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ABSTRACT

We have previously demonstrated that Interferon (UN) treatment of
mice bearing the spontaneously metastasizing B16F10L murine mela
noma on days -5 to â€”¿�1prior to surgical removal (day 0) of the primary

tumor resulted in survival of >50% of treated mice. The antitumor effect
was correlated with an early increase of natural killer (NK) cell cytotox-
icity followed by a later developing specific cytolytic T-cell response. The
purpose of this study was to establish definitively the roles of NK, CD4,
and CDS cells as mediators of the antitumor/antimetastatic effects of
IFN. Mice Â»eredepleted of NK, CD4, and/or CDS cells during the period
of IFN treatment by administration of anti-asialo-CMi, unti-1314, and/
or anti-Lyt-2 antisera. Depletion of NK cells, alone or in combination
with T-cells, eliminated the protective effect of IFN treatment. Depletion
of both CD4 and CDS cells, however, did not significantly alter the
therapeutic effect of IFN therapy. Collectively, these data conclusively
demonstrated the importance of NK cells as mediators of the IFN induced
antitumor state. However, in mice depleted of ( '1)4 cells alone, the

protective effect of IFN was eliminated, in spite of the presence of intact
NK cells. In vitro analysis of NK cytotoxicity on day 1 after surgery
demonstrated (a) a lack of IFN induced stimulation of NK activity in
CD4 depleted mice and (b) a significant increase in both baseline and
IFN induced NK cytotoxicity in CDS depleted mice. These data suggested
a CDS cell mediated inhibition of NK activity/stimulation in CD4 depleted
mice, possibly responsible for the lack of response to IFN therapy in
that group.

These results demonstrate the importance of not only individual com
ponents of the immune system but also the interaction of these compo
nents in both the natural and IFN induced control of spontaneous
B16F10L mÃ©tastases.

INTRODUCTION

IFNs3 are a family of naturally occurring proteins and gly-

coproteins originally described in 1957 as mediators of viral
resistance ( 1). Subsequently, Paucker et al. (2) and later Gresser
et al. Ci) described IFN induced inhibition of tumor cell prolif
eration/growth both in vitro and in vivo. The mechanisms
behind the observed antitumor effects are still incompletely
understood. Research has demonstrated that besides the ability
of IFN to inhibit tumor cell proliferation in vitro or indirectly
inhibit tumor growth in vivo, IFN can modulate the immune
system by: (a) enhancing or inhibiting primary antibody re
sponses (4) and delayed type hypersensitivity reactivity (5); (b)
inhibiting antigen induced T-cell proliferation (6); (c) enhancing
cytotoxic activities of T-cells (7), macrophages (8, 9), and NK
cells (10); and (</) inhibiting lymphocyte recirculation in both
the thoracic duct and peripheral blood (11). All of these activi
ties may be associated with modulation of tumor growth in
vivo.
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In addition to inhibiting the growth and progression of locally
implanted tumors (12), IFN has been reported to be effective
against metastatic tumors (13). Administration of recombinant
human IFN-aA/D to mice bearing lung mÃ©tastasesof Colon

26 cancer cells reduced mÃ©tastasesformation in the experimen
tal metastasis model and prolonged survival of mice in the
spontaneous metastasis model. However, all mice bearing Co
lon 26 tumors eventually succumbed to metastatic disease (13).
IFN treatment also decreased spontaneous mÃ©tastasesof the
Colon 26 tumor in athymic mice maintained in a NK depleted
state, suggesting a direct antimetastatic role of IFN therapy.
Similar suggestions were recently proposed regarding the inhi
bition of human tumor cell experimental mÃ©tastasesin athymic
mice treated with recombinant human IFN--y (14).

In the B16 experimental metastasis model, inoculation of
cultured B16 tumor cells i.v. into mice produces tumor met
astatic foci in lungs. Administration of IFN or IFN inducers
(i.e., polyinosinic:polycytidylic acid) prior to i.v. tumor chal
lenge clearly decreased the number of lung mÃ©tastases(15, 16).
This effect of IFN was attributed to enhanced NK cell activity,
because treatment of mice with anti-AsGMi prior to administra
tion of IFN abolished the observed antimetastatic effect (17).

