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Abstract The low immunogenicity of malignant cells is
one of the causes responsible for the lack of antitumor
immune responses. Thus, development of new therapeutic
strategies aimed at enhancing presentation of tumor anti-
gens to T cells is a main goal of cancer immunotherapy.
With this aim, we studied the eYcacy of administering
adjuvants poly(I:C) and agonistic anti-CD40 antibody plus
a tumor antigen. Joint intravenous immunization with these
adjuvants and a model tumor antigen (ovalbumin) was able
to synergistically induce potent and long lasting antitumor
T-cell responses. These responses protected against
challenge with E.G7–OVA tumor cells in prophylactic
short- and long-term vaccination. In a therapeutic setting,
repeated intratumor administration of adjuvants plus
antigen was able to reject established tumors in all treated
animals, leading in some cases to the rejection of both
locally treated and untreated tumors. Antitumor immune
responses induced by these protocols were mediated not
only by T-cells but also by NK cells. In conclusion, com-
bined administration of adjuvants poly(I:C) and anti-CD40
plus a tumor antigen is an eYcient strategy for prophylactic
and therapeutic antitumor vaccination.
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Abbreviations
OVA Ovalbumin
TLR Toll like receptors

poly(I:C) Polyinosinic polycytidylic acid
i.v. Intravenous
i.t. Intratumor
s.c. Subcutaneous

Introduction

Characterization of the role of innate and acquired immunity
in antitumor therapy, together with the identiWcation of
tumor antigens, has opened the possibility of new strategies
for the design of future cancer vaccines. Thus, preclinical
models have shown that when potent T-cell responses
against a tumor antigen are induced, tumor rejection usually
takes place [9, 12, 24]. These Wndings have prompted many
researchers to develop protocols capable of inducing potent
antitumor T-cell immunity. It is now well established that T-
cells recognize protein antigens in the form of short peptides
presented on MHC molecules [10]. Recognition of these
MHC/peptide complexes on the surface of a tumor cell may
lead to elimination of this cell by the action of lytic mecha-
nisms or by cytokines secreted by CD8 and CD4 cells [1, 14,
42]. However, although tumor cells can be recognized by
eVector T-cells, they cannot prime naive T-cells. T-cell
priming is carried out by professional antigen presenting
cells, such as dendritic cells (DC), which after antigen
encounter are activated in a process known as maturation
[4]. Maturation is usually triggered by PAMPs (pathogen
associated molecular patterns) [16] or by proinXammatory
cytokines, which are recognized by speciWc receptors on DC
[17, 29, 33]. Tumor cells do not express molecules able to
activate DC and, although DC can capture and present tumor
antigens, these cells are not usually in the mature state which
provides MHC/peptide complexes together with the costimu-
latory molecules and cytokines necessary for T-cell priming
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[26, 27]. This explains why tumors are usually poorly
immunogenic. To overcome this lack of immunogenicity it
has been suggested that administration of tumor antigens
with molecules able to activate DC (adjuvants) may be a
good strategy to induce potent antitumor T-cell immune
responses [28, 37]. Among these molecules, ligands of toll
like receptors (TLR) are of special interest. These mole-
cules are usually PAMPs belonging to diVerent microor-
ganisms like viruses, fungi and bacteria [36]. Together with
these activating signals provided by exogenous pathogens,
endogenous signals such as pro-inXammatory cytokines, or
cell-associated molecules like CD40L [7], are also able to
activate DC. Each of these activators has a particular recep-
tor and an intracellular signaling pathway, which Wnally
leads to DC maturation. It has been shown that combination
of diVerent maturation stimuli, able to trigger diVerent sig-
naling pathways, synergizes on the eVector functions of DC
[2, 39, 40]. Thus, with the aim of inducing potent antitumor
T-cell responses, ligands able to strongly activate DC
would facilitate T-cell priming. To achieve this goal, we
tested the combined eVect of two maturation stimuli: poly-
inosinic polycytidylic acid (poly(I:C)), a double-stranded
RNA which is a ligand of TLR3 [3], and an agonistic anti-
CD40 antibody which mimics CD40L functions [30].
Prophylactic and therapeutic antitumor eYcacy of this
combined immunization protocol was tested using a mouse
model where the tumor antigen is ovalbumin (OVA). We
describe below the results of these experiments together
with an interpretation of the mechanisms responsible for
tumor rejection.

Materials and methods

Antigens and reagents

CTL epitopes OVA(257–264), OVA(176–183) and
OVA(55–62) (SIINFEKL, NAIVFKLG and KVVRFDKL,
respectively) [22, 31] as well as T helper peptide
OVA(323–339) (ISQAVHAAHAEINEAGR) [34] belong-
ing to OVA were synthesized by the solid-phase method of
MerriWeld using the Fmoc alternative and a manual multiple
solid-phase peptide synthesizer. Ninhydrin test of Kaiser
was used to monitor every step. At the end of the synthesis,
peptides were cleaved and deprotected with triXuoroacetic
acid and washed with diethyl ether. Purity of the peptides
was always above 90% as determined by HPLC. OVA
was purchased from Sigma Aldrich (Madrid, Spain).
Poly(I:C) was obtained from Amersham (Barcelona,
Spain) and agonistic anti-CD40 antibody was obtained
from ascytic Xuid of nude mice injected with the FGK45.5
hybridoma cells [30] and puriWed by ammonium sulfate
precipitation.

