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Induction of potent antitumor immunity
by in situ targeting of intratumoral DCs

Katsuyoshi Furumoto, Luis Soares, Edgar G. Engleman, and Miriam Merad
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Recent reports of tumor regression following delivery of autologous tumor antigen-pulsed DCs suggest that
defective antigen presentation may play a key role in tumor escape. Here we show in two different murine tumor
models, CT26 (colon adenocarcinoma) and B16 (melanoma), that the number and activation state of intratu-
moral DCs are critical factors in the host response to tumors. We used CCL20/macrophage inflammatory pro-
tein-30t (MIP-301) chemokine to increase the number of tumoral DCs and intratumoral injections of CG-rich
motifs (CpGs) to activate such cells. Expression of CCL20 in the tumor site attracted large numbers of circulat-
ing DCs into the tumor mass and, in the case of CT26 tumors, led to complete tumor regression. Intratumoral
CpG injections, in addition to CCL20, were required to induce therapeutic immunity against B16 tumors. In
this model CpG overcame tumor-mediated inhibition of DC activation and enabled tumoral DCs to cross-pre-
sent tumor antigens to naive CD8 T cells. CpG activation of tumoral DCs alone was not sufficient to induce
tumor regression in either tumor model, nor was systemic delivery of the DC growth factor, Flt3 ligand, which
dramatically increased the number of circulating DCs but not the number of tumoral DCs. These results indi-
cate that the number of tumoral DCs as well as the tumor milieu determines the ability of tumor-bearing hosts
to mount an effective antitumor immune response. Our results also suggest that DCs can be manipulated in
vivo without delivery of defined tumor antigens to induce a specific T cell-mediated antitumor response and

provide the basis for the use of chemokines in DC-targeted clinical strategies.

Introduction

The ability of tumors to escape the immune system has been a
major obstacle to the development of effective tumor immunother-
apy. Both central and peripheral immune tolerance have been impli-
cated in the failure of tumor-bearing hosts to mount an immune
response to their tumors. Central tolerance may play a fundamen-
tal role in the lack of response against self-tumor-associated anti-
gens (Ag’s), while peripheral tolerance may explain the lack of
response against tumor-specific Ag’s.

DCs are believed to play a critical role in antitumor immune
responses. These cells are the most potent APCs known, uniquely
capable of inducing immunity to newly introduced Ag’s (1, 2). Nor-
mally, DCs reside as immature cells in peripheral tissues where they
sample the environment by taking up and processing local Ag’s. In
the presence of certain toll-like receptor ligands, these cells not
only take up and process Ag’s but also undergo activation and mat-
uration and then migrate to the draining LNs where they prime
specific CD4 and CD8 T cells to these Ag’s. The presence in a wide
range of tumors of immature DCs that are unable to stimulate T
cells (3-9) suggests a possible role for these cells in the failure of
tumor-bearing hosts to mount an effective antitumor response.
This view is supported by a recent study in melanoma patients that
showed that tumor-associated DCs are present mostly at the
periphery of tumors and express low levels of costimulatory
molecules, while the majority of T cells infiltrating tumors have a
naive phenotype (10). The presence of naive but not memory or
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effector T cells in tumors may be related to the failure of tumoral
DCs to provide an adequate stimulus or possibly to the induction
of T cell tolerance by the immature DCs. By contrast to tumoral
DCs, in vitro-generated DCs can induce an effective T cell-medi-
ated antitumor immune response in vivo (11), indicating that the
T cells of tumor-bearing hosts are capable of recognizing and
responding to tumor Ag’s and suggesting again that the tumor
milieu prevents tumoral DCs from inducing an effective immune
response. Indeed, injection of immature Ag-pulsed DCs can induce
a specific tolerogenic response, while similarly pulsed DCs, when
matured, induced a typical Th1 immune response (12).

Based on the recognition of the central role of DCs in initiating
immune responses, a variety of strategies have been devised to use
DCs to stimulate immunity against tumor Ag’s. Most of these
strategies rely on the activation and maturation of DCs ex vivo and
their subsequent reinfusion to tumor-bearing recipients after a
pulse with tumor Ag’s expressed as peptides, protein, or nucleic
acids (11). Ex vivo manipulation of DCs, however, is time consum-
ing and costly, requires the use of numerous cytokines, and expos-
es the patient to increased risk of infection. To avoid manipulation
of DCs in vivo, we developed an approach to expand, load, and acti-
vate DCs in vivo. By administering a DC growth factor, Fms-like
thyrosine kinase 3 ligand (FI1t3L), to tumor-bearing mice, followed
by subcutaneous injection of oligodeoxynucleotides containing
unmethylated CG-rich motifs (CpGs) along with a defined tumor
Ag, we were able to induce significant antitumor responses in mice
challenged with B16 melanoma (13). The induction of a strong and
durable immune response was dependent on the accumulation in
skin of high numbers of Flt3L-mobilized DCs, which facilitated
their loading and activation with a local injection of a mixture of
tumor Ag and CpG. These results suggested that access of DCs to
tumor Ag’s, as well as the ability of these cells to mature, are critical
for the induction of an efficient immune response. This view is sup-
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ported by a recent study that showed that even when DCs are engi-
neered to express high levels of tumor Ag’s in vivo, DC expansion
and activation were required for the induction of antitumor immu-
nity (14). In both studies, however, therapy was dependent on Flt3L
treatment and vaccination with a defined tumor Ag.

In the current study we attempted to increase the uptake of tumor
Ag’s by DCs in vivo by directing circulating DCs to tumors rather
than delivering exogenous tumor Ag’s to Flt3L-mobilized DCs. To do
so, we used CCL20/macrophage inflammatory protein-3ot (MIP-30r)
chemokine, a potent chemoattractant for a subset of DCs in both
humans and mice (15-17). This technique allowed us to determine
if the number of DCs in the tumor site is a critical factor in the
induction of antitumor immunity. We also used CpG to activate
tumoral DCs and evaluate the effect of the maturational state of
these cells on the development of antitumor immunity. By using
either CCL20-transduced tumor cells or CCL20 protein injections
into the tumors in the presence or absence of local CpG injections,
we sought to explore the biology and the immune targets of each of
these molecules in vivo and asked whether they can synergize to
induce a therapeutic antitumor response.

