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Adequate spontaneous activation of tumor-specific T lymphocytes
in tumor-bearing hosts is rare, despite the expression of tumor
antigens that are potentially highly immunogenic. For example,
failure of the immune system to raise competent responses against
established tumors expressing the human adenovirus E1A-antigen
allows this tumor to grow in immunocompetent mice. We show
that systemic in vivo administration of agonistic anti-CD40 anti-
bodies into tumor-bearing mice results in tumor eradication me-
diated by CD8* T cells. Treatment resulted in a strong expansion
and systemic accumulation of E1A-specific CTL and depended on
CD40 expression on host cells, as the tumor was CD40-, and
therapy failed in CD40-deficient mice. Local intratumoral adminis-
tration of anti-CD40 mAb is equally effective in licensing strong,
systemic CTL immunity, resulting in the clearance of distant tumor
nodules. Our data indicate that the immune response after cancer-
host interactions can be directed toward competence, leading to
the cure of established tumors merely by delivery of a CD40-
dependent “license to kill” signal.

M ost solid tumors express MHC class I molecules but lack
costimulatory molecules essential for appropriate CTL
activation (1, 2). Therefore, presentation of tumor-derived an-
tigens by professional antigen-presenting cells (APCs) is most
likely required for optimal tumor-specific T cell induction (3-6).
Such activation of naive T cells is called cross-priming and was
first demonstrated by Bevan (7). As naive T cells are thought to
recirculate within the lymphoid system, cross-presentation pro-
vides the immune system with a means to detect and respond to
antigens that are expressed only in the periphery.

An important factor determining the outcome of immune
responses is the level of antigen expressed in the periphery (8).
In the case of relatively low levels of antigen, antigen is not
presented at sufficient levels to activate naive T cells. This
situation is associated with ignorance of the antigen by the
immune system. In the case of higher antigen-expression levels,
antigen will be (cross-)presented in sufficient quantities to be
detected by naive T cells. In this case, antigen-recognition can
either lead to tolerance or immunity (9, 10). The outcome of
antigen recognition by naive T cells, i.e., tolerance or immunity,
is thought to be the consequence of the activation state of
professional APCs that (cross-)present the antigen. This activa-
tion state is strongly influenced by inflammatory stimuli as well
as the action of CD4" T helper (Th) cells.

Studies on the requirement of CD4* Th cells in cross-priming
of cytotoxic T lymphocytes (CTL) showed that both Th cells and
CTLs must recognize antigens presented on the same APC (11,
12). The interaction between Th cell and APC is sufficient to
convert the APC to a state that allows priming of antigen-specific
CTL (13, 14), which explains the observation that infusion of
antigen-specific Th cells can rescue autoreactive CTL from
deletion, resulting in CTL-mediated autoimmunity (15).

CD40-CD40L interactions are crucial in the delivery of T cell
help for CTL priming. We have shown that vaccination with

www.pnas.org/cgi/doi/10.1073/pnas.082107699

completely allogeneic tumor cells expressing a human adenovi-
rus type 5 El-derived model antigen (AdSE1L) results in efficient
El-specific CTL responses and protection against E1-expressing
syngeneic tumors (6). CTL priming was shown to depend on
CD40-CD40L interactions, as the blockade of CD40L by in vivo
administration of an anti-CD40L mAbD resulted in a profound
inhibition of CTL priming. Similarly, no E1-specific CTLs were
induced in mice lacking CD4* Th cells. In both cases adminis-
tration of an activating anti-CD40 mAb resulted in efficient
restoration of El-specific immunity, showing that CD40 signal-
ing can replace CD4* Th cells in priming of T helper-dependent
CD8* CTL responses (16). Together, these findings indicate that
the action of T helper cells for priming of tumor-specific CTL is
routed through professional APC that (cross-)present antigen by
delivery of a CD40-dependent activation signal.

