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Summary. The tumorigenicity ofneoplastic hamster and mouse cell lines and tumour explants
was reduced by infection with herpes simplex virus (HSV-i), a thymidine-kinaseless mutant of
herpes simplex virus, namely 'MDK', encephalomyocarditis virus (EMC) and bovine mammilli-
tis virus (BMV). There was an approximate relationship between duration of virus infection in
vitro and reduction in incidence and/or rate of tumour development. The rate of tumour
development was also reduced by 'site inoculation' of virus (HSV- i) at various time intervals
following inoculation of tumorigenic BHK 21 cells indicating that virus was capable of
reducing the rate oftumour development in a situation where the neoplastic cells were already
transplanted into the susceptible host species. It is suggested that the therapeutic role of wild
type, mutant or recombinant viruses merits further exploration towards prevention and
treatment of human cancer.

Keywords: tumorigenicity, herpes simplex virus (HSV-i), MDK virus, encephalomyocarditis
virus (EMC), bovine mammillitis virus (BMV)

It is possible that the pathological sequelae of
virus infection may have led to premature
discardment of the possible role of viruses in
the prevention and therapy of human
tumours. As an example, there is evidence
that parvovirus will inhibit cell transforma-
tion by Simian virus 40 (Mousset & Romme-
laere I982) and can reduce the tumorigeni-
city of adenovirus or type 2 herpes simplex
virus transformed cells (Ostrove et al. I98I;
Cukor et al. 1975). Moreover there is evi-

dence of suppression of Ehrlich ascites and
sarcoma tumours in mice by minute virus of
mice and bovine enterovirus i (Guetta et al.
I986; Taylor et al. I97I). While these results
suggest a direct or toxic inhibition of oncoge-
nesis, the mechanism may be more compli-
cated as there is evidence that simultaneous
inoculation of Adeno-associated virus and
adenovirus I 2 to hamsters (Kirschstein et al.
(I968) reduces the incidence of adenovirus
induced tumours and of particular interest
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that pre-immunisation ofnew born hamsters
with parvovirus will reduce the subsequent
incidence of 7, I 2-dimethyl benzanthracene
induced and spontaneous tumours (Toolan
et al. I982; Toolan I967). These are intrigu-
ing observations and may suggest long-term
immunological surveillance or viral cytotox-
icity for tumour cells or possibly an interfer-
ence of tumour development in the cells of
the animal by incorporation of virus genome
into some or all the cells of the animal; while
it is presently impossible to discriminate
these hypotheses, the data do suggest new
possibilities in the prevention of tumorigene-
S1S.

This study explores three aspects of viral
inhibition of cell oncogenicity:

(i) The effect of viruses on tumorigenic cell
lines where the neoplastic potential has
not been induced (as far as is known) by
viruses.

(2) The effect of viruses on explants of
tumour tissue.

(3) The effect on tumorigenic cell lines and
explants offour viruses ofvarying patho-
genicity for human subjects, namely
type i herpes simplex virus, a patho-
genic but usually non-fatal infection of
human subjects, 'MDK' a thymidine
kinaseless mutant type i herpes virus
strain which may have limited patho-
genicity for human subjects, encephalo-
myocarditis virus (EMC) which is not a
recognised human pathogen but will
replicate in human cell lines and bovine
mammillitis virus (BMV) which is again
not a recognised human pathogen and
in addition will not replicate in human
cell lines or explants (Skinner et al.
I98 7). There is evidence that infection
by all four viruses can reduce the tumori-
genicity of tumour cells and explants.

Materials and methods

Virus strains. The following virus strains
were used. HFEM a 'classical' type i herpes
simplex virus isolate 'MDK', a thymidine-

kinaseless mutant type i virus strain (Dubbs
& Kit I964), the 'Allerton' strain of bovine
mammillitis virus (BMV) which was kindly
supplied by Professor P. Castrucci, Universita
Di Perugia, Instituto Di Malattie Infettive,
Perugia, Italy and encephalomyocarditis
virus (EMC). Virus stocks were grown in
baby hamster kidney cells and titrated by
suspension plaque assay (Russell I962).

Cells. BHK 2I (CI 3) cells, a stable highly
tumorigenic cell line derived from a single
clone (McPherson & Stoker I962) were used
for hamster inoculation, virus propagation
and virus titrations.

