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Abstract

CDA40, a member of the tumor necrosis factor receptor (TNFR) superfamily, is broadly expressed
on antigen-presenting cells (APCs) and other cells, including fibroblasts and endothelial cells.
Binding of CD40 and its natural ligand CD40L (CD154) triggers cytokine secretion and increased
expression of costimulatory molecules is required for T cell activation and proliferation. However,
to our knowledge, the use of agonistic antibodies to CD40 to boost adoptively transferred T cells
in vivo has not been investigated. The purpose of this study was to determine whether anti-CD40
monoclonal antibody (mAb) in combination with interleukin (IL)-2 could improve the efficacy of
in vitro-activated T cells to enhance antitumor activity. Mice bearing B16 melanoma tumors
expressing the gp100 tumor antigen were treated with cultured, activated T cells transgenic for a
T-cell receptor specifically recognizing gp100, with or without anti-CD40 mAb. In this model, the
combination of anti-CD40 mAb with IL-2 led to expansion of adoptively transferred T cells and
induced a more robust antitumor response. Furthermore, the expression of CD40 on bone marrow
(BM)-derived cells and the presence of CD80/CD86 in the host were required for the expansion of
adoptively transferred T cells. The use of neutralizing mAb to IL-12 provided direct evidence that
enhanced IL-12 secretion induced by anti-CD40 mAb was crucial for the expansion of adoptively
transferred T cells. Collectively, these findings provide a rationale to evaluate the potential
application of anti-CD40 mAb in adoptive T cell therapy for cancer.
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INTRODUCTION

Adoptive cell transfer (ACT) therapy, which may directly provide large numbers of in vitro-
selected, highly active and tumor-antigen-specific T lymphocytes to the autologous host, is
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one of the most promising immunotherapeutic approaches for cancer treatment (1). Studies
have shown that ACT therapy can induce T cell-mediated antitumor responses in patients
with melanoma, metastatic renal cell carcinoma and lymphoma (1-5). However, many of the
clinical responses observed have been transient (6—8). The rapid disappearance of in vitro-
expanded, adoptively transferred T cells has been frequently observed in these patients,
suggesting that inadequate persistence of tumor-antigen-specific T cells in vivo results in the
lack of antitumor efficacy (9, 10).

To induce a productive antitumor response while avoiding deletion and/or tolerance, CD8+
T cells require three signals. Studies have indicated that in addition to T-cell receptor (TCR)
complex and costimulation (most notably from CD28), interleukin (IL)-12 and interferon
(IFN) a/p are the major sources of the third signal (11-14). CD40 is a member of the tumor
necrosis factor receptor (TNFR) superfamily and is broadly expressed on B cells, T cells,
dendritic cells (DCs), monocytes, macrophages, and honhematopoietic cells (15-17).
Activation of DCs or macrophages with an agonist of CD40 results in secretion of 1L-12 and
other cytokines, and also induces the upregulation of costimulatory molecules such as MHC
I1, CD80, and CD86, which are required for host naive T cell activation and proliferation
(15, 18, 19). However, it is not known whether the CD40/CD40L interaction can also
effectively induce expansion of adoptively transferred, in vitro-activated T cells and whether
the combination of anti-CD40 monoclonal antibody (mAb) with ACT can enhance
antitumor activity.

The purpose of this study was to determine whether anti-CD40 mAb in concert with 1L-2
can improve the efficacy of in vitro-activated, adoptively transferred T cells to enhance
antitumor activity. For our animal model, we used C57BL/6 mice harboring established
subcutaneous B16 tumors expressing the melanoma tumor antigen gp100. For tumor
treatment, we adoptively transferred ex vivo-cultured, activated, transgenic T cells (pmel-1
cells) expressing a TCR that specifically recognizes an H-2Db-restricted epitope of gp100,
in conjunction with anti-CD40 mAb administration. Although adoptive transfer of pmel-1 T
cells with I1L-2 alone failed to induce tumor regression, the addition of anti-CD40 mAb
resulted in expansion of transferred gp100-specific T cells in vivo and significantly
improved antitumor responses.

