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Summary. We have compared the ability of natural killer 
(NK) cells from two substrains of C3H mice that differ 
with respect to their susceptibility to the development of 
mammary adenocarcinomas to lyse fresh syngeneic mam- 
mary tumor cells. Single cell suspensions of mammary tu- 
mors from retired breeder females were used as targets in 
22-h S~Cr-release cytotoxicity assays with syngeneic NK 
cells~ Tumor cell suspensions were prepared by enzymatic 
digestion of finely minced tissue followed by centrifuga- 
tion through a discontinuous Percoll gradient. Effector 
cells were prepared by passing spleen cells over nylon 
wool followed by centrifugation through Percoll fraction 
7. Syngeneic NK cells had significant levels of lysis against 
5/8 tumors studied. N K  cells from low risk animals 
(C3Heb/FeJ) consistently demonstrated greater cytotoxi- 
city against tumor cell preparations than did effectors 
from the high tumor substrain (C3H/OuJ). Study of cyto- 
centrifuge preparations stained with Wright-Giemsa re- 
vealed that the two substrains were identical with respect 
to the number of azurophilic granules present in the cyto- 
plasm of their NK cells. We have also shown that lympho- 
kine-activated killer (LAK) cells can be generated from 
splenocytes in C3H mice. While LAK cells from both sub- 
strains were capable of lysing fresh syngeneic mammary 
tumor cells in vitro, LAK cells from the animals at high 
risk for the formation of mammary adenocarcinomas had 
greater cytotoxicity against tumor cell suspensions than 
LAK cells from the low tumor substrain. 

Introduction 

Considerable attention is being focused on the role of nat- 
ural killer (NK) cells in immunosurveillance against neo- 
plastic cells, and it has been suggested that they may be 
part of the first line of defense against malignant growth 
[25]. The evidence supporting the conclusion that N K  cells 
are responsible for rejection of implanted syngeneic tu- 
mors and inhibition of experimental tumor metastasis is 
extensive [54]. However, much less work has been reported 
on the role of these cells in resisting the growth and metas- 
tasis of induced or spontaneous primary tumors. A major 
problem in this respect has been the lack of a proper mod- 
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el system. As noted by Stutman [50], such a system should 
involve animals with the same genetic background that 
differ in their levels of NK cell activity. It appears that the 
C3H mouse may provide that system. It is felt that mice of 
the C3H/OuJ and C3Heb/FeJ substrains are genetically 
identical, since they do not differ for any of the genetic 
markers that have been studied, including histocompatibil- 
ity [21]. 

In an effort to determine whether N K  cells play a role 
in resisting the development of primary tumors we con- 
firmed that these two substrains differ with respect to their 
susceptibility to the development of mammary tumors, 
and we demonstrated that they also differ in their levels of 
N K  cell activity [1]. Animals of the C3H/OuJ  substrain are 
at high risk for the formation of mammary adenocarcino- 
mas, while C3Heb/FeJ  mice have a low incidence of such 
tumors. Natural cytotoxicity of splenic mononuclear cells 
was lower in the high risk substrain, suggesting that a le- 
sion in N K  cell activity may be involved in murine mam- 
mary tumorigenesis. As we continue to develop the C3H 
mouse mammary tumor system as a model for studying the 
role of N K  cells in controlling primary tumors, a number 
of  questions remain to be answered. Some of these are as 
follows: (1) are N K  cells from both substrains capable of 
lysing fresh syngeneic mammary tumor cells in vitro? (2) 
Is there a difference in the ability of N K  cells from the 
high and low risk animals to lyse the tumor cells? (3) Do 
N K  cells from the two substrains differ with respect to the 
number of azurophilic granules present in their cyto- 
plasm? (4) Can lymphokine-activated killer (LAK) cells be 
generated in C3H mice? (5) Are LAK cells from both sub- 
strains capable of lysing fresh syngeneic mammary tumor 
cells in vitro? (6) Is there a difference in the ability of LAK 
cells from the low and high risk animals to lyse the tumor 
cells? We addressed these issues in the present investiga- 
tion. 

Materials and methods 

Animal s .  Mice of the C3H/OuJ substrain are characterized 
by the presence of mouse mammary tumor virus (MMTV) 
and are at high risk for the development of mammary ad- 
enocarcinomas. This substrain was isolated from the C3H/  
HeJ stock. Mice of the C3Heb/FeJ  substrain do not carry 
MMTV and have a low incidence of mammary tumors. 
This substrain was developed by transplantation of C3H/  
HeJ ovaries into C57BL/6 female recipients subsequently 
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mated to C3H/HeJ  males [21]. All animals were purchased 
from the Jackson Laboratory, Bar Harbor, Me., at 4 - 5  
weeks of age. They were healthy upon arrival and re- 
mained disease-free for the duration of the experiments. 
Mice were maintained under uniform conditions in the an- 
imal quarters at Health Science Center at Syracuse, and 
they were used for the preparation of effector cells when 
they were between 6 and 12 weeks of age. 

Tumor target cells. YAC-1, a tissue culture cell line derived 
from a Moloney virus-induced lymphoma in A/Sn mice 
[7], was maintained as an in vitro suspension culture in 
RPMI 1640 medium supplemented with 10% heat-inacti- 
vated fetal bovine serum (FBS) and 50 txg/ml gentamicin. 
For the evaluation of N K  activity, 10 x 10 6 YAC-1 cells 
were labeled with 200 ~tCi sodium 51chromate 
(250-500 mCi /mg Cr; Amersham Corp. Arlington 
Heights, Ill.) as previously described [1]. 

