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N

atural killer (NK) cells are large granular lymphocytes, distinguishable from T or B lymphocytes by
their surface phenotype, cytokine profile, and the ability
to mediate spontaneous cytotoxicity against a broad range
of targets, including MHC class I2 tumor cells (1). NK
cells mainly circulate in the blood, where they account for
z5–15% of circulating lymphocytes (2); however, in certain
pathologic conditions, including viral and bacterial infections, NK cells selectively accumulate into the infected tissue sites (3–5). Several studies have shown that NK cells
express many known adhesion molecules that bind to
ligands present on both resting and inflamed endothelium
(6–8). Furthermore, NK cells express many chemokine receptors and are responsive to several chemokines, including
macrophage inflammatory protein (MIP)-1a, IFN-inducible protein (IP)-10, and monocyte chemoattractant protein (MCP) family members (9). Several cytokines have
been shown to modulate these adhesive as well as chemotactic functions, including IL-2, IL-4, IL-8, IFN-g, IL-12,
and TNF (10–15). Activated NK cells produce a spectrum
of cytokines and can also respond rapidly to exogenous sig1611

nals such as those delivered by tumor cells, by upregulation
of cytokine production and by increased migration to tissue
sites (16). This migration has been demonstrated to be dependent on the activation of NK cells; however, the mechanisms underlying selective recruitment of NK cells from
the blood vessels to the tissues have not been elucidated.
The ability to spontaneously lyse tumor cells is the best
known functional attribute of NK cells, and particular tumor escape variants that have lost MHC class I expression
are efficiently controlled in vivo by NK cells (17). This
model of NK cell function has been used in perforin-deficient (P0)1 mice to demonstrate that NK cell–mediated lysis
of class I2 RMA-S tumor cells in mice is perforin dependent (18). Indeed, perforin gene knockout mice have allowed assessment of the relative contribution of the granule
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Summary
Natural killer (NK) cells are thought to provide the first line of defence against tumors, particularly major histocompatibility complex (MHC) class I2 variants. We have confirmed in
C57BL/6 (B6) mice lacking perforin that peritoneal growth of MHC class I2 RMA-S tumor
cells in unprimed mice is controlled by perforin-dependent cytotoxicity mediated by CD32
NK1.11 cells. Furthermore, we demonstrate that B6 mice lacking tumor necrosis factor (TNF)
are also significantly defective in their rejection of RMA-S, despite the fact that RMA-S is insensitive to TNF in vitro and that spleen NK cells from B6 and TNF-deficient mice are equally
lytic towards RMA-S. NK cell recruitment into the peritoneum was abrogated in TNF-deficient mice challenged with RMA-S or RM-1, a B6 MHC class I2 prostate carcinoma, compared with B6 or perforin-deficient mice. The reduced NK cell migration to the peritoneum
of TNF-deficient mice correlated with the defective NK cell response to tumor in these mice.
By contrast, a lack of TNF did not affect peptide-specific cytotoxic T lymphocyte–mediated
rejection of tumor from the peritoneum of preimmunized mice. Overall, these data show that
NK cells delivering perforin are the major effectors of class I2 tumor rejection in the peritoneum, and that TNF is specifically critical for their recruitment to the peritoneum.

