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Abstract Dendritic cell (DC) vaccines have emerged as a
promising strategy to induce antitumoral cytotoxic T cells
for the immunotherapy of cancer. The maturation state of
DC is of critical importance for the success of vaccination,
but the most eVective mode of maturation is still a matter of
debate. Whereas immature DC carry the risk of inducing
tolerance, extensive stimulation of DC may lead to DC
unresponsiveness and exhaustion. In this study, we investi-
gated how short-term versus long-term DC activation with
a Toll-like receptor 9 agonist inXuences DC phenotype and
function. Murine DC were generated in the presence of the
hematopoietic factor Flt3L (FL-DC) to obtain both myeloid
and plasmacytoid DC subsets. Short activation of FL-DC
for as little as 4 h induced fully functional DC that rapidly
secreted IL-12p70 and IFN-�, expressed high levels of
costimulatory and MHC molecules and eYciently pre-
sented antigen to CD4 and CD8 T cells. Furthermore, short-
term activated FL-DC overcame immune suppression by
regulatory T cells and acquired high migratory potential
toward the chemokine CCL21 necessary for DC recruit-
ment to lymph nodes. In addition, vaccination with short-

term activated DC induced a strong cytotoxic T-cell
response in vivo and led to the eradication of tumors. Thus,
short-term activation of DC generates fully functional DC
for tumor immunotherapy. These results may guide the
design of new protocols for DC generation in order to
develop more eYcient DC-based tumor vaccines.
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Abbreviations
CTL Cytotoxic T lymphocyte
DC Dendritic cell
FL-DC Flt3L-derived DC
Flt3L Fms-like tyrosine kinase 3 ligand
mDC Myeloid DC
OVA Ovalbumin
pDC Plasmacytoid DC
TLR Toll-like receptor
Treg cell Regulatory T cell

Introduction

In the Weld of cancer immunotherapy, dendritic cells (DC)
have emerged as a powerful tool to initiate T-cell
responses, induce immunological memory and break
immunological tolerance to tumors [46, 49]. The ability of
DC-based vaccines to stimulate cytotoxic T lymphocytes
(CTL) and to polarize T helper cells towards a Th1 proWle
highlights their potential in the immunotherapy of cancer.
However, despite rapid progress in the Weld of DC biology,
clinical responses to DC vaccination have yet to meet
expectations [9, 53]. Several questions remain to be
resolved in order to improve the eYcacy of DC vaccines,
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such as the development of eVective strategies for DC mat-
uration and the appropriate usage of DC subtypes. In partic-
ular, fms-like tyrosine kinase 3 ligand (Flt3L)-generated
DC are a promising alternative to conventional monocyte-
derived DC generated with GM-CSF and IL-4. In tumor
patients, the in vivo administration of the hematopoietic
growth factor Flt3L mobilizes DC into blood, allowing the
isolation of large numbers of DC that eYciently prime
immune responses to cancer antigens [6, 35]. In contrast to
conventional monocyte-DC derived from myeloid precursors,
Flt3L-generated DC comprise diVerent DC subsets including
myeloid DC (mDC), that eYciently present antigen, and plas-
macytoid DC (pDC), that produce high amounts of type-I
interferon, a major Th1-promoting cytokine type [35].

Maturation and activation of DC are essential in order to
elicit the protective T-cell responses required for tumor
immunotherapy [5, 7, 8]. Activated DC produce proinXam-
matory cytokines, upregulate surface expression of MHC
and co-stimulatory molecules and migrate from peripheral
tissues to lymph nodes. There, DC present antigen to T
cells in order to initiate an antigen-speciWc immune
response [13]. In the majority of published clinical trials to
date, DC are matured with a cytokine cocktail consisting of
TNF-�, IL-1�, IL-6 and PGE2 [23]. This protocol induces a
mature DC phenotype with upregulation of co-stimulatory
molecules that supports clonal expansion of CD4 T cells.
However, recent Wndings show that this activation by
inXammatory cytokines may not promote T-cell diVerentia-
tion towards a Th1 phenotype in vivo [48]. Furthermore,
cytokine-activated DC can induce immunosuppressive reg-
ulatory T (Treg) cells [32]. In contrast, DC activated by ago-
nists of Toll-like receptors (TLR), which are centrally
involved in the initiation of innate and adaptive immune
responses, induce eYcient Th1 responses both in vitro and
in vivo [21, 42].

Although the importance of DC maturation for tumor
immunotherapy is now widely accepted, the timing of DC
activation remains to be investigated in detail. In most clin-
ical trials, maturation protocols require extensive in vitro
activation of DC for 48 h. However, it has been shown that
this long activation time leads to exhaustion of cytokine
production, in particular for the key Th1-polarizing cyto-
kine IL-12p70 [17, 24, 28]. Furthermore, DC activated in
this manner become refractory to further stimulation and
may induce Th2 responses [24, 28]. Although short activa-
tion times could possibly prevent DC exhaustion, little is
known about the type of immune response induced in vivo
by DC activated through short TLR stimulation [33].

