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Cancer relapse after surgery is a common occurrence, most fre-
quently resulting from the outgrowth of minimal residual disease
in the form of metastases. We examined the effectiveness of
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) blockade as
an adjunctive immunotherapy to reduce metastatic relapse after
primary prostate tumor resection. For these studies, we developed
a murine model in which overt metastatic outgrowth of TRAMP-C2
(C2) prostate cancer ensues after complete primary tumor resec-
tion. Metastatic relapse in this model occurs reliably and principally
within the draining lymph nodes in close proximity to the primary
tumor, arising from established metastases present at the time of
surgery. Using this model, we demonstrate that adjunctive CTLA-4
blockade administered immediately after primary tumor resection
reduces metastatic relapse from 97.4 to 44%. Consistent with this,
lymph nodes obtained 2 weeks after treatment reveal marked
destruction or complete elimination of C2 metastases in 60% of
mice receiving adjunctive anti-CTLA-4 whereas 100% of control
antibody-treated mice demonstrate progressive C2 lymph node
replacement. Our study demonstrates the potential of adjunctive
CTLA-4 blockade immunotherapy to reduce cancer relapse ema-
nating from minimal residual metastatic disease and may have
broader implications for improving the capability of immunother-
apy by combining such forms of therapy with other cytoreductive
measures including surgery.

Cancer outgrowth from residual disease, most commonly in
the form of metastases, represents the principle mechanism
of relapse after solid-tumor surgery. Moreover, for patients who
present with locally advanced tumors or small-volume metasta-
ses, surgery is often eliminated as a potential treatment option
because of the high risk for outgrowth of residual disease after
primary tumor resection. Hence, intense attention has been
given to adjunctive therapies that demonstrate the potential to
eradicate “minimal residual disease” to prevent cancer relapse
after surgery. One general form of therapy that might be a useful
adjunctive treatment is immunotherapy.

In vivo blockade of the T cell inhibitory receptor, cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4), using anti-CTLA-4
antibody (CTLA-4 blockade) may represent a particularly prac-
tical immunotherapeutic adjunct to cancer surgery. CTLA-4
blockade has been demonstrated to potentiate antitumor im-
mune responses against a number of experimental cancers,
including murine colorectal carcinoma (51Blim10), fibrosar-
coma (SalN) (1), and the transgenic adenocarcinoma of mouse
prostate (TRAMP)-derived prostate cancer cell line,
TRAMP-C1 (2, 3). More recently, it has been shown that
antitumoral responses raised by CTLA-4 blockade can be en-
hanced further by combining the administration of anti-CTLA-4
antibodies with tumor cell vaccines that are intended to boost
host tumor-antigen presentation (4, 5).
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The mechanism whereby CTLA-4 blockade boosts antitu-
moral immunity relates to the inhibitory role of CTLA-4 in the
T cell costimulatory pathway. It is now clear that two signals are
essential for the full induction of antigen-specific T cell activa-
tion (6). The first “antigen-specific” signal arises from interac-
tions between MHC/antigen complexes with the T cell receptor.
The second antigen-nonspecific “costimulatory” signal arises
from interactions between the costimulatory family of B7 (CD80
or CD86) ligands and T cell CD28. CTLA-4, which competes
with CD28 to bind B7, has been shown act as a counter-
regulatory receptor that attenuates T cell responses by prevent-
ing full T cell activation or terminating T cell responses (re-
viewed in refs. 7 and 8). Consistent with this, it has been shown
that CTLA-4 blockade can potentiate T cell responses by
prolonging T cell activity and/or facilitating antigen-specific T
cell costimulatory activation (7, 8).

