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The fate of naive CD8� T cells is determined by the environment in which they encounter MHC class I presented peptide Ags.
The manner in which tumor Ags are presented is a longstanding matter of debate. Ag presentation might be mediated by tumor
cells in tumor draining lymph nodes or via cross-presentation by professional APC. Either pathway is insufficient to elicit pro-
tective antitumor immunity. We now demonstrate using a syngeneic mouse tumor model, expressing an Ag derived from the early
region 1A of human adenovirus type 5, that the inadequate nature of the antitumor CTL response is not due to direct Ag
presentation by the tumor cells, but results from presentation of tumor-derived Ag by nonactivated CD11c� APC. Although this
event results in division of naive CTL in tumor draining lymph nodes, it does not establish a productive immune response.
Treatment of tumor-bearing mice with dendritic cell-stimulating agonistic anti-CD40 mAb resulted in systemic efflux of CTL with
robust effector function capable to eradicate established tumors. For efficacy of anti-CD40 treatment, CD40 ligation of host APC
is required because adoptive transfer of CD40-proficient tumor-specific TCR transgenic CTL into CD40-deficient tumor-bearing
mice did not lead to productive antitumor immunity after CD40 triggering in vivo. CpG and detoxified LPS (MPL) acted similarly
as agonistic anti-CD40 mAb with respect to CD8� CTL efflux and tumor eradication. Together these results indicate that dendritic
cells, depending on their activation state, orchestrate the outcome of CTL-mediated immunity against tumors, leading either to an
ineffective immune response or potent antitumor immunity. The Journal of Immunology, 2004, 173: 6753–6759.

T he coexistence of tumor immunogenicity with persistent
tumor growth indicates that tumor-specific T cells have
not been properly activated in vivo or that tumor immune

evasion mechanisms operate. Although tumor-specific T cells can
often successfully prevent tumor outgrowth after preventive vac-
cination (1–4), boosting an effective immune response against es-
tablished tumors is much more challenging. The development of
successful therapeutic vaccination requires detailed insight into the
mechanisms leading to proper T cell immunity in tumor-bearing
hosts. The dominant mechanism of Ag presentation to CTL has
been argued to be mediated by tumor cells themselves that have
reached tumor draining lymph nodes (DLNs)3 via lymphatic chan-
nels (5). Because most tumors lack the costimulatory makeup re-
quired for CTL induction, it has been proposed that Ag presenta-
tion by tumor cells is inefficient, and therefore cannot elicit

protective antitumor immunity (5). Alternatively, it has been pos-
tulated that the primary route of Ag presentation to tumor-specific
CTL in tumor-bearing hosts involves professional APC, most
likely dendritic cells (DCs), that cross-present tumor-derived Ag
after uptake and processing (6, 7). Inefficient antitumor immunity
would result, in this scheme, from the fact that the Ag-presenting
professional APC have not been alarmed to a state conducive for
CTL-priming. Because tumor-growth is initially not accompanied
by the proper inflammatory stimuli and many inflammatory stimuli
lead to activation of professional APC as recognized by up-regu-
lation of their costimulatory capacity, it is thought that Ag is pre-
sented by nonactivated professional APC (8). This does not lead to
proper CTL priming, allowing uncontrolled tumor growth (9). In
this scenario, Ag processing and presentation is not inefficient.
Rather the lack of activation of the APC in tumor-bearing hosts
precludes proper activation of tumoricidal CTL.