It is possible that in vitro cultured tumor cells that are injected
i.v. (experimental mÃ©tastases)differ from spontaneously metas
tasizing tumor cells that have been exposed to a wide range of
selective pressures while developing within the primary tumor
in vivo. Since it had not yet been established whether NK cells
are also responsible for the antitumor effects of IFN on spon
taneous mÃ©tastases,we examined the ability of IFN to inhibit
spontaneous B16F10L mÃ©tastases(18). In this system, cultured
B16F10L cells were implanted in footpads of mice, and the
primary tumors were surgically removed at the time when the
tumor had metastasized. Without any therapy, all mice die of
massive lung mÃ©tastases.IFN administration for 5 days prior
to surgical excision of the primary tumor (neoadjuvant proto
col) resulted in >50% survival of treated mice and complete
inhibition of metastatic spread determined by histolÃ³gica!
analysis (18). This IFN treatment protocol was associated with
enhanced NK cytotoxicity in spleen and lung cells by 24 h after
the first IFN treatment, followed by an increase in specific anti-
B16F10L cytolytic T-cell response in lungs by day 13. These
data suggested that both NK and T-cells could be mediators of
the IFN induced antitumor/antimetastatic effect. In the present
study we have established directly the role of NK cells and T-
cells as mediators of the IFN induced antitumor state in vivo
by depleting mice of selected immune effector cells (NK cells,
CD4 cells, and CDS cells).

MATERIALS AND METHODS

Animals. Female 4- to 6-week-old BALB/c x C57BL/6 F, mice were
used in all experiments (Charles River, Kingston, NY). Mice were
maintained at all times in microisolator cages in a barrier facility with
100% high efficiency paniculate filtered air and were fed autoclaved
food and water ad libitum. All manipulations and procedures were
carried out in laminar flow hoods within the barrier facility to decrease
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risk of inapparent infections that could influence results. Animals were
maintained in accordance with guidelines published by the United
States Department of Health and Human Services (19).

Interferon. Murine IFN-a//3 (Lee Biomolecular Research Laborato
ries, San Diego, CA) was further purified by affinity chromatography
utilizing immobilized sheep anti-L929 cell IFN globulin (20). IFN titers
were determined by measuring protection from encephalomyocarditis
virus cytopathic effect on L929 cells as described previously (21), and
titers were calculated in reference to a standard (G002-904-571; Ref

erence Reagents Board, National Institute of Allergy and Infectious
Diseases, Bethesda, MD). The specific activity of the final IFN preparation was X x 1(1"units/mg protein.

Tumor Cells. B16FIOL murine malignant melanoma cells were used
in all experiments. The cells were isolated from a spontaneous met-
astatic focus in the lung and maintained in in vitro culture as described
previously (18). B16F10L cells were utilized between passages 17 and
21 of in vitro culture.

Tumor Model. Cultured B16F10L tumor cells were implanted as a
single cell suspension into the right footpad of mice at a dose of 1 x
10' cells/0.05 ml on day -18. On day 0, when the diameter of the
tumor was 6-8 mm, legs bearing tumors were amputated under anes
thesia with Avon in (22). Animals demonstrating palpable inguinal
lymph node mÃ©tastaseson the day of surgery were eliminated from the
study. Untreated mice uniformly die of metastatic involvement of the
lungs with a mean survival time of 35 days postsurgery. The IFN
treatment group received 1 x IO5units IFN/mouse/day i.p. on days â€”¿�5
to â€”¿�1prior to surgical removal of the primary tumor on day 0. This

treatment protocol resulted in a >50% survival of the treated mice (18).
Reagents for in Vivo Depletion Studies. Rabbit anti-mouse asialo

GMI (Wako Chemicals USA, Richmond, VA), previously described as
useful in in vivo or in vitro depletions of NK cell activity (23), was used
for in vivo depletion of NK cells. For in vivo depletions of Lyt-2+ and
L3T4+ cells, 2.43 and GK 1.5 hybridoma cells (ATCC, Rockville, MD)
were grown as ascites in pristane (Sigma Chemical Co., St. Louis, MO)
primed peritoneal cavities of outbred nude mice (nu-Sed; Massachusetts

General Hospital, Boston, MA). The antibodies were isolated from
ascites fluids on protein G columns (Zymed, San Francisco, CA). Both
antibodies have previously been demonstrated as useful in the depletion
of Lyt-2+ and L3T4+ cells in vivo (24).

