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Abstract
PURPOSE—The purpose of our efforts is to trigger the immune destruction .of established cancer.
Interleukin (IL)-2 can mediate the regression of tumors in patients with melanoma and renal cell
carcinoma. In animal models, the antitumor effects of IL-2 are mediated by T lymphocytes.
Stimulation with specific antigen can enhance the ability of T cells to respond to IL-2 by triggering
the rapid upregulation of the high-affinity IL-2 receptor. We are seeking to design recombinant and
synthetic vaccines capable of preferentially priming T cells with specificity for tumor cells.

METHODS—The antitumor activity of experimental vaccines is being studied preclinically using
recently developed murine models that employ the mouse homologues of human tumor-associated
antigens. Once the most effective experimental vaccines are optimized in experimental animals,
clinical trials can be conducted. Vaccines are being evaluated for their ability to mediate the
regression of established tumors, and a variety of immunologic correlates are being measured.

RESULTS—In animal models, vaccines based on molecularly defined tumor-associated antigens
expressed in viral vectors or delivered as “naked” DNA stimulate the expansion of CD4+ and CD8
+ tumor-specific T lymphocytes. Goad-ministration of IL-2 with these vaccines dramatically
enhances their ability to mediate the regression of established cancer. In the clinic, treatment of
melanoma patients with peptide vaccine and IL-2 resulted in objective responses in approximately
40% of patients, a response rate more than twice that typically achieved with IL-2 alone.
Paradoxically, tumor-specific CD8+ T-cell levels were not increased in these patients.

CONCLUSION—The addition of recombinant and synthetic cancer vaccines to a regimen of IL-2
can result in improved antitumor responses in both animal models and melanoma patients. Vaccine-
primed, tumor-specific T cells may preferentially proliferate upon administration of IL-2. The
apparent lack of increase in CD8+ T-cell numbers in this setting suggests that the vaccine-primed T
cells functionally disappear after a transient period of activation. Preventing the disappearance of
activated T cells upon IL-2 administration—for example, by blocking proapoptotic signals—may
enhance the therapeutic effectiveness of anticancer vaccines.
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Interleukin (IL)-2 induces durable complete responses in patients with metastatic melanoma
and renal cell carcinoma, yet in only about 20% of patients treated with IL-2 will an objective
tumor regression be observed, and only about one third of responding patients (approximately
7% of treated patients) will have a complete response.1–4 Although the mechanism of action
of IL-2 therapy in humans is not known with certainty, in mouse models therapeutic effects
are largely mediated by T lymphocytes.5 Administration of IL-2 is thought to cause the
widespread expansion of T cells, some of which appear to be specific for antigens presented
on the surfaces of tumor cells, and it is presumably these T cells that mediate tumor regression.
In fact, IL-2 therapy combined with tumor-specific T lymphocytes expanded in vitro doubled
the response rate in melanoma patients (34%) compared with response rates that have been
achieved with high-dose IL-2 therapy alone (17%).3,6 This suggests that an important
denominator for the success of IL-2 therapy is the frequency of tumor-specific T cells capable
of responding to IL-2. If one could increase the frequency of these tumor-specific, IL-2—
responsive T cells, the result might be an immune response that is stronger and more tumor
specific, possibly leading to a higher rate of tumor regression. Recent advances in the cloning
of tumor-specific antigens have enabled the development of antigen-specific cancer vaccines
that could elicit such a response.

A successful anticancer vaccine must induce a powerful tumor antigen-specific immune
response capable of eradicating widely disseminated malignant disease. Animal models have
guided the design of therapeutic regimens that combine synthetic cancer vaccines with IL-2,
and the first clinical results have confirmed some of the predictions based on these models.
However, while promising, the results also raise pressing new questions regarding the use of
IL-2 in combination with vaccines in new animal and clinical studies.