MATERIALS AND METHODS

Cell Lines, Reagents, and Mice

We cultured B16 melanoma cells and MC38 colon adenocarcinoma cells in RPMI 1640
medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), L-glutamine,
sodium pyruvate, nonessential amino acids, and penicillin-streptomycin (all from Invitrogen,
Inc., Carlsbad, CA). Recombinant human IL-2 (rhlL-2) was provided by TECIN (National
Cancer Institute Biological Resources Branch, Bethesda, MD). The anti-CD40 (FGK4.5)
and anti-1L-12 (C17.8) mAbs purified by protein G affinity chromatography were purchased
from Bio X Cell (West Lebanon, NH). Antimouse mAbs used for flow cytometry analysis
were purchased from BD Biosciences (San Jose, CA). Female C57BL/6 (B6) mice, pMT
(B-cell-deficient) mice, CD11c-diptheria toxin receptor (DTR) mice, CD40 knockout (KO)
mice and CD80/86 KO mice on a C57BL/6 background were purchased from The Jackson
Laboratory (Bar Harbor, ME). Thy1.1* Pmel-1 transgenic mice express a TCR specific for
an H-2Db-restricted epitope of the melanoma tumor antigen gp100 (gp10025_33) on a
C57BL/6 background as described previously (20, 21). All mice were maintained in a
specific pathogen-free barrier facility at The University of Texas MD Anderson Cancer
Center (Houston, TX). Mice were handled in accordance with protocols approved by our
institutional animal care and use committee. Experiments were started when mice were 8-10
weeks of age.
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Tumor Treatment and Monitoring

C57BL/6 mice were subcutaneously inoculated with 3 x 10° B16 tumor cells on day -7. On
day 0, 3-5 x 10° in vitro-activated Thy1.1* pmel-1 T cells were adoptively transferred into
tumor-bearing mice by intravenous injection, as described previously (20). RhiL-2 (600,000
IU/mouse) was administered directly following ACT and twice daily for the next 3 days.
Anti-CD40 mAb (200 ng/mouse) was also administered intraperitoneally on day 0. Rat
immunoglobulin G (22) was used as control antibody. B16 tumor growth was monitored by
measuring the perpendicular diameters of the tumors in order to calculate the area of the
tumor base.

Bone Marrow Chimera

All the recipient mice (B6) were irradiated with 1,000 rads 16 hours before the bone marrow
(BM) cells were transferred. BM cells were harvested from the tibias and femurs of donor
B6 (wild-type [WT]) or CD40 KO mice; about 8 x 10 cells were injected intravenously into
the recipient mice. After 8 weeks, mice were bled from their tails to assess the reconstitution
by flow cytometric analysis.

Cytokine Array

The concentration of cytokines in the serum was measured with a cytokine array (Luminex)
according to the manufacturer's protocol (Millipore, Billerica, MA).

IL-12 Neutralization and DC depletion

For the IL-12 neutralization studies, B6 mice were injected intraperitoneally with 100 g of
anti-1L-12 mADb before and during treatment. Rat 1gG was used as the control. For DC
depletion, B6 mice or CD11c-DTR mice were intraperitoneally injected with 10 ng of
diphtheria toxin (DT) per gram of body weight 24 hours before T cell adoptive transfer. This
dose of DT can eliminate 86% of splenic CD11c* cells in CD11¢c-DTR mice (data not
shown).

Flow Cytometric Analysis

After depletion of erythrocytes using ACK lysing buffer (Invitrogen, Grand Island, NY).
The remaining peripheral blood lymphocytes (PBLs) or splenocytes were treated with Fc
blocking mAbs (anti-CD16/32 2.4G2) and then stained with mAbs against CD40, CD3e,
CD8, Thyl.1, CD19, CD11c, F4/80, CD80 and CD86(BD Biosciences or eBiosciences).
Samples were analyzed using a FACSCalibur (BD Biosciences).