In this study, we compare DC activated for a short ver-
sus a prolonged period by the TLR9 ligand CpG in respect
to their ability to elicit tumor-speciWc CTL responses in
vivo. DC were diVerentiated in the presence of Flt3L in
order to generate both mDC and pDC subsets [2, 3, 37]. We

show that activation of DC by CpG for as little as 4 h irre-
versibly programs DC to produce Th1-associated cytokines
and is highly eVective in inducing an antitumoral T-cell
response. We also demonstrate that short-term activated
DC acquire migratory function towards a CCR7 ligand and
overcome the immune suppression mediated by Treg cells.
Thus, short-term activation of DC by a TLR9 ligand
induces fully functional DC for DC-based tumor immuno-
therapy.

Materials and methods

Mice

Female Balb/c and C57BL/6 mice were purchased from
Harlan–Winkelmann (Borchen, Germany). TCR trans-
genic OT-I and OT-II mice were kindly provided by Prof.
Th. Brocker (Institute of Immunology, Munich, Germany).
Mice were 6–10 weeks of age at the onset of experiments.
All animal studies were approved by the local regulatory
agency (Regierung von Oberbayern, Munich, Germany).

Generation and activation of Flt3L bone 
marrow-derived DC

Immature murine fms-like tyrosine kinase 3 ligand DC
(FL-DC) were generated from bone marrow as described
[2, 3], with minor modiWcations. BrieXy, bone marrow was
extracted and red blood cells were lysed with ammonium
chloride buVer (BD Biosciences). Cells were cultured at 2–
3 £ 106 cells/ml in RPMI 1640 supplemented with 10%
FCS, 2 mM L-glutamine, 100 �g/ml streptomycin, 100 IU/
ml penicillin, 1 mM sodium pyruvate, 1% non-essential
amino acids (MEM-NEAA) and 3.75 £ 10¡4% 2-mercap-
toethanol (DC medium) containing 20 ng/ml recombinant
Flt3L (Tebu-Bio, OVenbach, Germany) for 7–8 days at
37°C. CD11c+ DC generally represented >80% of the non-
adherent cells with 40% pDC (B220+) and 60% mDC
(B220¡, CD11b+). DC were activated with the oligode-
oxynucleotide CpG 1826 (6 �g/ml) (5�-TCCATGACGT-
TCCTGACGTT-3�, Coley Pharmaceutical Group,
Langenfeld, Germany), the TLR7/8 ligand R848 (0.5 �g/
ml, Alexis Biochemicals, Lausen, Switzerland), or the
TLR7 ligand CL087 (1 �g/ml, Invivogen, San Diego,
USA). To examine plasmacytoid (B220+ CD11c+ cells)
and myeloid (B220¡ CD11c+ cells) subsets separately,
pDC were isolated using magnetic CD45R (B220) Micro-
Beads (Miltenyi Biotech, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions on day 8 of
FL-DC culture. pDC-depleted FL-DC were used as mDC.
The purity of both subsets was greater than 95% of CD11c+
cells in all experiments.
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DC phenotyping and cytokine production

Concentration of IL-12p70, IL-6 and IL-10 in culture
supernatants was determined in triplicate by ELISA accord-
ing to the manufacturer’s instructions (BD Biosciences).
IFN-� was measured according to the following protocol:
rat monoclonal antibody to mouse IFN-� (clone RMMA-1)
was used as the capture antibody, rabbit polyclonal anti-
body to mouse IFN-� for detection (both from PBL Bio-
medical Laboratories, Piscataway, NJ, USA) together with
HRP-conjugated donkey antibody to rabbit IgG as the sec-
ondary reagent (Jackson ImmunoLaboratories, Bar Harbor,
ME, USA). Recombinant mouse IFN-� (PBL Biomedical
Laboratories) was used as standard (IFN-� concentration in
IU/ml). For analysis of activation markers and CCR7
expression, cells were stained with Xuorochrome-conju-
gated monoclonal antibodies (B220, CD11b, CD11c, CD40,
CD80, CD86, MHC I and MHC II antibodies from BD
Pharmingen, CCR7 antibody from BioLegend) and analyzed
by Xow cytometry. Data were acquired on a FACSCalibur
(BD Biosciences) and analyzed using FlowJo software
(Tree Star, Ashland, OR).

