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ABSTRACT

We examined the relative role of the natural killer (NK) cell and II-
rav gene in controlling metastasis formation using a novel assay for
quantitating viable tumor cells entering and surviving in the lung for up
to 13 days following i.v. tumor inoculation. This assay utilized the
resistance to G418 sulfate conferred by transfection of the neo" gene into
10 I ' â€¢fibroblasts along with activated I l-ru.v.We had previously shown
that the metastatic efficiency of T-24-H-nw-transformed 101'; fibro
blasts correlated with \\-ras expression at the RNA level. In this paper
we show that the NK cell could recognize H-roi-transformed fibroblasts
in vivo and control experimental metastasis formation using NK-sup-
pressed and -activated syngeneic C3H recipients. Evaluation of NK
sensitivity in vitro of individual lines did not predict metastatic ability.
However, NK susceptibility in vitro did inversely correlate with the
ability of tumor cells to arrest and survive in the lung for the first 48 h
after i.v. inoculation. Although the level of H-ras RNA correlated with
the ultimate metastatic potential, it did not correlate with the initial rate
of tumor cell pulmonary retention or clearing. Over the next 10 to 12
days, however, we detected a preferential survival and outgrowth of high
H-ra?-expressing variants, which correlated well with the ultimate met
astatic ability but not NK susceptibility. These observations argue that
the NK cell has its major effect early in the course of the disease, while
subsequent tumor growth occurs preferentially in high H-roi-expressing
cell lines.

INTRODUCTION

Studies from several laboratories including our own have
established that fibroblasts transformed by the activated c-H-
ras and v-H-ras gene (1-6) and possibly the c-H-ras protoon
cogene (5) can form mÃ©tastases.Utilizing both lOT'/z and NIH-

3T3 cells, we found a correlation between ras expression and
metastasis formation, suggesting that the oncogene directly
regulates the metastatic phenotype (6). Johnson et al. (7) and
Trimble et al. (8) have recently shown that H-ras- and K-ras-
transformed rat-1 and lOT'/z fibroblasts are more sensitive to
NK5 lysis than untransfected parental cells and that suscepti

bility is dependent upon ras expression (8). This observation
suggests that the NK cell could preferentially recognize ras-
transformed cells in vivo. These experiments, then, raise the
possibility that the NK cell, as well as the H-ras gene, could
influence metastasis formation.

The present study was designed to examine the role of NK
cells in controlling metastasis of ras-transformed lOT'/z and to

explore where in the metastatic process the regulating effects
of the NK cell and H-ras gene were evident. We will show that
lung homing, implantation, and growth within the first 48 h of
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i.v. inoculation of tumor were heavily NK regulated, while
escape from immune attack and subsequent growth of the lung
mÃ©tastaseswere closely correlated only with H-ros gene expres
sion.

MATERIALS AND METHODS

Animals. C3H/HeN mice were purchased from Charles River Lab
oratories (Quebec), and BALB/c nude mice were from Life Sciences,
Inc. (St. Petersburg, FL). C3H/HeJ-ftÂ£/ft# and -bg/+ mice were bred at
the University of Manitoba vivarium from breeders that were purchased
from Jackson Laboratories (Bar Harbor, ME).

Cells. The cell lines derived from the C3H 10T'/2 transfected with
the pALSA plasmid (T-24-H-ras in pSV2neo) have been described
previously (6). Briefly, CIRAS I, 2, and 3 were isolated from foci
appearing several weeks after transfection, cloned, and shown to be
G418 resistant. Lines NR3 and NR4 were isolated as G418-resistant
colonies with relatively nontransformed morphology. On Southern
analysis all lines contained the transfected T24-H-r<w (6). NR3-ILD is
a metastatic line derived from a lung nodule isolated from C3H mice
given NR3 injections (6). The line actively expresses H-ras and is gene
amplified compared to the parental NR3 (6).

Reagents. These include poly(I)-poly(C) (Sigma, St. Louis, MO),
rabbit anti-asialo-GM 1 antiserum (Wako Chemicals, Dallas, TX),
G418 sulfate (GIBCO, Grand Island, NY), trypsin-EDTA (GIBCO),
collagenase type I (Sigma), and hyaluronidase type I-S (Sigma).