exocytosis pathway in a variety of immune responses in
vitro and in vivo (19–22). Activated NK cells also produce
the potentially cytolytic molecules, TNF and Fas ligand
(FasL [1, 23]). Herein, we use TNF-deficient (TNF0) and a
variety of other gene-targeted or mutant mice to define a
critical role for TNF in the specific migration of NK cells
mediating MHC class I2 tumor rejection.
Materials and Methods
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Mice. Inbred C57BL/6 mice were purchased from The
Walter and Eliza Hall Institute of Medical Research (Melbourne,
Australia). C57BL/6 perforin-deficient (B6.P0) mice (19; from
Dr. Guna Karupiah, John Curtin School of Medical Research,
Canberra, Australia) and C57BL/6 IL-12p40–deficient (B6.IL12p400) mice (24; Hoffman-La Roche, Nutley, NJ) were bred at
the Austin Research Institute Biological Research Laboratories
(ARI-BRL). C57BL/6 gld (FasL mutant; breeding colonies obtained from The Jackson Laboratory, Bar Harbor, ME) and
C57BL/6 TNF-deficient (B6.TNF0) mice (25, 26) were obtained
from the Centenary Institute of Cancer Medicine and Cell Biology. Male mice of 5–6 wk of age were used in all experiments,
which were performed according to animal experimental ethics
committee guidelines.
Cell Culture and Reagents. The mouse WEHI 164 fibrosarcoma (H-2d), RM-1 prostate carcinoma (H-2b; reference 27),
YAC-1 (H-2a) lymphoma, RMA (H-2b) lymphoma, RMA-S
(H-2b) mutant lymphoma (derived from the Raucher virusinduced murine cell line RBL-5 and defective for peptide loading
of MHC class I molecules [28]), and an E7-transfected clone of
RMA, RMA-E7 (29), were grown in RPMI medium supplemented with 10% (vol/vol) FCS, 2 mM glutamine, 100 U/ml
penicillin, and 100 mg/ml streptomycin (GIBCO BRL, Gaithersburg, MD). Soluble recombinant human FasL (srFasL; produced
in COS cell supernatants and used neat), and mouse Fas–Fc and
human TNF p80 receptor (TNFR)–Fc fusion proteins were a gift
from Dr. David Lynch (Immunex Corp., Seattle, WA). Recombinant human IL-2 was a gift from Chiron Corp. (Emeryville, CA).
Spleen cells were harvested from B6, B6.P0, and B6.TNF0 mice,
and IL-2–activated adherent NK cells were cultured and prepared
for adoptive transfer as described previously (30). Recombinant
mouse TNF-a was a gift from the Biological Response Modifier’s
Program Repository (Frederick Cancer Research and Development Center, Frederick, MD). Polyinosinic-polycytidylic acid
(poly-IC) was purchased from Sigma Chemical Co. (St. Louis,
MO). Peptide of human papilloma virus protein 16 (HPV-16)
protein E749–57 (RAHYNIVTF) was synthesized (.98% pure) on
an automated peptide synthesizer (model 430A; Applied Biosystems, Inc., Foster City, CA). In some experiments, to deplete T
lymphocytes and NK cells in vivo, mice were treated with mAb
(200 mg) anti-CD3 (KT3, rat IgG2a), anti-CD4 (H129.19, rat
IgG2a), anti-CD8 (1803, rat IgG2a), or anti-NK1.1 (PK136,
mouse IgG2a; all from the American Type Culture Collection,
Rockville, MD) on days 24, 22, 0 (day of tumor inoculation),
and weekly thereafter. Depletions were monitored by the analysis
of spleens of treated mice by immunofluorescence using FITClabeled mAbs anti-CD3 (29B, rat IgG2b; Sigma Chemical Co.);
anti-CD4 (H129.19; Sigma Chemical Co.); anti-CD8 (53-6.7,
rat IgG2a; Sigma Chemical Co.); and anti-NK1.1 (PK136).
51Cr-release Assays.
The cytotoxicity of NK cells, responder
CTL, perforin/granzyme B, soluble FasL, or mouse TNF were
assessed by 51Cr-release assays against labeled targets (RMA-S,