Statistical Analysis

RESULTS

The data were represented as mean = standard error of the mean (SEM). We used Student's t
test to compare tumor sizes and percentages of cells. P values are based on two-tailed tests,
with P < 0.05 considered statistically significant.

Anti-CD40 mAb Leads to the Expansion of Adoptively Transferred pmel-1 T Cells and
Enhanced Antitumor Activity In Vivo

In ACT therapy, transferred in vitro-expanded T cells do not usually expand and persist in
the absence of further in vivo stimulation (23). We therefore sought to determine if anti-
CD40 mAb can lead to proliferation of activated, adoptively transferred T cells and enhance
antitumor activity in vivo. We chose to address this issue using murine B16 melanoma, an
aggressive tumor with low immunogenicity, as a tumor model. Mice were inoculated
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subcutaneously with B16 tumor cells, and established tumors were treated 7 days later with
adoptive transfer of pmel-1 T cells, transgenic T cells that express a TCR specifically
recognizing an H-2Db-restricted epitope of gp100, followed by IL-2 administration, and in
conjunction with anti-CD40 mAb. PBLs were harvested by tail-bleeding for flow cytometric
analysis at the indicated time points following T cell adoptive transfer and B16 tumor
growth was monitored by measuring the perpendicular diameters of tumors. As shown in
Fig. 1A, the expansion of adoptively transferred pmel-1 T cells was only observed in mice
treated with anti-CD40 mAb in combination with IL-2, and that resulted in 10-fold higher
numbers of transferred T cells in peripheral blood 5 days after treatment compared with
mice treated with anti-CD40 mAb or IL-2 alone. As expected, the longer persistence of
tumor-antigen-specific T cells led to more robust antitumor responses (Fig. 1B). These
results demonstrate that administration of anti-CD40 mAb with IL-2 can induce expansion
of invitro activated, adoptively transferred pmel-1 T cells in vivo and in turn enhance the
antitumor response.

Anti-CD40 mAb Leads to the Expansion of Adoptively Transferred pmel-1 T Cells
Independent of Tumor Antigen Cross-presentation

Since anti-CD40 and IL-2 treatment may induce tumor-specific, endogenous CD8* T cell
responses (22), next we wanted to determine whether the expansion of adoptive transferred
pmel-1 T cells was induced by tumor antigen cross-presentation. A gp100 negative colon
adenocarcinoma, MC38 was inoculated as a control of B16 melanoma on day-7. Mice were
treated as described above; PBLs were harvested and stained with CD3-FITC, CD8-APC
and Thy1.1-PE for flow cytometric analysis. As shown in Fig. 2, the expansion of
adoptively transferred pmel-1 T cells was not significantly different in mice inoculated with
B16 or MC38, indicating that administration of anti-CD40 mAb and IL-2 can induce in
vitro-activated T cell expansion independent of tumor antigen cross-presentation.

CD40 Expressed on BM-derived Cells is Necessary for Anti-CD40 mAb Induced Expansion
of Adoptively Transferred pmel-1 T Cells

The expression of CD40 is not restricted to immune cells such as T cells and APCs but
extends to a variety of nonhematopoietic cells, including endothelial cells and fibroblasts
(24, 25). To understand what cells played a role in the expansion of adoptively transferred
pmel-1 T cells induced by the administration of anti-CD40 mAb and IL-2, B6 mice or CD40
KO mice were adoptively transferred with in vitro expanded pmel-1 T cells, followed by
IL-2 and anti-CD40 Ab administration as described in Fig. 1. PBLs were harvested for flow
cytometric analysis 3 days after T cell adoptive transfer. As shown in Fig. 3A, the expansion
of adoptively transferred pmel-1 T cells induced by anti-CD40 mAb could only be observed
in WT mice and was absent from CD40 KO mice. This finding indicates that the CD40
expressed on host cells plays a role in mediating the expansion of adoptively transferred
pmel-1 T cells, and that anti-CD40 mAb cannot induce the expansion of pmel-1 T cells by
binding to CD40 expressed on the transferred T cells themselves.