Mice

Six- to 8-week-old female C57BL/6 mice were obtained
from Harlan (Barcelona, Spain). Rag1–/– mice in C57BL/6
background were kindly provided by Dr. I. Melero (Center
for Applied Medical Research, Pamplona, Spain). All animals
were maintained in pathogen-free conditions and treated
according to guidelines of our institution, after study approval
by the review committee.

Cell lines

EL4 thymoma cells (H-2b) as well as OVA-transfected
E.G7–OVA cells [25] were purchased from American Type
Culture Collection (Manassas, VA, USA) and used as tar-
get cells in chromium release assays and in vivo for tumor
protection and treatment experiments. They were cultured
in complete medium (RPMI 1640 containing 10% fetal calf
serum, 100 U/ml of penicillin, 100 �g/ml of streptomycin,
2 mM glutamine and 50 �M 2-mercaptoethanol). Medium
for E.G7-OVA cells also contained 400 �g/ml of G418.

Immunization for cytokine and CTL induction

Groups of three mice were immunized with poly(I:C)
(50 �g/mouse), anti-CD40 (50 �g/mouse) and OVA
(500 �g/mouse). Poly(I:C) and OVA were administrated
intravenously (i.v.) and anti-CD40 antibody was injected
intraperitoneally (i.p.). Six or 48 days after immunization,
animals were sacriWced to evaluate short- and long-term
immune responses, respectively.

Flow cytometry

OVA(257–264) speciWc cells were enumerated by Xow
cytometry using OVA(257–264)/H-2Kb tetramers. Spleen
cells from immunized or control mice were Wrst treated for
10 min with Fc Block™ (BD-Biosciences; San Diego, CA, )
and then stained with PE-labeled OVA(257–264)/H-2Kb

tetramers (Immunomics; Marseille, France) and anti-CD8-
FITC antibodies (BD-Biosciences). After 15 min, cells were
washed and surface expression of the diVerent markers was
analyzed by using a FACSCalibur Xow cytometer (Becton
Dickinson).

Stimulation of spleen cells to measure cytokine production 
in supernatants

Spleen cells from immunized animals were resuspended in
complete medium and plated (8 £ 105 cells/well) in 0.2 ml
in U-bottomed 96-well plates in the absence or in the pres-
ence of peptides or OVA. Two days later, supernatants
were harvested and IFN-� and IL-4 were measured by
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ELISA (BD-Biosciences), according to manufacturer’s
instructions.

ELISPOT

ELISPOT assays for IFN-� were carried out using a kit
from Mabtech (Sweden) according to manufacturer instruc-
tions. BrieXy, plates (Multiscreen HTS; Millipore, Bedford,
MA, USA) were coated with puriWed anti-IFN-� AN18
antibody (15 �g/ml). After overnight incubation, plates
were washed with PBS and blocked for 3 h with DMEM
containing 10% fetal calf serum. Then, 1–4 £ 105 spleno-
cytes were cultured in triplicate in the absence or in the
presence of CTL peptides (1–10 �g/ml), T helper epitope
OVA(323–339) (10 �g/ml) or OVA (10 �g/ml). One day
later, plates were washed with PBS and incubated with bio-
tinylated anti-IFN-� R4–6A2 antibody (1 �g/ml). After 4 h,
plates were washed and incubated with a 1/500 dilution of
streptavidin-peroxidase. One hour later, plates were washed
and developed with freshly prepared DAB solution. The
reaction was stopped with distilled water and spots were
counted using an automated ELISPOT reader (CTL; Aalen,
Germany).

Measurement of CTL activity

To measure CTL responses against peptides, splenocytes
from immunized animals were incubated with peptides (1–
10 �g/ml) for 2 h at 37°C, washed twice and cultured in
24 well plates at 7.5 £ 106 cells/well. To measure CTL
responses against E.G7-OVA tumor cells, splenocytes
(7.5 £ 106 cells/well) were cultured in 24 well plates with
7.5 £ 105 E.G7-OVA tumor cells, previously treated with
mitomycin C. In both cases, 2 days later, IL-2 (Boehringer-
Mannhein GmbH, Germany) (2.5 U/ml) was added to the
wells, and on days 5–7, cells were harvested for chromium
release assays. Lytic activity was measured by incubating
for 4 h diVerent numbers of eVector cells with 3,000 51Cr-
labeled target cells: EL4 cells with or without peptide
or E.G7-OVA cells. Percentage of speciWc lysis was
calculated according to the formula: 100 £ (cpm
experimental ¡ cpm spontaneous)/(cpm maximum ¡ cpm
spontaneous), where spontaneous lysis corresponds to tar-
get cells incubated in the absence of eVector cells and max-
imum lysis is obtained by incubating target cells with 5%
Triton £ 100.