T-cell proliferation assays

FL-DC were pulsed with diVerent concentrations of oval-
bumin (OVA) (Sigma-Aldrich, St Louis, MO, USA) or
recombinant survivin protein (expressed in HEK293 cells;
kindly provided by J. Wei, Munich) as negative control for
18 h before activation with CpG for 0, 4 or 20 h. For pep-
tide loading, unpulsed DC were cultured for the last hour of
CpG stimulation with OVA257–264 peptide (SIINFEKL)
(Metabion, Martinsried, Germany) or the control peptide
T1Db (SAINNYAQKL) derived from the SV40 large T
antigen (Metabion). To analyze the induction of CD8 T-cell
responses, 2 £ 105 splenocytes from OT-I mice were co-
cultured with the indicated number of FL-DC for 48 h. To
analyze CD4 responses, splenocytes from OT-II mice were
magnetically sorted using CD4 MicroBeads according to
the manufacturer’s instructions (Miltenyi Biotech) and 105

CD4 T cells were co-cultured with the same number of FL-
DC. 5�-bromo-2�-deoxy-uridine (BrdU; 7.5 �M) was added
for the last 6–12 h of culture to measure cell proliferation.
BrdU incorporation was assessed by ELISA according to
the manufacturer’s instructions (Roche, Mannheim, Ger-
many) and chemiluminescence was measured in relative
light units (rlu) with a multilabel plate reader (Mithras,
Berthold Technologies, Bad Wildberg, Germany). IFN-�
secretion by T cells was determined by ELISA according to
the manufacturer’s instructions (BD Biosciences). For Treg

cell suppression assays, CD4+ CD25¡ eVector cells and
CD4+ CD25+ Treg cells were isolated from spleens of wild-
type C57BL/6 mice using the CD4+ CD25+ Regulatory T

Cell Isolation Kit (Miltenyi Biotech) according to the man-
ufacturer’s instructions. The purity of Treg cells was greater
than 97%. CD4+ CD25¡ eVector T cells (7.5 £ 104 cells
per well) were cultured in DC medium in the presence of
soluble anti-CD3 antibody (clone 500A2, 0.1 �g/ml, BD
Biosciences) with 3.5 £ 103 FL-DC and 6 £ 104 CD4+
CD25+ Treg cells for 48 h. BrdU incorporation in the last
12 h was measured in triplicate by chemiluminescence as
described above.

Immunization with FL-DC

FL-DC were harvested and stimulated with 6 �g/ml for 4 h
or 20 h. Cells were either pulsed with OVA (100 �g/ml) for
24 h before CpG stimulation or were loaded with OVA257–264

peptide (100 ng/ml) for the last hour of CpG stimulation.
After removal of unbound peptide by washing with PBS,
4 £ 105 DC were injected s.c. together with 100 �g CpG
twice at a 7-day interval. OVA-speciWc CTL responses
were determined 1 week after the second immunization. For
the detection of OVA-speciWc CD8 T cells, peripheral blood
lymphocytes were stained with OVA257–264-H-2kb-PE
pentamers (Proimmune, Oxford, UK) and anti-CD8
(BD Pharmingen) after red blood cell lysis. The percentage
of OVA-speciWc CD8 T cells was determined by Xow
cytometry.

In vivo cytotoxicity assays

Targets were prepared from C57BL/6 splenocytes. The sus-
pension was divided into two populations, unpulsed or
pulsed with OVA257–264 peptide (10 �g/ml) for 1 h at 37°C,
washed extensively and labeled with a low concentration
(1.5 �M) or a high concentration (15 �M) of carboxyXuo-
rescein succinimidyl ester (CFSE; Molecular Probes,
Eugene, OR, USA), respectively. Peptide-pulsed CFSEhigh

cells and unpulsed CFSElow cells were mixed 1:1 and a total
of 107 target cells were injected i.v. into immunized mice.
Three days later, CFSE-labeled target cells from peripheral
blood were analyzed by Xow cytometry. SpeciWc lysis was
calculated as follows: speciWc lysis (%) = 100 £ [1 ¡
(CFSEhigh cells/CFSElow cells)/(CFSEhigh cells in naïve
mice/CFSElow cells in naïve mice)].

DC migration

2 £ 104 FL-DC (unstimulated, 4 h-DC or 20 h-DC) in 5 �m
transwell inserts (Costar, Corning, NY, USA) were placed
into 24-well plates containing 600 �l DC medium with or
without 100 ng/ml CCL21 and incubated for 2 h at 37°C.
The medium in the lower chambers was concentrated to
50 �l and cells were counted with a hemocytometer. All
conditions were performed as triplicates.
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Tumor experiments

For tumor induction, 2.5 £ 105 murine colon carcinoma
C26 cells on a Balb/c background (Cell Lines Service, Hei-
delberg, Germany) were injected subcutaneously into the
right Xank of Balb/c mice. Tumor growth was monitored
for 120 days after tumor challenge and was expressed as the
product of the perpendicular diameters of individual
tumors. Animals were sacriWced when tumor size exceeded
225 mm2. For DC therapy, mice received 2 £ 105 FL-DC
s.c. together with 100 �g CpG in the non tumor-bearing
(contralateral) Xank. Prior to injection, immature DC were
loaded with UV-irradiated tumor cells (0.7 J/cm2) in a ratio
of 5:1 24 h before CpG stimulation. In some experiments,
mice were additionally injected with 100 �g CpG peritu-
morally as indicated. Treatment was initiated at day 8 after
tumor injection when tumor size was 10–20 mm2. The
interval between the Wrst and second vaccination was
5 days, and two more vaccinations were performed at 7-day
intervals. Mean tumor size curves of therapy groups were
plotted until three mice of that group died or were killed.