Cell line NCTC (clone 2472), a tumorige-
nic mouse fibroblastic cell line was used for
inoculation of mice; this cell line was
obtained from Flow Laboratories (Rickmans-
worth, Herts, WD3 IPQ).

Virus infection of cells for animal inoculation.
For hamster inoculation, BHK 2 I cells were
infected with 25 plaque forming units (pfu)
per cell and the virus absorbed by gentle
shaking for 45 min at 3 70C. The cells were
then washed by centrifugation three times in
Eagle's medium to remove unabsorbed virus
and plated out for various time intervals at
3 70C. Control uninfected cells were mock
infected in similar fashion to the virus
infected cells. Prior to inoculation the cells
were washed three times in Eagle's medium
and in certain cases incubated with the
appropriate anti-viral or anti-cell serum at a

i:IO dilution in Eagle's medium at 3 7°C for
30 min to reduce virus infectivity by virus
neutralisation or by inhibition of virus
release from virus infected cells (Skinner et al.
1975/I976). Hamsters were inoculated
with 2 X 106 cells when infected with HSV
and with 2 X IO5 cells when infected with
BMV. Animals were monitored twice weekly
for tumour development.
The proportion of cells 'successfully'

infected with virus was estimated by indirect
immunofluorescence. Herpes virus infected
cells were examined by rabbit hyperimmune
antiserum against HSV-i infected cell
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extract and EMC infected cells by hyperim-
mune antiserum against EMC infected cell
extract. Hyperimmune sera were prepared as
described by Geder and Skinner (I97I).
Virus replication was estimated by removing
samples of cells at various time intervals and
titrating virus infectivity following disrup-
tion of cells by ultrasonic vibration.

Virus infection of tumour explants. Tumours
were induced in hamsters and C3H mice by
inoculation of 2 X i06 BHK 2 I cells or NCTC
2472 cells, respectively. The tumours were

removed and dissected into explants measur-
ing approximately 25 mm3 and infected by
suspending each explant in a virus suspen-
sion in supplemented Eagle's medium at
virus concentration of 5 x 106 pfu/explant
for various times of incubation. Prior to
animal implantation the explants were

washed three times to remove unabsorbed
virus and incubated with rabbit anti viral
serum at i: io dilution for 30 min at 370C;
explants that were infected with BMV were

washed without anti-serum treatment prior
to implantation.

Virus replication in tumour explants was

monitored by partial ultrasonic disruption of
explants in 0.5 ml of sterile water followed by
virus titration as described.

Animal inoculation. Tumour cells were

injected subcutaneously into the dorsal
aspect of the mouse or hamster. Tumour
explants were injected subcutaneously
through a 0.5 cm incision in anaesthetised
animals. The incisions were repaired with
one or occasionally two stitches.

Results

Tumour cell lines

The proportion of virus infected cells follow-
ing in vitro infection was examined by immu-
nofluorescence at various time intervals fol-
lowing infection (Table i). In spite of the
high multiplicity of the virus infection (25
plaque forming units per cell), the proportion

Table i. Virus antigen positive BHK-2 I cells
following virus infection for varying time inter-
vals

Duration of Proportion (%)
in-vitro virus of virus-antigen

Viruses infection (h) positive cells

HSV-i 24 97.6
48 912
72 98 I
96 99-8

MDK 24 99 8
BMV 24 33'4

48 64.5
72 86-8
96 36.I

EMC 24 99-8

The proportion of virus-antigen posi-
tive cells was estimated by scanning at
least fifty cells under a Dialux fluores-
cent microscope.

of virus antigen positive cells was often less
than ioo%; indeed with BMV the proportion
of infected cells was surprisingly low and had
declined by the fourth day of in-vitro virus
infection. This surprising result has been
confirmed in several experiments and inde-
pendently reported (Davies et al. in prep-
aration).
The effect of HSV-i and BMV virus infec-

tion for various time intervals on the tumori-
genicity ofBHK-2 I cells is shown in Tables 2
and 3, respectively. There were no tumours
from HSV-i or from BMV infected cells
which had been infected for at least 24 h. In
the two hamsters who received cells infected
with HSV-i for only 2 h prior to inoculation
the time interval to tumour development
was longer than in hamsters receiving unin-
fected cells (Table 2).
To investigate two other viruses-namely

