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(Sigma), mTREM-1/IgG1, hILT-3/IgG116, or heat-inactivated mTREM-1/IgG1 (30 min,
95 8C) by i.p. injection at 1, 2, 4 and 6 h after or 1 h before LPS administration. We
monitored viability of treated mice 4±6 times a day for at least 10 days.

Analysis of blood and peritoneal lavage
Blood (250 ml) was collected and serum TNF-a and IL-1b were determined using
cytokine-speci®c enzyme-linked immunosorbent assays as per the manufacturer's
protocol (R&D Systems). Total cell numbers of peritoneal lavage cells collected from
treated and control mice were determined on a coulter counter. We performed differential
counts according to standard morphological criteria on cytospin preparations stained
with Giemsa/May-GruÈnwald solution (Sigma). Four-colour analysis of peritoneal
leukocytes was performed after blocking Fc receptors (FcR blocking agent; Pharmingen)
for 30 min, using anti-mTREM-1, anti-Ly-6G (Pharmingen), anti-Mac-1 (Pharmingen)
monoclonal antibodies conjugated with APC, PE and FITC, respectively. Dead cells were
excluded by staining with propidium iodide.

Escherichia coli peritonitis model
E. coli peritonitis was induced in mice as described25. Brie¯y, female C57BL/6 mice (8±10
weeks, 19±22 g) were weighed and randomly distributed into groups of 5±15 animals of
equal body weight. Mice were injected i.p. with 500 mg of mTREM-1/IgG1 or control
hIgG1 before i.p. administration of 500 ml of a suspension of E. coli O111:B4 (1.6±2.1 ´ 106
colony forming units per mouse).
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Caecal ligation and puncture
We performed CLP as described17,24. Brie¯y, female C57BL/6 mice (8±10 weeks, 19±22 g)
were anaesthetized by i.p. administration of 75 mg per kg Ketanest (Parke Davies) and
16 mg per kg Rompun (Bayer AG) in 0.2 ml sterile pyrogen-free saline (B. Braun
Melsungen AG). The caecum was exposed through a 1.0±1.5-cm abdominal midline
incision and subjected to a 50±80% ligation of the distal half followed by a single puncture
with a G23 needle. A small amount of stool was expelled from the punctures to ensure
patency. The caecum was replaced into the peritoneal cavity and the abdominal incision
closed in layers with 5/0 Prolene thread (Ethicon). Sterile saline (500 ml) containing 500 mg
mTREM-1/IgG1, 500 mg hIgG1k (Sigma) or 100 mg TNF-RI/IgG1 (Pharmingen)
(together with 400 mg hIgG1k; Sigma) was administered by i.p. injection immediately
after CLP. The CLP was performed blinded to the identity of the treatment group. We
assessed survival after CLP 4±6 times a day for at least 7 days.
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Lymphocytes were originally thought to form the basis of a
`cancer immunosurveillance' process that protects immunocompetent hosts against primary tumour development1,2, but this idea
was largely abandoned when no differences in primary tumour
development were found between athymic nude mice and syngeneic wild-type mice3±5. However, subsequent observations that
nude mice do not completely lack functional T cells6,7 and that two
components of the immune systemÐIFNg8,9 and perforin10±12 Ð
help to prevent tumour formation in mice have led to renewed
interest in a tumour-suppressor role for the immune response.
Here we show that lymphocytes and IFNg collaborate to protect
against development of carcinogen-induced sarcomas and spontaneous epithelial carcinomas and also to select for tumour cells
with reduced immunogenicity. The immune response thus functions as an effective extrinsic tumour-suppressor system. However, this process also leads to the immunoselection of tumour
cells that are more capable of surviving in an immunocompetent
host, which explains the apparent paradox of tumour formation
in immunologically intact individuals.
