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IL-15 has potential as an immunotherapeutic agent for cancer
treatment because it is a critical factor for the proliferation and
activation of natural killer (NK) and CD8� T cells. Administration of
anti-CD40 antibodies has shown anti-tumor effects in vivo through
a variety of mechanisms. Furthermore, activation of CD40 led to
increased expression of IL-15 receptor-� by dendritic cells, an
action that is critical for trans-presentation of IL-15 to NK and CD8�

T cells. In this study, we investigated the therapeutic efficacy of the
combination regimen of murine IL-15 (mIL-15) with an agonistic
anti-CD40 antibody (FGK4.5) in murine lung metastasis models
involving CT26 and MC38, which are murine colon cancer cell lines
syngeneic to BALB/c and C57BL/6 mice, respectively. Treatment
with mIL-15 or the anti-CD40 antibody alone significantly pro-
longed survival of both CT26 and MC38 tumor-bearing mice com-
pared with the mice in the PBS solution control group (P < 0.01).
Furthermore, combination therapy with both mIL-15 and the anti-
CD40 antibody provided greater therapeutic efficacy as demon-
strated by prolonged survival of the mice compared with either
mIL-15 or the anti-CD40 antibody-alone groups (P < 0.001). We
found that NK cells isolated from the mice that received the
combination regimen expressed increased levels of intracellular
granzyme B and showed stronger cytotoxic activity on the target
cells. The findings from this study provide the scientific basis for
clinical trials using the combination regimen of IL-15 with an
anti-CD40 antibody for the treatment of patients with cancer.

animal model � cancer immunotherapy � IL-15 receptor-�

IL-2 has been approved by the US Food and Drug Adminis-
tration for use in the treatment of patients with metastatic

renal cell carcinoma and malignant melanoma (1, 2). However
IL-2 is not optimal for inhibiting tumor growth, because in the
presence of IL-2, the cytotoxic lymphocytes generated might
recognize the tumor as self and undergo activation-induced cell
death (AICD), or alternatively, the immune response may be
inhibited by IL-2-dependent regulatory T (T reg) cells. By
contrast, IL-15, with its ability to activate T and natural killer
(NK) cells, its inhibition of AICD, and its role in the persistence
of CD8-memory T cells might be a better choice than IL-2 for
the treatment of cancer. Attempts to prevent tumor growth in
various mouse models by IL-15 have proved effective (3–5).
IL-15 and its specific high-affinity receptor, IL-15R�, support
NK cell homeostasis in resting animals via a novel trans-
presentation mechanism (6) and mediate NK cell survival and
differentiation into fully functional NK cells capable of killing
virally infected cells and tumor cells (7). Mice with genetic
deletions of IL-15 or its private receptor, IL-15R�, are charac-
terized by decreased numbers of NK, NKT, CD8�/CD44high T,
TCR��/�� T, and intestinal intraepithelial CD8��/�� T cells,
suggesting that physiologically relevant IL-15 signals require
IL-15R� and that these molecules function in close cooperation
(8, 9). Furthermore, pre-association of IL-15 with soluble IL-
15R�-IgG1-Fc enhanced its activity in inducing proliferation of
NK and CD8�/CD44high T cells as well as its antitumor action

(10, 11). Soluble IL-15R� generated by alternative splicing
yielding an IL-15 binding ‘‘sushi’’ domain had agonistic activity
whereas the full-length IL-15R� ecto-domain generated by
proteolytic cleavage is antagonistic to IL-15 action (12).

Although IL-15 administration may ultimately show efficacy
in the treatment of metastatic malignancy in clinical trials, it is
not optimal as a single agent. As noted earlier, for its long-term
persistence and its optimal transaction on NK and CD8� T-cells,
IL-15 must be bound to IL-15R� on the surface of dendritic cells
(DCs) or monocytes, where it is trans-presented to the effector
NK and CD8� T-cells (6, 8, 9, 13, 14). However, there is only a
low level of expression of IL-15R� on unactivated DCs, and
therefore IL-15R� would be very limiting in therapeutic trials
involving IL-15 alone. In the present study we examined the use
of agents that induce IL-15R� that could be given in conjunction
with IL-15 to circumvent the problems with IL-15 as a single
agent.

