, Barahona HH, King NWV,
Garcuia FG: Herpesuiruses saimiri and ateles-their role in malignant
lymphomas of monkeys. Fed Proc 31:1643-1650, 1972

44. Klein G: The Epstein-Barr virus, The Herpesviruses. Edited by AS Kaplan.
New York, Academic Press, Inc, 1973, pp. 521-555

45. Nonoyama M, Huang CH, Pagano JS, Klein G, Singh S: DNA of Epstein-
Barr virus detected in tissue of Burkitt's lymphoma and nasopharyngeal
carcinoma. Proc Natl Acad Sci USA 70:3265-3268, 1973

46. Grose C, Feorino PM: Epstein-Barr virus and Guillain-Barre svndrome.
Lancet 2:1285-1287, 1972

47. Epstein MA, Achong BG: Various forms of Epstein-Barr virus infection
in man: established facts and a general concept. Lancet 2:836-839, 1973

48. Golden HD, Chang RS, Lou JJ, Cooper TY: A filterable agent in throat
washings of patients with infectious mononucleosis. J Infect Dis 124:
422:424, 1971

49. Pereira MIS, Field AMI, Blake JM, Rodgers FG, Bailey LA, Davies JR:
Evidence for oral excretion of Epstein-Barr virus in infectious mono-
nucleosis. Lancet 1:710-711, 1972

50. Chang RS, Golden HD: Transformation of human leukocvtes by throat
washings from infectious mononucleosis patients. Nature (Lond) 234:
359-360, 1971

51. Miller G, Lipman M: Release of infectious Epstein-Barr virus by trans-
formed marmoset leukocvtes. Proc Natl Acad Si USA 70:190-194, 1973

52. Hirshaut Y, Cohen MH, Stevens DA: Epstein-Barr-virus antibodies in
American and African Burkitt's lymphoma. Lancet 2:114-116, 1973

53. Pagano JS, Huang CH, Levine P: Absence of Epstein-Barr viral DNA in
American Burkitt's lymphoma. N Engl J 'Med 289:1395-1399, 1973

54. Epstein MA, Achong, BG, Barr, YMI: Virus particles in cultured lympho-
blasts from Burkitt's lymphoma. Lancet 1:702-703, 1964

55. Henle W, Diehl V, Kohn G, zur Hausen H, Henle G: Herpes-type virus



98 RAPP AND BUSS American Joumal
of Pathology

and chromosome marker in normal leukocytes after growth with irradiated
Burictt cells. Science 157:1064-1065, 1967

56. Gerber P, Monroe JH: Studies on leukocytes growing in continuous culture
derived from normal human donors. J Natl Cancer Inst 40:855-866, 1968

57. Gerber P, Whang-Peng J, Monroe JH: Transformation and chromosome
changes induced by Epstein-Barr virus in normal human leukocyte cultures.
Proc Natl Acad Sci USA 63:740-747, 1969

58. Pope JH, Home MK, Scott W: Transformation of foetal human leukocytes
in vitro by filtrates of a human leukaemic cell line containing herpes-like
virus. Int J Cancer 3:857-866, 1968

59. Nilsson K, Klein G, Henle W, Henle G: The establishment of lympho-
blastoid lines from adult and fetal human lymphoid tissue and its dependence
on EBV. Int J Cancer 8:443-450, 1971

60. Epstein MA, Achong BG: The EB Virus, Annual Review of Microbiology.
Edited by MP Starr, JL Ingraham, S Raffel. California Annual Reviews Inc,
1973, pp 413-436

61. Reedman BM, Klein G: Celular localization of an Epstein-Barr virus
(EBV)-associated complement-fixing antigen in producer and nonproducer
lymphoblastoid cell lines. Int J Cancer 11:499-517, 1973

62. Gerber P.: Activation of Epstein-Barr virus by 5-bromodeoxyuridine in
"virus-free" human ceHls. Proc Nat] Acad Sci USA 69:83-85, 1972

63. Hampar B, Derge JG, Martos LM, Walker JL: Synthesis of Epstein-Barr
virus after activation of the viral genome in a "virus-negative" human
lymphoblastoic cell (Rapi) made resistant to 5-bromodeoxyuridine. Proc
Natl Acad Sci USA 69:78-82, 1972

64. Glaser R, Rapp F: Rescue of Epstein-Barr virus from somatic cell hybrids
of Burkitt lymphoblastoid ceIls. J Virol 10:2-296, 1972