Age-matched female wild-type mice and immunode®cient mice
with a targeted disruption of the recombination-activating gene-2
(RAG2) that is expressed only in lymphocytes13, both on a pure
129/SvEv genetic background, were injected subcutaneously with
100 mg of the chemical carcinogen methylcholanthrene (MCA) and
monitored for tumour development. RAG2-/- mice developed
tumours earlier than wild-type mice and with greater frequency
(P , 0:01). After 160 days, 9/15 RAG2-/- mice but only 2/15 wildtype mice formed MCA-induced tumours (Fig. 1a). Similar results
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were obtained in two additional experiments. In total, 30/52
RAG2-/- mice formed MCA-induced tumours compared to only
11/57 wild-type mice (Fig. 1b) (P , 0:0001). The increased tumour
formation observed in RAG2-/- mice was comparable to that
observed in 129/SvEv strain, IFNg-insensitive mice that lack
either the IFNg receptor (IFNGR1) or STAT1, the transcription
factor that plays a dedicated role in mediating signalling by the
IFNg and IFNa/b receptors14,15 (12/20 and 17/30, respectively,
versus 11/57 wild-type mice; P , 0:001); this data is consistent with
our previous ®ndings9 (Fig. 1b). To assess the extent of collaboration
between the lymphocyte- and IFNg/STAT1-dependent tumoursuppressor mechanisms, we generated RAG2-/- ´ STAT1-/- mice
(RkSk mice) and assessed their MCA sensitivity. Mice lacking both
genes also showed increased susceptibility to MCA-induced carcinogenesis with 13/18 mice forming tumours compared to 11/57
wild-type mice (P , 0:0001), but did not display a signi®cantly
greater tumour incidence compared to mice that lacked either the
RAG2 or STAT1 genes individually (Fig. 1b) (P  0:127 and 0.140,
respectively). All four groups of mice formed histologically indistinguishable sarcomas at the injection site. Similar results were
obtained using male mice, which are known to be more susceptible
to MCA-induced tumorigenesis. Thus, T, NKT and/or B cells are
essential to suppress development of chemically induced tumours.
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Given the comparable effects on tumour development of eliminating lymphocytes or STAT1-dependent IFNg signalling, either
individually or together, there is an extensive overlap between the
two tumour-suppressor systems.
To determine whether these tumour-suppressor systems also
function to prevent the formation of spontaneous tumours, we
monitored tumour development in unmanipulated 129/SvEv wildtype mice, RAG2-/- mice and RkSk mice. As neither wild-type nor
RAG2-/- mice showed outward signs of disease during the observation period, animals were killed and evaluated for neoplasia upon
reaching a minimum age of 15 months. At necropsy, 9/11 wild-type
mice (15±21 months) were free of neoplastic disease, one (16.1
months) developed an intestinal adenoma and one (19 months)
displayed a harderian gland cystadenoma, but none had cancer (Fig.
2a and Supplementary Information). In contrast, 12/12 RAG2-/mice of ages 15±16 months displayed neoplastic lesions in the
intestinal tract and elsewhere (Fig. 2b and Supplementary Information). Half of these mice developed malignant neoplasias (three had
caecal adenocarcinomas, one had an adenocarcinoma at the ileocaecal junction, one had an adenocarcinoma of the small intestine
and one had a lung adenocarcinoma) that grew progressively when
transplanted into naive RAG2-/- mice. Six of eleven RkSk mice
developed overt mammary-gland carcinomas (one had two mammary adenocarcinomas and another carried distinct adenocarcinomas in the breast and caecum) that were detected well before the
mice reached 15 months (Fig. 2c and Supplementary Information).