Despite the expression of potentially highly immunogenic
tumor antigens, many tumors do not induce tumor-specific
immunity. This absence of immune activation is likely caused by
the fact that tumors masquerade as healthy tissues (17). Devel-
opment and growth of tumors is often not accompanied by
inflammatory stimuli necessary for initial APC activation, in-
cluding MHC class II up-regulation, enabling optimal interaction
between APC and antigen-specific Th cells. The absence of
inflammatory stimuli in the case of tumor growth might lead to
presentation of tumor antigens to CTL by APC that have not
been alarmed to a state required for CTL priming. As a
consequence, APCs draining the site of tumor growth will not be
able to prime tumor-specific CTLs, allowing uncontrolled tumor
growth.

Because CD40 ligation can overcome the need for CD4* T
cells in the induction of an efficient CTL response (16), we opted
to investigate whether established CD40~ potentially immuno-
genic tumors could be treated by CD40 ligation in vivo. Our data
show that both systemic and local CD40 treatment leads to
expansion and systemic spread of tumor-specific CTL, associated
with eradication of E1A-expressing tumors.

Materials and Methods

Mice. C57BL/6 mice were purchased from Iffa Credo. C57BL/6
Kh (B6, H-2®) mice were bred at TNO-PG (Leiden, The
Netherlands). CD40~/~ mice were purchased from The Jackson
Laboratory. Strain 42 mice are T cell receptor (TCR) transgenic
mice expressing the TCRa and B chains derived from the
H-2Y-restricted, Ad5E1A234-243-specific CTL clone 5 (18, 19).

Abbreviations: APC, antigen-presenting cell; Th cell, helper T cell; CTL, cytotoxic T lympho-
cyte; TCR, T cell receptor; Ad5E1, E1-region of adenovirus type 5; NK cell, natural killer cell;
CFSE, carboxyfluorescein diacetate succinimidyl ester; DC, dendritic cell.
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Tumor Cells. Mouse embryo cells transformed by the early region
1A of human adenovirus type 5 (AdSE1A) plus EJ-ras (18, 20)
were cultured in Iscove’s modified Dulbecco’s medium (IMDM,;
Life Technologies, Rockville, MD) supplemented with 8% (vol/
vol) FCS, 50 uM 2-mercaptoethanol, glutamine, and penicillin,
as described (18).

Tumor Experiments. E1A-expressing tumor cells (1 X 107) were
injected s.c. into 7 to 13-week-old male mice in 200 ul of PBS.
Tumor size was measured twice weekly with calipers in three
dimensions. Treatment was started 20-30 days after tumor
inoculation, when palpable tumors were present. Mice were
killed when tumor size exceeded 1 ¢cm® to avoid unnecessary
suffering.

Antibody Treatments. The FGK-45 hybridoma cells producing a
stimulatory anti-CD40 Ab were provided by A. Rolink (Basel
Institute for Immunology, Basel, Switzerland) (21). Mice received
100 pg of the anti-CD40 mAb given either iv. (day 0, 1, and 2 of
treatment) in 200 wl of PBS or intratumorally, s.c. or i.m. (day 0 and
3 of treatment) in 40 ul of PBS. As a control, mAb mice received
100 pg of rat-IgG specific for human CD40 (6E9; ref. 22) in the
same volume of PBS. Depletion of CD4*, CD8*, and natural killer
(NK) cells was started at the same day as the anti-CD40 treatment.
Depleting antibodies [GK1.5 (23), 2.43 (24) and PK136 (25),
respectively] were injected i.p. at day 0, 2, and 4 of treatment and
then twice weekly (100 ug in 200 ul of PBS per injection) until the
end of the experiment. Ten days after the start of depletion,
depletion of the T cell subsets was confirmed by FACS-analysis by
using the RM4-4 and 53-6.7 antibodies (PharMingen), which do
not compete with the depleting antibodies for binding to CD4 and
CDS, respectively. Depletion of NKI.1 cells was determined by
cytotoxicity against NK-sensitive YAC-1 target cells in a standard
5 h 3!Cr-release assay.

Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) Labeling and
Adoptive Transfer. Single-cell suspensions were made from spleen
and peripheral lymph nodes from TCR-transgenic mice express-
ing a T cell receptor recognizing the AdSE1A-peptide (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 X 107 cells per ml and incubated with 0.5 uM CFSE (Molecular
Probes) 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 (4 X 10° were injected in the tail veins of
tumor-bearing mice in 200 ul of PBS.

Flow Cytometry. Tumors were removed, cut into small pieces, and
treated with collagenase (400 units/ml) for 15 min at 37°C.
Living cells were subsequently isolated by performing a Ficoll-
gradient. Single-cell suspensions of spleen and lymph nodes were
prepared by mechanical disruption. Blood samples were de-
pleted of erythrocytes by ammonium chloride treatment for 5
min at room temperature.

Cells were stained with directly allophycocyanin-conjugated
monoclonal antibody against CD8 (PharMingen) and phyco-
erythrin-conjugated E1Aj34 243-loaded H-2 DV tetramers.
Data acquisition and analysis was done on a Becton Dickinson
FACScan with CELLQUEST software.

Statistical Analysis. A log-rank test was used to determine the
significance of the differences in survival between groups.

Results

E1A Peptide Is Naturally Presented in Tumor-Draining Lymph Node.
Ad5E1A-transformed tumor cells derived from C57BL/6 Kh
mice harbor an E1A-encoded CTL epitope, which is presented
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Fig. 1. (a) The presence of the E1A-derived CTL epitope is detected in the
tumor-draining lymph node only. CFSE-labeled E1A-specific transgenic T cells
(4 X 105 were injected i.v. into mice bearing an Ad5E1A-expressing tumor.
Three days later, the spleen, tumor-draining lymph node, and a nondraining
lymph node were taken and analyzed for division of E1A-specific CTL by FACS.
The results obtained from tumor-draining lymph node (solid black line) and
spleen (dotted line) are shown and are representative of 12 mice. Results were
comparable for anti-CD40-treated and -untreated mice. (b) Endogenous E1A-
specific CTL can be detected in tumor-draining lymph nodes. Mice bearing an
Ad5E1A-expressing tumor were killed 35 days after tumor inoculation. FACS
analysis was performed on blood, spleen, and lymph nodes. In over 30% of
mice (n = 23), E1A-specific CTL were detected in tumor-draining lymph nodes
only, whereas no E1A-specific CTL were observed in the other animals of this
group (not shown). Numbers in the upper right quadrants represent the
percentage of DP/E1A tetramer-positive cells of the total pool of CD8* cells.

in the context of H-2D. Despite the presence of this highly
antigenic CTL epitope (19), ElA-transformed tumor cells
readily form progressively growing tumors when injected s.c.
This finding prompted us to investigate whether the E1A-peptide
is presented to the immune system in vivo. Therefore, we injected
tumor-bearing mice with CFSE-labeled spleen cells derived from
TCR-transgenic mice expressing a TCR specific for the E1A-
peptide (strain 42 mice). Three days later, lymph nodes and
spleen were taken, and cell division of CFSE-labeled cells was
monitored. As shown in Fig. 1a, cell division was observed only
in the tumor-draining lymph node, whereas no division of the
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transgenic T cells was observed in the spleen or nondraining
lymph node. These data indicate that the E1A-tumor antigen is
presented in the lymph node that drains the site of tumor growth.

Endogenous E1A-Specific CTL Can Be Detected in Tumor-Draining
Lymph Nodes. The data presented above show that naive E1A-
specific TCR-transgenic CTLs are activated in lymph nodes
draining the site of tumor growth but do not address the question
whether endogenous CTLs are activated as well. As CTL-
mediated immunity directed against E1A is dominated by CTL
specific for the E1A-derived CTL epitope SGPSNTPPEI (19),
we analyzed CTL immunity against this epitope by using
E1A/DP tetramers. In ~30% of animals, E1A-specific CTL were
detectable in tumor-draining lymph nodes (Fig. 1b), whereas no
E1A-specific CTLs could be observed in the remaining 70% of
tumor-bearing animals (not shown). Together, these date indi-
cate that the E1A-epitope is presented at a sufficient level for
detection by E1A-specific CTL. Nonetheless, no effective CTL
response is present, as no E1A-specific CTL are found in the
majority of tumor-bearing animals 35 days after tumor inocu-
lation. In the animals that harbor tumor-specific CTL, tumor
growth is still progressive, reflecting the situation found in, for
example, melanoma patients in which melanoma-specific CTLs
are present.