Assay of NK Activity. NK assays were performed using YAC-1 cells
as targets. Mononuclear splenocytes were isolated after whole spleen
homogenization followed by gradient centrifugaron (Lymphopaque;
Neygaard & Co., Oslo, Norway). Radiolabeling of target YAC-1 cells
was performed by incubating YAC-1 cells with Na2*'CrO4 overnight.

Assays were performed at effector: target ratios of 100:1 to 25:1 for 4
h. Supernatants were harvested (Supernatant Harvesting System; Ska-

tron, Tranby, Norway) and the levels of radioactivity were determined
(Gamma 4000; Beckman, Palo Alto, CA). Levels of NK activity were
expressed as percentage cytotoxicity by

% of cytotoxicity =
cpm sample - cpm background
cpm max. - cpm background x 100

cpm max and cpm background are cpm of supernatants from wells
containing YAC-1 cells with Triton X-100 or with medium, respec
tively. The cpm background/cpm max ratio was in the range of 5-15%
with maximum incorporation ranging from 4000 to 5000 cpm.

Immunofluorescence Staining. Mouse mononuclear splenocytes were
immunofluorescently stained with fluorescein isothiocyanate labeled
rat anti-mouse L3T4 and/or phycoerythrin labeled rat anti-mouse Lyt-

2 (Beckton Dickinson, Mountain View, CA) antibodies according to
manufacturers' protocols (10 j/l of antibody/1 x IO6 cells). These

preparations were later analyzed by flow cytometry using
FACSTAR (Becton Dickinson).

Experimental MÃ©tastases.Experimental mÃ©tastaseswere induced by
injecting 1 x 10s B16F10L cells i.v. into the tail veins of mice. Twelve
days later, animals were sacrificed, and lungs were fixed in 10% para-
formaldehyde and later used for counting of metastatic tumor nodules
under a dissecting microscope.

Statistics. The Lee-Desu statistical analysis (25) was used in analyz
ing survival data. Statistical analysis of NK assays was performed using
Student's t test (26).

RESULTS

Titration of Antibodies for in Vivo Depletion of NK, CD4, and
CDS Cells. In order to establish an antibody treatment strategy
that would effectively eliminate NK, CD4, or CDS cells in vivo
for a minimum of 6 days, normal mice were treated with varying
dilutions of the three antibodies (anti-asialo-GMi, ami I VI4 or
anti-Lyt-2). Effectiveness of the treatment was determined at
varying times using phenotypic analysis of splenocytes (CD4
and CDS) and NK cytotoxic activity. Following single antibody
treatments, depletion of >90% persisted for 2 days with anti-
L3T4, at least 6 days with anti-Lyt-2, and 2 days with anti-
AsGivii (25 fig/mouse) for both baseline and inducible NK
activity (data not shown). Therefore, it was necessary to admin
ister anti-L3T4 and anti-AsGMi more than once. Effective

depletion of L3T4 or NK cells was accomplished by antibody
treatments on day 6 and 3 (Table 1). Recovery for all three cell
types was observed by day 9 after initial treatment (3 days after
surgery).

Effects of in Vivo Lymphocyte Depletions on the Efficacy of
IFN Treatment. Mice were depleted in vivo of NK, CD4, and/
or CDS cells on day -6 according to the established protocols,
providing a depleted state in tumor bearing animals on days -5
to â€”¿�1relative to surgery on day 0. One-half of the depleted
animals were treated with IFN on days -5 to -1, and the

therapeutic efficacy of IFN was assessed in the selective absence
of NK, CD4, and/or CDS cells. The degree of depletion was
confirmed on day 0, and results were similar to those presented
in Table 1.

