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1. INTRODUCTION

The concept that viruses play a vital and, in some instances, a primary
role in neoplastic diseases of vertebrates has been accepted only gradu-
ally. Several key discoveries provided the necessary impetus, most
notably: the recognition, as early as 1898 by Sanarelli, that the highly
contagious myxomatosis in rabbits is infectious in nature; the trans-
mission by filtrates of the erythromyeloblastic form of chicken leukemia
by Ellerman and Bang (1908); the cell-free transmission for the first
time of a solid chicken sarcoma by Rous (1911); and the later dis-
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2 S. R. 8. RANGAN AND R. E. GALLAGHER

coveries of the rabbit fibroma and papilloma viruses by Shope (1932,
1933) and of the mouse mammary tumor agent and leukemia virus,
respectively, by Bittner (1936) and Gross (1951).

Extensive and methodical studies since then have revealed a number
of viruses with the capacity to induce tumors in a variety of animal
species. Of these viruses, some induce tumors in the host species which
they naturally infect. Examples of such naturally tumorigenic viruses
include the Marek’s disease virus (MDV) of chickens, Lucké’s adeno-
carcinoma virus of frogs, leukemia and sarcoma viruses of cats, papil-
loma viruses of human and-other animals, and Yaba virus of rhesus
monkeys. Other tumorigenic viruses such as simian sarcoma virus
(SiSV) from a woolly monkey, and Epstein-Barr virus (EBV) from
human Burkitt'’s lﬂ'mphoma were originally isolated from spontaneous
neoplasms. Although these viruses have been shown to be oncogenic in
experimental hosts, their etiological role in naturally occurring neoplasms
of the species from which they were derived is yet to be conclusively
established. A third. group of oncogenic viruses is distinguished by
differential pathogenicity in the natural and other experimental hosts.
This category is typified by simian vacuolating agent (SV40) and the
adenoviruses of human and other animals. SV40 induces a latent in-
fection in rhesus monkeys; however, hamsters often develop malignant
tumors following experimental inoculation with the virus. Similarly
some members. of the adenovirus group are oncogenic in hamsters but
remain subclinical or produce acute diseases in their natural hosts.

Viruses which have the capacity to induce proliferative lesions either
in the natural host or upon experimental inoculation into a foreign host
have been identified in five families (Fenner, 1976), namely: Papova-
viridae, Adenoviridae, Herpetoviridae, Porviridae, all of which contain
DNA as their genetic material, and Retroviridae which contain RNA.
Details about the historical aspects of the tumor virology and specific
characteristics of individual tumor viruses can be found in several re-
view articles (Gross, 1970; Allen, 1972; Tooze, 1973; Rapp, 1974a.b;
Ablashi and Eastan, 1977).

The major objective of this chapter is to discuss the current knowl-
edge about tumor viruses belonging to Retroviridae and Herpetoviridae,
isolated from normal and malignant tissues of nonhuman primates. In
addition, certain retroviruses of nonprimate origin are considered to a
limited extent since they can induce cxperimental tumors in simian
species. SV40 -(Eddy, 1964) and simian adenoviruses (Hull et al., 1965;
Merkow and Slifkin, 1973) are not included, despite their isolation from
monkeys and their ability to induce tumors in rodents since these viruses
are not known to induce proliferative diseases in nonhuman primates.
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Yaba and Tana poxviruses which are tumorigenic in nonhuman pri-
mates likewise are not discussed because.relatively little new informa-
tion has accumulated since the earlier reviews of these agents (Espana,
1971; Yohn, 1972). Table I shows many of the proven and potentlall)
tumorlgemc viruses of nonhuman primate' origin.

The utilization of nonhuman primates in virus-induced tumorigenesis
studies increased subsequent to the demonstration that Rous sarcoma
virus (RSV) can induce tumors in rhesus monkeys (Monroe and Windle,
1963). Despite the availability of many virus-induced tumor models in
common laboratory animals and despite the fact that many simian
species may be either endangered or threatened of becoming extinct,
the following considerations warrant -the continued, judicious use of
nonhuman primates in tumor-virus research related to human malig-
nancies. (i) Due to their phylogenetic closeness, information gathered
in one or more virus-induced tumor models in nonhuman primates may
be directly applicable to man. (ii) Certain species of nonhuman primates
(e.g., marmosets) have proven to be highly susceptible to tumor induc-
tion by viruses (e.g., SiSV, EBV) which were originally identified in
spontaneous primate malignancies. By analogy, it is conceivable that
possible oncogenic viruses associated with human malignancies may also
be more readily recognized by studies in a simian host than in other
laboratory animals. (iii) Sorne viruses (e.g., EBV or MPMV) may have
a host range réstricted to primates requiring the use -of nonhuman pri-
mates for studies of pathogenesis. (iv) Finally, vaccines produced in
nonhuman cell cultures may contain potentially hazardous tumorigenic
viruses since many species of nonhuman primates are latent carriers of
such viruses. A thorough understanding of the properties of the nonhu-
man primate tumor viruses wauld greatly aid in devising methods for
their elimination from vaccines, especially those intended for human use.