NK Cytotoxicity Assays. Lysis of the YAC-1 target by the 5'Cr release

assay has been described previously (9). A modification of this assay
was used to evaluate NK cytotoxicity of the transformed fibroblast lines
derived from lOT'/z. Cells were labeled with 3 ml of 100 Â¿iCi/mls'Cr
in 100-mm Petri dishes, for 1 to 1.5 h, washed, removed by light
trypsinization (0.25%), and then placed in medium with 10% fetal calf
serum. The cells were washed once and adjusted to Id' cells/ml, and

100 p\ were added to flat-bottomed microwells. Effector cells were
added in 100-Â¿ilaliquots followed by a 6- or 18-h incubation at 37Â°Cin

5% CO2. The microplates were then centrifuged at 200 x g for 10 min,
and 100 Â¿ilof supernatant were removed. The percentage of "Cr release
and lytic units/107 cells, calculated at 30% lysis, were calculated as

previously described (9).
Experimental Metastasis Assay. Metastatic potential was assayed by

the experimental metastasis assay in which 3 x 10s tumor cells were
injected in a 0.2-mI volume into the tail vein of mice. Cells were lightly
trypsinized (0.25%) and, as soon as they were free from the Petri dish,
they were resuspended in medium with 10% FCS and then washed
once in HBSS. Cells were passed gently through a 25 gauge needle to
ensure that a single cell suspension was obtained, counted, and adjusted
to the appropriate cell concentration. Twenty-one days after i.v. injec
tion, the mice were sacrificed by ether anesthesia and Bouin's solution

injected intratracheally. Lungs were removed and examined grossly for
metastatic foci. MÃ©tastaseswere counted on all surfaces of both lungs
under a dissecting microscope.

In some experiments mice were given preinjections of 30 Â¿igof
poly(I)-poly(C) in 0.1 ml of HBSS i.p. 18 h before tumor inoculation.
Treatment with rabbit anti-asialo GM1 antibody followed the method
previously described (10). A 15 //I aliquot of antiserum was diluted in
0.2 ml of sterile HBSS and injected i.v. 72 h before tumor inoculation,
and a second i.v. injection of antiserum (15 ^1 of 0.2 ml of HBSS) was
administered 24 h before the tumor. Normal rabbit serum controls were
injected in the same manner.

Quantitation of Metastasis Implantation and Growth. This method
was developed to quantitate surviving lung tumor following i.v. inocu-
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lation in an experimental metastasis assay. We have utilized the neo"

gene in the pALSA plasmid to selectively recover and quantitate viable
tumor cells. At various times following tumor inoculation mice were
killed by ether anesthesia and swabbed with 70% alcohol, and, using
sterile technique, the chest was opened. Both lungs and heart were
removed intact and placed in a Petri dish with 5 ml of prewarmed
(37Â°C)HBSS. Sterile saline with heparin (500 units/liter) was used to

flush the blood from the heart and lungs by injecting 10 ml into the
right ventricle of the heart with a 25 gauge needle. The lungs were then
dissected free of the heart and surrounding tissue and placed in a fresh
Petri dish with 5 ml of HBSS containing the enzymes collagenase type
I (800 Mg/ml) and hyaluronidase type I-S (10 units/ml). The tissue was
cut and teased into small fragments. Trypsin-EDTA (0.05%) was then
added and incubated for 20 min at room temperature (21 "( '). Incubation
at 37Â°Cproduced a better tumor recovery. In all experiments in which

quantitation was determined in microwells (see below) we used the
21Â°Cmethod. In all assays using the focus formation method (see
below), lungs were digested by incubating at 37Â°C.The cells were then

resuspended and transferred to a centrifuge tube, and the Petri dish
was washed with a further 5 ml of HBSS, leaving any undigested tissue
fragments behind. The centrifuge tube was filled with 10% PCS con
taining medium and washed. If erythrocytes were detected in the pellet,
a brief exposure to 0.83% NH4C1 was introduced at this point, followed
by another wash.