In vitro NK cell cytotoxicity was assessed 1 day following
surgery [2 days after last IFN treatment (Table 2)]. As expected,
NK activity was absent in both normal and IFN treated mice
previously treated with anti-AsGMi antibody. No stimulation
of endogenous NK cytolytic activity was observed in mice
depleted of CD4 cells and treated with IFN indicating that
removal of CD4 cells reduced NK activity. There was a 2-fold
increase in NK activity in both baseline and IFN induced NK

Table 1 Duration oflymphoid cell depletion in mice bearing BI6F10L tumors

TreatmentAntibody'Anti-L3T4(CD4)Anli-Lyt-2(CDS)Anti-AsGuii(NK)SalineTime''-6

and-3-6-6

and -3IFN'-and

+-

and+â€”
and+-
and+â€”+â€”+Parameter

measuredCD4CD8CD4CDSNKNKNKNK%

detected" onday*-5

-4-2030

10 11 298787

97 89 907984
89 68 97900

0 0 1078ND
ND 0.0 0.03.60.0
ND 0.0 1.27.76.3
ND ND 9.74.27.7
ND 33.3 17.0 7.8

" Flow cytometric analysis of mouse mononuclear splenocytes immunocyto-

chemically stained for CD4 and CDS antigens. The numbers represent percentage
of positively labeled cells relative to undepleted controls (100%). NK cytotoxicity
assays of mouse mononuclear splenocytes reacted against YAC-1 target cells at
effectortarget ratios of 50:1 (except day 3 which was 25:1).

* Days of sampling (2 mice/group) relative to surgery on day 0.
c Tumor bearing mice were treated i.p. with anti-L3T4 ( 100 ^1 of stock in 0.5

ml of saline), anti-Lyt-2 (100 Â«ilof 1:10 stock dilution in 0.5 ml of saline), or
anti-AsGMI (25 *ig in 0.5 ml saline).

'' Respective antibodies were administered on days indicated prior to surgical

removal of primary tumors on day 0.
' IFN treatments (1 x 10* units/mouse/day Â¡.p.)were administered on days

â€”¿�5to â€”¿�1relative to surgery on day 0. NK cell activity on day -5 was assessed 2
h prior to first IFN treatment. Since there were no differences between the
percentage of T-cells in IFN treated and untreated mice, combined values are
presented.
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Table 2 Levels ofNK activity in mice bearing BI6IOL tumors and depleted of
NK, CD4, or CDS cells

These data are from the experiment presented in Fig. 1.

00 T

TreatmentAntibody*

IFNfAnti-L3T4Anti-Lyt2Anti-AsGMiSaline%
of cytotoxicity
on day1Â°10.8

8.217.3

24.3"1.4

1.27.7

12.4"

Â°Cytotoxicity assays of spleen cells against YAC-1 target cells were performed

on day 1 after surgery (day 0) at an effeclortarget ratio of 50:1. Effector
splenocytes were pooled from 5 mice/treatment group.

4 Mice bearing B16F10L tumors were treated with anti-L3T4 (day â€”¿�6,undi
luted; day -3, diluted 1:2); anti-Lyt-2 (day -6. diluted 1:10). and anti-AsGMi
(day â€”¿�6.25 Â¿ig/mouse;day -3. 12.5 Mg/mouse).

' IFN was administered at 1 x 10* units/mouse/day on days -5 to -1 relative

to surgery on day 0.
*P< 0.05 compared with mice not receiving IFN.

cell cytotoxicity in mice depleted of CDS cells alone (Table 2).
Figs. 1 and 2 summarize the survival data form mice depleted

of NK, CD4, CDS, or CD4/CD8. These data confirm our
previous findings (18) that IFN administered to normal tumor
bearing mice for 5 days prior to surgical removal of primary
tumors results in >50% survival. The depletion of NK cells
clearly established that NK cells are important in control of
mÃ©tastasesin untreated mice (Figs. \A and 2A). Moreover, the
antitumor activity of IFN was completely abrogated by treat
ment with anti-AsGMi alone; the survival of anti-AsGMi treated
group equaled that of anti-AsGM> and IFN treatment and was
less than the untreated group (Figs. \A and 2A). In contrast
with the effects of NK cell depletion, depletion of CD4 or CDS
cells or both CD4 and CDS cells has no effect on natural
resistance to tumor mÃ©tastasesin untreated mice (Figs. \B, 1C,
IB, and 2C). However, depletion of CD4 cells alone completely
prevented the antitumor effect of IFN (Figs. \B and IB).
Depletion of CDS cells, slightly but consistently, decreased the
effects of IFN treatment (P< 0.05, Figs. 1C and 2C). Depletion
of both CD4 and CDS cells produced slight but consistent
decreases in survival, similar to that of IFN treated animals
depleted of CDS cells alone, thus partially reversing the CD4
depletion effect.

