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Anticancer vaccines have been extensively studied in animal

models and in clinical trials. While vaccination can lead to tumor

protection in numerous murine models, objective tumor regres-

sions after anticancer vaccination in clinical trials have been

rare. B16 is a poorly immunogenic murine melanoma that has

been extensively used in anticancer vaccination experiments.

Because B16 has been widely used, different vaccination

strategies can be compared. We reviewed the results obtained

when B16 was treated with five common vaccine types:

recombinant viral vaccines, DNA vaccines, dendritic cell

vaccines, whole-tumor vaccines, and peptide vaccines. We also

reviewed the results obtained when B16 was treated with

vaccines combined with adoptive transfer of tumor antigen–

specific T cells. We found several characteristics of vaccination

regimens that were associated with antitumor efficacy. Many

vaccines that incorporated xenogeneic antigens exhibited more

potent anticancer activity than vaccines that were identical

except that they incorporated the syngeneic version of the same

antigen. Interleukin-2 enhanced the antitumor efficacy of several

vaccines. Finally, several effective regimens generated large

numbers of tumor antigen–specific CD81 T cells. Identification

of vaccine characteristics that are associated with antitumor

efficacy may aid in the development of more effective anticancer

vaccination strategies. Exp Biol Med 232:1130–1141, 2007
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Introduction

Anticancer vaccination strategies that have been tested

in clinical trials have only rarely been associated with

objective tumor regressions (1). More effective anticancer

vaccination regimens are clearly needed. In an attempt to

develop more effective anticancer vaccines, many inves-

tigators have tested vaccination strategies in murine models.

Because a wide variety of murine tumor models have been

used to test vaccination strategies, comparison of the

efficacy of different strategies is difficult. In addition, some

tumor cell lines that have been used to test anticancer

vaccines have been genetically altered to express highly

immunogenic foreign proteins, possibly making them more

susceptible than most human tumors to immunologic

therapies.

B16 is a murine tumor cell line that was derived from a

spontaneously arising melanoma of C57BL/6 origin (2).

B16 is poorly immunogenic, and it expresses very low

levels of major histocompatibility complex (MHC) class I

molecules, making it difficult for CD8þ T cells to recognize

(3, 4). Because B16 has been widely studied, several

different vaccination strategies using it can be compared. In

addition, several antigens expressed by B16 have been

molecularly defined, allowing careful measurement of

antigen-specific immune responses. Tyrosinase-related pro-

tein-2 (TRP-2; Ref. 2) and gp100 (5) are proteins expressed

by normal murine melanocytes and B16 that contain

immunogenic MHC class I–presented epitopes. TRP-1 is a
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cell surface protein that can be the target of antibodies

against B16 (6).

In this review, we critically analyze and compare

different anticancer vaccination strategies that have been

used to treat B16 in syngeneic mice. Analyzing and

comparing the different treatment strategies might help

identify important features of effective therapies and point

toward the most promising approaches for future inves-

tigation. We will first review the results obtained when B16

was treated with several different anticancer vaccination

strategies: recombinant viral vaccines, DNA vaccines,

dendritic cell (DC) vaccines, whole-tumor vaccines, peptide

vaccines, and vaccines combined with adoptive T-cell

transfer (Table 1). Next, we will try to define the

characteristics of anticancer vaccination strategies that were

critical for generation of anticancer immunity.

Vaccination with Recombinant Viruses

Natural viral infections elicit potent immune responses

that can clear acute infections and generate long-term

immunologic memory (7). Advances in molecular biology

have made it possible to construct recombinant viruses that

encode the genes for tumor antigens. Several recombinant

viral vaccines have been used to treat B16.

Extensive work has been performed using recombinant

adenoviruses encoding the gene for the TRP-2 protein.

When mice were vaccinated with a recombinant adenovirus

encoding the gene for human TRP-2 and then challenged

intravenously (iv) with B16, all mice were completely

protected from pulmonary tumor formation, and 50% of

mice that were vaccinated with a recombinant adenovirus

encoding human TRP-2 were protected from a subcutaneous

(sc) tumor challenge (8). In contrast, when mice were

vaccinated with an adenovirus encoding murine TRP-2 and

then challenged with B16, the reduction in lung tumor

formation was much less than that observed when mice

were vaccinated with adenovirus encoding human TRP-2

(8). In addition, vaccination with adenovirus encoding

murine TRP-2 did not prevent sc tumor formation in any

mice (8). Amino acids 180–188 of TRP-2 (TRP-2180–188)

form an immunogenic MHC class I–restricted epitope (9,

10). Interestingly, amino acids 180–188 of TRP-2 are

identical in mice and humans, and these amino acids form a

human leukocyte antigen-A2 (HLA-A2)–restricted epitope

that can elicit CD8þ T-cell responses in humans (11).

Despite the identical sequence of this immunogenic epitope

in the murine and human versions of TRP-2, vaccination

with adenovirus encoding the gene for human TRP-2

elicited CD8þ T-cell responses against TRP-2180–188, but

vaccination with adenovirus encoding the murine version of

Table 1. Advantages and Disadvantages of Different Vaccination Strategies

Strategy Advantages Disadvantages References

Viral vaccines CD8þ T-cell and antibody
responses can be generated
against whole proteins.

Neutralizing immune responses
against viral proteins limit the
ability to perform repeated
immunizations.

6, 8, 12, 13,
15, 16

DNA vaccines Easy to manufacture. In mice,
CD8þ T-cell and antibody
responses can be generated
against whole proteins.