Quantitation was determined by one of two methods. In the first, the
cells were then resuspended in 9.6 ml of 10% PCS containing medium
with G418 sulfate (400 /ig/ml; GIBCO), gentamicin sulfate (4 mg/100
ml; Schering), and Fungizone (25 Mg/100 ml; GIBCO). The cells were
delivered in 1(10/<Ialiquots into a flat-bottomed microplate and incu
bated at 37'C in 5% CO2 for 7 days. This time was considered optimal,

since the frequency of positive wells remained unchanged after 6 days,
although plates were somewhat easier to read at 10 to 14 days because
of the heavier growth of tumor. Experimental observations were made
with 3 to 5 mice per experimental point. Microtiter plates were exam
ined under an inverted microscope, and wells containing foci with 16
or more cells were scored positive. The percentage of positive wells was
calculated and plotted on a logarithmic scale. In the second method,
after suspension in the G418-containing medium (as above), the cells
were plated in 10-cm Petri dishes and incubated for 10 to 14 days. At
the end of this period, the foci were stained with mÃ©thylÃ¨neblue (1%)
in 50% methanol and counted. Three to five mice were evaluated per
observation. This latter technique was developed because of the diffi
culty in quantitating survival in microwells when there was a large
number of cells. On a statistical basis, more than one cell will likely be
seeded in one well when over 20 wells are positive. The enumeration
of foci is simple and accurate and directly reflects cell numbers in
tumors that can form distinct foci.

RESULTS

NK Regulation of Experimental Metastasis Formation of
H-ms-transformed Fibroblasts. To directly test the hypothesis
that metastasis formation by H-ras-transformed 10T'/2 was

regulated by the NK cells, three manipulations of NK activity
were tested. We initially stimulated NK activity in the C3H/
HeN with poly(I) â€¢poly(C), an activator of NK cells in the spleen
and lung (10-12). It can be seen in Table 1 that injection with
a single dose of 30 tug of poly(I)-poly(C) 18 h before i.v.
inoculation of either CIRAS-3 or NR3-ILD resulted in a sig
nificant reduction in lung tumor formation 21 days later.

Further support for the role of NK cells in regulation of
metastasis formation came from experiments utilizing the
C3H/HeJ-bg/bg, a mutant strain which is severely NK deficient
(13). The mutation in C57BL/6 has been shown to enhance
metastasis formation by the B16 murine melanoma (13-15).
The metastatic efficiency of four H-ras-transformed lines,
CIRAS-1, CIRAS-3, NR3, and NR4, was compared using the
C3H/HeJ-/Â»Â£/Â¿>#andnormal bg/+ hÃ©tÃ©rozygotelittermates (Ta

ble 1). Metastasis in the beige mutants increased dramatically
compared to controls in all lines, and one tumor, the CIRAS-
3, killed the mice with confluent lung tumors before the termi
nation of the experiment.

In the third experimental model, mice were given preinjec-
tions of rabbit anti-asialo-GMl antiserum, a procedure which
suppresses NK activity in vitro and in vivo (10, 16, 17). Com
paring metastatic rates of NR4 in mice treated with the anti-
asialo-GMl to normal rabbit serum-treated or untreated con
trols, a profound enhancement in metastasis formation was
evident. Control lungs contained only 1 to 2 mÃ©tastaseseach,
while anti-asialo-GMl-treated mice exhibited over 250 con
fluent lung tumors (Table 1).

Metastasis formation in nu/nu mice was reduced when com
pared to C3H/HeN (Table 1). However, the rank order of
metastatic efficiency in the five lines was identical (6), indicating
that T-cell responses could not account for their relative lung-
colonizing ability.

Effect of NK Activity on Lung Implantation and Growth of
H-ras-transfected lOT'/z Fibroblasts. Having established the
importance of in vivo NK cells in metastasis formation by H-
ros-transfected )OT'/2, we next wished to determine where in

the metastatic process the effector cell was acting. To accom
plish this we developed a new assay for quantitating the fre
quency of viable tumor cells entering the lung and surviving
over a 13- to 14-day period. This assay took advantage of the
presence of the neo" gene in the H-ras-containing pALSA
plasmid used to transfect the 1OT'/2 cells. Thus, by disaggrega-

tion of lung tissue and plating in G418, we could quantitate the
surviving tumor cells at any time after entering the lung (see
"Materials and Methods"). To validate the assay we first ex

amined a dose-response curve and time course after injection
of the NR3-1LD tumor (Fig. 1). The metastatic index was
linearly related to cell inoculum on a semilog plot. A time
course study revealed that cell survival progressively decreased
from 30 min following injection over the first 24 h, then
recovered by Day 3, eventually filling all microwells by Days 8
to 10.