Methods

Animals. Six- to ten-week-old male C57BL/6 and BALB/c mice were
purchased from The Jackson Laboratory (Bar Harbor, Maine, USA).
Generated as described (18) and purchased from The Jackson Labo-
ratory, 1100Mjb mice express an H-2KP-restricted T cell receptor
(TCR) specific for the octamer peptide . CD47/- and CD87/~ mice were
generated as described (19, 20) and were also purchased from The
Jackson Laboratory. All mice were housed in the Stanford animal
facility in accordance with the NIH guidelines.

Cytokines and media. Recombinant human Flt3L, murine CCL20,
murine GM-CSF, and IL-4 were purchased from PeproTech Inc.
(Rocky Hill, New Jersey, USA). Cytokines and chemokines were
reconstituted in PBS. Cells were cultured in vitro in complete medi-
um (CM), which included RPMI-1640 supplemented with 10% FCS
(BioWhittaker Inc., Walkersville, Maryland, USA), penicillin G (100
U/ml), and streptomycin (100 pg/ml). Cell staining and sorting were
performed in PBS with 1% FCS and 0.1% azide.

Oligonucleotides. The oligonucleotide sequence containing CpG
was TCCATGACGTTCCTGACGTT, and the oligonucleotide con-
trol that did not contain CpG motifs (control oligonucleotide, or
ODN-CTR) was TCCAGGACTTTCCTCAGGTT. Oligonucleo-
tides were phosphorothioate stabilized and synthesized by Oligos
Etc. Inc. (Wilsonville, Oregon, USA). All oligonucleotides were
reconstituted in sterile pyrogen-free water and then diluted in PBS
for in vivo injections.

Tumor cell lines. The B16 (H-2) tumor line used is an OVA-transfect-
ed clone derived from the murine B16 melanoma (21). B16 tumor cells
were cultured in vitro in CM in the presence of geneticin (2 mg/ml) and
hygromycin B (60 pg/ml). The murine colon adenocarcinoma CT26
tumor cell line (H-2¢) was purchased from American Type Culture Col-
lection (Rockville, Maryland, USA) and maintained in vitro in CM.

Transduction of tumor cells with CCL20 cDNA. The cDNA encoding
CCL20 was obtained by RT-PCR from inflamed mouse skin and
cloned into the P3HN retroviral vector, which contains a CMV pro-
moter. CT26 and B16 parental cell lines were transduced by retroviral
infection with a CCL20 cDNA-containing or an empty (mock) vector.

Tumor models. 2 x 10 CT26 or 5 X 104 B16 parental and trans-
duced tumor cells were resuspended in 0.1 ml of PBS and inoculat-
ed subcutaneously in the flanks of mice. CpG or ODN-CTR (80 ug
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each) was resuspended in 30 pl of PBS and injected into B16 tumors
at day 11 and 14 after tumor inoculation. Where indicated, five
CpG injections were delivered every 4 days into the tumors begin-
ning day 11 after tumor challenge. Where indicated, mice received
daily intraperitoneal injections of Flt3L (6 lg) for 8 consecutive
days beginning with the first day of the tumor inoculation. To
explore whether the treatment had induced an immune response
against distant preestablished nontransduced parental tumor cells,
mice were inoculated with 2 X 10° CT26 or 5 x 10* B16 parental
tumors and challenged in the opposite flank 5 days later with
CCL20-transduced tumors followed by, in the case of B16 tumors,
intratumoral CpG injections. In some cases BALB/c mice chal-
lenged with 2 X 10° CT26 parental cells were injected intracumorally
daily with 0.1 pg of recombinant murine CCL20 protein (Pepro-
Tech Inc.) for 3 weeks beginning 1 day after the tumor challenge.
Mice were examined twice a week for the presence of tumors. Sim-
ilarly, C57BL/6 mice inoculated with 5 x 104 parental B16 tumor
cells were injected intratumorally every day for 3 weeks with 0.1 pg
of recombinant CCL20 protein alone or in addition to five intratu-
moral injections of CpG delivered every 3 days into the tumors
beginning day 7 after tumor inoculation. Tumor size represents the
product of two perpendicular diameters. Per the protocol, mice
were sacrificed when tumors reached 20 mm in their largest dimen-
sion or when ulceration and/or bleeding developed.
Immunobistochemistry. Cryostat-cut tumor sections (6 m) were
mounted on slides, air-dried, and stored desiccated at -80°C. Imme-
diately before use, sections were fixed for 20 minutes in cold acetone,
air-dried for 1 hour, and hydrated in PBS. Tumor sections were incu-
bated with anti-CD16/32 mAD (2.4G2; PharMingen, San Diego, Cal-
ifornia, USA) for 30 minutes and then stained overnight at 4°C with
1:50 dilution of hamster anti-mouse CD11c Ab (HL3; PharMingen)
or an isotype control hamster anti-mouse IgG (Ha4/8; PharmMin-
gen) followed by a biotinylated goat anti-hamster IgG (Vector Labo-
ratories Inc., Burlingame, California, USA) for 30 minutes at room
temperature. Biotinylated reagents were detected with avidin-alka-
line phosphatase (Vector Laboratories Inc.). Enzyme reactions were
developed with conventional substrate for alkaline phosphatase (Vec-
tor red; Vector Laboratories Inc.). Endogenous alkaline phosphatase
activity was blocked with levamisole (Vector Laboratories Inc.). Sec-
tions were counterstained with hematoxylin (Vector Laboratories
Inc.) and mounted with mounting media (Vector Laboratories Inc.).
Images were viewed with a red-filter microscope (DMIRB; Leica
Microsystems, Wetzlar, Germany) and processed with Adobe Photo-
shop software (Adobe Systems Inc., Mountain View, California, USA).
Generation of bone marrow—derived DCs, isolation of tumor cells, and
tumor-draining LNs. Bone marrow-DCs (BM-DCs) were generated in
the presence of GM-CSF and IL-4 for 6 days as described previously
(13). Tumors were surgically removed when they reached a size of 0.5
cm in diameter, which took 10-15 days. Tumors and LNs were
minced into small fragments and incubated in collagenase D (1
mg/ml; Roche Molecular Biochemicals, Mannheim, Germany) for
30 minutes at 37°C. Tumor and LN cell suspensions were blocked
with anti-CD16/32 Ab on ice for 10 minutes to minimize nonspe-
cific binding. Anti-mouse mAD to IA-b (AF6-120.1), IA-d (39-10-8),
B220 (RA3-6B2), CD3e (145-2C11), CD11c (HL3), CD86 (GL1),
CD45 (30-F11), and the second-step Ab (peridinin chloropyll pro-
tein-conjugated streptavidin) were purchased from PharMingen.
Effect of the tumor miliew on DC functions. B16 tumors were isolated
after 15 days, and tumoral DCs were enriched by magnetic selection
using CD11c-conjugated microbeads (Miltenyi Biotec, Auburn, Cal-
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ifornia, USA). Graded numbers of CD11c*-enriched tumoral DCs
were irradiated (30 Gy) and added to 3 x 105 allogeneic (BALB/c)
purified Thy.1* T cells or Thy.1* purified T cells isolated from the
spleen of OVAysy.264-specific, MHC class I-restricted, TCR trans-
genic mice in a final volume of 0.2 ml in 96-well flat-bottom plates
(Corning Inc., Corning, New York, USA). Cell proliferation was
measured by adding 1 puCi of 3H thymidine per well after 5 days.
Irradiated (30 Gy) CD11c*-enriched tumoral DCs were also cul-
tured in the presence of 5 x 10* OVAss7.264-specific, MHC class I-
restricted, CD8 T cell hybridoma (B3Z) for 24 hours at different
effector/target (E/T) ratios. IL-2 release from hybridoma cells was
analyzed by ELISA using an IL-2 ELISA kit (R&D Systems Inc., Min-
neapolis, Minnesota, USA) following the manufacturer’s instruc-
tions. Tumor supernatant was collected after 72 hours of culture of
106 parental, mock, or CCL20-transduced CT26 or B16 cells in 1 ml
RPMI. CD11c* DCs were enriched from day 6 BM-DC cultures and
cultured in CM or in a 1:1 mixture (CM/tumor supernatants), in
addition to GM-CSF (10 ng/ml), for 4 more