Ad5E1A-Expressing Tumors Are Eradicated by Systemic CD40 Activa-
tion. The data described above indicate that the presentation of
the ElA-epitope is apparently not sufficient to induce an
efficient immune response capable of mediating tumor rejection.
As CD40-CD40L interactions have been shown to be crucial for
the induction of antitumor immunity, we wished to study
whether systemic CD40 triggering could mount an immune
response capable of eradicating established tumors. Therefore,
we injected E1A-transformed tumor cells into naive C57BL/6
mice. Twenty days later, at a time when all mice had developed
palpable tumors, these mice were treated by i.v. injection of an
agonistic anti-CD40 antibody. As depicted in Fig. 2a, this
treatment resulted in the disappearance of the tumors, whereas
in control-treated mice, the tumors grew progressively, despite
the presence of small numbers of CD8* CTL reactive with the
E1A-tumor antigen in at least a proportion of the animals (Fig.
1b). Disappearance of the tumors after treatment with the
anti-CD40 antibody was not caused by a direct effect of the
antibody on the tumor cells, as these were CD40~ (data not
shown). Furthermore, anti-CD40 treatment was not effective in
CD40 knockout mice (Fig. 2b), indicating that CD40 expression
on host cells was required for successful treatment.

CD8* T Cells Are Important for Tumor Eradication. To determine
which cells are responsible for tumor clearance after CD40
ligation, we investigated the role of NK cells, CD4* T cells, and
CD8" T cells in tumor eradication. The respective role of each
of these cell types was determined by depletion of the specific cell
type in tumor-bearing mice at the time anti-CD40 treatment was
started. As depicted in Fig. 3, mice depleted of CD4 ™ T cells were
still able to resolve the tumor. Also, depletion of NK cells did not
result in less efficient tumor eradication (not shown). In contrast,
anti-CD40-treated mice depleted of CD8™ T cells lost the ability
to eradicate the s.c. growing tumor.

These results indicate that CD8" T cells play a crucial role in
eradication of these tumors after CD40 ligation in vivo.

Tumor-Specific CTL Immunity Is Enhanced after CD40 Activation. The
observation that CD8* CTL are important for tumor clearance
prompted us to investigate whether tumor-specific CTL immu-
nity could be visualized after CD40 injection. For this purpose,
tumor-bearing mice treated i.v. with anti-CD40 mAb were killed
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Fig. 2. (a) CD40 ligation in vivo leads to the elimination of established
tumors. Mice were injected s.c. with Ad5E1A-expressing tumor cells. At the
time that mice had developed palpable tumors, mice were injected i.v. with a
CD40-activating mAb (O) or with a control mAb (@). (b) Anti-CD40 ligation in
vivo does not have an antitumor effect in CD40-deficient mice. C57BL/6 mice
(®) and BL6/CD40~/~ mice (O0) were injected s.c. with Ad5E1A-expressing
tumor cells. At the time that mice had developed palpable tumors, mice were
injected i.v. with a CD40-activating mAb (open symbols) or control mAb
(closed symbols).