This result is particularly striking given the extremely low frequency
of spontaneous mammary tumours in wild-type mice or RAG2-/mice of 129 origin (Fig. 2a, b) and the very late appearance (.20
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Figure 1 Lymphocyte-de®cient mice are highly susceptible to MCA-induced tumour
development. a, Fifteen female RAG2-/- mice (diamonds) and 15 syngeneic 129/SvEv
wild-type (WT) mice (squares) were injected with a single subcutaneous dose of 100 mg
MCA and observed for tumour development for 160 days. This dose and observation
period were determined to be the most informative based on previous carcinogenesis
experiments performed on the 129/SvEv strain of mice9. Data are represented as a
percentage of each group of mice bearing tumours at least 9 mm in diameter as a function
of time. b, Cumulative tumour formation at 160 days from three independent experiments
involving female wild-type 129/SvEv mice (n  57), RAG2-/- mice (n  52), STAT1-/mice (n  30), IFNGR1-/- mice (n  20) and RAG2-/- ´ STAT1-/- (RkSk) mice (n  18)
after injection of 100 mg MCA.
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Figure 2 Increased development of spontaneous neoplastic disease in immunode®cient
mice. Eleven wild-type 129/SvEv mice (a), 12 RAG2-/- mice (b) and 11 RkSk mice (c)
were housed in a room that was free of speci®c pathogens including Helicobacter. Mice
were killed when they appeared morbid, developed overt masses, or upon reaching an
age of 15±21 months. Organs were examined for gross pathology, and histologic
sections were analysed microscopically by three independent pathologists. Additional
details of tumour formation and histologic sections from representative mice can be
viewed as Supplementary Information.
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months) of mammary tumours in mice that lack only the STAT1
gene (data not shown). Cells from mammary carcinomas grew
progressively when transplanted into naive RkSk mice. The other
®ve RkSk mice did not display palpable masses but at necropsy two
had adenocarcinomas in the caecum, one had adenocarcinomas in
the caecum and lung and the other two displayed intestinal
adenomas. In total, 82% of the RkSk group developed spontaneous
cancer. Thus, mice that lack lymphocytes, either alone or in
combination with an IFNg signalling de®cit, are signi®cantly
more prone to spontaneous epithelial tumour development than
their wild-type counterparts (P , 0:01 and 0.001, respectively).
Moreover, because RkSk mice develop more spontaneous cancers
than RAG2-/- mice (P , 0:01), the tumour-suppressor mechanisms
mediated by lymphocytes and IFNg/STAT1 must only partially
overlap.
To assess whether the immune system in¯uences the immunogenic phenotype of tumours formed during chemical carcinogenesis, the tumorigenicities of MCA-induced sarcomas from RAG2-/and wild-type mice were compared using tumour transplantation
approaches. When injected into RAG2-/- mice, both wild-type- and
RAG2-/--derived sarcomas grew progressively with equivalent
kinetics (Fig. 3a, b). When transplanted into naive syngeneic
immunocompetent hosts, 17/17 different tumours from wild-type
mice grew progressively (Fig. 3c). In contrast, 8/20 (40%) distinct
tumours from MCA-treated RAG2-/- mice were rejected following
transplantation into immunocompetent mice even when injected at
high tumour cell inocula (106 cells per mouse) (Fig. 3d). The
rejection of tumours derived from the immunode®cient hosts was
not due to potential minor genetic differences between wild-type
129/SvEv and RAG2-/- 129/SvEv mice, as the tumours were rejected
when transplanted into wild-type ´ RAG2-/- F1 mice. Moreover, we
ruled out the possibility that the rejection of the RAG2-/- tumours
was due to immune responses against retrovirus-related antigens as

the tumours (1) did not produce infectious amphotropic or
ecotropic retrovirus (plaque assays), (2) did not express retroviral
gp70 messenger RNA (RT-PCR) and (3) did not express MuLVrelated antigens (¯ow cytometry using GIX MuLVantiserum16) (data
not shown). Thus, tumours that arise in lymphocyte-de®cient mice
are more immunogenic than those that develop in the presence of
an intact immune system. Taken together with our previous ®ndings that IFNg-unresponsive mice develop more tumours than
wild-type mice and that IFNg responsiveness of the tumour cell is
essential for effective immune recognition9, these results show that
lymphocytes and the IFNg/STAT1 signalling pathway collaborate
with one another to shape the immunogenic phenotype of tumours
that eventually form in immunocompetent hosts.
