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Abstract 
Recently, cancer immunotherapy has emerged as a therapeutic option for the 
management of cancer patients. This is based on the fact that our immune 
system, once activated, is capable of developing specific immunity against 
neoplastic but not normal cells. Increasing evidence suggests that cell- 
mediated immunity, particularly T-cell-mediated immunity, is important for 
the control of tumor cells. Several experimental vaccine strategies have been 
developed to enhance cell-mediated immunity against tumors. Some of these 
tumor vaccines have generated promising results in murine tumor systems. In 
addition, several phase I/II clinical trials using these vaccine strategies have 
shown extremely encouraging results in patients. In this review, we will discuss 
many of these promising cancer vaccine strategies. We will pay particular 
attention to the strategies employing dendritic cells, the central player for 
tumor vaccine development. 
, , t . o  o l o o o o l , , t  e . * * * * *  

Introduction 

Immunotherapy as a Potential Alternative to Cancer 
Therapy 
The ideal cancer therapy should have the potency to 

eradicate systemic tumor at multiple sites in the body and 
the specificity to discriminate between neoplastic and 
non-neoplastic cells. In both of these respects, immuno- 
therapy is an attractive approach. The immune system 
comprises a number of cell types which, when activated, 
are extremely efficient at killing target cells. Most impor- 
tantly, the immune system is highly specific. Each of the 
two arms of the immune system (B cells and T cells) pos- 
sesses a vast array of clonally distributed antigen recep- 
tors. The tremendous diversity of these receptors enables 
the immune system to recognize foreign antigens and to 
discriminate self from non-self. 

Importance Qf Cell-Mediated Immune Responses in 
Controlling Tumors 
The antitumor effects of the immune system are main- 

ly mediated by cellular immunity. The cell-mediated 
component of the immune system is equipped with multi- 
ple effector mechanisms capable of eradicating tumors, 
and most of these antitumor immune responses are regu- 
lated by T cells. Activated T cells may function directly as 
effector cells, providing antitumor immunity through the 
lysis of tumor cells or through the release of cytokines 
capable of interfering with the propagation of tumors. 
Antitumor immune responses can also be achieved 
through the influence ofT-cell-derived cytokines on other 
components of the immune system. Cytokines released by 
helper T cells can alter the nature of the ensuing immune 
response through their effects on T cell activation. Also, 
the function of 'non-specific' effector cells such as macro- 
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Fig. 1. Drawing showing MHC mole- 
cules and antigen presentation. In general, 
exogenous antigens are presented through 
the MHC class II pathway, while endoge- 
nous antigens are presented through the 
MHC class I pathway. However, modified 
exogenous antigens can also be presented 
through the MHC class I pathway. 
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phages, natural killer cells and granulocytes are critically 
regulated by T-cell-derived factors. In addition to their 
regulatory function, T cells also possess the ability to rec- 
ognize tumor-specific antigens (TSAs). TSAs serve as tar- 
gets which T cells can use to distinguish neoplastic from 
non-neoplastic tissues. Therefore, T-cell-mediated immu- 
nity is one of the most crucial components of antitumor 
immunity. 

Identification of Tumor-Specific Antigen as a Prelude 
for the Development of Antigen-Specific Cancer 
Immunotherapy 
The field of cancer immunotherapy is moving toward 

antigen-specific vaccines based on the recognition that 
there are TSAs which can be identified by T cells. TSAs, 
when efficiently presented by antigen-presenting cells 
(APCs) to both CD8+ cytotoxic T lymphocytes (CTLs) 
and CD4+ helper T cells, are capable of inducing potent 
T-cell-mediated immunity - the most crucial component 
of antitumor immunity. There are several additional ad- 
vantages of using an antigen-specific cancer vaccine. It is 
less likely to generate non-specific autoimmunity. It is 
more flexible in deciding the amount of antigen adminis- 
tered and the methods of antigen presentation to the 
immune system. It is more reproducible from patient to 
patient. It has the potential to correlate clinical outcome 
to a specific immune response [156]. Therefore, antigen- 
specific immunotherapy is a desirable approach for con- 
trolling tumors. 

The identification of appropriate TSAs thus represents 
an important step in designing an effective cancer vac- 
cine. TSAs can be classified into several categories: tu- 
mor-specific shared antigen (such as MAGE genes), dif- 
ferentiation antigens (such as tyrosinase), antigens result- 
ing from mutations (such as p53 and CDK4), overex- 
pressed antigens (such as HER-2/neu) and viral antigens, 
such as human papillomavirus (HPV) E6/E7 [for reviews, 
see ref. 170]. The list of the T-cell-defined tumor antigens 
grows every year. It is fair to say that every tumor cell 
possesses TSAs, which may be characterized already or 
remain to be defined in the future. 