days. Medium was changed on day 2. Where Vector  Stain
indicated, CpG or ODN-CTR (30 pg/ml) was
added to the culture.

Effect of B16 miliew on BM-DC phenotype.  cprLoo  CD11c

CD11c" DCs were enriched from day 6 BM-DC
cultures and cultured in a mixture of 1:1
(CM/B16 tumor supernatants) and GM-CSF
alone or in addition to 10 pg/ml of neutraliz-
ing anti-IL-10 Ab (R&D Systems Inc.) or 10
png/ml of neutralizing anti-TGF-f3 Ab (R&D
Systems Inc.). In some cases CD11c* DCs were
cultured in a mixture consisting of (20% CM,
40% B16, and 40% CT26 supernatant) ot (20%
CM, 8% B16, and 72% CT26 supernatant) and
GM-CSF. In all cultures, the medium was
changed at day 2, and expression of costimula-
tory molecules on gated I-Ab* CD11c¢" DCs was
analyzed at day 4 using flow cytometry.
Cytotoxicity assays. Spleen and LNs were iso-
lated from mice at day 30 after the tumor
inoculation. Single-cell suspensions were pre-
pared as described above and stimulated with
irradiated (100 Gy) parental tumor cells in the
presence of 10 U/ml IL-2. After S days of cul-
ture, viable effector cells were separated by
Lympholyte-M (Cederlane Laboratories Inc.,
Hornby, Ontario, Canada) gradient centrifu-
gation, and cytotoxic T cell activity was mea-
sured against parental tumor cell targets
using a standard 4-hour S!Cr release assay.
Briefly, the target cells were labeled with 100
WUCi of 5ICr for 1 hour, washed, and then incu-
bated for 4 hours with effector cells at differ-
ent E/T ratios in triplicate U-bottom 96-well
plates. Spontaneous release and maximum
release were determined by incubating target
cells without effectors in medium alone or in
10% SDS, respectively. Spontaneous release
was always less than 20% of maximum.
Radioactivity was counted in a liquid scintil-
lation counter and the percentage of specific
lysis was measured as the product of [(experi-
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mental cpm release - spontaneous cpm release)/(maximal cpm
release - spontaneous cpm release)| x 100.

Lymphocyte depletion. In CT26 tumor experiments, mice were inject-
ed intraperitoneally with 0.5 mg of anti-CD8 (2.43), anti-CD4
(GK1.5), or rat control-purified mAb’s 1 day before and 1 and 3 days
after tumor challenge, and then 0.3 mg Ab’s were injected weekly
during the course of the experiment. In B16 tumor experiments,
CD47/- or CD8/~ mice were used for T cell-dependence experiments.
For NK cell depletion, 20 pl of rabbit anti-asialo-GM1 serum (Wako
Chemicals USA Inc., Richmond, Virginia, USA) or control rabbit
serum (Sigma-Aldrich, St. Louis, Missouri, USA) were injected
intraperitoneally every 4 days beginning 1 day before the tumor inoc-
ulation. Lymphocyte depletion was confirmed in each depletion
experiment by FACS analysis of peripheral blood.

