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Abstract Dendritic cell (DC)-based immunotherapy has
not been as eVective as expected in most solid tumors even
in the murine model, particularly in renal cell carcinoma
(RCC). Our investigation was initiated to identify what
causes the limitations of DC-based immunotherapy in solid
RCC. We have investigated immunosuppressive factors
from tumors and their eVects on DC migration, as well as
cytotoxic T lymphocyte (CTL) response and lymphocyte
inWltration into the tumor mass upon vaccination with
mouse renal adenocarcinoma (Renca) cell lysate-pulsed
bone marrow (Bm)-derived DC in tumor-bearing mice. We
also investigated pulmonary metastasis- and tumor recur-
rence-inhibitory eVects of DC-vaccination in the solid
tumor-bearing mice. In these experiments, we found that
the limitations of DC-based immunotherapy to solid RCC
likely result from tumor-mediated TGF-� hindrance of
immune attack rather than insuYcient immune induction by
DC therapy. In fact, the CTL response induced by DC ther-
apy was quite suYcient and functional for the inhibition
of tumor recurrence after surgery or of tumor metastasis
induced by additional tumor-challenge to the tumor-bearing
mice. Taken together, our present results obtained in mouse
model suggest the potential of DC immunotherapy in tumor
patients for hindering or blocking disease progression by
inhibition of tumor metastasis and/or tumor recurrence after
surgery.

Keywords Dendritic cells · Renal cell carcinoma · T cell 
proliferation · TGF-� · Metastasis · Tumor recurrence

Introduction

It has been reported that DCs are able to enhance the thera-
peutic antitumor immune response when vaccinated after
being pulsed with tumor lysates in vitro [17, 30, 46].
Indeed, DC therapy has already been found to be somewhat
eYcacious in the treatment of human prostate cancer, B cell
lymphoma, and melanoma, as well as in a number of
murine tumor models [3, 8, 12, 13, 41]. Moreover, in paral-
lel with this, basic investigations for diVerent DC subsets
have been also performed at the cellular level [1, 32]. How-
ever, several reports have shown that a number of obstacles
must be overcome before DC-based immunotherapy can be
used for general application in tumor therapy [7, 35]. One
of the major diYculties in the treatment of advanced tumors
seems to be the ability of the tumor cells to suppress the
patient immune response against the tumor. It has recently
been reported that regulatory T (Treg) cells producing
TGF-�, IL-10, and IL-4 play an important role in the con-
trol of immune reactivity against self- and/or non-self anti-
gens [14, 24, 36, 40, 42]. Several Treg subsets have been
identiWed that are capable of inhibiting autoimmune and
chronic inXammatory responses and maintaining immune
tolerance in tumor-bearing hosts.

Recently, a DC vaccination strategy for RCC using a
tumor cell-DC hybrid has shown therapeutic potential [22,
23]. Although such trials were promising, several limita-
tions still remain to be resolved in order to generate a more
eVective antitumor response. A good animal model for
developing DC strategies to vaccinate against RCC would
be helpful in optimizing and overcoming many technical
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challenges posed by immunotherapeutic approaches to
RCC [6, 44]. We have examined the eYcacy of DC vacci-
nation for the treatment of RCC in the murine RCC model
established by inoculation with mouse renal adenocarci-
noma Renca cells. The Renca model of RCC fulWlls many
of the requirements for a useful animal tumor model and
forms a primary tumor mass within the mouse. [44]. Renca
shows progressive disease stages similar to human RCC
[21]. We have examined whether Renca cells induce any of
the immunosuppressive eVects generally reported in human
RCC and other solid tumors, which might attenuate T cell-
mediated antitumor immunity.

There have been many attempts to treat Renca with some
success, such as cytokine therapies with IL-12 and IL-2,
and gene therapies with apoptosis-related molecules [34,
37, 43]. These methods are very useful in providing further
understanding about Renca, but they are not applicable in
humans, mostly because of toxicity or lack of eVectiveness.
However, a DC vaccine would be the best method to
reduce tumor growth in tumor-bearing mice and would be
also applicable to humans. Using the Renca model, we
attempted to determine whether the DC vaccine could be a
strategy of choice to treat RCC and overcome the immune
suppression similar to that observed in human RCC. Addi-
tionally, we have examined the use of DCs to stimulate the
immune response against tumors and found that it is appro-
priate for use as a therapeutic vaccine against RCC even
though some obstacles remain before general application is
possible.

Materials and methods

BmDC generation

BmDCs were generated from bone marrow progenitors as
described previously [31], with the following modiWca-
tions. In brief, Bm single-cell suspensions were prepared,
the cells were washed, and the washed cells were cultured
in RPMI-1640 containing 10% FBS (Life Technologies,
Grand Island, NY, USA) (RPMI-10), glutamine, penicillin/
streptomycin, rmGM-CSF (10 ng/ml) (Endogene, Woburn,
MA, USA), and rmIL-4 (10 ng/ml) (Endogene, Woburn,
MA, USA). At day 2, the cultures were vigorously pipetted
and non-adherent cells were removed and discarded. Fresh
RPMI-10 containing cytokines was added to the adherent
cells. At days 4 and 6, half of the culture supernatant was
collected and centrifuged, and then the cell pellet was
resuspended in RPMI-10 containing cytokines and returned
to the original plate. At day 7, non-adherent or loosely
attached cells, which included DCs, were collected. For
BmDC maturation, Day 6-DCs were incubated with freeze-
thawed tumor lysates (from in vitro cultures of Renca

tumor cells) at the ratio of three tumor cells to one DC (i.e.,
3:1) in RPMI-1640, as described previously [10, 28]. After
incubation for 8 h, DCs were further matured in the pres-
ence of rmTNF-� (100 U/ml) (Endogene, Woburn, MA,
USA) and IFN-� (100 U/ml) (Endogene, Woburn, MA,
USA). After 16 h of incubation, DCs were harvested,
washed twice in Hank’s buVered salt solution (HBSS), and
resuspended in normal saline or RMPI-1640 for further
studies.