Primary spontaneous mammary tumors were obtained 
from ether-anesthetized 8 to 10-month-old C3H/OuJ  re- 
tired breeder mice. Tumors were excised and rinsed with 
Hanks '  balanced salt solution (HBSS). Subsequent to the 
removal of blood clots and necrotic areas, tumor tissue 
was minced with scissors. Cell suspensions were prepared 
by treatment of the finely minced tumor tissue with col- 
lagenase (297 units/ml), trypsin (2 mg/ml),  and DNase 
(0.2 mg/ml)  in HBSS with 10 m M  HEPES buffer adjusted 
to pH 7.3 for 90 min at 37 ° C in a shaking water bath. The 
resulting cell suspension was passed through stainless steel 
mesh, and the cells collected by centrifugation, washed, 
and resuspended in 1.0 ml RPMI 1640 with 10% FBS. Cell 
separation was achieved by centrifugation through a dis- 
continuous Percoll (Pharmacia Chemicals, Uppsala, 
Sweden) gradient. The gradient was composed of 2.5 ml 
layers of 66.7%, 40.8%, 35.4%, 30.0%, and 20.0% Percoll. 
Cells from the five bands were collected from the top with 
a Pasteur pipet, washed twice with RPMI 1640 with 10% 
FBS and examined for viability by means of trypan blue 
exclusion. Experiments were performed only with suspen- 
sions that were at least 75% viable. The cellular composi- 
tion of each fraction was studied in cytocentrifuge prepa- 
rations stained with Wright-Giemsa, and it was deter- 
mined that band three contained the highest percentage of 
tumor cells in single cell suspension. Mammary tumor 
cells were collected by centrifugation and resuspended in 
0.2 ml phosphate-buffered Ringer's (PBR) containing 10% 
FBS. They were labeled by incubation with 400 gCi sodi- 
um 5%hromate (250-500 mCi /mg Cr; Amersham Corp.) 
for 90 min at 37 ° C. The labeled cells were washed three 
times with PBR and resuspended at a concentration of 
0.2× l 0  6 cells/ml in RPMI 1640 medium supplemented 
with 40% FBS. 

Preparation of NK cells. Spleens were obtained from ether- 
anesthetized animals, and single cell suspensions were pre- 
pared by forcing the tissue through a stainless steel wire 
mesh. Pooled cells from three animals were used in each 
experiment. Adherent cells were removed by incubating 
whole spleen cells for 45 min at 37 ° C on columns of 4 g of 
nylon wool in 30-ml plastic disposable syringes [27]. The 
nonadherent cells were eluted in 50 ml of warm RPMI 
1640 medium supplemented with 10% FBS and further pu- 
rified by centrifugation through Percoll fraction 7. Cells 
from the interface between layers were collected, washed 
three times, and resuspended in RPMI 1640 medium [53]. 

Cytotoxicity assay. A standard 5~Cr-release cytotoxicity as- 
say in 96-well, round-bottomed microtiter plates (Linbro 
Scientific Co., McLean, Va.) was used [1]. In experiments 
designed to study N K  cell activity, plates were incubated 
for 22 h at 37°C in a humidified 5% CO2 atmosphere, 
while in assays for LAK cell activity the incubation period 
was 18 h. Spontaneous release of isotope was estimated by 
incubating the labeled target cells alone. Maximal isotope 
release was estimated by exposure of labeled target cells to 
10% Triton X-100. All determinations were performed in 
triplicate, and percent cytotoxicity was calculated as: 

% cytotoxicity = 
cpm of test group - spontaneous cpm x 100 

maximal cpm - spontaneous cpm 

Evaluation of cell morphology. The morphology of effector 
cell preparations was evaluated by microscopic analysis of 
Wright-Giemsa-stained cytocentrifuge preparations. At 
least 100 cells were analyzed from each slide. 

Generation of LAK cells. Spleens were obtained from 
ether-anesthetized animals, and single cell suspensions 
were prepared by pressing the tissue through fine stainless 
steel mesh into RPMI 1640 medium supplemented with 
10% FBS. The cells were pelleted by centrifugation, resus- 
pended in 2.0 ml RPMI 1640 containing 10% FBS, and 
placed above 2.0 ml Percoll fraction 7. Tubes were centri- 
fuged for 30 min at 550 xg, and cells from the interface be- 
tween layers were collected, washed with RPMI 1640 me- 
dium and resuspended in LAK medium consisting of 
RPMI 1640 supplemented with 10% FBS, penicillin (100 
units/ml), streptomycin (0.1 ~tg/ml), gentamicin (50 lxg/ 
ml), 5x  10-SM 2-mercaptoethanol, and 20 raM HEPES 
buffer. LAK cells were generated by placing 2.7x 107 
splenocytes into tissue culture flasks (No. 25100; Corning 
Glass Works, Corning, NY) in 9 ml of LAK medium con- 
taining 4,500 units recombinant interleukin-2 (rlL-2; Hoff- 
mann-LaRoche, Nutley, N J). The flasks were incubated at 
37 ° C in a humidified 5% CO 2 atmosphere for 72 h. LAK 
cells were harvested, washed three times, and resuspended 
in RPMI 1640 medium. Fresh splenocytes and splenocytes 
cultured for 3 days in the absence of rlL-2 were used as 
controls. 

Results 

The N K  cells from both substrains were tested for their 
ability to lyse fresh syngeneic mammary tumor cells in 
22-h 51Cr-release cytotoxicity assays. It is evident from the 
data presented in Table 1 that syngeneic N K  cells had 
significant levels of cytolytic activity against five of the 
eight tumors studied. In a representative experiment with 
effectors from the low tumor substrain (C3Heb/FeJ),  the  
cytotoxicity was 83.2%, 59.9%, and 46.8% for effector:tar- 
get (E:T) ratios of  80:1, 40:1, and 20:1, respectively. 
Comparable values obtained with N K  cells from the high 
risk substrain (C3H/OuJ) were 59.9%, 36.1%, and 17.5%. 
The NK cells from low risk animals consistently demon- 
strated greater cytotoxicity against tumor cell preparations 
than effectors from the high tumor substrain. The data 
shown in Table 1 were tested for statistical significance us- 
ing the paired Student's t-test [49] which confirmed that the 
difference between the substrains in their ability to lyse 
fresh syngeneic mammary tumor cells in vitro was signifi- 
cant at all E:T ratios studied (P <0.05). 