Effects of in Vivo Depletion of NK Cells on Experimental
MÃ©tastases.To further establish the role of NK cells in the
control of metastatic dissemination of B16F10L cells, animals
were depleted of NK cells in vivo (25 pg of anti-AsGMi) 24 h
prior to i.v. challenge with B16F10L tumor cells. Similar to
published studies using experimental B16F1OL mÃ©tastases( 17),
in vivo depletion of NK cells resulted in a significant increase
in the number of B16F10L induced metastatic foci in lungs
[normal, 105 Â±12 (SD); depleted, 560 Â±25; P< 0.05, Student's

i test].

DISCUSSION

Our results clearly demonstrate that NK cells are major
mediators of the natural control of both spontaneous and
experimental metastatic dissemination of the B16F10L tumor.
Moreover, NK cells clearly mediate the antitumor/antimeta-
static effects of the neoadjuvant IFN treatment against spon
taneous metastasis. These observations provide direct proof of
our previous observations (18) that the effectiveness of IFN

1

25 150

DAYS AFTER SURGERY
Fig. 1. Effect of in vivodepletions of NK, CD4, or CDS cells on IFN antitumor

activity assessed by survival analysis. In vivo depletions were performed using
appropriate treatments with anti-AsGMi (As, in A), anti-L3T4 (CD4, in A), or
anti-Lyt-2 (CDS, in C) for the depletion of NK, CD4, or CDS cells, respectively.
Although all mice represented were part of one experiment, for ease of comparison
the different treatments are plotted only with untreated (UT) or IFN treated
(IFN) controls. Statistically significant differences at P < 0.05 were observed
when comparing untreated to IFN treated; IFN treated to ami-AsGMi or anti-
AsGMi/IFN treated; IFN treated to CD4/IFN treated; anti-AsGMi to untreated
and IFN treated to CD8/IFN treated (Lee-Desu statistic). Each treatment group
consisted of 8-15 mice.

treatment is correlated with increased lung and splenic NK
cytotoxicity.

The role of NK cells as mediators of antitumor effects of IFN
in the control of metastatic dissemination of tumors has previ
ously been established in models of experimental cancer mÃ©tas
tases. Hanna and Fidler (15) observed that boosting NK activity
with IFN inducers prior to i.v. tumor challenge significantly
decreased metastasis formation. They concluded that NK cells
are important in host defense against circulating metastatic
tumor cells. A similar decrease in pulmonary mÃ©tastaseswas
observed by pretreatment of mice with recombinant IFN prior
to tumor challenge (27). In contrast, IFN treatment of mice
following tumor injection resulted in no significant inhibition
of pulmonary metastasis. The authors postulated that IFN
induced the inhibition of B16 mÃ©tastasesthrough stimulation
of NK cells, which prevented the establishment of pulmonary
metastasis. Yokoyama et al. (17) found that augmentation of
NK activity and inhibition of experimental lung mÃ©tastasesby
IFN were completely abolished in anti-AsGMi pretreated mice.
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Fig. 2. Effects of combination in vivo deple
tions of NK. CD4, or CDS cells on the antitumor
effects of IFN therapy. In vivo depletions were
performed using appropriate treatments with
anti-AsGMi (As), anti-L3T4 (CD4). or anti-Lyt-
2 (CDS), alone or in combinations for the deple
tion of NK, CD4. or CDS cells, respectively. The
data represent results of a single experiment with
each treatment group consisting of 6-12 mice.
For presentation purposes, survival plots of un-
depleted tumor bearing mice untreated (L'T) or