FACS analysis

For phenotypic analysis, direct immunoXuorescence was
used for cell-surface staining of mature BmDCs, which
were stained in FACS buVer (0.2 BSA, 0.02 sodium azide
in PBS) with 1 £ 105 cells per staining. Antibody incuba-
tion (CD11b, CD11c, CD40, CD54, MHC class I/II, CD80,
CD86, CD4/8, and CD14/19 purchased from Pharmingen,
San Diego, CA, USA) was performed at 4°C for 20 min.
Data were reported as a histogram or dot plot by using
FACSCalibur (BD) with CellQuest software.

Quantitation of antigen uptake

Cells (5 £ 105) were equilibrated at 37°C or 0°C for 10 min
and then pulsed with Xuorescein-conjugated dextran
(Molecular Probes, Eugene, OR, USA) at a concentration
of 1 mg/ml. After varying periods of incubation at 37°C or
0°C, cold staining buVer (or cold PBS) was added to stop
the reaction. Cells were washed three times and analyzed
by FACScan. Non-speciWc binding of dextran to DC, as
determined by incubation of DC with Xuorescein-conju-
gated dextran at 0°C, was subtracted. Moreover, for the
identiWcation of DC phagocytosis, 7-AAD (20 �g/ml) (7-
amino-actinomycin, BD Pharmingen, San Diego, CA,
USA)-labeled apoptotic Renca tumor cells (for 30 min at
room temperature) were incubated with day 6-BmDCs that
were labeled with FITC-conjugated MHC class II antibody
for 1 h. After three washes with PBS, cells were visualized
under a confocal spectral microscope (LEICA) following
excitation with a 600 nm argon-ion laser. A Xuorescence
image was taken at 545 nm emission (software zoom £4,
original magniWcation £1,000). For UV-generated apopto-
tic tumor cells, labeled Renca cells (1 £ 106/ml) were irra-
diated with a pair of FS40 sunlamps (290–320 emission
spectra). Cells received a total dose of 90 J/m2 at 3.8 W/m2

(»LD50).

In vivo immunization and tumor challenge

Renca cells (the Balb/c renal adenocarcinoma cell line
obtained from Samsung Medical Center, Seoul, South
Korea) were trypsinized, washed twice in 1 £ HBSS to
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eliminate traces of serum proteins, and resuspended in
normal saline at 1 £ 107 cells/ml (for injection). Seven-to-ten-
week female Balb/c mice (DaeHan BioLinks, ChungNam,
Republic of Korea) were then challenged subcutane-
ously (sc) in the left Xank with 100 �l (1 £ 106 cells) of
cell suspension. Animals were housed at the Animal
Maintenance Facility of the CreaGene Research Institute
(Gyeonggi, South Korea). After 3 days, Renca tumor
lysate (approximately 100 �g of proteins)-pulsed BmDCs
(1 £ 106) were immunized sc in the right Xank twice, on
days 3 and 10, after tumor implantation. The size of each
tumor was assessed in a blinded, coded fashion every
3 days using calipers, and the largest perpendicular dia-
meter of the tumor was recorded as the tumor area (in
square mm). Data are reported as the average tumor
size § SD. For the treatment of pulmonary metastasis,
Balb/c mice were challenged intravenously (i.v.) in the
lateral tail vein with 1 £ 106 Renca tumor cells. The mice
were then immunized sc with 1 £ 106 DCs (tumor lysate-
pulsed) on days 3 and 10 after tumor injection, and were
killed on day 17. The lungs were removed and Wxed in
Bouin’s Xuid (Sigma-Aldrich, St. Louis, MO, USA) for
10 min. The lobes of the lungs were separated, and the
total number of superWcially visible colonies per lung was
counted. Lungs containing tumor nodules were photo-
graphed. Additionally, survival of tumor-implanted and
DC-vaccinated mice was observed for approximately
60 days. However, 13 days after sc tumor implantation,
DC-vaccinated tumor-bearing mice were challenged a
second time with Renca cells (1 £ 106, 1 £ 105 or
1 £ 104) through the sc route in order to examine the
remaining anti-tumor immunity induced by vaccination
with DCs. The results were evaluated 28 days after the
Wrst tumor inoculation. In addition, the tumors of mice
vaccinated sc with DCs were removed 30 days after sc
tumor inoculation, and were then observed for additional
30 days to evaluate tumor recurrence after surgery (including
suture). For an additional trial, 21 days after sc tumor
implantation, DC-vaccinated tumor-bearing mice were
tumorectomized and iv challenged with Renca cells
(1 £ 106) 7 days after tumor surgery. The mice were then
killed on day 50. The lungs were removed as described
above, and the total number of tumor colonies per lung
was counted.