Antigen Processing and Presentation - Relevance for 
T Cell Recognition of Tumor-Specific Antigens 
It is now clear that at least two distinct pathways exist 

for the processing of antigens recognized by T cells. CD8+ 
CTLs recognize antigens that are presented on major his- 
tocompatibility complex class I (MHC-I) molecules. 
MHC-I molecules are expressed on most cells of the body 
and carry peptide fragments of endogenously synthesized 
proteins. These peptide fragments are transported from 
the cytoplasm into the endoplasmic reticulum where they 
complex with newly assembled MHC-I molecules on their 
way to the cell surface [51]. In this way, CD8+ CTL are 
capable of identifying novel foreign antigens derived 
inside the cell. In contrast, CD4+ T helper cells identify 
peptide antigens that are presented on MHC class II mole- 
cules (MHC-II) predominantly expressed on specialized 
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APCs such as macrophages, dendritic cells (DCs), and 
activated B cells. For CD4+ T cells to recognize complex 
antigenic proteins, the exogenous antigens must first be 
engulfed by APCs and delivered to low pH endosomal 
and lysosomal compartments containing proteases, where 
they are degraded into peptide fragments. The peptide 
fragments are further sent to the compartments of peptide 
loading where they bind with MHC-II molecules and are 
presented to CD4+ T helper cells [51]. TSAs, when effi- 
ciently presented by APCs to both CDS+ CTLs and CD4+ 
helper T cells, are capable of inducing potent T-cell- 
mediated immunity - the most crucial component of anti- 
tumor immunity. Therefore, the ideal cancer vaccine 
would enhance both CDS+ CTL and CD4+ helper T cell 
responses by delivering a TSA into both the MHC-I and 
MHC-II pathways of antigen presentation (fig. 1). 

Dendritic Cell as a Central Player for Tumor  Vaccine 

Development 
DCs are the most potent professional APCs that prime 

helper and killer T cells in vivo [for review, see ref. 23, 63, 
145]. DCs can stimulate T cells because of their high lev- 
els of MHC-I and MHC-II molecules, costimulatory mol- 
ecules like B7, and intercellular cell adhesion molecules 
(ICAM-1 and ICAM-3) and lymphocyte function-associ- 
ated antigen-3. To effectively present antigens, DCs per- 
form a series of  coordinated tasks. Immature DCs devel- 
op from hematopoietic progenitors and are strategically 
located at body surfaces and in the interstitial spaces of 
most tissues. There, DCs are equipped to capture antigens 
and to produce large numbers of immunogenic MHC- 
peptide complexes. In the presence of  maturation-induc- 
ing stimuli such as inflammatory cytokines or stimulation 
via CD40 [171], DCs upregulate adhesion and costimula- 
tory molecules to become more potent, terminally differ- 
entiated, stimulators of T cell immunity. At the same 
time, numerous intracellular MHC-II compartments 
seem to discharge MHC-II-peptide complexes to the cell 
surface where they can be unusually long lived [22, 115]. 
DCs also migrate to secondary lymphoid organs to select 
and stimulate rare antigen-specific T cells [7]. Thus, vac- 
cine strategies employing DCs to enhance T-cell-me- 
diated immunity against tumor have become extremely 
important. 

In this review, we wilt focus our discussion on strate- 
gies that employ characterized TSAs. However, we will 
also discuss strategies aiming at controlling tumors with- 
out known TSAs since TSAs for most tumors are still 
undefined. Most of these strategies involve activation of 
T cells and usage of APCs, particularly, DCs in vivo. 

"table 1. Strategies for tumor vaccines 

Vector-based vaccine 
Viral vectors: adenovirus, vaccinia virus 
Bacterial vector: L. monocytogenes, S. typhimurium 
Combination of different vectors 

Peptide-based vaccine 
Adjuvants for peptide vaccine: cytokine, polycation, heat shock 

protein 

Protein-based vaccine 
Adjuvants for protein vaccine: cytokine, immunostimulatory CpG 

oligodeoxynucleotides 
Viral-like particle, heat shock protein 

DNA vaccine 
Route of DNA vaccine: intramuscular, intradermal via gene gun 
Adjuvants for DNA vaccine: cytokine, costimulators 

Cell-based vaccine 

DC-based vaccine 
DCs pulsed with peptide/protein 
DCs transduced with genes coding for TSA 

