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The induction of tumor-protective immunity against malignancies remains a major challenge in can-
cer immunotherapy. A novel, humanized anti-ganglioside-GD,-IL-2 immunocytokine (hu14.18-
IL-2) induced CD8* T cells to eradicate established pulmonary metastases of B78-D14 murine
melanoma, in a process that required help by CD4* T cells and was mediated by the CD40/CD40 lig-
and (CD40L) interaction. The anti-tumor effect was diminished in mice deficient in CD4* T-cells.
Three lines of evidence show that CD4* T-cell help was mediated by CD40/CD40L interaction but not
by endogenous IL-2 production. First, the hul4.18-IL-2-induced anti-tumor response is partially
abrogated in C57BL/6] CD40L knockout (KO) mice in contrast to C57BL/6J IL-2 KO animals, in
which the immunocytokine was completely effective. Second, partial abrogation of the anti-tumor
effect is induced with anti-CD40L antibodies to the same extent as with CD4* T-cell depletion. Third,
a complete anti-tumor response induced by hu14.18-IL-2 can be reconstituted in C57BL/6] CD40L
KO mice by simultaneous stimulation with an anti-CD40 mAb. These results suggest that help pro-
vided by CD4* T cells via CD40/CD40L interactions in our tumor model is crucial for effective

immunotherapy with an IL-2 immunocytokine.

J. Clin. Invest. 105:1623-1630 (2000).

Introduction
A critical step in induction of T cell-mediated, tumor-pro-
tective immunity against syngeneic malignancies is the
effective initial activation and subsequent maintenance of
a tumor-specific CD8* T cell-mediated immune response.
One strategy for achieving this goal is to increase
cytokine concentration in the local tumor microenvi-
ronment by introduction of cytokine genes into autol-
ogous tumor cells, commonly referred to as cytokine
gene therapy (1). We demonstrated the feasibility of an
alternative non-patient-specific therapy with tumor-
specific Ab-cytokine fusion proteins called immunocy-
tokines, which direct immunomodulatory substances
into the tumor microenvironment (2, 3). Tumor-specif-
ic targeting of human recombinant IL-2 using a
human/mouse chimeric anti-ganglioside-GD,-IL-2
immunocytokine (ch14.18-IL-2) targeted IL-2 to the
tumor and induced a CD8* T cell-mediated, long-lived,
transferable tumor-protective immunity against murine
GD;-positive B78-D14 melanoma cells in syngeneic
C57BL/6] mice. In contrast, a nonspecific IL-2
immunocytokine proved ineffective (4-6). These results
are consistent with the successful induction of a vacci-
nation effect against syngeneic melanoma. Three major
findings support this conclusion. First, depletion of
CD8" T cells abolished the treatment effect mediated by

ch14.18-IL-2. Second, this therapy failed in T cell-defi-
cient C57BL/6] scid/scid mice, but was fully operational
in T cell-competent, natural killer cell-deficient
(NK cell-deficient) C57BL/6] beige/beige mice. Third,
adoptive transfer of CD8* T cells from animals success-
fully treated with immunocytokine protected C57BL/6]
scid/scid mice from lethal tumor cell challenge.

Three major events must occur to induce CD8* T
cell-mediated, tumor-protective immunity against syn-
geneic melanoma. First, the T-cell receptor must be
triggered by a (or multiple) self antigen-derived peptide
MHC class I complex (7-13). Therefore, this event
depends entirely on appropriate antigen presentation,
which is most efficiently provided by mature dendritic
cells (14). Peripherally tolerant or “ignorant” self-reac-
tive T-cell clones, once properly activated, may serve as
tumot-specific effector T cells (15, 16). Second, simul-
taneously with T-cell receptor triggering, a distinct sec-
ond costimulatory signal must be delivered, mediated
by IL-2,B7-1, or B7-2, which engage IL-2 receptors and
CD28 on the surface of the T cell, respectively (17). A
source of these cofactors for effective CD8* T-cell stim-
ulation can be provided by CD4" T cells that release
critical amounts of IL-2, or by mature dendritic cells
that display an increased level of B7-1/B7-2 costimula-
tory molecules on their cell surfaces. Third, inflamma-
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tory cytokines, including IL-1, IL-6, IL-12, and IFN-y
provide a third signal that acts directly on T cells (18),
referred to as the “danger signal” (19, 20). This signal
was found to optimally activate Tyl differentiation
and lead to clonal expansion of T cells (18).

In the context of optimal stimulation of CD8* T cells,
CD4" T cells were reported to play a crucial role not
only in the release of soluble immunomodulatory fac-
tors such as IL-2 (21) into the tumor microenviron-
ment, but also in activation of antigen presentation.
This effect is also mediated by ligation of CD40 on the
surface of antigen presenting cells (APC) (21), and is
induced by CD40L (CD154) expressed on activated
CD4"* T cells, leading to maturation of dendritic cells
(22) and upregulation of antigen presentation in func-
tions of the MHC and costimulatory molecules.

Here, we extend prior findings on the induction of a
tumor-protective immunity against syngeneic melanoma
by tumor-targeted IL-2 using humanized versions of anti-
GD, immunocytokine hul4.18-IL-2. In our model, most
optimal immunotherapy with IL-2 immunocytokines
depended on help from CD4* T cells. This was mediated
by interactions between CD40 and CD40L, but was inde-
pendent of endogenous production of IL-2.