treated with IFN (IFN) were included only in A,
B, and C. Statistically significant differences at
P< 0.05 (Lee-Desu statistic) were observed when
comparing: untreated to IFN treated; untreated
to anti-AsGM> treated or anti-AsGMi/'FN
treated; CD8/IFN treated to CDS or untreated:
CDS to untreated; CD8/CD4/IFN treated to
untreated.
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These results suggested that the effector cells which inhibited
melanoma metastasis were mainly NK cells and that IFN
exerted its antimetastatic effect by activating NK cells. Simi
larly, an increase in the number of spontaneous B16 lung
mÃ©tastaseswas reported in mice receiving anti-AsGMi treat
ments before surgical removal of the primary tumor, supporting
a role of NK cells in the control of spontaneous B16 mÃ©tastases
(27). In addition. Saturai et al. (28) concluded that inhibition
of pulmonary metastasis by treatment with recombinant murine
IFN-/3 prior to tumor inoculation was mediated by both NK
cells and macrophages, because administration of either anti-
AsGMi or carrageenan prior to IFN treatment abrogated the
IFN induced antimetastatic state. In both the studies of exper
imental mÃ©tastasesand our studies of spontaneous mÃ©tastases,
the antimetastatic activity of IFN has clearly been shown to be
dependent upon stimulation of NK cytotoxicity. In the experi
mental metastasis model, IFN therapy was beneficial only if
administered prior to i.v. tumor challenge, suggesting that the
only effective IFN treatment protocol for metastatic disease
would require initiation of therapy prior to onset of tumor
dissemination. Data from our spontaneous metastasis model,

however, show that IFN treatments can be effective when
administered early in the course of spontaneous metastatic
dissemination of tumor cells originating from a locally progress
ing primary tumor.

It is of interest to note that B16F10L cells from in vitro
cultures (18) or primary tumors (data not shown) appear to be
resistant to both baseline or IFN induced NK cytotoxicity in
vitro. These observations, together with data presented in this
paper, suggest that B16F10L cells spontaneously metastasizing
from the primary tumor may be sensitive to NK cytolysis in
vivo. Considering the heterogeneity that is characteristic of B16
tumor cell lines (29), such a possibility is not unlikely.

In addition to defining the essential role of NK cells in IFN
induced antitumor activity, our present results suggest several
roles for CD4 and CDS cells in IFN control of spontaneous
mÃ©tastases.CD4 cells appear to play a role in the IFN antitumor
activity since depletion of CD4+ cells abrogates the observed
effect on survival. However, the persistence of the IFN induced
antitumor effect in mice depleted of both CD4+ and CD8+
cells suggests that CD4+ cells do not appear to possess a direct
antitumor function but rather may regulate the antitumor activ-
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ity of other immune effector cells. This regulation may occur
via production of lymphokines by CD4+ cells (e.g., interleukin
2 and IFN-7) which can enhance NK, cytotoxic T-lymphocytes,
and macrophage cytotoxicity. In contrast with CD4 cells, CDS
cells appear to play a minor antitumor role in the IFN treatment
since depletion of CD8+ cells only slightly, albeit consistently,
decreased the survival of IFN treated mice. The major activity
of CDS cells in this system appears to be suppression of
antitumor activity; IFN induced survival is less in mice pos
sessing NK cells and CDS cells than in mice possessing NK
cells alone. This suppressive activity seems to be counterbal
anced by the presence of CD4 cells, because IFN induced
survival in mice depleted of both CD4 and CDS cells was
comparable to that in mice depleted of CDS cells alone. The in
vitro data in Table 2 suggested that the CDS cells may be
suppressive for IFN induced NK activity. The apparent amelio
ration of this inhibition by CD4 cells suggests the existence of
a balance in the T-cell arm of the antitumor immune response
that is necessary for the maintenance of an effective NK cells
(innate) antitumor response.

In both the experimental and spontaneous metastasis models,
IFN treatment is therapeutically effective only when adminis
tered preoperatively [neoadjuvant protocol (18)]. Administra
tion after surgery had no effect on survival and was not associ
ated with any increase in NK cytotoxicity. We have subse
quently observed that general anesthesia inhibits induction of
NK activity when IFN is administered following the anesthesia
(30). This observation further supports a role for activated NK
cells as mediators of IFN induced antitumor/antimetastatic
activity. It is tempting to speculate that the poor track record
of adjuvant IFN therapy of solid neoplasms in clinical trials
(31) may have been due to the administration of IFN at times
when it could not activate host NK cells, or possibly T-cells.
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