DCs transfected with naked DNA 
DCs transduced with recombinant adenovirus vectors 
DCs transduced with recombinant retroviruses 
DCs transduced with recombinant vaccinia virus 

DCs armed with the full antigenic spectrum of tumor cells 
DCs pulsed with unfractionated acid-eluted peptides 
DCs pulsed with tumor extracts 
DCs fused with tumor cells 
DCs transduced with tumor-derived RNA 

Tumor cell vaccines 
Vaccine strategies using the GM-CSF 

Autologous GM-CSF transduced cell-based vaccines 
Allogeneic GM-CSF transduced cell-based vaccines 
Bystander GM-CSF releasing microspheres or cells 

Vaccine strategies using the Flt3-L 
Tumor cell vaccines enhancing T cell activation 

Tumor cells transduced with MHC or costimulatory 
molecules 
Tumor cells transduced with CD40 Iigands 
Tumor cells incubated with bispecific monoclonal Abs 

Others 
Releasing the inhibition by CTLA-4 
Transducing the T cells with chimeric receptor gene 

Some of these strategies use DCs via ex vivo methods for 
the development of cancer vaccines. We have arbitrarily 
divided current cancer immunotherapeutic strategies into 
five categories based on the form of vaccine administered: 
(1) vector-based vaccines; (2) peptide-based vaccines; 
(3) protein-based vaccines; (4) DNA vaccines; and 
(5) cell-based vaccines (table 1). 
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Vector-Based Vaccines 

Vector-based vaccines can be used to express the TSAs, 
cytokines, costimulatory molecules, or combinations of 
these molecules, for the prevention and treatment of 
tumors. These vectors can be classified into the following 
categories: (1) viral vectors, such as adenovirus (AdV) and 
vaccinia virus (vV), and (2) bacterial vectors, such as Lis- 
teria monocytogenes and Salmonella typhimurium. 

Viral Vectors 

Adenovirus Vector 
Recombinant AdV encoding TSAs can induce CTL 

responses and antitumor effects. Mice vaccinated with 
recombinant AdV encoding the tumor antigen P815A can 
induce an anti-P815A CTL response [ 175]. Recombinant 
AdV encoding a model tumor antigen, ~-galactosidase (13- 
gal), administered with exogenous interleukin-2 (IL-2), 
can lead to a reduction of an established 13-gal-expressing 
CT26 murine colorectal cancer [28]. Similarly, immuni- 
zation with AdV encoding melanoma-associated antigen, 
gp 100, can protect mice from intradermal challenge with 
murine B16 melanoma cells [183]. This protection de- 
pends on both CD8+ and CD4+ T cells [183]. Since AdV 
has a large cloning capacity, multiple CTL epitopes can be 
cloned to a single AdV. Protective antitumor immunity to 
multiple tumor antigens can be induced by vaccination 
with recombinant AdV encoding multiple tumor-associ- 
ated CTL epitopes in a string-of-beads fashion [165]. The 
advantages of the AdV encoding multiple CTL epitopes 
derived from several TSAs are that the risk of tumor 
immune escape by antigen loss or antigen mutation is rel- 
atively low and it largely eliminates the risk of transfor- 
mation by recombinant vector carrying functional onco- 
genes. 

The recombinant AdV can also be used for active 
immunization without defined TSAs. This can be done by 
direct intratumor injection of cytokine-encoding AdV 
vaccines. AdV encoding cytokines such as IL-2 [68], and 
IL-12 [12, 19, 27] have been shown to be successful in 
producing the regression of established tumors [for re- 
views, see ref. 42]. The IL-12-expressing AdV acts by acti- 
vating the host immune system. Its activity is lost in nude 
mice and greatly inhibited by co-administration of anti- 
CD4 or anti-CD8 antibodies (Abs). The mechanism may 
include direct natural killer or CTL activity as well as 
indirect effects of interferon-'/(IFN-'/) [ 12, 27]. This anti- 
tumor effect of cytokine-encoding AdV vaccines can be 

further enhanced by introducing costimulatory molecules 
along with cytokines. Intratumoral injection of AdV vec- 
tors encoding both IL-12 and B7-1 costimulatory mole- 
cule which act synergistically can facilitate tumor regres- 
sion. The antitumor effect is higher than co-injection of 
two separate AdV expressing IL- 12 and B7-1 [ 117]. 

