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SUMMARY

A model system is presented for studying the factors
involved in tumor immunity. The initial observations with
this system concern the importance of dose and route of
administration of tumor cells on tumor growth. The data
show that myeloma tumor cells, when inoculated i.v. in
relatively large numbers, are eradicated by the immune
response of an allogeneic host; tumor cells administered i.v.
in smaller number escape from immune attack even though
the host has the potential to mount an immune response.

BALB/c mouse myeloma cells (MOPC-21) were trans
planted s.c., i.p., or i.v. into H-2-compatible allogeneic
DBA/2 mice. There was a marked difference in the
response of the host to tumor given s.c. or i.p. as compared
to tumor given i.v. Thus s.c. or i.p. inoculation resulted in
lethal tumor growth when 5 x l0@or more tumor cells were
given. In contrast, the outcome of i.v. inoculation depended
on tumor cell dose. Although small cell doses (5 x l0@down
to 102) resulted in lethal tumor growth with only 10%
survival, large cell doses (l0@to 5 x l0@)resulted in tumor
rejection and 70% survival. DBA/2 mice possess the
immunological ability to react against the tumor when large
doses of tumor cells (l0@) are given i.v. or i.p., since spleen
cells obtained from such mice were found to be able to
suppress the growth of MOPC-2 I when a mixture of spleen
cells and tumor cells was inoculated.

On the basis of these initial observations, our model
appears to relate especially to the idea that, in autochtho
nous tumor development or in metastasis of tumor, a small
number of antigenic tumor cells, perhaps even a single cell,
usually grows into a frank tumor in spite ofthe immunologi
cal competence of the host to respond to the tumor cells.

INTRODUCTION

Most experimentally induced or spontaneous tumors in
animals are well known to have tumor-associated antigens
that are capable of arousing an immune response in the host
(I2).Themodeof theimmuneresponseof thehostagainst

tumor, however, is not yet fully clarified and there is no
definite answer to the question of how antigenic tumor cells
can escape from the immunological attack of the host.
Among the various possible factors ( I 1) that may protect
tumor cells from destruction, HellstrÃ¶m and HellstrÃ¶m (7)
stressed immunologically specific serum factors that are
usually found in tumor bearers and are capable of blocking
the cytotoxic effect of sensitized lymphocytes in vitro as one
of the more important of these mechanisms. Recently,
Prehn (15, 16) developed the theory that the effect of
immunity on tumor cells is biphasic; that is, a minimal
immune response to tumor cells accelerates tumor cell
growth, whereas a strong immune response is cytotoxic. In
the experiments of tumor allograft immunity, it is also
known that active or passive immunization can suppress or
enhance the growth of antigenic tumor depending on the
interval after immunization or the dose of antibodies used
(6, 9, 10, 20, 21). These findings indicate that the in vivo fate
of tumor depends on the strength and/or nature of the
immune response of the host. Conversely, the immune
response of the host may also be influenced by factors
related to the tumor, i.e., its anatomic location and the
number of tumor cells at a given location. Therefore, the
relationship between tumor growth and the immunological
resistance of the host should be considered from a dynamic
and quantitative point of view and can be analyzed by the
experimental model used here.

This study has used a combination of a BALB/c mouse
myeloma, MOPC-2l , and the H-2-compatible allogeneic
DBA/2 mouse to determine the effect of tumor size and
location of the tumor inoculum on the immune response of
the host. In the presenthost-tumor combination, the tumor
cells were found to be antigenic in the host and the fate of
tumor inoculum depended both on its effect on the immune
response of the host and on its size or location.

An appreciable amount of tumor inoculum was required
to produce enough immune response to destroy the tumor.
Smaller inocula apparently did not induce enough response
to inhibit its growth.

MATERIALS AND METHODS
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Animals. Inbred strains of BALB/cCR (H-2d) and
DBA/2 Ha-D (H-2d) mice were obtained from the West
Seneca Laboratories of Roswell Park Memorial Institute.
The DBA/2 mice were the recipients of tumor inoculation
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throughout the present experiments and were 6 to 8 weeks
old when the experiments were started.

