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I. THE VIRUS GROUP

The parvoviruses are a large family of physically simi-
lar viruses infecting animals as diverse as man and moth
(1,2). Those which naturally infect vertebrates are divided
into two subgroups, the adeno-associated viruses (AAV) and
the autonomous parvoviruses, Members of the AAV subgroup,
now also known as the Dependoviruses, are totally dependent
upon either adenovirus or herpesvirus coinfection for their
own replication. At present there is no published evidence
of a member of this subgroup naturally infecting rodents,
There 1is no a priori reason, however for believing that such
defective agents do not exist, and investigators studying
rodent adenovirus or herpesvirus infections in vivo or in
cell culture should be aware of the potential problems that
such contaminants would present.

Viral and Mycoplasmal Infections Copyright © 1986 by Academic Press, Inc.
of Laboratory Rodents 305 All rights of reproduction in any form reserved.
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It is our intention here to review the properties and
potential influence on experimental systems of those members
of the autonomous parvovirus subgroup known to infect ro-
dents. To date, over 30 distinct strains of autonomous
parvovirus have been isolated and shown to fall into 13
separate accepted serotypes (3). For our purposes, here we
define serotypes on the basis of equivalent cross-neutrali-
zation of infectivity or inhibition of hemagglutination,
although it is gquite probable that these tests may not be
examining exactly the same set of antigenic determinants.
Of the 13 serotypes of vertebrate autonomous parvoviruses,
only three are known to be enzootic in rodent populations
under natural conditions. These are represented by Kilham's
Rat Virus (RV), Toolan's H-1 virus and Crawford's Minute
Virus of Mice (MVM). These have been related to, or dis-
tinguished from, other parvovirus isolates of possible
rodent origin by the reciprocal hemagglutination inhibition
(HAI) studies summarized in TABLE I. Those virus strains
showing equivalent reciprocal inhibition and no cross-
reaction with other isolates can be grouped as members of
the same serotype, such as RV, X14 and H-3. The reason for
significant one-way cross reactions between different
isolates such as H-3 and H-1 with TVX is not at present
understood, and awaits extended reciprocal analyses (with
monoclonal antibodies for instance) for further explana-
tion. A number of additional parvovirus isolates, listed in
TABLE 1II, have been related to a particular rodent serotype
by cross-neutralization and HAIL. For these there is less
extensive data to relate them to other serotypes in this
subgroup. In many cases, these isolates represent distinct
different strains of each serotype, as they can be dis-
tinguished from one another by differences in virulence,
pathogenicity, target cell specificity or hemagglutination
spectrum (10,20,26,28,29,30,31,32).

IT. PROPERTIES OF RODENT PARVOVIRUSES

Increasing knowledge of the physicochemical properties
and replication of parvoviruses has shed light on some
hitherto rather enigmatic observations, and also has
predictive value 1in assessing the potential impact of
parvovirus infection on experimental systems. Therefore a
summary of these properties is pertinent here. In this, we
are fortunate in that much of the detailed information
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TABLE I. Rodent Parvovirus Inter-relationships

Target HA antigen

Anti- RV X14 H3 TVX H1 HT RTV LuIlIl MVM
serum to
RV 160 80 80 -4 - - - - -
X14 80 160 160 - - - - - -
H3 640 1,280 1,280 80 - - - - -
TVX, - - - 1,280 - NT - - -
H1 - - - 320 20,480 >20 - - -
HT - - - NT >20 >20 =~ NTb NT
RTV - - - - - - 2,560 80 -
Lulll - - - - - NT - 2,560 -
MVM - - - - - NT - - 10,240
a8 = Not Detectable at 1:20.

b = Not Tested.
Table adapted from Siegl (4).

available at present has been derived from rodent parvovirus
systems, notably MVM and H-1. More extensive treatment of
these properties and the references to the original work
from which the information is abstracted can be found in a
recent review of the subject (reference 2).

A. Physicochemical Properties and Genome Structure

Fractionation of extracts of parvovirus-infected cells
or tissues 1in cesium chloride density gradients generally
yields three classes of virus particle; "empty" capsids
which band at 1.32 g/ml, DNA containing "full" particles
banding between 1.41 and 1.46 g/ml, and a heterogeneous
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TABLE II.
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RODENT PARVOVIRUS ISOLATES

Isolate

Source

Year Reference

RV serotype:

RV12

RVi3
H-3 (D)@

Krisini€
X-14

L-S
RV171
RV308d
HER1

HHP
Kirk

TRV

RV-Yale

sarcoma-bearing
rats

cortisone-treated
rats (prob)b
carcinogen-treated
rat
carcinogen-treated
rat
rat chloroleukemic
tumor
Moloney leukemia
virus stock
congenitally in-
fected rat
cyclophosphamide
treated rat
uncertain origin®
human Detroit-6
cell culture
transplantable rat
tumor

diseased rat tissues

H-1 serotype:

H-1 (T)
H-1 (M)
CR

BR
KA

cortisone-~treated
rat (prob)b

DNA inoculated
RETCE

primary RETC
primary RETC
cortisone-treated
rat

1959

1960
1962
1963
1963
1964
1966
1967

1968
1971

1977

1983

1960
1965
1969

1969
1969

Kilham & Olivier (5)

Kilham (6)
Dalldorf (7)

Zhdanov & Merekalova
(8)

Payne et al. (9)

Lum & Schreiner (10)

Kilham & Moloney (11)

Kilham & Margolis (12)

ElDadah et al. (13)

Margolis et al. (14)
Mirkovic et al. (15)

Campbell et al. (16)

Coleman et al. (17)

Toolan et al. (18)
Moore & Nicastri (19)
Kilham & Margolis (20)

Kilham & Margolis (20)
Kilham & Margolis (20)

(continued)
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Table II. (continued)

Isolate Source Year Reference

MVM serotype:

MVM (CR) mouse adenovirus

stock 1966 Crawford (21)
890 normal mouse kidney 1970 Parker et al. (22)
MVM(i) transplantable mouse
lymphoma 1976 Bonnard et al. (23)
CZ-7 contaminated calf
serum 1980 Nettleton & Rweyemamu
(24)

a8 - also called OLV (osteolytic virus).

b _ gee text for further discussion .

C - also called Zhdanov virus.

d - originally called SpRV (12) and subsequently SPRV
(25) and SREV (26), but most frequently RV308 (27).

€ - isolation not published, &ee also Margolis and
Kilham (26).

— Rat embryo tissue culture.

intermediate species of defective particles containing de-
leted forms of the viral genome. Some properties of empty
and full particles, as determined for MVM, are listed in
TABLE TIII. A1l of the infectivity of such a preparation
resides with the DNA-containing full virions, predominantly
with a form banding at 1.41 g/ml. This species of virion
usually contains VP3 as its major structural polypeptide,
whereas virions banding denser, at 1.46 g/ml, contain
predominantly the VP2 polypeptide with little detectable
VP3. Recent work has shown that VPl and VP2 are primary
translation products of viral-specific messenger RNA and
that VP3 is derived by the cleavage, only in full virions,
of approximately 30 amino acids from the N-terminus of each
VP2 molecule in the assembled virion. This maturation
cleavage apparently can occur either in the nucleus late in
infection or early in the infectious process inititated by
VP2-containing virions. Although consistent observations
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TABLE III. Characteristics of Parvoviral Particles *

Property Full Virions Empty Capsids
Particle diameter 18-22 mu 18-22 mu
Buoyant density in CsCl  1.,46-1.41 1.32
So20w 110S 708
Molecular weight 5.6x100 4.2x106
Particles per hemagglutin

unit 1-2x108 2x108
particle: infectivity

ratio 200-400:1 n.d.
absorption Eggn/Eogp 1.38 0.67
extinction coefficient

17

E 71.2 17.8

280

protein 73.7% 100%

DNA 26.3% n.d.
RNA, carbohydrate n.d. n.d.

Structural proteins:

VPl mw 83,300 83,300

% total protein 15-18 15-18
VP2 mw 64,300 64,300

% total protein variable 82-85
VP3 mw 61,400 n.d.