Reverse transcription (RT)-PCR

To investigate mRNA transcription for the immunosup-
pressive agents in Renca cells isolated from the tumor
mass or passaged in vitro, total RNAs were extracted from
Renca cells using TRIZOL reagent (InVitrogen, Carlsbad,
CA, USA) and puriWed using an RNeasy total RNA isola-
tion kit (Qiagen, Valencia, CA, USA) according to the

instructions of the manufacturer. One �g of total RNA was
mixed with 50 �M oligo-(dT)20 and 10 mM dNTP mix,
heated at 65°C for 5 min, and placed on ice for at least
1 min. Then, 10 £ RT buVer ([25] mM MgCl2, 0.1 M
DTT, RNaseOUT™, 40 U) and 1 �l of SuperScript™ III
RT (200 U/�l, InVitrogen, Carlsbad, CA, USA) were
added, and the mixture was incubated at 42°C for 1 h. The
reaction was terminated by incubation at 75°C for 5 min,
followed by chilling on ice. The PCR was performed using
the cDNA as a template along with certain gene-speciWc
primers.

The initial cDNA content in each sample was normal-
ized with the amount of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). AmpliWcation reactions were performed
in a 20-�l volume using 5 ng or 10 ng of each cDNA on a
Perkin-Elmer DNA thermocycler 9600 Prism for 35 cycles.
The PCR reactions were separated on 1.2% agarose gels
and stained with ethidium bromide. Moreover, RT-PCR
was performed as described above in order to examine the
eVects on the chemokine expression of mature DCs in
the presence of TGF-� (30 or 125 ng/ml, for 24 h) (R&D
system, Minneapolis, MN, USA).

ELISA

Culture supernatants were prepared from 7-day cultures of
Renca cells (1 £ 106 cells) from sc tumor masses or in vitro
subcultures. Mouse sera were prepared from sc tumor-bear-
ing mice and pulmonary metastatic tumor-bearing mice
17 days after tumor inoculation. The serum of tumorectom-
ized mice was prepared a week after surgery from day-17
sc tumor-bearing mice. The culture supernatants and mouse
sera were analyzed for TGF-� expression using a commer-
cially available ELISA kit (BioSource, Camarillo, CA,
USA).

DC chemotaxis assay

Chemotactic ability of the DCs treated with TGF-� (30 or
125 ng/ml) was analyzed using the ChemoTx system (96-
well ChemoTx Chamber; NeuroProbe, Gaithersburg, MD,
USA) as previously described [26]. In brief, mature DCs
were resuspended in RPMI-10 and treated with TGF-�.
Chemokines (rmMIP-1�, rmMIP-1�, rmMIP-3�, rmMIP-
3�, rmRANTES, and rm6C-kine purchased from R&D sys-
tem, Minneapolis, MN, USA) at 1 �g/ml were placed in the
lower chamber, and a Wlter with a pore size of 5 �m was
placed on top. Aliquots of 1 £ 106 cells/well were applied
to the top surface of the Wlter, and the plate was incubated
at 37°C in 5% CO2 for 4 h. The cells that migrated to the
bottom chamber were analyzed for CD11c (Pharmingen,
San Diego, CA, USA) expression by FACS. For the
marker, 104 cells were counted in the gate.
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Immunohistochemistry

To investigate DC migration into regional lymph nodes in
pulmonary metastatic or sc tumor-bearing mice (on day 17
after tumor implantation), Renca tumor lysate-pulsed DCs
were incubated for 30 min at 37°C in 10 �M CMFDA
(5-chloromethyl-Xuorescein diacetate, Molecular Probes,
Eugene, OR, USA) in serum-free RPMI, and were then
pulsed for another 30 min at 37°C in serum-free RPMI. The
DCs were washed, counted, and intradermally injected into
the left footpads of the mice (1 £ 106 cells). After 18 h,
inguinal lymph nodes were isolated from each immunized
mouse. Frozen tissues were sectioned at a thickness of
25 �m and mounted. The sections were then analyzed by
confocal microscopy as described previously [25]. More-
over, tumor masses removed from sc tumor-bearing mice
vaccinated with DC were sectioned at a thickness of 10 �m
under cryostatic conditions. The sections were then Wxed in
3.5% paraformaldehyde for 30 min, blocked with 10% nor-
mal mouse serum in PBS for 30 min, stained with FITC or
PE-conjugated antibodies (CD3, CD4, CD8, MHC class I/
II, IL-12, IFN-�, CD25, NK1.1, and CD11c purchased from
Pharmingen, San Diego, CA, USA) and analyzed by con-
focal microscopy. To identify the expression of TGF-�,
the sections of tumor masses above were deparaVinized,
hydrated, and then treated with 3% H2O2 in methanol to
block the activity of the endogenous peroxidase. After
washing with PBS (0.1 M, pH 7.4) for 5 min, the sections
were treated with a 10% protein-blocking agent (Shandon,
Waltham, MA, USA) for 1 h at room temperature to block
nonspeciWc antigen-antibody reactions. These sections
were incubated with 1:400 anti-TGF-� antibody (R&D sys-
tem, Minneapolis, MN, USA) diluents for 12 h at 4°C and
washed with PBS. They were then incubated with biotiny-
lated secondary antibodies (Shandon) for 60 min at room
temperature. After being washed with PBS, the sections
were treated with streptavidin peroxidase reagent (Shan-
don) for 30 min at room temperature. After administering
the peroxidase treatment, the tissue sections were washed
with PBS and colorized with a 0.05% diaminobenzidine
(DAB, Vector Laboratories, Burlingame, CA, USA) solu-
tion for less than 1 min.