Methods
Mice. Syngeneic female CS7BL/6] mice, C57BL/6]
scid/scid mice, C57BL/6] beige/beige mice, and CD40L
knockout (KO) mice (B6/129-Tnfsf3m1Imx) were obtained
from The Jackson Laboratory (Bar Harbor, Maine, USA).
Syngeneic C57BL/6Tac-[KO]JAbb N5 CD4" helper T
cell-deficient MHC class II KO mice and C57BL/6Gph-
Tac-[KO|B2m N5 CD8* T cell-deficient MHC class I KO
mice were purchased from Taconic Farms (German-
town, New York, USA). All mice were housed in groups
of four each in the pathogen-free mouse colony at our
institution, and were used at 6-8 weeks of age for each
experiment. Mice were fed ad libitum on standard
mouse laboratory chow. Animal experiments were per-
formed according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.
Immunocytokines. The mouse-human chimeric Ab
ch225-1IL-2 control immunocytokine directed against
the human EGF receptor has been described previous-
ly (23). The humanized anti-disialoganglioside GD,
antibody hul4.18, and its fusion protein with hIL-2
were generated and provided by Lexigen Pharmaceuti-
cals Corp. (Lexington, Massachusetts, USA). An
equimolar amount of 3,000 IU rhIL-2 (specific activity
16 x 10° IU/mg; Chiron Corp., Emeryville, California,

clone called B78-D14. These cells were grown as mono-
layers in the presence of 400 pg/mL G418 and 50
Mg/mL hygromycin B in RPMI containing 10% FCS
and 2 mM L-glutamine. The level of pulmonary metas-
tases was increased by two in vivo passages of 5 x 10°
B78-D14 cells. This was followed by in vitro culture of
single pulmonary metastases 5 weeks after initial
tumor cell injection and the isolation of an amelanot-
ic subline, B78-D14 2.34.

Experimental lung metastases were induced by injec-
tions of a single-cell suspension of 1.25 x 10° B78-D14
2.34 cells into the lateral tail vein. To prevent pulmonary
embolism caused by the injection of tumor cells, they
were administered in a total volume of 500 UL PBS con-
taining 0.1% BSA over a period of 60 seconds. Four days
later, established micrometastases were present
throughout the lungs; after 28 days, grossly visible dis-
seminated metastases were observed on the surface of
these organs. Therefore, treatment of established pul-

PBS

hu14.18 + IL-2
(20 ug)

hui4.18 - IL-2
(20 ug)

Figure 1

USA) contained in 1 pg hul4.18-1L-2 was used in Ab-
cytokine mixture controls (24).

Cells and animal model. Generation and propagation of
the GD,-positive murine B78-D14 melanoma cell line
have been described previously (4, 25). Briefly, the
murine melanoma cell line B78 was transfected with
genes encoding [-1,4-N-acetylgalactosaminyltrans-
ferase and a-2,8-sialyltransferase, inducing constitutive
expression of the gangliosides GD, and GDj3 on a sub-

Treatment of established micrometastases with hu14.18-IL-2 immuno-
cytokine. (a) The presence of micrometastases (arrow) was determined
in lungs of C57BL/6) mice injected intravenously with 1.25 x 10° B78-
D14 2.34 cells, 4 days after tumor cell injection. (b) Treatment of
established melanoma metastases was initiated at that time with daily
intravenous applications (for 5 days) of either 100 UL PBS (top row),
an equivalent mixture of hu14.18 Ab (20 pg) and rhiL-2 (60,000 IU)
(second row), or 20 pg hu14.18-IL-2 immunocytokine (third row).
Two representative specimens of each treatment group of six mice were
selected for photography.
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monary metastases was initiated 4 days after tumor-cell
inoculation by daily intravenous injections (for S days)
with 20 pg each of tumor-specific hul4.18-IL-2. Results
of this treatment were compared with results of treat-
ment with an equivalent mixture of either 20 Ug
hu14.18 Ab and 60,000 IU rhIL-2, or 20 Ug of a non-
specific ch225-IL-2 immunocytokine. The metastatic
load in the lungs of individual mice was assessed 28
days after tumor-cell inoculation by determining lung
weights of freshly prepared specimens.

Depletion of CD4" and CD8* T-cell subsets was
accomplished by weekly intraperitoneal injections for 4
weeks (on days -2, 5, 12, and 19) of 500 g rat anti-
mouse anti-CD4 mAb (GK1.5) and anti-CD8 mAb (53-
6.7), respectively. The greater than 95% absence of CD4*
and CD8" T cells was confirmed by FACSY analysis of
splenocytes from depleted animals, as described previ-
ously (ref. 4 and data not shown). The generation, char-
acterization, and production of anti-CD40L (MR-1) and
anti-CD40 (FGKKS) mAb’s has been described else-
where (21, 26-28). Experiments blocking CD40/CD40L
interaction with anti-CD40L Ab were performed by
daily intraperitoneal injections (for 3 days) of 200 pg
anti-CD40L, given simultaneously with hu14.18-IL-2
treatments. Surrogate CD40 stimulation was accom-
plished by one intraperitoneal injection of 200 g anti-
CD40 Ab 4 days after tumor-cell inoculation.