% total protein variable <1
Genome:
molecules per virion 1 -
size 5.1 kilobases -
structure single-stranded,

linear non-permuted -

-strand: +strand 100:1 -

* date presented were determined for MVM (1,2)
n.d. = none detected

record the denser virions with a high VP2 content and the
lighter virion with a high VP3 content, there is evidence
that these two sets of properties are not necessarily
associated.
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The capsid 1is assembled as an isometric structure com-
prising a total of about 60 molecules of structural protein
arranged in an 1icosahedral shell which appears to have 32
capsomers (Figure 1). The infectious virion is a similar
structure containing the viral genome, and comprises the
majority of particles shown in Figure 1. The virion is
"non-enveloped and does not appear to contain any essential
lipid, carbohydrate or RNA. Its simple, robust structure
affords it a degree of stability which is one of the major

Figure 1. Electron micrograph of purified MVM(p) virions,
stained with 3% phosphotungstic acid and photographed at an
instrument magnification of 80,000X, The horizontal bar

represents 50 myu.
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factors in the ability of these viruses to establish
enzootic infections and persist as contaminants in animal
care environments, Infectivity is remarkably stable to
desiccation, heating and even moderate levels of chaotropic
agents, such as urea and sodium dodecyl sulfate. Compara-
tive peptide mapping of the viral polypeptides first
demonstrated the precursor-product relationship of VP2 and
VP3 also established that the entire sequence of the major
polypeptide was contained within the minor polypeptide VP1.
It is not clear yet how these polypeptide species are
arranged within the capsid but the preponderance of basic
amino acids in the VPl-specific region of the minor poly-
peptide suggests that this region may be located internally
and complexed with the viral DNA in full virions. The full
virions do not contain any histones, but whether the DNA
inside mammalian parvovirus virions is bound with polyamines
remains a possibility since this has been demonstrated for
the densoviruses, the insect virus subgroup of parvoviruses.
The rodent parvovirus genome is a predominantly single-
stranded DNA molecule with palindromic sequences at each end
which are folded to form terminal hairpins. The rodent
parvoviruses generally package one strand sense so that at
least 997 of virions contain a molecule of opposite sense to
the viral RNA transcripts expressed in infected cells. This
technically makes the rodent parvoviruses negative-strand
viruses, By convention, the genome is depicted with the 3'
end of the negative-sense DNA molecule at the left and the
5' end at the right (Figure 2). Rodent parvovirus genomes
are typically about 5.1 kilobases long, and have been com-
pletely sequenced for H-1(T), and both MVM(i), the immuno-
suppressive MVM strain, and MVM(p), the prototype strain
derived by plaque purification from MVM(CR). The left hand
hairpin, which is a primer for the copying of the rest of
the molecule by DNA polymerases both in vitro and in vivo is
115 nucleotides long. The right-hand end contains around
200 nucleotides. The bulk of the DNA lying between these
two structures is coding sequence. As shown in Figure 2,
there are two long blocks of open reading frame separated by
translational stop signals in all reading frames between 45
and 46 map units. The block of open reading frame lying in
the right half of the genome encodes the capsid polypep-
tides, VP1 and VP2, with the entire sequence of VP2 lying in
the C-terminal three quarters of the VPl sequence. These
polypeptides are translated prodominantly predominantly from
the most abundant viral mRNA species, R3, which is trans-
cribed off the major promoter 1lying at 38 map unit. Two
cytoplasmic viral transcripts are produced off a promoter
lying at 4 map units. One of these, R2, has 30% of the
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Figure 2. Physical and genetic map of MVM(p). The viral
genome 1is displayed with the 3' end of virion single-
stranded DNA, which is the negative strand with respect to
transcription, on the left at zero map units. The boxes to
the 1left and right hand ends represent the terminal
palindromes, which occupy two map units at the 3' end and
four map units at the 5' end. The arrows marked P4 and P38
denote the two transcriptional promoters, located at 4 and
38 map units respectively. The three major cytoplasmic
transcripts Rl1, R2 and R3 are represented by thick black
lines with the thin, wavy lines indicating their polya-
denylated tails, and the thin, straight lines indicating the
introns spliced out in the production of the mature
messages. The significant runs of open reading frame
present in transcribed sequences (i.e., in the positive, or
complementary, strand) are shown as open blocks labelled F1,
F2 and F3 (frame 1, frame 2 and frame 3) to denote their
phasing with respect to nucleotide number 1. The regions
known to encode the major non-structural protein, NS-1, and
the structural polypeptides, VP-1 and VP-2 are dislayed
below this, above the nucleotide scale. The cross-hatched
area within the NS-1 sequence is the region of this protein,
expressed in E. coli as a fusion polypeptide, against which
the monospecific anti-NS-1 antibodies were raised for use in
the experiment shown in Figure 3.
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genome sequence spliced out, between 8 and 38 map units, and
its translation products are not yet established. However
the Rl transcript gives rise to the major non-structural
protein NS-1, of 83,000 to 85,000 mw, which is encoded in
the 1long block of open reading frame occupying the left half
of the genome. All three of these cytoplasmic transcripts
are also spliced in the region 44-46 map units. The NS-1
polypeptide is a nuclear phosphoprotein which may play a
role in viral DNA replication, and is antigenically highly
conserved across the autonomous parvovirus subgroup.
Analysis of in vitro translation products of virus-specific
mRNA has demonstrated a second, non-structural protein,
NS-2, with a molecular weight between 24,000 and 26,000 en-
coded by MVM and H-1. This protein has yet to be assigned a
coding region within the genome, or located within the
infected cell,

B. Viral Replication

Several aspects of the virus life cycle are of paramount
importance in understanding the pathology of parvovirus-
induced disease and in predicting possible ways in which
inadvertant introduction of these viruses might interfere
with other experimental systems. First, it is important to
note that, in common with most other non-enveloped viruses,
productive infection is always lytic. This is to say that
the only known way in which progeny virus can be released
from one infected cell so as to infect a neighboring cell is
by 1lysis and concomitant cell death. Second, not all
virus-host cell interactions are productive, but some of
these non-productive interactions can still be lytic., A
number of different types of non-productive interactions
have been investigated; in some cases one can learn much
about particular virus-host relationships by studying
systems in which the virus fails to grow.

Productive infection 1is dinitiated by adsorption of the
virion to specific cell-surface receptors. The presence of
functional receptors on the cell surface is apparently under
developmental control, since some differentiated cell types
lack them and are completely resistant to virus infection.
Little is known about the mechanics of the early steps of
replication except that endocytosis appears to take place
through coated pits. Endocytosed virions appear to be
transported intact to the nucleus, there the DNA is uncoated
prior to the first step in viral DNA synthesis, the syn-
thesis of the complementary stand. There do not appear to
be any classical early functions expressed by the incoming
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parvovirus genome - that is, there is no detectable viral
gene expression which preceeds viral DNA replication. This
is dimportant since an early requirement for viral DNA
replication, and one upon which all further viral functions
depend, 1is a currently uncharacterized host factor which is
expressed transiently during the S-phase of the mitotic
cycle. Probably because of the lack of early gene expres-
sion, the virus is wunable to stimulate cells resting in
another stage of the cell cycle to progress through to
S-phase and thus to competence as a host for viral repli-
cation. This requirement for the S-phase host factor
coupled with the inability to stimulate resting cells has
been established in cell culture systems, and is reflected
in parvoviral disease of the whole animal as a preference
for actively proliferating tissues as sites of attack.
These two properties are probably the major aspects of viral
growth  which underlie the predominantly teratogenic
potential of the autonomous parvoviruses.