T cell proliferation, CTL, and ELISPOT assay

Splenocytes obtained from sc or iv tumor-implanted mice
(7 days after the second DC vaccination) were treated with
ammonium chloride-potassium lysing buVer for 3 min to
deplete erythrocytes, and were then washed twice with
HBSS. These splenocytes were incubated in RPMI-10 for
90 min, and nonadherent cells were gently removed and
incubated on nylon wool columns for 1 h at 37°C. After
elution, the resulting cells were determined to be »90%

CD3+ by FACS analysis (data not shown), and were used as
responder cells. For proliferation assays, puriWed CD3+ T
cells were seeded into round-bottomed microplates in the
presence of 1 £ 105 Renca lysate-pulsed DCs (at a
responder-to-stimulator ratio of 20:1). T cells alone were
used as the background control. After 5 days, 1 �Ci of triti-
ated deoxythymidine (PerkinElmer) was added to each well
for an additional 16 h. The incorporation of thymidine was
determined using a liquid scintillation counter (Beckman).
CTL assays were performed by crystal violet absorbance
assay [38]. CTLs were prepared by stimulation with Renca
tumor lysate-pulsed DC for 5 days, and were incubated
with Renca tumor cells as a target for 24 h. After washing,
target cells were stained with crystal violet (4 mg/ml in
PBS, 100 �l/well) for 30 min at room temperature. The
plate was washed with PBS and lysed using methanol. Tar-
get cell survival was analyzed by measuring the absorbance
at 470 nm. IFN-� ELISPOT analysis was performed using
the spleen obtained after vaccination. Splenocytes from the
spleen were cultured overnight in complete RPMI 1640
medium. CD8+ T cells were isolated from splenocytes by
negative depletion (Miltenyi Biotec, Auburn, CA, USA).
After blocking, 1 £ 105 T cells and 1 £ 104 Renca lysates-
pulsed DCs were added to each well of 96-well nitrocellu-
lose plates (Multiscreen-IP, Millipore, Bedford, MA, USA)
precoated with 2 �g/ml IFN-� capture antibody (Pharmin-
gen, San Diego, CA, USA). Plates were incubated for 20 h
at 37°C, and biotinylated IFN-� detection antibody (Pharm-
ingen, San Diego, CA, USA) was added to each well. Cells
were then incubated for an additional 2 h at room tempera-
ture, then with streptavidin-alkaline phosphatase (1 �g/ml)
(Sigma-Aldrich, St. Louis, MO, USA); plates were devel-
oped with substrate (KPL, Gaithersburg, MD, USA). After
washing, spots were counted using an automated ELISPOT
reader (Carl Zeiss, Berlin, Germany).

Statistics

The Mann–Whitney U test was used for all statistical analy-
sis. A p-value of less than 0.05 was considered signiWcant.

Results

Generation of BmDCs

First, we demonstrated that BmDCs had typical morphol-
ogy and surface phenotypes (Fig. 1a–c), and then assessed
the ability of DCs to uptake the soluble Xuorescent antigen,
FITC-dextran, for various durations of time. It has been
well documented that immature DCs were very eVective
in uptaking FITC-dextran as compared with mature DCs
(Fig. 1d). Figure 1e shows that our BmDCs (stained with
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FITC-MHC class II antibody, green) completely engulfed
Renca tumor cells (7-AAD labeled, red). Additionally,
tumor lysate-pulsed DCs eYciently primed naïve syngeneic
T cells in vitro in comparison with unpulsed DCs (data not
shown).

DC vaccination was highly functional against pulmonary 
metastatic tumor, but not against sc tumor

We next investigated whether tumor lysate-pulsed DCs
could induce antitumor immune responses in mice bearing
pulmonary metastatic or sc tumors. Pulmonary metastasis

and sc tumors were established by iv or sc injection, respec-
tively, using mouse renal adenocarcinoma Renca cells; it
was previously reported that these cells can grow readily
and cause metastasis in the lung, liver, and spleen when
transplanted into syngeneic hosts, Balb/c mice [19]. Three
days after iv or sc injection of mice with Renca cells, those
mice were vaccinated with Renca lysate-pulsed DCs twice
during a week interval (Fig. 2a). As shown in Fig. 2b, those
mice treated with Renca lysate-pulsed DC showed little or
no pulmonary metastatic tumors, while the lungs of control
mice treated only with PBS or unpulsed DC were Wlled with
metastatic tumor nodules. In contrast, those mice bearing sc