To determine the link between the lymphocyte-dependent and
IFNg/STAT1-dependent tumour-suppressor processes, we asked
whether the highly tumorigenic phenotype of IFNg-insensitive
tumour cells could be eliminated by selectively expressing in them
components of the MHC class I processing and presentation pathway that are known to be signi®cantly upregulated by IFNg. We
studied two pathway components, TAP1 and the H-2Kb heavy
chain, because the decreased or absent expression of these proteins
is a mechanism that tumours use to escape immune detection17.
This mechanism is also used by tumours that develop inactivating
mutations in the genes that encode the proximal IFNg receptor
signalling proteins (ref. 9; V.S. & R.D.S., unpublished work). Our
focus on TAP1 was also prompted by a previous report showing
that expression of rat TAP1 in a mouse small-cell lung-carcinoma
cell line decreased its tumorigenicity18, although this study was
complicated by the use of xenogeneic TAP1, which differs from the
endogenous mouse protein at 80 positions19.
We chose to use for these studies two distinct IFNg-insensitive
sarcomas (RAD.gR.28 and RAD.gR.30) derived from IFNGR1-/129/SvEv mice because we had (1) established previously that
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Figure 3 Increased immunogenicity of tumours derived from MCA-treated RAG2-/- mice.
Immunode®cient RAG2-/- hosts were inoculated on day 0 with a dose of 105 tumour cells
derived from wild-type 129/SvEv mice (a) or RAG2-/- mice (b). Tumour growth is plotted
as mean tumour diameter of 3±5 mice inoculated with a distinct tumour. Groups of 5±8
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immunocompetent 129/SvEv ´ RAG2-/- F1 mice were inoculated on day 0 with doses of
106 tumour cells derived from 17 individual 129/SvEv mice (c) or 20 individual RAG2-/mice (d) and tumour growth monitored as above. In d, the dashed lines denote tumours
that grew progressively, whereas solid lines represent tumours that were rejected.

© 2001 Macmillan Magazines Ltd

1109

letters to nature
sarcomas lacking either the IFNGR1 subunit or STAT1 display
common biologic response de®cits and enhanced in vivo growth
and (2) de®ned, in great detail, the in vivo growth behaviour of
IFNGR1-/- sarcomas before and after reconstitution of IFNg
sensitivity9. Both tumour cell lines, which express low but detectable
amounts of TAP1 and H-2Kb protein (H-2Kb), were stably transfected with expression plasmids encoding the 129/SvEv haplotypes
of TAP1 or H-2Kb, and clones were selected that expressed high
protein levels comparable to those expressed in IFNg-treated,
IFNg-responsive cells (see Supplementary Information). Parental
RAD.gR28 cells (Fig. 4a), empty vector-transfected RAD.gR28.neo
cells (Fig. 4b) and 2/2 clones of H-2Kb-transfected RAD.gR28.Kb
cells (Fig. 4a) grew progressively in immunocompetent mice when
injected at 106 cells per mouse. In contrast, TAP1-transfected
RAD.gR28.TAP1 cells formed small subcutaneous masses that
expanded for the ®rst 5±10 days but then disappeared two weeks
after inoculation (Fig. 4b). This effect was generalizable to 8/8
independent RAD.gR28.TAP1 clones (two representative clones are
shown in Fig. 4b). In addition, the same result was obtained with 2/2
clones of a second IFNg-insensitive tumour cell line (RAD.gR30)
engineered for TAP overexpression (Fig. 4c). Rejection of TAP1transfected IFNg-insensitive tumour cells required the participation of both CD4+ and CD8+ T cells because rejection of the TAP1reconstituted tumour cells occurred only in wild-type mice and not
in lymphocyte-de®cient RAG2-/- mice (Fig. 4d) and was abrogated
in wild-type recipients depleted of either CD4+ or CD8+ T cells
(Fig. 4e). We found that wild-type mice that rejected the TAP1reconstituted IFNg-insensitive tumour were immune to subsequent
challenge with either the same reconstituted tumour cell line or the
25

unreconstituted IFNg-insensitive parental tumour cell line (Fig. 4f),
a result that supports the concept that higher antigen expression is
needed for the induction of an immune response to a tumour than
is required for recognition of a tumour by a pre-sensitized host.