YAC-1, RMA, WEHI 164, or RMA-E7). Spontaneous release
of 51Cr was determined by incubating the target cells with medium alone, and maximum release was determined by adding
SDS to a final concentration of 5%. The percent specific lysis was
calculated as follows: 100 3 ([experimental release 2 spontaneous release]/[maximum release 2 spontaneous release]). Each experiment was performed twice using triplicate samples.
Peptide Immunization and Induction of B6, B6.TNF0, and B6.P0
Anti-E749–57 CTL. 100 mg (100 ml of 1 mg/ml peptide solution) peptide was extensively mixed with 100 ml IFA and 0.5%
BSA. The 200 ml mixture was injected subcutaneously in B6,
B6.TNF0, or B6.P0 mice and the procedure repeated after 2 wk.
1 wk after the second immunization, mice were either challenged
with 105 RMA-E7 tumor cells intraperitoneally or killed. The
spleen cells from killed mice were cultured overnight on plastic
flasks to remove adherent cells. Responder cells were then treated
with anti-CD4 (H129.19, rat IgG2a; Sigma Chemical Co.) and
C9 (1:30 dilution of normal rabbit serum) as described previously
(30). Stimulator RMA-S cells were cultured at 258C for 24 h and
incubated with 100 mM E749–57 peptide for 2–4 h at 338C. Stimulator cells (106) were extensively washed, irradiated (20,000 rad),
and then cultured (25-cm2 culture flasks) with responder cells
(2 3 107) in RPMI supplemented with 10% FCS and 5 mM peptide. After 5 d, the CTL activity of responder cells was determined
in a 4-h 51Cr-release assay using labeled RMA-E7 target cells.
Tumor Control In Vivo. Groups of five untreated (B6, B6.gld,
B6.TNF0, or B6.P0), mAb-depleted (B6), or peptide-immunized
(B6, B6.TNF0, or B6.P0) mice were injected intraperitoneally
with RMA-S, RMA, or RMA-E7 tumor cells in 0.2 ml PBS
as indicated. Mice were observed daily for tumor growth for
70–100 d by monitoring body weight and development of ascites
in mice. Mice were killed when first distressed by tumor growth.
Flow Cytometry. For multiparameter analysis of lymphocytes,
cells were stained with anti-CD3–biotin (clone 145-2C11;
PharMingen, San Diego, CA), anti-NK1.1–PE, anti-CD4–FITC
(clone RM4-5; PharMingen), or anti-CD8a APC (clone 53-6.7;
PharMingen). Biotinylated mAbs were detected with streptavidin-conjugated Texas red (SA-TXR; Molecular Probes, Inc.,
Eugene, OR). Analysis was performed on a FACStar PLUS (Becton
Dickinson, San Jose, CA).
NK Cell Migration to the Peritoneum. The number of NK cells
migrating to the peritoneum was evaluated in groups of five B6,
B6.P0, or B6.TNF0 mice that had received PBS (0.2 ml) or
RMA-S tumor cells (102–104)/0.2 ml i.p. After 24–144 h (72 h
optimal for NK cell migration), mice were killed by CO2 asphyxiation, and their peritoneal cavity flushed with 0.5 ml RPMI
1640 and 10% FCS and aspirated with a syringe. Cytospins were
performed to make sure no blood leakage into the peritoneal cavity had occurred; if so, these mice were discarded. Analysis of
peritoneal NK1.11 cell content was not practical by flow cytometry due to relatively low cell numbers; thus, single color immunofluorescence was performed upon cells harvested from the peritoneum by fluorescence microscopy. Peritoneal contents were
analyzed for NK1.11 cell numbers by detecting the percentage of
NK cells with FITC-labeled anti-NK1.1 (PK136; relative to a
negative control) and converting this value into an absolute number of NK1.11 cells on the basis of a simultaneously obtained cell
count. Results are expressed as the mean 6 SE of five mice. The
NK activity and number of cells collected in the peritoneum
were measured against YAC-1 after overnight culture in IL-2
(1,000 U/ml) and the results recorded as LU/107 cells, where one
LU is the number of effector cells required to lyse 25% of the target cells.

NK1.11 NK Cells Control Class I2 Tumor Growth In Vivo.
To exclude the possibility that growth of RMA-S was controlled by T cells expressing perforin and recognizing residual empty MHC class I in an allotype-like reaction, B6
mice were depleted of CD31, CD41, CD81, or NK1.11
cells before and after tumor inoculation (Fig. 1 B). Depletions were complete (#1% remaining) as monitored by fluorescence microscopy and splenic NK activity (data not
shown). Mice depleted of NK1.11 cells were unable to
control RMA-S tumor growth, with all mice receiving 102
cells surviving only 21–47 d. The remarkably similar profile
of B6.P0 mice (Fig. 1 A) and B6 mice treated with antiNK1.1 (Fig. 1 B) suggested that T cells expressing perforin
were not responsible for RMA-S tumor rejection. This
conclusion was supported by the lack of effect of depleting
CD31, CD41, or CD81 T cells on RMA-S tumor rejection (Fig. 1 B). It should also be noted that B6.P0 mice
were just as ineffective in controlling RMA-S tumor
growth as B6.P0 mice treated with anti-NK1.1 mAb (data
not shown). It is unlikely that IL-12–responsive NK1.11 T
cells expressing perforin (33, 34) were responsible for the
rejection of RMA-S cells, since RMA-S is CD12, antiCD3 mAb depletion of T cells was without effect, and
B6.IL-12p400 mice rejected RMA-S in a similar manner to
wild-type B6 mice (data not shown). The use of B6.CD1deficient mice lacking NK1.11 T cells (35) will provide
confirmatory evidence of the role of this cytotoxic subset
in RMA-S tumor rejection.
RMA-S Cells Are Not Sensitive to TNF. A simple explanation for defective class I2 tumor control in B6.P0 and
B6.TNF0 mice might be that in wild-type mice, RMA-S
tumor cells are directly lysed by perforin and/or TNF derived from NK cells. Indeed, RMA-S cells were sensitive
to a sublytic concentration of perforin combined with increasing concentrations of granzyme B (Fig. 2 A), and NK
cells from the spleens of B6.P0 mice were not cytolytic to