Fig. 1 Generation and charac-
terization of BmDCs from Balb/
c mice. a Increased cell size and 
granulity depend on the diVeren-
tial stages. b Surface phenotype 
of BmDC matured in the pres-
ence of INF-� and TNF-� after 
tumor-lysate pulsing. Closed 
histograms show staining with 
test antibodies. c Representative 
morphology of immature (day 6) 
and mature (day 8) BmDCs. 
Cells were stained with FITC-
conjugated anti-MHC class II 
antibody at the indicated time 
point. Representative images 
were obtained by confocal 
microscopy with a magniWcation 
of £2,000 (software zoom £2, 
original magniWcation £1,000). 
d FITC-dextran uptake by 
immature and mature BmDCs. 
Cells were equilibrated at 37°C 
or 0°C prior to pulsing, and were 
then pulsed with Xuorescein-
conjugated dextran 
(40,000 m.w.) at a concentration 
of 1 mg/ml. After diVerent dura-
tions of incubation, cold buVer 
was added to stop the reaction. 
Cells were analyzed using 
FACS, and non-speciWc binding 
was subtracted (incubation at 
0°C). iDC immature DC, mDC 
mature DC. e Uptake of apopto-
tic Renca tumor cells by BmDCs 
(day 6). 7-AAD labeled apopto-
tic Renca tumor cells (red) were 
incubated with day 6-BmDCs 
(green), which were labeled with 
FITC-conjugated MHC class II 
antibody for 1 h. After washes 
with PBS, cells were visualized 
under a confocal spectral micro-
scope with a magniWcation of 
£4,000 (software zoom £4, 
original magniWcation £1,000)
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tumors were not as susceptible to the DC therapy as shown
in pulmonary metastatic model. Vaccination with Renca
lysate-pulsed DC caused only partial inhibition of sc tumor
growth as compared with the controls treated with PBS or
unpulsed DCs (Fig. 2c). The diVerent eYcacies of DC ther-
apy for the sc tumor and the pulmonary metastatic tumor
were consistent with the survival rates of the vaccinated
mice (Fig. 2d). Over 75% of the pulmonary metastatic
tumor-bearing mice survived for over 60 days after treat-
ment with Renca lysated-pulsed DCs, while most of the sc
tumor-bearing mice were dead within 50 days after the
same treatment, even though DC vaccination enhanced the
life span of the tumor-bearing mice by a week or so.

Renca tumor cells expressed high TGF-�1 titer 
when passaged in vivo

In order to Wgure out the reasons for the limited success of
DC-based immunotherapy in sc tumors, we Wrst examined

the expression of immunosuppressive agents in sc tumor-
bearing mice. We isolated tumor cells from sc tumor-bear-
ing mice that had received two rounds of DC therapy or had
received PBS or unpulsed DCs alone, and tested for the
expressions of immunosuppressive molecules such as TGF-
�1, vascular endothelial growth factor (VEGF), Fas ligand
(CD95L), IL-6, and IL-10, which suppress T cell responses
through various mechanisms. RT-PCR analysis indicated
that TGF-�1 transcript was highly expressed in all Renca
cells isolated from the primary sc tumors in three diVerent
mice, but it was undetectable in Renca cells passaged
in vitro (Fig. 3a). VEGF expression, however, was not con-
sistent even among the primary Renca cells. The level of
TGF-�1 present in the culture supernatants of both in vitro
cultured and in vivo passaged Renca tumor cells was
determined by ELISA. On day 7 after culture, the level of
TGF-�1 secreted from the primary Renca tumor cells
(382.1 § 39.3 pg/ml) was substantially and signiWcantly
higher than that secreted from Renca cells cultured in vitro

Fig. 2 DC vaccination was highly eVective for survival and tumor
regression in pulmonary metastatic tumor-bearing mice, but was not so
eVective for those of sc tumor-bearing mice. a A vaccination schedule.
b Inhibition of pulmonary metastasis by vaccination with Renca tumor
lysate-pulsed DCs. Balb/c mice received 1 £ 106 viable Renca tumor
cells in the lateral tail vein (i.v.) to establish pulmonary metastasis.
Mice were then inoculated sc in the right Xank with 1 £ 106 DCs (Renca
tumor lysate-pulsed) twice on days 3 and 10 after tumor injection,
and were euthanized on day 17. Tumor nodules on the lungs were visu-
alized by staining with Bouin’s Wxative for 10 min (right image). Tu-
mor nodules (shown in right panel) were enumerated, and the values
represent the mean number of nodules § SD of twenty mice per group
(left panel). DC + TL tumor lysate-pulsed DC. Asterisk P < 0.01. PBS

PBS control, DC alone mature DC, DC + lysates tumor lysate-pulsed
DC. c Sc tumor progression after immunization with Renca tumor
lysate-pulsed DC. Mice were inoculated (sc) with 1 £ 106 viable Renca
tumor cells in the left Xank and immunized (sc) with Renca tumor
lysate-pulsed DC in the right Xank, as described above. The size of the
tumor mass was recorded every 3 days as the tumor area (in square
mm), and was determined by measuring the largest perpendicular
diameter with calipers. Data shown are representative of Wve experi-
ments and are reported as the average tumor size § SD of eight mice
per group. d Survival percentage of both pulmonary metastatic tumor-
bearing mice and sc tumor-bearing mice after DC vaccination. Mice
were evaluated daily until death. Data are representative of at least two
independent experiments with eight mice per group
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(89.9 § 7.0 pg/ml) (Fig. 3b). Importantly, these results
strongly suggest that TGF-�1 may be related to a less
severe antitumor immune response of DC vaccination in sc
tumor-bearing mice. However, the systemic TGF-�1 con-
centration was found to be approximately 25 » 30 ng/ml
in the serum of mice bearing subcutaneous (sc) as well as
pulmonary (pl) metastatic tumors; this concentration was
slightly higher than those of control or tumorectomized
mice (»20 ng/ml; Fig. 3c).