MDK and EMC-and the role of cell to cell
spread of virus within the inoculated and
progeny tumour cells, the cells were treated
with ' dilution of hyperimmune HSV-i or
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Table 2. Tumorigenicity of BHK-2I cells infected with type i HSV for various time intervals

Uninfected Infected
Duration of
in-vitro virus Time interval Time interval
infection or Proportion to tumour Proportion to tumour

in-vitro suspension developing development developing development
of uninfected cells tumours (days) tumours (days)

2 h 2/2 II,9 2/2 23.42
24 h 2/2 12,10 0/2 >I40
48 h 0/2 >140
72 h 0/2 > I40
96 h 2/2 7,7 0/2 >140

Total/means 6/6 9 2/I0 > I40

Table 3. Tumorigenicity of BHK-2 I cells following infection with BMV for various time intervals

Uninfected Infected
Duration of
in-vitro virus Time interval Time interval
infection or Proportion to tumour Proportion to tumour

in-vitro suspension developing development developing development
of infected cells tumours (days) tumours (days)

2 h 2/2 22,46 0/2
24 h - 0/2
48 h 2/2 36,36 0/2 >140 > I40
72 h 0/2
96 h 2/2 26,26 0/2

Total/means 6/6 32.0 o/Io >140

EMC antiserum or BHK-2 I antiserum which
will inhibit virus release without virus neu-
tralization (Skinner et al. 1975/I976); cells
were incubated with antisera for 30 min at
3 7°C following which the antisera were
removed by three successive washes using
growth medium. This dilution of anti-cell
serum was shown to be not cytotoxic for
BHK-2I cells in previous tests.
None of the hamsters who received virus

infected cells developed tumours excepting
two hamsters who had received HSV-i
infected cells pre-treated with both HSV-i

and cell antiserum and one hamster who
received MDK infected cells pre-treated with
HSV-i antiserum developed tumours (Table
4); these tumours developed at 47, 52 and
66 days, respectively. All I4 hamsters inocu-
lated with uninfected cells developed
tumours within an average period of i6
days.

These experiments were repeated in mice
using the tumorigenic mouse cell line NCTC
2472. Groups of three mice received cells
infected with HSV, BMV or EMC for 2, 48 or
96 h. None of the mice inoculated with these
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Table 4. Tumorigenicity of BHK-21 cells following infection by HSV-i, MDK or EMC; pre-inoculation
treatment of cells with viral and/or cell antiserum

Mean time
interval to
tumour

Virus Pre-treatment Proportions developing development
infections of cells tumours (days)

HSVi No serum 0/3 > I40
HSV-i antiserum 0/3 > I40
Cell antiserum 0/3 >140
HSV-i and cell 2/3 > I40 (47,52)
antiserum

MDK No serum 0/3 > I40
HSV-i antiserum I/3 > I40 > I40 (66)

EMC No serum 0/3*
EMC antiserum 0/3 > I40

Total virus infected No serum o/6 > I40
Virus antiserum I/9 > I40 (66)
Virus cell antiserum 2/3 >140 (47,52)
Cell antiserum 0/3 > I40
Total 0/2I > I40

(14%)
Uninfected cells No serum II/II I3+0.9

Cell antiserum 3/3 30 ± 7.9
Total I4/14 I6±2.4

(I00%)

The numbers in brackets indicate the time interval to tumour development in animals who had
developed tumours by I40 days.

*These three hamsters died of disseminated EMC infection within 5 days and are therefore not
isolated in the column totals.

virus infected cells developed tumours by
140 days, while all Io mice who received
uninfected cells developed tumours within
I0 to 24 days.

In summary, the pooled data from hams-
ter and mice experiments (Tables 2-4) indi-
cate that three of 44 animals (6-8%) deve-
loped tumours when inoculated with virus
infected cells compared to I00% of control
animals who received uninfected cells. While
the time interval to tumour development by
uninfected control cells was quite variable
between experiments performed at different
times pre-treatment of uninfected control
cells with cell antiserum did to a moderate
extent decrease their oncogenicity in terms

of the time interval to tumour development
(P<o.o0).
The possibility that oncogenic cells might

be susceptible to virus infection following
their inoculation into the appropriate test
animal was explored. A total of IO6 BHK-21
cells were inoculated subcutaneously into
hamsters as described and Io7 pfu of HSV-i
or BMV inoculated into the same site at
varying time intervals (Table 5). The rate of
tumorigenesis was reduced by virus inocula-
tion with an approximate relationship
between cell-virus inoculation interval and
rate of tumour formation. By 14 days there
was a significant reduction in tumour de-
velopment in the virus inoculated hamster
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Table 5. Tumorigenicity ofBHK-2 I cells following
'site addition' of virus at varying time intervals
following inoculation of cells into hamsters