We first examined the hypothesis that the efficiency of lung
homing and implantation was regulated by the H-ros gene. By
comparing the five ras-transfected 10T'/2 lines with varying

levels of raÃexpression at the RNA level, we would predict that
if ras was the primary regulator, then the high H-ras-expressing
variants CIRAS-2 and 3 would most efficiently arrest in the
lung in the first hour. Contrary to this hypothesis we found
that the lower H-ras-expressing variants NR3, NR4, and
CIRAS-1, with relatively poor metastatic ability, were the most
efficient at arresting in the lung (Table 2). This was tested in
the two assays, using the frequency of wells containing G418-
resistant cells, and focus formation in Petri dishes. However, it
was also evident from this experiment that NK lytic sensitivity
of the lines inversely corresponded to implantation efficiency
(Table 2). This was also the case for the parental 10T'/2 line

transfected only with pSV2neo. NK sensitivity was identical to
the parental lOT'/z,6 and it efficiently arrested in the lung within
the first hour after injection.7 We therefore tested the second

hypothesis, that lung implantation was regulated by NK activ
ity.

Examination of tumor viability in the lung l h after inocu
lation of H-ras-transformed cells into NK-deficient bg/bg and

' A. H. Greenberg, S. Egan, L. Jarolim, and J. A. Wright. NK sensitivity of
H-ras transfected fibroblasts is transformation-independent. Cell. Inumino!., in
press.

7 M-C. Gingras and A. H. Greenberg, manuscript in preparation.
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NK REGULATION OF METASTASIS BY H-roi-TRANSFORMED CELLS

Table 1 Lung metastasis formation of H-ras-transformed fibroblasts in NK-depleted, NK-stimulated, and T-deflcient mice
In Experiment 1, mice were given injections of 2 x 10* cells i.v. 24 h after i.p. injection of 30 ng of poly(l)-poly(C). In Experiments 2 and 3, 3 x 10* cells were

given. Anti-asialo-GM 1 and normal rabbit serum were administered i.v.. 15 ^1 in 0.2 ml of HBSS, 48 and 24 h before tumor. In Experiment 4, 3 x 10* cells were

injected.

Tumor
Experiment line Mousestrain1

CIRAS-3 C3H/HeNC3H/HeN

NR3.ILD C3H/HeN
C3H/HeN2

CIRAS-1 C3H/He}-bg/bg
C3H/HeJ-*Â£/+

CIRAS-3 C3H/HeJ-bg/bg
C3H/HeJ-e*/+

NR4 ClH/HeJ-bg/bg
C3H/HeJ-A*/+

NR3 CiH/He}-bg/bg
C3H/HeJ-A#/+3

NR4 C3H/HeN
C3H/HeN

C3H/HeN4

CIRAS-1 BALB/c-nu/ni/
CIRAS-2 BALB/c-nu/nu
CIRAS-3 BALB/c-nu/nu
NR4 BALB/c-nu/nu
NR3BALB/c-nu/nuâ€¢

Mean Â±SE.'Ã®:x

;X l /"
f:\VI/*

'â€¢'A ' B-C6x10*

2x10* 10* 0 3 6 B 24 0 24 0 8 10 12 14

TUMOR INOCULUM HOURS AFTER IV WOCULATÃœN DAYSAFTER IVINOCULATIONFig.

1. Quantitation of tumor arrest, implantation, and survival in the lunf
using the metastatic index. A dose response of surviving cells (NR3-ILD) laker
within 1 h after i.v. inoculation (A); tumor surviving during the first 24 h in th<
lung (A): and tumor growth over the next 14 days (C). Points, mean; ears,SE.Table

2 Correlation of early tumor implantation in the lung with NK lytic
susceptibility

All statistical analyses were by the Student two-tailed t test, comparing ili
metastatic index of NR3 to other cell lines.Metastatic

index at 1 h'
Experimental NK lysisofmetastasis

of LU/101 Positive
Cell line lung tumors" cells' microwells TumorfociCIRAS-1

14 Â±5 13.5 Â±1.4 11.7 Â±8.3' 128 Â±43
CIRAS-2 118 Â±6 21.6 Â±2.4 1.1 Â±0.1' 3.6 Â±3.1'
CIRAS-3 121 Â±20 20.7 Â±3.3 2.5 Â±0.8' 40 Â±15''
NR4 2 Â±0.5 18.5 Â±1.2 49.7 Â±11.9 NTr
NR3 O.I Â±0.1 6.9 Â±1.1 86.4 Â±6.8 147 Â±25"Lung

nodules were counted 2 1 days after injection of 3 x 10* cells i.v. inte

C3H/HeN mice.'' Lysis was calculated from cytolysis of tumors using poly(I) â€¢poly(C) (100 jig)

stimulated splenocytes of C3H/HeN mice in an IS li assay. Results are pools o
3 to 5 experiments.