Tumor protection experiments

Groups of 5–6 mice were injected with adjuvants with or
without OVA protein as described before, and 6 days later,
they were challenged by subcutaneous (s.c.) injection with
5 £ 105 E.G7-OVA tumor cells. To assess long lasting

protection, mice were immunized with OVA and adjuvants
twice in a 14-day interval. Thirty days after the last immu-
nization, animals were challenged as explained above. A
group of non-immunized mice was always included as a
positive control of tumor growth. Tumor volume was cal-
culated according to the formula: V = (length £ width2)/2.
Mice were killed when tumor diameter reached 18 mm.
In some short-term protection experiments, animals were
depleted of CD8 cells by injecting 300 �g of anti-CD8 anti-
bodies (obtained from H35.17.2 hybridoma) on days 5, 6
and 7 after immunization.

Tumor treatment experiments

C57BL/6 or Rag1–/– mice were injected s.c. with 5 £ 105

E.G7-OVA tumor cells and when the tumor diameter
reached 5–6 mm, diVerent treatment protocols were
applied. Treatment protocols consisted of one or seven
administrations of adjuvants with or without OVA by intra-
tumor (i.t.) and/or i.v. route. In some experiments, to assess
systemic eVects of treatment, animals received a s.c. admin-
istration of E.G7-OVA cells in both Xanks. When one of
the tumors reached 5–6 mm of diameter, it was treated,
maintaining the contralateral tumor without treatment. For
NK cell depletion, mice were injected i.p. with rabbit anti-
AsGM1 (40 �l/mouse) (Wako Chemicals; Neuss, Germany)
on days -2 and 0, 0 being the day of treatment. An equiva-
lent amount of rabbit IgG (Sigma) was injected in the con-
trol group. As in protection experiments, untreated mice
challenged s.c. with E.G7-OVA cells were used as positive
controls of tumor growth.

Statistical analysis

Survival curves of animals treated with diVerent protocols
were plotted according to the Kaplan–Meier method. Statis-
tical signiWcance in diVerent treatment groups was compared
using the log-rank test. P < 0.05 was taken to represent
statistical signiWcance.

Results

Immunization with poly(I:C) and anti-CD40 plus OVA 
protein induces CD8 and CD4 T-cell responses

As discussed earlier in Introduction, since tumors are usu-
ally poorly immunogenic we decided to test the combined
eVect of two immunostimulatory reagents, poly(I:C) and
anti-CD40, on the induction of antitumor immune responses
in a mouse model where the tumor antigen is OVA. It is
well known that CTL are important eVector cells with anti-
tumor activity and for this reason, we evaluated CD8
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responses induced after intravenous immunization with
poly(I:C) and anti-CD40 plus OVA. Six days after immuni-
zation, animals were sacriWced and the number of
OVA(257–264)-speciWc CD8 T-cells was quantiWed using
OVA(257–264)/H-2Kb tetramers. As shown in Fig. 1a, 1.93
and 3.8% of CD8+ T-cells were tetramer+, as compared to
0.28 and 0.19% obtained in two mice immunized with OVA
alone. In order to study the functional ability of CD8 cells,
splenocytes from the same mice were stimulated in vitro
with OVA(257–264) and IFN-� spot forming cells were
enumerated. This experiment (Fig. 1b) showed a close cor-
relation with results obtained using tetramers, suggesting
that inclusion of poly(I:C) and anti-CD40 in the immuniza-
tion mixture has a quantitative eVect on CD8 cells by
increasing their number. Splenocytes from animals immu-
nized with poly(I:C) and anti-CD40 plus OVA were also
stimulated in vitro with CTL epitopes OVA(257–264),
OVA(176–183) and OVA(55–62) to measure lytic activity
against these peptides. As shown in Fig. 1c, clear responses
were induced against all epitopes. In order to quantify the
magnitude of CD8 responses against these three epitopes,
ex vivo ELISPOT assays measuring IFN-� were carried out.
These assays conWrmed that similar strong responses against
all three epitopes could be measured (Fig. 1d). Finally, the
avidity of lymphocytes speciWc for these peptides was also
assessed by measuring IFN-� after stimulation with diVerent
peptide concentrations. As shown in Fig. 1e, lymphocytes
speciWc for peptide OVA(257–264) were able to recognize
minimal amounts of this epitope, in agreement with its
immunodominant role in the context of OVA protein [22].
In order to study whether this immunization protocol induc-
ing peptide-speciWc responses was also able to induce CTL
responses capable of recognizing endogenously expressed
antigens, splenocytes were stimulated with E.G7-OVA
tumor cells and lytic activity was measured. As shown in
Fig. 1f, immune splenocytes recognized E.G7-OVA cells
but not parental non-transfected EL4 cells.