Figure 1. Elimination of intraperitoneally administered MHC
class I2 syngeneic tumors
(RMA-S) in vivo: dependence
on perforin and TNF. (A) B6,
B6.P0, B6.TNF0, and B6.gld
mice (n 5 5/group) were injected intraperitoneally with live
tumor cells (10–106) in 0.2 ml
PBS as indicated. Mice were observed daily for tumor growth
for up to 100 d by monitoring
body weight and development of
ascites in mice. Individual mice
are represented by each symbol.
(B) B6 mice were inoculated
with RMA-S as above, except
that B6 mice were treated on
days 24, 22, the day of tumor inoculation, and weekly thereafter with anti-CD3, anti-CD4, anti-CD8, or anti-NK1.1 mAb. Complete depletion of
lymphocyte subsets was observed throughout the course of the experiment, and anti-NK1.1–treated mice were shown to lack any NK cytotoxicity
against YAC-1 target cells.
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Results
Class I2 Tumor Control in the Peritoneum Is Perforin and
TNF Dependent. To investigate the effector mechanisms
used to reject class I2 tumors in vivo, we injected RMA-S
cells intraperitoneally into B6, B6.P0, B6.TNF0, and B6.gld
mice (Fig. 1 A). B6 mice that received #105 cells died
within 18–33 d, whereas 104 cells were controlled to some
extent (death between 35 and 50 d after inoculation). An
inoculum of #103 injected cells was controlled beyond 100 d
in wild-type B6 mice. By contrast, intraperitoneal injection
of 102 RMA-S tumor cells resulted in uncontrolled tumor
growth in B6.P0 mice (all dead within 22–41 d), and even
as few as 10 RMA-S tumor cells caused the death of 2/5
B6.P0 mice. B6.P0 mice that received greater numbers of
RMA-S cells (.102) all died within 31 d. In accordance
with van den Broek et al. (18), these data confirmed that
MHC class I2 RMA-S tumor growth is controlled by perforin-dependent cytotoxicity. NK cells have also been
demonstrated to display cytotoxicity via two members of
the TNF superfamily, FasL and TNF (1, 23), and thus the
contribution of these molecules to class I2 tumor rejection
was examined. FasL mutant B6.gld mice rejected RMA-S
cells in a similar fashion to B6 mice, and there was no apparent role for NK cell FasL in this process (Fig. 1 A). The
data were in agreement with the finding that NK cell cytotoxicity against many tumor target cells appears to be predominantly perforin mediated (30), but contrast a possible
role for CTL FasL in tumor control in vivo (32). Clearly
however, B6.TNF0 mice were unable to control the peritoneal growth of RMA-S tumor cells, even at inoculations
as low as 102 cells (death within 38–50 d). The defective
control of RMA-S cells in B6.TNF0 mice was not as dramatic as in B6.P0 mice, but was nonetheless significantly
compromised compared with rejection in B6 and B6.gld
mice. It should be noted that all of these strains of B6 mice
cleared class I1 RMA tumor cells to a similar degree (#103
cells; data not shown).

RMA-S tumor cells (Fig. 2 D). Although soluble TNF is
not a good effector of TNF cytotoxicity compared with
membrane-bound TNF (36), RMA-S cells were not sensitive to soluble TNF compared with WEHI 164 cells (Fig. 2
B). Furthermore, NK cells from B6.TNF0 mice were as cytolytic towards RMA-S as NK cells from B6 mice, whereas
NK cells from B6.P0 (that presumably still express membrane TNF) were not cytolytic in 4-h (Fig. 2 D) or longer
assays (data not shown). B6 NK cell lysis of RMA-S was
not inhibited by a TNFR–Fc fusion protein that significantly inhibited TNF-mediated lysis of WEHI 164 cells
(data not shown). RMA-S tumor cells were sensitive to
FasL (Fig. 2 C), but NK cells expressing nonfunctional mutant gld-FasL still effectively lysed RMA-S cells (Fig. 2 D).
The data further supported a role for NK cell perforin in
direct lysis of RMA-S in vivo, but suggested that direct lysis by NK cell TNF was not critical. Furthermore, the rela1614
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Figure 2. Sensitivity of RMA-S tumor cells to granule- and FasLmediated cytotoxicity. The cytotoxicity of various cytotoxic molecules or
NK cells was assessed by 51Cr-release assays against labeled targets as indicated. (A) Perforin (30 U) and increasing concentrations of granzyme B
(GrzB, 0–2 mg/ml) versus RMA-S, (B) murine TNF (0.002–2 ng/ml)
versus RMA-S or TNF-sensitive WEHI 164, (C) soluble FasL versus
RMA-S or FasL-insensitive EL-4, and (D) NK cells from B6, B6.P0,
B6.TNF0, or B6.gld mice versus MHC class I2 RMA-S or MHC class I1
RMA. The spontaneous release of 51Cr was always ,15%, and each experiment was performed twice using triplicate samples.