Statistics

Statistical analyses were performed by unpaired, one-way
analysis of variance (ANOVA) with the Newman–Keuls
multiple comparison test. SigniWcance was set at P < 0.05.
Comparisons in tumor size among groups were made using
the Mann–Whitney test for various time points. Compari-
sons among groups regarding survival time were made
using the log-rank test. Fisher’s exact test was used for
comparing tumor incidence in re-challenged mice. Statisti-
cal analyses were performed using SPSS software (SPSS,
Chicago, IL, USA).

Results

Short-term activation of FL-DC with CpG rapidly 
induces Th1 cytokine production

We investigated the kinetics of cytokine production by FL-
DC after stimulation for increasing times with the TLR9
ligand CpG 1826 (CpG). DC were stimulated with CpG for
2 h (short-term) up to 24 h (long-term). After the stimula-
tion period, cytokine levels were measured in the superna-
tant (Fig. 1, white bars). Cells were washed to remove free
CpG and culture was continued for a total of 48 h. Cytokine
secretion after this additional incubation without stimulus
indicates the therapeutically relevant fraction of cytokines
that can be produced in vivo following DC transfer (Fig. 1,
black bars). In total FL-DC (Fig. 1a), the bioactive hetero-
dimer of IL-12, IL-12p70, was detected as early as 2 h after

stimulation with CpG. Secretion persisted after removal of
the stimulus, so that a 2 h activation period was suYcient to
induce subsequent IL-12 production, but production ceased
after 8 h. IFN-� was also produced early, with most of the
secretion taking place in the Wrst 8 h after activation. The
time course of IL-6 secretion showed a sustained produc-
tion for over 24 h even with short activation times. In con-
trast, IL-10 secretion was initiated late between 12 and 24 h
after the onset of stimulation, and levels were highest after
a stimulation of 24 h. As IL-10 suppresses the diVerentia-
tion of Th1 cells, a short stimulation may help to support a
Th1-inducing cytokine milieu. We further analyzed diVer-
ential cytokine production by the pDC and mDC subpopu-
lations isolated from FL-DC. IL-12p70 production by pDC
was rapid and occurred mainly in the Wrst 8 h after stimula-
tion (Fig. 1b). pDC are the main producers of IFN-� upon
TLR stimulation and levels were accordingly high upon
activation. For this cytokine, production also ceased nearly
entirely after 8 h. Secretion of IL-6 was sustained over
48 h, whereas the onset of IL-10 production was late. Cyto-
kine secretion by mDC showed a very similar pattern to
that of total FL-DC, except for IFN-�, which is not pro-
duced by mDC upon CpG stimulation (data not shown).
Thus, activation of DC for as little as 4 h induces eYcient
production of all cytokines examined. Importantly, the
Th1-type cytokines IL-12p70 and IFN-� are produced
nearly exclusively during the Wrst 8 h after initiation of acti-
vation, independently of the duration of stimulation.

Short-term activated FL-DC upregulate activation markers

To further characterize the potential of short-term CpG-
activated FL-DC to initiate T-cell responses, we examined
the expression of co-stimulatory and MHC molecules on
total FL-DC that were stimulated either transiently for 4 h
(4 h-DC) or for 20 h (20 h-DC). 4 h-DC showed a 2.5-fold
to threefold increase in expression of the co-stimulatory
molecules CD40, CD80 and CD86 relative to unstimulated
DC (Fig. 2a, b). Expression of MHC class I and MHC class
II molecules was also increased. In 20 h-DC, co-stimula-
tory and MHC molecules were further upregulated. In con-
trast, 48 h after the initiation of stimulation, both 4 h-DC
and 20 h-DC expressed similar levels of co-stimulatory and
MHC molecules. Expression at 48 h was increased com-
pared to unstimulated DC, although to a lesser extent than
at earlier time points (Fig. 2a, b). We further assessed the
distribution and activation phenotype of the pDC and mDC
subpopulations within FL-DC. Whereas the pDC propor-
tion in unstimulated and 4 h-DC represented 35–42% of
FL-DC after 48 h, the pDC percentage was slightly reduced
in 20 h-DC (28%). The kinetics of activation marker
expression on pDC and mDC were similar to those of total
FL-DC, whereby mDC showed an overall higher expression
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of co-stimulatory molecules (Fig. 2b and data not shown).
Thus, short-term stimulation is as eYcient as a long-term
stimulation to induce an activated phenotype of both pDC
and mDC at 48 h. Furthermore, expression of co-stimulatory
molecules decreases after an initial peak, suggesting that
the immunostimulatory potential of DC may be higher at
early time points after activation.