Flow cytometry. Activation of CD8" T cells and CD11c-
positive APCs was measured by multiple color flow
cytometry analysis. For this purpose, animals were inoc-
ulated with 1.25 x 10° B78-D14 2.34 melanoma cells,
treated as outlined in the legends to Figures 5 and 6, and
sacrificed on day 12. CD8" T-cell activation was deter-
mined by staining of freshly isolated splenocytes with
anti-CD8 FITC (53-6.7), anti-CD25 PE (H129.19), or
anti-CD69 PE (H1.2F3). Activation of APCs was meas-
ured using anti-CD11c FITC (HL-3), anti-CD86 PE
(GL1), biotinylated anti-IA® (KH74), and streptavidin-
allophycocyanin. All flow experiments were performed
in the presence of 0.1 pg/mL propidium iodide and
CD16/CD32 (FcyIII/II receptor) Fc Block™ in order to
exclude dead cells and block nonspecific Fc-receptor
binding, respectively. All reagents were obtained from
PharMingen (La Jolla, California, USA). Cells were incu-
bated in PBS (pH 7.4) containing 0.05% NaNj; and 1%
FCS in the presence of labeled antibodies at 1:200 dilu-
tion, for 30 minutes at 4°C. After being washed in the
same buffer, cells were analyzed by FACScan (Becton
Dickinson, Bedford, Massachusetts, USA). A minimum
0f 10,000 labeled cells per sample were analyzed.

Statistics. The statistical significance of differential find-
ings between experimental groups of animals was deter-
mined by two-tailed Student’s  test. Findings were regard-
ed as significant if two-tailed P values were below 0.05.

Results

Effect and characterization of the immune response induced by
the bu14.18—IL-2 immunocytokine. We previously demon-
strated a T cell-mediated eradication of established
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Figure 2

Effect of in vivo depletion of CD4* and CD8* T cells on hu14.18-IL-2
therapy of established pulmonary melanoma metastases. The thera-
peutic effect of hu14.18-IL-2 was determined in immunocompetent
C57BL/6J (a) and NK cell-deficient C57BL/6] beige/beige mice deplet-
ed of CD4* and/or CD8"* T cells and compared with C57BL/6)
scid/scid controls (b). Experimental metastasis was induced by intra-
venous injection of 1.25 X 106 B78-D14 2.34 cells, followed by treat-
ment beginning 4 days thereafter with daily intravenous applications
(for 5 days) of either 20 Hg hu14.18-IL-2, an equivalent mixture of
hu14.18 Ab and rhiL-2, 20 pg nonspecific ch225-1L-2, or PBS. A
group of six mice were not injected with B78-D14 2.34 cells (naive
control). Depletion of CD4* and CD8* T cells was accomplished as
described in Methods. Twenty-eight days after tumor-cell injection,
mice were euthanized before determination of total fresh lung
weights. Bars represent mean and SD of six mice per group (P < 0.02,
8P <0.01 compared with all control groups).

pulmonary metastases after tumor-targeted IL-2 ther-
apy using a mouse-human chimeric anti-ganglioside
GD; antibody-IL-2 immunocytokine, ch14.18-1L-2 (4).
Here, we extend these findings, showing that daily
injections for 5 days with 20 Pg of a humanized version,
hu14.18-1L-2, also elicit effective eradication of estab-
lished pulmonary metastases in the majority of ani-
mals (Figures 1 and 2; Table 1). This was demonstrated
by a complete absence of both micrometastases (data
not shown) and macroscopic metastatic foci on the
lung surfaces of 4 of 6 mice (Figure 1, Table 1), deter-
mined by histologic examination. A correlation
between the number of metastatic foci and organ
weight was established for this model (Table 1), and
proved to be the most sensitive and quantitative
parameter for metastatic disease. Therefore, lung
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Figure 3

Anti-tumor immune response in CD8* and CD4" T cell-deficient
C57BL/6) MHC class | and class Il KO mice induced by hu14.18-IL-
2. The therapeutic effect of hu14.18-IL-2 was determined in
C57BL6/) MHC class | and Il KO mice characterized by CD8* and
CD4" T-cell subpopulation deficiencies, respectively. Treatment was
initiated 4 days after tumor-cell inoculation by daily intravenous
injections (for 5 days) with 20 pg hu14.18-IL-2 or PBS. Depletion of
CD8* T cells in CD4* T cell-deficient mice was accomplished as
described in Methods. One group of six mice was not injected with
B78-D14 2.34 cells (naive control). Twenty-eight days after tumor-
cell injection, mice were euthanized before determination of total
fresh lung weights. Bars represent mean and SD of six mice per group
(AP < 0.01 compared with all control groups).