CD40 is a member of the tumor necrosis factor receptor
superfamily that plays a critical role in both humoral and cellular
immune responses (15). CD40 has a broad pattern of expression,
including B cells, epithelial and endothelial cells, as well as a
variety of antigen- presenting cells (APCs) (15). CD40 ligation
triggers a range of cellular functions including the activation of
APCs (16, 17). Agonistic anti-CD40 antibodies have been shown
to promote T cell-mediated immunity in treatment of neoplastic
diseases in animals (18, 19). In other tumor models, the effector
cells were shown to be CD8� T-cells and macrophages. It was
reported that a stimulatory anti-CD40 antibody indirectly acti-
vated NK cells by IL-12 secreted by CD40� DCs and monocytes,
which produced significant antitumor effects (20). In another
potential contribution to elimination of tumors, we demon-
strated that activation of CD40 was associated with an increased
expression of IL-15R� by DCs (21). In this context, IL-15R�
retains IL-15 via a high-affinity interaction on the cell surface
and trans-presents it to neighboring NK and CD8�/CD44high T
cells that express IL-2/IL-15R� (CD122) and �c but not IL-
15R�, thus inducing the proliferation of responsive cells. The
induction of IL-15R� expression by CD40 activation (21) pro-
vided the scientific basis for this study, in which we investigated
the therapeutic efficacy mediated by the combination regimen of
mIL-15 with an agonistic anti-CD40 antibody in 2 murine lung
metastasis models of colon cancer. The findings from this study
suggest that the combination regimen is very promising for the
treatment of patients with cancer.
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Results
An Agonistic Anti-CD40 Antibody Induced the Expression of IL-15R�.
IL-15 and its private receptor, IL-15R�, are both essential for the
support of NK and CD8� T cell homeostasis (13, 22, 23).
Expression of IL-15R� specifically on DCs is critical for the
trans-presentation of IL-15 and activation of NK cells (6).
Previously, we and others reported that IFN-�, toll-like receptor
(TLR) stimulation, or CD40 ligation with CD40 ligand induced
IL-15R� expression by DCs and monocytes (21, 22, 24). We
examined the cell surface levels of IL-15R� by flow cytometric
analysis and the serum concentrations of soluble IL-15R� by
ELISA. Treatment with the anti-CD40 antibody increased the
expression of IL-15R� on the CD11c� population of splenocytes
compared with the PBS solution group (Fig. 1A). In addition, the
serum concentrations of IL-15R� were significantly higher in the
anti-CD40 antibody treated mice than in the PBS solution-
treated mice (Fig. 1B; P � 0.0001).

Therapeutic Studies in the CT26 Model. Therapy was started on day
0, 2 days following the i.v. injection of the CT26 cells. The
experimental protocol used in the therapeutic study performed
in the CT26 model is shown in Fig. S1. Treatment with either
mIL-15 at a dose of 2.5 �g, 5 days a week for 3 weeks, or with
the anti-CD40 antibody at a dose of 200 �g on day 0, then 100
�g on days 3, 7, and 10, significantly prolonged the survival of
the CT26 tumor-bearing mice compared with the mice in the
PBS solution control group (Fig. 2; P � 0.001). Furthermore,
combination therapy with both mIL-15 and the anti-CD40

antibody provided greater therapeutic efficacy as seen by pro-
longed survival of the mice compared with monotherapy with
either mIL-15 or the anti-CD40 antibody (Fig. 2; P � 0.001). All
the mice in the PBS control, mIL-15 alone, and anti-CD40
antibody-alone groups died from tumor progression by day 50.
In contrast, 7 of 10 mice in the combination group were alive at
that time (Fig. 2).

To investigate possible involvement of NK or CD8� T-cells as
effectors in the combination regimen-mediated antitumor activ-
ity in the CT26 model, we treated CT26 tumor-bearing mice with
rabbit anti-asialo-GM1 or with purified rat anti-mouse CD8
antibody to eliminate NK or CD8� cells, respectively, together
with the combination regimen. Compared with the group re-
ceiving the combination therapy alone, depletion of NK cells
with rabbit anti-asialo-GM1 nearly abrogated the antitumor
efficacy (Fig. 3; P � 0.01), whereas depletion of CD8� T cells did
not show any effect on the antitumor efficacy mediated by the
combination therapy (Fig. 3).