May be less effective than viral or
peptide vaccines at inducing CD8þ

T-cell responses.

17–22

Dendritic cell
vaccines

Cause impressive antitumor
immunity in murine models.

Generation of dendritic cells is
technically challenging. Anti–fetal
bovine serum immune responses
might make dendritic cells more
effective in mouse models than in
clinical trials.

23–29

Whole-tumor cell
vaccines

Use of autologous tumor cells
as vaccines potentially allows
generation of immune responses
against all of the proteins
expressed by the tumor, including
proteins with tumor-specific mutations.

Obtaining large numbers of tumor
cells so that clinical trials
accurately mimic mouse
models is difficult.

10, 30–33

Peptide vaccines Easy to manufacture. Strong CD8þ

T-cell responses can be generated
with repetitive vaccination or by
using adjuvants like CpG
oligodeoxynucleotides.

Immune responses limited to one
or a few epitopes.

9, 34–40, 45

Vaccines combined
with adoptive
T-cell therapy

The most effective strategy for
treating established B16.

The most effective murine model of
adoptive T-cell transfer combined
with vaccination used transgenic
T cells; therefore, it cannot be
perfectly copied in clinical trials.

14, 24, 54–56, 61
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TRP-2 did not (8). Vaccination with recombinant adenovi-

rus encoding human TRP-2 led to loss of fur pigmentation

consistent with vitiligo, but vaccination with adenovirus

encoding murine TRP-2 did not cause a loss of fur

pigmentation (8). Notably, vaccination with recombinant

adenoviruses encoding human TRP-2 was more effective

than vaccination with plasmid DNA encoding the same gene

at protecting mice from a B16 challenge (8). A CD8-

dependent therapeutic effect was observed when a recombi-

nant adenovirus encoding human TRP-2 was used to treat

B16 that had been injected sc 3 days previously (12). In

contrast, vaccination with recombinant adenovirus encoding

murine TRP-2 was not effective at treating B16 that had

been injected 3 days earlier (12). In mice vaccinated with

recombinant adenovirus encoding human TRP-2, CD8þ T

cells specific for TRP-2180–188 made up 1% of total CD8þ T

cells (12).

As detailed above, vaccination with recombinant

adenovirus encoding human TRP-2 was much more

effective than vaccination with adenovirus encoding the

murine version of TRP-2 at mediating protection against a

B16 challenge. Steitz et al. hypothesized that the enhanced

tumor protection observed with vaccination using adenovi-

rus encoding human TRP-2 compared with adenovirus

encoding murine TRP-2 was due to the presence of foreign

MHC class II–presented epitopes that are capable of

eliciting a CD4þ helper T-cell response in the human but

not the murine version of TRP-2. To test the hypothesis that

foreign helper epitopes can enhance vaccination with TRP-

2, mice were vaccinated with recombinant adenovirus

encoding murine TRP-2 fused to jellyfish enhanced green

fluorescent protein (EGFP-murine TRP-2; Ref. 13). Vacci-

nation with adenovirus encoding EGFP-murine TRP-2 was

as effective as vaccination with adenovirus encoding human

TRP-2 in preventing lung tumor formation in mice

challenged iv with B16 (13). As in previous experiments,

vaccination with adenovirus encoding murine TRP-2 with-

out EGFP was not effective at protecting mice from a B16

challenge (13). In the work described above (8, 12, 13), all

of the vaccines that were effective therapy for B16

incorporated the human form of the TRP-2 protein. Using

xenogeneic forms of self-antigens for vaccination may lead

to more potent immune responses than vaccination with the

self-antigen.

Very effective protection against a sc B16 challenge as

well as extensive depigmentation of fur consistent with

vitiligo was induced by vaccination with recombinant

vaccinia virus encoding the gene for the melanocyte cell

surface protein murine TRP-1 (6). Vaccination with

recombinant vaccinia virus encoding murine TRP-1 elicited

high-titer IgG2b antibodies specific for TRP-1. Experiments

using MHC class II–deficient mice, which lack CD4þ T

cells, showed that antibody production and protection from

tumor challenge were clearly dependent on CD4þ T cells

(6). In addition, depigmentation consistent with vitiligo was

not observed when MHC class II–deficient mice were

vaccinated. In contrast, b2-microglobulin–deficient mice,

which lack CD8þ T cells, were protected from B16

challenge to the same degree as wild-type mice (6).

Antibodies might be especially important in the treatment

of tumors that express low levels of MHC class I molecules,

such as B16 (3, 4).

Vaccination with recombinant vaccinia or recombinant

fowlpox viruses encoding the gene for either the human or

murine version of the melanocyte-associated protein gp100

were not effective therapies for B16 (14). However,

vaccination with recombinant vaccinia or recombinant

fowlpox viruses encoding the gene for human gp100 is an

essential component of a very effective treatment regimen

for B16 that also includes adoptive transfer of gp100-

specific CD8þ T cells and administration of interleukin-2

(IL-2; Ref. 14). This regimen will be described in detail later

in this review.

Viral vaccines have elicited CD8þ T-cell responses

against tumor-associated antigens in human clinical trials,

but objective antitumor responses attributable to viral

vaccines have been rare (1, 15, 16). One factor that might

limit the effectiveness of viral vaccines is the generation of

neutralizing immune responses against viral proteins (15).