weights were used for further evaluation of anti-
melanoma responses. The anti-tumor response
observed with hu14.18-IL-2 was primarily mediated by
CD8" T cells, as demonstrated in three independent
experimental settings. First, in vivo depletion of CD8*
T cells from immunocompetent CS7BL/6] mice
decreased the therapeutic effect of hul4.18-1L-2 back
to the control levels that were obtained with injections
of either PBS, an equivalent mixture of hul4.18 Ab and
IL-2, or a nonspecific ch225-IL-2 immunocytokine
(Figure 2). Second, treatment of melanoma metastases
with hu14.18-IL-2 was ineffective in T cell-deficient
CS7BL/6] scid/scid mice, in contrast to NK cell-defi-
cient, T cell-competent C57BL/6] beige/beige mice. This
indicates a T cell-mediated but not an NK cell-medi-
ated immune response. The effect of treatment with
hu14.18-1L-2 was also reversed in this mouse strain by
depletion of CD8" effector T cells (Figure 2). Third, pul-
monary metastases remained disseminated through-
out the lung after treatment with hul4.18-IL-2
immunocytokine in CD8" T cell-deficient MHC class I
KO mice (Figure 3).

The induction of an optimally effective CD8" T
cell-mediated anti-tumor response by hul4.18-IL-2
clearly depends on the presence of CD4* T cells. This was
demonstrated by partial abrogation of the anti-tumor
effect mediated by hu14.18-1L-2 in three different exper-
imental settings that were characterized by a deficient
CD#4* T-cell compartment, but presence of CD8" T cells
in vivo. Immunocompetent C57BL/6] mice and NK
cell-deficient, T cell-competent C57BL/6] beige/beige
mice depleted of CD4* T cells revealed a partial abroga-
tion (to about 50%) of the treatment effect mediated by

hu14.18-IL-2 (Figure 2). A similar result was obtained in
CD4" T cell-deficient MHC class I KO mice, in which
the treatment with hul4.18-IL-2 was also only partially
effective (Figure 3). These findings contrast sharply with
those obtained with CD4* and CD8" T cell-competent
C57BL/6] and C57BL/6] beige/beige mice, respectively, in
which the hu14.18-IL-2 immunocytokine treatment was
completely effective (Figure 2). In summary, these data
demonstrate a helper function for CD4* T cells in CD8*
T cell-mediated anti-melanoma immune responses
induced by hu14.18-IL-2.

Determination of the belp mechanism provided by CD4* T
cells. There are currently two models for help provided
by CD4* T cells, including production of T-cell growth
factor IL-2 and activation of APCs for most efficient
antigen presentation via CD40/CD40L interaction.
We determined which model applied for help provid-
ed by CD4" T cells in CD8* T cell-mediated anti-
melanoma immune responses induced by hu14.18-IL-
2 by using mouse strains deficient in endogenous IL-2

Naive

PBS

hu14.18-IL-2

hu14.18-IL-2 + anti-CD4
hu14.18-IL-2 + anti-CD40L
hu14.18-IL-2 + anti-CD8
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400 500
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Naive
PBS
hu14.18-IL-2 A
hu14.18-IL-2 + anti-CD40 B

anti-CD40
hu14.18-IL-2 + anti-CD8
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Lung weight (mg)

Figure 4

Role of endogenous IL-2 and CD40L in anti-tumor effects on estab-
lished pulmonary melanoma metastases mediated by hu14.18-IL-2.
The anti-tumor immune response mediated by hu14.18-1L-2 was
determined in C57BL/6) IL-2 KO (a) and CD40L KO mice (b). All
mice were inoculated with 1.25 X 106 B78-D14 2.34 cells, and treat-
ment was initiated 4 days thereafter with daily intravenous adminis-
tration of 20 Ug hu14.18-IL-2, for 5 days. This treatment was com-
bined with daily intraperitoneal injections of 250 g anti-CD40L Ab
for three days (a), or one intraperitoneal injection with 200 pig anti-
CD40 mAb (b), also starting at day 4. Depletion of CD4* and CD8*
T cells was performed as described in Methods. One group of six
mice was not injected with B78-D14 2.34 cells (naive control). Twen-
ty-eight days after tumor-cell injection, all mice were euthanized, fol-
lowed by determination of total lung weights on fresh specimins.
Bars represent mean and SD of six mice per group (AP < 0.05, BP <
0.01 compared with all control groups).
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Figure 5
T-cell activation after hu14.18-IL-2 and anti-CD40 therapy of established pulmonary melanoma metastases. Increase in the proportion of CD8* T
cells characterized by elevated CD69 and CD25 expression was investigated in mice bearing established pulmonary metastases (resulting from 1.25
X 106 B78-D14 2.34 cells injected intravenously) after therapy with hu14.18-IL-2 and anti-CD40. Treatment was initiated 4 days after tumor-cell
inoculation by daily intravenous administration of either 20 |ug hu14.18-IL-2 or PBS for 5 days, or a single intraperitoneal injection with 200 lig anti-
CD40 mAb. Depletion of CD4* T cells was accomplished as described in Methods. One group of six mice was not injected with B78-D14 2.34 cells
(naive control). Four days after completion of the treatment, mice were euthanized, and splenocytes were subjected to FACSY analysis for CD69/CD8
and CD25/CD8 double-positive T cells. Bars represent mean and SD of five mice per group. Findings between experimental groups and all control
groups were statistically significant (AP < 0.05,8P < 0.01, P < 0.001).