THE USE OF ANIMAL MODELS TO EVALUATE MOLECULARLY DEFINED
ADJUVANTS

Animal models have been used to evaluate large panels of molecularly defined adjuvants
designed to enhance the antitumor activity elicited by vaccines.7 We have used experimental
systems in which tumors were treated with a variety of cancer vaccines, including, most
importantly, recombinant vaccinia virus (rVV) or recombinant “naked” DNA-based vaccines.
The efficacy of candidate adjuvants was tested either by exogenous administration or by
encoding them in the vaccine vector along with the model tumor antigen.

Cytokine Adjuvants
Using these model systems, several cytokines have been identified that appear to function as
adjuvants and to enhance the antitumor immune response elicited by our rVV-based vaccines.
The cytokine adjuvants identified in these studies included IL-2, IL-10, and IL-12.
Immunization with rVV-based cancer vaccines plus IL-2, either by injection or by encoding
IL-2 in the viral genome, resulted in dramatic augmentation of antitumor effects compared
with either agent alone.8 IL-12, a cytokine that can activate natural killer cells and steer the
immune response toward a T helper type 1 response, was also an extremely potent adjuvant
when combined with rVV-based vaccines.9 IL-12 is thought to primarily enhance the cellular
immune response, and indeed, CD8+ T lymphocytes have been shown to be of critical
importance to the antitumor immune response in many murine tumor models.7 Another and
more unexpected finding was that IL-10, which is classically regarded as an anti-inflammatory
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cytokine, also enhanced the antitumor effect of rVV-based vaccines. Interestingly, other
cytokines, such as granulocyte-macrophage colony-stimulating factor, tumor necrosis factor
(TNF)– alpha, and interferon gamma, did not modulate the effect of rVV vaccines when the
genes for these cytokines were inserted into the rVV genome.

Naked DNA vaccines were also used to evaluate the effects of candidate adjuvants. Naked
DNA is taken up by normal cells upon injection, and the encoded tumor antigen can be
expressed. Although the bacterial plasmid DNA encoding the tumor antigen appears to be
immunostimulatory itself owing to the presence of bacterial, nonmethylated CpG-sequences,
10 this immunostimulatory effect does not appear to be strong enough to enhance tumor
regression. Indeed, immunization with DNA vaccines only resulted in significant tumor
destruction when administered together with IL-2, IL-6, IL-7, or IL-12.11 Overall, the
consensus emerging from this large body of data suggests that antigen-specific cancer vaccines
activate tumor-specific T cells that are then receptive to stimulation by immunomodulatory
adjuvant therapy, and through this stimulation the T cells became more effective in destroying
tumors.

Costimulatory Molecules as Adjuvants
A separate class of potential adjuvants includes molecules that are naturally expressed on the
membranes of antigen-presenting cells and interact with T cells, thus providing a costimulatory
signal. Our studies identified the costimulatory molecules B7-1, B7-2, ICAM-I, and the CD40
ligand (CD40L) as powerful adjuvants that can significantly enhance the antitumor immune
response induced by our model vaccines.12,13 New technologies are becoming available that
allow the administration of these normally membrane-bound molecules in a soluble, but still
bioactive, form.13,14

IL-2 AS AN ADJUVANT TO CANCER VACCINES IN ANIMAL MODELS
Throughout the testing of candidate adjuvants, one of the most consistent findings was the
remarkable synergy between antigen-specific cancer vaccines and IL-2. Indeed, in our own
studies IL-2 has been shown to have powerful antitumor effects when combined with a variety
of different types of recombinant, antigen-specific cancer vaccines, including rVV, fowlpox
virus, modified vaccinia virus Ankara, adenovirus, influenza virus, naked DNA, self-
replicating DNA vector, and self-replicating RNA vector vaccines.8,11,15–18 In addition, IL-2
supports the antitumor effects of ex vivo expanded tumor-specific T lymphocytes.19