Since CD4 responses are of great interest to activate and
maintain eVective CD8 antitumor responses [15], we also
evaluated the induction of CD4 responses by this immuni-
zation protocol. This was carried out in ELISPOT assays by
stimulating splenocytes with OVA or with the well-charac-
terized T helper epitope OVA(323–339). Figure 1g shows
that in both cases, a clear IFN-� production was observed.
No IL-4 was detected in the same supernatants, indicating
that Th1 responses were induced after poly(I:C) and anti-
CD40 plus OVA administration (data not shown). Blocking
experiments using anti-CD4 and anti-CD8 antibodies
showed that IFN-� production after OVA stimulation was
mediated not only by CD4 cells but also by CD8 cells (data
not shown). Thus, immunization with OVA plus adjuvants
poly(I:C) and anti-CD40 induces CD8 and CD4 responses.

Fig. 1 Immunization with adjuvants poly(I:C) and anti-CD40 plus
OVA induces CD8 and CD4 T cells responses. a C57BL/6 mice (two
per group) were immunized with 500 �g of OVA (i.v.) with or without
50 �g of poly(I:C) (i.v.) and with 50 �g of anti-CD40 antibody (i.p.)
per mouse. Six days after immunization, mice were sacriWced and the
percentage of OVA(257–264)/Kb tetramer+/CD8+ cells was calculated
in their spleens. b Splenocytes from mice shown in a were stimulated
with OVA(257–264) and IFN-� spot forming cells were enumerated by
ELISPOT. c Splenocytes from mice immunized with OVA plus
poly(I:C) and anti-CD40 were pooled and stimulated during 5 days
with CTL peptides OVA(257–264) (1 �g/ml), OVA(176–183) (10 �g/
ml) or OVA(55–62) (10 �g/ml). Five days later, CTL activity was
measured against EL4 cells loaded with the corresponding CTL pep-
tides. Responses against EL4 cells incubated in the absence of peptides
were always below 3%. d Splenocytes were also cultured in ELISPOT
plates with the same peptides for 24 h and IFN-�-secreting cells were
enumerated. e Avidity of T-cells recognizing CTL peptides was as-
sessed by stimulating splenocytes with diVerent peptide concentra-
tions. Two days later, supernatants were harvested and IFN-� levels
were measured by ELISA. IFN-� produced in the absence of peptide
was <0.1 ng/ml. f CTL responses against E.G7-OVA tumor cells were
evaluated in vitro by incubating splenocytes with mitomycin C-treated
E.G7-OVA tumor cells. Five days later, lytic activity was measured
against E.G7-OVA cells or control EL4 cells. g CD4 responses in-
duced by immunization were assessed as IFN-� production in ELI-
SPOT assays by stimulating splenocytes with OVA (10 �g/ml) or with
OVA(323–339) T helper peptide (10 �g/ml). Results are representa-
tive of two or three independent experiments
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Immunization with poly(I:C) and anti-CD40 plus OVA 
elicits long lasting CTL immune response

Since strong CTL responses were detected 6 days after
immunization with poly(I:C) and anti-CD40 plus OVA,
we decided to study if memory CTL responses could
be induced by this protocol. Thus, mice were sacriWced
48 days after immunization, and we measured CTL
responses against immunodominant OVA(257–264) epi-
tope and against E.G7-OVA tumor cells. In both cases,
consistent CTL memory responses were found (Fig. 2a, b).
In agreement with this result, high IFN-� levels were
detected in supernatants of splenocytes incubated with
diVerent dilutions of OVA(257–264) (Fig. 2c).

Immunization with poly(I:C) and anti-CD40 plus OVA 
induces short- and long-term protection against challenge 
with E.G7-OVA tumor cells

To test the in vivo eYcacy of this immunization protocol,
tumor protection experiments were carried out using E.G7-
OVA tumor cells. In a Wrst set of experiments, short-term
protection was evaluated by injecting mice with tumor cells
6 days after immunization. These experiments (Fig. 3a)
showed that 94% (15 out of 16) of animals immunized with
poly(I:C) and anti-CD40 plus OVA were protected against
tumor growth. By contrast, control animals which received
adjuvants only or were left unimmunized, developed
tumors in all cases. In order to study whether the protection
obtained after combined adjuvant administration was due to
a synergistic or additive eVect of poly(I:C) and anti-CD40,
animals immunized with OVA alone or with OVA plus sin-
gle adjuvants were also included. A delay in tumor growth
was observed in animals immunized with OVA alone, and
this delay was clearer in those groups immunized with
single adjuvants plus OVA. However, only 16 and 33%
of mice immunized with OVA+ poly(I:C) and with

OVA + anti-CD40 respectively survived (Fig. 3b). These
results suggest a synergistic eVect between adjuvants, con-
Wrming the potent immunostimulatory action of the adju-
vant mixture versus the tumor antigen alone.

Long-term protection induced by immunization with
poly(I:C) and anti-CD40 plus OVA was also studied. In
this case, mice were immunized twice at a 14-day interval
and challenged 30 days after the last immunization. As
shown in Fig. 3c, d, all immunized animals were protected
against tumor challenge, as opposed to control unimmu-
nized animals where no protection was found. (P = 0.002;
poly(I:C) + antiCD40 plus OVA versus untreated animals).