Therapeutic Study in the MC38 Model. The therapeutic study was
also performed in the MC38 model with mIL-15 alone, anti-
CD40 antibody alone, or the combination regimen at the same
doses and dosing schedule used in the CT26 model, with the
exception that mIL-15 was used for 2 weeks instead of 3 weeks.
Treatment with mIL-15 or the anti-CD40 antibody alone signif-
icantly prolonged survival of the MC38 tumor-bearing mice
compared with the mice in the PBS solution control group (Fig.
4; P � 0.01). Combination therapy with both mIL-15 and the
anti-CD40 antibody provided greater therapeutic efficacy as
seen by prolonged survival of the mice compared with mono-
therapy with mIL-15 or the anti-CD40 antibody (Fig. 4; P �
0.001). All the mice in the PBS solution control, mIL-15 alone,
and anti-CD40 antibody-alone groups died from tumor progres-
sion by day 60. In contrast, 9 of 10 mice in the combination group
were alive at that time (Fig. 4).

Combination of mIL-15 with the Anti-CD40 Antibody Enhanced the
Cytotoxic Activity of NK Cells. The in vivo therapeutic studies
showed that treatment with either mIL-15 or the anti-CD40
antibody inhibited both CT26 and MC38 tumor growth in mice

Fig. 1. Expression of Il-15R� was increased by the anti-CD40 antibody. (A)
Histograms of flow cytometric analysis of IL-15R� expression on DCs. C57BL/6
mice were treated with PBS solution or with the anti-CD40 antibody at a dose
of 200 �g on day 0, followed by 100 �g on days 3, 7, and 10. At different time
points, the splenocytes were separated from the mice for flow cytometric
analysis. Treatment with the anti-CD40 antibody increased the expression of
IL-15R� on the CD11c� population of splenocytes compared with that ob-
served in the mice treated with PBS solution. The dashed lines represent
isotype controls. Numbers refer to mean fluorescence intensity and the num-
bers in parentheses represent isotype controls. The data are representative of
3 separate experiments. (B) ELISA detection of IL-15R� in serum. C57BL/6 mice
were treated as described earlier. The blood samples were taken at different
time points. The serum concentrations of IL-15R� were significantly higher in
the anti-CD40 antibody-treated mice than those in the PBS solution-treated
mice (*P � 0.0001). The data represent the mean � SD (n � 4–6).

Fig. 2. The combination of mIL-15 with the anti-CD40 antibody provided
enhanced therapeutic efficacy in the CT26 model. Therapy started at 48 h after
2 � 105 CT26 cells were injected i.v. into BALB/c mice, and we referred to the
therapy-starting day as day 0. Treatment with mIL-15 alone at a dose of 2.5 �g
every day 5 days a week for 3 weeks or with the anti-CD40 antibody (200 �g on
day 0, then 100 �g on days 3, 7, and 10) significantly prolonged survival of the
CT26 tumor-bearing mice compared with the mice in the PBS solution control
group (P � 0.001). Furthermore, combination therapy with mIL-15 and the
anti-CD40antibodyprovidedagreater therapeuticefficacy,as seenbyprolonged
survival of the mice compared with the mIL-15 or anti-CD40 antibody-alone
groups (P � 0.001).
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and the combination regimen showed greater therapeutic effi-
cacy compared with monotherapy with either mIL-15 or the
anti-CD40 antibody (Figs. 2 and 4). The in vivo cell depletion
experiment showed that NK cells are involved in the antitumor
action mediated by the combination therapy in the CT26 model
(Fig. 3). Furthermore, we had previously shown that the effect
of IL-15 in inhibiting the MC38 tumor growth depended on NK
cells (4). To determine whether the increased antitumor efficacy
mediated by the combination regimen in vivo was associated with
increased cytotoxic activity of NK cells, the lysis activity of NK
and CD8� T-cells toward the CT26 cells was examined ex vivo.
111In-labeled CT26 cells were co-incubated at various effector to
target ratios with NK cells overnight or with CD8� T-cells for
24 h. Both NK and CD8� T-cells were freshly isolated from the