Table 1. Natural killer cell activity against mammary tumor cells 
of splenic lymphocytes from C3H mice at low and high risk for 
the development of mammary tumors 

% Cytotoxicity 

C3Heb/FeJ C3H/OuJ 
(low) (high) 

Exp. # 80:1 40:1 20:1 80:1 40:1 20:1 

1 71.6 44.6 ND a 46.8 27.7 ND 
2 No lysis No lysis 
3 No lysis No lysis 
4 40.0 ND 15.3 7.0 ND 7.1 
5 97.0 75.7 58.9 ND 37.5 18.4 
6 83.2 59.9 46.8 59.9 36.1 17.5 
7 119.6 100.1 43.1 8.0 3.2 5.2 
8 No lysis No lysis 

Mean 82.3 70.1 41.0 30.4 26.1 12.1 
Standard error 13.3 11.9 9.2 13.5 7.9 3.4 
of the mean 

a ND, not determined 

We repor ted that C3H mice that are at high risk for the 
format ion  of  m a m m a r y  tumors  are character ized by a le- 
sion in N K  cell activity [1], and we began to look for the 
nature  of  this lesion. Nei ther  the number  of  large granular  
lymphocytes  (LGLs) present  in the cytotoxici ty assays nor 
the abil i ty of  lymphocytes  from the two substrains to b ind  
to ~arget cells could explain the difference in the level of  
N K  cell activity between them. This suggested that the le- 
sion in cel l -mediated cytotoxici ty in C 3 H / O u J  mice might 
involve the abil i ty of  their N K  cells to complete  the stages 
of  the lytic sequence. Since N K  cel l -mediated cytolysis 
seems to be based on a granule exocytosis mechanism,  we 
a t tempted to determine whether N K  cells from the two 
substrains differ with respect to the number  of  azurophi l ic  
granules residing in their cytoplasm. To this end, morpho-  
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logical  studies of  LGLs were per formed by microscopic  
analysis of  Wright -Giemsa-s ta ined cytocentrifuge prepara-  
tions. Considerable  var ia t ion in granule number  was ob- 
served;  the range in number  of  granules per cell extended 
from 1 to 27 for the 1000 cells examined.  However,  the 
mean number  of  azurophi l ic  granules per  LGL was 7.2 for 
both  substrains. 

Incubat ion of  normal  murine  splenocytes in the pres- 
ence of  the lymphokine  IL-2 resulted in the generat ion of  
lymphoid  cells with the abil i ty to lyse fresh N K  cell-resis- 
tant  target cells in vitro [42]. A variety of  cancer cells have 
been shown to be susceptible to lysis by these L A K  cells, 
but  mammary  adenocarc inoma cells have infrequently 
been used as targets in this work. For  this reason,  we 
generated L A K  cells from C 3 H e b / F e J  and C 3 H / O u J  mice 
and studied their abil i ty to lyse fresh syngeneic mammary  
tumor  cells in 51Cr-release cytotoxici ty assays. 

A series of  experiments  was per formed in an effort to 
determine the opt imal  concentra t ion of  rIL-2 to include in 
the culture medium. With YAC-1 cells as targets in 4-h 
51Cr-release cytotoxici ty assays, rIL-2 at a concentra t ion of  
250 un i t s /ml  p roduced  a satisfactory level of  cytotoxicity.  
In a representat ive exper iment  with L A K  cells from the 
low tumor  substrain, the cytotoxici ty was 72.1%, 64.3%, 
and 51,1% for E : T  ratios of  80: 1, 40: 1, and 20: 1, respec- 
tively. Comparab le  values obta ined with fresh splenocytes 
from the low risk substrain were 24.3%, 16.7%, and 10.0%. 
Therefore,  exposure to rIL-2 at a concentra t ion of  250 
un i t s /ml  for 72 h enhanced the cytolytic activity of  spleno- 
cytes at least 3-fold. 

With mammary  tumor  cells as targets,  we found it ne- 
cessary to increase both the concentra t ion of  r lL-2 to 500 
un i t s /ml  and the durat ion of  the assay to 16-18 h in order  
to achieve a satisfactory and reproducible  level of  cytotox- 
icity. Table 2 presents a summary of  the results of  five 
experiments  in which we studied the abil i ty of  L A K  cells 
generated from both strains of  C3H mice to lyse YAC-1 
and fresh syngeneic ma mma ry  tumor  cells in 18-h 51Cr-re- 
lease cytotoxici ty assays. YAC-1 cells were included as tar- 
gets in this phase of  the investigation in order  to moni tor  
the L A K  cell generating system. It is clear from the data  

Table 2. Lymphokine-activated killer cell activity of splenic lymphocytes from C3H mice at low and high risk for the development of 
mammary tumors 

% Cytotoxicity a 

Against YAC- 1 cells Against mammary tumor cells 

C3Heb/FeJ C3H/OuJ C3Heb/FeJ C3H/OuJ 

Effector: target ratios Effector: target ratios 

80:1 40:1 20:1 80:1 40:1 20:1 80:1 40:1 20:1 80:1 40:1 20:1 

Effector cells Interleukin-2 

Fresh splenocytes 0 52.0 36.4 21.4 56.1 41.8 22.2 No lysis No lysis 
(5.8) (5.1) (5.2) (5.4) (5.7) (5.0) 

Cultured splenocytes 0 No lysis No lysis No lysis No lysis 
Cultured splenocytes 500 units 91.0 90.9 68.1 94.5 93.8 85.9 25.9 19.5 14.4 40.6 31.9 22.5 

(5.2) (3.5) (3.6) (5.1) (2.6) (3.7) (3.3) (4.9) (4.6) (2.9) (0.4) (2.5) 

a Each value represents the arithmetic mean of five independent experiments. 
Standard errors of the mean are shown in parentheses 
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Table 3. Cellular composition of final effector cell preparations 

C3Heb/FeJ C3H/OuJ C3Heb/FeJ a C3H/OuJ C3Heb/FeJ b C3H/OuJ 
Fresh Fresh Cultured - Cultured - Cultured + Cultured + 

Small to medium lymphocytes 60.6_+2.6 c 56.65:2.2 69.65:1.1 66.7_+ 1.6 63.55:4.0 62.25:5.1 
Large agranular lymphocytes • 11.0±2.9 11.25:3.4 8.9_+0.3 9.4_+2.3 8.5_+0.7 6.7_+ 1.8 
Large granular lymphocytes 9.0 ± 1.6 7.1 ± 0.8 1.3 ± 0.7 1.2 ± 0.3 6.2 + 2.2 4.7 _ 0.2 
Blasts (agranular) 1.3 5:0.4 1.7___0.3 5.2_+0.3 5.0+0.5 6.6± 1.3 8.1 5:2.2 
Blasts (granular) 0.00 0.00 0.3 ± 0.2 1.5 ± 1.0 5.9 ± 1.6 7.24- 0.8 
Granulocytes 12.55:1.5 13.6__.4.6 10.2_+ 1.6 12.7 ±2.6 5.2±0.5 9.2±0.3 
Others 5.3 ± 2.4 9.9 ± 3.8 4.1 ± 1.0 2.7 ± 1.3 4.0 ± 0.8 1.8 ± 0.3 