Tumor. The BALB/c mouse myeloma MOPC-21, ob
tamed originally from Dr. M. Potter of the NIH, was used
throughout this study. The tumor, which had been produc
ing IgG1, changed into non-paraprotein-producing mye
loma during maintenance in our laboratory by s.c. trans
plantation. It was converted into an ascites form and
maintained in BALB/c mice by serial i.p. transfer ofO. I ml
of undiluted ascites. An ascites collected 7 to 8 days after
transplantation was used for the experiments throughout.
After removal of contaminating red blood cells by washing
with Tris-buffered NI-14C1,pH 7.2 (1), the tumor cells were
passed through a stainless steel 200 mesh screen and then
washed several times with MEM.3 The cells thus obtained
were usually more than 95% viable and were adjusted to
appropriate concentrations in MEM for tumor inoculation.

Tumor Neutralization Test. In order to test the immune
reactivity of the host, the procedures of Winn (18) were
used. Spleen cells obtained from the DBA/2 mice, which
had been inoculated with l0@or l0@viable tumor cells sus
pended in 0.5 ml of MEM by different inoculum routes 7
days before, were mixed with the tumor cells in vitro. The
effect of such spleen cells on the tumor was assayed by inoc
ulating the mixtures s.c. into the shaved middorsal site of
normal DBA/2 mice. Spleen cell suspensions were prepared
as described previously (19). Control spleen cells were ob
tamed from nonimmunized mice or DBA/2 mice immu
nized with SRBC. The other control in the assay of Winn
was the group that was inoculated with the tumor cells
alone. The resulting s.c. tumor growth was monitored every
3 or 4 days with calipers. The greatest diameter of each tu
mor and the diameter perpendicular to it were averaged.
The degree of immunity developed in the spleen cells of ex
perimental animals was judged by comparison of the diam
eters of the tumors of the experimental groups with the di
ameters of the tunlors of the control groups.

Immunizations and X-irradiation of Tumor Cells. In order
to test whether active immunization can induce the enhance
ment of tumor growth, DBA/2 mice were immunized i.v.
with various doses ofX-irradiated (5000 R) MOPC-21 cells.
The tumor cells were irradiated at a concentration 108
cells/mi MEM. Cells were diluted in ice-cold medium in a
Petri dish immediately before irradiation with a 240-k V.
30-ma, 0.25-mm Cu-I .0-mm A I filter (dose rate, 415
R/min). Seven days after immunization the mice were
challenged i.v. with 5 x 106living tumor cells.

RESULTS

Tests on Effect of Tumor Cell Dose and Route of
Administration. In the 1st experiment, S x 106 viable
MOPC-21 tumor cells suspended in 0.2 ml MEM were
inoculated s.c., i.p., or i.v. into DBA/2 mice. All mice given
tumor s.c. or i.p. died (mean survival time, 20 to 22 days)

tmThe abbreviations used are: MEM. cold Eagle's minimum essential
medium; SRBC, sheep red blood cells.

after tumor inoculation due to progressively growing s.c.
solid tumor or ascites tumor, respectively (Table 1, Ex
periment 1). In contrast, 4 of 5 mice inoculated i.v. sur
vived; the I mouse died at 35 days.

In additional experiments, the number of tumor cells
inoculated into different sites was varied. In Experiment 2
(Table I) all mice with s.c. inoculation, except I mouse,
succumbed to the resulting tumors even when the cell dose
was reduced to l0@.Similarly, all animals died when given
injections i.p. of as few as 5 x l0@tumor cells (Table I,
Experiment 3). In contrast to the mice given inoculations
s.c. or i.p., most recipients of i.v. inoculation could resist
and survive when a relatively large number (5 x l0@down to
l0@)of tumor cells was injected (Table I , Experiments 4 and
5). With further decrease in the cell number given i.v., the
proportion of animals that died following challenge in
creased. An inoculum level of l0@ cells appeared to be
critical. Thus, most of the mice that received more than l0@
cells survived; inoculum levels below l0@ cells caused a
sharply increased proportion of animals dying so that at a
level of l0@cells, 6 of 7 mice died, and even as few as 102
cells caused the death of S of 7 mice (Table I, Experiment
5). More than one-half of the mice killed by the i.v. chal
lenge developed paralysis of the hind legs before their death.
The development of s.c. tumor or ascites was also observed
in some mice. Although most of the mice were kept for
observation until they died, some were killed when they
became very weak so as to obtain histological material free
from postmortem autolysis. Mice that were undergoing
fatal growth of tumor from cells inoculated i.v. commonly
had marked splenomegaly. On histological examination, the
normal structure of the spleen was found to be almost
completely destroyed by the massive invasion oftumor cells.
Tumor cells were also observed in the liver and lung. The
vertebrae of the mice that developed paraplegia were
compressed by the tumors.