tive insensitivity of RMA-S to TNF suggested that direct
lysis of RMA-S in vivo by other leukocyte subsets expressing TNF, including T cells and activated macrophages, was
unlikely. Together, the in vitro and in vivo data suggested
that the role of TNF in NK cell–mediated tumor rejection
may not be related to direct cytotoxicity.
Defective Migration of NK Cells in Response to Tumor in the
Peritoneum of B6.TNF0 Mice. Given that TNF has previously been reported to be chemokinetic for NK cells in
vitro (37), a possible mode of action of TNF could be to
recruit NK cells to the peritoneum upon tumor inoculation. Since members of the TNF family of cytokines influence lymphoid architecture (26, 38, 39), it was important
to initially evaluate B6 and B6.TNF0 mice for NK1.11 cell
number and distribution. Flow cytometric analysis of
NK1.11 NK cells and NK1.11 T cells in the spleen, thymus, lymph nodes, blood, and bone marrow of unchallenged B6 versus B6.TNF0 mice revealed no statistical differences (data not shown). Migration of NK1.11 cells to
the peritoneum was observed in B6 mice that had received
RMA-S tumor cells (Table 1). Inoculation with RMA-S
cells increased NK1.11 cell numbers by almost 10-fold after 72 h. By contrast, NK cell recruitment to the peritoneum was significantly reduced and delayed in B6.TNF0
mice receiving RMA-S tumor cells. Despite the reduction
in NK1.11 cell migration, RMA-S tumor inoculation
stimulated similar total leukocyte migration in B6.TNF0
and B6 mice (Table 1). The NK activity recovered, as
measured by LU25, correlated with the number of NK1.11
cells in the peritoneum, thus indicating that the NK cells
migrating to the peritoneum by 72 h displayed NK cell cytotoxicity (Table 1). Irrespective of the RMA-S cell number inoculated (102–104), migration of NK1.11 cells to the
peritoneum was observed in both B6 and B6.P0 mice, but
was abrogated in B6.TNF0 mice (Table 2). NK cell cytotoxicity recovered from B6.TNF0 mice was minimal but
measurable compared with undetectable levels of NK cytotoxicity in the peritoneum of B6.P0 mice challenged with
RMA-S cells (Table 3). NK cell migration in response to
RMA-S tumor inoculation appeared normal in B6.P0,
B6.IL-12p400, and B6.gld mice (Table 3).
It was important to establish that the role of TNF in tumor rejection and NK cell recruitment was not specific for
RMA-S tumor target cells. We have previously demonstrated that the B6 MHC class I2 prostate carcinoma RM-1
was NK cell sensitive and when injected into the peritoneum was cleared by perforin expressing CD32NK1.11
cells in a TNF-dependent manner (data not shown). Migration of NK1.11 cells to the peritoneum was also observed in B6 mice in response to class I2 RM-1 prostate
carcinoma cells (Table 4). Inoculation with RM-1 cells increased NK1.11 cell numbers by approximately sixfold after 72 h. RM-1 tumor inoculation again stimulated similar
total leukocyte migration in B6.TNF 0 and B6 mice (Table
4), however NK cell recruitment to the peritoneum was
significantly reduced in B6.TNF0 mice receiving RM-1
tumor cells. The data indicated that endogenous TNF was
a major contributor to NK cell accumulation in the perito-

Table 1.
Strain

Kinetics of NK Cell Migration in Response to RMA-S Tumor Cells
Treatment

Time

% NK1.11

No. NK1.11*

Cell no.‡

LU25§

h
B6
PBS
RMA-S 103
PBS
RMA-S 103
PBS
RMA-S 103

24
24
72
72
144
144

1.1 6 0.1
3.8 6 0.4
1.1 6 0.2
3.3 6 0.3
1.2 6 0.1
2.2 6 0.3

3.1 6 0.3
12.4 6 1.3
3.5 6 0.6
25.4 6 2.3
3.4 6 0.3
14.2 6 1.9

2.8 6 0.4
3.3 6 0.2
3.2 6 0.3
7.7 6 0.7
2.9 6 0.1
6.4 6 0.4

1.8
7.1
1.9
22.3
1.5
17.6

RMA-S 103
PBS
RMA-S 103
RMA-S 103

24
72
72
144

0.9 6 0.3
0.9 6 0.1
0.6 1 0.3
1.3 6 0.2

3.1 6 1.0
3.2 6 0.4
4.2 1 2.1
8.5 6 1.3

3.4 6 0.1
3.6 6 0.2
7.1 1 0.5
6.5 6 0.5

1.7
1.6
1.3
3.5

B6.TNF0

neum specifically in response to syngeneic class I2 tumor
cells.
Consistent with earlier reports (37), cell recruitment, in
particular NK1.11 cell migration, was greatly enhanced in B6
mice inoculated with poly-IC, a powerful stimulator of NK
cell migration and cytotoxicity (Table 4). Peritoneal inoculation with poly-IC increased total leukocyte migration in
B6.TNF0 and B6 mice by 3–5-fold and NK1.11 cell numbers in B6 mice by .15-fold (Table 4). In contrast to tumor