Splenocytes cultured for 3 days in the absence of recombinant interleukin - 2 (rlL-2) 
h Splenocytes cultured for 3 days in the presence of rIL-2. (500 units/ml) 
c Arithmetic mean + standard error of the mean of percentages of cell types 

that freshly prepared splenocytes from high and low risk 
animals demonstrated similar levels of  cytotoxicity in vitro 
against YAC-1 cells. When these splenocytes were cultured 
for 3 days in the absence o f  rlL-2, they were no longer ef- 
fective against this target. However,  after culture for 3 days 
in the presence of  rlL-2 at a concentration o f  500 units/ml,  
the cytolytic activity against YAC-1 cells was markedly en- 
hanced. Although the concentration of  rlL-2 employed 
and the duration of  the assay (18 h) were not optimal for 
measuring cytotoxicity against the YAC-1 target, spleno- 
cytes cultured in the presence of  rlL-2 showed a 3 to 4-fold 
increase in their ability to lyse these cells at an E : T  ratio of  
20: 1. It is interesting that at this E : T  ratio the cytolytic ac- 
tivity of  LAK cells from the animals at high risk for the de- 
velopment of  mammary  adenocarcinomas (85.8%) was 
greater than that of  LAK cells from the low risk substrain 
(68.1%). Neither fresh splenocytes nor  splenocytes cultured 
for 3 days without rlL-2 showed any cytolytic activity 
against fresh syngeneic mammary  tumor cells. However,  
splenocytes cultured for 3 days with rlL-2 were fully ca- 
pable of  lysing these tumor cell targets. It is interesting that 
L A K  cells from high risk animals consistently demonstrat- 
ed greater cytotoxicity against tumor cell preparations 
than effectors from the low tumor  substrain. However, 
when the data were tested for statistical significance by the 
paired Student's t-test [49], the difference between the sub- 
strains with respect to the ability of  their L AK cells to lyse 
fresh syngeneic mammary  tumor cells in vitro was only 
found to be significant (P  <0.05) at the E : T  ratio of  80: 1. 

The morphology of  the final preparations of  fresh 
splenocytes and splenocytes cultured for 3 days in the 
presence and absence of  rlL-2 was evaluated by micro- 
scopic analysis, and the cellular composition of  these ef- 
fector cell preparations is shown in Table 3. One can see 
that the numbers of  small to medium lymphocytes and 
large agranular lymphocytes were about the same in all 
preparations. On the other hand, LGLs decreased in num- 
ber in splenocytes cultured without rlL-2, while they were 
maintained fairly well in splenocytes cultured with rlL-2. 
Few lymphoblasts were observed in fresh splenocytes. 
However, they increased in splenocytes cultured without 
rlL-2, and they increased further in those exposed to rlL-2. 
Furthermore, a dramatic increase in the number  of  lym- 
phoblasts containing azurophilic cytoplasmic granules was 
observed in the LAK cell preparations. 

Discussion 
The role of  the immune system in resisting the growth and 
metastasis of  tumors is the subject of  intense investigation, 
and the concept of  immune surveillance has received con- 
siderable experimental support. For a while the cytotoxic 
T cell received most of  the attention, but recently other cell 
types have been emerging as alternatives to T cell-mediat- 
ed tumor resistance. One of  these is the N K  cell, a hetero- 
geneous population of  normal lymphoid cells [36, 60] that 
have spontaneous cytotoxic activity against malignant 
cells, virus-infected cells, and some normal cells [24, 25]. 

The role o f  N K  cells in the in vivo resistance against 
established tumor cell lines has been demonstrated. The 
major  experimental approach in this work has been to at- 
tempt to correlate in vivo resistance to tumor cell trans- 
plants with the level of  N K  activity in the recipient ani- 
mals, and indeed a good correlation has been observed by 
several investigators [24, 28, 41]. The transfer of  increased 
resistance to tumor growth as well as increased clearance 
of  inoculated labeled tumor cells by means of  transfer of  
N K  cell-enriched populations or of  bone marrow precur- 
sors of  N K  cells has also been demonstrated [6, 18, 29, 40]. 
In addition, N K  cells have been shown to play a role in 
inhibiting the metastasis of  transplantable tumors [19, 20, 
52]. Another approach has been to study both the resis- 
tance of  transformed cell lines to NK-mediated cytotoxici- 
ty in vitro and their tumorigenic potential in vivo. In the 
case of  adenovirus 2-transformed rat embryo fibroblast 
cell lines, it has been shown that there is a direct relation- 
ship between these two parameters [48]. 

Such results, however, give no indication of  whether 
N K  cells play a similar role in the defense against growth 
and metastasis of  spontaneous or carcinogen-induced pri- 
mary tumors. This is a fundamental  but more difficult 
question to answer, and most of  the available evidence is 
suggestive. As noted by Herberman [22] this includes the 
low incidence of  spontaneous tumors in animals with high 
N K  activity, the high incidence of  lymphoproliferative 
disease in humans and animals with low N K  activity, the 
enhancement of  N K  activity by retinoic acid, an agent that 
retards tumor development, and the inhibition of  N K  ac- 
tivity by some carcinogens or tumor promoters. 