CT26 tumor-bearing mice that had received the same treatments
as those in the therapeutic study. When compared with the NK
cells isolated from the mice in the PBS solution control group,
NK cells from the mIL-15-treated mice efficiently lysed the CT26
cells at all time points tested (Fig. 5 A–C) and NK cells from the
anti-CD40 antibody-treated mice showed increased lysis activity
at days 2 and 5 (Fig. 5 A and B), but did not show any cytolytic
activity at day 12 (Fig. 5C), although the treatment with the
anti-CD40 antibody continued until day 10. Furthermore, the
combination therapy with mIL-15 and the anti-CD40 antibody
induced the greatest NK cell-mediated lysis activity toward the
CT26 cells at days 2 and 5 compared with mIL-15 or anti-CD40
antibody treatment alone (Fig. 5 A and B). At day 12, the lysis
activity of NK cells isolated from the mice in both mIL-15 alone and
the combination groups were comparable (Fig. 5C). Pretreatment
of the CT26 cells with murine IFN-� for 24 h increased the cell
surface expression of MHC-I (data not shown), resulting in a loss
of NK cell lysis activity (Fig. 5D). CD8� T-cells isolated from all of
the treated mice at day 12 were unable to lyse the CT26 cells
regardless of the pretreatment with IFN-� (data not shown).

Induction of NK Cell Activation. NK cells isolated from the mice
treated with the combination regimen showed stronger cytotoxic
activity to the target cells ex vivo compared with those isolated
from mIL-15-treated or anti-CD40 antibody-treated mice (Fig.
5 A and B). We further examined the NK cell surface activation
marker, CD69, and intracellular granzyme B expression by flow
cytometric analysis ex vivo. Treatment with mIL-15 (2.5 �g) or
the anti-CD40 antibody (200 �g) or their combination up-
regulated the expression of CD69 (Fig. S3 Upper) on NK1.1�

splenocytes compared with the PBS solution control group.

Fig. 3. NK cells are involved in the anti-tumor action mediated by the combi-
nation regimen in the CT26 model. To investigate possible involvement of NK or
CD8� T cells as effectors in the combination regimen-mediated antitumor activ-
ity, CT26 tumor-bearing mice were treated with rabbit anti-asialo-GM1 or rat
anti-mouse CD8 monoclonal antibody, together with the combination regimen
of mIL-15 and the anti-CD40 antibody as described in Materials and Methods.
Compared with the group receiving the combination therapy alone, depletion of
NKcellswithrabbitanti-asialo-GM1nearlyabrogatedtheantitumorefficacy (P�
0.01), whereas depletion of CD8� T cells did not show any effect on the antitumor
efficacy mediated by the combination therapy.

Fig. 4. The combination of mIL-15 with the anti-CD40 antibody provided
improved therapeutic efficacy in the MC38 model. Therapy started at 48 h
after 2 � 106 MC38 cells were injected i.v. into female C57BL/6 mice, and we
referred to the therapy-starting day as day 0. Treatment with mIL-15 at a dose
of 2.5 �g every day 5 days a week for 2 weeks or with the anti-CD40 antibody
(200 �g on day 0, then 100 �g on days 3, 7, and 10) significantly prolonged the
survival of the MC38 tumor-bearing mice compared with the mice in the PBS
solution control group (P � 0.01). Combination therapy with mIL-15 and the
anti-CD40 antibody provided greater therapeutic efficacy, as seen by pro-
longed survival of the mice compared with the mIL-15 or anti-CD40 antibody-
alone groups (P � 0.001).