Test for Presence of Host Immune Response. In order to
determine whether the suppression of tumor growth conse
quent on the i.v. inoculation of a relatively large number of
tumor cells might be caused by the immune response of the
host, the following experiment was carried out. A small
number oftumor cells (l0@), which was known to be able to
kill most of the recipients when injected i.v., was injected
into mice that 56 days before had received a relatively large
number of tumor cells (5 x 106) i.v. and had rejected the
tumor. Nontreated normal mice were used as a control. Of
16 mice that had rejected the large number of tumor cells,
15 survived the secondary challenge of a small number of
tumor cells, whereas only 2 of 14 control mice survived.

Test of Effect of i.v. Tumor Dose on Spleen Cell
Sensitization. In order further to examine whether the
growth suppression of a relatively large number of tumor
cells inoculated i.v. might be caused by the immune
response of the host, the procedures of Winn were carried
out. Spleen cells, obtained from DBA/2 mice that had been
given inoculations i.v. 7 days before of l0@or l0@tumor cells
suspended in 0.5 ml of MEM or 20% SRBC in the same
volume as a nonspecific stimulant, were mixed with target
tumor cells [spleen cells l0@:tumor cells l0@(100: 1)] and the
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Experi
mentInoculation siteNo.

of cells
inoculatedNo.

of mice
surviving/
no. of mice

testedMean
survival

time (days)Observation
period

(days)Is.c.

i.p.
iv.5

x 106
5 x 10'
5 X 10'0/5

0/5
4/520.4

22.0
35'2002s.c.I

x l0@
I x 10'
I x lO@
I x 10'0/8

0/8
1/8
0/720.9

23.3
25.7

31.91003i.p.5

x l0@
5 x 10'
5 x l0@
5 x 10'
5 x l0@0/5

0/5
0/5
0/5
0/521.4

23.8
20.2
19.8

27.4304iv.5

x l0@
5x10'
5 x l0@
5x10'
SxlOm3/5

4/5
4/5
0/5
0/533,'40Â°

52a
73'
38

30280Si.v.5

X l0@
1 x l0@
IxlO'
I x 10Â°
I x l0@
I x lO@
1 x 1023/7

6/7
7/7
4/7
1/7
1/7
2/7lS,Â°

24,'47,a140Â°
58Â°

19,Â°2l,Â°33Â°
26.5
26.6
30.2220
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Table I

Transplantability of BA LB/c mouse myeloma MOPC-21 in H-2-compatible recipient DBA /2 mice.
effect ofdose, and route of inoculation

a Day of death of individual mouse.

mixtures were inoculated s.c. into 5 normal DBA/2 mice of
each group. Another control was the group that received
tumor cells alone. Individual growth curves oftumor in each
group are presented in Chart 1. The spleen cells from the
mice that had been stimulated with l0@tumor cells strongly
inhibited the growth of tumor (Group I). In contrast, the
spleen cells stimulated with either l0@tumor cells (Group 2)
or SRBC (Group 3) enhancedthe initial growth of admixed
tumor cells as compared with the growth of another control
inoculated with tumor cells alone (Group 4). Most of the
tumors enhanced by admixing with the spleen cells (Groups
2 and 3) regressed thereafter. In contrast, the tumor cells
inoculated alone (Group 4) grew progressively and never
showed any overt sign of regression. These results indicate
that the spleen cells stimulated i.v. with l0@ tumor cells
acquired a strong tumor-suppressive reactivity while the
spleen cells stimulated with l0@tumor cells or nonspecifi
cally with SRBC did not develop tumor-suppressive reactiv
ity. The difference between Groups 2 and 3 was insignifi
cant. These results, therefore, suggest that tumor cells, when
they are inoculated i.v. as a relatively large number of cells,
could well be eradicated by the immune response of the host
as indicated by the effect of the spleen cells of the host on
tumor growth.