II. SronTANEOUS TuMORS IN NONHUMAN PRIMATES

The occurrence of spontaneous neoplasms has been recorded (Ratcliffe,
1940; Lombard and Witte, 1959; Kent, 1960; Newberne and Robinson,
1960; Vadova and Gel'shtein, 1960; Jungherr, 1963; Lapin and Yakov-
leva, 1963; Ruch, 1967; O’Gara and Adamson, 1972; Seibold and Wolf,
1973) in one or more species (Napier and Napier, 1967) of all the five
genera of anthropoid nonhuman primates and in two genera of prosimians.
Although a few of the observed tumors were in free-ranging individuals
(Maruffo, 1967) the majority of the observations have been from
necropsy reports of captive animals exhibited in zoological gardens or
those kept under laboratory conditions. Benign and malignant tumors



isoysmnad prEom PIO SUOISO] UIYS DDMUL DIVID I wus],
sIoumnyg
ysoysuad PEOM PIO snosusNIgng DD DIDID I Bqex appurazod
jumowy JON  08034007Na| poolg D70 DOVIDJY WAH v
aur| ([ " (uendusio)
sumouy 0N Braayna| snapwbhd obuod 03uodAH
(9ozuedwryo)
yumouy JoN SUOIOIRS [BIQ sapfiporfosy und uBJAH
auly e (uooqeq)
5)3SOULIB A suwoydw AT spflupowny 0wdog dAH
(Loyuom Jopids)
ssapBmarid piog M3N ‘samymo Asuplyf - hosffoal sapary VAH
s)1qqBL (Loyuowr [AuNbs)
‘jsayewilad PIOA MON ‘sarnymo  Laupryy MAUM0S 2URDY SAH sopranoladis
) (£axuomt UIdIF WEILY) :
%)210X9 ‘Sonss(} sdowgan ') sad£jox98
o8yuapoy ‘sarngno  Lsupryy fopomau DDV [81243F 20pLIAOUIDY
faInjno (Aayuow snsAYI)
pSjuspoy Kauprsy Dy0MAL DIVID I 0-AS svprsavaodog
Juamdo[2Asp Jomng . qQUOr}e[ost " gowads w puoyBUISap Arowe g
. 0} a[qudaosns eutduo uorjosjep enIuy - SNITA
s980Y [ejuswLIadxy Jo 22inog

XIDINEDIHOWAY, IVILNGI0J H0 NEAOHJ HIIM SESQNIA HIVWIEJ NYWOHNON

1 3'1dVdL



‘q8L6T “1v 72 OxXepof,n ‘L6 “I0 2 BUIOQIH ; ‘0L6] ‘WOSBN pus
sidoyD e ‘08261 “ID 72 0IBPOL, s ‘BBLEL “ID 72 OXBPOL b QAL gV 72 SISIUSAUSH 4 ‘8LGI “I0 12 TWE{EMEY 0 ‘TLEI
“10 70 TLIRYBAMRY] u {BILET “I0 72 OJOM w ‘161 ‘BUBdSH 1 {ZLBT ‘WYOX y  €L6T “I0 72 NUBLY ¢ {LL6T “ID 72 PIaYsSEY 4
(161 “I0 30 QDY ‘8L “IP 70 IpieYU s ‘BRLET “I0 90 IpIEYUQ /S ‘G961 “P 30 IMHe ‘¥961 ‘APPH »

. ‘SPOYIdW  UOIJBATINO-00 A UOIB[OST o
‘[Bmatue AY)[BaY AJ[EOIUI[D WIOI} UOIE[OST Payads j0U dIdYM ¢
*9X9} 9y} ur ?58 9 UBd SIBNIIA JO SIWBN »