Taken together, these results reveal that TAP1 represents at least one
link between tumour suppression manifested by the IFNg signalling
pathway and lymphocytes.
In this study, we show that the immune response is essential to
prevent the development of carcinogen-induced sarcomas and
spontaneous epithelial tumours. We also show that the tumoursuppressor function of the immune system is critically dependent
on the actions of IFNg, which, at least in part, are directed at
regulating tumour-cell immunogenicity. These studies thus provide
experimental evidence that, in principle, supports the original
concept of cancer immunosurveillance. However, as tumours that
develop in the presence of an intact immune system are less
immunogenic than those that develop in immunode®cient hosts,
the actions of the immune system also paradoxically favour the
eventual outgrowth of tumours that are more capable of escaping
immune detection. Thus, tumours are imprinted by the immunologic environment in which they form. For this reason, `cancer
immunosurveillance' is not the best term to describe the process
because the concept, in its original form, implied that the immune
system is involved only at the initial stages of cellular transformation
and plays a purely protective role1,2. Rather, we favour the use of the
term `cancer immunoediting' to describe better the protective and
sculpting actions of the immune response on developing tumours
that probably occur continuously during tumour development. We
envisage the scope of this process to be very broad, with a potential
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Figure 4 T-lymphocyte-dependent rejection of RAD.gR28.TAP1 cells by immunocompetent hosts. a, Wild-type mice were injected subcutaneously on day 0 with inocula of 106
RAD.gR28 (squares) cells or two representative H-2Kb-transfected RAD.gR28 clones
denoted RAD.gR28.Kb.15 (diamonds) or RAD.gR28.Kb.30 (circles). b, One million mocktransfected RAD.gR28.neo cells (squares) or the same number of two representative
TAP1-transfected RAD.gR28 clones denoted RAD.gR28.TAP1.8 (diamonds) or
RAD.gR28.TAP1.16 (circles), were injected into syngeneic immunocompetent animals.
c, 129/SvEv mice were injected with 106RAD.gR30 (squares), RAD.gR30.neo (diamonds)
or RAD.gR30.TAP1 (circles) cells. Tumour diameter in the syngeneic hosts was monitored
over time. d, RAD.gR28.TAP1 cells (106 cells per mouse) were injected into the ¯anks of
wild-type mice (squares) or RAG2-/- mice (diamonds) and monitored for tumour growth.
e, In a separate experiment RAD.gR28.TAP1 growth (106 cells per mouse) was compared
after injection into wild-type 129/SvEv mice (squares) and wild-type mice depleted of
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CD8+ T cells (circles) or wild-type mice (triangles) and wild-type mice depleted of CD4+
T cells (diamonds). CD8+ T cells were depleted by injecting mice intraperitoneally with
100 mg of puri®ed YTS-169.4 anti-CD8 mAb seven days before tumour transplantation
and once weekly thereafter. CD4+ T cells were depleted by injection of 250 mg GK1.5
anti-CD4 mAb two days before tumour transplantation and every other day thereafter.
Depletion of each T-cell subset was monitored by ¯ow cytometry analysis on peripheral
blood using FITC-labelled CD4 and CD8-speci®c mAbs directed against epitopes that
were distinct from those recognized by the depleting antibodies. f, Growth of 106 parental
RAD.gR28 tumour cells was assessed in naive 129/SvEv animals (squares) or 129/SvEv
mice that had rejected on inoculum of 106 live RAD.gR28.TAP1 cells three weeks earlier
(diamonds). Data are represented as average tumour diameter 6 s.d. of 4±6 mice per
group as a function of time.