The failure to develop immunity when a small number of
tumor cells was inoculated was not due to lack of exposure
of the immune system to tumor cells, since massive invasion

0

30 r Group I
20@
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@ 50
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Chart I. Individual growth curves of MOPC-2l tumors in DBA/2
mice inoculated with I x 10Â°tumor cells or mixtures oftumor cells and I x
l0@DBA/2 donor spleen cells specifically sensitized to tumor or nonspecifi
cally to SRBC 7 days before. Group I, donors sensitized with I x lO@
tumor cells; Group 2. donors sensitized with I x 10' tumor cells; Group 3.
donors sensitized with SRBC: Group 4, mice inoculated with I x 10Â°
tumor cells alone. Tumors in Groups 2 and 3 appeared earlier (enhanced
growth) as compared to those in Group 4. 1, day of death.

of the spleen by tumor cells was commonly observed in the
late stage of the mice that received the i.v. inoculation of a
small number of tumor cells. Direct evidence that a few
tumor cells were trapped in the spleen after the inoculation
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of a small number of tumor cells i.v. was obtained from the
following experiment. Tumor cells, l0@,were injected i.v.
into 8 normal DBA/2 mice. These mice were killed 7 days
after the inoculation, the spleens were removed, the spleen
cells were pooled, and 5 x l0@of the nucleated cells were
transplanted s.c. into each of 10 normal DBA/2 mice.
Tumors developed in 6 of 10 mice showing that the spleens
contained tumor cells. These results clearly indicate that the
spleens obtained from the mice given inoculations i.v. of a
small number of tumor cells not only contained tumor cells
but also failed to produce immunity against the tumor.

On the other hand, no tumors were produced in mice
receiving 5 x l0@spleen cells from mice previously given
injections of l0@tumor cells indicating either that no tumor
cells were in the spleen or that enough spleen cells were
sensitized to prevent the growth of any viable tumor cells.
Indeed, we have already shown above that such spleen cells
do prevent the growth of known viable tumor cells.

Test of Effect of Route of Tumor Administration on
Spleen Cell Sensitization. Next, we wanted to answer the
question as to whether or not the mice inoculated i.p. or s.c.
with a relatively large number of tumor cells developed an
immune response against the tumor similar to that devel
oped by mice inoculated i.v. The tumor-suppressive capacity
of spleen cells obtained from the mice inoculated either i.v.,i.p.,ors.c.withl0@livingtumorcells7daysbeforewas
compared by the Winn test with that of nonstimulated
normal spleen cells. MOPC-21 cells, l0@,were mixed with 5
x l0@ spleen cells [tumor:spleen cells (1:500)] and then
inoculated s.c. into groups of 5 normal DBA/2 mice. The
results of this test are given in Chart 2. When initial tumor
growth only is considered (e.g., that apparent at Day 11),
the spleen cells from mice sensitized by i.v. or i.p. injection
of tumor cells suppressed the growth of tumor (Groups 1
and 2). However, the spleen cells sensitized by s.c. route
(Group 3) did not appear to acquire as much positive tu
mor-suppressive activity since appreciable growth was ob
served.

It appears, in addition, that spleen cells from normal mice
(Group 4) have some effect since they enhanced the early
growth of tumor, as did those of Group 3.

All of the mice were followed for up to 100 days after
implantation. The tumors grew progressively in mice in
Group 6, which received tumor cells alone, and killed the
host without showing any sign of regression. The enhanced
tumors in mice receiving normal spleen cells (Group 4)
regressed after Day I 1, but some of these tumors recurred
later and killed the host. This tendency, the enhancement of
initial growth of tumor and the regression thereafter, was
also observed in Group 3, which received s.c.-sensitized
spleen, and Group 5, which received SR BC-sensitized
spleen. Some later recurrence of tumor was observed in the
other groups also.

Test for Presence of Viable Tumor Cells in Spleen. In
order to determine whether viable tumor cells were in the
spleens of the mice supplying the spleen cells in the
experiments described in Chart 2, groups of mice were
inoculated with the spleen cells alone. The same dose (5 x
l0@ cells) of the same spleen cells that were used in the
Groups 1, 2, and 3 in Chart 2 were injected s.c. into 5

normal DBA/2 mice. No fatal growth of tumor was
observed in the groups that received the spleen cells from the
mice sensitized with living tumor cells by i.v. or i_p. routes.
In contrast, 4 of 5 mice given injections of the s.c.-sensitized
spleen cells permitted the growth of tumor and died. These
results clearly indicate that some of the tumor cells
inoculated s.c. reached the spleen during the sensitization
period (7 days), but they did not cause the spleen cells to
acquire effective tumor-suppressive activity.