10 days later to perform FACS analysis on cell populations
derived from blood, spleen, and lymph nodes.
As outlined above, no E1A-specific CTLs were detected in
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Fig.3. (D8 TcellsbutnotCD4" Tcellsare crucial for tumor eradication after
in vivo CD40 ligation. Mice were injected with Ad5E1A-expressing tumor cells.
At the time that mice had developed palpable tumors, treatment was started.
Mice received no treatment (OJ), i.v. anti-CD40 mAb-treatment (O), or a
combination of anti-CD40 mAb with a CD8-depleting (®) or a CD4-depleting
Ab (m). To avoid unnecessary suffering, mice were killed when the size of the
tumors exceeded 1 cm3. Untreated vs. anti-CD40, P < 0.01; anti-CD40 vs.
anti-CD40 + CDA4-depletion, P = 0.75; anti-CD40 vs. anti-CD40 + CD8-
depletion, P << 0.01 (log-rank test).
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Fig.4. Invivo CD40 activation leads to systemicspread of tumor-specific CTL.
Mice were injected with Ad5E1A-expressing tumor cells. At the time that mice
had developed palpable tumors, they were treated intravenously with anti-
CD40 mAb. Ten days after anti-CD40 injection, mice were killed. (a) FACS
analysis was performed on blood, spleen, and lymph nodes. In all mice,
E1A-specific CTL were readily detectable (n = 29). (b) Tumor infiltration of
E1A-specific CTL was determined by FACS analysis. (a and b) Numbers in the
upper right corner represent percentage of DP/E1A tetramer-positive cells of
the total pool of CD8" cells.

70% of untreated animals, whereas E1A-specific CTLs were
detectable in the lymph nodes that drained the site of tumor
growth in the other 30% of tumor-bearing mice. E1A-specific
CTLs were not observed in blood, spleen, or nondraining lymph
nodes of any of the untreated mice (Fig. 1b). Anti-CD40
treatment resulted in a dramatic increase in E1A-specific CTL in
both the tumor-draining lymph node as well as in nondraining
lymph nodes, spleen, and blood (Fig. 4a). Moreover, a further
enrichment of tumor-specific CTL in anti-CD40 treated animals
was observed in tumor tissue (Fig. 4b).

Together, these findings show that CD40 activation leads to a
strong expansion, systemic spread, as well as enrichment of
tumor-specific CTL infiltrating the tumor, emphasizing the
potent effects of CD40 treatment on the tumor-specific CTL
response.

Local Injection of Anti-CD40 Antibodies Leads to Systemic Antitumor
Immunity. As described above, i.v. injection of an anti-CD40
antibody induces an adequate antitumor immune response.
However, upon further experimentation, we found that systemic
injection of the anti-CD40 antibody, but not a control antibody,
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Fig.5. Local CD40 activation causes systemic antitumor immunity. Mice were
injected with Ad5E1A-expressing tumor cells in both flanks. At the time that
palpable tumors had developed in both flanks, anti-CD40 or control mAb was
given intratumorally in the right tumor. (a) Ten days after treatment, blood
samples were taken and analyzed by FACS to determine the presence of
E1A-specific CTL. Bars represent the number of E1A-specific CD8" T cells as a
percentage of the total pool of CD8* cells (means + SEM, n = 7). (b) Survival
curve of anti-CD40-treated (O) or control-treated (®) animals. To avoid un-
necessary suffering, mice were killed when the size of one of the tumors
exceeded 1 cm3. Log-rank test, P < 0,05.

two weeks after start of treatment resulted in severe side effects.
All mice receiving the anti-CD40 mAb two weeks after the first
injection developed a shock syndrome that was fatal in 50% of
cases. These side effects were not observed when the antibody
was given s.c. or intratumorally (data not shown). These obser-
vations led us to investigate whether such local treatment also
leads to therapeutic immunity. Therefore, groups of mice bear-
ing E1A-expressing tumors in both flanks or in the right flank
only were injected with agonistic anti-CD40 mAb or a control
antibody into one tumor site only.

In Fig. Sa, it is shown that the intratumoral injection of
anti-CD40 mAb leads to the appearance of E1A-specific CTL in
peripheral blood, comparable to the number in i.v.-treated
animals. More importantly, mice receiving anti-CD40 mAb were
able to clear the E1A-expressing tumor in both the treated as
well as the untreated flank (Fig. 5b).