Poly(I:C) and anti-CD40 administration has therapeutic 
eYcacy on established tumors

Since immunization with poly(I:C) and anti-CD40 in con-
junction with antigen OVA was able to induce potent CD4
and CD8 responses which protected mice against tumor
challenge in short- and long-term experiments, the eYcacy
of this immunization protocol was tested in mice with
established tumors. Figure 4a shows that when mice bear-
ing a 5–6 mm tumors were given a single i.v. dose of adju-
vants and OVA, 3 out of 12 animals (25%) were able to
reject the tumor. In order to enhance the local eVects of
adjuvants, a new group received the same immunization
schedule but directly intratumor (i.t.). Slightly better results
were obtained in this case, with 4 out of 11 (36%) mice
rejecting their tumors, which did not reach statistical diVer-
ences (P = 0.16). Finally, when i.v. and i.t. administration
routes were combined, results were clearly more eVective,
eradicating tumors in 7 out of 11 animals (63%) (P = 0.02;
i.v./i.t. administration versus i.v. administration). In the
case of control animals receiving only adjuvants i.t., 2 out
of 12 mice (17%) rejected the tumor.

It is interesting to note that, although in many cases
tumors were not eradicated by the diVerent treatment proto-

Fig. 2 Immunization with poly(I:C) and anti-CD40 plus OVA elicits
long lasting CTL immune responses. a C57BL/6 mice (three per
group) were immunized as in Fig. 1 and 48 days later they were sacri-
Wced and their splenocytes were pooled and stimulated with the immu-
nodominant CTL peptide OVA(257–264) (1 �g/ml). Five days later,
lytic activity was measured against EL4 cells pulsed with 1 �g/ml of
OVA(257–264) peptide. Unloaded EL4 cells were used as negative
control of lytic activity. b CTL responses against E.G7-OVA tumor

cells were also determined in vitro incubating splenocytes with these
tumor cells treated with mitomycin C during 5 days, and then measur-
ing their lytic activity against E.G7-OVA. EL4 cells were used as neg-
ative control. c IFN-� produced by splenocytes after a two-day
stimulation with diVerent concentrations of OVA(257–264) peptide.
IFN-� produced in the absence of peptide was 0.3 ng/ml. Results are
representative of two independent experiments
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cols tested, tumor masses reduced their volume during a
period of time, and in some cases this reduction continued
until tumors were not palpable for some time, although they
rebounded later. These results suggested that a single immu-
nization had some eVect but was not enough for tumor eradi-
cation. For these reasons, we decided to use the same
protocols but giving seven administrations at a 20-day inter-
val. These experiments (Fig. 4b) showed that repeated i.t.
administration of poly(I:C) and anti-CD40 plus OVA
enhanced its therapeutic eYcacy, inducing tumor rejection in
12 out of 12 mice (100%) (P = 0.001; adjuvants plus OVA
seven i.t. administrations versus adjuvants plus OVA single
i.t. administration). After i.t. administration of seven doses of
adjuvants without antigen, slightly better results than with a
single adjuvant injection were obtained, with 5 out 14 ani-
mals cured (35%), although it did not reach statistical diVer-
ences. These results also showed that co-administration of
antigen with adjuvants has a higher eYcacy than administra-
tion of adjuvants alone (P = 0.001; OVA + adjuvants i.t. ver-
sus adjuvants i.t.). Repeated administration of adjuvants
+ OVA by i.v. or i.v./i.t routes showed a toxic eVect, and
although it was able to induce tumor rejection in some cases,
mice suVered a shock after the third injection which was fatal
in most cases (data not shown), so therapeutic antitumor
eYcacy of these protocols could not be evaluated in these
groups. None of the untreated mice was able to reject the
tumor. Survival of mice belonging to the diVerent experi-
mental groups is shown in Fig. 4c.

Since therapeutic immunity was induced as a conse-
quence of treatment, it was interesting to study whether it
conferred long lasting protection in re-challenge experi-
ments. Thus, mice which were cured after diVerent treat-
ment protocols were again challenged with E.G7-OVA
tumor cells. These experiments showed that all mice which
had rejected the tumor after a single administration of OVA
plus adjuvants (i.t., i.v., or i.t/i.v. routes) or after adminis-
tration of adjuvants (i.t.), were protected against a second
tumor challenge given 45 days after treatment (Fig. 5a, b).
In a similar manner, all mice which rejected their tumor
after repeated administration of OVA plus adjuvants (i.t.)
or after administration of adjuvants (i.t.), were also pro-
tected against the second tumor challenge, given 60 days
after treatment (Fig. 5c, d). Overall, 14 out of 14 mice were
totally protected, suggesting that memory T-cell responses
were induced by treatment with poly(I:C) and anti-CD40.