When the requirement for transition through S-phase is
met in a productive host, the early stages of viral DNA
replication and viral transcription proceed concurrently,
with subsequent translation giving rise first to predominan-
tly the NS-1 polypeptide. This stage is followed by the
synthesis of large amounts of viral capsid proteins. DNA
replication proceeds through double-stranded replicative
forms (RF) of monomer, dimer and tetramer size classes,
which exhibit the interesting feature that dimers and tet-
ramers are palindromic arrangements of unit length viral
duplex DNA molecules. A1l of these intermediates have
complex  terminal structures involving hairpin ends or
extended terminal palindromes, many of which have a protein
of unknown origin covalently linked to their 5' ends. The
individual structural polypeptides are synthesized in the
cytoplasm and are then transported to the nucleus. In the
nucleus, assembled capsids take part in the packaging of
progeny DNA single-strands in a reaction requiring con-
comitant assymetric DNA replication. Eventually, a mixture
of empty, precursor capsids and full virions is released
from the cell following nuclear degeneration and rupture of
the plasma membrane by mechanisms as yet undefined. As
summarized in TABLE IV, infection of a productive host cell
culture gives rise to wholesale cell death. However, for
any cell types, continued culture allows for the outgrowth
of colonies of virus-resistant cells. Resistant cells may
have several different phenotypes with respect to the step
of virus replication which is affected. One common pheno-
type is stable 1loss of expression of the virus receptor.
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TABLE IV, Parvovirus-Host Cell Interactions In Vitro

Viral Viral Cell
Interaction Antigen DNA Killing Consequence Example

PRODUCTIVE + + + extensive cell MVM(p) in
death followed mouse A9
by regrowth of fibro-~
selected virus—- blasts
resistant epi-
genetic cell
variants of var-
ious phenotypes.

RESTRICTIVE - + - persistent car- MVM(i) in
rier state; mouse A9
selection of fibro-
br virus mu- blasts

tants; cyto-
pathic crisis,
etc; coevolution
of virus and
cell variants.

ABORTIVE + - + or - may or may not MVM(p) or
be cytotoxic; MVM(i) in
reverted to normal hu-
productive, man fibro-
lytic infec- blasts

tion by onco-
genic trans-
formation;
transformation
rates may be
drastically re-
duced in presence
of parvovirus.

CRYPTIC - - - mitogenic stim— MVM(i) in
ulation acti- resting
vates virus, T-cells.
leading to

progeny virus
production and
cell death.
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Another 1is the inability to support viral transcription.
Yet other resistant cell types appear to be affected in
their ability to carry out an early step in the penetration
and transport of input virus to the nucleus.

Similarly, virus-host cell interactions have been
characterized during the study of infection of non-produc-
tive cell types in vitro, and can usefully be divided into
three categories; restrictive, abortive and cryptic
(TABLE 1IV).

Restrictive infection, which is perhaps the best
characterized of these, is exemplified by studies on the
prototype (p) and immunosuppressive (i) variants of MM,
These differ from one another by being restricted for growth
in one another's productive host cell type, which are fibro-
blasts and T-lymphocytes, respectively. The two viruses are
serologically indistinguishable and have been designated
allotropic variants of the MVM serotype, to indicate their
distinct target cell specificities., Somatic cell hybrids
between these two cell types are productive hosts for both
viruses. These results suggest that each restrictive host
cell type lacks a factor necessary for the productive repli-
cation of the restricted virus strain, and that these
factors are expressed as a function of the differentiated
state of the host cell., Biochemical studies have demon-
strated that these host factors operate at the level of
initiation of wviral transcription. Genetic mapping studies
suggest that the viral components, or allotropic deter-
minants, which determine what differentiated cell types each
virus strain can grow in may be tissue-specific trans-
criptional enhancer sequences. The consequences of restric-
tive infection to the entire cell population are of interest
in the context of the impact of viral contamination on
experimental cell cultures. With all restrictive virus-cell
combinations examined in culture, there is a small subpopu-
lation of cells, continually being replenished during the
growth of the culture, which are able to support fully pro-
ductive, 1lytic virus replication. The remainder of the
culture restricts virus replication at the level of trans-
cription and infection has 1little or no effect on cell
growth rate or viability. Infection of such cultures with a
restricted virus can therefore result in a carrier culture,
continually producing low levels of virus without apparent
cytopathic effect, a condition which may persist for some
time in culture, During passage of such cultures the low
level of virus replication can give rise to a virus mutant,
called an extended host range (hr) mutant, which has gained
the ability to transcribe and replicate its genome in the
formerly restrictive host cell type. The appearance of hr
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mutants in a persistently-infected restrictive cell culture
results in a cytopathic crisis, with concomitant massive
virus production. As this interaction is now converted to a
productive one, there is often a rapid selection of cellular
variants which are resistant to the newly-arisen virus
mutant. It appears that many of these cellular variants can
be restrictive for the new virus and the whole cycle can
begin over again. This cycle can apparently occur several
times before the culture is overgrown by cell variants which
have lost the virus receptor and are therefore resistant to
infection by all the new variant viruses. At this point,
spontaneous curing of virus from the culture may be ob-
served. Throughout this process, the overall phenotypic
characteristics of the cell population are changing. This
situation would obviously be highly undesirable for many
types of cell culture study.

In some types of non-productive virus-cell interaction,
especially those across species barriers (for instance, the
infection of normal human fibroblast cell lines with rodent
parvoviruses), significant expression of viral nonstructural
and capsid antigens has been observed to occur in the
absence of detectable progeny virus production. These
interactions are termed abortive infections. In abortive
infections the virus fails to establish its own DNA repli-
cation program, and the infection may or may not result in
cell death, depending upon the particular combination of
virus strain and cell line., All cells in the culture appear
to be able to sustain viral transcription and antigen expres-
sion, often to levels found in productively-infected cells.
This type of interaction 1is of particular interest since
transformation of the cell by viral agents, such as SV40,
convert the abortive interaction to a fully productive one.
Dual SV40 and parvovirus infections are not productive,
however, dimplying that transient SV40 early gene expression
is not sufficient for reversal of the abortive phenotype,
and that the establishement of the fully transformed state
is required for these cells to support a productive parvo-
virus growth cycle. Some mouse cell strains, both selected
resistant mutants and apparently normal lines, possess this
transformation-sensitive  phenotype with respect to MVM
infection.

A final distinct interaction between virus and host cell
is a direct result of the requirement for the host to
traverse the S-phase and the virus' inability to stimulate
resting cells to do so. Consequently, the infection of
naturally resting but otherwise productive host cells leads
to a situation we denote cryptic infection. An example of
this would be the infection of unstimulated splenic T-cells
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with the immunosuppressive strain of MVM. In this case,
activation of cryptically infected T-cells with concanavalin
A or antigen leads to the active replication of the virus to
produce progeny resulting in 1lysis of the activated cell,
Infection may then spread among other susceptible, cycling
cells in the population.

ITII. PREVALENCE AND TRANSMISSION

The sources of the several published isolations of RV
summarized in TABLE II point overwhelmingly to its natural
host being the rat. In addition to the isolation of these
relatively well characterized strains, additional isolations
of RV from normal rats have been reported by Robey et al.
(33), who also documented a high percentage (up to 40%) of
RV-specific HAI antibody-positive sera colle¢ted from both
wild rats and laboratory rat strains. Similar evidence for
the ubiquitous distribution of RV antibodies has been
reported by Kilham and co-workers (5,34) for both feral
(40-62%Z) and laboratory (89%) rat populations. In a study
of an enzootic RV infection of a closed laboratory colony of
rats Robinson et al. (35) showed that by seven months of age
approximately two thirds of the population had circulating
antibody, infection occurring between two months and seven
months of age. Prior to this age, about half of the animals
retained passive immunity to the virus acquired from their
mothers during neonatal life.