Statistical analysis. Differences between groups were analyzed using
the Mann-Whitney U test. Survival curves were plotted by the Kaplan-
Meier method. P values less than 0.05 were considered significant.
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CCL20 expression in the tumor site attracts DCs into and throughout the tumor mass. Mice
were inoculated with CT26 or B16 tumors transduced with CCL20 or a mock vector, and DC
infiltration at the tumor site was analyzed 10-15 days later. (A) Serial frozen tumor sections
were stained with anti-CD11c Ab or isotype IgG control and counterstained with hematoxylin
(magnification, x200). Frozen sections of mock-transduced (B) or CCL20-transduced B16
tumors (C) stained with anti-CD11c Ab are shown (magnification, x200). Frozen sections of the
core of a CCL20-transduced B16 tumor stained with CD11c Ab are shown at magnifications of
%400 (D) and x600 (E). Cell suspensions of tumors (F) and tumor-draining LNs (G) were ana-
lyzed for the presence of MHC class II* CD11c* DCs by flow cytometry. The results shown are
the mean of three separate experiments. *Statistical differences between CCL20 and mock
experimental groups.
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Figure 2

CCL20 expression at the tumor site induces the regression of CT26 but
not B16 tumors. (A-D) Graphs showing tumor growth (A and C) and sur-
vival (B and D) of mice injected with 2 x 106 CT26 (A and B) or 5 x 10*
B16 (C and D) parental tumor cells (parent) or tumor cells transduced
with CCL20 or a mock vector. *P < 0.05 between CCL20 and control
groups. In B, survival rate was significantly higher (P < 0.0001) in CCL20
versus control groups. The results shown are the mean of five separate
experiments in A and B and two separate experiments in C and D.

Results

CCL20 secretion at the tumor site results in the recruitment of freshly gen-
erated blood DCs throughout the tumor. Using a retroviral vector, we
transferred the murine CCL20 cDNA into the CT26 colon adeno-
carcinoma and B16 melanoma cell lines. CCL20 expression did
not affect the growth of these lines in vitro compared with non-
transduced parental cells or parental cells transduced with a mock
vector (data not shown). To determine whether CCL20 secreted by
tumors was biologically active in vivo, we injected mice subcuta-
neously with either parental, mock, or CCL20-expressing tumors
and analyzed DC infiltration in the tumors. This resulted in a
twofold to fourfold increase in the percentage of tumoral DCs
and the number of DCs in draining LNs in mice inoculated with
CCL20-transduced tumor cells compared with mice inoculated
with tumors transduced with a mock vector (Figure 1, A-G).
Moreover, we found that in mock-transduced tumors, DCs accu-
mulated mainly at the periphery of the tumors (Figure 1B), while
DCs recruited to the CCL20" tumors penetrated deeply into the
tumor core (Figure 1, C-E).

The number of tumoral DCs is the main limiting factor in the antitumor
response against C126 but not B16 tumors. To determine whether an
increase in tumoral DCs could restore antitumor immunity in
tumor-bearing hosts, we monitored the growth of CCL20 trans-
duced or nontransduced B16 or CT26 tumor cells in vivo. CCL20-
transduced CT26 tumors did not grow beyond 5-7 mm in size and
started to regress 10-12 days after tumor inoculation, finally disap-
pearing in 30 days (Figure 2A). All mice injected with CCL20-trans-
duced CT26 tumors survived for at least 200 days (Figure 2B), while
none of the mice injected with parental tumor cells or tumor trans-
duced with a mock vector survived more than 55 days. By contrast,
despite a significant increase in the number of tumoral DCs, mice
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injected with CCL20-transduced B16 tumor cells died 4-6 weeks
after the tumor injection in a manner indistinguishable from mice
challenged with parental B16 tumors (Figure 2, C and D).

DC targeting to the tumor site, but not systemic DC mobilization
with Flt3L, leads to therapeutic antitumor immunity against CT26.
Flt3L is a growth factor that induces the proliferation of hematopoi-
etic progenitors in the BM leading to a dramatic and relatively selec-
tive increase in circulating DCs (22, 23). Since intracumoral CCL20
alone induced a strong immune response against CT26 tumors, we
wanted to know whether Flt3L-mediated DC mobilization can also
lead to an immune response against these tumors. Thus, BALB/c
mice were inoculated subcutaneously with either CCL20 or mock-
transduced CT26 tumor cells followed by eight daily intraperitoneal
injections of FIt3L beginning with the first day of the tumor chal-
lenge. Systemic Flt3L treatment had no effect on tumor growth and
did not prolong the survival of the mice (Figure 3, A and B). To learn
whether the lack of tumor response observed in Flt3L-treated mice
was due to insufficient DC recruitment to the tumor site, we com-
pared the number of tumor-infiltrating DCs in CCL20 and Flt3L-
treated mice. In the Flt3L-treated group the number of DCs infil-
trating CT26 tumors was determined 1 day after completion of the
FIt3L treatment, which represents the peak of Flt3L-induced DC
mobilization (23). The results show that eight daily injections of
Flt3L did not lead to substantial DC recruitment into subcutaneous
CT26 tumors (Figure 3C) despite a 20- to 50-fold increase of I-Ab*
CD11c* DCs in peripheral LNs and spleen (data not shown).