production and CD40L expression, respectively. Inter-
estingly, the treatment with hul4.18-IL-2 was com-
pletely effective in C57BL6/J IL-2 KO mice, in contrast
to C57BL6/J CD40L KO mice (Figure 4). In the latter
mice, the therapeutic effect was partially abrogated,
indicating a CD40/CD40L-mediated mechanism.
Two additional lines of evidence supported this sup-
position. First, the efficacy of hul4.18-1L-2 treatment
in the IL-2 KO mouse was partially decreased by anti-
CD40L Ab blocking of CD40L interaction with CD40
(Figure 4). This inhibition occurred to a similar extent
to that achieved by depletion of CD4* T cells in the
same mouse strain. A control group depleted of CD8*
T cells also revealed complete abrogation of the treat-
ment effect mediated by hul4.18-IL-2, indicating that
the anti-tumor response is also mediated by CD8*
effector T cells in this mouse strain. Second, the par-
tial efficacy of hu14.18-IL-2 in CD40L KO mice could

be reestablished by in vivo stimulation with anti-CD40
mADb (Figure 4), a reagent that was reported to provide
surrogate CD4* T-cell help by stimulating APCs
expressing CD40 (21). In fact, we demonstrated thata
combination of hu14.18-IL-2 with anti-CD40 induced
a synergistic, elevated anti-melanoma immune
response in CD40L KO mice, which was in contrast to
controls treated with each agent used alone.

Effect of bu14.18—IL-2 treatment on the activation of T cells
and APCs in the presence or absence of CD40 stimulation.
The stimulation of T cells and APCs after depletion of
CD4" T cells or depletion of CD4* T cells plus treat-
ment with hul4.18-IL-2 in the presence or absence of
anti-CD40 mAb was determined by analysis of T-cell
activation markers CD69 and CD25, and parameters
associated with activation of APCs, including B7-2 and
MHC class II I-AP molecules (Figures S and 6). This
analysis revealed a fourfold increase in CD25°/CD8* T

Table 1
Effect of hu14.18-IL-2 immunocytokine on established pulmonary melanoma metastases

Treatment? Number of foci® Lung weight (mg)¢
PBS > 250, > 250, > 250, > 250, > 250, > 250 721+ 89
hu14.18 (20ug) + rhiL-2 (60,000 IU) >250, > 250, > 250, 181, 160, 123 527 +145
hu14.18-1L-2 (20 ug) 0,0,0,0,5,13 197 + 43P

All animals received an intravenous injection of 1.25 X 106 B78-D14 2.34 melanoma cells. “Treatment was initiated 4 days after tumor-cell inoculation consisting of
daily intravenous injections with 20 g hu14.18-1L-2 immunocytokine, an equivalent mixture of 20 g hu14.18 Ab plus 60,000 IU rhiL-2, or PBS, for 5 days. BPul-
monary metastases were determined 1 week after fixation in Bouin’s solution by counting metastatic foci under a low-magnification microscope. “Lung weights were
determined on fresh specimens, before fixation in Bouin’s solution. PThe differences in numbers of metastatic foci and lung weights between this experimental group
and all control groups was statistically significant (P < 0.005).
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cells, and a 50% increase in the percentage of
CD69*/CD8" T cells after treatment with hu14.18-1L-
2 (Figure 5). The increase indicates effective CD8* T-
cell activation consistent with a CD8* effector T
cell-mediated mechanism that has been described in
previous experiments (4). This increase was reversed in
groups of mice depleted of CD4* T cells, which was
more pronounced for CD25 than CD69, highlighting
the importance of the CD4* T-cell helper function
observed in this system. However, the proportion of
CD25*/CD8" and CD69'/CD8* T cells could be
reestablished and amplified, respectively, in mice that
were depleted of CD4* T cells but treated simultane-
ously with hul4.18-IL-2 and anti-CD40 (Figure 5).
These results further support a crucial role for the
CD40/CD40L interaction in optimally efficient CD8*
T-cell activation in this mouse model. The contention
that this effect is mediated by increased activation of
CD11c-positive APCs is indirectly supported by an
increase in the proportion of B7-2-positive and MHC
class IT I-AP CD11c-positive APCs in mice that were
depleted of CD4* T cells and were treated simultane-
ously with hul4.18-IL-2 and anti-CD40 (Figure 6).
Direct evidence for activation of CD11c-positive APCs
isolated from those mice was established by an
increase in the fluorescence intensity of both markers,
B7-2 and MHC class II I-Ab (data not shown). This
finding contrasts with results from mice depleted of
CD4* T cells that received hul4.18-1L-2 or anti-CD40
monotherapy. These animals revealed either no
increase or a reduced increase in the proportion of B7-
2- and I-AP-positive CD11c APCs (Figure 6). Similar-
ly, there was no increase or a reduced increase in the
fluorescence intensity of B7-2 and I-A® on CD11c-pos-
itive APCs compared with control animals injected
with PBS (data not shown).