To further define the cells expressing CD40 mediated the T cell expansion were hemopoietic
or non- hemopoietic cells, we also performed BM chimera experiments where lethally-
irradiated B6 hosts were reconstituted with BM cells from WT or CD40 KO mice. 8 weeks
later, the mice were treated as above. PBLs were harvested for flow cytometric analysis 3
days after T cell adoptive transfer. As shown in Fig. 3B, the T cell expansion was observed
in mice that were reconstituted with BM cells from WT mice but not from CD40 KO mice.
This finding indicates that the BM-derived cells were necessary to mediate the expansion of
adoptively transferred T cells induced by anti-CD40 mAb, although CD40 is broadly
expressed on hematopoietic and nonhematopoietic cells.
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We also found that the expansion of pmel-1 T cells was not impaired in CD4 KO mice or B
cell-deficient mice (Fig. 3C). In addition, by administering DT to deplete DCs in CD11c-
DTR mice, we found that DCs were dispensable for the expansion of adoptively transferred
pmel-1 T cells induced by anti-CD40 mAb (Fig. 3D).

CD80/86 are Indispensable for Anti-CD40 mAb-Induced Expansion of Adoptively
Transferred pmel-1 T Cells

The importance of CD80 and CD86 as the ligands of CD28 in T cell activation and priming
has been extensively investigated (26). Mice deficient in CD28 or both of its ligands (CD80
and CD86) have been shown to have severely impaired proliferation of CD4* T cells (27,
28). To investigate whether CD80 and CD86 are important in the expansion of adoptively
transferred pmel-1 T cells induced by anti-CD40 mADb, first, we showed that administration
of anti-CD40 Ab can upregulate the expression of CD80/86 on B cells, macrophages and
DCs (Fig. 4A). And then WT and CD80/86 KO mice were treated as described in Fig. 2.
Mice were bled 3 days after T cell adoptive transfer; PBLs were harvested for flow
cytometric analysis. As shown in Fig. 4B, the lack of anti-CD40-induced T-cell expansion in
the KO mice demonstrates that CD80 and CD86 are critical for the expansion of adoptively
transferred pmel-1 T cells induced by anti-CD40 mADb.

Anti-CD40 mAb-induced IL-12 Is Vital for the Full Expansion of Adoptively Transferred
pmel-1 T Cells

We have shown that costimulatory molecules CD80 and CD86 are indispensable in the
expansion of adoptively transferred pmel-1 T cells induced by anti-CD40 mAb. Next, we
wanted to explore whether cytokines are also involved in the pmel-1 T cell expansion in
vivo. B6 mice were treated as described in Fig. 2. Mouse serum was harvested and pooled 1
day after adoptive T cell transfer for Luminex-based cytokine analysis. As shown in Fig. 5A,
administration of anti-CD40 mAb led to increased IL-12 secretion in addition to IL-1a and
TNF-a (data not shown). To directly address whether IL-12 was responsible for mediating
the pmel-1 T cell expansion, we administered anti-IL-12 mAb or control mAb
intraperitoneally before and during treatment. Mice were then bled 4 days after adoptive
transfer of pmel-1 T cells and peripheral blood was analyzed by flow cytometric analysis.
As shown in Fig. 5B, our results indicate that IL-12 secretion was an important mediator for
the expansion of the adoptively transferred pmel-1 T cells.

DISCUSSION

When using in vitro-expanded T cell clones for ACT therapy, a major consideration is that
the iterative expansion of a single T cell clone into the billions can result in a shortened
cellular lifespan, and therefore the cells promptly disappear in vivo after adoptive transfer.
(29) However, the persistence of adoptively transferred T cells correlates with cancer
regression in patients receiving ACT (30). To this end, designing rational strategies to
enhance the persistence of adoptively transferred T cells may augment the therapeutic
effectiveness of ACT therapy.