' Lungs were removed, flushed, digested into a single cell suspension, and ther
cultured in G418 sulfate to isolate the neoR-bearing tumor cells. Viable tumo
cells were quantilated either by counting positive microwells or foci on Petr
dishes as described in "Materials and Methods."

rf/><0.05.
'/><0.01.
1 NT, nottested.anti-asialo-GM

1-treated mice confirmed that there was a closÂ«
correlation with the in vivo NK activity (Table 3). A 3- to 4Experimental

lungmÃ©tastasesTreatment

Frequency Lungtumors6/6
71 Â±5Â°

Poly(l) poly(C) 3/6 1 Â±1
6/6 50 Â±9

Poly(I)-poly(C) 6/6 3 Â±28/8

193 Â±40
8/8 11 Â±4
8/8 >250
8/8 60 Â±14
8/8 108 Â±17
4/8 1 Â±1
5/6 3 Â±1
0/6 0 Â±0Anti-asialo-GM

1 6/6 >250
Normal rabbit serum 5/6 2 Â±1

5/6 3 Â±14/5

2 Â±\
5/5 42 Â±10
5/5 57 Â±13
4/5 0.7 Â±0.3
0/50the

fate of tumor following implantation in the lungs of NK-
deficient C3H/HeJ-bg/bg and normal bg/+ recipients (Table
3). The survival of the NR4 tumor at all time points was greatly
increased in the NX-deficient bg/bg, and multiple lung nodules
were visible by Day 14 on gross inspection. Viable NR4 cells
in the bg/+ lung fell quickly and remained very low throughout
the remainder of the assay, reflecting the poor 21-day lung
tumor formation. The significant increase in tumor viability in

, the bg/bg lung suggested that the NK cell attack had resulted
in a rapid drop in viable cells in the first 24 h from which the
NR4 cells never recovered. This was confirmed by using mice
made NK deficient by preinjection with rabbit anti-asialo GM1
antiserum. Here, viable NR4 tumor cells in the lung 24 h after
inoculation were 12- to 25-fold higher in antiserum-treated
animals than in untreated or normal rabbit serum-treated con
trols.

Although these results indicated that the N K attack and not
H-ras expression was important for the survival of the tumor

early after reaching the lung, the correlation of metastasis
frequency with H-ras expression suggested to us that the gene
must have its effect at a later time point. In the final experiment,
then, we compared the survival of the high and low H-ras-
expressing variants, CIRAS-3 and NR3. These lines were also

â€¢the most and least NK susceptible of the ras-transformed lines
(see Table 2). In following their fate, we found that CIRAS-3

f was less efficient at entering the lung and was killed rapidly
during the first 48 h after injection of the tumor, while NR3
entered the lung at high frequency and initially survived signif
icantly better (Fig. 2). This corresponded to their NK suscep
tibility as noted above. However, by Day 4 to 5 after inoculation,
CIRAS-3 had recovered and was expanding quickly, while few
NR3 cells had survived. By Day 10 there was no detectable
NR3, while CIRAS-3 cells were confluent in the microwells,

. corresponding to the metastatic rates observed on Day 21 and
the level of H-ras expression.

fold increase in viable tumor was detected in lung l h after i.v.
inoculation into these NK-deficient recipients. Since the drop
in tumor viability in the lung over the next 24 to 48 h (see Fig.
1) may also have been due to NK activity, we next examined

DISCUSSION

In the present paper we have shown that NK cells significantly
contribute to the regulation of metastasis formation by H-ras-
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NK REGULATION OF METASTASIS BY H-r<w-TRANSFORMED CELLS