DNA Vaccines

Immunization with plasmid DNA can elicit antigen-

specific immune responses consisting of CD8þ T cells,

CD4þ T cells, and antibodies (17). DNA vaccination has

been evaluated in B16 therapy and prophylaxis experiments

(18–20). In most studies of DNA vaccination that used B16,

the DNA was administered by the gene gun method of

immunization. In gene gun immunization, plasmid DNA is

coated onto gold particles followed by delivery of the DNA-

coated particles into the skin by a high-pressure, helium-

driven gene gun (20).

Gene gun immunization with plasmid DNA encoding

human but not murine TRP-1 protected mice from lung

tumor formation after an iv challenge with B16 (20).

Additionally, immunization with DNA encoding human but

not murine TRP-1 caused a loss of fur pigmentation

consistent with vitiligo (20). Tumor protection was depend-

ent on CD4þ T cells, NK cells, and the Fc-receptor c�chain

(20). Immunization with human TRP-1, but not murine

TRP-1, elicited antibodies against murine TRP-1 (20).

DNA vaccination by gene gun delivery of plasmid

DNA encoding human but not murine TRP-2 protected

mice against lung tumor formation after an iv challenge with

B16 (18). The antitumor effect was dependent on both

CD8þ and CD4þ T cells, because protection was abrogated

in both b2-microglobulin–deficient mice, which lack CD8þ

T cells, and in MHC class II–deficient mice, which lack

CD4þ T cells (18). Depigmentation consistent with vitiligo

occurred after vaccination with human but not murine TRP-

2 (18). This depigmentation was also dependent on both

CD4þ and CD8þ T cells. Vaccination with human TRP-2
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DNA elicited a CD8þ T-cell response against an epitope of

murine TRP-2, but vaccination with murine TRP-2 DNA

did not elicit a T-cell response against this epitope (18).

Administration of plasmid DNA encoding the gene for

IL-12 along with a second plasmid encoding murine TRP-2

protected 40% of mice against an sc B16 challenge (19).

The mechanism of protection against B16 challenge

mediated by administration of DNA encoding murine

TRP-2 and IL-12 was not determined (19). Gene gun

immunization with DNA encoding murine TRP-2 without

the IL-12 gene was not effective at protecting against a B16

challenge (19). As with viral vaccinations (8, 12, 13), most

of the studies that achieved an antitumor effect against B16

with DNA vaccines used plasmid DNA that encoded the

xenogeneic form of self-antigens (18, 20). Two reports have

suggested that DNA vaccination is a less effective therapy

for B16 than other types of vaccination (8, 21). Human

clinical trials have assessed the ability of DNA vaccination,

viral vaccination, and peptide-in-adjuvant vaccination to

induce CD8þ T-cell responses against a tumor-associated

antigen (22). Vaccination with DNA did not induce

detectable CD8þ T-cell responses, but detectable CD8þ T-

cell responses were elicited by viral vaccination and

peptide-in-adjuvant vaccination (22).

DC Vaccines

Several groups have treated B16 by vaccinating mice

with DCs. The DCs were loaded with either MHC class I–

presented peptides (21, 23, 24) or tumor lysate (25), or

were transduced with adenovirus encoding a tumor-

associated antigen (26). The DCs used in all of these

studies were derived by culturing bone marrow cells in
vitro with cytokines, such as granulocyte-macrophage

colony-stimulating factor (GM-CSF) and tumor necrosis

factor alpha (TNF-a; Refs. 21, 23–25). A series of three

vaccinations with DCs that were loaded with a peptide from

TRP-2 protected 35% of mice that were challenged sc with

B16 following completion of the vaccinations (23). The

same regimen caused rejection of B16 tumor cells injected

sc on the day prior to the initiation of vaccination in 20% of

mice (23). When Schreurs et al. vaccinated mice with TRP-

2180–188 peptide–pulsed DCs and then challenged the mice

sc with B16, 80% of the mice rejected the tumor challenge

(21). These same authors also vaccinated mice with the

TRP-2180–188 peptide emulsified in incomplete Freund

adjuvant (IFA). The peptide emulsified in IFA was

completely ineffective at mediating tumor protection (21).

In addition, these authors vaccinated mice with plasmid

DNA encoding the TRP-2 protein. DNA vaccination was

also completely ineffective at mediating tumor protection

(21). DCs pulsed with tumor lysates made from B16 cells

have been shown to protect mice against a challenge with

live B16 cells (25). Tumor protection mediated by tumor

lysate–loaded DCs was enhanced by loading the DCs with

keyhole limpet hemocyanin (KLH) in addition to tumor

lysate (25). KLH is a protein that is known to stimulate

helper T-cell responses. Administration of systemic IL-2 to

mice that received tumor lysate–pulsed DCs also enhanced

tumor protection (25). Vaccination with DCs loaded with

an immunogenic peptide from the gp100 protein has been

shown to enhance therapy of established B16 tumors by

adoptively transferred T cells that were specific for the

same gp100 peptide with which the DCs cells were loaded

(24).

One critical factor that must be kept in mind when

evaluating all of the DC experiments described above is that

the DCs used in these experiments were derived by in vitro
culture in media containing fetal bovine serum (FBS; Refs.