In this study, we showed that anti-CD40 mAb in conjunction with IL-2 can enhance the
expansion of adoptively transferred T cells in vivo and boost their antitumor activity. Other
approaches have also been used for activation and expansion of T cell clones in vivo. For
example, using anti-CD3/CD28 beads to expand T cell clones may support maintenance of
CD28 expression in T cell clones, which may in turn increase the postinfusion survival of T
cells in patients (29, 31). It was recently shown in macaques that antigen-specific CD8+ T
cell clones derived from a central memory population retain an intrinsic capacity that
enables them to have long-term in vivo survival after adoptive transfer and revert to the
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memory cell pool (32). In a B16 mouse tumor model, we previously found that DC/gp100
vaccination led to enhanced proliferation and increased tumor infiltration of adoptively
transferred pmel-1 T cells in vivo and significantly improved antitumor response (20).
Although anti-CD40 mAb/IL-2 treatment can enhance the antitumor activity of pmel-1 T
cells, the B16 tumors eventually escaped. The role of repeated cycles of combination
therapy and whether this could further expand pmel-1 T cells to enhance antitumor activity
should be evaluated in future studies.

CD40 expressed on APCs plays a critical role in the priming and expansion of antigen-
specific CD4+ and CD8+ T cells (33). But in the absence of a tumor antigen vaccination,
Kedl et al. showed that the administration of anti-CD40 mAb resulted in accelerated
depletion of CD8+ T cells in tumor-bearing mice (34). Interestingly, we showed here that
administration of anti-CD40 agonistic mAb in combination with IL-2 in the absence of
antigen-specific vaccination can expand adoptively transferred T cells in vivo. Our results
and those of others (22) strongly suggest that cytokines or other stimuli may also be required
when administering anti-CD40 mAb to treat patients with cancer. In addition, we observed
that endogenous CD8+ T cells were also expanded by the combinational therapy (data not
shown), though the 2-3 fold expansion for endogenous T cells in blood was not as robust as
that of activated T cells (5-10 fold). It is likely that the differentiation status of the T cells is
critical for the expansion induced by treatment with anti-CD40 Ab. Besides inducing the
proliferation of T cells, a previous study has shown that the ligation of CD40 on DCs can
increase the capacity of DCs to induce IFN-y production by T cells (35), suggesting that
treatment with anti-CD40 Ab could enhance the cytotoxic activity of T cells.

This broad expression of CD40 on B cells, DCs, macrophages, endothelial cells, and
fibroblasts accounts for the central role it plays in the regulation of immune response and
host defense.(33) Using CD40 KO mice and BM-reconstituted mice, we demonstrated that
BM-derived cells mediated the expansion induced by CD40 agonistic mAb; however, when
using CD4 KO mice, B cell-deficient mice, and CD11c-DTR mice for depletion of DCs, we
could not further define which cell population is critical for T cell expansion—possibly
because of the overlapping functions among cell types. Alternatively, it is also possible that
other APCs such as macrophages are involved in promoting anti-CD40 induced T-cell
expansion. A recent study has shown that administration of CD40 agonists can activate
macrophages that can infiltrate tumor and become tumoricidal (36). Depletion of
macrophages is needed to determine their role in this model.

Cytokines such as IL-12 and costimulatory molecules such as CD80 and CD86 triggered by
CDA40/CD40L interaction on immune cells are required for host naive T cell activation and
proliferation (16, 18, 19). Our results indicate that, in addition to costimulatory molecules,
CDA40 agonistic mAb-induced IL-12 secretion is also important to expand in vitro-activated,
adoptively transferred T cells.