The natural host species of the H-1 serotype, and indeed
H-3, a member of the RV serotype, remain somewhat more
enigmatic., H-1 and H-3 were originally isolated by the
blind passage in newborn hamsters of subcellular fractions
of the human tumor cell lines HEpl and HEp3 respectively.
These  tumors had previously been maintained by serial
tansplantation in immunosuppressed rats, Since, as men-
tioned above for antibodies to RV (H-3), H-1 antibodies have
also been found to be widespread in both wild (up to 100%)
and laboratory (807) rats (34), it has been proposed that
the original source of both viruses was indeed the rat.
However, isolation of these two viruses following direct
inoculation of human material into newborn hamsters has also
been reported (36), a result which could be taken to support
a human origin of H-1 and RV serotype viruses. Arguing
against this conclusion are reports of the extremely low
frequency (2.7%Z) of H-1 and RV antibodies in normal human
populations (37), an incidence some thirty-fold lower than
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that found in rat population. As the newborn hamster was
the vehicle of isolation in all of these studies, it is of
considerable significance that no published data are avail-
able for the frequency of H-1 or RV antibodies in laboratory
or breeder hamster populations. Attempts to link rodent
parvoviruses to human reproductive disorders also resulted
in somewhat conflicting reports. Newman and coworkers (38)
surveyed some 50 tissue specimens from spontaneous human
abortions by injecting tissue homogenates into newborn ham-
sters without achieving a single virus isolation. However,
Guiglielmino et al. (37) reported an increased incidence of
rodent parvovirus antibodies in sera drawn from women with a
history of stillbirth and repeated spontaneous abortion. In
a survey of 350 such sera they found 13.717 positive for H-1
antibodies and 9,147 positive for RV antibodies, whereas the
frequencies in 300 normal control sera for these two anti-
body specificities were 2.667 and 1.667%, respectively.
These results are themselves at variance with the previous
findings of Monif and coworkers (39), who reported a some-
what lower incidence (1.5%) of antibodies to H-1 among sera
collected from 130 women with histories of spontaneous
abortion or offspring with congenital abnormalities. Taken
together, these data do not define a natural host for H-1 or
RV beyond question, although the difference in antibody
frequencies for both viruses between rat and man is sugges-
tive that human immunity and the possible isolation of virus
from human tissue may represent =zoonoses. In support of
this is the finding that H-1, at least, can replicate in and
establish viremia in human volunteers inoculated intramus-
cularly with the virus (40). It is not known whether zoo-
noses of rodent parvoviruses occur frequently in human popu-
lations, Further epidemiological surveys comparing control
groups with groups at risk, such as laboratory animal care
personnel, will be necessary to answer this question.

There is no epidemiological evidence to suggest the
natural infection of hamsters, mice or guinea pigs with
either RV or H-1 parvovirus serotypes. It is clear, how-
ever, that the experimental infection of hamsters either
transplacentally, directly 1in utero, or as neonates with
both H~1 and RV results in a variety of congenital defects
(6,20,41-49). The newborn mouse, however, only appears to
develop clinical disease in response to RV following intra-
cranial inoculation of large virus doses (13,50), whereas
infection by subcutaneous or intraperitoneal routes appears
to be assymptomatic (5,10,13). H-1 can also be transmitted
to newborn mice by intracranial inoculation, causing clin-

ical ataxia by destroying cells of the developing cerebellum
(51).
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The mouse 1is quite clearly the natural host of MVM. In
a survey of mouse breeder colonies in the United States in
1970, Parker and his colleagues (52) showed that 38 out of
44  conventional colonies and three out of eight SPF colo-
nies, but none of five germ-free colonies, contained mice
positive for MVM-specific antibodies., The virus was found
to be enzootic within affected colonies with an average of
747 of the mice seropositive, and their HAI titers often
exceeding 1:100. 1In addition to the laboratory mice tested
in this extensive study, some 390 sera from wild mice
trapped in four different states were also tested. Of
these, 207 were shown to contain MVM antibodies, with sero-
positive animals being found in all four states. These
results attest to the widespread distribution of the virus
in wild mouse populations as well as laboratory colonies.

As in the previously described study by Robinson et al.
(35) of RV in a closed rat colony, Parker and coworkers
analyzed the natural history of enzootic MVM infections in
three mouse breeder colonies by examining the presence of
antibody as a function of the animal's age. In the first
six to eight weeks of 1life, the number of seropositive
animals declined about two-fold to between 207 and 60%Z. 1In
each colony, a sharp rise was noted between 8 and 12 weeks
by which time over 907 of the animals in each colony had
become seropositive. This high frequency of antibody-
positive animals persisted up to 40 weeks of age. These
data 1imply that young mice are protected in the first few
weeks of 1life by maternally-derived antibody. When this
passive protection diminishes by the end of the first month,
the animals become susceptible and are infected by contact
with contaminated fomites or other animals in the infectious

phase of the disease, During the infectious phase, mice
shed virus in feces and urine and may also transmit virus by
the nasal-oral route (52). As described above, these

viruses are extremely stable to desiccation. Therefore,
shed virus would remain viable for long periods of time,
ensuring that as young animals become susceptible they
routinely become infected. In addition to their survey of
wild and laboratory mice, Parker and colleagues (52) also
tested sera from 1550 rats, 747 hamsters, 76 guinea pigs, 50
gerbils and 105 lemmings for MVM-specific antibodies. They
found a high prevalence of low titer HAI activity in rats
only, all other sera being negative. Kilham and Margolis
have also reported a high incidence of MVM-specific
HAI-positive rat sera (51). However, Parker's group
demonstrated that the HAI activity they observed was
removable by kaolin treatment, suggesting that it was a
non-specific inhibitor. It is questionable, therefore,
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whether there is really any reliable evidence for natural
infection of rats with MVM. The overall evidence strongly
points to MVM being exclusively a virus of mice. It is
interesting, therefore, that MVM can be transmitted readily
to hamsters and rats by experimental inoculation (51,53).
In rats, MVM causes a subclinical infection whereas in
newborn hamsters a lethal disease 1is induced involving
extensive replication of virus in many tissues (51).
Occasional hamsters surviving the effects of low doses of
MM sometimes developed the '"mongoloid-like" deformities
described below for RV and H-1 infections of hamsters, as
well as peridontal disease. MVM can also establish
transplacental infections in pregnant hamsters and rats
inoculated parenterally with the virus.

In enzootically infected colonies, the major route of
natural transmission for rodent parvoviruses appears to be
horizontal, either by nasal-oral contact or through contami-
nated fomites. Since transplacental infection of the dev-
eloping fetus has been demonstrated by experimental in-
fection for many rodent parvoviruses in most rodent species,
vertical transmission remains a possibility for spread of
virus within colonies, The prevalence of antibody posi-
tivity among females of breeding age suggests that this is
unlikely to be a major form of natural viral transmission.
However, . several instances of recovery of parvoviruses
directly from primary embryo tissue cultures, notably the
isolation of the CR and BR strains of H-1 (20), have been
taken as examples of naturally-occurring transplacental
infection,.

The mode and extent of horizontal transmission appears
to depend upon the strain as well as the serotype of parvo-
virus involved. For instance, Lipton et al. (54) reported
excretion of RV in feces, but not in urine, for up to twelve
days after infection with the HER strain, and that inocu-
lated rats were infectious for contact cohorts for fifteen
to twenty days. In contrast, Novotny and Hetrick (55) found
RV present in urine of suckling rats inoculated parenterally
as newborns with high doses of RV-13, These authors also
found that RV-13 was capable of vertical transmission in
that 1litters of infected dams developed disease when nursed
by normal mothers, whereas normal litters nursed on infected
mothers remained well (55). However, Kilham and Margolis
(25) showed that RV strain SpRV may be excreted briefly in
the milk of rats inoculated with virus in late pregnancy.
Dams infected on the first day postpartum showed RV in their
milk within 24 hours and continued to shed virus in their
milk for up to twelve days after infection, and up to five
days after detectable seroconversion (25)., Parker and his
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colleagues (52) showed that transmission of MVM between
infected and susceptible animals can occur by direct contact
or by 1limited nasal-oral contact as well as by urinary or
fecal contamination. However, transmission does not appear
to occur efficiently by airborne dissemination, even across
a space as little as eight inches. Susceptible mice in
contact with infected animals or their fomites seroconverted
within three weeks of exposure, but susceptible mice experi-
encing only limited contact took a week or longer to achieve
comparable antibody responses (52). The same study reported
that the tissue culture-derived Crawford strain of MVM was
not excreted in urine or feces and was not transmitted to
susceptible animals kept in close contact with mice infected
with the virus by intraperitoneal inoculation. However, a
later study by Smith (56) demonstrated efficient transmis-
sion of MVM (Crawford strain) between cagemates under simi-
lar conditions. The Parker report (52) did not contain
sufficient details of their experimental infections with
Crawford strain MVM to identify the probable basis for this
discrepancy, but factors such as initial infecting dose of
virus and mouse strain might affect the ability of experi-
mentally inoculated virus to be transmitted.