Short-term DC eYciently cross-present antigen 
and induce Th1 responses

The early production by FL-DC of the Th1-inducing cyto-
kines IL-12p70 and IFN-� suggested that short-term acti-
vated DC could be more eYcient than long-term activated
DC in the induction of Th1 responses. To examine the DC
capacity for generating Th1 responses, OVA protein-pulsed
DC were co-cultured for 48 h with OVA-speciWc CD4 T
cells from OT-II mice. The hallmark cytokines for Th1-
and Th2-type responses, IFN-� and IL-4, were measured in

the supernatants. As predicted, 4 h-DC induced high levels
of IFN-�, whereas T cells co-cultured with 20 h-DC pro-
duced no more IFN-� than T cells cultured with unstimu-
lated DC (Fig. 3a). No IFN-� was produced when DC were
pulsed with a control protein. FL-DC did not promote Th2
responses, as IL-4 was not detected in any supernatants
(data not shown).

One of the main goals of DC vaccination is the induction
of an eYcient CTL response against tumor-associated anti-
gens. To assess the eYciency of short-term activated DC to
present antigen to CTL, 4 h-DC and 20 h-DC were pulsed
with the MHC I-restricted peptide OVA257–264 and co-cul-
tured with splenocytes from OT-I mice. Both 4 h-DC and
20 h-DC promoted IFN-� secretion by OT-I CTL more
eYciently than unstimulated DC (Fig. 3b). When DC were
pulsed with a control peptide, no IFN-� was induced.
Furthermore, OT-I CTL proliferation was induced by pep-
tide-pulsed short- and long-term CpG-stimulated DC to a
similar extent (Fig. 3c). To initiate a protective CTL

Fig. 1 Short-term activation of 
FL-DC and FL-pDC with CpG 
rapidly induces high levels of 
cytokines. Murine FL-DC a and 
pDC sorted from FL-DC cul-
tures b were stimulated with 
6 �g/ml CpG for 2–24 h, exten-
sively washed to remove excess 
CpG and cultured without fur-
ther stimulation for a total of 
48 h. Cytokine concentration in 
the supernatant was measured 
directly after the 2 to 24 h stimu-
lation period (white bars) and at 
48 h, after additional incubation 
without stimulus (black bars). 
Results show mean and SEM 
of one representative experiment 
of four
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response in vivo, extracellular antigens must be taken up,
then processed and presented in the context of MHC class I
molecules, a mechanism termed cross-priming [12]. To
determine the ability of 4 h-DC and 20 h-DC to cross-prime
antigen-speciWc T cells, FL-DC were pulsed with OVA
protein before activation with CpG. Antigen-pulsed, acti-
vated DC were then co-cultured with OT-I splenocytes and
proliferation was measured after 48 h (Fig. 3c). While
unstimulated DC induced little CTL proliferation, activa-
tion of DC with CpG increased their eYciency to induce
CTL proliferation independently of the duration of CpG
stimulation. Thus, both 4 h-DC and 20 h-DC eYciently
cross-prime CTL, but 4 h-DC induce more potent Th1
responses in CD4 cells.

Short-term activation of FL-DC by CpG is suYcient 
to overcome immune suppression mediated 
by regulatory T cells

Activation of DC by TLR ligands can overcome the sup-
pression of eVector CD4 T-cell proliferation mediated by

Treg cells [39]. Since inhibition of Treg cell function is an
essential step for the success of DC vaccination, we investi-
gated whether short-term activated DC can suppress Treg

cell function. FL-DC were activated with CpG for 4 h or
20 h, washed extensively to remove remaining CpG and
added to co-cultures of CD4 T cells and Treg cells in the
presence of anti-CD3 mAb. While Treg cells suppressed
CD4 T-cell proliferation down to 53% of initial levels when
co-cultured with unstimulated DC, 4 h-DC and 20 h-DC
restored CD4 T-cell proliferation to 74 and 78%, respec-
tively (Fig. 4).

Short-term activated FL-DC upregulate CCR7 
and acquire migratory function towards CCL21

To assess the migratory potential of FL-DC, we examined
the expression of the chemokine receptor CCR7 on DC
after activation with CpG. CCR7 is upregulated during DC
maturation and guides DC to lymph nodes [10, 41]. CCR7
expression was rapidly upregulated by CpG activation after
4 h of stimulation and did not further increase when the

Fig. 2 Short-term activation of 
FL-DC induces upregulation of 
costimulatory and MHC mole-
cules. FL-DC were stimulated 
with CpG for 4 h (4 h-DC) or 
20 h (20 h-DC), washed to re-
move excess CpG and cultured 
without further stimulus for a to-
tal of 48 h. Surface expression of 
the indicated markers was mea-
sured by Xow cytometry directly 
after stimulation and at 48 h. 
Histograms a illustrate the 
expression of depicted markers 
on total FL-DC for unstimulated 
cells (dashed line), 4 h-DC (grey 
line) and 20 h-DC (black line). 
Graphs b show mean Xuores-
cence intensity (MFI) depicted 
as fold increase relative to 
unstimulated DC for total FL-
DC and for gated pDC within 
FL-DC (FL-pDC). One repre-
sentative experiment of four 
is shown
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stimulation was extended to 20 h (Fig. 5a). In a standard
transwell chemotaxis assay we found that 4 h-DC migrated
towards a gradient of the CCR7 ligand CCL21 (6Ckine) as
eYciently as 20 h-DC (Fig. 5b).