21, 23–25). The B16 cells used in the in vivo tumor

challenge experiments were also cultured in media that

contained FBS (21, 23–25). Because the DCs and the tumor

cells were both cultured in media that contained FBS,

immune responses elicited by the DC vaccines against

components of the FBS might have caused an antitumor

effect. DCs derived from bone marrow cells by culture in

media that contained FBS could mediate protection against

an sc or an iv challenge with the B78-D14 variant of B16,

regardless of whether the DCs were loaded with a tumor-

associated antigen (27). The level of protection achieved by

the unloaded FBS–cultured DCs was almost equal to that

observed with similarly cultured DCs that were loaded with

the TRP-2180–188 peptide (27). Epidermal Langerhans cells,

which share many characteristics with bone marrow–

derived DCs, can be obtained without culture in media

containing FBS. In contrast to DCs that were cultured in

media containing FBS, vaccination with epidermal Langer-

hans cells that were not exposed to FBS led to protection

against B78-D14 only when the epidermal Langerhans cells

were loaded with TRP-2180–188 (27). Systemic IL-2 therapy

was required for the epidermal Langerhans cells loaded with

TRP-2180–188 to protect mice from a tumor challenge (27).

Similar experiments conducted by other investigators have

also demonstrated an antitumor effect of FBS-cultured DCs

that were not loaded with any tumor antigens against B16

cells that were cultured in FBS (28). DCs cultured in FBS

might stimulate an anti-FBS immune response that under

some conditions is able to eliminate tumor cells that have

been cultured in FBS (27, 28).

Ribas and coworkers vaccinated mice with DCs that

were transduced with replication-deficient adenoviral vec-

tors encoding the cDNA for the human melanoma antigen

recognized by T cells-1 (MART-1; Ref. 26). After receiving

a single injection of MART-1–transduced DCs, 23.5% of

mice were protected from a subsequent sc challenge with

B16 (26). In contrast, vaccination with control-transduced

DCs caused minimal inhibition of B16 growth (26). The

B16 cells used in these experiments were obtained from

tumors growing in syngeneic mice (26). This experimental

design eliminated the confounding factor of culturing both

DCs and B16 in FBS-containing media. In contrast to

vaccination with MART-1–transduced DCs, direct vacci-
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nation of mice with adenovirus encoding the cDNA for

MART-1 did not protect against a subsequent challenge

with B16 (26). The protection against B16 mediated by

MART-1–transduced DCs was dependent on natural killer

cells (29).

Whole-Tumor Vaccines

Because B16 is a poorly immunogenic tumor, vacci-

nation with irradiated wild-type B16 tumor cells does not

protect mice from a subsequent challenge with live B16

cells (30). Dranoff and coworkers transduced B16 with the

gene for GM-CSF. The cells then continuously secreted

GM-CSF. These B16–GM-CSF cells were used as a vaccine

by irradiating them and injecting them into mice sc (30).

Vaccination with B16–GM-CSF cells could protect mice

from a subsequent challenge with live, wild-type B16 (30).

One of the most successful approaches for treatment of

B16 has been vaccination with irradiated B16–GM-CSF

cells combined with blockade of cytotoxic T-lymphocyte

antigen-4 (CTLA-4; Refs. 10, 31, 32). When CTLA-4 on T

cells binds to the costimulatory molecules B7–1 and B7–2

on antigen-presenting cells (APCs), T-cell responses are

inhibited. Certain antibodies can block the interaction of

CTLA-4 and the B7 molecules, leading to an enhancement

of T-cell responses (32). In tumor therapy experiments, a

series of three injections of irradiated B16–GM-CSF cells

followed by treatment with a CTLA-4 blocking antibody

resulted in long-term survival of 80% of mice that were

injected with live wild-type B16 cells on the same day as

initiation of B16–GM-CSF vaccination (32). This impres-

sive antitumor immunity was dependent on CD8þ T cells

and NK cells (32). In this therapeutic model, mice treated

with only B16–GM-CSF vaccination exhibited a modest

degree of tumor growth inhibition, and mice treated with

only anti–CTLA-4 were not protected from a B16 challenge

at all (32). TRP-2180–188–specific CD8þ T-cell responses

that made up greater than 1% of total CD8þ T cells were

detected ex vivo by tetramer and intracellular cytokine

staining analyses in mice that were vaccinated with B16–

GM-CSF and treated with anti–CTLA-4 (10, 31). Some of

the mice treated with B16–GM-CSF plus anti–CTLA-4

developed fur depigmentation consistent with autoimmune

destruction of melanocytes (10, 32). Moreover, histologic

evidence of autoimmune destruction of melanocytes was

detected at sites of fur depigmentation (10). In tumor

prophylaxis experiments, tumor protection caused by B16–

GM-CSF plus anti–CTLA-4 involved redundant mecha-

nisms, because 100% of mice were protected from a

challenge with wild-type B16, despite depletion of natural

killer cells or CD8þ T cells or CD4þ T cells (10). This is in

contrast to earlier work in which mice were vaccinated with

B16–GM-CSF without anti–CTLA-4 and then later chal-

lenged with wild-type B16 (33). In these experiments,

rejection of a B16 challenge by vaccination with B16–GM-

CSF alone was completely dependent on CD4þ T cells, and

rejection of a B16 challenge was partially impaired in the

absence of CD8þ T cells (33). Treatment of mice with the

anti-CD25 antibody PC61, which binds to CD4þCD25þ

regulatory T cells, was shown to increase the antitumor

efficacy of a regimen of B16–GM-CSF plus anti–CTLA-4

(31).

In mice, vaccination with B16–GM-CSF combined

with anti–CTLA-4 is a very effective therapy for B16.

Because the whole-tumor cell is used as a vaccine, any

antigen expressed by the tumor, including unique tumor-

specific mutated proteins, might elicit an immune response.

These immune responses might involve T cells or B cells.

Accurately mimicking the murine whole-tumor vaccination

studies in humans requires either a large number of primary

tumor cells or an immortalized tumor cell line from each

patient to be vaccinated.