T cells and NK cells are involved in the antitumor eVect 
induced by immunization with poly(I:C) and anti-CD40 
plus OVA

Adjuvant administration induces activation of cells belonging
to the innate immune system (DC, monocytes, NK cells, etc)
which in turn activate acquired immunity. Administration
of poly(I:C) and anti-CD40 alone does not induce prophy-
lactic antitumor immunity, thus, it was interesting to char-
acterize which lymphocyte population (B cells, CD4 or

Fig. 3 Immunization with poly(I:C) and anti-CD40 plus OVA induc-
es short- and long-term protection against the challenge with E.G7-
OVA tumor cells. a C57BL/ 6 mice (Wve–six per group) were immu-
nized i.v. with OVA, with adjuvants poly(I:C) and anti-CD40, with
OVA plus single adjuvants, with OVA plus adjuvant combination or
left unimmunized. Six days later they were challenged s.c. with
5 £ 105 E.G7-OVA tumor cells and evolution of tumor growth was
monitored twice a week. Tumor volume was calculated according to

the formula: V = (length £ width2)/2. Graph represents the average tu-
mor volume per group of animals studied. b Survival of mice shown in
a. c C57BL/6 mice (Wver per group) were immunized twice in a 14-day
interval with poly(I:C) and anti-CD40 plus OVA or left unimmunized
and 30 days after the last immunization, animals were challenged s.c.
with E.G7-OVA tumor cells. Evolution of tumor growth was assessed
as above. d Survival of mice shown in c. Results are representative of
three independent experiments
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CD8 T-cells) was responsible for these protective
responses. Since E.G7-OVA cells express OVA intracellu-
larly, we discarded a major implication of B cells as eVec-
tor cells with direct antitumor activity, although they could
be involved in antigen capture and presentation. The impor-
tance of CD8 T-cells was studied by treating immunized
mice with anti-CD8 antibodies on days  ¡1, 0 and 1 after
tumor challenge. In these conditions, all animals depleted
of CD8 cells, developed tumors as untreated animals
(Fig. 6a, b), showing that CD8 T-cells elicited after immu-
nization are the principal eVector cells responsible for pro-
tection against tumor challenge.

An interesting Wnding in therapeutic immunization
experiments was that repeated administration of poly(I:C)
and anti-CD40, in the absence of exogenously added anti-
gen, was able to reject tumors in 35% of mice (Fig. 4b).
Thus, to characterize whether innate or adaptive immunity
was responsible for eradication of established tumors, treat-
ment experiments were carried out in Rag1–/– mice. Tumor
bearing mice were treated with poly(I:C) and anti-CD40

only, without including OVA, because Rag1–/– mice do not
have T-cells able to recognize antigens. This experiment
showed that tumors grew at the same rate in treated and
untreated Rag1–/– mice (Fig. 6c, d), suggesting that T-cells
are implicated in the mechanism of tumor eradication when
poly(I:C) and anti-CD40 are administered.

The role of NK cells in therapeutic experiments was ana-
lyzed by depleting these cells in tumor bearing C57BL/6
mice which received a single administration of OVA +
adjuvants by i.v./i.t. routes, protocol with the highest
eYcacy in single administration experiments. As shown in
Fig. 6e, NK cell depletion increased the tumor growth rate,
impairing the therapeutic eYcacy of OVA + adjuvants
administration, as compared to mice treated with OVA +
adjuvants which received a control IgG. Moreover, none of
the mice depleted of NK cells and receiving OVA + adju-
vants rejected the tumor (Fig. 6f), whereas three out of Wve
mice receiving OVA + adjuvants which had been
previously administered with control IgG were able to
eliminate the tumor.

Fig. 4 Therapeutic eVects of poly(I:C) and anti-CD40 plus OVA
administration in tumor-bearing mice. C57BL/6 mice were injected
s.c. with 5 £ 105 E.G7-OVA tumor cells and when tumor diameter
reached 5–6 mm, diVerent treatment protocols were applied. In a Wrst
set of experiments (a), treatment protocols consisted of a single admin-
istration of adjuvants plus OVA i.v., adjuvants plus OVA i.t., adjuvants
plus OVA i.v. and i.t., and only adjuvants i.t.. In the second set of
experiments (b), mice were given adjuvant plus OVA i.t. or only adju-

vants i.t. twice a week until a total of seven administrations. Arrows
indicate the days of administration. A group of untreated mice was also
included as a control. Figures represent evolution of tumor growth per
individual mouse. Numbers in each graph indicate tumor-free mice
with respect to treated mice. c Survival of mice shown in a and b. Data
correspond to global results obtained in two diVerent experiments us-
ing 5–7 mice per group in each experiment
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Finally, due to the role played by T- cells in tumor eradi-
cation, it was interesting to analyze whether successful
therapeutic protocols could induce systemic immunity able
to reject distant tumors. For this purpose, a two-tumor
model was used (one tumor in each Xank of the animal).
Only one tumor was treated, but tumor growth was ana-
lyzed in both Xanks. When a tumor reached 5–6 mm, it was
treated by seven administrations of poly(I:C) and anti-
CD40 with or without OVA through i.t. route. Eight out of
nine mice (88%) treated by repeated i.t. administration with
poly(I:C) and anti-CD40 plus OVA rejected the treated
tumor (Fig. 7a), conWrming previous data. Moreover, three
out of these nine mice (33%) rejected untreated tumor.
When adjuvants alone were administered i.t. in the absence
of exogenously added antigen, only two out of eight mice
(25%) and three out of eight mice (37%) rejected treated
and untreated tumors, respectively. Finally, all tumors grew
in control, untreated mice. Survival of animals belonging to
all groups is represented in Fig. 7b.