One important mechanism by which IL-2 may act as an adjuvant to vaccines is by enhancing
expansion and/or activation of T cells that are primed by vaccination. In fact, upon encountering
major histocompatibility complex (MHC)—restricted antigenic peptides on antigen-
presenting cells, one of the first observed reactions in the T cell is a markedly increased
expression of the high-affinity IL-2 receptor alpha subunit, CD25 (i.e., the Tac antigen).20 As
a result, antigen-activated T cells have an increased ability to respond to IL-2. This is likely to
account for the strong increase in primary T-cell responses against both rVV determinants and
the encoded tumor antigen, as well as the enhanced antitumor effect that was observed when
IL-2 was coadministered with rVV-based vaccines.8

IL-2 AS AN ADJUVANT FOR ADOPTIVE CANCER THERAPY
Murine studies suggested that the efficacy of IL-2 therapy could be enhanced by the concurrent
administration of tumor-infiltrating lymphocytes (TIL) expanded in vitro.21-23 In a series of
clinical trials, IL-2 was administered to melanoma patients together with TIL, resulting in
objective cancer regression in one-third of patients, double that achieved with high-dose IL-2
therapy alone.6 However, most bulk TIL cultures used for adoptive transfer contain only a

Overwijk et al. Page 3

Cancer J Sci Am. Author manuscript; available in PMC 2008 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



limited number of truly tumor-reactive T cells. One strategy to improve the frequency of these
cells involves the clonal expansion of melanoma-associated antigen (MAA)-specific T cells.
24 Bulk T-cell lines specific for MAA are generated through in vitro peptide sensitization of
peripheral blood mononuclear cells from melanoma patients and are cloned early in their
growth phase. The individual clonal populations are then screened for in vitro reactivity to the
MAA, and T-cell clones with the highest specificity and tumor reactivity are further expanded
in vitro for adoptive transfer.24 The first patients are currently being treated with these
autologous MAA-reactive T-cell clones, with or without the addition of IL-2.

PRELIMINARY RESULTS IN THE CLINICAL EVALUATION OF IL-2 AS A
CANCER VACCINE ADJUVANT

Findings in murine models may or may not be confirmed in human clinical trials. In studies
conducted at the National Cancer Institute, Surgery Branch, the antitumor effect of IL-2 was
found to be enhanced by concurrent vaccination with a modified immunodominant peptide
derived from the MAA gp100.25 Virtually all patients immunized with the gp100 peptide
vaccine in incomplete Freund’s adjuvant (IFA) demonstrated high levels of gp100-specific
CD8+ T cells, and these T cells could kill melanoma cells in vitro. However, significant tumor
regression was observed only when IL-2 was coadministered with the peptide vaccine,
presumably because the gp100-specific CD8+ T cells required expansion. Treatment with the
peptide vaccine plus IL-2 produced an objective response rate of 42% (see Rosenberg et al in
this issue), compared with a historic response rate of 17% for high-dose IL-2 alone.25 A multi-
center trial is currently in progress to extend these findings.

THE EFFECTS OF IL-2 ON TUMOR-SPECIFIC T CELLS
One puzzling observation in both the clinical studies and animal models with regard to the use
of IL-2 as an adjuvant to vaccines points to a possibility for further improvement on this
therapeutic strategy. Although administration of IL-2 in conjunction with cancer vaccines often
results in enhanced antitumor effects, the number of circulating tumor antigen-specific CD8+
T cells is not increased when IL-2 is administered. Mice immunized with rVV-based vaccines
and IL-2 showed a temporary depression of antigen-specific CD8+ T cells in the circulation.
26 Similarly, many patients immunized with a gp100 peptide plus IL-2 had no detectable
antigen-specific CD8+ T cells in their blood 4 weeks after immunization, even though these
same patients exhibited sometimes dramatic tumor regression. In contrast, patients immunized
with peptide alone developed high levels of antigen-specific CD8+ T cells in their blood, but
did not exhibit tumor regression.25,27