Fig. 5. The combination of mIL-15 with the anti-CD40 antibody enhanced
the cytotoxic activity of NK cells. Lysis activity of NK cells mediated by mIL-15
or the anti-CD40 antibody or their combination was examined ex vivo. BALB/c
mice were treated as indicated in Materials and Methods, and the experi-
mental protocol is shown in Fig. S2. The splenocytes were separated at day 2
(A), day 5 (B), and day 12 (C). 111In-labeled CT26 cells were co-incubated with
freshly isolated NK cells at various effector-to-target ratios overnight. Lysis
activity was assessed by the amount of radioactivity in the supernatant. The
data represent the mean of triplicates. NK cells isolated from the mice that
received mIL-15 showed cytotoxic activity toward CT26 cells compared with
those isolated from the mice that received PBS solution at all time points
tested. Treatment with the anti-CD40 antibody increased lysis activity of NK
cells at days 2 and 5, but not at day 12, compared with that in the PBS solution
group. Furthermore, the combination therapy with both mIL-15 and the
anti-CD40 antibody induced the greatest NK cell-mediated lysis activity to-
ward CT26 cells compared with mIL-15 or anti-CD40 antibody treatment alone at
days 2 and 5. (D) Pretreatment of CT26 cells with murine IFN-� for 24 h resulted
in a loss of lysis activity mediated by NK cells, which were isolated at day 5.
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Furthermore, treatment with the combination regimen induced
the highest level of intracellular granzyme B in the NK1.1�

splenocytes compared with those from all other groups (Fig. S3
Lower), consistent with the observation that these cells showed
the strongest cytotoxic activity to the target cells (Fig. 5 A and
B). In addition, we also checked the total numbers of NK cells
in spleens at day 5 after therapy. Treatment with mIL-15 at a
dose of 2.5 �g every day for 5 days markedly increased the total
NK cell numbers (approximately 6 times that of the PBS solution
group; data not shown), and treatment with the anti-CD40
antibody at a dose of 200 �g on day 0 followed by 100 �g on day
3 modestly increased the total NK cell numbers (approximately
2 times that of the PBS solution group; data not shown). The
total number of NK cells in the spleens from the combination
regimen-treated mice was comparable to that of mIL-15-treated
mice (data not shown).

Discussion
The immune system is dedicated to the generation of rapid
innate and adaptive immune responses to invading pathogens,
the elimination of auto-reactive T cells to generate tolerance to
self, and the maintenance of specific memory responses to
pathogens. Such immune responses are normally regulated by
cytokines, including IL-2 and IL-15. The receptors for IL-2 and
IL-15 are heterotrimeric and both contain the common � (�c)
subunit (25) as well as IL-2/IL-15R� (CD122) (26–29). In
addition, the high-affinity forms of IL-2R and IL-15R contain a
unique cytokine-specific � subunit, IL-2R� or IL-15R�, respec-
tively (30). In light of the common receptor components, the �c
and IL-2/IL-15R�, the 2 cytokines share several functions,
including the induction of the proliferation of activated
CD4�CD8�, CD4�CD8�, CD4�, and CD8� T cells (14, 27, 28,
31, 32). IL-2 and IL-15 also stimulate the generation, prolifer-
ation, and activation of NK cells (27, 28, 32). In addition to these
similarities, there are distinct differences between the actions of
IL-2 and IL-15 (14, 31, 33–35). IL-2 is involved in checkpoints on
the immune system in that it is required to maintain the
competitive fitness of forkhead box P3 expressing T reg cells
(36–38). IL-2 also has a critical role in AICD, a process that leads
to the elimination of self-reactive T cells (34). In contrast, IL-15
has no marked effect on T reg cells and is an anti-apoptotic factor
that inhibits IL-2-induced AICD in select systems (34). In
accordance with these ex vivo functional studies with IL-15, mice
that are deficient in IL-15 or IL-15R� have a marked reduction
in the number of NK cells, NKT cells, and intestinal intraepi-
thelial lymphocytes (8, 9). Furthermore, IL-15R�-deficient mice
show a marked reduction in CD8�CD44hi memory phenotype T
cells (9). Koka and coworkers demonstrated that murine IL-
15R� deficient DCs fail to support NK cell cytolytic activity and
elaboration of IFN-�, despite the fact that these DCs express
normal levels of costimulatory molecules and IL-12 (39). A
critical factor in the functional differences between IL-2 and
IL-15 involves the distinct mode of action of these 2 cytokines.
IL-2 is a secreted molecule that binds to preformed high-affinity
heterotrimeric receptors at the surfaces of activated T cells (40,
41). In contrast to IL-2, IL-15 is secreted only in small quantities
and is predominantly membrane-bound and induces signaling in
the context of an immunological synapse (6). Monocytes and
DCs stimulated with type I or type II IFNs, together with
activation of NF-�B through TLR stimulation or ligation of
CD40 with CD40 ligand, boosts the coordinate expression of
IL-15 and IL-15R� (6, 21, 22, 24). IL-15R� and IL-15 expressed
by these monocytes and DCs then become associated on the cell
surface and recycle through endosomic vesicles (6). In animals
in which high expression of IL-15R� is induced on APCs, there
is a very long temporal persistence of externally administered
IL-15 following a bolus administration into mice, which may persist
for more than 3 or 4 days on lymph nodes and more than 10 days