The widespread enzootic distribution of parvoviruses and
their requirement for dividing cells leads to their frequent
occurrence as contaminants of tumor cell lines and tumor
virus stocks which have been passaged in animals. This was
most dramatically demonstrated by the study of MVM by Parker
and colleagues (52) who found that 447 of spontaneous tumors
from various sources regularly transplanted in mice were
contaminated with the wvirus. A further study (57) which
screened transplantable tumors for eleven different agents
showed that MVM, with an incidence of 327, was second only
to lactic dehydrogenase virus 1in frequency of isolation.
This incidence is very high and leads one to wonder how many
experiments in cancer chemotherapy and immunology have been
influenced by the unsuspected presence of MVM, The iso-
lation of both MVM(i) and the TRV strain of RV as immuno-—
suppressive agents present in transplantable tumors (16,23)
underlines the profound effects such contamination might
have on the interpretation of both in vivo and in vitro
experiments with infected tumors or material derived from
them.
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IV, PATHOGENESIS

A. Overt Disease

Numerous studies on the pathogenicity of rodent parvo-
viruses have shown that, in general, they cause fetal and
neonatal abnormalities by destroying specific cell popula-
tions which are rapidly proliferating during the normal
course of development (20,46,47,48,58,59,60), These same
tissues are wusually mitotically quiescent and therefore
resistant in the mature animal and, consequently, few of the
viruses cause overt disease in the adult., Animals are
particularly sensitive to parvovirus infection in the first
few days of life, and intracerebral inoculation of neonatal
animals, especially hamsters, with these agents can cause
runting and a characteristic "mongoloid-like" deformity
(41,42), The craniofacial and periodontal lesions which
generate the deformity appear to be due to selective viral
attack on developing skeletal and dental tissues (61,62,63,
64). Unlike Down's Syndrome in man, which it resembles,
this condition 1is not associated with chromosomal abnorma-
lities (65) nor is it hereditary, since with careful hus-
bandry such animals can be raised to breeding age and
produce normal offspring (64). Perhaps the most character-
istic result of intracerebral parvovirus infection of
neonates 1is cerebellar hypoplasia (67), often leading to
chronic ataxia (66,67). Once, again, this condition was
shown to be due to viral depletion of a rapidly prolif-
erating cell population, in this case involving cells of the
cerebellar granular cortex (47).

Many parvoviruses will cross the placenta and establish
infections of the fetus. A number of factors affect the
outcome of fetal dinfections, such as route of inoculation,
virus strain and dose, the species of pregnant host and the
mice of infection during gestation. In some cases inocu-
lation with a large dose of virus early during gestation
will give rise to a generalized and devastating lethal
infection involving much of the mesodermal tissue of the
embryo and resulting in resorption or mummification
(19,41,47,65,67,70). Infection at late times during
gestation may yield viable offspring which, in addition to
the runting and cerebellar hypoplasia mentioned earlier, may
also exhibit hemorrhagic  encephalopathy (13,26,71) or
neonatal hepatitis and enteritis (12,72). Again, involve-
ment of cell populations with high mitotic activity at, or
subsequent to, the time of infection is a consistent feature
of these diseases (47,48). Factors such as host species,
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virus strain and route of inoculation affect the course of
disease mainly by determining whether the virus reaches the
developing fetus, The effects of the time of infection
during gestation suggest that different cell types in
different embryonic tissues pass through a state of
sensitivity and are sequentially, but transiently, "at risk"
during fetal development. This "risk period" corresponds
well with the time of rapid proliferation of that cell type
during the process of organogenesis. The requirement for
S-phase transition for productive infection discussed above
has been proposed as the basis for the specific tissue
tropisms observed during parvovirus teratogenesis, and to
explain the resistance of the adult animal as compared to
the fetus or neonate (47,59). In support of this idea,
several studies have shown that resistant adults can be
rendered sensitive to disease by inducing some tissue to
undergo an abnormal proliferative response, Thus partial
hepatectomy prior to H-1 infection will render the normally
resistant adult rat susceptible to viral hepatitis where the
sites of viral attack are the regenerating margins of the
liver (73). Likewise, susceptibility to similar viral
disease can be brought about by inducing mitotic activity in
the adult 1liver by carbon tetrachloride damage or by
infection with the parasite Cysticerus fasciolaris (48,73).
Osteolytic parvovirus strains will also infect healing bone
fractures, causing defective callus formation in normally
resistant adult hamsters (45,75).

Although proliferative activity appears to be a pre-
requisite for target organs, it is clear that not all
tissues which turn over rapidly are necessarily subject to
parvoviral attack (46). While most adult tissues are
mitotically quiescent compared to the fetus and neonate,
many, such as gut epithelium and the hematopoetic system,
contain large numbers of cycling cells. One might expect
these cells, which are essential for the host organism's
well-being and survival, to be targets for parvovirus attack
in the adult. The sparing of these tissues by the majority
of parvovirus strains is underlined by the existence of a
small subset of parvoviruses which frequently cause fatal
disease in adult animals by bringing about the extensive
destruction of gut epithelium and, in some cases, cells of
the reticuloendothelial system, The notable example of this
type of pathogenic behaviour has for a long time resided
outside the rodent parvovirus subgroup, with strains of the
feline panleukopenia/mink enteritis/canine parvovirus sero-
type and the Aleutian Disease virus of mink, (2,76).
However, the recent isolation of a strain of RV which cause
fatal disease in young adult rats (17) shows that this
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property may occur within serotypes naturally infecting
rodent species, In vitro studies provide evidence for
strain-dependent variations in tissue tropism and the
potential for changes to occur by mutation in the spectrum
of differentiated cell types a particular virus strain can
infect (31,32,77). Therefore, a simple explanation for the
emergence of virus strains pathogenic for the adult host is
that such viruses have mutated to include, within their
repertoire of productive host cell types, some which nor-
mally proliferate rapidly in the mature animal. Conversely
one might predict that evolutionary pressure toward an
enzootic life style in crowded populations, such as wild or
laboratory rodent colonies afford has led to the elimination
of these targets from the repertoires of the commonly
studied strains of rodent parvoviruses.

As described in an earlier section, in vitro studies on
target cell specificity have provided significant support
for the hypothesis that lytic virus growth is modulated by
developmentally-regulated components operating in the host
at the cellular 1level. Mohanty and Bachman (78) have
reported that the actively dividing cells of the early mouse
embryo are resistant to killing by MVM. Murine embryonal
carcinoma cells, the stem cells of teratocarcinoma, are
resistant to MVM(p) as are many of their differentiated
derivatives (79,80). However, when these cells are induced
to differentiate in vitro, they give rise to at least one
differentiated cell type, resembling a fibroblast, which
supports productive MVM(p) replication. Taken with the
analysis of the reciprocal restrictions of MVM(p) and MVM(1i)
replication in each other's productive host cell type
described earlier, these studies demonstrate that cell
cycling, although necessary, is not sufficient for the
lytic, productive  replication of dindividual parvovirus
strains, and that the differentiated state of the host cell
is of paramount importance.

In some studies of experimental parvovirus pathogenesis,
especially in the 1960's when the viruses were being as-
sessed for their ability to cause tumors, several investi-
gators reported instances of tissue hyperplasia, such as
odontomas and cementomas, resulting from parvovirus in-
fection (30,61,62,63,81). When further characterized, these
were found invariably to be benign. This appears a somewhat
enigmatic observation, since no evidence has been found in
cell culture studies for any type of cellular transformation
elicited by these viruses. In addition most animal studies
have revealed that these viruses exhibit an oncosuppressive
rather than  tumor-indicative behaviour. One possible
explanation for these hyperplasias is that they might be
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caused by viral ablation of a distinct cell type which
normally exerts a controlling influence on the exteént of
growth in the hyperplastic tissue, either by direct contact
or by the production of humoral factors. Studies on viral
target—cell biology in such situations may shed light on
some growth-control processes in normal development.