There are several possible explanations for this unexpected phenomenon, none of which
necessarily exdude the others. Administration of IL-2 is known to induce extravasation of
lymphocytes into the tissues, and it is possible that this effect stimulates vaccine-induced, tumor
antigen-specific T cells to leave the circulation and enter tissues, including tumor tissues, where
they could exert their cytotoxic effect. However, it is unclear why tumor-specific T-cell
precursor levels remain undetectable long after IL-2 administration has been discontinued.
Another possibility is that high-dose IL-2 abrogates the efficient priming of T cells. Vaccination
with peptide in IFA induces a local inflammatory response at the injection site, presumably as
a result of the release of chemokines and other chemotactic factors that attract lymphocytes to
the injection site. The administration of high systemic doses of IL-2 could induce a generalized
activation of the immune system, resulting in widespread production of chemotactic factors,
thereby disrupting the specific trafficking of T cells to the vaccination site. However, it is
difficult to imagine how vaccination with a 9-amino-acid, MHC class I–restricted peptide
antigen could double the response rate to IL-2 therapy other than through the productive
priming of antigen-specific CD8+ T cells.
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Recent advances in the understanding of T-cell activation point to yet another possible
explanation for the paradoxical disappearance of CD8+ T cells in the face of improved
therapeutic response. This explanation is based on the phenomenon known as activation-
induced cell death (AICD), in which T cells become increasingly susceptible to apoptotic self-
destruction as their level of activation increases.28 Many different mechanisms have been
implicated in the death of activated T cells during AICD, including interactions between Fas
and the Fas ligand (FasL), CTLA-4 and B7-1, and TNF and TNF receptors.28–33 What these
mechanisms have in common is the positive correlation between the degree of T-cell activation
and susceptibility to AICD. For example, mice genetically deficient in IL-2 demonstrate normal
T-cell development and productive immune responses upon infection, but eventually develop
a lethal immune hyperactivation with infiltration of activated T cells into the gut and heart.
34,35 In vitro, T cells from IL-2-deficient mice are highly resistant to AICD compared with T
cells from normal animals.35 These findings suggest that IL-2 plays a unique role in both the
amplification and downregulation of the immune response. Thus, high doses of IL-2 may serve
to hyperactivate vaccine-induced, tumor-specific CD8+ T cells. If IL-2 functions to expand
the numbers and activity of antigen-specific T cells, these T cells may have enhanced antitumor
activity and mediate the observed tumor shrinkage in patients. However, as a result of their
increased activation state, they may be subsequently more susceptible to AICD, resulting in
undetectable CD8+ T-cell levels after 4 weeks, when patients’ T cells are isolated for analysis.

If the above scenario reflects what happens in cancer patients treated with vaccines plus IL-2,
several options exist for intervention to enhance the therapeutic potential of this treatment
modality. For example, if the Fas/FasL interaction is responsible for the death of highly
activated, tumor-specific T cells, blocking this interaction with Fas/FasL-specific antibodies
may improve the survival of these T cells, perhaps resulting in further enhancement of
antitumor effects. Indeed, in animals lacking a functional Fas/FasL interaction, AICD is
typically severely impaired.36 Likewise, negative signaling through CTLA-4 or the TNF
receptor has been blocked in animals and in vitro systems, resulting in decreased AICD and
enhanced T-cell function.29,32,33 Experiments are in progress to further address these
possibilities and identify strategies aimed at improving vaccine-based cancer therapy.

CONCLUSION
IL-2 has been shown to synergize powerfully with cancer vaccines in the treatment of human
malignancies. When IL-2 is administered in conjunction with cancer vaccines based on
recombinant viruses, naked DNA, or peptide antigens, it can dramatically enhance antitumor
effects. The use of IL-2 as an adjuvant to cancer vaccines continues to be intensely explored
both in animal models and in the clinic. The observation that IL-2 may increase T-cell activation
as well as susceptibility to apoptosis points to new treatment strategies that may ultimately
result in further enhancement of the antitumor effects of IL-2.
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