Activation of tumoral DCs is required for the generation of an antitumor
response against B16 tumors. Although CCL20 induced a dramatic
influx of DCs throughout B16 tumors (Figure 1), this did not lead
to an effective antitumor response, suggesting that the number of
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Systemic FIt3L treatment fails to induce regression of CT26 tumors. (A
and B) Graphs show tumor growth and survival of mice inoculated with
2 x 106 CT26 cells transduced with CCL20 or with a mock vector either
alone or in addition to eight daily injections of FIt3L, from the first day of
the tumor challenge (mock + FIt3L). The results shown are representative
of two separate experiments. *P < 0.05 between CCL20 group and mock,
and mock + FIt3L groups. In B, survival rate in CCL20 groups was statis-
tically higher than mock + FIt3L group (P < 0.0001). (C) Tumors were iso-
lated 9 days after tumor inoculation (1 day after the last FIt3L injection),
and the percentage of DCs relative to total tumor cells was analyzed by
flow cytometry. *P < 0.05 between CCL20- and Flt3L-treated groups.
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tumoral DCs was not the only factor limiting anti-B16 immunity.
To ask whether modulation of the maturational state of tumoral
DCs may restore antitumor immunity against B16, we injected CpG,
which is known to induce DC maturation, directly into the tumors
at different times after tumor inoculation and monitored tumor
growth. We found that intratumoral CpG injections alone did not
affect the growth of parental B16 tumors (Figure 4, A and B). By con-
trast, in mice bearing CCL20—expressing tumors, CpG injections led
to a significant antitumor response resulting in a delay of tumor
growth (P < 0.05). Moreover, survival was significantly prolonged in
animals challenged with CCL20-transduced tumor cells and treated
with CpG compared with mice challenged with mock-transduced
tumor cells and injected with CpG (P < 0.0001) and those challenged
with CCL20-transduced tumor cells and treated with ODN-CTR
(P =0.0006; Figure 4, A and B). Also, additional injections of CpG
into the tumors further improved the survival rate of the mice,
although the difference between two and five injections did not
reach statistical significance (P = 0.14; Figure 4, A and B).

CCL20 plus CpG, but not FIt3L plus CpG, induces therapeutic antitumor
immunity against B16 tumors. To determine whether systemically
administered FIt3L plus CpG can replace intratumoral CCL20 to
induce an effective immune response against B16 tumors, we inoc-
ulated mice subcutaneously with B16 mock-transduced tumor cells
followed immediately by eight daily intraperitoneal injections of
Flt3L in addition to two or five CpG tumoral injections and com-
pared tumor growth and animal survival with mice inoculated with
CCL20-transduced B16 tumors that were injected with CpG intra-
tumorally. By contrast to CCL20 and CpG, Flt3L and CpG treat-
ment failed to induce any significant antitumor response against
B16 tumors regardless of the number of CpG injections delivered to
the tumors (Figure 4, C and D).

CpG restores the capacity of CCL20-mobilized DCs to present B16 tumor
Ag’s. At days 15 and 30 after tumor inoculation, mice treated with
CCL20-transduced tumors had similar numbers of tumoral DCs,
whether or not they received intratumoral injections of CpG (Figure
778
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Figure 4

CCL20 + CpG but not FIt3L + CpG induces a therapeutic antitumor
response against B16 melanoma. (A and B) Graphs show tumor growth
and survival of mice inoculated with 5 x 10 CCL20-transduced B16
tumor cells (CCL20) or mock-transduced tumor cells alone or in addition
to two or five intratumoral injections of CpG or ODN-CTR. Arrows show
the days of CpG injections. (C and D) Mice were inoculated with B16-
CCL20—transduced tumor cells followed by two or five intratumoral injec-
tions of CpG or with B16-mock-transduced tumor cells followed by two
or five intratumoral CpG injections alone or in addition to eight daily injec-
tions of FIt3L beginning on the day of tumor inoculation (mock + CpG +
FIt3L). Results shown are representative of six different experiments in
A and B and two different experiments in C and D. (A) P < 0.05 between
CCL20 + CpG and control groups. (B) Survival rate was higher in mice
treated with CCL20 + 5 CpG compared with mock + 5 CpG (P < 0.0001)
or to CCL20 + 5 ODN-CTR (P = 0.0006). (C) P < 0.05 between CCL20
+ CpG and the other groups. (D) Survival rate was significantly higher
in mice treated with CCL20 + CpG compared with mock + CpG + FIt3L
(P =0.0012). *P < 0.05.

5A and data not shown). Since DCs were not quantitatively affected
by the combined CCL20 and CpG therapy compared with CCL20
alone, we wanted to explore whether the combined therapy affected
DC function. Interestingly, CpG injections significantly increased
the levels of CD86 and CD80 costimulatory molecules on tumoral
DCs and on DCs in tumor-draining LNs (Figure 5, B and C, and data
not shown) and increased the capacity of tumoral DCs to stimulate
allogeneic T cells (Figure 5D). To determine whether CpG injections
could also increase the capacity of CCL20-mobilized tumor DCs to
prime a tumor-specific immune response, we cultured freshly iso-
lated tumor-infiltrating DCs with naive and memory OVA-specific
T cells. Because B16 tumors were engineered to express OVA, and no
exogenous OVA was added to the culture, the only source of OVA Ag
available to the tumoral DCs was the tumor cells. Importantly,
tumor-infiltrating DCs isolated from CCL20- and CpG-treated
tumors, but not DCs isolated from tumors exposed to CCL20 alone,
were able to prime naive cells and stimulate memory OVA-specific
activated CD8 T cells (Figure 5, E and F). These results suggest that
CpG restored the capacity of CCL20-mobilized DCs to cross-present
tumor Ag’s through the MHC class I pathway, prime Ag-specific
naive CD8 T cells, and stimulate Ag-specific effector CD8 T cells.
B16 but not C126 tumor milien inbibits the T cell stimulatory capacity of
freshly generated BM-derived DCs. Since CCL20-mediated tumoral DC
expansion was sufficient to induce an antitumor response against
CT26 but not B16 tumors, we hypothesized that the B16 but not the
CT26 milieu had an inhibitory effect on DCs and that the B16
inhibitory effect can be reversed by CpG. To address this possibility,
we cultured ex vivo-generated BM-DCs for 4 days either in medium
containing GM-CSF alone or in medium containing GM-CSF and
CT26 or B16 tumor supernatant in the presence or absence of CpG.
As shown in Figure 6, A and B, B16 supernatant induced downreg-
ulation of CD86 costimulatory molecules on BM-DCs and inhibit-
ed their capacity to activate allogeneic T cells. Addition of CpG to
the medium overcame the inhibitory effect of B16-derived factors
on BM-DCs and restored their capacity to activate allogeneic T cells
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(Figure 6, A and B). By contrast, CT26 tumor supernatants did not
alter the function of in vitro-generated BM-DCs (Figure 6, A and B).
Similarly, tumor-infiltrating DCs isolated from parental or CCL20-
transduced CT26 tumors had higher levels of costimulatory
molecules (Figure 6C) compared with DCs infiltrating CCL20-trans-
duced B16 tumors (Figure 5, B and C), consistent with the observa-
tion that the CT26 tumor milieu does not suppress DC immune
functions. These results likely explain the differential antitumor
effects induced by CCL20 against B16 and CT26 tumors. Interest-
ingly, B16-mediated downregulation of costimulatory molecules on
DCs was partially blocked when CT26 supernatant was added to the
cultures, suggesting that CT26 may enhance DC activation in vivo
in a manner that favors the development of an immune response to
the tumor (Figure 6D). We also found that the inhibitory effect of
the B16 milieu on DCs was not blocked by neutralizing Ab’s to TGF-f3
and IL-10 cytokines (Figure 6E).