Figure 6

Activation of APCs by administration of hu14.18-IL-2
and anti-CD40 in melanoma metastases-bearing mice.
APC activation as defined by upregulation of B7-2 and
MHC class Il molecules was determined in mice with
established pulmonary metastases (resulting from 1.25
X 106 B78-D14 2.34 cells injected intravenously) after
hu14.18-1L-2 and anti-CD40 therapy, compared with
that of naive mice. Treatment was initiated 4 days after
tumor-cell inoculation by daily intravenous administra-
tions of 20 pg hu14.18-IL-2 for 5 days, or a single
intraperitoneal injection with either 200 pg anti-CD40
mAb or PBS. Depletion of CD4" T cells was accom-
plished as described in Methods. Four days after com-
pletion of the treatment, mice were euthanized and
splenocytes were subjected to FACSY analysis for
CD11¢/B7-2 (open bars) and CD11¢/MHC class Il I-AP
(closed bars) double-positive APCs. Values were

fgﬁfﬁgéﬂ expressed as percentage of values from naive controls.
Bars represent mean and SD of four mice per group.
Findings between experimental groups and all control
groups were statistically significant (AP < 0.02,8P < 0.01,
€P <0.0005,°P <0.02).
Discussion

Targeting of cytokines into the tumor microenviron-
ment may emerge as a promising strategy for adjuvant
immunotherapy of cancer, based on a tumor-specific
increase in immunogenicity of the patient’s autologous
tumor cells. This can be accomplished by directing IL-2
into the tumor microenvironment with tumor-specific
Ab-cytokine fusion proteins, called immunocytokines;
this technique has been demonstrated in several
xenograft and syngeneic preclinical animal models for
colorectal carcinoma (29-31), prostate cancer (32), neu-
roblastoma (24, 33), and melanoma (4-6, 23). In two
such model systems—murine colorectal carcinoma and
melanoma—eradication of established metastases was
mediated by CD8* effector T cells. This preceded the
induction of long-lasting, tumor-protective memory
immune responses in both systems, and was effective
against tumor-cell challenges long after the initial ther-
apy, consistent with a therapeutic T-cell vaccination
effect. The later stages of the anti-tumor effects observed
in these model systems, specifically the characterization
of T-cell memory after IL-2 immunocytokine therapy,
have already been described (6, 31). However, little is
known about the mechanisms involved in the initial
events necessary for most effective activation in the T-cell
compartment, which may subsequently lead to the
induction of T-cell memory. In this report we have
defined some of the key players involved in optimally
effective IL-2 immunocytokine-mediated induction of
CD8* T cell-mediated eradication of established pul-
monary melanoma metastases.

The induction of a CD8" T cell-mediated anti-tumor
response after hul4.18-IL-2 therapy was found to
depend on help provided by CD4" T cells, as demon-
strated by the partial abrogation of the treatment effect
in mice lacking CD4" T cells (Figures 2-4). A helper
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function of CD4* T cells in adaptive immunity was first
described for the B-cell compartment. Subsequent pro-
duction of antibodies was followed by reports describ-
ing a role for CD4" T cells in the induction of specific
CD8* T cell-mediated immune responses. The mecha-
nism by which CD4* T cells provides help for the devel-
opment of humoral and cellular adaptive immunity is
a matter of debate essentially favoring two models,
either the endogenous production of IL-2 from CD4*
T cells or the interaction of CD4* T cells with APCs
through CD40/CDA40L interaction (34, 35). The latter
interaction was reported to activate functional proper-
ties of APCs by upregulation of costimulatory mole-
cules (36), MHC antigens (21), and production of the
Thl cytokine IL-12 (37, 38), leading subsequently to
effective priming, Ty1 differentiation, and maturation
of naive CD8* T cells into CD8* effector T cells.

The results obtained in our syngeneic melanoma
model indicate a requirement for CD4* T-cell help to
optimize tumor-targeted, IL-2-induced CD8" T
cell-mediated eradication of pulmonary metastases,
and clearly indicate a CD40/CD40L-mediated mecha-
nism rather than endogenous IL-2 production. This is
supported by highly effective treatment of established
pulmonary metastases with hu14.18-IL-2 in IL-2 KO
mice (Figure 4), which are unable to produce IL-2. This
finding contrasts with results obtained in CD40L KO
mice, which are deficient in CD40L-dependent APC
stimulation, but are competent in endogenous IL-2
production. In this mouse strain, the treatment effect
of hul4.18-IL-2 is partially abrogated, but can be
reconstituted by replacing the missing CD40/CD40L
signal with a stimulatory anti-CD40 Ab (Figure 4).

Importantly, a simultaneous combination of
hu14.18-IL-2 and anti-CD40 was synergistic in the
induction of an anti-tumor immune response in
CD40L KO mice (Figure 4) and in the upregulation of
activation markers on CD8* T cells and APCs (figures
5 and 6). This synergy is most likely based on activation
of anti-tumor immune responses that occurs by two
different mechanisms, and is mediated by hu14.18-1L-
2 and anti-CD40. IL-2 immunocytokines were shown
to amplify inefficient tumor-specific T-cell responses
(16, 31, 39), demonstrating that they act more directly
to expand and proliferate T cells than does anti-CD40,
which was clearly demonstrated to activate dendritic
cells and subsequent antigen presentation (21, 35, 36,
40), leading to more efficient T-cell priming. A similar
observation was reported after activation of CD40 with
anti-CD40 Ab, which was demonstrated to overcome
peripheral CD8* and CD4* T-cell tolerance, subse-
quently augmenting anti-tumor vaccine efficacy (40,
41). Because a vaccination effect was observed by tar-
geted IL-2 therapy in our melanoma model, amplifica-
tion by additional anti-CD40 therapy, as suggested in
this report, may benefit clinical efforts to establish the
use of targeted IL-2 for active cancer immunotherapy.