For optimal tumor-specific CTL immunity, help from CD4� T
cells is required. Previously, it was shown that help for CTL prim-
ing is mediated via CD40-CD40 ligand interactions (10, 11), and
that “help” provided via CD40 signaling in vivo is a powerful way
to install successful treatment of tumor-bearing mice through the
induction of potent tumor-specific CTL immunity (12). Triggering
of CD40 might lead to activation of APC endowing them with the
capacity to activate CTL, as shown by the observation that CD40-
matured DC in contrast to immature DC, are able to mount CTL
immunity (13). Alternatively, CD40 triggering in vivo might act
directly on tumor-specific CTL, as it was recently published that
the help provided by CD4� T cells to achieve CD8� T cell mem-
ory is not routed through the APC, but results from a direct inter-
action between CD4� T cells and CD8� T cells (14).
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To gain more insight into the mechanisms underlying CTL
priming in tumor-bearing hosts, we took advantage of a well-de-
fined tumor model expressing an Ag derived from the early region
1A of human adenovirus type 5 (Ad5E1A). Eradication of this
tumor is CD8-mediated because administration of in vitro acti-
vated CD8� clonal T cells leads to clearance of the tumor (15).
Moreover, tolerization of E1A-specific CTL by the E1A-derived
CTL peptide epitope resulted in the inability of the mice to erad-
icate E1A-expressing tumors (16). Also, in this tumor model CD40
ligation in vivo leads to the systemic appearance of E1A-specific
CTL that eradicate established tumors. When CD8 cells were de-
pleted, treatment with the agonistic CD40 mAb did not lead to
tumor eradication, but tumors continued growing (12).

We now show that tumor Ags are presented to CTL by cross-
presentation of Ag by CD11c� cells. In tumor-bearing animals,
tumor specific CTL do arise, but these are not endowed with ef-
ficient effector function, appearing only as “poised” CTL in tumor
DLNs. In vivo activation of DC by treatment with a DC-activating
agent results in gain of effector function of tumor-specific CTL
leading to eradication of established tumors. Clearly, the antitumor
response elicited by anti-CD40 mAb treatment operates via acti-
vation of CD11c� cells, as anti-CD40 mAb treatment of tumor-
bearing CD40-deficient mice harboring CD40-proficient CTL was
not successful. Furthermore, for production of an efficient antitu-
mor immune response, the expression of CD40 on CD8� T cells is
not required, as DC activation by CpG1826 treatment led to ef-
fective tumor eradication.

Materials and Methods
Mice

C57BL/6 mice were purchased from Charles River Breeding Laboratories
(Maastricht, The Netherlands). TAP�/� mice and CD40�/� mice (both on
C57BL/6 background) were purchased from The Jackson Laboratory (Bar
Harbor, ME). Strain 42 mice, bred at Netherlands Central Organization for
Applied Scientific Research (TNO) Prevention and Health (Leiden, The
Netherlands) are TCR transgenic mice expressing the TCR �-chain and
�-chain derived from the H-2b-restricted, Ad5E1A234–243-specific CTL
clone 5 (15, 16). Strain 42*CD40�/� mice were also bred at TNO Pre-
vention and Health. Mice were kept at the Leiden University Medical Cen-
ter animal facility and used at 7–13 wk of age in accordance with national
legislation and under supervision of the animal experimental committee of
the University of Leiden.

Tumor cells

Mouse embryo cells transformed by Ad5E1A plus EJ-ras (16) were cul-
tured in IMDM (Invitrogen Life Technologies, Rockville, MD) supple-
mented with 8% (v/v) FCS, 50 �M 2-ME, glutamine, and penicillin, as
described (16).

Tumor experiments

CD40-negative E1A-expressing tumor cells (1 � 107) were injected s.c.
into 7- to 13-wk-old male mice in 200 �l of PBS. Tumor size was mea-
sured twice weekly with calipers in three dimensions. Treatment was
started 20–30 days after tumor inoculation, when palpable tumors were
present. Mice were sacrificed when tumor size exceeded 1 cm3 to avoid
unnecessary suffering.

Treatments

The FGK-45 hybridoma cells producing a stimulatory anti-CD40 Ab were
provided by A. Rolink (Basel Institute for Immunology, Basel, Switzer-
land) (17). Mice received 100 �g of the anti-CD40 mAb given either i.v.
(days 0, 1, and 2 of treatment) in 200 �l of PBS or intratumorally (days 0
and 3 of treatment) in 40 �l of PBS. As a control, mice received 100 �g
of rat-IgG specific for human CD40 (6E9) (18) in the same volume of PBS.
The CpG1826 oligodeoxynucleotides (ODN), which is a 20-mer containing
two CpG motifs (TTCATGACGTTCCTGACGTT; the bold nucleotides
represent the immunostimulatory CpG sequences) was provided by Coley
Pharmaceutical (Langenfeld, Germany) and used at their suggested optimal
working concentration of 50 �g/injection, intratumorally in 40 �l of PBS
at days 0 and 3 of treatment. MPL (detoxified LPS) was provided by Corixa

(Seattle, WA) and used at the suggested optimal concentration of 10 �g/
injection, intratumorally in 40 �l of PBS at day 0 and 3 of treatment.