Test for Ability of Model to Demonstrate Immunological
Enhancement. Since immunological enhancement is 1 mech
anism that can be invoked in studies on host response to
tumor challenge, it was important to determine whether
immunological enhancement could be observed in our
model. As a preliminary test, 5 x 106 living tumor cells were
injected i.v. into 3 groups of 12 mice that had been
immunized i.v. with 5 x l0@, 5 x l0@, and I x l0@
X-irradiated tumor cells, respectively, 7 days before and
into nonimmunized normal mice as a control. All mice in
the group immunized with 5 x l0@cells died and 9 died in
the group immunized with I x l0@cells, whereas only 1 each
died in the groups immunized with 5 x l0@ cells or not
immunized. Essentially the same results were obtained in a
repeat experiment. Thus immunological enhancement was
demonstrated in this system. The deaths of mice in the,
immunized groups were not due to the growth of irradiated
tumor cells used for immunization since none of a control
group of 5 mice receiving irradiated cells alone died or
showed any detectable tumor growth.

DISCUSSION

In this study we used an allogeneic tumor to study some
aspects of escape mechanisms of tumor from attack by the
host. We found (Table I) that when MOPC-2 I cells are
inoculated into allogeneic recipient DBA/2 mice, the mice
survived when a large number of tumor cells, l0@or more,
were injected i.v. However, when a small number of tumor
cells, less than l0@,were inoculated, tumor growth resulted
with the ultimate death of the host. When the cells were
inoculated i.p. or s.c., frank tumor growth took place also
killing the host.

Subsequent experiments (Chart 1) showed a distinct
parallel between growth of tumor cells injected i.v. and the
immune state of the mouse as indicated by the ability of
spleen cells from mice given injections of tumor cells to
suppress tumor growth. We found that the spleen cells from
mice receiving a large dose of tumor cells i.v. were very
effective in suppressing tumor growth when mixed with
fresh tumor cells and implanted in normal mice; spleen cells
from mice that had been inoculated i.v. with l0@tumor cells
were not as effective in suppressing tumor growth, indicat
ing that there was a much smaller immune response in the
spleen cells of these animals receiving a small number of
cells i.v.

We also observed (Chart 2) that spleen cells stimulated by
administration of tumor cells i.p. suppressed early tumor
growth, while spleen cells stimulated by the administration
of tumor cells s.c. had minimal suppressive effect. Indeed,
the latter spleen cells behaved like normal or nonspecifically
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tolerance (4, 13), nonspecific suppression ( I), antigenic
modulation, or deletion (3, 5) are other possible mech
anisms which need to be investigated. It will be important to
assess our model with regard to the status of the specifically
effective B- and T-cell populations of the host.

Our results are somewhat similar to those reported by
Old et a!. (14), who observed that a small number of some
syngeneic tumor cells can give rise to as many or more
progressively growing tumors as can a large number. In
addition, Humphreys et a!. (8) observed that allogeneic
DBA/2 mouse leukemia cells grew to kill BALB/c recipi
ents when low amounts of tumor were inoculated s.c. but
that the recipients could reject the tumor when larger
amounts were inoculated. More recently, Bonmassar et a!.
(1) alsoanalyzedtheparadoxicalphenomenon(termedby
them â€œdilution escapeâ€•) in which small numbers of al
logeneic lymphoma cells grow, whereas larger numbers are
rejected, and suggested that the â€œescapeâ€•might be the result
of a nonspecific inhibition of immune response by factors
associated with the lymphoma cells. In these latter 2 studies
spleen suspensions obtained from tumor-bearing mice were
used as a source of tumor cell suspensions. The concomitant
injection of spleen cells might have been responsible for the
rejection observed with high concentrations of tumor inocu
lum by giving an increased amount of alloantigens or even
transferring sensitized cytotoxic spleen cells. Our experi
ments differ from those of Humphreys et a!. and Bonmassar
et a!. in that we used an ascites tumor that consists of an
almost pure population of tumor cells, and we observed the
effect of i.v. and i.p. inoculation as well as s.c. inoculation.
Furthermore, our results differ from the observation of
Humphreys et a!. , since we did not observe that a large
number of tumor cells were rejected when inoculated s.c.
We observed rejection only when a large number of tumor
cells were inoculated i.v.
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