Table 3 Effect ofNK deficiency on tumor implantation and growth in the lung

Experi
ment1234$TumorlineCIRAS-

1CIRAS-

1NR4NR4NR4NR4NR4Mouse

strainC3H/HeNCeH/HeNC3H/HeNC3H/HeJC3H/HeJC3H/HeJC3H/HeJC3H/HeJC3H/HeJC3H/HeJC3H/HeJC3H/HeJC3H/HeJC3H/HeNC3H/HeNC3H/HeNC3H/HeNC3H/HeNC3H/HeNMouse
treatment

ormutationNilNRS'Anti-asialo-GM

1*Â«/+bg/bgbg/+bg/bgbg/+bg/bgbg/+bg/bg**/+bg/bgNilNRSAnti-asialo-GM

1NilNRSAnti-asialo-GM

1No.

of
mice5554455443333323333Time

after
tumor in
jectionhhhhh24

h24
hIh1

h24
h24
h13
days13
days24h24h24h24h24h24hMetastatic

index"Positive

microwells56.0

Â±4.867.3
Â±8.01.4
Â±1.426.4
Â±S.SS2.5
Â±2.5100.0

Â±0.0"3.5

Â±2.5082.6

Â±5.01*4.8

Â±2.31.0
Â±1.065.3
Â±10.Â»"Tumor

foci128
Â±43'144

Â±32481
Â±54'132

Â±19.3308
Â±49.3'8Â±590

Â±25'

* Metastatic index was evaluated as described in Table 2 and "Materials and Methods." In Experiments 4 and 5, only 10% of the lung cells were plated after
disaggregafion. This reduced the frequency of positive wells in the control lungs to low enough levels to detect the effect of asialo-GMI antiserum. Tumor foci were
calculated after plating all lung cells on Petri dishes.

* Mean Â±SE.
" NRS. normal rabbit serum.
' P < 0.005.

DAYS AFTER IV INOCULATION

Fig. 2. Lung metastatic index of CIRAS-3 and NR3 lines. C1RAS-3 is the
highest H-ros-expressing variant and most metastatic of the lines, while NR3
expression is low and the line is virtually nonmetastatic. Tumor cells (3 x 10s)

were injected i.v. into C3H mice, and lungs were taken l h and 1, 2, 5, and 13
days later for assay. Each time point was determined using 3 to 5 mice. Points,
mean: bars, SE.

transformed fibroblasts on the basis of experiments in NK-
deficient and NK-activated mice. Many lines of evidence have
been quoted to support the hypothesis that NK cells control
metastasis formation (12, 14-17), including the recent work of
Cook and coworkers who report that NK sensitivity of adeno-
virus-transformed cells was highly predictive of tumorigenicity
(18,19). Much of the earlier work has been criticized by Hewitt
(20, 21) because, it is argued, most continuously cultured tumor
cell lines drifted from the original phenotype (20) and do not
represent recently transformed cells which are typically non-
immunogenic. This is a reasonable argument considering the
highly heterogeneous nature of tumor cells and the novel se
lecting environment of tissue culture. Furthermore, tumor cells
which have been studied soon after transformation, thus avoid
ing this criticism, also show a lack of correlation between in
vivo behavior and NK sensitivity (22, 23). Dubey et al. (22)
observed that Chinese hamster embryo fibroblast lines, upon
undergoing transformation in vitro to the tumorigenic pheno

type, acquire rather than lose sensitivity to NK cells. Stanbridge
et al. (23) could detect no relationship between the tumorigenic
ity of Hela-fibroblast hybrids and their NK sensitivity. In the
experiments reported in the present paper, using H-ros-trans-
formed lOT'/z fibroblasts, the in vitro NK lytic sensitivity also

does not predict the metastatic ability, in agreement with this
earlier work (22, 23). Notwithstanding this lack of correlation,
and in contrast to the conclusions reached by these authors
(22), it is evident that, in the mouse, the NK cell very efficiently
regulates metastasis formation of the lOT'/z lines. This indicates
that, in addition to long-term lines, fibroblasts soon after trans
formation are controlled by the NK cell in vivo. Furthermore,
the ability of the NK cell to recognize oncogene-transformed
cells in vivo strongly supports the surveillance role suggested
for this effector cell. It should also be mentioned that these
lines are not lysed by syngeneic bone marrow-derived macro
phages activated by murine -y-interferon (6); therefore this