It has been suggested [23] that in order to more defin- 
itively answer the above question, we must be able to dem- 
onstrate that primary tumor cells are susceptible to recog- 
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nition and lysis by NK cells, that NK cells from tumor- 
bearers are able to interact with autologous tumor cells, 
and that selective alterations in NK activity in tumor-bear- 
ing individuals can affect the growth or metastasis of the 
tumors. Some experimental evidence has been published 
on each of these points. Murine nonlymphoid tumor cells 
harvested directly from in vivo tumors, as well as lympho- 
mas, are susceptible to lysis by NK cells [35]. Some freshly 
prepared human tumor cells have also been significantly 
lysed by NK cells [43, 47, 55, 57, 61]. One line of evidence 
that supports the possibility that NK cells are able to inter- 
act with autologous primary tumor cells is the observation 
that they can enter and accumulate at the site of tumor 
growth in small spontaneous mouse mammary carcinomas 
[11] as well as in small primary mouse tumors induced by 
murine sarcoma virus [4, 11]. More direct evidence on this 
point comes from the work of Uchida and his colleagues, 
who first demonstrated that cytotoxic potential for autolo- 
gous tumor cells is present in the peripheral blood and 
pleural effusions of cancer patients. They found that cyto- 
toxic activity is strongly associated with a minor propor- 
tion of LGLs and restricted to the cell population that can 
lyse NK-sensitive K562 cells [55]. Using a two-target con- 
jugate cytotoxicity assay, they showed that a single effector 
cell can lyse both autologous tumor cells and K562 cells 
[56]. This provided direct evidence for the involvement of 
NK cells in autologous tumor cell killing. More recently, it 
was observed that lymphoma cells were also lysed by auto- 
logous NK cells [38]. 

Several investigators have utilized anti-asialo GM I se- 
rum, which reduces NK cell activity, to study the role of 
these cells in the defense against circulating tumor cells 
and the development of metastases. For example, Gorelik 
et al. [12] showed that it reduced the ability of mice to elim- 
inate tumor cells that had been inoculated into the blood 
and enhanced the growth of artificial or spontaneous me- 
tastases. Barlozzari et al. [2] demonstrated that it caused a 
depression in in vivo clearance of tumor cells in rats. They 
further showed that this effect could be partially restored 
by adoptive transfer of relatively low numbers of highly 
enriched LGLs from peripheral blood [3]. Habu et al. [17] 
observed a good correlation between reduced NK activity 
due to anti-asialo GM 1 serum and enhancement of trans- 
planted tumor growth in nude mice. The effect of poly 
I:C, which augments NK cell activity, on growth of trans- 
plantable tumors and the formation of metastases has also 
been studied. It has been shown that growth of a trans- 
planted bladder tumor in mice was inhibited by poly I :C 
treatment [9, 10]. Gorelik et al. [13] also reported that 
pretreatment of mice with poly I :C  had an antimetastatic 
effect. 

Even less information is available about the role of 
NK cells in immunosurveillance against the initial devel- 
opment of spontaneous or carcinogen-induced tumors. 
The major reason for this has been the lack of an adequate 
model system. It has been reported that interferon or poly 
I :C  treatment initiated early in life could retard the ap- 
pearance of spontaneous mammary carcinomas in RIII  
mice [5] and that administration of poly A: U to newborn 
C3H/He mice had a prophylactic effect on the subsequent 
development of mammary tumors [31]. In neither case, 
however, was the effect of treatment on NK activity stud- 
ied. It has also been shown that splenic mononuclear cells 
from C3H/He mice that had been inoculated with poly 

A:U had enhanced cytotoxic activity [58] and that the 
growth of chemically induced tumors was enhanced in 
NK-function-abolished mice [17]. In addition, an inverse 
relationship between familial incidence of cancer and NK 
activity has been demonstrated [51], suggesting that a le- 
sion in natural cell-mediated cytotoxicity preexists in indi- 
viduals at risk for the development of cancer. We have 
found that this phenomenon also occurs in C3H mice [1]. 
Furthermore, the defect in NK cell activity can be ob- 
served throughout most of the life-span of animals having 
a high risk of mammary cancer. This suggests that the C3H 
mouse may provide a useful system for studying the role of 
NK cells in resisting the development of primary tumors. 
Such a system should involve animals with the same genet- 
ic background that differ in their levels of NK cell activity 
[50]. The available evidence supports the conclusion that 
C3H/OuJ and C3Heb/FeJ mice are genetically identical. 
No differences have been demonstrated between them for 
any of the genetic markers that have been studied [21]. In 
addition, the observation that splenocytes from the low 
and high risk animals failed to respond to each other in 
mixed lymphocyte cultures while they both proliferated in 
the presence of C57BL/6 stimulator cells (our unpublished 
data) supports the conclusion that the two substrains are 
immunogenetically identical. 

In our previous work with this system, we used YAC-1, 
a cell line derived from a Moloney virus-induced lympho- 
ma in A/Sn mice [7], as the target cell in cytotoxicity as- 
says [1]. It was important for us to determine whether NK 
cells from both substrains are capable of lysing fresh syn- 
geneic mammary tumor cells in vitro. Serrate and Herber- 
man [46] reported in abstract form only that spleen cells 
from C3H/HeN mice had low but significant levels of.lzy- 
tolysis against freshly harvested cells from 62% of mam- 
mary adenocarcinomas studied. Our observation of signi- 
ficant levels of lysis against five of the eight tumor cell pre- 
parations studied is in good agreement with their data. We 
also found that NK cells from low risk animals had greater 
cytotoxicity against mammary tumor cell preparations 
than effectors from the high tumor substrain. This was es- 
sentially what we observed when YAC-1 cells were the tar- 
gets, and again it suggests that a lesion in NK cell activity 
may be involved in murine mammary tumorigenesis. 

We previously examined two of the possible explana- 
tions for the observed difference in the level of NK cell ac- 
tivity in high and low risk mice [1]. We studied the cellular 
composition of the effector cell preparations and deter- 
mined that the substrains did not differ with regard to the 
number of LGLs present in the cytotoxicity assays. Next 
we performed conjugation assays in order to learn whether 
there was a difference in the ability of lymphocytes from 
the two substrains to bind to the target cells. In this case 
the results were surprising, since the binding capacity of 
splenic mononuclear cells was greater in the animals with 
lesser NK cell activity. Since it appears that the lesion in 
cell-mediated cytotoxicity in C3H/OuJ mice involves the 
ability of their NK cells to complete the stages of the lytic 
sequence, we have continued our attempts to define it. In 
the present investigation we examined two additional pa- 
rameters. First, we studied the morphology of LGLs from 
both substrains and showed that they were identical with 
respect to the number of azurophilic cytoplasmic granules. 