In the present study, we test the hypothesis that CTLA-4
blockade can be used as an adjunctive form of immunotherapy
to eliminate residual prostate cancer metastases after primary
tumor removal. For these studies, an immunocompetent model
that nominally recapitulates clinical metastatic cancer relapse
after complete primary tumor resection was developed. The
establishment of this model is significant because, in general, the
development of adjunctive cancer therapies has been markedly
hindered by the absence of animal models that mimic metastatic
disease relapse after complete primary tumor removal. We
demonstrate that the TRAMP-derived murine prostate cancer
cell line, TRAMP-C2 (C2), is not only tumorigenic as we
previously reported (3), but also metastasizes to regional lymph
nodes, submandibular salivary gland and lungs after a chronic
interval of primary tumor growth. C2 primary tumors can be
completely resected with a very low frequency of local recur-
rence. After primary tumor removal, nearly all mice experience
metastatic relapse arising from established micrometastases that
are present at the time of primary tumor resection. The primary
site of metastatic C2 relapse in this model is the regional draining
lymph nodes in close proximity to the primary tumor. Using this
model, we demonstrate that CTLA-4 blockade, when adminis-
tered as an adjunctive form of immunotherapy, can reduce the
incidence of metastatic relapse by causing the elimination of
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established micrometastases already present at the time of
surgery. Finally, we provide some histologic evidence that the
elimination of these micrometastases might be mediated by a
cellular immune response raised by adjunctive CTLA-4 block-
ade.

Materials and Methods

Growth and Maintenance of Cell Lines. The C2 cell line used in these
studies is an early passage line derived from the TRAMP mouse
that spontaneously develops autochthonous tumors attributable
to prostate-restricted SV(40) T antigen (Tag) expression (9).
Consistent with its prostate epithelial origin, C2 expresses
androgen receptor, E-cadherin, and cytokeratin. Roughly one-
third of in vivo C2 tumors also express probasin, a secretory
protein that is specifically elaborated by the luminal epithelial
cells of the rodent prostate (3). C2 cells used in these studies
were cultured and maintained as described (2, 3). Passages 9-20
were used for the present studies. Before injection of C2 into
syngeneic male C57BL/6 mice, cell suspensions were washed
three times in serum-free DMEM. Mice were injected with
2.5-5 % 10° cells in 0.1 ml of serum-free DMEM. Injections were
delivered subcutaneously between the scapulae by using a 19-
gauge needle.

Anti-CTLA-4 Production, Purification, and Titering. Anti-CTLA-4
antibody used in these studies was protein G-purified from
supernatants from the 9H10 hybridoma line raised in a Cell
Pharm System 2000 Bioreactor (UniSyn, Boston). Antibody
concentrations were quantified by ultraviolet spectrophotometry
as previously described (1).

Animal Surgery and Tumor Kinetic Studies. Animal experiments
were conducted in the Laboratory of Kidney and Electrolyte
Metabolism, National Heart Lung and Blood Institute, in ac-
cordance with National Institutes of Health Animal Care and
Use Guidelines. Six- to eight-week old male C57BL/6 mice were
obtained from The Jackson Laboratory. When tumor base area
achieved =250 mm?, ~6 weeks after C2 cell injection, mice were
anesthetized and tumors were resected. In Experiment 1, C2
tumors were removed by sharply incising the skin immediately
adjacent to the tumor base and then shelling the tumor out from
its investing tissues. To further diminish local tumor recurrence,
in subsequent experiments (2 and 3) the surgical procedure was
modified by widening the resection margin around the tumor to
0.5 cm. Additionally, the anterior limit of tumor resection was
extended to the fascia of the back musculature, and the lateral
margins were extended to, but did not include, the axillary lymph
nodes. All investing tissues were removed en bloc with the tumor
left undisturbed within these tissues. After tumor resection, the
skin was closed with stainless steel clips. Mice were then
randomized into treatment cohorts. During randomization, spe-
cial care was taken to ensure that cohorts were represented by
a similar number of equal-sized tumors that had been resected.
Treatment cohorts received intraperitoneal antibody injections
(100 pg) of either anti-CTLA-4 (blockade) or isotype-matched
IgG, on days 4, 7, and 10 after surgery. Tumor recurrences at the
primary site and within regional and juxta regional lymph nodes
were quantified by using vernier calipers by obtaining bisecting
measurements of recurrent lesions (recorded as square millime-
ters). Incidences of tumor relapse for control and anti-CTLA-4
treated cohorts were compared for statistically significant dif-
ferences (P < 0.05) by Student’s ¢ test analysis (GRAPHPAD
INSTAT 3.00, GraphPad, San Diego).