Even in the sc tumor-bearing mice, DC migration 
and CTL induction were not attenuated when the mice 
were vaccinated with tumor lysate-pulsed DCs

To determine the inXuence of TGF-�1 on DC migration
in vivo, Renca tumor lysate-pulsed DCs were incubated in

the presence of TGF-�1 at a concentration of 30 ng/ml or
125 for 24 h, and were then examined by chemotaxis assay
and RT-PCR. Once matured, DCs expressed large amounts
of CCR7, a major DC chemotactic receptor [27], which was
maintained even in the presence of TGF-�1 at a concentra-
tion of 30 ng/ml (Fig. 4a). However, DCs incubated with
125 ng/ml TGF-�1 markedly lost their ability to migrate in
response to MIP-3� and 6Ckine in a chemotaxis assay
in vitro, whereas DCs incubated with 30 ng/ml TGF-�1 or
untreated DCs migrated eVectively in response to MIP-3b
and 6Ckine (Fig. 4b). On the other hand, when using
in vivo migration analysis, we were unable to detect any
diVerences in the eYciency of DC migration to regional
lymph nodes after DC vaccination between the mice bear-
ing sc tumors and pulmonary metastatic tumors (Fig. 4c).
These data indicated that tumor lysate-pulsed DCs are able

Fig. 3 TGF-�1 was enhanced for its expression among the immuno-
suppressive agents in Renca cells isolated from the tumor mass, but
was not detected in Renca cells subcultured in vitro. a Screening of the
expression of immunosuppressive agents by RT-PCR and their mor-
phology from in vitro-cultured Renca tumor cells or in vivo-passaged
tumor cells (subcutaneous). First-strand cDNA was synthesized from
total RNA using reverse transcriptase and ampliWed with primers spe-
ciWc for TGF-�1, VEGF, Fas ligand, IL-6, IL-10 and GAPDH. Phase-
contrast photographs were taken directly from the day 7 cultures of
in vivo-passaged Renca tumor cells. Original magniWcation is £400. 1,
2 In vitro-passaged Renca cells; 3, 4, 5 Renca cells obtained from three
diVerent tumor-bearing mice without any treatment, vaccinated with
tumor lysate-pulsed DC, and treated with unpulsed DC, respectively.

b QuantiWcation of TGF-�1 in culture supernatants. Culture supernatants
were prepared from 7-day cultures of Renca cells (1 £ 106 cells) from
sc tumor masses or in vitro subcultures. ELISA was performed as
described in protocol of the manufacturer. Values shown are
means § SD of two experiments. Asterisk P < 0.01. In vitro in vitro-
passaged tumor cells, in vivo cells from sc tumor. c QuantiWcation of
TGF-�1 in mouse sera. Mouse sera were obtained from sc tumor-bear-
ing mice (s.c.), pulmonary metastatic tumor-bearing mice (pl.) on day
17 after tumor inoculation. The serum of tumor-rectomized mice (sur-
gery) was prepared a week after surgery of day 17 sc tumor-bearing
mice. Normal serum (normal) was prepared from 8-week-old Balb/c
mice. ELISA was performed as described in protocol of the manufac-
turer. Values shown are means § SD of 3 to 5 mice per group
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to migrate eVectively into regional lymph nodes even in the
sc tumor-bearing mice, although the migratory capacities of
DCs decreased when treated with high concentrations of
TGF-�1 in vitro. In addition, no clear diVerence in tumor-
speciWc T cell proliferation was detected between those
diVerent tumor-bearing mice on day 7 after the second DC
vaccination (Fig. 4d).

We next investigated Renca-speciWc CTL in DC-vacci-
nated mice. Splenic T cells, obtained from DC-vaccinated
sc tumor-bearing mice and pulmonary metastatic tumor-
bearing mice, were stimulated in vitro with Renca cell
lysate-pulsed DCs. As shown in Fig. 5a, even in the tumor-
bearing mice, DC vaccination induced eVective tumor-
speciWc CTL, and no diVerence between the CTLs induced
in the sc tumor model and in the pulmonary metastatic
tumor model was detected. Additionally, the vaccination by

Renca lysate-pulsed DCs resulted in potent stimulation of
IFN-�-secreting activated CD8+ T cells (Fig. 5b). These
data were in line with the above-mentioned result. These
data suggest that the resistance of sc tumors to DC therapy,
as compared with pulmonary metastatic tumors, is not
likely due to dysfunctional DC migration or insuYcient
immune induction assumed for the immune-suppressive
agents secreted from the solid tumor.

Many inWltrating immune cells have little eVector function 
in the tumor mass, where the TGF-�1 concentration was 
remarkable

We then turned our attention to the tumor mass itself in
order to Wnd clues regarding the resistance of sc tumors to
DC immunotherapy. We obviously found that TGF-�1 was

Fig. 4 No diVerence in the capacity of DC migration and T cell pro-
liferation after DC vaccination between the mouse groups bearing pul-
monary metastatic tumors and sc tumors, respectively. a EVect of
TGF-� on the chemokine expression of mature DCs. Renca tumor ly-
sate-pulsed DCs were incubated in the presence of 30 or 125 ng/ml of
TGF-�1 for 24 h. First-strand cDNA was synthesized and ampliWed
with primers for mCCR1, mCCR2, mCCR6, mCCR7, and GAPDH.
iDC immature DC, mDC mature DC. b EVect of TGF-� on DC migra-
tion in chemotactic assay. Mature DCs were resuspended in RPMI-10
and treated with TGF-�. Chemokines at 1 �g/ml were placed in the
lower chamber, and a Wlter with 5-�m pore size was placed on top. An
aliquot of 1 £ 106 cells/well were applied to the top surface of the Wl-
ter, and the plate was incubated at 37°C for 4 h. Migrated cells were
analyzed for CD11c expression by FACS. Each assay was performed
in triplicate, and the results were expressed as the mean number of cells
that migrate to the lower chamber § SD. Asterisk P < 0.01. mDC ma-
ture DCs, mDC + TGF-b 30 mature DCs treated with 30 ng/ml TGF-
�, mDC + TGF-b 125 mature DCs treated with 125 ng/ml TGF-�. c
Immunohistochemistry of DC migration into regional lymph nodes in
pulmonary metastatic tumor- and sc tumor-bearing mice. Renca tumor