CTLs mediate the antitumor response induced by CCL20 and CpG. In
mice inoculated with CCL20-transduced CT26 tumors, tumor-spe-
cific CTLs were easily detected (Figure 7A), consistent with our
finding that the immune functions of DCs present in CT26
tumors were not altered by the tumor environment. We also found
that the antitumor response induced by CCL20 alone was depen-
dent on both CD8" and CD4" T cells, but independent of NK cells
(Figure 7B). By contrast, in mice inoculated with B16 tumors,
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tumor-specific CTLs were detected only if CCL20 was expressed at
the tumor site and the mice received intratumoral CpG injections
(Figure 7C). Interestingly, the antitumor response induced by
CCL20 and CpG was dependent on CD8 cytotoxic T cells but inde-
pendent of CD4 help (Figure 7D).

Intratumoral CCL20 and CpG induce the regression of established tumors
at distant sites. We wanted to explore whether CCL20 expression at
an accessible tumor site in the presence or absence of local CpG
injections can induce a systemic antitumor response against estab-
lished tumors in other locations. Thus, mice were first inoculated
with parental tumor cells and 5 days later challenged in the con-
tralateral flank with CCL20-transduced CT26 or CCL20-trans-
duced B16 tumor cells, followed or not followed by CpG injections
into B16 tumors. Although complete regression of the distant
tumors was not obtained, CCL20 alone in the case of CT26 tumors
and CCL20 plus CpG in the case of B16 tumors induced a systemic
antitumor response against these previously established nontrans-
duced tumors (Figure 8, A and B).

Injection of CCL20 protein into parental tumors can induce a therapeutic
antitumor response. Since CCL20 was required to induce an antitu-
mor response in two different tumor models, we wanted to explore
alternative and more practical ways of delivering CCL20 into the
tumors. Therefore, mice inoculated with CT26 tumors received
daily intratumoral injections of CCL20 protein for 3 weeks begin-
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ning 1 day after tumor inoculation. As shown in Figure 8, Cand D,
such injections induced the regression of parental CT26 tumors.
Although the growth of B16 tumors treated with CCL20 and CpG
was reduced compared with the control groups, this effect was not
statistically significant (Figure 8, E and F).

Discussion

Using two different tumor models, we have shown that the number
and maturation status of tumoral DCs are important limiting fac-
tors in DC-based immunity and that DCs can be manipulated direct-
ly at the tumor site to induce a systemic antitumor response without
the need for tumor Ag vaccination or systemic DC mobilization.

Figure 7

CCL20 alone or in combination with CpG induces a systemic T
cell-dependent antitumor response. Mice were inoculated subcuta-
neously with 2 x 106 CT26 parent, CT26 mock, or CT26-CCL20—trans-
duced tumor cells (A and B), or 5 x 10* B16 parent, B16 mock, or B16-
CCL20 tumor cells in addition to intratumoral injections of CpG or
ODN-CTR (C and D). Thirty days later graded numbers of spleen and LN
cells were cultured in the presence of irradiated parental tumors for 5
days, and tumor-specific cytotoxic T cell activity against nontransduced
parental tumor cell targets was measured using a standard 4-hour 5'Cr
release assay as described in Methods (A and C). Results shown are
representative of two separate experiments. (B) Mice were injected
intraperitoneally with depleting anti-CD8, anti-CD4, or control rat Ab’s to
deplete circulating T cells, or anti-asialo-GM1 serum, or control rabbit
serum for NK cell depletion. *P < 0.05 between CCL20/control IgG and
CCL20/CD4 Ab—and CCL20/CD8 Ab-treated groups. (D) CD4--, CD8-,
or WT mice were inoculated with B16-CCL20 tumor cells followed by
intratumoral CpG injections. NK cell depletion was done as in B. *P < 0.05
between WT mice and CD8~- mice treated with CCL20 + CpG. There
was no significant difference in tumor growth between WT mice and
CD4-- mice treated with CCL20 + CpG.
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Figure 6