Histopathologic Analysis of Tissues. Immediately after the killing of
mice by cervical dislocation, recurrent primary tumors, axillary
and anterior cervical lymph nodes, salivary glands, and lungs
were harvested for histologic examination. These tissues were
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Fig. 1. In vivo CTLA-4 blockade slows or prevents the outgrowth of C2

tumors. C57BL/6 mice were injected with 2.5 X 10® C2 cells. Data are mean
tumor areas from a single representative of three separate experiments in
which groups of five mice received 100-ug intraperitoneal injections of either
acontrol antibody or anti-CTLA-4 (CTLA-4 blockade) ondays 7, 10, and 13 after
tumor cell injection. The fraction of animals in each group that formed tumors
is provided in parentheses next to corresponding marker designations. Note
that the lower error bars for CTLA-4 blockade-treated mice have been omitted
for clarity.

fixed overnight in zinc-buffered formalin and were paraffin-
embedded. Additionally, in some studies, tissues were snap-
frozen in OCT compound to permit immunohistologic analysis.
Paraffin-embedded tissue sections were stained with hematox-
ylin and eosin (H&E). To aid in the detection of micrometas-
tases, frozen lymph nodes were immunohistologically stained for
cytokeratin by using pan cytokeratin antibody (clone Z0622,
Dako) at a 1:1,000 dilution, as described (3).

Results

In Vivo CTLA-4 Blockade Slows C2 Growth or Causes Its Rejection In
C57BL/6 Male Mice. We have previously shown that in vivo
CTLA-4 blockade can slow the growth, or elicit the rejection, of
TRAMP-C1 subcutaneous tumors by the syngeneic nontrans-
genic C57BL/6 host (2). In the present study, we show that in
vivo CTLA-4 blockade can elicit a similar response against C2
(Fig. 1). Like TRAMP-C1, C2 is an early passage prostate cancer
cell line that was originally derived from the TRAMP mouse. In
three separate experiments, a total of 73% (11/15) of mice
injected with 2.5 X 109 C2 cells were rendered tumor-free for
=100 days after treatment with CTLA-4 blockade (anti-
CTLA-4, 100 wg, i.p., given on days 7, 10, and 13 after tumor cell
challenge) whereas the remaining 27% (4/15) of these mice
experienced progressive C2 tumor outgrowth. In contrast, 100%
(15/15) of mice injected with control antibody (irrelevant ham-
ster antibody) experienced progressive C2 tumor outgrowth (P <
0.05, comparison of tumor incidence for anti-CTLA-4 versus
control-treated mice). Thus, in vivo CTLA-4 blockade can raise
an antitumoral response sufficient to eradicate C2 after tumor
cell challenge.

C2 Primary Tumor Outgrowth Is Accompanied by the Establishment of
Regional Lymph Nodes Metastases. In light of the capability of
CTLA-4 blockade to elicit a response against prostate tumors in
the subcutaneous murine model, it was of particular interest to
test whether CTLA-4 blockade might be an effective adjunctive
treatment to eradicate metastases left in situ after primary tumor
removal. To test this, and given that a primary route of prostate
cancer dissemination in humans is via lymphatic spread, it was

PNAS | December 21,1999 | vol. 96 | no.26 | 15075

IMMUNOLOGY



Fig. 2.

Histology of C2 metastases stained with H&E. (A) Typical C2 metastasis (*) within a lymph node harvested from a mouse bearing a 250-mm?2 C2 primary

tumor. C2infiltration of the serous submandibular salivary gland (B) and metastasis to the lung (C) after overt C2 metastatic lymph node relapse following primary
tumor resection and administration of control antibody. All sections are shown at X20.

first necessary to develop a model that mimics the proclivity of
prostate cancer to metastasize to regional lymph nodes.