CFSE labeling and adoptive transfer

Single cell suspensions were made from spleen and peripheral lymph nodes
of strain 42 mice. Erythrocytes were depleted by ammonium chloride treat-
ment (2 min on ice). Cells were washed once in cold medium and once in
cold PBS, after which they were resuspended in PBS at 1 � 107 cells/ml
and incubated with 0.5 �M CFSE (Molecular Probes, Eugene, OR) for 30
min at 37°C. FCS was added to a concentration of 5% FCS, and the cells
were washed in PBS. TCR transgenic CD8� T cells (3 � 106) were in-
jected into the tail veins of tumor-bearing mice in 200 �l of PBS.

Flow cytometry

Single cell suspensions of spleens and lymph nodes were prepared by me-
chanical disruption. Blood samples and cell suspensions of spleens were
depleted of erythrocytes by ammonium chloride treatment for 5 min at
room temperature. Cells were stained with directly allophycocyanin-con-
jugated mAb against CD8 (clone 53-6.7; BD Pharmingen, San Diego, CA)
combined with PE-conjugated E1A234–243-loaded H-2Db tetramers (E1A-
TM) or, after CD11c-enrichment, with directly allophycocyanin-conju-
gated mAb against CD11c (clone HL3; BD Pharmingen) combined with
stainings for CD80 (clone 16-10A1; BD Pharmingen), CD86 (clone GL1;
BD Pharmingen), CD40 (clone 3/23; BD Pharmingen), I-A/I-E (clone M5/
114.15.2; BD Pharmingen), or H-2Kb (clone AF6-88.5; BD Pharmingen).
Data acquisition and analysis was done on a BD Biosciences FACScan
(San Jose, CA) with CellQuest software.

Intracellular IFN-� staining

Single cell suspensions of lymph nodes were prepared by mechanical dis-
ruption. Intracellular staining was performed using BD Cytofix cytoperm
kit with BD Golgiplug (BD Pharmingen), according to the manufacturer’s
protocol. During the 6-h incubation with BD Golgiplug, 4.5 �g/ml of the
E1A-peptide or a control peptide was added. Stainings were performed
with directly allophycocyanin-conjugated mAb against CD8 (clone 53-6.7;
BD Pharmingen), PE-conjugated E1A-TM and FITC-labeled IFN-� (clone
XMG1.2; BD Pharmingen). Data acquisition and analysis was done on a
BD Biosciences FACScan with CellQuest software.

Separation of CD11c� and CD11c� populations

Peripheral lymph nodes of tumor-bearing mice were treated with collage-
nase (250 U/ml; Sigma-Aldrich, St. Louis, MO) and DNase (50 �g/ml,
Sigma-Aldrich) for 30 min at 37°C. CD11c� cells were positively selected
using magnetized Ab for CD11c (N418; Miltenyi Biotec, Bergisch Glad-
bach, Germany). The cell populations were analyzed by FACS, showing
the CD11c� population circa 90% pure, and �95% of the CD11c� pop-
ulation was cleared of CD11c� cells.

Proliferation assay and IFN-� ELISA

The CD11c� and CD11c� cell populations were incubated at graded doses
with 0.1 � 106 spleen cells of TCR transgenic strain 42 mice. E1A-specific
proliferation was measured after 3 days. At 8 h before termination, 0.5 �Ci
of [3H]thymidine per well was added. Supernatant taken after a 20-h in-
cubation was analyzed for IFN-� production by a standard sandwich
ELISA.

E1A-PCR

DNA from the tissues was isolated with High Pure PCR Template Prepa-
ration kit (Roche, Basel, Switzerland), as recommended by the manufac-
turer, and was amplified by PCR for 30 cycles using the primers for E1A:
5�-GCAGGAAGGGATTGACTTACTCAC-3� (sense) and 5�-CTCAGGT
TCAGACACAGGACCTTT-3� (antisense). PCR products of 467 bp were
observed after separation by electrophoresis in a 1% agarose gel.