Discussion

Characterization of immunostimulatory molecules able to
trigger potent T-cell responses is an important goal in the
Weld of antitumor immunology. With this purpose, two DC

maturation stimuli, poly(I:C) and an anti-CD40 agonistic
antibody, have been combined with a model tumor antigen
to study their ability to induce eYcient antitumor immune
responses. It is known that DC are activated by many diVer-
ent molecules which behave as adjuvants, and that combi-
nation of molecules using diVerent signaling pathways
leads in many cases to a synergistic eVect on DC activation
[2, 39, 40]. Poly(I:C) is a double-stranded RNA able to trig-
ger DC activation through TLR3 [3]. It has been recently
shown that it can also activate type I IFN production through
recognition by intracellular receptor MDA5 [11, 18]. On the

Fig. 5 Therapeutic administration of poly(I:C) and anti-CD40 induces
protective memory immune responses. Mice which had rejected their
tumors after a single (a, b) or repeated (c, d) therapeutic administration
of OVA plus adjuvants i.v. (closed circles), OVA plus adjuvants i.t.
(open squares), OVA plus adjuvants i.v./i.t. (open triangles) or adju-
vants i.t. (asterisks) were given a second s.c. challenge with 5 £ 105

E.G7-OVA tumor cells. In the groups of mice cured after a single
administration, challenge was carried out 45 days after initial treat-
ment, whereas in those mice cured after repeated administrations, chal-
lenge was carried out 60 days after treatment. Experiments also
included a control group (closed squares) of previously untreated
mice. In all cases, average of tumor volume per group (a, c) and sur-
vival (b, d) is shown. Results are representative of two independent
experiments
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Fig. 6 T cells and NK cells are involved in the antitumor eVect in-
duced by immunization with poly(I:C) and anti-CD40 plus OVA. a
C57BL/6 mice (six per group) were immunized i.v. with poly(I:C) and
anti-CD40 plus OVA and on days 5, 6 and 7 after immunization, ani-
mals were depleted of CD8 cells by i.p. injection with an anti-CD8
antibody (asterisks) or left untreated (closed triangles). A third group
of unimmunized mice was also included (open squares). Mice were
then challenged s.c. with 5 £ 105 E.G7-OVA tumor cells and tumor
volume was calculated according to the formula described in Materials
and methods. b Survival of mice shown in a. c Rag1–/– mice (six per
group) were injected s.c. with 5 £ 105 E.G7-OVA tumor cells and
when tumor diameter reached 5–6 mm, a group was treated with seven
i.t. doses of poly(I:C) and anti-CD40 (closed diamonds) whereas the
control group was left untreated (open squares). Also, a group of wild
type mice treated with seven i.t. doses of poly(I:C) and anti-CD40 plus
OVA (closed triangles) was included as a control. Average of tumor
volume per group of animals is represented. d Survival of mice shown
in C. e Three groups of C57BL/6 mice (six per group) were injected s.c.
with 5 £ 105 E.G7-OVA tumor cells. When tumor diameter reached
5–6 mm a Wrst group was left untreated (open squares) and two groups
received a single administration of OVA plus poly(I:C) and anti-CD40
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of treatment, or received an equivalent amount of rabbit IgG (closed
triangles). f Survival of mice shown in e. Results are representative of
two independent experiments
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other side, anti-CD40 binds to CD40 molecules present on
the DC surface. Separate administration of these molecules
induces diVerent functions of DC, but combined adminis-
tration synergizes on CD8 T-cell activation [2]. In this
work, we have seen that this adjuvant combination, when
administered with the model antigen OVA, enhances the
number of CD8 cells producing IFN-�. Moreover, CD8
responses detected in vitro after administration of these
adjuvants with OVA, not only recognized CTL epitopes,
but also tumor cells. Accordingly, the synergistic eVect
reported in vitro correlates with the in vivo antitumor eVect,
as shown in prophylactic experiments. It is interesting to
note that after using this adjuvant combination clear CD4
responses were also detected. CTL responses were long
lasting, probably due to direct action of the adjuvants as

well as to CD4 T helper cells. It has been demonstrated that
IFN-�, a cytokine induced after stimulation through TLR3,
has important eVects on the maintenance of memory
responses, through the induction of IL-15 [23, 41]. Also,
activation through CD40 has been implicated on the induc-
tion of memory responses [5, 20, 21]. Finally, activation of
CD4 T helper cells, as shown in the present work, is
another important requisite for the priming of memory CTL
responses. Thus, combined action of these mechanisms is
probably responsible for the induction of potent memory
responses.