Proportion developing
tumours by I4 days

Time of virus Total
inoculation HSV-i BMV (HSV-I +BMV)

Zero and 7 days 0/2 I/2 I/4
24 h and 7 days I/2 I/2 I/4
48 h and 7 days 2/2 I/2 3/4
72 h and 7 days 1/2 2/2 3/4
96 h and 7 days I/2 2/2 3/4
Total 5/I0 7/IO 12/20

Uninfected control BHK-2 I cells induced Ioo%
of tumours in I2 hamsters within I4 days.

Table 6. Replication of viruses in tumour explants

Duration of Virus yield
in-vitro virus (pfu) per

Virus infection (h) explant

HSV-i 0 6.4x 102
48 2.0 x I06
72 i.6 x io6
96 I.4 x 05

MDK 0 4.3X102
24 9.3x105
72 8.Sxio5

BMV 0 I.2X102
24 6.2 x 02
72 9. X I03

EMC 0 2.8X103
24 I.3 x 06
72 4.3 x IO5

although all hamsters
tumours by 2I days.

had developed

Tumour explants. The replication of viruses in
tumour explants in vitro is shown in Table 6.
There was evidence of virus replication with

an increase in virus titre ofover iooo-fold for
HSV-i and MDK mutant strain and approxi-
mately ioo-fold for EMC and BMV.
The tumorigenicity of hamster tumour

explants following infection with HSV-i,
'MDK' and BMV for I to 4 days in organ
culture prior to hamster implantation is
shown in Figs i and 2. There was a signifi-
cant delay in the rate oftumour development
as measured by tumour diameter (Fig. i) or
by time interval for the tumour to reach a
diameter of 7.5 mm (Fig. 2); the reduction in
rate of tumour development approximately
correlated with duration of in-vitro virus
infection prior to explant implantation.
While uninfected control tumour explants
were not unaffected by the duration of in-
vitro culture prior to implantation their level
of tumorigenicity remained significantly
higher than virus infected explants (Fig. 2).
Only two hamsters had developed tumours
by 14 days after inoculation of virus infected
cells compared to I4 of I5 animals who
received uninfected tumour explants; by I20
days, two hamsters who had received
tumour explants infected with HSV-i and
BMV had not developed tumours with gra-
dual disappearance of the implanted tumour
explants.
The tumorigenicity of mice tumour

explants following infection with HSV-i is
shown in Table 7. There was a delay in the
rate of tumour development from virus
infected cells; in one mouse, who was inocu-
lated with an explant which had been
infected for only two hours, the tumour did
not develop but gradually disappeared.

Nature of tumours. Both BHK-2i and NCTC
2472 cells formed poorly differentiated sar-
comata in hamsters and mice respectively.
These tumours were removed and used as
'tumour explants' for implantation; there
was no histological change in tumour
explants following their re-inplantation.
There was no evidence ofa significant granu-
lomatous or lipomatous reaction to cell or
explant inoculation.
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Fig. i. Tumour size in relation to duration of in-vitro virus infection of explants.

Discussion

This study has indicated that the tumorigeni-
city of neoplastic cell lines and tumour
explants in two animal systems can be
reduced by infection with four viruses
selected to represent a spectrum ofpathogen-
icity for human subjects. In two hamsters
and in one mouse, the oncogenicity of whole
tumour explants was eliminated by virus
infection indicating that the principle of
elimination of every malignant cell in a solid
tumour may indeed be viable. It appeared
that continuance ofvirus infection oftumour
cells in vitro may play a role in inhibition of
tumour development (Table 4) as there was a
suggestion that antibody treated virus
infected cells may be less tumorigenic than

uninfected control cells; however there was
insufficient data to discriminate between an
antiviral or anticellular effect particularly as
anticellular sera will also inhibit virus release
(Skinner et al. I975/76).