Results
Tumor Ags are cross-presented to CD8� T cells

CD8� CTL-mediated immunity is crucial for eradication of E1A-
expressing tumors (12). Cross-priming as well as direct priming
have been postulated as a mechanism to induce tumor-protective
CTL immunity (5–7, 19). For priming of CTL in a direct fashion,
tumor cells have to migrate to the tumor DLN. To study whether
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E1A-specific CTL could be primed directly by tumor cells in tu-
mor DLNs or by tumor Ag-presenting professional APC, we an-
alyzed whether tumor cells can be found in the secondary lym-
phoid organs of tumor-bearing animals. Twenty-five days after s.c.
injection of E1A-expressing tumor cells, secondary lymphoid or-
gans were examined. Both PCR amplification of the DNA encod-
ing E1A (Fig. 1A) and selective in vitro outgrowth of tumor cells
from lymph node cultures in medium containing G-418 (data not
shown) revealed that the tumor cells had migrated to lymph nodes
draining the tumor, but not to other lymph nodes or spleen. Sub-
sequently we investigated whether these tumor cells, being able to
reach the lymphoid organs, were capable of presenting tumor Ag
in vivo. Therefore, we injected E1A-expressing tumor cells into
wild-type and TAP�/� mice, the APC of the latter being incapable
of cross-presenting tumor-derived Ags because of defective MHC
class I-loading in a TAP-dependent fashion. When a palpable tu-
mor had developed, CFSE-labeled transgenic, E1A-specific CD8�

T cells were injected. Three days later, division of tumor-specific
T cells in different lymphatic organs was analyzed. As shown in
Fig. 1B, the tumor Ag is not presented in the DLNs of TAP�/�

mice, contradicting direct Ag presentation by the tumor cells them-
selves. In contrast, proliferating E1A-specific CTL were found in
tumor DLNs of TAP-competent C57BL/6 mice. Together, these
findings indicate that the tumor Ag is presented to the immune
system by cells derived from the host, even though tumor cells are
detectable in the tumor DLN.

Tumor Ags are presented by CD11c� cells

These results indicate that the predominant cell responsible for Ag
presentation to naive CTL is of host origin. Therefore we wished
to determine the identity of this APC because this cell is likely to
be responsible for the inadequate immune reactivity in tumor-bear-
ing hosts. To this end, we separated cells from tumor DLNs in a
CD11c� (DC-enriched) and a CD11c� (DC-depleted) fraction.
The CD11c� and CD11c� populations were incubated directly ex
vivo with E1A-specific CD8� T cells derived from TCR trans-
genic mice, and proliferation of the CD8� T cells was determined.
As shown in Fig. 2, the population that best stimulated the TCR
transgenic T cells was found in the CD11c� population isolated
from the tumor DLNs. These findings indicate that CD11c� cells,
most likely DC, are important for Ag presentation to CTL in oth-
erwise naive tumor-bearing mice. Because E1A� tumor cells do
not express CD11c (data not shown) and the CD11c-negative pop-
ulation of TAP knockout mice did not stimulate TCR transgenic T
cells, these findings confirm that Ag presentation is not mediated
by tumor cells that have traveled to the DLN.

In vivo activation of CD11c� cells by anti-CD40 treatment
leads to improved immunity

Although tumor Ags are presented to the immune system in vivo,
no effective antitumor immune response can be found in most of
the tumor-bearing animals. We demonstrate that CD11c� APC are
responsible for tumor Ag presentation. Because activation of these
cells is considered crucial for induction of CTL immunity, this
observation prompted us to examine the effect of the anti-CD40
agonist on CD11c� cells in vivo. For this purpose, tumor DLNs of
anti-CD40 mAb and untreated C57BL/6 mice bearing an E1A-
expressing tumor were analyzed 3 days after the first anti-CD40
injection. In Fig. 3A it is shown that CD11c� cells isolated from
anti-CD40-treated mice had up-regulated their surface expression
of CD80, CD86, CD40, MHC class I, and MHC class II in com-
parison with the CD11c� cells isolated from untreated tumor-bear-
ing mice. Thus, anti-CD40 treatment led to an activated phenotype
of the CD11c� cells present in tumor DLNs.