Likewise, local s.c. as well as i.m. injection of the anti-CD40
mAb resulted in systemic CTL induction and tumor clearance
(data not shown).

Thus, local treatment of primary established tumors with
CD40-activating agents can lead to the induction of systemic
antitumor immunity and rejection of tumors at distant sites.
Furthermore, mice that had rejected E1A-expressing tumors
after anti-CD40 treatment were capable of rejecting a subse-
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quent tumor challenge for at least 80 days after treatment (data
not shown).

Discussion

To develop immunological strategies for the eradication of
tumors, in-depth understanding of the ways in which such
therapies operate is clearly required. In this study, we show that
CDA40 ligation in vivo can lead to the clearance of established
CD40~ tumors. Tumor eradication was strongly associated with
the emergence of tumor-specific CTL in peripheral blood,
spleen, as well as tumor and depended on CD40 expression by
host cells.

Recently, it has been reported that CD40 stimulation has an
adverse effect on CTL immunity in tumor-bearing mice (26).
Although the reasons for this observation are not known, it could
be that the timing of anti-CD40 treatment is an important
parameter influencing the outcome of treatment. CD40 ligation
leads to maturation of APC, which is associated with a reduced
ability for antigen uptake and presentation. Therefore, CD40
ligation relatively shortly after tumor inoculation could lead to
the maturation of APCs that have not yet acquired sufficient
antigen to prime CTL.

Systemic anti-CD40 triggering has been used successfully in
the treatment of mice with B cell lymphomas (27) or mice
bearing lung metastases after infusion of tumor-specific TCR-
transgenic CD4* T cells (28). In these cases, the mode of action
was not extensively studied, and it was not clear, for example,
whether direct effects of the anti-CD40 mAb on the CD40™"
tumors contributed to the treatment. CD40 ligation of B cell
leukemias results in B cell activation and up-regulation of
costimulatory molecules, which could, in turn, enhance T cell
activity. CD40 ligation also can result in direct growth inhibition
(29) and apoptosis (30) of CD40™" tumor cells, which would affect
tumor growth and survival. Likewise, induction of tumor cell
death may enhance (re)presentation of tumor antigens, resulting
in pronounced T cell activation. We consider it unlikely that
these possibilities contribute to our findings. We have shown that
CD40 ligation in vivo can mediate strong antitumor effects when
established CD40~ tumors are the subject of treatment. NK cells
do not seem to play a crucial role, because anti-CD40 therapy
was still effective in mice depleted for NK cells. CD8" T cells,
but not CD4* T cells, are crucially involved in tumor eradication.
The induction of these CD8* T cells depended on CD40
expression on host cells, as therapy failed in CD40 knockout
mice. This observation, together with the finding that the
E1A-peptide is readily presented to tumor-specific CTL in
tumor-draining lymph nodes (Fig. 1a) and the fact that murine
CD8™" T cells are CD40, indicates that CD40™" cells, capable of
antigen presentation to naive T cells in the T cell areas of
(draining) lymph nodes, are the major target of agonistic anti-
CD40. In a model involving a tumor cell vaccine consisting of
completely allogeneic E1-expressing tumor cells, we have shown
(16) that B cells are not required for CTL priming. Because cells
belonging to the dendritic cell (DC) lineage are CD40™" and are
able to present antigen to naive T cells but are only qualified to
prime CTL responses after receiving a proper activation stimulus
(13, 14), we consider it likely that the cellular target of the
anti-CD40 mAb is a DC. CDA40 triggering of DC not only results
in their activation required for proper CTL priming, but also
leads to their migration from the periphery to draining lymph
nodes (31). In this way, anti-CD40 treatment may not only
contribute to CTL induction by activation of DC but also by
enhancing the number of antigen-presenting DC in tumor-
draining lymph nodes.