Shortly after reporting the tumorigenicity of the C2 (3), we
observed that C2 lymph node metastases could frequently be
found in proximity to the primary tumor, especially when the
primary tumor was very large. Hence, to systematically assess the
incidence of C2 metastases to draining lymph nodes, the fol-
lowing was performed. Thirty C57BL/6 mice received subcuta-
neous dorsal neck injections with 5 X 10° C2 cells. When C2
tumors achieved =250 mm?, mice were killed, and regional
axillary and anterior cervical lymph nodes were harvested.
Lymph nodes from these mice were first screened for the
presence of C2 metastases by microscopic examination of five
serial H&E-stained sections obtained from the center of nodal
specimens. Screening by this method revealed that 24/30 mice
(80%) harbored C2 metastases (Fig. 24). An additional, five
mice harbored C2 lymph node metastases that were only de-
monstrable by cytokeratin staining of additional tissue sections
(data not shown). C2 lymph node metastases ranged from <0.1
to 2.8 mm in greatest dimension with a mean size 0.88 = 0.66 mm
(greatest mean diameter + SD). Nineteen of twenty-nine (66%)
mice harbored lymph nodes containing metastases <1 mm in
size. Hence, overall, 97% of these C2 tumor-bearing mice
(29/30) harbored established regional lymph node metastases.
These data illustrate the metastatic capability of C2 and that C2
primary tumor outgrowth results in the establishment of regional
lymphatic metastases in a high percentage of mice.

Adjunctive CTLA-4 Blockade Immunotherapy Reduces Metastatic Fail-
ure After Primary Tumor Resection. To test the hypothesis that
adjunctive CTLA-4 blockade can be used to prevent or reduce
treatment failure caused by outgrowth of residual established
metastases after surgery, the following studies were performed.
In three separate experiments, groups of C57BL/6 mice under-
went resection of their dorsal-neck primary C2 tumors when
tumor size achieved =250 mm? (Experiment 1, 9 mice/cohort;
Experiments 2 and 3, 15 mice/cohort). On days 4, 7, and 10 after
tumor resection, mice were randomized to receive intraperito-
neal injections of either anti-CTLA-4, or control antibody. After
surgery, mice were followed for overt (visible on inspection)
local and/or metastatic C2 outgrowth. Follow-up of mice was
typically begun ~21 days after surgery because, before this time,
assessment of potential relapse sites was hampered by distortions
caused by the surgical wound. Mice were killed when the
aggregate size of recurrent tumor (primary tumor plus meta-
static tumor size) achieved or exceeded 250 mm?.

The incidences and distribution of C2 recurrences in individ-
ual experiments for both control and CTLA-4 blockade-treated
mice are presented in Table 1. For the three experiments overall,
97.4% (38/39) of control-treated mice suffered overt metastatic
C2 progression, typically within 40 days after primary tumor
removal. Metastatic C2 outgrowth was observed at axillary
and/or anterior cervical lymph node sites in all control-treated
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mice that failed whereas 23% (9/39) of mice had additional local
tumor recurrences. However, most of the mice that experienced
local tumor recurrence (6/9) originated from Experiment 1, in
which a relatively conservative approach to primary tumor
resection was used. Histopathologic analysis further revealed
that 53% (21/39) of control-treated mice harbored additional
micrometastases within the serous submandibular glands (Fig.
2B) and/or lungs (Fig. 2C).

In contrast, mice treated with adjunctive anti-CTLA-4 expe-
rienced far fewer treatment failures (Table 1; Fig. 3). Overall,
only 44% (17/38) of anti-CTLA-4-treated mice experienced C2
progression after primary tumor resection (Table 1)—
significantly less than the overall relapse rate of 97.4% observed
for mice receiving control antibody (P < 0.05). As was the case
for control-treated mice, virtually all CTLA-4 blockade-treated
mice failing treatment demonstrated C2 outgrowth at axillary
and/or anterior cervical lymph node sites, with one mouse
(Experiment 2) experiencing a local tumor recurrence only.
Local tumor recurrences and distant (salivary and lung) micro-
metastases were observed in only 8% (3/38) and 24% (9/38) of
these mice, respectively. Thus, although CTLA-4 blockade did
lower treatment failures overall, it did not markedly alter the
distribution of sites of failure. For the remaining 56% (21/38)
mice that responded to adjunctive CTLA-4 blockade, overt C2
outgrowth did not occur even after >150 days of follow-up.
Moreover, detailed histologic evaluation of lymph nodes, sali-
vary glands, and the lungs of these mice failed to reveal any
evidence of residual C2 metastases. Finally, although a compar-