Short-term activated DC generate an eYcient 
antigen-speciWc immune response in vivo

We demonstrated that short-term activated FL-DC induce
antigen-speciWc CD8 T-cell proliferation and overcome
Treg cell-mediated suppression in vitro. To examine the
induction of antigen-speciWc CTL responses in vivo, naïve
C57BL/6 mice were immunized s.c. with peptide-pulsed
FL-DC stimulated with CpG for 4 h or 20 h. SpeciWc CTL
induction was analyzed 1 week after the second immuniza-
tion. Immunization with short-term activated FL-DC was
suYcient to induce a strong OVA-speciWc CTL response
determined by MHC class I pentamer staining (Fig. 6a).
Furthermore, speciWc target cell lysis in vivo demonstrated
cytotoxic function of the induced CTL (Fig. 6b). Longer
activation of DC for 20 h did not result in an increase in the

frequency or cytotoxic activity of speciWc CTL. Similarly,
no increase of cytotoxic activity was seen in mice immu-
nized with 20 h-DC compared to 4 h-DC when DC were
pulsed with whole OVA protein (Fig. 6c). Hence, 4 h-acti-
vated FL-DC induced an eYcient CTL response in vivo
that was not increased by longer CpG activation.

Short-term activated DC induce a potent antitumor 
immune response

To examine whether the CTL response generated by short-
term activated FL-DC controls tumor growth, mice bearing
established C26 tumors were treated with an immunother-
apy protocol combining CpG-activated DC with peritumoral
CpG injections [14]. Immature DC pulsed with UV-irradiated
tumor cells were activated in vitro with CpG. Antigen-
pulsed, activated FL-DC injected together with 100 �g
CpG on the Xank opposite the tumor reduced tumor growth
and led to a signiWcant increase in survival compared to
untreated mice (Fig. 7a, b). This therapeutic eVect was
independent of the duration of the in vitro activation of

Fig. 3 Short-term activated FL-DC induce Th1 diVerentiation of CD4
cells and proliferation of CTL. a DC were pulsed with OVA (black
bars) or survivin protein as control antigen (white bars), stimulated for
4 h or 20 h with CpG and co-cultured with sorted OT-II CD4 T cells.
IFN-� production was measured in culture supernatants after 48 h. b
OT-I splenocytes were co-cultured with peptide-pulsed DC to induce
IFN-� secretion by CTL. DC were loaded with OVA257–264 peptide

(black bars) or the irrelevant T1Db peptide as control antigen (white
bars). Results show mean + SEM of quadruplicates of two indepen-
dent experiments (**P < 0.01, ***P < 0.001). c DC were pulsed with
OVA257–264 peptide or OVA protein and co-cultured with splenocytes
from OT-I mice. DC-induced T-cell proliferation was assessed after
48 h by measuring BrdU incorporation. One representative experiment
of three is shown
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the DC. When the therapy was supported with an additional
injection of CpG in the peritumoral area, all mice rejected
their tumors and remained tumor-free for 4 months after the
last DC vaccination. We have previously shown that using
this protocol, peritumoral CpG injection alone does not
result in a signiWcant reduction of tumor growth [14]. In
addition, immunization with irradiated tumor cells and CpG
in the absence of DC did not protect against a subsequent
tumor challenge and could not cure established C26 tumors
[15]. To evaluate long-term protection, the cured mice were

Fig. 5 Short-term activated FL-DC acquire migratory function toward
the CCR7 ligand CCL21. DC were activated for 4 h or 20 h with CpG.
a Surface expression of CCR7 was measured by FACS directly after
stimulation. CCR7 expression is shown as mean and SEM of MFI. One
representative experiment of three is shown. b Migration of FL-DC to-
ward CCL21 was assessed in a standard transwell chemotaxis assay.
Mean and SEM from two experiments are shown (***P < 0.001)
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re-challenged s.c. with C26 tumor cells 4 months after the
last treatment. None of the cured mice developed a tumor.
In contrast, all naïve control mice developed tumors
(P = 0.008, data not shown). We did not detect a diVerence
between the mice treated with 4 h-DC or 20 h-DC, indicat-
ing the development of an eYcient memory response for
both stimulation regimens.