B16- but not CT26 tumor-derived factors inhibit the immunostimulatory
capacity of freshly generated BM-DCs. (A and B) CD11c*-enriched DCs
from BM-DCs cultures were incubated for 4 days in CM or in the pres-
ence of CT26 supernatant (CT26 sup) or B16 supernatant (B16 sup) in
addition to CpG or ODN-CTR. (A) Graphs show the MFI of CD86 co-
stimulatory molecules on gated IA-b* CD11c* DCs in different culture con-
ditions. (B) Graded numbers of CD11c*-enriched BM-DCs cultured for 4
days in different culture conditions were added to 3 x 10% allogeneic
(BALB/c) spleen T cells, and T cell proliferation was measured 5 days
later. Results shown are representative of three different experiments.
*P < 0.05 between B16 supernatant + CpG group compared with B16
supernatant + ODN group. (C) Mice were inoculated with CT26-CCL20
or CT26-mock-transduced tumor cells, and 10 days later CD11c* tumoral
DCs were analyzed by flow cytometry. CD86 MFI is written in parenthe-
ses above each quadrant. (D and E) Graphs show the MFI of CD86 co-
stimulatory molecules on gated |A-b+* CD11c* DCs cultured under differ-
ent conditions. (D) CD11c*-enriched DCs were incubated in B16
supernatant alone or in a 1:1 or 1:10 mixture with CT26 supernatant
(B16/CT26 sup) as described in Methods. (E) CD11c*-enriched DCs
were incubated in CM or in B16 supernatant alone or in addition to neu-
tralizing Ab to TGF- or IL-10.

Targeted recruitment of DCs to the tumor site was achieved by
CCL20 chemokine. CCL20 is a C-C chemokine expressed by most
inflamed tissues (2), butit is also constitutively secreted in some tis-
sues, including the lung and liver (24). The only known receptor for
CCL20is CCR6 (25, 26), a molecule expressed by numerous leuko-
cytes, including DCs (27), T cells (28), mature peripheral B cells
(29-31), and a subset of germinal center B cells (29), while it is
absent on monocytes and neutrophils (30). Among DCs, CCR6 is
expressed at high levels by lung DCs, most CD11b* DCs in the
spleen (30), Peyer’s patches (32), epidermal Langerhans cells (LCs)
(30s), and CD34*-derived LCs (27), but not by monocyte-derived
DCs (27), suggesting that CCR6 expression may contribute to the
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Figure 8

Intratumoral CCL20 alone or in combination with CpG induces the
regression of preexisting parental tumors. (A and B) Mice were inoculat-
ed subcutaneously with 2 x 108 CT26 parental (A) or 5 x 10* B16 parental
tumor cells (B). Five days later the mice were injected in the opposite
flank with CT26 mock or CT26-CCL20—transduced tumor cells (A) or B16
mock or B16-CCL20—-transduced tumor cells in addition to two intratu-
moral CpG or ODN-CTR injections (B). Graphs show the growth of dis-
tant parental tumors. Results shown are representative of two separate
experiments. (A) P < 0.05 between CCL20 and mock groups; (B) P < 0.05
between CCL20 + CpG and the other groups. (C and D) Mice were inoc-
ulated with 2 x 108 CT26 parental tumors, and 0.1 ug of recombinant
CCL20 protein or PBS was injected daily for 3 weeks into the tumors
beginning 1 day after tumor inoculation. Results shown are from three
separate experiments. *Statistical difference in tumor growth between
mice treated with CCL20 compared with untreated mice (P < 0.05). (E
and F) Mice were inoculated with 5 x 104 B16 parental tumors, and
recombinant CCL20 protein was injected into the tumors alone or in addi-
tion to five intratumoral injections of CpG as described in Methods.

tissue selectivity of DC recruitment. Importantly, CCR6 is present
mainly on immature DCs and is downregulated during DC matu-
ration. CCR6 expression on immature DCs allows their migration
toward a gradient of CCL20 chemokine expressed in most inflamed
tissues where they will take up and process Ag’s before migrating to
the draining LNs. In our study, CCL20 was expressed at the tumor
site either by CCL20 gene transduction of tumor cells or by intra-
tumoral injections of CCL20 recombinant protein. In both cases
CCL20 was biologically active in vivo and able to attract DCs into
the tumor core, suggesting that the tumor milieu does not prevent
the diffusion and action of the chemokine gradient. The ability of
CCL20 to attract DCs into and throughout the tumors is impor-
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tant, since in most studied cancer patients, DCs have been found
mainly at the periphery of the tumors (7, 10), which may limit their
interaction with tumors cells. Importantly, the capacity of CCL20
to recruit circulating DCs to the tumor site exposes tumor cells to
freshly generated DCs (as opposed to local DCs), which may be less
affected by an immunosuppressive tumor milieu. It is interesting
to note that tumor growth was significantly reduced in mice treat-
ed with low doses of recombinant CCL20 protein compared with
untreated mice or mice treated with higher doses of CCL20 (data
not shown), underlining the fact that chemoattraction of leuko-
cytes is a tightly regulated process.

CCL20 expression at the tumor site was sufficient to induce acti-
vation of a specific antitumor CD4 and CD8 T cell response against
parental CT26 tumors, suggesting that DCs present in these tumors
were not inhibited by the tumor milieu. This was confirmed by an
experiment showing that DCs freshly isolated from CT26 tumors
were mature and that the CT26 supernatant did not inhibit the
capacity of freshly generated BM-DCs to activate allogeneic T cells.
These results suggest that the low number of tumoral DCs is the
main limiting factor in DC-mediated antitumor immunity against
CT26 tumors. The absence of inhibition of BM-DC by factors pre-
sent in the CT26 tumor milieu is in contrast with a recent report
showing that CT26 tumors contain mostly immature DCs and
inhibit the capacity of BM-DCs to secrete cytokines in response to
innate stimuli (8). These differences are probably the result of
acquired differences that may affect the immunogenicity of one
transformed cell line maintained in separate laboratories and under-
lines the variability among tumors even of the same origin.