: (4nBueg)

aUMOUY JON 22ImyMd Sunrg $N.inosqQo s1fgsaud n-1-0d

susouy 0N s0In3Mmo Junry STAUNIIS LUDS AMNS

sumouy JoN lowng 3s8alg DIIVNUL DIDID P AN
(A9yuowr {MoO)

sumouy 0N 20Ul [[99 Aouply snob.aauy snjoy I-ONO
. (£oyyuow [rBydwings)

pamouy 10N sInjmo udd[dg 820107940 DIVID Y IDVIN
99NSeT} ) _ (uooqeq)

qusouy JoN 183ua2s8[d snpoydaooufido owdog Aded
auyy 92 - (uoqqi3)

o‘ut10qqrH guodrssoqdu A up] 8230QOIR Y ATeD

(Loquomt £[joom)
wOSOULIBIAY BUICIIBSOIQL] dds zuyzoboy ASIS 2DpLN0LIY



6 ' S. R. 8. RANGAN AND R. E. GALLAGHER

have been recorded in all major anatomical sites and organ structures.
Kirk (1972) surveyed the recorded neoplasms in nonhuman primates
up to 1972 and compiled over 270 tumors according to the sites and
species of origin. Nearly one-half of the tumors were classified as
malignant. Since then several additional tumors have been - reported in
a number of species including macaques (Brown et al., 1971, 1977a,b;
Chesney and Allen, 1972; 1973; McClure, 1973; Todd et al., 1973; Man-
ning and Griesemer, 1974; Moe et al., 1975; Schneider, 1975; Sly et al.,
1977), gibbons (Johnsen et al., 1971; DePaoli et al., 1973; Snyder et al.,
1973; Gallo et al., 1978b), chimpanzees (Graham and McClure, 1977),
orangutan (Rasheed et al., 1977), baboons (Lapin, 1975), marmosets
(Wolfe and Deinhardt, 1972; Page et al., 1974), and squirrel (Anzil et al.,
1977; Reed and Garman, 1977) and owl monkeys (Hunt et al., 1973;
Brown et al., 1975; Rabin et al., 1975b).

The available data do not permit a meaningful estimate of the inci-
dence rates of spontaneous neoplasms in nonhuman primates. Past
estimates have had one or more biases which' might obscure the true
incidence rates. For example, the sample size in many of the studies
was too small (Kliiver and Brunschwig, 1947; Maruffo, 1967) or large
numbers of relatively young animals were analyzed (Newberne and
Robinson, 1960; Jungherr, 1963), a factor emphasized by O’Conor
(1969). Nevertheless from the data of the eight series summarized by
O’Conor, 88 (0.075%) neoplasms, 30 (0.026%) being malignant, were
observed in a total of 116,120 animals. This suggests that spontaneous
tumors are rare in nonhuman primates, but a true estimate awaits
prospective studies involving large numbers of animals allowed to
reach their natural life span. ~

That nonhuman primates are not in any way specifically resistant
to tumor development is suggested by the reported outbreaks of malig-
nant neoplastic diseases in several primate colonies. The occurrence of
malignant lymphomas in baboons at the Sukhumi colony, Georgia, USSR,
as well as the retrovirus and herpesvirus associated with these tumors
(Lapin, 1975), and the high incidence of a retrovirus-associated leukemisa
in a colony of gibbons at the SEATO laboratories, Bangkok, Thailand
(Johnsen et al., 1971; DePaoli et al., 1973) are discussed in detail later.

~An outbreak of malignant lymphoma in rhesus monkeys at the Primate
Research Center, Davis, California is briefly summarized to illustrate
the possible interaction of multiple factors contributing to the disease
(Stowell et al.,, 1971; Manning and Griesemer, 1974; Schneider, 1976).

During a span of about 5 years, 43 cases of malignant lymphoma
were recorded in the rhesus colony with an estimated incidence rate of
1000/1,000,000 rhesus per year. The animals that developed the malig-
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nant disease included imported animals as well as some that were born
in the colony. All animals, except one that died at 6 months of age with
a tumor, were nearly a year or more of age. Interestingly, the vast
majority of diseased animals were females, leading to speculation of &
hormonal-related predisposition to the disease. Although of unknown
significance in the outbreak, the rhesus colony had been exposed to
several potentially oncogenic factors. These included the possible pres-
ence of dibenzanthrazene ‘in the environment, repeated exposure to
X-irradiation, impaired immunological functions of animals due to
experimental malarial infection or treatment with isoniazid, and s
possible infection by a herpes-like virus.