in the lungs (42). In contrast, IL-15R�-deficient mice show only a
very short survival of exogenously administered IL-15 (42). Fur-
thermore, IL-15R� on activated DCs presents IL-15 in trans to cells
that express IL-2/IL-15R� and �c but not IL-15R� (6).

IL-2 has been approved by the Food and Drug Administration
for use in the treatment of patients with metastatic renal cell
carcinoma and malignant melanoma (1, 2). However, as noted
earlier, IL-15 might be superior to IL-2 for the treatment of cancer
because of the distinct functions of IL-2 and IL-15 (14, 27). Efforts
to inhibit tumor growth in mice by the administration of IL-15 have
been relatively effective (5, 43). The importance of IL-15 in the
elimination of syngenic MC38 colon carcinoma cells has been
evaluated using IL-15 transgenic mice (4). Whereas WT mice died
with pulmonary metastases within 6 weeks after an i.v. infusion of
MC38 cells, IL-15 transgenic mice did not develop such metastases
and survived more than 8 months (4). In addition, IL-15 alone or
in conjunction with IL-21 was effective in the treatment of mice
bearing B16 melanoma (44). The importance of IL-15R�-mediated
IL-15 trans-presentation was evaluated by determining the survival
of the mice that were injected with either WT or IL-15R�-
transfected MC38 cells (4). The administration of unmodified
MC38 cells to mice led to death within 6 weeks. By contrast, the
majority of the mice injected with IL-15R�-transfected MC38 cells
that bind endogenous IL-15 did not show tumor development in the
period of observation (4). On the basis of the studies of IL-15 in
tumor models, our research group, in conjunction with the Biop-
harmaceutical Development Program of the National Cancer In-
stitute (NCI), has produced recombinant IL-15 under current Good
Manufacturing Practice conditions for use in lieu of IL-2 in human
clinical trials that involve patients with metastatic malignancy.

Although IL-15 administration may show efficacy in the
treatment of metastatic malignancy in human clinical trials, it is
not optimal as a single agent. As noted earlier, IL-15R� ex-
pressed on monocytes and DCs is critical for trans-presentation
of IL-15 to the effector NK and CD8� T-cells (6, 8, 9, 14).
However, there is only a low level of expression of IL-15R� on
non-activated DCs and, therefore, IL-15R� would be very
limiting in therapeutic trials involving IL-15 alone. In the present
study, we are examining the use of agents that induce IL-15R�
that could be given in conjunction with IL-15. The stimulation
of monocytes or DCs with IFNs or through the activation of
TLR4 with lipopolysaccharide or through the ligation of CD40
with an agonistic agent induces the expression of IL-15R� (21,
22, 24). Although the IFNs induce the expression of IL-15R�,
they also induce the expression of MHC-I on the tumor cells, an
action that abrogates the cytotoxic effector function of NK cells
in the CT26 (Fig. 5D) and MC38 tumor models (4). As we wish
to use an IL-15R�-inducing agent that is now being evaluated in
human clinical trials involving patients with cancer, we have
focused on an agonistic antibody to CD40 in the present study.