Second, we compared the response of lymphocytes 
from both substrains to IL-2. In 1980 Rosenberg's group 
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found that it was possible to generate lymphoid cells with 
the ability to lyse fresh, noncultured autologous primary 
and metastatic cancer cells by incubating normal murine 
splenocytes or human peripheral blood lymphocytes in 
this lymphokine [32, 59]. These cells were called LAK 
cells, and they have been extensively characterized in mu- 
rine and human systems [15, 16, 45]. There is a great deal 
o f  interest in the LAK system because of  its tumoricidal 
ability and the current availability of  purified rlL-2 [44]. It 
is felt by some that L AK cells are distinct from both N K  
cells and cytotoxic T lymphocytes [14]. However, recent 
evidence seems to indicate that the L AK phenomenon is 
not mediated by a unique cell type, but is predominant ly  
mediated by IL-2-activated N K  cells [37, 39]. Interleukin-2 
appears to act by increasing the cytolytic potential of  N K  
cells and inducing their cytotoxicity against a broader  
range of  target cells [37]. A number  of  malignant cells have 
been shown to be susceptible to lysis by L AK cells, but 
mammary  adenocarcinoma cells seldom have been utilized 
as targets in this work. There is no evidence, that we are 
aware of, that fresh murine mammary  tumor cells p r e -  
pared from solid primary tumors are susceptible to killing 
by LAK cells. Lotze et al. [32] reported the lysis of  fresh 
breast carcinoma preparations from two patients by LAK 
cells. However, the source of  the tumor cells was ascites 
fluid in both instances. This is also the case for the breast 
cancer specimen used by Grimm et al. [15]. The ability to 
generate LAK cells in a variety o f  mouse strains, including 
C3H, was reported by Rosenstein et al. [45], but they did 
not use mammary  tumor cells as targets in their work. A 
primary spontaneous mammary  carcinoma obtained from 
a C3H mouse was shown to be sensitive to L AK cell lysis 
[30]. However, this tumor tissue was used after several sub- 
cutaneous passages. More recently, primary explants of  
spontaneous mammary  tumors from CD8F l mice were 
shown to be susceptible to lysis by IL-2-stimulated lym- 
phocytes [33]. It has also been reported that mouse and hu- 
man mammary  tumor  tissue maintained in culture can be 
killed by LAK cells generated from tumor infiltrating lym- 
phocytes [34]. Therefore, we attempted to determine 
whether LAK cells from high and low risk C3H mice were 
capable of  lysing syngeneic mammary  tumor cells freshly 
isolated from solid tumors. We demonstrated that sp leno-  
cytes cultured for 3 days in the presence of  rlL-2 were fully 
capable of  lysing these tumor cell targets. It should be not- 
ed that LAK cells from the high risk substrain had greater 
cytotoxicity against mammary  tumor cells than did LAK 
cells from the low tumor substrain. This result is the oppo-  
site of  what we observed with respect to the ability of  un- 
activated N K  cells from these substrains to lyse both 
YAC-1 and mammary  tumor cells, and it suggests that the 
lesion in N K  activity in C 3 H / O u J  mice may be due to a 
defect in IL-2 production. Studies designed to test this hy- 
pothesis are in progress. 

We demonstrated here and in previous work with lym- 
phocyte fractions enriched for N K  cells [1] that effector 
ceils from the low risk substrain were more active than 
those from high risk animals in lysing both YAC-1 and 
mammary  tumor cell targets. However, it is apparent  from 
the data in Table 2 that there was no difference in the abil- 
ity of  unfractionated fresh splenocytes from both sub- 
strains to kill YAC-1 cells. Furthermore, fresh splenocytes 
f rom both substrains were unable to lyse mammary  tumor 
cells. We feel that these apparent  inconsistencies are due to 

a major  difference in the manner in which the effector 
cells were prepared. In experiments designed to study N K  
cell activity, preparation of  effector cells included remov- 
al o f  nylon wool-adherent cells, while in work with LAK 
cells nylon wool separation was not employed. It is con- 
ceivable that exposure to nylon wool removes other cell 
types which could influence effector cell activity. 

Mice of  the C 3 H / O u J  substrain carry MMTV and 
have a high incidence of  mammary  adenocarcinomas,  
while C3Heb/FeJ  mice are free o f  MMTV and seldom de- 
velop these tumors. The mechanism of  MMTV-induced 
tumorigenesis is not completely understood. Most of  the 
work in this area has focused upon the transforming effect 
of  the retrovirus on mammary  epithelial cells, and the 
model of  insertional mutagenesis is compelling [26]. In the 
context of  our work, it is interesting that a high level of  vi- 
ral antigen is expressed in lymphocytes [8]. Perhaps the vi- 
rus plays a dual role in infected animals. On the one hand, 
it leads to the malignant transformation of  mammary  ep- 
ithelial cells. On tile other hand, it may weaken part of  the 
immune surveillance mechanism of  the host, possibly by 
inhibiting the production of  IL-2, and thereby decreasing 
the ability to destroy neoplastic cells. The use of  these two 
substrains of  C3H mice provides a convenient model sys- 
tem for studying these effects and perhaps for gaining a 
better understanding of  the role of  N K  and /o r  LAK cells 
in immunosurveillance against the initial development of  
spontaneous mammary tumors. 

Acknowledgements. This research was supported by the Immunol- 
ogy Research, Development and Education Fund and the Dr. 
Glenn H. Leak Memorial Cancer Fellowship Program of the 
American Cancer Society. We are grateful to Hoffman-LaRoche 
Corp. for supplying us with rIL-2, Ms. Barbara A. Toly for her 
help in developing the protocol for preparing single cell suspen- 
sions of primary mammary tumors, and Ms. Jo-Ann Pellett and 
Ms. Nancy Snyder for their help with the manuscript. 