Peptide Vaccines

Vaccines consisting of peptides emulsified in IFA are

easy to manufacture and have been nontoxic in multiple

clinical trials (34–36). Repetitive vaccination with peptides

in IFA can generate large numbers of epitope-specific CD8þ

T cells (37), but peptides in IFA vaccines have only rarely

caused objective antitumor responses (1). Vaccination of

mice with the TRP-2180–188 peptide in IFA was not effective

at causing inhibition of B16 growth (21), and vaccination

with TRP-2180–188 in IFA elicited very small CD8þ T-cell

responses (38, 39). The size of epitope-specific CD8þ T-cell

responses elicited by peptide in IFA vaccines was

dramatically increased by the addition of oligodeoxynucleo-

tides containing unmethylated CpG motifs (CpGs; Refs 9,

38–40). CpGs have been divided into three classes: class A

CpGs, class B CpGs, and class C CpGs (41, 42). Compared

with class A CpGs, class B CpGs generally cause more B-

cell proliferation but less interferon-alpha secretion (41, 42).

Class C CpGs induce both B-cell proliferation and

interferon-alpha secretion (42). CpG 1826 (43), which is a

class B CpG, was used in all of the experiments described in

this review. Class B CpGs induce maturation of DCs, which

leads to increased costimulatory molecule expression on the

DC surface (41). Class B CpGs also increase production of

IL-6, IL-12, and TNF-a (41). The mechanism of action of

all CpGs involves binding to Toll-like receptor 9 (TLR9;

Ref. 42). The cellular distribution of TLR9 differs between

humans and mice. Mice express TLR9 on B cells,

monocytes, and probably all DCs (42). In contrast, humans

only express TLR9 on B cells and the plasmacytoid subset

of DCs (41, 42). Despite the difference in TLR9 expression,

class B CpGs can enhance T-cell immunization in both

humans (42, 44) and mice (9, 38–40).

In order to study epitope-specific antitumor immunity

generated by peptideþCpG–containing vaccines, experi-

ments were performed by vaccinating one group of mice

with vaccines containing TRP-2180–188þCpG and simulta-

neously vaccinating a second group with vaccines contain-
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ing the negative control peptide OVA257–264 plus CpG (38).

Because both groups were treated identically aside from the

difference in peptide, the difference in tumor growth

between mice that received vaccines containing TRP-2180–

188 and those that received vaccines containing OVA257–264

was epitope specific and was not due to the activation of

non–epitope-specific effector cells, such as natural killer

cells (38). Somewhat surprisingly, vaccination with TRP-

2180–188þCpG–containing vaccines alone did not cause

epitope-specific inhibition of B16 growth, but administra-

tion of systemic IL-2 with TRP-2180–188þCpG–containing

vaccines did lead to epitope-specific, CD8-dependent

inhibition of B16 growth after mice were challenged with

B16 cells on the same day as initiation of vaccination

Figure 1. (A) Both IL-2 and CpGs are required for peptide vaccination to inhibit B16 growth. Mice were injected with B16 melanoma on Day 0.
Priming vaccinations consisting of peptidesþCpG in IFA were administered on Days 0, 3, and 6. A boost vaccine containing peptidesþCpG in
IFA was administered on Day 14. One group received vaccines containing the tumor-associated peptide TRP-2180–188, and another group
received vaccines containing the negative control peptide OVA257–264. Aside from the different peptides, the two groups were treated identically.
Tumors were measured every 3 days starting on Day 10. There was not a statistically significant difference in tumor size when TRP-2180–188–
vaccinated mice were compared to OVA257–264–vaccinated mice (TRP-2180–188–vaccinated: n¼ 12, OVA257–264–vaccinated: n¼ 11). (B) B16
was injected on Day 0, and mice were vaccinated on Days 0, 3, 6, and 14 in the same manner as in panel A. The mice were administered
40,000 IU of IL-2 intraperitoneally twice daily on Days 7–10 and on Days 15–18. Tumor size was smaller in TRP-2180–188–vaccinated mice than
in OVA257–264–vaccinated mice. A statistically significant difference (P , 0.002) between the two groups occurred at the indicated (*) time
points. TRP-2180–188–vaccinated: n¼14, OVA257–264–vaccinated: n¼16). (C) Mice were injected with B16 on Day 0. Mice received vaccinations
and IL-2 as described in panel B, except that CpG was omitted. There was no difference in tumor growth rate when mice receiving TRP-2180–

188–containing vaccines were compared to mice receiving vaccines containing the OVA257–264 negative control peptide. TRP-2180–188–
vaccinated: n¼ 13, OVA257–264–vaccinated: n¼ 12). Note: this figure was originally published in The Journal of Immunology (2006) 177:8861.
Copyright 2006 The American Association of Immunologists, Inc. Used with permission.
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(Fig. 1; Ref. 38). Vaccination with TRP-2180–188 in IFA

without CpGs combined with administration of IL-2 did not

cause epitope-specific tumor growth inhibition (Fig. 1; Ref.