Table 1. Incidences and sites of C2 metastasis/recurrence
after treatment

Adjuvant Regional lymph Resection Lung and/or
treatment nodes site salivary gland
Control IgG
Experiment 1 9/9 (100) 6/9 (67) 4/9 (44)
Experiment 2 14/15 (93) 3/15 (20) 8/15 (53)
Experiment 3 15/15 (100) 0/15 (0) 9/15 (60)
CTLA-4 blockade
Experiment 1 4/9 (44) 2/9 (22) 2/9 (22)
Experiment 2 5/14 (36) 1/14 (7) 4/14 (29)
Experiment 3 7/15 (47) 0/15 (0) 3/15 (20)

After resection of C2 primary tumors and adjunctive treatment with either
control IgG or anti-CTLA-4 (CTLA-4 blockade), mice were monitored for =150
days for overt tumor outgrowth at regional lymph node sites (axillary or
anterior cervical nodes) or the tumor resection site. When aggregate tumor
dimensions achieved 250 mm2, mice were killed, and regional lymph nodes,
lungs, and salivary glands were harvested. Lungs and salivary glands were
fixed and stained by routine H&E to assess the presence of distant microscopic
metastases to these organs. Data are the number of mice that had C2 metas-
tases (reported according to site of failure) over the total number of mice in
the treatment cohort. Percentages of mice with metastases (reported accord-
ing to site of failure) are given in parentheses.
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Fig. 3. Effect of adjunctive CTLA-4 blockade on tumor-free survival of mice
after surgical resection of primary C2 tumors. Primary C2 tumors were resected
from the dorsal neck of male C57BL/6 mice on day 0 as described in Materials
and Methods. Subsequently, cohorts of mice were randomized to receive
intraperitoneal injections of 100 ug of either anti-CTLA-4 (CTLA-4 blockade) or
control antibody on days 4, 7, and 10 after primary tumor resection (15 mice
per treatment group). Beginning on day 21 after surgery, mice were evaluated
for the presence of overt (visible) tumors arising from axillary and/or anterior
cervical lymph nodes or the primary resection site. Mice not experiencing C2
relapse were followed for a minimum of 150 days after treatment. Data are
the percent of mice remaining tumor-free (vertical axis) as a function of the
number of days after primary tumor resection (horizontal axis). The experi-
ment shown is a single representative (Experiment 2) of three separate
experiments. In this experiment, one mouse in the CTLA-4 blockade-treated
cohort died immediately after surgery.

ison of H&E sections from anti-CTLA-4-treated and control
mice (from Experiments 1 and 2) failed to reveal obvious
prostate lymphocytic infiltration after adjunctive CTLA-4 block-
ade, more rigorous immunohistologic studies will be needed to
assess the potential of CTLA-4 blockade to induce prostate
autoimmunity in our model.

Adjunctive CTLA-4 Blockade Reduces Surgical Failure by Causing the
Elimination of Established C2 Metastases. To further test whether
adjunctive CTLA-4 blockade decreases metastatic failure by
causing the elimination of residual C2 metastases after surgery,
the following experiment was performed. Fifteen-mouse cohorts
underwent primary C2 tumor resection and treatment with
either CTLA-4-blockade or control antibody. A cohort of non-
tumor-bearing mice was sham-operated and included as an
additional control group for this study. At 2 weeks after the last
day of antibody treatment, axillary and anterior cervical lymph
nodes from mice in these cohorts were stained for cytokeratin-
positive C2 metastases. Lymph nodes recovered from sham-
operated control mice demonstrated extremely weak and non-
specific cytokeratin staining of stromal elements (Fig. 44)
whereas 100% (15/15) of control tumor-resected mice harbored
obvious, intensely cytokeratin-positive, C2 metastases that fre-
quently resulted in total replacement of normal lymph node
architecture (Fig. 4 B and C).