ITI. RETROVIRUSES OF NONHUMAN PRIMATES
A. General Characteristics of Retroviruses

1. Taxonomy and Morphology

Retroviridae is a recent name assigned to a family of enveloped RNA
viruses which contain an antigenically specific RNA-directed DNA poly-
merase (reverse transcriptase) (Dalton et al., 1974b; Fenner, 1975).
As summarized in Table II, six genera have so far been proposed for
this virus family based, primarily, on the earlier morphological classi-
fication of Bernhard (1960; Schidlovsky, 1977). Viruses of three genera
(A, B, and E) have not been reported in nonhuman primates. Viruses
of a fourth genus (F), the so-called foamy viruses, have been isolated -
in tissue culture from numerous New and Old World primate species
(Hooks and Gibbs, 1975). These viruses produce a characteristic type
of cytopathic effect on monolayer culture cells. They have not been
selectively associated with primate neoplasias in vivo nor do they have
any transforming effect in vitro. Thus, for this chapter on nonhuman
primate viruses and tumors, the retroviruses of interest belong to the
oncornavirus C and oncornavirus D genera.

Although various electron microscopists have described some pleomor-
phism of individual viruses and minor differences in ultrastructural
details of different viruses, all type-C oncornaviruses, including those of
the primate subgenera, have common structural features (Dalton et al.,
1974a; DeHarven, 1974; Schidlovsky, 1977). In thin sections these
viruses first appear as an out-pouching of the cell membrane accompa-
nied by an electron dense submembranous line. This process is completed
by the formation of the viral bud and the circularization of the electron-
dense line into the so-called intermediate membrane. The latter structure
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delineates the viral nucleoid, which iz round and centrally located in
all type-C viruses. The nucleoid is separated from the trilamellar viral
envelope by an electron lucent perinucleoidal space, which remains
present during the entire maturation process of the virion. On the other
hand, the nucleoid changes from an electron lucent to a condensed,
somewhat irregular, electron-dense structure during the maturation of
the virion into secondary extracellular particles.

Type-D oncornaviruses differ morphologically from type-C viruses
in two respects (Kramarsky et al., 1971; Schidlovsky, 1977). First, the
nucleoid is frequently completely formed prior to the budding process.
Thus, as is the case with type-B particles of mouse mammary tumor
virus, doughnut-shaped precursor A particles may be observed in the
cytoplasm of infected cells. Second, although the nucleoid is centrally
located, it is often cylindrical rather than round.

2. Biophysical, Biocchemical, and Antigenic Properties

Primate type-C and type-D oncornaviruses have similar biophysical
properties. Viruses of both genera are approximately 100 to 120 nm in
diameter and contain a nucleoid measuring 60 to 75 nm in diameter.
They have a density in the range of 1.14 to 1.17 gm/ml as determined
by equilibrium density centrifugation on sucrose gradients. As a rule,
density determinations on type-D oncornaviruses have been in the upper
range, i.e, 1.16 to 1.17 gm/ml, while those on type-C viruses fall be-
tween 1.14 and 1.16 gm/ml. After treatment with detergents, the viral
nucleoid or core is released which has a density of 1.23 to 1.28 gm/ml.

Detailed compositional analyses have not been reported for primate
oncornaviruses; however, there is no reason. to suspect that they would
differ from those reported for oncornaviruses from lower species (Green,
1970). Both type-C and type-D primate retroviruses contain in the
nucleoid a dimeric molecule of 60 to 70 S RNA, which, under appropriate
conditions, can be dissociated to monomeric 30 to 35 S RNA molecules
representing the haploid genome. A recent critical report, using a com-
bination of sedimentation techniques and electron microscopy, indicates
that a.more accurate estimate of high-molecular-weight RNA from
primate type-C oncornaviruses has a sedimentation coefficient of 52 S
and a molecular length of 16-20 kilobases (Kung et al., 1976). So far
there have been no reports related to other RNAs associated with pri-
mate oncornaviruses, particularly tRNAs which have been determined
to be primers for RNA-directed DNA synthesis in type-C viruses from
other species (Dahlberg et al., 1974; Taylor, 1977).