lysate-pulsed DCs were labeled with CMFDA and intradermally in-
jected into the left foot pads of the mice. After 18 h, inguinal lymph
nodes were isolated from each immunized mouse (on day 17 after
tumor implantation). Frozen tissues were sectioned at a thickness of
25 �m and mounted. The sections were then analyzed by confocal
microscopy at a magniWcation of £ 400 (inserted images). LN lymph
node, Pulmonary meta mouse metastatic tumor-bearing mice, sc tumor
mouse sc tumor-bearing mice. d Proliferation of T cells from sc or pul-
monary metastatic tumor-bearing mice in response to Renca tumor
lysate-pulsed DCs. Spleens were prepared from mice that were
immunized as described in “Materials and methods” and stimulated
with Renca tumor lysate-pulsed DCs for 5 days. Then, 1 �Ci of triti-
ated deoxythymidine was added to each well for an additional 16 h.
Incorporation of thymidine was determined using a liquid scintillation
counter (see “Materials and methods”). Data shown are representative
of two independent experiments. Asterisk P < 0.01. Control not stimu-
lated, DC alone stimulated with mature DCs, DC/TL stimulated with
Renca tumor lysate-pulsed DCs, Pulmonary tumor metastatic tumor-
bearing mice, sc tumor sc tumor-bearing mice
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highly expressed around the perivascular region of the sc
tumor mass using immunohistochemical analysis (Fig. 6a).
This information was in line with the results shown in
Fig. 3. Additionally, substantial numbers of T cells (Fig. 6b)
and DCs (Fig. 6g) were observed in the tumor mass.
However, IFN-�-producing CD4+, CD8+, or NKT cells
were rarely observed in the tumor-inWltrating lymphocyte
(TIL) population (Fig. 6c, d, and f, respectively). Most
of the DCs detected in the tumor masses (Fig. 6g) were
immature DEC205+ (data not shown) or IL-12-undetectable
inactivated forms (Fig. 6h). Particularly noteworthy is the
fact that the CD4+CD25+ cells were densely detected in
the tumor mass (Fig. 6e). However, these cells were not
stained by FoxP3 or IL-10 (data not shown), which
suggests that these cells are probably Tr2-type regulatory
T cells as reported previously [47]. Taken together, our
results strongly suggest that the tumor-speciWc CTL and
anti-tumor immunity, normally induced by DC vaccination
in the sc tumor-bearing mice, were no longer functional in
the tumor mass following inWltration, probably by the
highly concentrated TGF-�1 secreted from the tumor mass.

DC vaccination was suYcient to inhibit further spread 
of metastatic tumors in the sc tumor-bearing mice 
and tumor recurrence after surgery

In our next step, we have examined antitumor immunity in
DC-vaccinated tumor-bearing mice. Even though the sc
tumors were resistant to DC therapy because of their own
immunosuppressive mechanisms, we expected that those
mice might still have systemic anti-tumor immunity against
Renca tumor cells. We examined tumor recurrence after the
surgery of DC-vaccinated sc tumor-bearing mice. None of
the mice vaccinated with tumor lysate-pulsed DCs showed
tumor recurrence for over 30 days after surgery, while most
of the untreated mice or mice injected with DCs alone exhib-
ited tumor recurrence (Fig. 7a). DC-vaccinated sc tumor-
bearing mice were tumorectomized and then re-challenged
i.v. with Renca cells. Pulmonary metastasis was markedly
inhibited or completely blocked in those mice vaccinated
with tumor lysate-pulsed DCs, while it was not signiWcantly
blocked in control mice treated with PBS or unpulsed DCs
alone (Fig. 7b). Additionally, DC-vaccinated sc tumor-bear-
ing mice were re-challenged with three diVerent dosages of
Renca cells through the sc route around the primary sc tumor
mass. None of the mice vaccinated with tumor lysate-pulsed
DCs showed any detectable tumor growth even at the high-
est dosage (1 £ 106 Renca cells per injection; Fig. 7c). These
Wndings imply that the DC vaccination, even in the tumor-
bearing mice, would be eVective in inducing substantial anti-
tumor immunity. In other words, DC vaccination may not be
suYcient for causing pre-existing sc tumors to regress, but