FIGURE 1. Host cells are required for presentation of tumor Ags.
TAP�/� mice or wild-type mice were injected s.c. with 10 � 106 E1A-
expressing tumor cells. A, At the time when palpable tumors had developed
(25 days after tumor inoculation), DNA was extracted out of tumor DLN,
nondraining lymph node (NDLN), and spleen and analyzed by PCR for
presence of tumor cells. B, Likewise, when palpable tumors had developed,
3 � 106 CFSE-labeled E1A-specific transgenic CD8� T cells were injected
i.v. After 3 days mice were sacrificed and division of the CFSE-labeled
cells was analyzed in spleens and lymph nodes. Plots shown are gated on
CD8� cells. One representative experiment of six is shown.

FIGURE 2. CD11c� cells are important for presentation of tumor Ags.
C57BL/6 mice were injected s.c. with 10 � 106 E1A-expressing tumor
cells. When palpable tumors had developed, DLN and NDLN were ana-
lyzed. Lymph nodes of eight mice were pooled. CD11c� and CD11c� cell
populations were separated. The different cell populations were incubated
for 3 days with E1A-specific transgenic CD8� T cells. Proliferation of the
CTL was determined. One representative experiment of three is shown.
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To investigate whether these CD11c� cells next to their acti-
vated phenotype indeed were superior for inducing T cell activa-
tion we isolated CD11c� cells of tumor-free anti-CD40 and con-
trol-treated animals, loaded the cells ex vivo with peptide, and
incubated them with transgenic T cells specific for the tumor Ag
E1A. We intentionally did not use tumor-bearing animals, as tu-
mor burden and, as a consequence, availability of Ag is higher in
untreated animals than in animals treated with anti-CD40 mAb.
Therefore, comparison of T cell activating capacity of DC in this
system is not necessarily a faithful reflection of DC activation. As
shown in Fig. 3B, T cells incubated with CD11c� cells isolated out
of anti-CD40-treated animals produced a higher amount of IFN-�
than T cells incubated with CD11c� cells isolated out of untreated
animals. Negligible IFN-� production by the tumor-specific T cells
was seen after incubation with CD11c� cells loaded with a control
peptide (Fig. 3B). Thus, next to their activated phenotype, the
CD11c� cells of anti-CD40 treated animals are also functionally
superior for priming tumor-specific T cells.

In untreated tumor-bearing animals, CD8� T cells that recog-
nize the tumor Ag arise and reside in the tumor DLN. Because it
is not known whether these CTL also acquire effector function, we
explored the capacity of tumor-specific T cells to produce IFN-�,
as one parameter of effector phenotype, after encounter of tumor
Ag in untreated and anti-CD40-treated tumor-bearing animals. As
shown in Fig. 3C, only a small proportion (17%) of the tumor-
specific T cells found in the tumor DLNs of untreated mice pro-
duced IFN-� directly ex vivo, whereas after treatment with the
anti-CD40 mAb �65% of the tumor-specific T cells produced

IFN-�. Hence, as was the case upon peptide loading ex vivo (Fig.
3B), also in vivo the activated CD11c� APC were better capable
of turning naive tumor-specific CD8� T cells into effector cells.

Other DC-activating agents have similar effects on antitumor
immune responses

Treatment of tumor-bearing animals with the anti-CD40 mAb
leads to systemic spread of tumor-specific CTL resulting in tumor
eradication (12). To analyze whether other professional APC-ac-
tivating agents can induce similar effects, we treated otherwise
naive tumor-bearing mice intratumorally with the TLR4 and TLR9
ligands, MPL, and CpG1826 respectively. These agents are known
to activate DC both in vivo and in vitro (20–25 and data not
shown). Like in vivo CD40 triggering, intratumoral treatment with
these agents was sufficient for eradication of the E1A-expressing
tumors (Fig. 4A). The antitumor effect of CpG1826 could not be
explained by a toxic effect of the CpG1826 on the tumor cells
themselves, as in CD8-depleted animals the rate of tumor growth
was comparable in untreated and CpG1826 treated animals (data
not shown). In addition, the activation of host CD11c� cells was
strongly associated with systemic spread of endogenously formed
CTL in these mice (Fig. 4B).