By contrast to CT26 tumors, CCL20 expression in B16 tumors
was not sufficient to induce an antitumor response despite a clear
increase of tumor-infiltrating DCs. CpG, in addition to CCL20, was
always required to induce a strong systemic antitumor immune
response against B16 tumors. This contrasts with a previous study
showing that intratumoral expression of CCL20 alone can lead to
the regression of B16 tumors (33). In the latter study, however, the
CCL20 gene was delivered to the tumors by an adenovirus vector
that is known to induce DC maturation and activation (33). The
requirement in our study for CpG injections for the induction of an
antitumor response against B16 may be due to the fact that B16
tumors, in contrast to CT26 tumors, can inhibit the stimulatory
capacity of tumoral DCs as suggested by the inhibitory effect of B16
tumor supernatants on freshly cultured BM-DCs. Because CpG
fails to costimulate T cells activated with anti-CD3 or anti-TCR, but
enhances the capacity of APCs to activate T cells (34, 35), it is like-
ly that the CCL20 and CpG antitumor effect was not due to a direct
effect on T cells but rather on APCs. Indeed, we found that CpG
could reverse the inhibitory effect of the B16 tumor milieu on the
expression of costimulatory molecules and on the capacity of puri-
fied BM-DCs and tumoral DCs to stimulate allogeneic T cells.
Moreover, CpG-treated, CCL20-mobilized DCs were able to cross-
present exogenous tumor Ag’s through the MHC class I pathway
and prime naive and effector tumor Ag-specific CD8 T cells ex vivo.
Similarly, the addition of CpG to CCL20 led to a CD8-dependent
therapeutic antitumor response, which was independent of CD4
help. This is consistent with a study showing that CpG can induce
DC cross-presentation of exogenous Ag’s through the class I path-
way (36) as well as findings from our group and others that a vac-
cine combining CpG and Ag induces similar levels of Ag-specific
CD8 cytotoxic T cells (37) and tumor protection in CD4 WT and
CD4-deficient mice (13, 38).

March 2004 781

Volume 113 Number 5



research article

A recent study has explored the capacity of CpG to activate
tumoral DCs and restore their capacity to induce an immune
response. In this study, coadministration of anti-IL-10 receptor Ab
to CpG injections was necessary to obtain an antitumor response
(8). In our model, CCL20 and CpG were sufficient to induce strong
and durable immunity even in the absence of anti-IL-10 receptor
Ab. It is thus possible that the presence of a higher number of
freshly recruited DCs from the circulation can eliminate the need
for anti-IL-10, although it will be interesting to explore whether
addition of anti-IL-10 Ab enhances the antitumor effect of CCL20
and CpG therapy. We also found that neutralizing Ab’s to IL-10 or
TGF-B, cytokines known to inhibit the ability of DCs to initiate a
T cell immune response (39, 40), failed to reverse the inhibitory
effect mediated by the B16 milieu on DCs in vitro, suggesting that
these cytokines may not play an important role in our model.
Repeated high doses of peritumoral injections of CpG could also
lead to tumor rejection in B16 models (41, 42). We found, howev-
er, that the combination of CCL20 and CpG was far more effective
than CpG alone, underlining the importance of expanding the
number of DCs at the tumor site.

In addition to their well-documented role in attracting leukocytes
to specific sites, chemokines have other effects that may enhance an
antitumor response. For example, CCL21 has been shown to inhib-
it tcumor angiogenesis as well as increase DC recruitment to tumor
sites and enhance the CD8 antitumor response (43). On the other
hand CCL2/MCP-1 chemokine, which can attract different DC sub-
sets and monocytes, was shown to promote tumor angiogenesis
through its action on endothelial cells and thus promote tumor
growth (44). In our study, the antitumor effect mediated by CCL20
and CpG was dependent mainly on the induction of a specific anti-
tumor CD8 T cell response since depletion of CD8 T cells abrogat-
ed the therapeutic effect induced by CCL20 alone in the case of
CT26 and by CCL20 plus CpG in the case of B16 tumors. Impor-
tantly, the observation that CCL20 alone and the combined CCL20
plus CpG treatment were able to induce a clinical response against
distant parental CT26 and B16 tumors, respectively, suggests the
induction of systemic immunity that may be able to induce the
regression of metastatic tumors.

Flt3L is a growth factor that induces the proliferation of DC pro-
genitors in BM, leading to a 20- to 80-fold increase of DCs in lym-
phoid organs (23). Flt3L alone has been reported to induce the
regression of chemically induced sarcomas in mice (45), but this
result was not reproduced by others (46, 47). Here we show that sys-
temic injections of FIt3L in mice induced a much lower recruitment
of DCs to the tumor site compared with intratumoral expression of
CCL20. The low number of tumoral DCs, in contrast to the high
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number of DCs found in lymphoid organs after FIt3L injections,
suggests that Flt3L-mobilized DCs home preferentially to lymphoid
tissues and have a poor capacity to home to tumors. We have previ-
ously shown that FIt3L treatment followed by subcutaneous admin-
istration of CpG mixed with a tumor Ag can induce a therapeutic
immune response against B16 tumors (13). In this published study,
immunization was done in the mouse footpad contralateral to the
site where tumor cells were injected, and a strong CD8 antitumor
response was generated in the draining LNs. There was no tumor
response in the absence of tumor Ag vaccination, however. In the
current study we found that systemic administration of Flt3L fol-
lowed by intratumoral CpG injections failed to induce an antitumor
response. This was probably due to the fact that Flt3L did not attract
a sufficient number of DCs to the tumor site despite dramatic
increases of DCs in the circulation and in lymphoid organs and sug-
gests that a threshold number of intratumoral DCs must be reached
to induce antitumor immunity.

Our results demonstrate the importance of expansion and activa-
tion of DCs in the tumor core for the induction of effective antitu-
mor immunity. For tumors that do not inhibit DC function, an
increase in tumoral DCs may be sufficient to induce antitumor
immunity, while for immunosupressive tumors, both expansion and
activation of tumoral DCs are required. These results also empha-
size the importance of the tumor environment for the design of can-
cer vaccines and provide the basis for the use of chemokine-based
strategies for clinical studies in cancer patients. The ability to deliv-
er CCL20 protein alone or in combination with CpG offers new pos-
sibilities for the treatment of patients with accessible tumors.
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