In summary, we have demonstrated that a human-
ized anti-GD, immunocytokine, hul4.18-1L-2, is

effective in the induction of a CD8* T cell-mediated
immune response against syngeneic melanoma, and
that this effect depends on help provided by CD4* T
cells. The mechanism of CD4* T cell-mediated help
involves the interaction of CD40/CD40L, and does
not require endogenous production of IL-2. This
finding suggests a synergistic role for stimulatory
anti-CD40 immunotherapy in combination with
tumor-targeted IL-2 for the treatment of cancer
patients with minimal residual disease.

Acknowledgments

We thank Lynne Kottel for the preparation of this man-
uscript. This work was supported by National Insti-
tutes of Health Outstanding Investigator Award CA-
42508 (R.A. Reisfeld). This is The Scripps Research
Institute’s manuscript number 12900-IMM.

1.Roth, J.A., and Cristiano, RJ. 1997. Gene therapy for cancer: what have
we done and where are we going? J. Natl. Cancer. Inst. 89:21-39.

2. Reisfeld, R.A., Mueller, B.M., Handgretinger, R, Yu, A.L., and Gillies, S.D.
1994. Potential of genetically engineered anti-ganglioside GD2 anti-
bodies for cancer immunotherapy. Prog. Brain Res. 101:201-212.

3.Lode, H.N,, Xiang, R., Becker, J.C., Gillies, S.D., and Reisfeld, R.A. 1998.
Immunocytokines: a promising approach to cancer immunotherapy.
Pharmacol. Ther. 80:277-292.

4.Becker, J.C., Pancook, J.D., Gillies, S.D., Furukawa, K., and Reisfeld, R.A.
1996. T cell-mediated eradication of murine metastatic melanoma
induced by targeted interleukin 2 therapy. J. Exp. Med. 183:2361-2366.

S.Becker, J.C., Varki, N.M., Gillies, S.D., Furukawa, K., and Reisfeld, R.A.
1996. An antibody-interleukin 2 fusion protein overcomes tumor het-
erogeneity by induction of a cellular immune response. Proc. Natl. Acad.
Sci. USA. 93:7826-7831.

6. Becker, J.C., Varki, N.M., Gillies, S.D., Furukawa, K., and Reisfeld, R.A.
1997. Long-lived and transferable tumor immunity in mice after target-
ed interleukin-2 therapy. J. Clin. Invest. 98:2801-2804.

7.Kaplan, J. M., et al. 1999. Induction of anti-tumor immunity with den-
dritic cells transduced with adenovirus vector-encoding endogenous
tumor-associated antigens. J. Immunol. 163:699-707.

8.Babcock, B., et al. 1998. Ovarian and breast cytotoxic T lymphocytes can
recognize peptides from the amino enhancer of split protein of the
Notch complex. Mol. Immunol. 35:1121-1133.

9. Overwijk, W.W., et al. 1999. Vaccination with a recombinant vaccinia
virus encoding a “self” antigen induces autoimmune vitiligo and tumor
cell destruction in mice: requirement for CD4* T lymphocytes. Proc. Natl.
Acad. Sci. USA. 96:2982-2987.

10. Zeh, HJ., Perry-Lalley, D., Dudley, M.E., Rosenberg, S.A., and Yang, J.C.
1999. High avidity CTLs for two self-antigens demonstrate superior in
vitro and in vivo anti-tumor efficacy. J. Immunol. 162:989-994.

11. Tempero, RM,, et al. 1998. CD4* lymphocytes provide MUC1-specific
tumor immunity in vivo that is undetectable in vitro and is absent in
MUCI1 transgenic mice. J. Immunol. 161:5500-5506.

12.Kirkin, A.F., Dzhandzhugazyan, K., and Zeuthen, J. 1998. Melanoma-
associated antigens recognized by cytotoxic T lymphocytes. APMIS.
106:665-679.

13.Cai, Z., and Sprent, J. 1996. Influence of antigen dose and co-stimula-
tion on the primary response of CD8" T cells in vitro. J. Exp. Med.
183:2247-2257.

14. Sprent, J. 1995. Antigen-presenting cells. Professionals and amateurs.
Curr. Biol. 5:1095-1097.

15. Sprent, J. 1995. Central tolerance of T cells. Int. Rev. Immunol. 13:95-105.
16. Straten, P.T., et al. 1998. Activation of pre-existing T cell clones by tar-
geted interleukin 2 therapy. Proc. Natl. Acad. Sci. USA. 95:8785-8790.

17. Chambers, C.A., and Allison, J.P. 1999. Co-stimulatory regulation of T
cell function. Cur. Opin. Cell Biol. 11:203-210.

18. Curtsinger, J.M., et al. 1999. Inflammatory cytokines provide a third sig-
nal for activation of naive CD4" and CD8" T cells. J. Immunol.
162:3256-3262.