38). The ability to cause epitope-specific tumor growth

inhibition correlated with the size of CD8þ T-cell responses

elicited by the different vaccination regimens. When CD8þ

T-cell responses were measured ex vivo, 18% of CD8þ T

cells were TRP-2180–188 specific after mice were vaccinated

with TRP-2180–188þCpG–containing vaccines and treated

with systemic IL-2 (38). In contrast, only 1.1% of CD8þ T

cells were TRP-2180–188 specific in mice vaccinated with

TRP-2180–188þCpG–containing vaccines but not treated

with IL-2 (38). Vaccination with TRP-2180–188 in IFA

without CpGs followed by treatment with IL-2 led to TRP-

2180–188–specific CD8þ T-cell responses that made up 2.8%

of CD8þ T cells (38). TRP-2180–188þCpG in IFA vaccination

plus systemic IL-2 was also tested in tumor prophylaxis

experiments. In a prophylactic model, 23% of mice that were

vaccinated with TRP-2180–188þCpG-containing vaccines,

treated with IL-2, and then challenged with B16 survived

tumor free. Mice that were treated in an identical manner,

except that the negative control peptide OVA257–264

replaced TRP-2180–188 in their vaccines, all died soon after

tumor challenge (Fig. 2).

Potent anti-B16 immunity was generated by TRP-

2180–188þCpG in IFA vaccines combined with IL-2 during the

period of immune reconstitution after myeloablative doses of

total body irradiation and syngeneic bone marrow trans-

plantation (45). Vaccination with TRP-2180–188þCpG in IFA

combined with administration of systemic IL-2 during early

immune reconstitution after bone marrow transplantation

elicited TRP-2180–188–specific CD8þ T-cell responses that

made up 9.1% of CD8þT cells (45). Generation of these large

TRP-2180–188–specific CD8þ T-cell responses depended on

synergism between CpGs and IL-2 (45). When mice were

injected with B16 14 days after bone marrow transplantation,

a regimen initiated the same day as B16 injection that

consisted of TRP-2180–188þCpG in IFA vaccines combined

with systemic IL-2 inhibited growth of B16 and increased

survival in an epitope-specific manner (45).

A regimen of TRP-2180–188 in IFA combined with

CpGs and CTLA-4 blockade with an anti–CTLA-4 antibody

was able to inhibit growth of B16 in a therapeutic model,

but no mice survived long term (9). In addition, this regimen

did not protect mice from a B16 challenge in a prophylactic

model (9). However, when mice were vaccinated with TRP-

2180–188 in IFA, treated with CpGs and CTLA-4 blockade

prophylactically, then challenged with B16 and treated with

a second full course of TRP-2180–188 in IFA, CpGs, and

CTLA-4 blockade, 80% of mice survived tumor free (9).

The avidity of a T cell is a measure of the ability of a T

cell to be activated by graded concentrations of peptide–

MHC on APCs (46). A highly avid T cell can recognize

APCs expressing a low concentration of peptide–MHC.

Conversely, activation of low-avidity T cells requires APCs

that express a high concentration of the relevant peptide–

MHC. The avidity of vaccine-elicited T cells can be

measured by determining the percentage of the maximum

peptide-specific T-cell response that can be elicited by

stimulating the T cells with APCs that display decreasing

concentrations of peptide–MHC (47). Avidity is important,

because high-avidity CD8þ T cells have been shown to be

more effective than low-avidity CD8þ T cells at eradicating

B16 (48). In addition, adoptive transfer of high-avidity CD8þ

T cells has been shown to be more effective at inducing

autoimmune diabetes than adoptive transfer of low-avidity

CD8þ T cells (49). Mechanisms of tolerance eliminate most

high-avidity T cells that are specific for antigens expressed

by normal host tissues (50–53). Possibly because TRP-2 is a

protein that is expressed by normal tissues (2), most TRP-

2180–188–specific CD8þ T cells that are elicited by peptide

vaccination are low-avidity T cells (38). The low avidity of

these T cells might limit the antitumor efficacy of vaccines

designed to elicit TRP-2180–188–specific CD8þ T cells.

Vaccination Combined with Adoptive T-cell
Transfer

Most vaccination strategies had only limited success

against B16 when vaccination was initiated at the same time

Figure 2. Mice received priming vaccines on Days 0, 3, and 6, and a
boost vaccine on Day 14. One group of mice received vaccines
containing TRP-2180–188þCpG in IFA, and another group received
vaccines containing OVA257–264þCpG in IFA. IL-2 was administered
on Days 7–9 and Days 15–21. All IL-2 doses were 40,000 IU
administered intraperitoneally. Aside from the different peptides, the
two groups were treated identically. B16 was injected on Day 19.
Tumors were measured every 3 days starting on Day 29 (10 days
after tumor injection). Mice were euthanized when the product of
perpendicular tumor dimensions reached 200 mm2 or when tumor
ulceration developed. Survival was increased in mice that received
vaccines containing the tumor-associated peptide TRP-2180–188

compared with mice that received vaccines containing the negative
control peptide OVA257–264 (n¼ 13 mice per group).
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as tumor challenge or following tumor challenge (8, 9, 12,

18, 23, 38). No therapeutic approach consisting of

vaccination alone can reliably eradicate palpable B16

tumors. Moreover, anticancer vaccination has rarely led to

objective remissions of cancer in clinical trials (1). In an

attempt to develop more powerful T-cell therapies against

cancer, vaccination has been combined with adoptive

transfer of tumor antigen–specific T cells. The first T-cell

therapy to consistently eradicate previously established,

palpable B16 tumors was a regimen that combined adoptive

transfer of gp100-specific CD8þ T cells, vaccination, and

administration of systemic IL-2 (14). In order to eradicate

B16, all three components of this regimen were required

(14). The adoptively transferred cells used in these regimens

were obtained from transgenic mice called pmel-1 mice, in

which almost all CD8þ T cells express a T-cell receptor

(TCR) that is specific for the gp100 tumor antigen (14). The

TCR genes used to create pmel-1 mice were obtained from a

T-cell clone that was generated by vaccinating a mouse with

human gp100 and then further stimulating T cells from this

mouse in vitro with human gp100 (5). Despite being elicited

with human gp100, this T-cell clone recognized the epitope

formed by amino acids 28–33 of the murine gp100 protein

(gp10028–33; Ref. 5). This cross-reactivity occurs despite the

fact that murine and human gp10028–33 differ at three of

nine amino acids (14).