In contrast, 60% (9/15) of CTLA-4 blockade-treated mice
harbored lymph nodes containing only scattered pyknotic
cytokeratin-positive cells (5 mice; Fig. 4 D and E) or no
cytokeratin-positive cells (4 mice; data not shown). In some of
these lymph nodes, large and often vacuolated cell complexes
of less-intense cytokeratin staining could also be found (Fig.
4 D and E). Although it appears that these complexes represent
dying islands of C2 tumor cells, it is also possible that these
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complexes represent phagocytic cells containing tumor cell
debris or a hyperplastic response by stromal lymph node
elements. Dense aggregates of lymphocytes were also com-
monly observed in association with these cell complexes (Fig.
4D) whereas similar aggregates were not present in any of the
lymph nodes recovered from sham- or control-treated mice.
For the remaining 40% (6/15) of anti-CTLA-4 treated mice,
C2 lymph node metastases were readily apparent, and lymph
nodes from these mice did not differ significantly from nodes
recovered from control-treated tumor-resected mice.

Finally, in 5/15 (33%) mice treated with adjunctive CTLA-4
blockade, single or multiple perivascular mononuclear cell in-
filtrates could be identified within the serous submandibular
salivary glands of these animals (Fig. 4F). Similar infiltrates were
absent in glands of control mice. Given that the serous subman-
dibular gland is a secondary site of metastasis in about one-half
of mice that experience C2 metastatic outgrowth after tumor
resection, and that the perivascular infiltrate that we observed
appears to be lymphocytic, it is possible that this process might
represent a cellular effector immune response raised against C2
metastases by CTLA-4 blockade. Hence, adjunctive CTLA-4
blockade appears to reduce surgical treatment failure by causing
the elimination of established C2 metastases left in situ after
primary tumor resection.

Discussion

For some cancers, including testicular cancer as a striking
example, the addition of an appropriate adjunctive treatment to
surgery has led to marked improvements in treatment outcomes.
For prostate cancer, however, conventional adjuncts, including
chemo- and radiation therapy, confer little or no advantage over
surgery alone. This is of particular concern, given that roughly
one-third of prostate cancer patients experience postsurgical
treatment failure because of progression of residual metastases.
Moreover, immediately after surgery, many of these patients will
have serum prostate-specific antigen values ranging from 0.0 to
0.5 ng/ml, which correspond to a volume of 0.5 ml or less of
residual cancer (10). Based on the ineffectiveness of conven-
tional adjunctive therapies, combined with the extremely small
volume of residual disease that causes treatment failure, it has
been suggested that immunotherapy might prove a useful ad-
junct to prostate cancer surgery (11). It has further been
suggested by some investigators that immunotherapy might be
most effective when used as an adjunct after surgery or other
cytoreductive measures (12).

The testing and development of various immunotherapies as
adjuncts to surgery, however, has been generally hindered by
the lack of syngeneic immunocompetent cancer models that
recapitulate postsurgical metastatic cancer progression as is
observed in the clinical setting. It is for this reason that we
established the murine C2 tumor resection-metastasis model.
This model readily lends itself to the testing of adjunctive
regimens for their ability to eliminate minimal residual met-
astatic disease after surgery. Furthermore, this model mimics
the clinical paradigm in which local recurrences account for
~10% and metastatic cancer progression comprises the re-
maining 90% of treatment failures after prostate cancer
surgery. The resectability of primary tumors afforded by this
model permits a true assessment of the effectiveness of
adjunctive therapy against well established prostate cancer
metastases that develop consequent to chronic primary tumor
outgrowth. Metastatic failure in our model can be readily
quantified by measuring tumor-bearing axillary and cervical
lymph nodes and can be followed longitudinally, obviating the
need to kill cohorts of animals at various intervals to assess
metastatic tumor burden.
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Fig. 4. Histology of tissues recovered from mice after sham-surgery, or primary tumor resection followed by adjunctive antibody treatment. (A) Two weeks after
sham-surgery and antibody treatment of tumor-naive mice, axillary and anterior cervical lymph nodes in proximity to the surgical site were stained for cytokeratin.
Weakly cytokeratin-positive stromal epithelial cells can be observed diffusely distributed throughout the lymph nodes of these mice. (B) Intensely cytokeratin-positive
C2 metastases (*) are observed replacing the normal architecture of lymph nodes taken from mice 2 weeks after C2 primary tumor resection and adjunctive treatment
with control-antibody. (C) C2 metastasis, X40. (D) Regional lymph node recovered from mouse 2 weeks after C2 primary tumor resection and CTLA-4 blockade contains
scattered cells of intense or intermediate cytokeratin staining. Marked activation of lymph nodes from these mice is evidenced by the presence of follicle () formation.
Intensely cytokeratin-positive cells (black arrows) appear to represent pyknotic C2 cells whereas the large vacuolated complexes of less-intense cytokeratin staining
(white arrows) may represent dying C2 cells, phagocytic cells containing tumor debris, or reactive hyperplasia of stromal elements. (E) Lymph node from mouse treated
with primary C2 tumor resection and adjunctive CTLA-4 blockade, X40. (F) Serous submandibular glands of some mice (5/15) treated with adjunctive CTLA-4 blockade
containsingle or multiple perivascular infiltrates composed of homogenous mononuclear cells. In contrast, mice treated with adjunctive control antibody demonstrate