B. Tumor Association and Oncosuppression

The repeated isolation of parvoviruses from tumors or
carcinogen-treated animals was originally taken to suggest
that these viruses might have some causal association with
neoplastic disease. Indeed, many later attempts to isolate
H-1 and RV from non-malignant tissues by the original pro-
cedures proved unsuccessful (5,82). Since that time,
however, many studies on the long term influence of parvo-
virus infection on the host animal have shown the opposite

conclusion to pertain. That is, these viruses interfere
with, and in some cases appreciably suppress, tumor for-
mation in their hosts. This remarkable property is of

obvious concern when unintentional introduction of a parvo-
virus occurs in cancer-related research in both animal and
cell culture systems, In one long-term animal study re-
ported by Toolan (83), involving large numbers of hamsters,
those which had survived H-1 infection at birth without
pathological syndrome had a five-fold lower spontaneous
tumor rate than their uninfected siblings. Furthermore, the
tumor rate among survivors exhibiting the "mongoloid-like"
craniofacial lesions associated with neonatal H-1 infection,
was five-fold lower still, 1In several studies, parvovirus
infection has been shown to suppress tumor formation by a
number of transforming viruses and chemical carcinogens.
For instance, RV was shown to suppress leukemia induction by
Moloney leukemia virus in rats (84), and H-1 infection of
hamsters was shown to suppress tumor formation by adenovirus
(85) and dimethybenzanthracene (86).

Elucidating the mechanism by which parvoviruses suppress
tumor induction in whole animal systems is vastly compli-
cated. A more feasible approach would be to study in vitro
analogs in which the effect of parvoviral replication on the
process of cell transformation could be examined in the
absence of major extrinsic factors such as hormonal and
immune responses. Initial attempts to study the interaction
between a transforming virus and an autonomous parvovirus in
cell culture exploited the finding that human embryo lung
fibroblasts would not support lytic growth of H-1 unless the
cells were coinfected with human adenovirus type 12 (Adl12)
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(87). It was shown that in the absence of adenovirus, H-1
could enter the cell and expressed capsid antigen, but did
not form infectious progeny virions (88). Coinfection with
Ad12 resulted in the maturation of H-1, which occurred prior
to the induction of cellular thymidine kinase by the helper
virus (89) and resulted in a overall reduction in Adl2
replication (88). Since human fibroblasts are permissive
for 1lytic adenovirus replication, any influence of H-1 on
the transforming potential of the helper adenovirus could
not be assessed, and no information was obtained as to
whether the helper function was expressed early or late
during the adenovirus life cycle.

Recently, Mousset and Rommelaere described an in vitro
system which promises to be of great value in the study of
parvovirus-oncogene interactions (90), and which illustrates
the types of potential interference exerted by these viruses
in in vitro cell transformation studies. They described the
isolation of a Balb/c 3T3 mouse fibroblast variant which is
resistant to cell killing by MVM(p) by virtue of an intra-
cellular block to viral replication. Although this cell
line is didentical to its MVM-sensitive parent in its
susceptibility to SV40 transformation, coinfection or
superinfection of these mutant cells with MVM drastically
reduces the ability of SV40 to successfully transform them,
Furthermore they demonstrated that these mutant cells, once
transformed by SV40 in the absence of MVM, were now capable
of supporting a productive infection with MVM. This implies
either that an SV40 early gene product can directly comple-
ment the cellular defect for MVM replication, or that
transformation has activated, or reactivated, a cellular
gene vwhose product is missing in the mutant and is required
for MVM growth. A potential role for a transforming gene in
parvovirus replication can therefore now be studied in vitro
and it is to be hoped that such studies will reveal the
mechanism by which parvoviral tumor suppression operates in
the whole animal.

C. Persistence, Latency and Activation.

Several reports in the literature have suggested that a
frequent, or perhaps inevitable, consequence of parvovirus
infection is the establishment of a longterm persistent or
latent infection in the host animal. Before discussing this
aspect of parvoviral biology it is important to note that
all of these studies were done with animals drawn from
enzootically infected colonies and therefore, the evidence
derived -from them is rather circumstantial. To date, no
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study has been published in which viral persistence or
latency have been examined in animals experimentally
infected under conditions where shedding and re-infection is
eliminated. One should view the following evidence with
this caveat in mind. Firstly, most of the strains of rodent
parvoviruses 1listed in TABLE II were derived from enzoo-
tically infected animals which exhibited moderate to high
levels of antiviral antibody prior to some experimental
manipulation which led to the isolation of virus (5,6,8,9,
10,11,13,16,20,23). Another consistent observation is that
infected animals sustain appreciable levels of circulating
virus-specific antibody for 1long periods after virus in-
fection, perhaps for 1life (33,35,52). Since the period
after experimental infection during which viral antigen can
be demonstrated in host tissues by conventional techniques
is relatively short (56), generally under two weeks, such
sustained antibody titers imply continual, low-level stimu-
lation of the immune system. While this may occur in many
enzootic situations by successive rounds of reinfection from
the contaminated environment, it may also be due to a contin-
uvous low level of virus production in the host animal, Per-
haps the most convincing evidence for parvoviral persistence
is the demonstration that infectious virus can be isolated
from tissues of animals with significant antibody titers.
The reports of successful isolation of MVM and RV from the
tissues of dimmune hosts have involved animals from enzoo-
tically infected colonies, thus involving a fully trans-
missible agent, and are subject to the caveat of continuous
reinfection mentioned above. Nevertheless, the consistent
recovery of infectious virus from tissues of highly immune
animals speaks against this alterative explanation. Parker
and his colleagues (52) used the mouse antibody production
(MAP) test to demonstrate directly the presence of MM in
kidney extracts of adult immune mice and in the blood of
such animals after blind passage of extracts in virus-~free
mouse embryo tissue culture. As might be expected, attempts
to recover virus from mice under 35 days of age were unsuc-
cessful, independent of the (passive) immune status of these
mice, However, virus could be isolated with high frequency
from the kidneys of 40 to 45 day-old mice in the same colo-
ny, even though the majority of these had HAI titers between
1:80 and 1:320., 1In similar studies of a Sprague-Dawley rat
colony endemically infected with RV, Robey et al. (33) were
able to 1isolate virus from at least three out of the five
tissues obtained from each of the five immune adult rats
that they tested. In this case, they used blind passage of
tissue extracts in a rat nephroma cell line known to be free
of RV, and most positive tissue abstracts yielded virus
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within two or three passages. Virus was not consistently
isolated from any particular tissue, but interestingly
animals with the highest HAI titers (1:320 to 1:1280) had
the highest frequency of positive tissues. They were unable
to detect directly any virus in gradient fractions of
concentrated tissue extracts from such animals, but this was
probably due to the insensitivity of the assay (HA) they
employed. Although the evidence cited above strongly
suggests that parvoviral infections may persist in the whole
animal, there are no reports in the Iliterature which
establish persistence as an experimentally reproducible
phenomenon, Likewise there have been no demonstrations of
parvoviral latency as evidenced, for example, by the
presence of sequestered intracellular viral genomes in the
absence of infectious virus particles. However, despite the
lack of definitive proof for or against, both persistence
and latency are likely to be part of the normal infectious
process of parvoviruses. Perhaps the most important aspect
of potential latency in the context of this article is the
ability of certain experimental manipulations to activate
virus infection. As can be seen in TABLE II, immuno-
suppression and tumor induction (or carcinogen treatment)
figure largely in the activation of what is presumably
latent virus (7,8,9,11,13,18,20). For instance, in one
study the  administration of a single, nonlethal dose of
cyclophosphamide to «clinically normal rats resulted in
central nervous system lesions from which the HER strain of
RV was subsequently isolated (13). On the other hand, two
of the original isolations of RV were made from metasta-
sizing sarcomas of the liver associated with encysted
Cysticercus fasciolaris (5). Various other RV strains, such
as X14 and Krisini virus, were recovered only after
carcinogen treatment (8,9). Whether immunosuppression and
tumorigenesis have some common feature which leads to the
facilitation of virus isolation from treated animals is not
known. The fact that cell-free tissue extracts can be shown
to contain infectious virus upon continued blind passage in
susceptible cell culture suggests that virus production
proceeds in latently infected animals, at least to a limited
extent, Persumably it 1is this extracellular virus which
infects the exogenous tumor cells during the initial con-
tamination of transplantable tumors, an event commonly
observed with these viruses (52,57). Essentially nothing is
known about the cell types producing this virus, the
frequency of affected cells, their locations or the latent
form of the viral genome. Likewise, the manner in which the
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progeny virus escapes inactivation by the high circulating
levels of apparently neutralizing antibody £found in such
latently infected animals remains to be elucidated.