65. Zimmerman JE Jr, Glaser R, Rapp F: Effect of dibutyryl cyclic A'MP on
the induction of Epstein-Barr virus in hybrid cells. J Virol 12:1442-1445,
1973

66. Klein G: Herpesviruses and oncogenesis. Proc Nat] Acad Sci USA 69:1056-
1064, 1972

67. zur Hausen H, Schulte-Holthausen H: Presence of EB virus nucleic acid
homology in a "virus-free" line of Burkitt tumour cells. Nature (Lond)
227:245-248, 1970

68. zur Hausen H, Diehl V, Wolf H, Schulte-Holthausen H, Schneider VI:
Occurrence of Epstein-Barr virus genomes in human lvmphoblastoid cell
lines. Nature (New Biol) 237:189-190, 1972

69. Nonoyama M, Pagano JS: Separation of Epstein-Barr virus DNA from
large chromosomal DNA in non-virus-producing cells. Nature [New Biol]
238:169-171, 1972

70. Adams A, Lindahl T, Klein G: Linear association between cellular DNA
and Epstein-Barr virus DNA in a human lvmphoblastoid cell line. Proc
Nat] Acad Sci USA 70:2888-2892, 1973

71. Kufe D, Hehlmann R, Spiegelman S: RNA related to that of a murine
leukemia virus in Burkitt's tumors and nasopharvngeal carcinomas. Proc
Nat] Acad Sci USA 70:5-9, 1973

72. Kufe D, Magrath IT, Ziegler JL, Spiegelman S: Burkitt's tumors contain
particles encapsulating RNA-instructed DNA pohmerase and high molecular
weight virus-related RNA. Proc Nat] Acad Sci.USA 70:737-741, 1973



Vol. 77, No. 1 VIRUSES AND CARCINOGENESIS 99
October 1974

73. Burkitt DP: Etiology of Burkitt's lvmphoma: an alternative hypothesis
to a vectored virus. J Natl Cancer Inst 42:19-28, 1969

74. Pike MC, Morrow RH, Kisuule A, 'Mafigiri J: Burkitt's lymphoma and
sickle cell trait. Br J Prev Soc Med 24:39-41, 1970

75. Nahmias AJ, Dowdle WR: Antigenic and biologic differences in herpes-
virus hominis. Prog Med Virol 10:110-159, 1968

76. Feorino PMI, Palmer EL: Incidence of antibody to envelope antigen of
herpes simplex virus type 2 among patients with cervical carcinoma and
matched controls. J Infect Dis 127:732-735, 1973

77. Rawls WE, Adam E, MIelnick JL: An analvsis of seroepidemiological studies
of herpesvirus type 2 and carcinoma of the cervix. Cancer Res 33:1477-
1482, 1973

78. Adam E, Kaufman RH, Melnick JL, Levy AH, Rawls WE: Seroepidemio-
logic studies of herpesvirus type 2 and carcinoma of the cer'ix. III. Houston,
Texas. Am J Epidemiol 96:427-442, 1972

79. Rawls WVE, Tompkins WVAF, Melnick JL: The association of herpesviru
tYpe 2 and carcinoma of the uterine cervix. Am J Epidemiol 89:.547-554,
1969

80. Aurelian L, Shumann NB, 'Marcus RL, Davis HJ: Antibody to HSV-2
induced tumor specific antigens in serums from patients with cervical carci-
noma. Science 181:161-164, 1973

81. Hollinshead AC, Tarro G: Soluble membrane antigens of lip and cenrical
carcinomas: reactivity with antibodv for herpesvirus nonvirion antigens.
Science 179:698-700, 1973

82. Sabin AB, Tarro G: Herpes simplex and herpes genitalis viruses in etiolog-
of some human cancers. Proc. Nat] Acad Sci USA 70:3225-3229, 1973

83. Tarro G, Sabin AB: Virus-specific, labile, nonvirion antigen in herpesvirus-
infected cells. Proc Natl Acad Sci USA 65:753-760, 1970

84. Centifanto Y'M, Kaufman HE, Zam ZS, Drvlie DMI, Deardourff SL:
Herpesviris particles in prostatic carcinoma cells. J V-irol 12:1608-1611,
1973

85. Aurelian A, Strandberg JD, MelWndez LV', Johnson LA: Herpesvirus type 2
isolated from cervical tumor cells grow%n in tissue culture. Science 174:
704-707, 1971