normal glandular morphology without attendant infiltrate formation. Unless otherwise specified, all sections shown at x20.

Using this model, we demonstrate the capability of adjuvant
CTLA-4 blockade to reduce surgical failure caused by metastatic
relapse after primary tumor resection. The impetus for selecting
CTLA-4 blockade as an adjunct to surgery is provided by its
unique practicality for clinical application, and multiple prior
demonstrations that CTLA-4 blockade can elicit antitumoral
immune responses against a number of subcutaneous murine
tumors (1, 4, 5), including murine TRAMP-C1 prostate tumors
(2). We demonstrate that adjunctive CTLA-4 blockade can
improve overall cancer-free survival after surgery by ~50%. We
further show that adjunctive CTLA-4 blockade appears to
reduce surgical treatment failure by raising a response that
culminates in the destruction of established C2 lymph node
metastases. Associated with this, roughly one-third of anti-
CTLA-4-treated mice develop perivascular, mononuclear cell
infiltrates within their salivary glands, which serves as a second-
ary site for C2 metastasis in our model. Although these responses
against C2 metastases can be observed within a few weeks after
adjunctive anti-CTLA-4 treatment, and CTLA-4 blockade re-

15078 | www.pnas.org

portedly acts by boosting host T cell-mediated antitumoral
immunity, further studies will be required to elucidate the
precise host response that is raised against C2 metastases in our
model.

A number of mechanisms may contribute the effect of
CTLA-4 blockade to reduce surgical failures in our model.
Potentiation of antitumoral T cell activity by CTLA-4 blockade,
combined with a marked reduction in cancer burden by surgery,
might simply increase the number of activated T cell effectors
relative to tumor cell targets, thus favoring the elimination of
metastases. Alternatively, reductions in tumor burden by surgery
may facilitate a response to CTLA-4 blockade by partially or
completely alleviating impairments in T cell function that can be
induced by the tumor (13-21). Finally, it is worthy to note that
C2 metastatic outgrowth in our model becomes particularly
evident after primary tumor resection. For certain tumors, it has
been suggested that the primary tumor may suppress the growth
of metastases by preventing tumor vasculature formation at
metastatic sites. Given that the response that is raised by
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CTLA-4 blockade in our model is being directed against me-
tastases typically <1 mm in greatest dimension—at a time just
before the “angiogenic switch” occurs (22, 23)—it is interesting
to consider whether CTLA-4 blockade might reduce metastatic
relapse by inhibiting angiogenesis. Such a mechanism has been
shown to contribute to the antitumoral effects of I1L-12, which
enhances the production of IFN-y, which in turn induces the
production of the chemokine IP-10, a potent inhibitor of angio-
genesis (24). Like IL-12, CTLA-4 blockade has also been shown
to enhance INF-y production in some models (25). Further
studies will be necessary to determine whether such mechanisms
mediate or contribute to the metastatic tumor destruction
observed in our model.

In summary, we introduce a tumor resection-metastases
model that readily lends itself to the testing of adjunctive cancer
treatments, including immunotherapy, and to studies examining
biological relationships that could potentially exist between the
primary tumor, the host immune system, and metastases. Using
this model, we demonstrate the potential of adjunctive CTLA-4
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