CD40 is a member of the tumor necrosis factor receptor
superfamily that plays a critical role in both humoral and cellular
immune responses (15). Activation with agonistic agents di-
rected toward CD40 has a wide range of anti-tumor actions (18,
19, 45, 46). Anti-CD40 antibody administration evoked cytotoxic
T cell responses that eradicated a lymphoma and bypassed T cell
help (47). In an orthotopic metastatic renal cell carcinoma model
(45), an agonistic antibody to CD40 and IL-2 gave synergistic
anti-tumor responses that depended on CD8� T cells as well as
IFN-� and IL-12 p40. In other tumor models, synergistic acti-
vation of macrophages via CD40 and TLR9 resulted in T
cell-independent anti-tumor effects (48). In yet another system
(20), the administration of anti-CD40 antibody resulted in
production of IL-12 and IFN-� followed by an increase in NK cell
cytolytic activity that was associated with substantial anti-tumor
and anti-metastatic effects in multiple tumor models. In addi-
tion, in some cases, the tumor cells themselves express CD40 and
are a target of the anti-CD40 antibody. However, the CT26 and
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MC38 tumor cells in the present study did not express CD40
(data not shown). We did demonstrate that the administration
of the anti-CD40 antibody was associated with augmented
expression of IL-15R� on DCs and an increased concentration
of released IL-15R� in the serum. On the basis of our previous
studies, the induced expression of IL-15R� is associated with a
marked prolongation of the action of externally administered
IL-15 (42). In addition, it is associated with more effective
trans-presentation of IL-15 to effector cells, including NK and
CD8�CD44hi T cells (6). Furthermore, we found that NK cells
isolated from the mice receiving the combination of mIL-15 and
the anti-CD40 antibody expressed increased levels of intracel-
lular granzyme B (Fig. S3) and manifested stronger cytotoxic
activity toward target cells (Fig. 5).

Thus, in summary, given the multiple mechanisms of action of
agonistic anti-CD40 antibodies, we cannot conclude that their
primary mode of action in the present study was the observed
augmentation of IL-15R� expression on DCs. Nevertheless, in
addition to its other anti-tumor actions, the administration of an
agonistic antibody to CD40 was associated with an increased
expression of IL-15R� on DCs, which might facilitate a long-
term survival of administered IL-15 and augment the action of
IL-15 on target effector NK cells. The combination therapy was
also associated with increased NK cell cytotoxic activity. These
findings in the present study provide the scientific basis for human
clinical trials to determine if there is similar synergistic anti-tumor
activity observed by the administration of agonistic antibodies to
CD40 in combination with IL-15 for the treatment of patients with
metastatic malignant melanoma or renal cell cancer.

Materials and Methods
Reagents. mIL-15 was purchased from PeproTech. Rat anti-mouse CD40 mono-
clonal antibody (FGK4.5) was obtained from BioExpress Cell Culture Services.
Rat anti-asialo-GM1 was purchased from Wako Chemicals and rat anti-mouse
CD8 (clone 2.43) was obtained from the Frederick Cancer Research and De-
velopment Center.

Flow Cytometry Analysis. IL-15R� expression on DCs (CD11c� population of
splenocytes) was detected by flow cytometry using biotinylated anti-mIL-15R�

antibody or biotinylated normal goat IgG as an isotype control (R&D Systems),
followed by PE-labeled streptavidin (eBioscience). Granzyme B expression in
NK cells (NK1.1� population of splenocytes) was determined by intracellular
cytokine staining using a BD fixation/permeabilization kit (BD Biosciences).
Cell surface expression of NK1.1, CD69, and CD11c was performed using
commercial antibodies from BD Biosciences and eBioscience.

Measurement of the Serum Concentration of IL-15R�. C57BL/6 mice were
injected i.p. with PBS solution or with the anti-CD40 antibody at a dose of 200
�g on day 0, followed by 100 �g on days 3, 7, and 10. The blood samples were
taken on days 1, 2, 5, and 12. Measurement of the serum concentrations of
IL-15R� was performed by using the Due-set ELISA kit (R&D Systems), and the
ELISA was performed as indicated in the manufacturer’s instructions.