V. IMPLICATIONS FOR RESEARCH

In the preceding sections we have described what is
known of various aspects of the natural history of parvo-
virus infection and, where possible, we have used that
information to predict scenarios in which the presence of a
parvovirus might affect the outcome of an experimental
procedure. These are summarized in TABLE V and for the most
part are self-explanatory when considered in conjunction
with the preceding text, Some of these scenarios are
imaginary. That is to say, there are no published reports,
to our knowledge, which substantiate them in detail and they
are merely predictive of potential problems. For others,
however, there are well documented accounts of such inter-
ference actually occurring. For instance, the isolation of
MVM(i) is a good example of the effect of parvoviral contam-
ination of a transplantable tumor on subsequent immuno-
logical experiments, Initially Bonnard and Herberman
reported that a factor produced by the EL-4 (G-) lymphoma
markedly suppressed the generation of cytotoxic T-lympho-
cytes in allogeneic mixed lymphocyte cultures (91). On
further investigation, this factor proved to be an infec-
tious agent specifically neutralized by reference MVM
antiserum (23). However, Crawford's original MVM isolate
(21) had a slight enhancing effect on cell mediated cyto-
toxicity in equivalent tests, indicating that the immuno-
suppressive virus was a variant of MVM with a virus-cell
interaction different from that of the prototype laboratory
strain (23). Subsequently this virus was isolated and has
been compared extensively with the prototype virus, This
allotropic variant of MVM, known as MVM(i), is capable of
lytic growth in cytotoxic T cell clones, will abrogate
cytotoxic T cell responses, reduce T cell mitogenic
responses and interfere dramaticaly with helper dependent B
cell responses 1in vitro (92,93,94). Moreover, under appro-
priate conditions MVM(i) is highly cytopathic in vitro for
the original tumor cell 1line EL-4 (G-) from which it was
isolated (32), suggesting that during passage in vivo, the
developing transplanted tumor was probably protected by the
imune response of the mouse either to the contaminating MVM
or to MVM experienced previously in an enzootically infected
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TABLE V. Potential Interference by Parvoviruses with
Whole Animal or Tissue Culture Experiments

1. Tumorigenesis Studies.

In vivo a)

b)

c)
d)

In vitro a)

b)

Immunological

Contamination of transplantable tumors and
tumor virus stocks

Reduction in transplantable tumor take (by
direct oncolysis or modulation of immune
response to tumor cells).

Selection of new transplantable tumor
phenotypes

Reduction in viral or chemical tumori-
genesis

Reduction in viral- or oncogene-mediated
cell transformation by conversion of
abortive to productive parvovirus

infection

Contamination of tumor virus stocks

Studies.

In vivo a)

b)
c)

In vitro a)
b)
c)

Modulation of Ilymphocyte mitogenic re-
sponses

Cryptic infection of lymphocytes
Interference with humoral antibody
spectrum

Abrogation of cytotoxic T cell responses
Reduction in T-cell mitogenic stimulation
Abrogation of helper-dependent B-cell
responses

Infectious Disease Studies/Cell Biology Studies.

In vivo a)
b)

In vitro a)
b)
c)

Disease modification by interviral inter-
actions
Immunosuppression of experimental host

Primary tissue culture degeneration
Carrier culture establishment
Selection of new cell line phenotypes
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colony. Alternatively, during prolonged co-cultivation the
contaminating MVM may have selected from the original EL-4
cells a subpopulation restrictive for growth of the virus,
but which reverted with high enough frequency to maintain a
carrier culture, At what point the virus was picked up by
the tumor in its passage history is not clear, but its
isolation in this way exemplifies the caution with which in
vitro results with in yvivo-derived material should be
treated. These results also emphasize the importance of
knowing the parvovirus status of both tumor cell lines and
animal colonies. A similar result has been reported for the
isolation of an immunosuppressive variant of RV from a
contaminated rat mammary adenocarcinoma (16).

In addition to the effects MVM(i) has on in vitro
immunological responses, it is of interest to note here that
infection of the whole animal with either MVM(i) or MVM(p)
leads to a depression of both splenic T cell and splenic B
cell mitogenic stimulation indices (95). In addition MVM(i)
can be shown to infect splenic Ilymphocytes in a cryptic
fashion, being activated to replicate by ConA stimulation
(96). MVM(i) also interferes markedly with the ability of
the infected animal to develop a normal humoral antibody
response to antigenic determinants on its own viral capsid,
but does not impair antibody response to the major non~
structural protein (97).

The potential influence of persistent or latent parvo-
virus infection on tumorigenicity studies is predominantly
inferred from the oncosuppression studies described in an
earlier section, and from the frequent isolation of virus
from immune animals by tumor passage or following exposure
to carcinogens. The potential for contaminating primary
cell lines and virus stocks is obvious and it is surprising
that more examples of this are not reported. Fortunately,
there 1is a potent, but unidentified, inhibitor of parvovirus
growth found frequently in some commercial preparations of
calf or fetal calf serum, common cell culture additives
(98,99) and it may be that this inhibitor often protects
cell cultures from contamination.

Finally, 1latent parvovirus infection could potentially
be a problem in rodent breeding colonies. The porcine
parvovirus, which is closely related to the rodent parvo-
viruses, causes widespread infertility and infectious
abortion in pigs (58). Although, in theory, the rodent
virus could produce similar effects, we are not aware of any
published evidence which indicates that this problem ever
occurs.
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VI. DIAGNOSIS AND PREVENTION

It is clear from preceding sections that the rodent
parvoviruses are eminently capable of establishing enzootic
infections in laboratory colonies in which virus infection
is almost universally asymptomatic in the absence of experi-
mental manipulation. There are, therefore, no reliable
procedures for clinical or morphological diagnosis of rodent
parvovirus infection. The consequences of introducing even
one infected animal are potentially very serious since many
of the virus strains spread very rapidly and the only
effective means of control is the destruction of the
affected colony followed by repopulation with virus free
stock (100). Serological testing offers the most effective
means of parvoviral diagnosis, supported when possible, by
virus isolation. Five types of assay have been used
routinely for parvovirus  serology; hemagglutination
inhibition (HAI), complement fixation (CF), plaque or end
point CPE neutralization tests (NT), flourescent antibody
tests (FA) and enzyme-linked immunoassay (EIA). It is not
our purpose here to evaluate critically the relative merits
of these tests as this is the subject of other chapters in
this volume (101,102), but a few comments are relevant to
the overall aims of this article. Of these assays, HAI, CF
and NT will reliably distinguish between rodent parvovirus
serotypes whereas, for reasons discussed below, FA and EIA
(vhen infected cells are used as the target ) will effi-
ciently demonstrate the presence of parvovirus antibody

without discriminating between  individual serotypes.
Probably the most widely used serotype-specific assay is
HAT, It 1is relatively insensitive, compared with NT, and
subject to the presence of non-specific inhibitors present
in many sera. Some of these non-specific inhibitors are
resistant to removal by convenient, routine means such as
kaolin extraction or neuraminidase digestion. It is,

however, much cheaper and more rapid than NT. For labora-
tories which have access to high titer stocks of the three
rodent parvovirus serotypes and contained tissue culture
facilities in which to work with them, NT is the assay of

choice. Several variants of this test are available, among
which the EIA version described by Smith (103) is probably
the most convenient, Plaque neutralization employing

standard plaque assay conditions with a predetermined virus
dilution incubated with dilutions of serum for one hour at
379C prior to assay on cell monolayers has been adapted
successfully to multi-well dish format in our laboratory
(104). We usually use the SV40-transformed human fibroblast
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cell 1line, 324K (32), for convenience, since it will plaque
many strains of MVM, XRV and H-1. This assay is both time
consuming and expensive, and individual assays must be
carried out to screen for each viral serotype. Routine
screening for parvovirus infections of unknown serotype can
be adequately achieved by FA or EIA, although assignation of
positive sera to a particular serotype must then be made by
HAI, CF or NT. The antigenic distinction between MVM, RV
and H-1 and the possible significance of one way cross-
reactions have been discussed in a previous section and