The AdV is a widely used vector with several obvious 
advantages. It has a cloning capacity of approximate 8 kb 
in size allowing the insertion of a relatively large gene. It 
can be prepared easily in high titer. AdV can transduce a 
wide range of cell types with a remarkable transduction 
efficiency and does not integrate into the host genome, 
eliminating the safety concern of insertional mutagenesis. 
AdV can transduce slowly dividing tumor cells, abolish- 
ing the necessity of propagating the tumor cells in tissue 
cultures. The major concern of using AdV vaccine is the 
production of anti-AdV Ab by the host, which may 
decrease the therapeutic effect. However, Bramson et al. 
[13] have shown that the preexisting immunity to AdV 
does not prevent antitumor effect following intratumoral 
administration of a IL- 12-expressing AdV vector. 

Vaccinia Virus Vector 
Vaccinia virus (vV), a member of the poxviruses fami- 

ly, can also be used to mediate the transfer of genes into 
host APCs. This strategy offers several appealing features 
including high efficiency of infection and high levels of 
recombinant gene expression [102]. Infection with recom- 
binant vV and expression of the desired gene product 
occurs quickly. Furthermore, the vaccinia genome has 
abundant 'room' for accommodating large genetic inser- 
tions. The availability of replication-deficient recombi- 
nant pox virus, such as canarypox virus, has provided 
great opportunity to use recombinant canarypox virus as 
a vector for gene transfer into host APCs. First, these con- 
structs are likely to be extremely safe, as productive viral 
replication is restricted to avian species so that infection 
of mammalian cells fails to generate infectious viral parti- 
cles [ 116]. Second, T cell responses against vaccinia anti- 
gens (present in most of the adult population immunized 
against smallpox) do not significantly cross-react with 
canarypox antigens [53], obviating the concern that 
preexisting immunity would preclude immunization with 
canarypox virus. Finally, the chance of integration ofvac- 
cinia genome into the host genome is extremely small. 
These characteristics make canarypox virus or other simi- 
lar vV suitable vectors for tumor vaccines. 

Several studies have shown that antigen-specific im- 
munotherapy using vaccinia vectors has generated strong 
CTL activity and antitumor effect. Mice inoculated with 
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MUC 1-expressing vV demonstrated MUC 1-specific cyto- 
lytic responses and could prevent MUC 1-expressing pul- 
monary metastases [2]. However, MUCl-expressing vV 
must be administered with B7-expressing vV to treat the 
established MUCl-positive metastases [2]. Similarly, a 
double recombinant v V engineered to express both B7-1 
and the model antigen 13-gal was capable of significantly 
reducing the number of established pulmonary metas- 
tases [24]. Furthermore, administration of adjuvant IL- 12 
can cooperate with B7-1 to enhance the efficacy of recom- 
binant vV vaccines [119]. vV vaccines have also been 
applied clinically. A recombinant vV encoding HPV 16 
E6/E7 has been used for phase I clinical trial in cervical 
cancer patients [11]. Furthermore, a carcinoembryonic- 
antigen-expressing recombinant vV has been used in pa- 
tients with advanced colorectal cancer [98]. No significant 
complications or environmental spread of vV were noted 
in these trials. 

Recently, vV has also been utilized to explore tumor 
vaccine strategies employing intracellular sorting signals. 
The increased understanding ofintraceltular pathways for 
antigen presentation has created the potential for design- 
ing novel strategies to enhance vaccine potency. Wu et al. 
[179] have previously linked the sorting signals of the 
lysosome-associated membrane protein-1 (LAMP-l) to 
HPV-16 E7 antigen, creating a chimera, Sig/E7/LAMP-1. 
They found that expression of this chimera in vitro and in 
vivo with a recombinant vV targeted E7 to endosomat 
and tysosomal compartments and enhanced MHC-II pre- 
sentation to CD4+ T cells compared to vV expressing 
wild type E7. Furthermore, the Sig/E7/LAMP-1 vV vac- 
cine cured established tumors containing the E7 antigen 
in the murine model while the wild-type E7 vV showed no 
effect on this established tumor [85]. These experiments 
demonstrate that modifications rerouting a cytosolic TSA 
to the endosomal/lysosomal compartment can profoundly 
improve the in vivo therapeutic potency of recombinant 
vaccinia vaccines. 

Bacterial Vectors 

Listeria monocytogenes 
Listeria monocytogenes has recently emerged as an 

exciting prospect for use as a recombinant vaccine for 
human cancers, based on its ability to generate both 
CD8+ and CD4+ immune responses and to induce regres- 
sion of established tumors expressing a model antigen. 
L. monocytogenes is an intracellular bacterium that usual- 
ly infects macrophages. When L. monocytogenes is phago- 

cytosed by macrophages, it is taken up in a phagosome. 
However, unlike other intracellular bacteria, it escapes 
into the cytoplasm of the macrophage by secreting a fac- 
tor, listeriolysin O, which disrupts the phagosomal mem- 
brane. Because of its presence in both endosomal com- 
partments and cytoplasm, L. monocytogenes can deliver 
its antigens, or other foreign antigens it is carrying, to both 
the MHC-I and MHC-II pathways, inducing strong cellu- 
lar immune responses. A recombinant L. monocytogenes 
secreting nucleoprotein of influenza virus has recently 
been shown to generate potent antitumor immunity 
against tumors expressing influenza nuceloprotein as a 
model tumor antigen [ 110]. Furthermore, this vaccine can 
be administered orally without losing its efficacy [ 111 ]. 