Table 2. NK Cell Migration to Increasing Numbers of RMA-S
Tumor Cells
Strain

Treatment % NK1.11* No. NK1.11 Cell no. LU25

B6
PBS
RMA-S 102
RMA-S 103
RMA-S 104

1.1 6 0.2
2.9 6 0.3
3.3 6 0.3
3.5 6 0.3

3.5 6 0.6
20.8 6 2.2
25.4 6 2.3
28.9 6 2.5

3.2 6 0.3
7.2 6 0.6
7.7 6 0.7
8.2 6 0.2

1.9
12.3
22.3
20.7

PBS
RMA-S 102
RMA-S 103
RMA-S 104

0.9 6 0.1
0.6 6 0.2
0.6 6 0.3
0.8 6 0.2

3.2 6 0.4
3.9 6 1.3
4.2 6 2.1
6.3 6 1.6

3.6 6 0.2
6.4 6 0.2
7.1 6 0.5
7.9 6 0.1

1.6
1.8
1.3
1.7

B6.TNF0

* Number of NK1.11 cells (3 1024) in the peritoneum 6 SE after 72 h,
calculated as described in Materials and Methods from five mice per
group.

1615

Smyth et al.

inoculation, poly-IC did stimulate significant NK1.11 cell
numbers in the peritoneum of B6.TNF0 mice (z11-fold
above controls); however, numbers of NK1.11 cells were still
reduced compared with B6 mice inoculated with poly-IC.
These data further served to illustrate that TNF is not critical
for all NK cell recruitment, even into the peritoneum.
CTL-mediated Tumor Rejection in the Peritoneum Is Normal
in B6.TNF0 Mice. The striking need for TNF in effective
NK cell–mediated rejection of class I2 RMA-S cells
prompted the question whether TNF was also necessary
for CTL rejection of tumor localized in the peritoneum.
To minimize tumor variation, RMA cells expressing the
HPV-16 E7 protein were used as the tumor challenge to
mice preimmunized with the E749–57 H-2Db–presented
9-mer peptide. Importantly, mouse CD81 CTL reactive
with E749–57 were generated from the spleen cells of preimmunized B6, B6.P0, and B6.TNF0 mice (Fig. 3 A). Thus,
TNF was not absolutely necessary for the generation of
peptide-specific CTL. CD81 CTL generated from B6 and
B6.TNF0 mice displayed peptide-specific perforin- and
FasL-mediated lysis of RMA-E7 (as determined by inhibition with Mg-EGTA or Fas–Fc, respectively), whereas
CD81 CTL from B6.P0 mice lysed RMA-E7 via FasL exclusively (data not shown). Preimmunized B6 and B6.TNF0
mice effectively cleared intraperitoneal challenge with 105
RMA-E7 cells, whereas B6.P0 mice did not and died
within 20–30 d (Fig. 3 B). Unprimed B6, B6.TNF0, and
B6.P0 mice challenged with RMA-E7 all died within 17–
28 d. Thus, the data indicated that RMA-E7 tumor rejection in the peritoneum was mediated by CTL expressing
perforin and showed that a lack of host TNF did not reduce CTL effector function at this site in vivo.
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* Number of NK1.11 cells (3 1024) in the peritoneum 6 SE, calculated as described in Materials and Methods from five mice per group.
‡ Total cell number (3 1026) in the peritoneum.
§ NK activity in lytic units (25%) against YAC-1 tumor target cells. Peritoneal cells were cultured overnight in IL-2 (1,000 U/ml).

Table 3.

NK Cell Migration in Various Gene-targeted/Mutant Mice

Strain

Treatment

% NK1.11*

No. NK1.11

Cell no.