Antitumor immunity provoked by anti-CD40 mAb treatment
requires CD40 expression by host APC

To analyze whether CD40 expression by CD11c� cells and/or by
CD8� T cells is required for the induction of effective CTL im-
munity in tumor-bearing mice after treatment with the anti-CD40

FIGURE 3. In vivo activation of CD11c� cells by anti-CD40 treatment leads to improved CD8� T cell activation. A, C57BL/6 mice were injected s.c.
with 10 � 106 E1A-expressing tumor cells. When palpable tumors had developed, mice were treated i.v. with anti-CD40 mAb (shaded histogram) or control
Ab (thick histogram). At day 3 after start of treatment mice were sacrificed, CD11c� cells were isolated out of the lymph nodes and analyzed directly ex
vivo. Expression of CD80, CD86, CD40, MHC class I, and MHC class II are shown. Naive mice without tumors were included in the experiment (thin
histogram). One representative experiment of three is shown. B, CD11c� cells were isolated out of LNs of C57BL/6 mice (not bearing a tumor) either
treated with anti-CD40 mAb (circles) or control Ab (squares), and were directly ex vivo loaded with the E1A-peptide (f and F), or a control peptide
(RAHYNIVTF, � and E). IFN-� production by E1A-specific transgenic T cells after 20 h of incubation with the CD11c� cells was assessed by ELISA.
C, C57BL/6 mice were injected s.c. with 10 � 106 E1A-expressing tumor cells. When palpable tumors had developed (25 days after tumor inoculation),
mice were treated i.v. with anti-CD40 mAb or control mAb. Six days after start of treatment, effector function of T cells, specific for the tumor Ag, located
in tumor DLN and NDLNs was assessed by intracellular IFN-� staining after a short peptide restimulation in vitro. Percentages of tumor-specific CD8�

T cells producing IFN-� are shown (Mean � SD, n � 8). Results shown are derived from one of two experiments with similar results.
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mAb, we adoptively transferred CD40-proficient or CD40-defi-
cient E1A-specific TCR transgenic CD8� T cells into tumor-bear-
ing CD40�/� mice or normal C57BL/6 mice. As shown in Fig. 5,
treatment with anti-CD40 mAb led to tumor eradication only in
wild-type mice, but not in CD40�/� mice, irrespective of CD40
expression by the transfused transgenic T cells.

In contrast, treatment of tumor-bearing CD40�/� mice with the
TLR9 stimulating agent CpG1826 was associated with clearance
of the s.c. growing tumor, indicating that triggering of CD40-de-
ficient DC with other stimuli endows them with the capacity to
generate efficient CTL immunity, without the need of CD40 ex-
pression on CD8� T cells. Indeed, tumor eradication correlated
strongly with the expansion of the E1A-specific CTL population in
peripheral blood of CpG1826-treated CD40�/� mice whereas no
expansion of this population was observed in tumor-bearing
CD40�/� mice treated with anti-CD40 mAb (data not shown).
Also, rechallenge with tumor cells of the CpG-treated CD40�/�

mice that had eradicated their primary tumors, did not lead to
tumor outgrowth, indicating T cell memory formation in the ab-
sence of CD40. Thus, together these data show that CD40 expres-
sion on host APC is crucial for CTL expansion and tumor eradi-
cation in tumor-bearing mice after anti-CD40 treatment.

Furthermore, CD40 expression on CD8� T cells is not sufficient or
necessary for eliciting effective antitumor immune responses.