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to (1) promote complete elimination of some tumours, (2) generate
a non-protective immune state to others, or (3) favour the development of immunologic anergy/tolerance/indifference. Future
work is needed to de®ne the molecular basis of the cancer immunoediting process.
M

Methods
Mice
RAG2-/-, IFNGR1-/- (ref. 20) and wild-type mice, all on a 129/SvEv background, were
either purchased from Taconic Farms or bred in our speci®c pathogen-free animal facility.
STAT1-/- mice, generated in our laboratory, were maintained on a pure 129/SvEv
background14. For the generation of RAG2-/- ´ STAT1-/- mice, the status of the RAG2
locus was followed by assaying blood for CD3+ cells by FACS as previously described21.
Genotyping of the STAT1 locus was performed by polymerase chain reaction as previously
described9.

Supplementary information is available on Nature's World-Wide Web site
(http://www.nature.com) or as paper copy from the London editorial of®ce of Nature.
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MCA tumour induction and transplantation
Performed as previously described9. A new preparation of 39-methylcholanthrene
dissolved in peanut oil was used in each experiment. Progressively growing masses 9 mm
and larger were scored as tumours and con®rmed by histology. The threshold value of
9 mm was chosen because masses of this size invariably continued to increase in size. To
eliminate the possibility that the rejection of tumours derived from RAG2-/- mice was due
to minor antigenic differences between RAG2-/- mice and 129/SvEv mice, RAG2-/- or
Taconic 129/SvEv tumours were transplanted into immunocompetent mice that were
generated by mating male 129/SvEv mice (purchased from Taconic) to female RAG2-/mice.

Determination of retrovirus expression in tumour cells
The feline S+L- focus assay (which tests for live amphotropic retrovirus) and the XC plaque
assay (which tests for live B- and N-ecotropic murine retrovirus) were performed on
supernatants from 12 different RAG2-/- tumour cultures by BioReliance. Eighteen
different sarcomas from RAG2-/- mice and eleven different sarcomas derived from 129/
SvEv wild-type animals were tested for reactivity to the GIX rat antisera that reacts with
several murine leukaemia virus (MuLV) proteins16. Primers within conserved regions of
the gp70 gene were used to amplify a 335-base-pair band from the reverse-transcribed
RNA of 16 different RAG2-/- tumours and 7 different wild-type tumours.
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Somatic activation of the K-ras
oncogene causes early onset
lung cancer in mice
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About 30% of human tumours carry ras gene mutations1,2. Of the
three genes in this family (composed of K-ras, N-ras and H-ras),
K-ras is the most frequently mutated member in human tumours,
including adenocarcinomas of the pancreas (,70±90% incidence), colon (,50%) and lung (,25±50%)1±6. To constuct
mouse tumour models involving K-ras, we used a new gene
targeting procedure to create mouse strains carrying oncogenic
alleles of K-ras that can be activated only on a spontaneous
recombination event in the whole animal. Here we show that
mice carrying these mutations were highly predisposed to a range
of tumour types, predominantly early onset lung cancer. This
model was further characterized by examining the effects of
germline mutations in the tumour suppressor gene p53, which
is known to be mutated along with K-ras in human tumours. This
approach has several advantages over traditional transgenic strategies, including that it more closely recapitulates spontaneous
oncogene activation as seen in human cancers.
The effects of ras gene mutations have been studied in transgenic
mice; however, most strains expressed H-ras or N-ras (reviewed in
ref. 7). Traditional transgenic strategies direct expression of the
oncogene in all cells of the target tissue and may lead to supraphysiological levels of expression. In an effort to construct a rasbased mouse tumour model that overcomes these limitations, we
have used a variation of `hit-and-run' gene targeting8 to create new
mouse strains harbouring latent, oncogenic alleles of K-ras capable
of spontaneous activation in vivo.
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Pharmaceutical Chemistry, University of California at San Francisco, San Francisco, California 94143,
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