LU25

PBS
RMA-S 103

1.1 6 0.2
3.3 6 0.3

3.5 6 0.6
25.4 6 2.3

3.2 6 0.3
7.7 6 0.7

1.9
22.3

PBS
RMA-S 103

0.9 6 0.1
0.6 6 0.3

3.2 6 0.4
4.2 6 2.1

3.6 6 0.2
7.1 6 0.5

1.6
1.3

PBS
RMA-S 103

0.9 6 0.1
3.6 6 0.3

3.1 6 0.3
26.6 6 2.2

3.4 6 0.3
7.4 6 0.3

bd‡
bd

PBS
RMA-S 103

0.9 6 0.2
3.2 6 0.4

2.7 6 0.3
24.5 6 0.8

3.0 6 0.3
7.7 6 0.2

1.4
16.5

PBS
RMA-S 103

1.0 6 0.1
3.1 6 0.2

3.2 6 0.3
22.5 6 0.8

3.2 6 0.3
7.3 6 0.3

1.7
24.2

B6

B6.TNF0

B6.P0

B6.gld

* Number of NK1.11 cells (3 1024) in the peritoneum 6 SE after 72 h, calculated as described in Materials and Methods from five mice per group.
‡ Below detection (bd), LU could not be calculated.
25

Discussion
NK cells have been shown to accumulate locally and in
various organs after animals are exposed to viruses (4, 40)
or biological response modifiers (37, 41, 42). Where evaluated, it has become apparent that TNF may (37) or may
not (40, 42) be critical for NK cell migration in response to
these stimuli; therefore, NK cell emigration does not appear to be generally affected by TNF. However, the role of
TNF in NK cell recruitment to and rejection of tumor has
been comparatively poorly understood. We have used two
different MHC class I2 tumors and TNF0 mice to illustrate
an essential role for TNF in NK cell antitumor activity in

Table 4.
Strain

NK Cell Migration in B6.TNF0 Mice to Other Stimuli
Treatment % NK1.11* No. NK1.11 Cell no. LU25

B6
PBS
1.0 6 0.1
RM-1 103 2.6 6 0.2
Poly-IC
3.8 6 0.2

2.6 6 0.2 2.6 6 0.2 1.8
16.2 6 0.8 6.2 6 0.3 17.7
42.3 6 1.3 11.1 6 0.4 37.8

PBS
1.0 6 0.1
RM-1 103 1.0 6 0.3
Poly-IC
3.1 6 0.3

2.6 6 0.1
5.7 6 0.2
29.2 6 1.8

B6.TNF0
2.6 6 0.1 1.7
5.7 6 0.2 3.5
9.4 6 0.6 17.8

* Number of NK1.11 cells (3 1024) in the peritoneum 6 SE after 72 h,
calculated as described in Materials and Methods from five mice per
group.
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the peritoneum. Given a previously demonstrated role for
TNF in leukocyte trafficking (25, 26, 38, 39, 43) and our
observation that B6.TNF0 mice displayed reduced numbers
of NK1.11 cells in the peritoneum in response to tumor
inoculation, we believe TNF is specifically vital for the migration of NK cells into the peritoneum.
Several other possibilities may explain a critical role for
TNF in NK cell–mediated tumor rejection, including (a) a
direct effect of NK cell TNF secretion on tumor growth;
(b) a direct enhancement of the NK cell activity of resident
NK cells by TNF; (c) local proliferation or enhanced survival of peritoneal NK cells in response to TNF; or (d) decreased adherence of NK cells to endothelial cells in the
presence of TNF. However, most experimental evidence
that we and others have generated would undermine these
possibilities. A direct cytotoxic effect of NK cell, or host,
TNF on RMA-S tumor growth is unlikely, given that this
tumor appears insensitive to TNF. NK cells from TNF0
mice have normal levels of NK activity in the spleen and
thus a general defect in the activation of NK cell cytotoxic
potential in mice lacking TNF was not apparent. In addition, when spleen NK cells from B6.TNF0 mice were expanded by culture in IL-2, the proliferation of NK1.11
cells and their lytic activity were comparable with the same
cells from wild-type B6 mice (data not shown). Similarly,
exogenous TNF did not support the survival of B6 or
B6.TNF0 peritoneal cells taken 24–72 h after tumor inoculation (data not shown). Furthermore, when adoptively
transferred intraperitoneally into B6.TNF0 mice, cultured
B6.TNF0 and B6 NK cells, but not B6.P0 NK cells, were
capable of mediating RMA-S tumor rejection (data not

Tumor Necrosis Factor–mediated Recruitment of NK Cells

Downloaded from http://rupress.org/jem/article-pdf/188/9/1611/1119157/98-0839.pdf by guest on 19 January 2022