Tumor Cell Lines and Mouse Models. CT26 is a N-nitro-N-methylurethane-
induced BALB/c murine colon carcinoma cell line and MC38 is a metastatic
murine colon cancer cell line syngeneic to C57BL/6 mice. Female BALB/c and
C57BL/6 mice were purchased from NCI-Frederick. The CT26 model was estab-
lished by i.v. injection of 2 � 105 CT26 cells into BALB/c mice and the MC38
model was established by i.v. injection of 2 � 106 MC38 cells into C57BL/6 mice.
All mice were maintained in a pathogen-free animal facility and were used at
7 to 10 weeks of age. All animal experiments were approved by the NCI Animal
Care and Use Committee and were performed in accordance with its guide-

lines. NCI-Frederick is accredited by American Association for the Accredita-
tion of Laboratory Animal Care International and follows the Public Health
Service Policy for the Care and Use of Laboratory Animals. Animal care was
provided in accordance with the procedures outlined in the Guide for Care and
Use of Laboratory Animals (National Research Council, 1996).

Therapeutic Studies in Animal Models. The therapeutic studies were performed
in both CT26 and MC38 models. The treatment schema of the therapeutic
study in the CT26 model is shown in Fig. S1. Female BALB/c mice were injected
with the CT26 cells i.v. Therapy started 2 days later, and we referred the
treatment-starting day as day 0. Groups of 10 mice each received mIL-15 i.p.,
2.5 �g per mouse daily, 5 days a week for 3 weeks; the anti-CD40 antibody, 200
�g on day 0, then 100 �g on days 3, 7, and 10; or a combination of mIL-15 with
the anti-CD40 antibody at the same doses and dosing schedule as those in
mIL-15 and the anti-CD40 antibody groups. The initial 200-�g loading dose of
anti-CD40 antibody was twice that used in subsequent doses because there is
persistent antibody remaining from the initial dose at later dosing time points
because of the several-day survival half-life of the antibody in vivo. An
additional group of mice that received PBS solution injections served as a
control. In the MC38 model, therapy started after the C57BL/6 mice had
received the injection of the MC38 cells for 2 days. The treatment schema was
the same as that used in the CT26 model (Fig. S1), with the exception that
mIL-15 was used for 2 weeks instead of 3 weeks.

In Vivo Cell Depletion Experiment. Female BALB/c mice were injected with CT26
cells i.v. Two days later, the mice received the combination therapy of mIL-15
with the anti-CD40 antibody, at the same doses and dosing schedules de-
scribed earlier. An additional group of mice that received PBS solution injec-
tions served as a control. NK and CD8� T cells were depleted in vivo by i.p.
injections of anti-asialo-GM1 (50 �L) and purified rat anti-mouse CD8 anti-
body (200 �g), respectively, together with the combination regimen. One
dose of the anti-asialo-GM1 or the anti-mouse CD8 antibody was administered
1 day before the combination therapy started, and subsequent doses were
administered 3 times weekly for 3 weeks.

In Vitro Lysis Assay. The protocol for this experiment is shown in Fig. S2. Briefly,
female BALB/c mice were injected with the CT26 cells i.v. Two days later,
groups of the tumor-bearing mice received mIL-15 or the anti-CD40 antibody
alone or together at the same doses and dosing schedules used in the thera-
peutic studies described earlier. An additional group of mice was given PBS
solution as a control. The mice were killed and the spleens were taken at days
2, 5, or 12 after therapy. NK and CD8� T cells were isolated from the spleens
using negative isolation micro-beads (Miltenyi Biotec). The CT26 cells were
used as target cells. The target cells (2 � 106) were labeled with 0.1 mCi of
111In-Oxine (GE Healthcare) for 30 min at 37 °C in FBS. The washed labeled
target cells were incubated with isolated NK cells overnight or with CD8� T
cells for 24 h at various effector-to-target ratios. Radioactivity in the liquid
phase was measured in a � counter. Specific lysis was determined by using the
following formula: % lysis � 100� [(experiment cpm � spontaneous cpm)/
(maximum cpm � spontaneous cpm)]. The maximum release value was de-
termined from target cells treated with 1% (vol/vol) Triton X-100 (Sigma).

Statistical Analysis. Comparison of mean values of serum concentration of
IL-15R� between PBS solution and anti-CD40 antibody groups was analyzed by
using an unpaired Student t test. The statistical significance of differences in
survival of the mice in different groups was determined by the log-rank test
using GraphPad Prism software (GraphPad).
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