TLR7/8 ligands trigger rapid activation of FL-DC

CpG as a TLR9 ligand enhances immune responses in
many murine tumor models [26]. However, the distribution
of TLR9 diVers substantially between murine and human
DC populations. In mice TLR9 is expressed by pDC and
mDC, whereas in humans TLR9 expression is mainly
restricted to pDC [27]. We therefore investigated the kinet-
ics of FL-DC activation by ligands for TLR7 and 8, which
are expressed on both human and murine mDC and pDC
[19]. DC were stimulated with R848 as ligand for murine
TLR7 (and TLR8 in humans) or CL087 as TLR7 ligand for
2 h up to 24 h (Fig. 8). After the stimulation period, cyto-
kine levels were measured in the supernatant as in Fig. 1
(white bars). Cells were washed and culture was continued
for a total of 48 h (black bars). For both ligands, IL-12p70
secretion was induced even more rapidly than with CpG
and persisted after removal of the stimulus (Fig. 8). As with
CpG stimulation, production ceased after 6 h. IL-6 showed
a sustained secretion for over 24 h. IL-10 was again
secreted late, and levels were highest after long stimulation
times. Thus, as for TLR9, TLR7/8 activation induces rapid
and eYcient production of Th1 cytokines by DC that is
restricted to the Wrst 6–8 h after initiation of stimulation.

Discussion

For the optimization of DC-based cancer vaccines, key
questions that remain to be resolved include the usage of

the appropriate DC subtype and the most eVective activa-
tion of DC. Maturation of DC is critical for the induction of
antigen-speciWc CTL, but the most eYcient strategies for
DC maturation remain to be determined [7, 22]. In the
majority of DC vaccination trials to date, DC have been
extensively activated for 24–48 h [7, 22, 52]. However,
such prolonged activation can result in extinction of
cytokine production, in particular for the Th1-polarizing
cytokine IL-12p70. This phenomenon, termed DC exhaus-
tion, occurs independently of the stimulus used for matura-
tion [17, 24, 28] and is associated with the absence of DC
response to further stimulation both in vitro and in vivo
[24, 28, 43]. In this study, we show that short activation of
DC for 4 h by a TLR9 ligand triggers a complete matura-
tion program including the rapid production of Th1-type

Fig. 6 Short-term activated FL-DC generate an antigen-speciWc im-
mune response in vivo. C57BL/6 mice were immunized twice s.c. with
2 £ 105 FL-DC stimulated for 4 or 20 h with CpG and pulsed with
OVA257–264 peptide. a Antigen-speciWc CD8 T cells in peripheral
blood were measured by Xow cytometry with H2-Kb OVA257–264 pen-
tamers 1 week after the last immunization. Dot plots show representa-
tive data gated on CD8 T cells. Numbers indicate the percentage of
CTL that are OVA-pentamer-positive. Graph shows mean and SEM of
eight mice from two independent experiments. b, c To assess function
of CTL, an in vivo cytotoxicity assay was performed by transferring
CFSE-labeled unpulsed (CFSElow) and peptide-pulsed (CFSEhigh) tar-
get cells. Labeled cells were detected by Xow cytometry in peripheral
blood on day 3. Mice were immunized with peptide-pulsed DC b or
protein-pulsed DC c. Mean speciWc lysis and SEM of Wve mice per
group is shown. Results are representative of two independent experi-
ments (*P < 0.05, ***P < 0.001)

Fig. 7 Short-term activated FL-DC are eYcient for tumor therapy.
Balb/c mice bearing palpable C26 tumors were injected s.c. with
100 �g CpG and CpG-activated FL-DC (4 h-DC: 4 h in vitro activa-
tion, 20 h-DC: 20 h in vitro activation) pulsed with irradiated tumor
cells in the Xank opposite the tumor. Two groups received an addi-
tional 100 �g CpG peritumorally. The treatment was administered four
times at 5- to 7-day intervals (arrows). a 4 h-DC and 20 h-DC signiW-
cantly reduced tumor growth compared to untreated mice (*P < 0.05
from day 18 onwards). The addition of peritumoral CpG led to com-
plete tumor regression in all treated mice (**P < 0.01 compared to un-
treated mice at all time points from day 13). Mean tumor size of
treatment groups (n = 5) is plotted until two mice per group remain.
b Treatment with either 4 h-DC or 20 h-DC signiWcantly increased
survival (P < 0.01). Similar results were obtained in four independent
experiments
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cytokines, upregulation of co-stimulatory molecules,
migration towards a CCR7 ligand and eYcient antigen pre-
sentation to CTL. Importantly, the Th1-polarizing cyto-
kines IL-12p70 and IFN-� were produced only in the early
phase following DC stimulation, leading to a more eYcient
induction of IFN-�-producing Th1 cells by short-term acti-
vated DC. Taken together, our results suggest that vaccina-
tion with short-term activated DC may ensure the beneWt of
fully mature migratory DC that still produce high levels of
Th1 cytokines and thus promote the diVerentiation of Th1
cells.