References 

1. Ames 1H, Garcia AM, John PA, Litty CA, Farrell MA, Tom- 
ar RH (1986) Decreased natural cytotoxicity in mice with high 
incidence of mammary adenocarcinoma. Clin Immunol Im- 
munopathol 38:265 

2. Barlozzari T, Reynolds CW, Herberman RB (1983) In vivo 
role of natural killer cells: Involvement of large granular lym- 
phocytes in the clearance of tumor cells in anti-asialo 
GMl-treated rats. J Immunol 131:1024 

3. Barlozzari T, Leonhardt J, Wiltrout RH, Herberman RB, 
Reynolds CW (1985) Direct evidence for the role of LGL in 
the inhibition of experimental tumor metastases. J Immunol 
134:2783 

4. Becker S (1980) Intratumor NK reactivity. In: Herberman RB 
(ed) Natural cell-mediated immunity against tumors. Aca- 
demic Press, New York, p 985 

5. Came PE, Moore DH (1971) Inhibition of spontaneous mam- 
mary carcinoma of mice by treatment with interferon and 
poly I:C (35565). Proc Soc Exp Biol Med 137:304 

6. Cheever MA, Greenberg PD, Fefer A (1980) Therapy of leu- 
kemia by nonimmune syngeneic spleen cells. J Immunol 124: 
2137 

7. Cikes M, Friberg S, Klein G (1973) Progressive loss of H-2 
antigens with concomitant increase of cell-surface antigen(s) 
determined by Moloney leukemia virus in cultured murine 
lymphomas. J Natl Cancer Inst 50:347 

8. Dickson C, Peters G (1983) Proteins encoded by mouse mam- 
mary tumour virus. Curr Top Microbiol Immunol 106:1 

9. Droller M J, Gomolka D (1982) Inhibition of tumor growth in 



167 

association with modification of in vivo immune response by 
indomethacin and polyinosinic:polycytidylic acid. Cancer 
Res 42:5038 

10. Droller M J, Gomolka D (1984) Modulation of stimulatory ef- 
fects of poly (I:C) on natural cytotoxicity by anti-interferon. 
Cell Immunol 86:242 

11. Gerson JM (1980) Systemic and in situ natural killer activity 
in tumor-bearing mice and patients with cancer. In: Herber- 
man RB (ed) Natural cell-mediated immunity against tumors. 
Academic Press, New York, p 1047 

12. Gorelik E, Wiltrout RH, Okumura K, Habu S, Herberman 
RB (1982) Role of NK cells in the control of metastatic 
spread and growth of tumor cells in mice. Int J Cancer 30:107 

13. Gorelik E, Bere WW, Herberman RB (1984) Role of NK cells 
in the antimetastatic effect of anticoagulant drugs. Int J Can- 
cer 33:87 

14. Grimm EA (1986) Human lymphokine-activated killer cells 
(LAK cells) as a potential immunotherapeutic modality. Bio- 
chim Biophys Acta 865:267 

15. Grimm EA, Mazumder A, Zhang HZ, Rosenberg SA (1982) 
Lymphokine-activated killer cell phenomenon. Lysis of natu- 
ral killer-resistant fresh solid tumor cells by interleukin 2-acti- 
vated autologous human peripheral blood lymphocytes. J Exp 
Med 155:1823 

16. Grimm EA, Ramsey KM, Mazumder A, Wilson DJ, Djeu JY, 
Rosenberg SA (1983) Lymphokine-activated killer cell pheno- 
menon. II. Precursor phenotype is serologically distinct from 
peripheral T lymphocytes, memory cytotoxic thymus-derived 
lymphocytes, and natural killer cells. J Exp Med 157:884 

17. Habu S, Shimanura K, Akamatsu K-I, Okumura K, Tamaoki 
N (1984) Protective role of natural killer cells in tumor growth 
and viral infection in mice. Exp Cell Biol 52:40 

18. Haller O, Kiessling R, Orn A, Wigzell H (1977) Generation of 
natural killer cells: An autonomous function of the bone mar- 
row. J Exp Med 145:1411 

19. Hanna N (1980) Expression of metastatic potential of tumor 
cells in young nude mice is correlated with low levels of natu- 
ral killer cell-mediated cytotoxicity. Int J Cancer 26:675 

20. Hanna N, Fidler IJ (1981) Expression of metastatic potential 
of allogenic and xenogeneic neoplasms in young nude mice. 
Cancer Res 41 : 438 

21. Heiniger H-J, Dorey JJ (1980) Handbook on genetically stan- 
dardized Jax mice. The Jackson Laboratory, Bar Harbor 

22. Herberman RB (1982) Natural killer cells and their possible 
relevance to transplantation biology. Transplantation 34:1 

23. Herberman RB (1983) Lymphoid cells in immune surveillance 
against malignant transformation. Adv Host Def Mech 2:241 

24. Herberman RB, Holden HT (1978) Natural cell-mediated im- 
munity. Adv Cancer Res 27:305 

25. Herberman RB, Ortaldo JR (1981) Natural killer cells: Their 
role in defenses against disease. Science 214:24 

26. Hynes NE, Groner B, Michalides R (1984) Mouse mammary 
tumor virus: Transcriptional control and involvement in tu- 
morigenesis. Adv Cancer Res 41 : 155 

27. Julius MH, Simpson E, Herzenberg LA (1973) A rapid meth- 
od for the isolation of functional thymus-derived murine lym- 
phocytes. Eur J Immunol 3 : 645 

28. K~irre K, Klein GO, Kiessling R, Klein G, Roder JC (1980) 
Low natural in vivo resistance to syngeneic leukaemias in nat- 
ural killer-deficient mice. Nature 284:624 

29. Kasai M, Leclerc JC, McVay-Boudreau L, Shen FW, Cantor 
H (1979) Direct evidence that natural killer cells in nonim- 
mune spleen cell populations prevent tumor growth in vivo. J 
Exp Med 149:1260 

30. Kedar E, Chriqui-Zeira E, Mitelman S (1984) Methods for 
amplifying the induction and expression of cytotoxic re- 
sponse in  vitro to syngeneic and autologous freshly-isolated 
solid tumors of mice. Cancer Immunol Immunother 18: 126 

31. Lacour F, Delage G, Chianale C (1975) Reduced incidence of 
spontaneous mammary tumors in C3H/He mice after treat- 
ment with polyadenylate-polyuridylate. Science 187:256 

32. Lotze MT, Grimm EA, Mazumder A, Strausser JL, Rosen- 
berg SA (1981) Lysis of fresh and cultured autologous tumor 
by human lymphocytes cultured in T-cell growth factor. Can- 
cer Res 41 : 4420 

33. Merluzzi VJ, Savage DM, Souza L, Boone T, Mertelsmann R, 
Welte K, Last-Barney K (1985) Lysis of spontaneous murine 
breast tumors by human interleukin 2-stimulated syngeneic 
T-lymphocytes. Cancer Res 45:203 