There was some variation in the time
interval to tumour development by unin-
fected control hamster cells (Tables 2-4).
This variation was to be expected as a result
of experimental data presented in Table 3
where there were unusually long tumour
inoculation intervals as the number ofinocu-
lated BMV infected and control uninfected
cells were reduced by tenfold in this experi-
ment as it was found that Io6 cells infected
with 25 pfu per cell under these experimen-
tal conditions resulted in a rather agglutti-
nated cell monolayer with irregular clump-
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Fig. 2. Rate of tumour growth in relation to duration of in-vitro virus infection of explants.

Table 7. Tumorigenicity of mice tumour explants following infection with HSV-i

Uninfected Infected

Time interval Time interval
Proportion to tumour Proportion to tumour
developing development developing development
tumours (days) tumours (days)

2 h 2/2 i8,I8 1/2 >40,I8
48 h 2/2 22,I0 2/2 22,24
96 h 2/2 I4,10 2/2 28,28

Total/means 6/6 I5 5/6 >140
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ing of cells which might bias the results in
favour of reduced oncogenicity.
The tumorigenicity of BHK-2I cells was

reduced when virus was added following
inoculation ofthese cells into the appropriate
susceptible test animal; while test control
differences were small in this latter experi-
ment it is likely that this might have been a
consequence of the experimental construc-
tion where virus was inoculated somewhat
'blindly' into the erstwhile site of cell inocula-
tion and it is possible that once a palpable,
although small, tumour had developed, virus
inoculation could be better 'targetted'. How-
ever, the results do indicate that neoplastic
cells remain susceptible to virus infection in
vivo. It is intended to explore the susceptibi-
lity of solid or other tumours to in vivo virus
infection.

Inhibition of tumorigenesis might be a
consequence of immune rather than virus
induced cytolysis oftumour cells. This seems
unlikely for the following reasons:

(i) There were test-control differences by 6-
7 days by which time it is unlikely that
the host animals would have mounted a
significant immune response to virus
antigens to which there was no previous
exposure.

(2) Pre-treatment of virus infected cells with
viral or cell antiserum did not further
reduced tumorigenicity but marginally
increased the tumorigenicity of the cells
which discourages implication of
immune cytolysis as a possible mecha-
nism.

(3) In a separate study pre 'vaccination' of
hamsters with inactivated BHK-2i cells
or HSV infected BHK-2i cells did not
inhibit the frequency oftumour develop-
ment by BHK-2I cells.

(4) There is evidence that part of the mecha-
nism is due to virus cytolysis of tumour
cells as typical viral cytopathic effects
have been identified in explants ofhams-
ter and mouse tumours removed 3 days
following their implantation into host
animals (Davies et al. I 988).

It appears therefore that inhibition of
tumour development is mainly a conse-
quence of virus induced tumour cell cyto-
logy. This is consistent with the general view
of the mechanism of parvovirus induced
inhibition oftumour development (Sprecher-
Goldberger et al. 1970; Mayor et al. 1976;
Georg-Fries et al. I984) and with most
interesting studies where pre-inoculation of
newborn hamsters reduced the subsequent
frequency of chemically induced or sponta-
neous tumours (Kirschstein et al. I968;
Toolan & Ledinko I968; Toolan et al. I982)
and it seems unlikely that parvovirus would
induce immunological protection against
chemically induced or spontaneous
tumours. The precise mechanism of parvo-
virus induced in tumour inhibition requires
further investigation and resolution.

It is difficult to define strategy for human
subjects; there is a general dilemma in that
the less pathogenic a virus, the less cytolytic
and oncolytic it will tend to be for human
tumours. This is not an invariable rule and,
as an example, BMV would seem to be a
useful candidate for tumour inoculation in
hamsters where the virus is cytolytic, in-
hibits the growth of hamsters cells in vitro
prior to their inoculation, but induces only a
localized infection with no evidence ofneuro-
logical complications in hamster species
(Skinner et al. I987). It is also possible that
certain pathogenic effects may be tolerable in
consideration of the seriousness of the dis-
ease under treatment and this philosophy
already applies with various chemothera-
peutic or radiotherapeutic regimens in cur-
rent use.

It is intended to further explore the role of
wild type, mutant or recombinant viruses
and other micro-organisms towards the pre-
vention and/or modification of cancer in
human subjects.
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