Fig. 5 DC vaccination induced similar intensities of tumor-speciWc
CTLs and an increase of IFN-�-secreting CD8 + T cells in both pul-
monary metastatic tumor- and sc tumor-bearing mouse groups. a
The induction of eVective CTL responses by vaccination with Renca
tumor lysate-pulsed DCs. CTLs were prepared by stimulation with
Renca tumor lysate-pulsed DCs for 5 days and incubated with Renca
tumor cells as a target for 24 h. After washing, target cells were
stained with crystal violet and lysed using methanol. Surviving tar-
get cells were analyzed by measuring the absorbance at 470 nm.
Data shown were representative of two independent experiments.
Asterisk P < 0.01 compared with the control. b In vivo induction of
IFN-�-secreting CD8+ T cell responses. CD8+ T cells were isolated
from post-vaccination spleen samples of mice that received the vac-
cination with Renca lysate-pulsed DCs (2 cycles of 1 £ 106 cells per
treatment). Cells were stimulated for 20 h with Renca lysate-pulsed
DCs. IFN-�-expressing T cells were enumerated using an automated
ELISPOT reader, and activated T cell frequencies were expressed as
the number of spot-forming cells per 1 £ 105 CD8+ T cells. Pul-
Control: unstimulated CTLs generated from metastatic tumor-bear-
ing mice, Pul-DC alone mature DC-stimulated CTLs generated
from metastatic tumor-bearing mice, Pul-DC/TL Renca tumor
lysate-pulsed DC-stimulated CTLs generated from metastatic
tumor-bearing mice, sc-control unstimulated CTLs generated from
sc tumor-bearing mice, sc-DC alone mature DC-stimulated CTLs
generated from sc tumor-bearing mice, sc-DC/TL Renca tumor
lysate-pulsed DC-stimulated CTLs generated from sc tumor-bearing
mice
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be suYcient for inhibiting further spreading of metastatic
tumors or tumor recurrence after surgery.

Discussion

To our knowledge this is only one of a few demonstrations
of the ability of DC vaccination to induce systemic antitu-
mor immunity in RCC tumor-bearing hosts, without being
present in the sc-implanted local tumor at least due to TGF-
� secreted by the tumor itself. Our results show over-secre-
tion of an immunosuppressive mediator, TGF-�, derived
from sc tumors, and also show inhibition of tumor metasta-
sis and recurrence by DC vaccination, and suggest that DC
vaccination, even in mice with pre-existing sc tumors,
would be eVective in inducing antitumor immune response,
which is suYcient to inhibit further spread of metastatic
tumors and tumor recurrence after surgery.

It is well known that tumor cells produce various immu-
nosuppressive factors, including TGF-� [2, 4, 11], VEGF
[16, 45], and IL-10 [45]. Among these, overexpression of
TGF-� is closely associated with a poor prognosis in
patients with malignant tumors [18, 20, 39]. TGF-� sup-
presses the diVerentiation of BmDCs, as well as their
capacity to secrete the cytokine, IL-12 [33], to present anti-
gen, to stimulate tumor-sensitized T lymphocytes, and to
migrate into tumor-draining lymph nodes [29]. In this
study, we also found that TGF-� showed remarkable
expression and secretion from sc tumors, presumably in
order to induce tumor escape from TILs, thereby diminish-
ing antitumor immunity by DC vaccination. Actually, in

our experiments, the migratory abilities of DCs decreased
when treated with a high dose of TGF-� in vitro. However,
our additional results showed that tumor lysate-pulsed DCs
eVectively migrated into regional lymph nodes and high
enough levels of functional CTL in both sc tumor-bearing
mice and metastatic tumor-bearing mice. Consequently, we
Wrmly believe that immunity with tumor lysate-pulsed DCs
may not be restricted to peritumor tissue in vivo. On the
other hand, immunohistochemistry data from sc tumor
masses indicated that eVector T cells exist at very low lev-
els in TILs, possibly being inhibited by tumor-derived
TGF-�. These data could be explained by the fact that naive
T cells (particularly, like CD4+CD25¡) in sc tumor masses
may be primed into Treg (CD4+CD25+) cells by tumor-
derived TGF-� as reported previously [9], followed by the
inactivation of tumor-inWltrating immune eVector cells.
Therefore sc tumors showed resistance to the antitumor
immunity induced by DC vaccination in sc tumor-bearing
mice. During tumor progression, Treg cells accumulate in
tumors and secondary lymphoid organs of humans. It has
also been suggested that chemokines produced by tumor
cells or tumor-inWltrating macrophages recruit Treg cells
into the tumor bed [5, 9, 15]. In parallel with these results,
we also conWrmed the CD4+CD25+ Treg cell population
using histopathology (Fig. 6e) and TIL analysis (data not
shown).

Although it was not found to be very functional against
sc tumors in sc tumor-bearing mice, DC vaccination was
suYcient to inhibit further spread of metastatic tumors or
tumor recurrence in mice after surgery, indicating that DC
vaccination is still eVective for inducing long-lasting

Fig. 6 TGF-� was clearly observed in sc tumor masses, and eVector T
cells were rarely observed. CD4+CD25+ Treg cells, inactivated T and
NK cells, and immature DCs comprised the major population in the
TILs. a TGF-�1 was highly concentrated around the perivascular
regions in tumor masses (black arrow). b–h Confocal immunohisto-

chemistry. b Total T cells, c IFN-�-producing CD4 T cells, d IFN-�-
producing CD8 T cells, e CD4+CD25+ Treg cells, f IFN-�-producing
NK/NKT cells, g MHC class II/CD11c-postive DCs, h IL-12-secreting
DCs. See “Materials and methods” for the experimental procedures
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systemic antitumor immunity after surgery. We deWnitely
expect that these results would form an important basis for
the use and success of DC-based immunotherapy in clinical
trials.

In conclusion, our present data obtained from mouse
model strongly suggest the potential of DC immunotherapy
in tumor patients for hindering or blocking disease progres-
sion by inhibition of tumor metastasis and/or tumor recur-
rence after surgery, even though DC immunotherapy has
not yet been found to be very eVective against solid tumors.
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