elsewhere (105), However, the study of Cross and Parker
(106) is of considerable relevance to the understanding of
unidirectional cross-reactions detected by FA. These

authors explored the antigenic relationships between members
of the three serotypes using antibodies raised to each in
rats. They found that while these serotypes did not cross-—
react when analyzed by reciprocal HAI, CR or CPE neutrali-
zation tests, the anti-RV and anti-H-1 antisera stained
MVM-infected rat cells as efficiently as the homologous
anti-MVM antiserum. However, the anti-MVM antiserum did not
stain RV or H-1 infected cells. To explain this, it has
been suggested (105) that, during the infection of rat cells
in vitro, all three viruses elicit a common antigen, which
is different from the capsid antigens involved in hemag-
glutination, interaction with complement- fixing antibody or
neutralization. Furthermore, it was presumed that, in the
rat in vivo, this common antigen is expressed in immunogenic
amounts following inoculation of infectious RV and H-1 but
not when the inoculated virus is MVM. Subsequent experi-
ments revealed that these common antigenic determinants are
not carried on the viral capsid but are expressed on the
major viral non-structural protein NS-1 (107), a nuclear
phosphoprotein which is only synthesized in cells which are
actively replicating the virus. We have dissected the anti-
capsid and anti-NS-1 antibody responses in MVM infected mice
in the experiment described in Figure 3. Here 324K cells
separately infected with MVM, RV or H-1 have been stained
with sera from several mouse sources. Firstly, MVM-infected
mouse serum efficiently stains all three infected cell
types. Secondly, sera from mice repeatedly immunized with
purified, non-infectious MVM empty capsids stain MVM-
infected cells equivalently to the infected mouse serum, but
show no discernable staining with cells infected with RV or
H-1, compared to preimmune serum. However, when a mouse
serum monospecific for antigenic determinants carried on the
MVM NS-1 protein is wused, a typical distinct nuclear
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staining is seen which is almost equivalent for cells in-
fected with each of the three virus serotypes. Interes-
tingly, the infected mouse serum and the anti-capsid serum
also stain cytoplasmic structures, but only in MVM infected
cells, These structures are not stained in these cells by
the anti-NS-1 antibody and we believe them to be viral
particles accumulated in endocytotic vesicles. Thus, there
is 1little if any cross-reaction by FA between the capsids of
MVM, RV and H-1, and the strong cross-reactions detected by

H1 MVM

infected

anti-capsi

anti-NS-1
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this  technique reside almost entirely with the major
non-structural polypeptide synthesized in infected cells.
Antibodies to these non-structural proteins will be elicited
only if the immunized animal is actively infected by the
virus, and thus the rats inoculated with RV or H-1 by Cross
and Parker (106) made such antibodies while those inoculated
with MVM did not. Recent studies have shown that these
NS-1-specific common antigenic determinants exist across an
even broader spectrum of autonomous parvoviruses than just
those infecting rodents. Strong cross-reactions have been
detected between the MVM NS-1 polypeptide and those encoded
by LuIII, FPV/CPV and PPV (97). Obviously, such a broadly
cross-reacting technique as FA, although unable to identify
specific serotypes, would theoretically detect infection by
some parvoviruses for which no HAI, CF or NT test exists.
This opens up the possibility of detecting hitherto unsus-
pected agents in rodent, and other populations. Indeed
there are indications that agent(s) unrelated to MVM, RV or
H-1 by HAI but detectable by FA cross-reaction are circu-
lating in commercial populations of both mice and rats
(108).

Since the only method for effective control of parvo-
virus infections is to destroy the colony and repopulate, it
obviously pays an investigator to avoid scrupulously the
introduction of these agents into clean areas. We have
listed in TABLE VI the properties of parvoviruses which we
feel are most relevent to their potential introduction to a
clean colony. Any cages, bedding, instruments or other
paraphernalia which have been in contact with infected
animals must be considered as a potential means of trans-
mitting infection, and adequate sterilization procedures
should be employed. Depending upon the physical properties
of the contaminated equipment, autoclaving, hypochlorite

Figure 3. Rapidly dividing 324K cells (32) seeded on glass
slides were infected at 15-30 pfu per cell with RV (a,d,and
g), H-1 (b,e, and h) or MVM (c,f, and i). At 24 hours
after infection the cells were fixed with 2.5% buffered
paraformaldehyde, permeablized with 0.1%7 Triton X100 and
stained with a 1:40 dilution of serum:- from an MVM-infected
Balb/CByJ mouse (a,b, and c), or serum from Balb/CByJ mice
hyperimmunized with either highly purified, non-infectious
MVM(p) empty capsids (d,e, and f£) or a 20 kilodalton segment
of the NS-1 polypeptide produced in E. coli by recombinant
DNA techniques (g,h, and 1i). The location of the
bacterially- expressed NS-1 segment within the NS-1 gene is
indicated in Figure 2.



338 Peter Tattersall and Susan F. Cotmore

TABLE VI. Properties of Rodent Parvovirus Relevant
to their Potential Introduction into Animal Facilities

1. Exceptional Stability
2. Commonly Enzootic
3. Predominantly Asymptomatic

4, DPossible Persistent or Latent Infection of
Whole Animal

5. Age-dependent Antibody Distribution

6. Frequent Tumor and Virus Stock Contaminants

soaking or UV irradiation should be used, in that order of
preference. Likewise, one should be aware of the possibil-
ities for physical transmission of virus by human vectors,
such as central service employees or colleagues moving
between enzootically infected colonies or colonies of
unknown status, and the clean area. Adequate precautions
should" be taken therefore while handling animals, such as
the wearing and frequent changing of disposable gloves.

The high frequency of enzootic infection in breeder
colonies and the possibility of a persistent phase following
acute infection means that all rodents or rodent-derived
products coming into a clean facility are suscept. If one
does not have reliable evidence to the contrary, it is
reasonable to assume that any incoming animals or animal-
derived materials are carrying virus. Strict quarantine
rules should be observed for animals received from sources
where the parvovirus status of the colony is not constantly
monitored and reported. It is of considerable importance to
realize that the age distribution of animals positive for
anti-parvovirus antibody, discussed in a previous section,
means that weanling animals are likely to be uniformly sero-
negative on arrival, although they may already be infected
and seroconvert over the next few weeks., At this stage,
they will almost certainly be infectious for other animals
and should be kept isolated for several weeks before final
serology is performed and negative animals are introduced
into a clean area. Similarly, transplantable tumors, tissue
culture cell 1lines and virus stocks to be introduced into a
clean area should be tested for parvovirus by MAP test (22)
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in isolated animals. This approach has the advantage that
the resulting sera can be screened for a variety of unde-
sirable contaminants, This particular precaution is ex-
tremely important for successfully excluding parvoviruses
from an animal facility, since they are such widespread
contaminants of tumor lines and tumor virus stocks (57).
Finally, it 1is of course necessary to have an adequate
program for the control of feral rodents in and around the
facility, since the incidence of parvovirus infection in
wild populations is appreciable.

VII. FUTURE RESEARCH

Much remains to be learned about the natural history of
parvovirus infection. We are still ignorant of the details
of many aspects of viral replication at the cellular level,
including the nature of the requirement for host S-phase
transition, a phenomenon which shapes the biology of these
viruses at every level. There is still no definitive
evidence for parvoviral persistence or latency, although
there 1is strong circumstantial evidence to suggest that such
states may exist, and we know nothing about the mechanism by
which immunosuppression or carcinogenesis can promote virus
recovery. Moreover we know very little, and need to know a
lot more, about the way in which these viruses can suppress
the onset or course of neoplastic disease.

Although we are Jlearning about target cell specificity
from allotropic virus variants, we Lknow very little, if
anything, about the viruses in the field. Field strains
appear to be more pantropic than the frequently studied
laboratory strains. It may be that this is an artifact
introduced during the isolation of laboratory strains. When
virus strains are isolated in cell culture we may be
selecting for an allotropic subset of a complex field strain
or merely selecting host range mutants which have arisen in
vitro. It is clear, therefore, that we currently understand
somewhat less than we need to know, and far less than there
is to know.
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