In pmel-1 transgenic mice, almost all CD8þ T cells

recognize the gp100 antigen that is expressed by B16 (14).

Interestingly, B16 growth is not different in untreated wild-

type mice compared with untreated pmel-1 mice (14). B16

tumor regression does take place in pmel-1 mice when they

are vaccinated against gp100 and treated with IL-2 (14).

These findings show that even very high numbers of tumor

antigen–specific CD8þ T cells cannot eradicate poorly

immunogenic B16 tumor cells unless the T cells are

activated by vaccination and IL-2.

Four different vaccine types have been used success-

fully in combination with adoptive transfer of pmel-1 cells

and IL-2. These regimens mediated antitumor immunity

when vaccines included human gp10028–33 but not when

vaccines included murine gp10028–33 (14). In these

regimens, the most commonly used vaccines have been

recombinant vaccinia viruses or recombinant fowlpox

viruses encoding human gp100 (14, 54, 55). A vaccination

regimen consisting of the human gp10028–33 peptide in IFA

followed by injections of an anti-CD40 antibody was also

used in conjunction with pmel-1 cells and IL-2 to treat B16

(14). Finally, B16 tumors have been eradicated by transfer

of pmel-1 cells combined with administration of IL-2 and

vaccination with DCs that were pulsed with the human

gp10028–33 peptide (24). After myeloablative doses of total

body irradiation, adoptive transfer of pmel-1 T cells plus IL-

2 therapy without vaccination can successfully treat

established, palpable B16 tumors (56).

IL-2 was a critical component of regimens that also

included adoptive transfer of pmel-1 transgenic gp10028–33–

specific T cells and vaccination (14, 24, 55). Interestingly,

IL-2 did not substantially increase the number of

gp10028–33–specific CD8þ T cells, but it did greatly increase

the activation status of gp10028–33–specific CD8þ T cells at

tumor sites (14). Nearly identical antitumor activity was

observed when either IL-15 or IL-2 was administered in

combination with adoptive transfer of pmel-1 cells and

vaccination (55).

Adoptive transfer of transgenic gp10028–33–specific

CD8þ T cells combined with vaccination and administration

of cytokines, such as IL-2 or IL-15, is the most effective

strategy for treating established B16. Obviously, the adoptive

T-cell transfer component of this strategy is difficult to

translate to human clinical trials because syngeneic, trans-

genic tumor antigen–specific CD8þ T cells are not available

for each patient with cancer. Obtaining large numbers of

tumor-specific T cells by in vitro culture is very difficult

under any circumstances and has only reliably been achieved

for melanoma (57, 58). Moreover, the in vivo effectiveness of

T cells might be decreased by the activation and differ-

entiation that takes place during in vitro culture (54). One

way to obtain large numbers of tumor antigen–specific T cells

for adoptive transfer might be to introduce tumor antigen–

specific TCR genes into the T cells of cancer patients. This

approach has already been established in mice (59) and has

been used in a limited number of human patients (60).

Conclusions

We have conducted a review of the many vaccination

regimens that have been used to treat the murine B16

melanoma because we believe that the effectiveness of

immune therapies against B16 might be a reasonable

predictor of the effectiveness of immune therapies against

human tumors. The effectiveness of vaccine regimens that

have been tested against established human cancers in

clinical trials has been very limited (1). Similarly, it has

never been reported that any class of vaccine alone can

consistently eradicate established, palpable B16. Immuno-

suppression followed by adoptive transfer of tumor-reactive

T cells plus administration of high-dose IL-2 is an effective

therapy for melanoma in humans (57, 58). The most

effective therapy for established B16 tumors is adoptive

transfer of tumor antigen–specific T cells combined with

vaccination and IL-2 (14). This therapy is enhanced by

immunosuppression prior to adoptive transfer of T cells

(61). One general concept that can be taken away from our

review is that prophylaxis against tumor implantation can be

achieved by many types of vaccines (8, 13, 18, 20, 21, 26,

33), but eradication of established, palpable B16 tumors can

only be consistently accomplished by the combination of

adoptive transfer of transgenic tumor antigen–specific CD8þ

T cells combined with vaccination and IL-2 (14). Future

murine immunotherapy experiments should attempt to

develop novel therapies that can eradicate established

malignancies. Development of novel immune therapies
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capable of eradicating established, palpable B16 without

using transgenic T cells would be an important advance.

Different effector cells were activated by the various

vaccination regimens that generated antitumor immunity

against B16. Antitumor immunity generated by successful

vaccination regimens most commonly depended on CD8þ T

cells. CD8þ T-cell–dependent antitumor immunity was

demonstrated with recombinant viral vaccines (12), DNA

vaccines (18), peptideþCpG in IFA vaccines (38), and a

therapeutic regimen of vaccination with irradiated GM-

CSF–transduced B16 cells plus CTLA-4 blockade (32).