Antitumor eVect of this adjuvant combination plus the
antigen OVA was studied in vivo using E.G7-OVA tumor
cells. It was found that immunization with these compo-
nents was able to fully protect mice in prophylactic vacci-
nation experiments, not only in the short-term but also in
the long-term. Depletion experiments also showed that the
protective eVect was mainly mediated by CD8 T-cells,
since in the absence of these cells, protection was com-
pletely abolished. No CD4 depletion experiments were car-
ried out at the time of challenge, because in our experience,
depletion of CD4 cells under these circumstances depletes
not only CD4+CD25¡ eVector Th cells but also
CD4+CD25+ regulatory T-cells [6]. This leads to a full
tumor protection due to the elimination of the immunosup-
pressive eVect of Tregs, and underestimates the role of
eVector CD4 T-cells. Thus, although CD4 T-cells do not
seem to be directly implicated in tumor rejection, its role in
the activation of CD8 T-cells cannot be discarded.

Due to the potent antitumor eVect of poly(I:C) and anti-
CD40 as adjuvants in prophylactic vaccination experi-
ments, their ability to cure established tumors was then
tested. It was found that a single dose of adjuvants plus
OVA, either by i.v. or i.t. administration only cured 25 and
36% of mice, respectively, whereas combination of both
routes increased the level of tumor rejection to 63%. A
transient reduction in tumor volume was detected in some
mice that Wnally could not reject the tumor. Thus, we tried
to enhance this insuYcient eVect by repeated administra-
tion. In this case, repeated i.t. administration was able to
reject tumors in all mice. However, repeated administration
by i.v. or by i.v. and i.t routes had a toxic eVect which did
not allow us to evaluate the eYcacy of these treatment pro-
tocols. Similar results regarding toxicity of repeated i.v.
administration of anti-CD40 have been reported [38],
favoring local i.t. administration as strategy of treatment
when using this adjuvant molecule. An interesting Wnding
was the therapeutic eVect of i.t. administration of adjuvants
in the absence of exogenously added antigen. These results
suggest that these adjuvant molecules stimulate innate
immune cells inWltrating the tumor through activation of
TLR3 and CD40 molecules present not only in DC, but also
in NK cells [35] and macrophages [3], providing a rapid

Fig. 7 Induction of local and systemic antitumor immunity by admin-
istration of poly(I:C) and anti-CD40 plus OVA. a C57BL/6 mice were
injected s.c. with 5 £ 105 E.G7-OVA tumor cells in both Xanks and
when a tumor reached a diameter of 5–6 mm, this tumor was treated
seven times with adjuvants plus OVA i.t. or with adjuvants i.t., but the
tumor from the opposite Xank was left untreated. Arrows indicate the
days of administration. A control group including untreated mice was
also followed. Graphs represent the evolution of tumor growth per
mouse in the treated and untreated side. Numbers in each graph indi-
cate tumor-free mice with respect to treated mice. b Survival of mice
shown in a
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mechanism for tumor rejection. This would also explain the
higher eYcacy of i.t. versus i.v. administration. As demon-
strated in experiments using Rag1–/– mice, T-cells are the
main eVector cells for tumor rejection. However, as shown
in Figs. 6e, f, innate immune cells such as NK cells collabo-
rate in tumor rejection, probably by killing tumor cells and
providing tumor antigens for their capture and presentation
by DC and also by helping in the development of a proin-
Xammatory milieu which would facilitate T-cell functions
[8]. According to this, it has been recently reported that the
adjuvant eVect of poly(I:C) is dependent on the induction of
cytokines produced by NK cells [32]. This is reinforced by
the Wnding that i.v. administration of adjuvant plus OVA
has a low therapeutic eYcacy, probably because the tumor
inWltrate and environment is not as activated as in i.t.
administration. The role played by T-cells and NK cells in
tumor rejection when using poly(I:C) and anti-CD40 as
adjuvants is similar to that played when using CpG as adju-
vants. In this last case, NK cells are also in part directly
responsible for tumor rejection, because in animals
depleted of CD8 cells there is still some therapeutic eVect
[13, 19]. In line with the role of T-cells when using our
adjuvants, animals cured after treatment with poly(I:C) and
anti-CD40 without any exogenous OVA, are protected
against a second challenge, demonstrating that even in the
absence of exogenous antigen, long-lasting T-cell responses
are induced. Finally, inclusion of antigen in the therapeutic
setting increases the eYcacy of treatment to 100%, rein-
forcing the idea that a full activation of T-cells facilitates
tumor rejection.

Another important feature of the immunostimulatory
properties of this adjuvant mixture is its ability to induce
systemic immunity able to eradicate both treated and
untreated tumors. As shown in Fig. 7, i.t. administration of
adjuvants plus OVA is able to reject a high number of
treated tumors, and in some cases it also rejects untreated
tumors. Thus, the use of this adjuvant mixture in combina-
tion with a known tumor antigen is a promising strategy to
treat tumors, and at the same time would help eliminating
metastases originated from the main tumor without the
need of treating every tumor.

In summary, combination of two DC activating stimuli
like poly(I:C) and anti-CD40 with a tumor antigen is able
to induce strong antitumor responses, which have clear
in vivo eVects on prophylactic and therapeutic vaccination
settings. We believe that this strategy could be useful for
the treatment of tumors and metastasis.
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