B6.IL-12p400

Figure
3. CTL-mediated
peritoneal tumor rejection is
normal in B6.TNF0 mice. B6,
B6.P0, and B6.TNF0 mice were
immunized twice (2 wk apart)
with E7 peptide and their spleen
cells harvested 1 wk later and
stimulated in vitro (as described
in Materials and Methods). 5 d
after stimulation, the CTL activity of responder cells was determined in a 4-h 51Cr-release assay
(at E/T ratios indicated) using labeled RMA-E7 target cells,
RMA-S pulsed with E749–57 peptide, or RMA-S pulsed with OVA257–264. The spontaneous release of 51Cr was ,15%, and the experiment was performed
using triplicate samples. (B) Untreated B6, B6.P0, and B6.TNF0 mice (n 5 5/group) or those immunized as above were challenged intraperitoneally 1 wk
after the second immunization with 105 RMA-E7 tumor cells in 0.2 ml PBS. Mice were observed daily for tumor growth for up to 70 d by monitoring
body weight and development of ascites in mice. Individual mice are represented by each symbol.
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NK cell availability, activity, and chemotaxis have been
demonstrated to be regulated by cytokines of the C-C family made in NK cells (49), and macrophages or dendritic
cells (15, 51, 52). Thus, it is possible that TNF may serve to
regulate macrophages or dendritic cell production of
chemokines that in turn recruit NK cells. Although IL-12
does not appear necessary, tumor rejection experiments in
various C-C chemokine–deficient mice may be very informative. Pathways for NK cell trafficking are likely to be
complex, and the chemokine network elicited will very
much depend on the form and site of the challenge. Our
data indicated that NK1.11 cell recruitment in response to
tumor was virtually abolished in the absence of TNF,
whereas NK cell migration to the peritoneum was still significant in response to poly-IC. Poly-IC elicits many cytokines that directly activate NK cells; thus, TNF may play
a relatively minor role in the migration of NK cells into the
peritoneum in response to poly-IC. Subcutaneous inoculation of various gene-targeted mice or B6 mice treated with
anti-NK1.1 mAb with RMA-S tumor cells revealed that
TNF was not necessary for NK1.11 cells to reject RMA-S
in a perforin-dependent manner (data not shown). Thus, in
the absence of further data at other tumor sites, it appears
that the absolute requirement for TNF in NK cell antitumor activity may be restricted to the peritoneum.
However, NK1.11 cells with antitumor activity are heterogeneous (18, 33, 34), as are dendritic cells and macrophages
in various tissues (52); therefore, future studies will be required to resolve the apparent anomaly that TNF is not universally critical for all sites of tumor rejection. Although all
the mediators involved in NK cell responses to class I2
tumor are unclear, our work has highlighted a critical role
for TNF in NK cell rejection of class I–deficient tumors by
virtue of its capacity to regulate cell recruitment. Importantly, the requirement for TNF appears specific for NK cells
responding to tumor. This finding now will stimulate further
examination of a possible role for TNF in controlling NK
cell responses to tumor initiation, growth, and metastasis.
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shown). Therefore, our data would support a previous
study that demonstrated TNF did not enhance NK cell survival (44). Whether exogenous soluble TNF could mimic
local signals that control cytokine networks, resulting in
NK cell emigration, is debatable; however, B6 or B6.TNF0
mice that received TNF intraperitoneally did not display
increased numbers of NK cells or enhanced lytic activity in
response to RMA-S (data not shown). It appears doubtful
that TNF reduced adhesion and increased the peritoneal lavage recovery of NK1.11 cells considering that TNF has
previously been observed to increase NK cell adherence
(37).
There may be several processes whereby TNF regulates
NK cell trafficking to tumor in the peritoneum. We have
not attempted to determine the original source of NK1.11
NK cells which accumulate in the peritoneal cavity after tumor inoculation; however, previous studies of NK cell migration in response to viral infection would favor the bone
marrow as a source over peripheral lymphoid organs (45,
46). TNF induces expression of the vascular adhesion molecule (VCAM-1) on vascular endothelial cells, and VCAM-1/
very late antigen (VLA)-4 interactions are required for migration of NK cells from the blood into lung and liver after
poly-ICLC treatment (41, 47). Nonetheless, binding to vascular endothelium is only the first step in NK cell infiltration,
and subsequent events must result in transit across the basement membrane and chemotaxis to the tumor. Recent studies in autoimmune inflammation in the B6.TNF0 central
nervous system (CNS) indicated not only that VCAM-1 is
upregulated on CNS endothelium normally (25), but that
leukocytes extravasate and accumulate in the CNS perivascular region yet fail to move out into the tissue in a normal
fashion (25, 43). Specific leukocyte populations infiltrating
lesions were not defined in these studies, but the contrasting
roles of NK1.11 cells reportedly controlling the severity of
experimental allergic encephalomyelitis (EAE [48]) and TNF
increasing the onset of EAE (43) suggest that TNF is not
regulating EAE by affecting NK1.11 cell emigration.
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