Discussion
The outcome of CTL-mediated immunity is dictated by the envi-
ronment in which first Ag encounter takes place. In this study we
show, using a model tumor Ag derived from Ad5E1A, that not
tumor cells themselves, but rather CD11c� host cells are respon-
sible for Ag presentation to tumor-specific CTL, despite the fact
that tumor cells can be detected in tumor DLNs. Although
CD11c� cells, most likely DC, are exquisitely capable of activat-
ing Ag-specific T cells, no systemic and effective CTL response is
induced in tumor-bearing mice. This is most likely a consequence
of Ag-presentation by immature DC, as CD40 ligation or trigger-
ing of TLR4 or TLR9, which are associated with activation of
CD11c� cells (23, 24), resulted in a powerful immune response.
Indeed, the CD40-mediated signal has to be directed toward host
APC because tumor-bearing CD40�/� mice harboring CD40-pro-
ficient CTL do not eradicate E1A-expressing tumors after anti-
CD40 mAb treatment. The observation that CD11c� cells present
tumor-derived Ag to tumor-specific CTL without inducing a sys-
temic antitumor response is intriguing, as it indicates that tumor-
specific T cells do not necessarily ignore the tumor. Instead, they
are activated leading to clonal expansion in tumor DLNs. How-
ever, they are not programmed to full effector function, as evi-
denced by the observation that these CTL do not produce IFN-�,
when analyzed directly ex vivo. Also, they cannot be detected

FIGURE 4. DC-activating agents elicit an effective immune response.
C57BL/6 mice were injected s.c. with 10 � 106 E1A-expressing tumor
cells. When palpable tumors had developed (after 21 days), mice were
treated intratumorally with anti-CD40 mAb, CpG1826, or MPL. A, Per-
centage of tumor-bearing mice after treatment with anti-CD40 mAb,
CpG1826, MPL, or no treatment are shown. B, Percentage of endogenously
formed E1A-TM� T cells of total CD8� T cell pool in blood 10 days after
start of treatment (Mean � SD, n � 5). Results shown are derived from one
of two experiments with similar results.

FIGURE 5. CD40 expression on CD8� T cells is not required for ef-
fective antitumor immunity. A total of 3 � 106 E1A-specific, CD40-pro-
ficient or CD40-deficient naive TCR transgenic CD8� T cells were adop-
tively transferred into CD40�/� mice (filled symbols) or C57BL/6 mice
(open symbols). Three days later these mice were injected s.c. with 10 �
106 E1A-expressing tumor cells. When palpable tumors had developed (21
days after tumor inoculation), mice were treated intratumorally with anti-
CD40 mAb, CpG1826, or control mAb. To avoid unnecessary suffering,
mice were killed when the size of the tumors exceeded 1 cm3. The mice
that were still alive at day 100 after tumor challenge had all rejected their
tumors completely and remained tumor-free for at least 50 more days. The
experiment was performed twice with similar results.
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outside the DLN. We refer to these T cells as “poised” T cells,
ready for action, not deleted or anergized, but also not properly
activated by DC to migrate and exert peripheral effector function
(see also Ref. 26). Interestingly, effective, systemic CTL-mediated
immunity is induced when CD11c� cells are activated through
CD40. This identifies the DC as the central cell orchestrating the
outcome of tumor-specific immunity, determining tolerance or ef-
fective antitumor immunity.

These findings are in line with recent publications, using
DEC205-targeted Ag presentation to CD8� T cells in immature or
mature DC (27), or the effect of inducible expression of a model
Ag in DC in vivo (28). When the Ag in these studies was presented
by DC under “steady state” conditions, Ag-specific CTL tolerance
was readily induced. In contrast, when CD40-activated DC pre-
sented the Ag, a powerful CTL response was the result. Our data
indicate that similar outcomes of CTL-mediated immunity are seen
when the Ag presented by the DC has been acquired exogenously
from progressively growing tumors.

The data presented in this study stand in marked contrast to
findings made in another tumor model, describing that not host-
derived APC, but rather tumor cells themselves are responsible for
Ag presentation to naive CTL (5). Although not well understood,
several explanations can account for these contrasting observa-
tions. For example, the stability of the tumor Ag may play an
important role in determining whether a tumor Ag is cross-pre-
sented to CTL. In case the Ag is highly unstable, it is likely that a
strong flow of antigenic peptides makes it to the endoplasmic re-
ticulum of tumor cells, leading to a high peptide-MHC density on
the surface of tumor cells. In this scenario, a much lower amount
of protein Ag is available for uptake by DC, keeping the Ag out-
side the sophisticated mechanisms for efficient cross-presentation
(29, 30). In this case, indirect presentation of tumor Ags by DC is
inefficient, allowing direct presentation of Ag by tumor cells that
display a sufficient high peptide-MHC density on their cell surface.
Also, it has been shown that the availability of a CTL epitope for
biosynthetic processing or cross-presentation depends on the po-
sition of the epitope in the protein (31).