In conclusion, our data indicate that administration of CD40 agonistic mAb, along with
IL-2, can expand adoptively transferred T cells and boost their antitumor response. Thus, the
use of anti-CD40 mAb to enhance adoptively transferred T cells may represent a promising
new approach for cancer treatment.
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FIGURE 1.

Anti-CD40 monoclonal antibody (mAb) induces expansion of adoptively transferred T cells
and enhances antitumor activity. B6 mice (5-10 mice per group) were subcutaneously
inoculated with B16 tumor cells on day -7 and treated by intravenous injection of pmel-1 T
cells on day 0. Recombinant human IL-2 (rhIL-2) was administered intraperitoneally on
days 0-3. Anti-CD40 mAb was injected intraperitoneally on day 0. A, Peripheral blood was
subjected to flow cytometric analysis for percentage of pmel-1 cells at the indicated time
points. B, Tumor growth is shown as the area calculated by multiplying the perpendicular
diameters of the tumors. Results shown are representative of three independent experiments
with similar results. **P < 0.01, *** P < 0.001.
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FIGURE 2.

Anti-CD40 monoclonal antibody (mAb) induces expansion of adoptively transferred T cells
independent of tumor antigen cross-presentation. B6 mice (5 mice per group) were
subcutaneously inoculated with B16 or MC38 tumor cells on day -7 and treated by
intravenous injection of pmel-1 T cells on day 0. Recombinant human interleukin-2
(RhIL-2) was administered intraperitoneally for 3 days after T cell transfer. Anti-CD40 mAb
was injected intraperitoneally on day 0. Peripheral blood was subjected to flow cytometric
analysis for percentage of pmel-1 cells on day 4. Results shown are representative of two
independent experiments with similar results.
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FIGURE 3.

Expansion of adoptively transferred pmel-1 T cells is dependent on CD40 expressed on bone
marrow (BM)-derived cells. A, B6 mice or CD40 knockout (KO) mice (5 mice per group)
were treated as described in Fig. 2. Peripheral blood was subjected to flow cytometric
analysis for percentage of pmel-1 cells on day 3. B, Eight weeks after BM reconstitution (as
described in Materials and Methods), we treated BM chimera mice (WT or CD40 KO) as
described above. Peripheral blood was subjected to flow cytometric analysis for percentage
of pmel-1 cells on day 3. C, B6 mice, CD4 KO mice, and B cell-deficient mice (5 mice per
group) were treated as described above. Peripheral blood was subjected to flow cytometric
analysis for percentage of pmel-1 cells on day 5. D, B6 mice or CD11c-DTR mice were
injected with 10 ng of DT per gram of body weight 24 hours before T cell adoptive transfer
and then treated as described above. Peripheral blood was subjected to flow cytometric
analysis for percentage of pmel-1 cells on day 3. Results shown are representative of two or
three independent experiments with similar results.
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FIGURE 4.

Expansion of adoptively transferred pmel-1 T cells is dependent on CD80/86. A,
Splenocytes were harvested at 36 hrs after treatment with anti-CD40 Ab or control Ab, and
stained with CD11c, CD19, F4/80, CD86 and CD80 for flow cytometric analysis (dashed:
isotype, gray: control Ab, black: anti-CD40 Ab). B, B6 mice or CD80/86 knockout (KO)
mice (5 mice per group) were treated as described in Fig. 2. Peripheral blood was subjected
to flow cytometric analysis for percentage of pmel-1 cells on day 3. Results shown are
representative of two independent experiments with similar results.
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FIGURE 5.

Interleukin-12 (IL-12) is required for the expansion of adoptively transferred pmel-1 T cells.
B6 mice were treated as described in Fig. 2. A, Mouse serum was harvested via tail bleeding
on day 1 for the Luminex assay. B, Anti-IL-12 or control antibody (15) was administered
intraperitoneally on days -1, 0, and 2. Peripheral blood lymphocytes (PBLS) were subjected
to flow cytometric analysis for percentage of pmel-1 cells on day 4. Data are representative
of two independent experiments with similar results.
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