effector cannot be implicated in host resistance.
The lack of correlation between in vitro NK lytic sensitivity

and metastasis was still an unexpected result, considering the
striking increases in metastatic efficiency observed in NK-
deficient mice. Further exploration of the events soon after
arrest of the tumor cells in the lung clarified the situation. In
attempting to establish where and when the NK cell acts during
the experimental metastasis assay, we evaluated tumor surviv
ing in the lung following i.v. tumor inoculation using a novel
assay in which cells bearing the transfected neo" gene are

quantitated. The technique has obvious advantages over the use
of radiolabeled tumor cells, since one cannot determine whether
or not labeled cells are viable at any given moment of assessing
the retention of lung radioactivity. Our method also has the
great advantage of being able to evaluate the growth of the
tumor subsequent to lung implantation and therefore to esti
mate the rates of recovery and expansion. The limitations of
the assay relate mostly to the efficiency of recovery and the
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NK REGULATION OF METASTASIS BY H-ros-TRANSFORMED CELLS

quantitative assessment of exponentially growing lung tumor.
It is difficult to assess the efficiency of recovery of viable cells
by this assay, and it is possible that there are unrecognized cell
losses during the digestion of the lungs and subsequent plating
of single cell suspensions. Although there was a good correla
tion between this method and the survival of '"I-deoxyuridine-

labeled cells in the first 24 h, there were quantitative differences
between these assays which are currently being studied.8 How

ever, the relationship between the dose of tumor cells and arrest
of viable cells in the lung is proportionate, and the time course
of reduction in viable cells over the first 24 h and eventual
recovery by 8 to 10 days was typical of what one might expect
of a successful metastatic line.

Using the assay, we compared the ability of various H-ras-
transfected 10T'/2 to arrest and enter the lung and to survive

for the first 24 h after i.v. inoculation, and this did not corre
spond with metastatic efficiency at Day 21. It also did not
reflect the level of expression of the ras gene, which we have
shown previously correlates well with lung-colonizing ability
(6). A better correlation is seen with NK sensitivity, where the
most susceptible cells (CIRAS-2 and 3) exhibit the lowest
number of viable tumor cells entering and surviving in the lung
over the first 48 h. This is also clearly illustrated by the
difference in the arrest and survival data comparing CIRAS-3
and NR3 (see Fig. 2). CIRAS-3 is more NK susceptible than
NR3, and many times less viable CIRAS-3 cells were detected
in the lung between 1 and 48 h after tumor inoculation. Evi
dence of NK regulation of this stage of the metastatic process
comes from the enhanced survival of all H-ras-transfected cells
tested following NK depletion with anti-asialo-GMl or evalu
ation in the bg/bg mutant. This suggests that NK activity in the
circulation and lung is the primary control for tumor implan
tation and growth in the early stages of entry into the lung.
Following this period and the recovery of the tumor, outgrowth
of mÃ©tastasesbears no relation to in vitro NK sensitivity and
most closely correlates with H-ras expression (6).

The observation that initial tumor cell arrest in the lung does
not necessarily predict outcome has been reported by several
groups using //; vitro labeled tumor (24-26), in agreement with
our findings assaying viable tumor frequency. Price et ai. (26)
recently reported that, by 24 h after injection of radiolabeled
tumor, retention of label in the lung corresponds to metastatic
ability. We did not detect preferential survival of highly meta
static tumor until 4 to 5 days later when proliferation of
surviving cells was obvious. At 24 h, survival reflected only NK
susceptibility.

In summary, our experiments now confirm the role of the
NK cell in metastatic control of in vitro oncogene-transformed
fibroblasts, allowing us to argue that the impact of the immune
system can be easily detected using recently transformed cells,
contrary to Hewitt's hypothesis (18,19). Furthermore, immune

(NK) surveillance, as detected in our model system, has its
major effect early in the course of the disease. For reasons that
are not clear, H-ros-transformed cells expressing the gene at
high levels are able to break through this immune control and
rapidly proliferate. The implication of the observation is that
H-ras may be capable of altering the cell in some way that
eventually allows escape from immune attack. The characteri
zation of this effect will be an area of considerable interest in
future research.

* A. H. Greenberg, M-C. Gingras, and L. Jarolim, unpublished observations.
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