Alternatively, the type of tumor might be important with respect
to its ability to directly present to naive T cells. For example, it is
feasible that lymphoma cells, due to their chemokine receptor and
homing-receptor makeup, can readily enter the T cell zone of
DLNs, whereas other types of tumor, although capable of entering
the DLN, do not make it into the zone in which priming of naive
T cells occurs. The latter notion could explain the lack of CTL
activation in TAP-deficient mice as the used E1A-expressing tu-
mor cells are positive for MHC class I expression and are capable
of activating naive TCR transgenic cells when analyzed directly ex
vivo (data not shown), but apparently not in vivo despite the pres-
ence of tumor cells in tumor DLNs. However, these observations
can also be explained by the superior efficiency of DC compared
with tumor cells to communicate with CTL because semiquanti-
tative analysis showed the presence of a substantial number of
tumor cells in tumor DLNs (Fig. 1A).

Our data and those of others (32–34) show that administration of
DC stimulating agents can be a powerful tool to evoke antitumor
immunity under conditions of sufficient cross-presentation. It will
be important to gain a detailed understanding of the mechanisms
that govern tumor Ag presentation in vivo. Chemotherapy with
gemcitabine increases cross-presentation leading to growth delay,
but not complete eradication of tumors in a model involving me-
sothelioma transfected with the influenza hemagglutinin gene (35).
Combination of gemcitabine with anti-CD40 mAb led to complete
cure of these tumors (36). Moreover, not only expression of co-
stimulatory molecules, but also Ag presentation by DC is enhanced

after activation of the DC by CpG sequences (37). In addition, a
combination of an Ag with CpG sequences was shown to lead to
CD11c� cells that were capable of eliciting protective immunity in
naive mice in the absence of further Ag or adjuvant (38). Although
we did not study the exact mode of action of treatment with CpG
or MPL, it is conceivable that also in our study these agents act
through the activation of DC. Together, these findings indicate that
DC-activating agents have multiple effects on DC that are all ben-
eficial to their capacity to prime efficient CTL responses.

Recently, it was shown that CD8� T cells can express CD40 and
that this CD40 expression is essential for CD8� T cell memory
formation (14). Our results clearly demonstrate that CD40 expres-
sion by host APC, but not by CD8� CTL precursors is crucial for
induction of CTL immunity following CD40 triggering in vivo.
The potential of CD8� T cells to express CD40 is, as such, not
sufficient to allow productive CTL activation. Although we ob-
served that, after adoptive transfer of transgenic T cells, the trans-
genic T cells dominate the response against the specific Ag (data
not shown and Ref. 39), no CTL immunity could be induced by
treatment with the anti-CD40 mAb when CD8� T cells from
CD40-competent donors were transferred into CD40-deficient
mice (Fig. 5). DC activation via TLR9 by CpG1826 ODN was
sufficient to mount a strong antitumor CTL response, independent
of possible CD40 expression on the transfused CD8� T cells.
Moreover, like CD40 signaling, also signaling via TLR4 and
TLR9 led to CTL effector function and memory formation as mice
rejected the initial tumor and were resistant to a subsequent re-
challenge with tumor cells (data not shown). This was also evident
in CD40�/� mice after tumor eradication in response to treatment
with CpG1826 ODN, indicating that, in contrast to previously pub-
lished data (14), CD40 expression on CD8� T cells is not neces-
sary for formation of CTL memory (40).

Together these observations strongly indicate that effective CTL
activation and memory formation are dependent on proper activa-
tion of DC. Provided that human cancers have shed enough protein
Ags for cross-presentation by tumor-associated DC, all that may be
required for effective tumor immunotherapy might be proper DC
activation by suitable DC triggers, such as CD40 agonists and TLR
ligands.
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