34. Nishimura T, Yagi H, Uchiyama Y, Hashimoto Y (1986) 
Generation of lymphokine-activated killer (LAK) cells from 
tumor-infiltrating lyrnphocytes. Cell Immunol 100:149 

35. Nunn ME, Herberman RB, Holden HT (1977) Natural cell- 
mediated cytotoxicity in mice against non-lymphoid tumor 
cells and some normal cells. In tJ  Cancer 20:381 

36. Ortaldo JR, Herberrnan RB (1984) Heterogeneity of natural 
killer cells. Annu Rev Immunol 2:359 

37. Ortaldo JR, Mason A, Overton R (1986) Lymphokine-activat- 
ed killer cells. Analysis of progenitors and effectors. J Exp 
Med 164:1193 

38. Oshimi K, Oshimi Y, Yamada O, Mizoguchi H (1985) Lysis 
of lymphoma cells by autologous and allogeneic natural killer 
cells. Blood 65:638 

39. Phillips JH, Lanier LL (1986) Dissection of the lymphokine- 
activated killer (LAK) phenomenon: Relative contribution by 
NK cells and cytotoxic T lymphocytes. Nat Immu Cell 
Growth Regul 5:152 

40. Riccardi C, Barlozzari T, Santoni A, Herberman RB, Cesarini 
C (1981) Transfer to cyclophosphamide-treated mice of natu- 
ral killer (NK) cells and in vivo natural reactivity against tu- 
mors. J Immunol 126:1284 

41. Risenfeld I, Orn A, Gidlund M, Axberg I, Alm GV, Wigzell 
H (1980) Positive correlation between in vitro NK activity 
and in vivo resistance towards AKR lymphoma cells. Int J 
Cancer 25 : 399 

42. Rosenberg SA (1986) The adoptive immunotherapy of cancer 
using the transfer of activated lymphoid cells and interleukin- 
2. Semin Oncol 13:200 

43. Rosenberg EB, Herberman RB, Levine PH, Halterman RH, 
McCoy IL, Wunderlich JR (1972) Lymphocyte cytotoxicity 
reactions to leukemia-associated antigens in identical twins. 
Int J Cancer 9 : 648 

44. Rosenberg SA, Grimm EA, McGrogan M, Doyle M, Kawasa- 
ki E, Koths K, Mark DF (1984) Biological activity of recom- 
binant human interleukin-2 produced in Escherichia coli. 
Science 223:1412 

45. Rosenstein M, Yron I, Kaufmann Y, Rosenberg SA (1984) 
Lymphokine-activated killer cells: Lysis of fresh syngeneic 
natural killer-resistant murine tumor cells by lymphocytes cul- 
tured in interleukin 2. Cancer Res 44:1946 

46. Serrate S, Herberman RB (1981) Natural cell-mediated cyto- 
toxicity against primary mammary tumors. Fed Proc 40:1007 

47. Serrate SA, Vose BM, Timonen T, Ortaldo JR, Herberman 
RB (1982) Association of human natural killer cell activity 
against human primary tumors with large granular lympho- 
cytes. In: Herberman RB (ed) NK cells and other natural ef- 
fector cells. Academic Press, New York, p 1055 

48. Sheil JM, Gallimore PH, Zimmer SG, Sopori ML (1984) Sus- 
ceptibility of adenovirus 2-transformed rat cell lines to natu- 
ral killer (NK) cells: Direct correlation between NK resis- 
tance and in vivo tumorigenesis. J Immunol 132:1578 

49. Steel RGD, Torrie JH (1960) Principles and procedures of sta- 
tistics. McGraw-Hill, New York 

50. Stutman O (1984) Tumor development in mouse strains with 
low NK activity. Excerpta Med Int Congr Set 641 : 389 

51. Strayer DR, Carter WA, Mayberry SD, Pequignot E, Brodsky 
I (1984) Low natural cytotoxicity of peripheral blood mono- 
nuclear cells in individuals with high familial incidences of 
cancer. Cancer Res 44:370 

52. Talmadge JE, Meyers KM, Prieur D J, Starkey JR (1980) Role 
of NK cells in tumour growth and metastasis in beige mice. 
Nature 284:622 



168 

53. Timonen T, Reynolds CW, Ortaldo JR, Herberman RB 
(1982) Isolation of human and rat natural killer cells. J Immu- 
nol Meth 51 : 269 

54. Trinchieri G, Perussia B (1984) Human natural killer cells: Bi- 
ologic and pathologic aspects. Lab Invest 50:489 

55. Uchida A, Micksche M 0983) Lysis of fresh human tumor 
cells by autologous large granular lymphocytes from peri- 
pheral blood and pleural effusions. Int J Cancer 32:37 

56. Uchida A, Yanagawa E (1984) Natural killer cell activity and 
autologous tumor killing activity in cancer patients: Overlap- 
ping involvement of effector cells as determined in two-target 
conjugate cytotoxicity assay. J Natl Cancer Inst 73:1093 

57. Vhnky FT, Argov SA, Einhorn SA, Klein E (1980) Role of al- 
loantigens in natural killing. Allogeneic but not autologous 
tumor biopsy cells are sensitive for interferon-induced cyto- 
toxicity of human blood lymphocytes. J Exp Med 151 : 1151 

58. Youn JK, Hovanessian AG, Riviere Y, Hue G, Lacour F 
(1983) Enhancement of natural killer cell activity and 2-5A 
synthetase in mice treated with polyadenylic-polyuridylic 
acid. Cell Immunol 79:298 

59. Yron I, Wood TA, Spiess PJ, Rosenberg SA (1980) In vitro 
growth of murine T cells. V. The isolation and growth of lym- 
phoid cells infiltrating syngeneic solid tumors. J Immunol 
125:238 

60. Zagury D, Morgan DA, Fouchard M, Bernard J, Feldman M, 
Herberman RB (1985) Heterogeneity of human natural killer 
cells. J Natl Cancer Inst 74:553 

61. Zarling JM, Eskra L, Borden EC, Horoszewicz J, Carter WA 
(1979) Activation of human natural killer cells cytotoxic for 
human leukemia cells by purified interferon. J Immunol 123: 
63 

Received April 22, 1987/Accepted July 3, 1987 