86. Royston I, Aurelian L: Immunofluorescent detection of herpesvirus antigens
in exfoliated cells from human cervical carcinoma. Proc Natl Acad Sci USA
67:204-212, 1970

87. Aurelian L, Strandberg JD, Davis HJ: HSV-2 antigens absent from
biopsied cervical tumor cells: a model consistent with latenev. Proc Soc
Exp Biol Med 140:404-408, 1972

88. Hollinshead AC, Lee 0, Chretien PB, Tarpley JL, Rawls WE, Adam E:
Antibodies to herpesvirus nonvirion antigens in squamous carcinomas.
Science 182:713-715, 1973

89. Frenkel N, Roizman B, Cassai E, Nahmias A: A DNA fragment of herpes
simplex 2 and its transcription in human cervical cancer tissue. Proc Nat]
Acad Sci USA 69:3784-3789, 1972

90. Duff R, Rapp F: Properties of hamster embryo fibroblasts transformed
in vitro after exposure to ultraviolet-irradiated herpes simplex virus type 2.
J Virol 8:469-477, 1971

91. Duff R, Rapp F: Oncogenic transformation of hamster embrvo cells after



100 RAPP AND BUSS American Joumal
of Pathology

exposure to inactivated herpes simplex virus type 1. J Virol 12:209-217,
1973

92. Collard W, Thornton H, Green M: Cells transformed by human herpesvirs
type 2 transcribe virus-specific RNA sequences shared by herpesvirus types
1 and 2. Nature [New Biol] 243:264-266, 1973

93. Duff R, Doller E, Rapp F: Immunologic manipulation of metastases due
to herpesvirus transformed cells. Science 180:79-81, 1973

94. Munyon W, Kraiselburd E, Davis D, Mann J: Transfer of thvmidine kinase
to thvmidine kinaseless L cels by infection with ultraviolet-irradiated herpes
simplex virus. J Virol 7:813-820, 1971

95. Darai G, Munk K: Human embryonic lung cells abortivelv infected with
herpes virus hominis type 2 show some properties of cell transformation.
Nature [New Biol] 241:268-269, 1973

96. Nabmias AJ, Naib ZM, Josey WE: Herpesvirus hominis type 2 infection.
Association with cervical cancer and perinatal disease. Perspect Virol
7:73-89, 1971

97. Munoz N: Effect of herpesvirus tvpe 2 and hormonal imbalance on the
uterine cervix of the mouse. Cancer Res 33:1504-1508, 1973

98. London WT, Catalano LW Jr, Nahmias AJ, Fuccillo DA, Sever JL: Genital
herpesvirus hominis type 2 infection of monkeys. Obstet Gynecol 37:501-
509, 1971

99. Nahmias AJ Jondon WT, Catalano LW, Fuccillo DA, Sever JL, Graham C:
Genital hex .svirus hominis type 2 infection: an experimental model in
Cebus monk 2 rs. Science 171:297-298, 1971

100. Rapi F, Li JH, Jerkofsky M: Transformation of mammalian cells by
DNA-contning viruses following photodvnamic inactivation. Virology 55:
339-3i6, 1973

101. Li JH: Perso' i cimmunication.
102. Felber TD, 'inith EB, Knox JM, Wallis C, Melnick JL: Photodynamic

inactivation of herpes simplex: report of a clinical trial. JAMA 223:289-292,
1973

103. Friedrich EG: Relief for herpes vulvitis. Obstet Gynecol 41:74-77, 1973
104. Albrecht T, Rapp F: Malignant transformation of hamster embryo fibro-

blasts following expore to ultraviolet-irradiated human cytomegalovirus.
Virology 55:53-61, 1973

105. St. Jeor SC, Albrecht TB, Funk FD, Rapp F: Stimulation of cellular DNA
synthesis by human cytomegalovirus. J Virol 13:353-362, 1974

106. Elek SD, Stern H: Development of a vaccine against mental retardation
caused by cytomegalovirus infection in utero. Lancet 1:1-5, 1974

107. McDougall JK, Harnden DG: Vaccination against cvtomegalovirus? Lancet
1:135-136, 1974

108. Pagano JS, Huang ES: Vaccination against cytomegalovirus? Lancet
1:316-317, 1974



Fig 1-Tumor induced in a Syrian hamster inoculated with hamster
cells transformed by herpes simplex virus type 2 inactivated by
photodynamic treatment
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