Dendritic cell activation with the TLR9 ligand CpG
leads to a Th1-type cytokine proWle and to the eYcient
generation of antigen-speciWc cytotoxic T cells in vivo
[26]. In most clinical studies to date DC maturation was
however induced by a cytokine cocktail consisting of
TNF-�, IL-1�, IL-6 and PGE2 [23]. Although DC acti-
vated in this manner develop a mature phenotype and can
drive T-cell proliferation, these DC are poor producers of
IL-12p70 and thus defective in their ability to induce the
Th1 cells essential for a productive antitumor CTL
response [24, 29, 48]. Moreover, DC matured with cytokines
such as TNF-� are tolerogenic and induce suppressive

Treg cells [32, 36]. Activation of DC with TLR ligands may
therefore provide more eVective antitumoral immunity.
Indeed, maturation of human DC with a combination of
the TLR3 ligand poly I:C and inXammatory cytokines
induced more potent CTL responses in vitro than the
classical cytokine cocktail [34].

Migration of DC towards gradients of the lymph node-
directing chemokine CCL21 is key for enabling antigen-
loaded DC to eYciently interact with T cells in draining
lymph nodes [10]. Exposure of DC to PGE2 induces a
migratory phenotype, but inhibits IL-12p70 production,
thus impairing Th1-directed immunity [25, 31, 44, 45]. In
this study, we show that short-term activation of DC by
CpG enhances the migratory potential of DC to lymph-
node directing chemokines. In contrast, extensive activa-
tion of DC for 24 h through CD40 stimulation inhibits DC
migration [51]. Thus, short-term activation of DC with a
TLR9 ligand has the advantage of inducing multifunctional
DC capable of both lymph node migration and IL-12p70
production.

While many DC vaccination studies have utilized con-
ventional or myeloid DC [40], we have diVerentiated DC in
the presence of Flt3L in order to generate both mDC and

Fig. 8 TLR7 activation triggers 
rapid activation of FL-DC. FL-
DC were stimulated with the 
TLR7/8 ligand R848 or CL087 
as TLR7 ligand for 2 to 24 h, 
extensively washed to remove 
excess ligands and cultured 
without further stimulation for a 
total of 48 h. Cytokine concen-
tration in the supernatant was 
measured directly after the 2–
24 h stimulation period (white 
bars) and at 48 h, after addi-
tional incubation without stimu-
lus (black bars). Results show 
mean and SEM of one represen-
tative experiment of three
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pDC [2, 3, 37]. pDC can, upon TLR stimulation, produce
high levels of type-I interferon that enhance the generation
of Th1 responses by mDC [4, 11, 20, 30]. We demonstrate
that a short activation is suYcient to induce strong IFN-�
production by pDC. Indeed, because of the early extinction
of IFN-� production, a short-term activation is essential in
order to obtain the beneWt of IFN-� secretion in vivo after
DC transfer. We further show that the combination of
short-term activated mDC and pDC is eVective for the
immunotherapy of established tumors. In addition, as has
been previously described for long-term activated myeloid
DC [14], we show a potent enhancement of the antitumoral
eVect of short-term activated Flt3L-derived DC when the
vaccine is combined with a peritumoral application of CpG.
Combination of myeloid and plasmacytoid DC is a poten-
tial strategy in clinical studies, as both these subsets can be
generated for immunotherapy in tumor patients by the in
vivo administration of Flt3L [6].

To date, the TLR9 ligand CpG has been identiWed as the
most potent immune enhancer in mouse tumor models [26].
However, TLR9 expression in humans is mainly restricted
to pDC [27]. Nevertheless, CpG has to date shown substan-
tial evidence of antitumor activity in human clinical trials
[26]. DC can also be stimulated via TLR7/8 and ligands of
TLR7/8 have already been successfully used as vaccine
adjuvants in clinical trials [47]. We have shown that stimu-
lation with ligands that activate both TLR7 and TLR8 in
humans trigger a rapid and eYcient production of Th1-type
cytokines similarly to CpG. In the future, other ligands for
TLR7 such as speciWc RNA oligonucleotides may prove
suitable for tumor therapy, as immunostimulatory RNA oli-
gonucleotides induce potent T-cell responses in mice and
activate both myeloid and plasmacytoid human DC through
TLR7 [1, 16, 18]. Furthermore, the combination of ligands
for diVerent TLR can lead to potent synergy for the induc-
tion of IL-12 and Th1-polarization by DC in both mice and
men [38, 50].

In summary, we show that short-term activation of FL-
DC with a TLR ligand induces a potent antitumor CTL
response. Thus, the kinetics of DC activation may play an
important role for the induction of objective clinical
responses by DC vaccines. We propose that shorter DC
maturation protocols in human clinical trials may result in
strong antitumoral immunity with the beneWt of multifunc-
tional migratory DC that produce high levels of Th1 cyto-
kines.
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