As characteristic of all retroviruses, both type-C and type-D viruses
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contain reverse transcriptase in the viral nucleoid. However, consistent
differences have been found in the properties of this DNA polymerase
from the two oncornavirus genera. Most characteristically, reverse tran-
scriptase from primate type-C viruses is preferentially stimulated by
the divalent cation Mn?+, as is the case for this enzyme from all known
mammalian type-C viruses (Temin and Baltimore, 1972; Abrell and
Gallo, 1973; Sarngadharan et al., 1978). On the other hand, reverse
transcriptase from all known primate type-D viruses is preferentially
stimulated by the divalent cation Mg+ (Abrell and Gallo, 1973; Heber-
ling et al., 1977; Todaro et al., 1978b). This property is shared by re-
verse -transcriptase from certain avian type-C oncornaviruses (Temin
and Baltimore, 1972; Waters and Yang, 1974) and from mouse mam-
mary tumor virus (Howk et al., 1973; Dion et al., 1974). Another im-
portant distinguishing property of the reverse transcrlptases from the
two virus genera is the enzyme molecular weight. In common with
reverse transcriptase from other mammalian type-C viruses, the primate
type-C viral enzymes have a molecular weight of approximately 70,000
(Temin and Baltimore, 1972; Abrell and Gallo, 1973; Sarngadharan
et al.,; 1978). On the other hand reverse transcriptase from primate
type- -D viruses has a molecular weight of 80,000 to 110,000, according
to various reports (Abrell and Gallo, 1973; Colcher et al., 1977b;
Todaro et al., 1978b).

In addltlon to reverse transcriptase, all retrov1mses contain four or
five consistently definable structural proteins. Detailed studies with
oncornaviruses from lower mammalian species, particularly mouse
type-C viruses, indicate that these structural proteins’are translated
into two precursor polyproteins (Barbacid et al., 1976a; Jamjoom et al.,
1977). One of these, the so-called gag-gene product, is cleaved to four
proteins which contribute primarily to the internal virion structure. -
By molecular weight determination, prbteins with reasonably consistent
masses have been found in all mammalian type-C viruses, including the
primate type-C viruses. As summarized in Table III, the major gag
protein has a molecular weight in the range of 27,000 to 30,000. The .
other gag proteins have molecular weights of 15,000, 12,000, and 10,000.
Table TIT also indicates the predominant antigenic specificity detected
by sera obtained after natural immunization by viral infection or by
inoculgtion with whole disrupted virus or with - purified viral proteins
when the antisera are used to detect viral antigens in a homologous
immunological test system. For example, antisera prepared against p30
of a particular gibbon leukemia virus (GaLV) would be strongly cross-
reactive with p30s from other viruses of the same group, ie., other
GaLV isolates and simian sarcoma associated virus (SiSAV), but not
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. TABLE III
Virar CopEp ProTEINS oF PRIMATE RETROVIRUSES
: Antigenic .
Protein Molecular weighte specificity? “Reference
Reverse transcriptase
Type-C 70,000 : Group d, e
Type-D 80,000 to 110,000 Group or type - f
Major gag protein
Type-C 27,000 to 30,000 Group d, g-7
Type-D 27,000 (MPMYV) Group k-n
’ 35,000 (SMRV)
Other gag proteins
Type-C 10,000 Group o
12,000 Group (BaEV); P
Type (GaLV) 4]
15,000 Type (BaEV); pq
(GaLV) not
reportede
Type-D MPMV  SMRV
‘ 10,000 8,000 Not reported
12,000 14,000
15,000 20,000
20,000
(glycoprotein)
Surface glycoprotein
Type-C 69,000 to 71,000 Group and type i r
Type-D 68,000 (MPMYV) Group and type k
73,000 to 85,000 Group or type k, n
(SMRYV)

¢ See text for references.

b Predominant antigenic specificity in a homologous immunoassay.

¢ MuLV p15 has variable antigenic specificities (Strand ¢t al., 1974).

4 Scolnick et al., 1972; ¢ Todaro et al, 1974; f Yaniv et al., 1974; 9 Parks et al,
1973; 2 Todaro et al.,, 1975; ¢ Tronick et al., 1975; i Krakowar et al., 1978; * Todaro
et al., 1978b; ! Tronick et al., 1974; m Schochetman et al.,, 1976; » Schochetman et al.,
1977; ¢ Barbacid et al., 1976b; » Stephenson et al., 1976a ; 7 Stephenson and Aaronson,
1977; » Hino et al., 1975.

with viruses of a different group, e.gz.,, baboon endogenous viruses
(BaEV). More broadly reactive antigenic (interspec) determinants can,
however, be detected by altering the immunological assay system, e.g.,
by testing the ability of GaLV p30 to compete in an immunoassay
using antibody to mouse leukemia virus p30 versus radiolabeled cat
endogenous virus (RD114) p30 (Strand and August, 1974; Charman
et al., 1976; Barbacid et al., 1977). The use of such a broad assay system