The demonstration that the primary target of the anti-CD40
mAb is of host origin is consistent with several reports
demonstrating the importance of host APC in shaping the
antitumor immune response (4, 6, 16, 28, 32, 33) but are
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seemingly in disagreement with a recent study (34) showing
that induction of tumor-specific CTL depends on sufficient
tumor cells reaching secondary lymphatic organs. In this study,
it was shown that direct intrasplenic injection of cells express-
ing a strong viral CTL epitope led to the induction of CTL in
the apparent absence of cross-presentation of antigen. Clearly,
the circumstances under which direct or indirect priming of
CTL predominates require further investigation, but it would
be interesting to study whether CD40 ligation also would
enhance CTL immunity in case tumor cells are injected directly
into lymphoid organs.

CTL reactive to E1A/DP-tetramers could be detected in
approximately 30% of tumor-bearing mice. Nonetheless, this
CTL response is clearly not able to mediate tumor-eradication,
as only a few mice (less than 5%) spontaneously rejected their
tumors. Apparently, this CTL response does not fully develop,
as evidenced from the fact that CTLs are only detectable in the
draining lymph node and are not present in sufficient amounts
outside these nodes to destroy the tumor target tissue. This
observation is an interesting one, especially in light of the
recent findings that a brief encounter with antigen is sufficient
for naive CD8* T cells to initiate a program that will carry
them through multiple cycles, allowing development of cyto-
toxic effector function (35). Apparently, antigen recognition in
vivo as such is not sufficient to induce effective antitumor CTL
responses, as CD40 signaling dramatically enhanced CTL
responses and migration. It is tempting to speculate that the
initial encounter with antigen can lead to different programs,
both beginning with cell division but ultimately ending in a
different outcome, depending on the activation status of APC.
CD40 activation changes the molecular make-up of APC
dramatically, not only leading to expression of the full co-
stimulatory potential but also to the expression of other
molecules implicated in T cell activation, such as 4-1BB
ligand, which is thought to be important for CTL expansion
and survival (36-39). Thus, our results indicate that tumor-
specific CTL can clonally expand after antigen recognition in
tumor-bearing hosts, but that additional signals such as those
provided by CD40 ligation of professional APCs are clearly
required for the induction of an effective CTL response.

Our study demonstrates that local injection of anti-CD40 can
result in a strong systemic antitumor effect, because intratumoral
injection into a single tumor also resulted in the eradication of
other, distant tumors in the absence of specific vaccination. The
fact that local injection of the mAb also is capable of eliciting a
systemic antitumor immune response (Fig. 5a) is important,
because we found that a subsequent i.v. injection of the mAb two
weeks after the first i.v. injections led to a shock-like syndrome
in all mice, resulting in 50% mortality, probably by induction of
a cytokine burst of CD40" cells. This toxic effect was not
observed after multiple intratumoral injections of anti-CD40
mAD. Likewise, local s.c. or i.m. injections resulted in a systemic
tumor-specific CTL response (data not shown). Together, these
findings indicate that local anti-CD40 treatment is to be pre-
ferred over systemic injection.

The finding that tumor-bearing animals can be cured by local
injection of a CD40 mAb provides a rationale to apply
CD40-stimulating agents in a clinical setting without the need
of insight in the tumor antigens that are involved. Employment
of CD40-stimulating agents seems particularly attractive in an
adjuvant setting because intratumoral injection can lead to
systemic immunity capable of eradicating (micro)metastases.
For example, colon carcinoma, melanoma, and cervical car-
cinoma are known to harbor several tumor antigens. In a
setting in which CD40-stimulating agents are injected 1 week
before surgery, the immune system could be (re)activated,
allowing early and optimal detection of potential metastases.
Also, the induction of CD8" tumor-specific CTL migration
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from local tumor-draining lymph nodes by anti-CD40 treat-
ment would allow surgical removal of such nodes without the
dangerous side effect of removing the main, if not only, source
of tumoricidal CTL precursors. In addition, the formation of
an effective antitumor response in case of a new tumor
challenge after rejection of a first tumor, indicates that im-
munologic memory has developed by the treatment with the
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