19. Matzinger, P. 1998. An innate sense of danger. Semin. Immunol.
10:399-415.

20. Matzinger, P. 1994. Tolerance, danger, and the extended family. Ann. Rev.
Immunol. 12:991-1045.

21.Schoenberger, S.P., Toes, R.E., van der Voort, E.I, Offringa, R., and
Melief, CJ. 1998. T cell help for cytotoxic T lymphocytes is mediated by
CD40-CDA40L interactions. Nature. 393:480-483.

The Journal of Clinical Investigation |

June 2000 |

Volume 105 | Number 11

1629



1630

22.Mackey, M.F,, et al. 1998. Dendritic cells require maturation via CD40
to generate protective anti-tumor immunity. J. Immunol. 161:2094-2098.

23. Becker, J.C., Pancook, J.D., Gillies, S.D., Mendelsohn, J., and Reisfeld, R.A.
1996. Eradication of human hepatic and pulmonary melanoma metas-
tases in SCID mice by antibody-interleukin 2 fusion proteins. Proc. Natl.
Acad. Sci. USA. 93:2702-2707.

24.Sabzevari, H., Gillies, S.D., Mueller, B.M., Pancook, J.D., and Reisfeld,
R.A. 1994. A recombinant antibody-interleukin 2 fusion protein sup-
presses growth of hepatic human neuroblastoma metastases in severe
combined immunodeficiency mice. Proc. Natl. Acad. Sci. USA.
91:9626-9630.

25. Haraguchi, M., et al. 1994. Isolation of GD3 synthase gene by expression
cloning of GM3 alpha-2,8-sialyltransferase cDNA using anti-GD2 mon-
oclonal antibody. Proc. Natl. Acad. Sci. USA. 91:10455-10459.

26. Rolink, A., Melchers, F., and Andersson, J. 1996. The SCID but not the
RAG-2 gene product is required for S mu-S epsilon heavy chain class
switching. Immunity. 5:319-330.

27.Noelle, RJ., et al. A 39-kDa protein on activated helper T cells binds
CD40 and transduces the signal for cognate activation of B cells. Proc.
Natl. Acad. Sci. USA. 89:6550-6554.

28.Durie, FH., etal. 1993. Prevention of collagen-induced arthritis with an
antibody to gp39, the ligand for CD40. Science. 261:1328-1330.

29.Xiang, R., et al. 1997. Elimination of established murine colon carcino-
ma metastases by antibody-interleukin 2 fusion protein therapy. Cancer
Res. 57:4948-4955.

30. Xiang, R, Lode, H.N,, Dreier, T., Gillies, S.D., and Reisfeld, R.A. 1998.
Induction of persistent tumor-protective immunity in mice cured of
established colon carcinoma metastases. Cancer Res. 58:3918-3925.

31.Xiang, R., Lode, H.N,, Gillies, S.D., and Reisfeld, R.A. 1999. T cell mem-
ory against colon carcinoma is long lived in the absence of antigen. J.

Immunol. 163:3676-3683.

32.Dolman, C.S., et al. 1998. Suppression of human prostate carcinoma
metastases in severe combined immunodeficient mice by interleukin 2
immunocytokine therapy. Clin. Cancer Res. 4:2551-2557.

33.Lode, H.N., et al. 1998. Natural killer cell-mediated eradication of neu-
roblastoma metastases to bone marrow by targeted interleukin-2 thera-
py- Blood. 91:1706-1715.

34. Pardoll, D.M., and Topalian, S.L. 1998. The role of CD4" T cell respons-
es in anti-tumor immunity. Curr. Opin. Immunol. 10:588-594.

35.Toes, R.E.M., Schoenberger, S.P., van der Voort, E.I,, Offringa, R., and
Melief, C.J.M. 1998. CD40-CD40 ligand interactions and their role in
cytotoxic T lymphocyte priming and anti-tumor immunity. Semin.
Immunol. 10:443-448.

36.Schoenberger, S.P., et al. 1998. Efficient direct priming of tumor-specif-
ic cytotoxic T lymphocyte in vivo by an engineered APC. Cancer Res.
58:3094-3100.

37.Bianchi, R, etal. 1999. Autocrine IL-12 is involved in dendritic cell mod-
ulation via CD40 ligation. J. Immunol. 163:2517-2521.

38. Grohmann, U,, et al. 1998. Dendritic cells, interleukin 12, and CD4* lym-
phocytes in the initiation of class I-restricted reactivity to a tumor/self’
peptide. Crit. Rev. Immunol. 18:87-98.

39.Lode, H.N., et al. 1999. Tumor-targeted IL-2 amplifies T cell-mediated
immune response induced by gene therapy with single-chain IL-12. Proc.
Natl. Acad. Sci. USA. 96:8591-8596.

40. Diehl, L., et al. 1999. CD40 activation in vivo overcomes peptide-induced
peripheral cytotoxic T-lymphocyte tolerance and augments anti-tumor
vaccine efficacy. Nat. Med. 5:774-779.

41. Sotomayor, E.M., et al. 1999. Conversion of tumor-specific CD4* T cell
tolerance to T cell priming through in vivo ligation of CD40. Nat. Med.
5:780-787.

The Journal of Clinical Investigation |

June 2000 |

Volume 105 | Number 11