CD4þT cells were critical for a recombinant viral vaccine to

mediate prophylaxis against a B16 challenge (6). CD4þ T

cells were also critical for DNA vaccines to mediate

prophylaxis against a B16 challenge (18, 20). CD4þ T cells

were involved in protection of mice against a B16 challenge

after vaccination with irradiated GM-CSF–transduced B16

cells (33). Natural killer cells were important for DNA

vaccines (20) and tumor antigen–transduced DCs (29) to

mediate prophylaxis against a B16 challenge. Previously

injected B16 was rejected after vaccination with GM-CSF–

transduced B16 and CTLA-4 blockade by a mechanism that

depended on natural killer cells as well as CD8þ T cells

(32).

Three factors were repeatedly associated with effective

treatment of B16 by vaccination. First, most regimens that

were effective at treating B16 elicited large numbers of

tumor antigen–specific T cells (10, 14, 31, 38, 39). Second,

several effective regimens used a foreign antigen or the

xenogeneic form of a self-antigen for vaccination (8, 13,

14, 18, 20, 25). Third, IL-2 was able to enhance the efficacy

of multiple therapeutic regimens (14, 24, 25, 27, 38, 39).

Design of future anticancer vaccination regimens should

take into account these three factors that were associated

with effective treatment of B16.

In a clinical trial of adoptive transfer of tumor-specific

T cells, objective remissions were induced in 51% of

melanoma patients (57, 58). In these patients, up to 70% of

peripheral blood CD8þ T cells were specific for melanoma-

associated antigens (57). In a murine model, a clear

correlation has been shown between the magnitude of

tumor antigen–specific T-cell responses elicited by vacci-

nation and the antitumor efficacy of vaccination (62).

Consistent with this work, some of the regimens that were

most effective at treating B16 elicited large numbers of

tumor antigen–specific T cells, as measured by ex vivo
tetramer or intracellular cytokine staining analyses (10, 14,

31, 38). Greater than 1% of total CD8þ T cells were TRP-

2180–188 specific following vaccination with B16–GM-CSF

plus CTLA-4 blockade (10, 31). Vaccination of mice with

TRP-2180–188þCpG combined with administration of sys-

temic IL-2 generated TRP-2180–188–specific CD8þ T-cell

responses that made up 18% of total CD8þ T cells (38).

After adoptive transfer of transgenic gp10028–33–specific

CD8þ T cells plus vaccination and administration of IL-2,

greater than 50% of peripheral blood CD8þ T cells were

gp10028–33 specific (14). Due to the association of large

numbers of tumor antigen–specific CD8þ T cells and

effective tumor therapy, future vaccination regimens should

be designed to maximize the number of these T cells. One

way to generate large numbers of epitope-specific T cells is

to include the combination of CpGs and IL-2 in vaccination

regimens (38, 39, 45). Adoptive transfer is another strategy

that has promise to achieve high levels of antigen-specific T

cells (14, 54, 55, 57, 58, 60).

Another factor associated with effective treatment of

B16 was use of xenogeneic forms of self-antigens or true

foreign antigens in vaccines (8, 13, 14, 18, 20). In several

studies, vaccination with plasmid DNA or recombinant

viruses encoding human TRP-2 was an effective treatment

for B16, whereas vaccination with vectors encoding murine

TRP-2 was not (8, 12, 18). The treatment regimen of

adoptive transfer of transgenic gp10028–33–specific CD8þ T

cells, vaccination with human gp100, and administration of

IL-2 is the most effective immunologic therapy for

established B16 (14). This regimen is an example of

vaccinating mice with a xenogeneic form of a self-antigen

(14). The T cells elicited by vaccination with human gp100

cross-react with murine gp10028–33 that is expressed by

B16. Vaccination of mice with the murine version of

gp10028–33 did not generate significant T-cell responses (5).

A similar concept has been translated to clinical trials by

vaccinating patients with peptides in which one or more

amino acids of the peptide were altered so that the peptide

sequence was different from the normal version. This

approach has already been used to elicit larger CD8þ T-cell

responses than vaccination with the unaltered version of the

same peptide (34).

As noted previously, high-avidity CD8þ T cells have

been shown to be more effective than low-avidity CD8þ T

cells at eradicating B16 (48). Many antigens targeted by

vaccination strategies are self-antigens that are expressed by

normal tissues as well as by tumors. Mechanisms of

tolerance eliminate most high-avidity T cells that are

specific for self-antigens (50–53) One approach to obtain

high-avidity T cells that have not been subjected to self-

tolerance is to vaccinate human MHC–transgenic mice with

human antigens that differ between mice and humans. T

cells from these mice can then be used to derive T-cell

clones that are specific for the human antigen. The TCR

genes of these clones could then be transferred to the T cells

of cancer patients for use in adoptive T-cell therapies (60,

63, 64).

IL-2 was included in several successful treatment

regimens for B16 (14, 25, 27, 38). The antitumor efficacy

of DC vaccines was enhanced by IL-2 (25, 27). IL-2

synergized with CpGs to cause a dramatic increase in TRP-

2180–188–specific CD8þ T-cell responses and to cause

epitope-specific inhibition of B16 growth (38, 39). IL-2

was a critical component of the regimen that also included

adoptive transfer of transgenic gp10028–33–specific T cells

and vaccination (14, 54).
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In conclusion, many different vaccination strategies

have been tested against B16. These studies show that it is

possible to generate potent antitumor immune responses

against a poorly immunogenic tumor such as B16. In order

to be effective at treating tumors, vaccination regimens

should generate large T-cell responses that can be measured

ex vivo (62). The avidity of antitumor T cells is a critical

factor (48). The most effective vaccination regimens at

treating established B16 include adoptive transfer of tumor

antigen–specific T cells, vaccination, and cytokines such as

IL-2 or IL-15 (14, 24, 54, 55).
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