Salmonella typhimurium 
Attenuated bacteria, such as mutant strains of ShigeIla, 

Escherichia coli or Salmonella, can be used to carry anti- 
gens into the APCs. Among these mutant bacteria, Salmo- 
nella have already been used as live vaccines in humans. 
The advantage of using Salmonella as a vector is based on 
its natural route of infection. After leaving intestine 
lumen, Salmonella migrates into lymph nodes and the 
spleen, where it encounters macrophages and DCs. Then 
the attenuated Salmonella die due to its mutation, releas- 
ing multiple copies of antigen-coding plasmid inside the 
phagocytes, from which the strong immune reaction can 
be elicited. Darji et al. [38] have shown that orally admin- 
istered attenuated S. typhimurium carrying plasmid con- 
taining coding sequences of 13-gal ofE. coli or listeriolysin 
of L. monocytogenes can induce cytotoxic and helper 
T cells as well as strong Ab responses. This result suggest- 
ed that it may be possible to carry any eukaryocytic 
expression plasmid and use Salmonella as a vaccine vec- 
tor [38]. Similarly, the S. typhimurium may also be used 
as tumor vaccines by inserting genes coding for TSAs into 
the Salmonella to generate TSA-specific CTL. 

Combination of Different Vectors 

There are advantages and disadvantages in each vector 
system described above [78], and it is difficult to say 
which vector is the best. The ideal vector should be capa- 
ble of generating strong antigen-specific immune re- 
sponse. In addition, it should also be non-integrating, 
non-replicating, non-immunosuppressive, easily engi- 
neered and genetically stable [122]. However, such vec- 
tors do not exist yet. Though there are additional viral 
vectors currently being investigated, strategies combining 
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the existing vectors may offer advantages in certain cir- 
cumstances. It has been shown that boosting with heterol- 
ogous vector expressing the same tumor model antigen 
can result in significantly longer mouse survival than 
boosting with the homologous vector [72]. The poor effi- 
cacy of homologous boosting regimens with viral vectors 
is most likely a consequence of the induction of a strong 
Ab response against the vector used [72]. 

Peptide-Based Vaccines 

The characterization of multiple CTL-defined antigen- 
ic determinants has opened the possibility of developing 
antigen-targeted vaccines. Vaccination with synthetic 
peptides corresponding to CTL epitopes can induce pro- 
tective CTL-mediated immunity in a variety of model 
systems [for review, see re]'. 99]. For example, immuniza- 
tion with a peptide derived from the HPV- 16 E7 led to the 
protection against a lethal dose of HPV-16 transformed 
tumor cells [49] and vaccination with a peptide encom- 
passing a CTL epitope derived from chicken ovalbumin 
(OVA) led to the induction of protective immunity 
against a thymoma transfected with cDNA of chicken 
OVA [100]. In human studies, some melanoma patients 
vaccinated with peptides derived from melanoma-associ- 
ated antigens, such as MAGE-3 or gpl00, showed signifi- 
cant clinical responses [94, 129]. 

The potency of peptide-based vaccines can be further 
enhanced by the use of adjuvants. Cytokines are potent 
adjuvants for the generation of immune responses with 
peptide-based vaccines. For example, Rosenberg et al. 
[129] showed that 420/0 of melanoma patients who re- 
ceived the peptide vaccine in incomplete Freund's adju- 
vant (IFA) plus IL-2 had an objective clinical response, 
while none of the patients who received the peptide vac- 
cine in IFA alone had any objective clinical response. 
Polycations, such as polylysine, can also act as adjuvants 
for peptide vaccines. Peptides administered with polyly- 
sine protected a significant number of animals against 
tumor challenge in the P815 mastocytoma system [ 135]. 
Finally, heat shock proteins have been shown to be capa- 
ble of delivering noncovalently bound peptide to MHC-I 
molecule and induce peptide-specific CTL responses [84, 
144]. Mice immunized with autologous cancer-derived 
heat shock protein-peptide complexes resulted in retarded 
progression of the primary cancer, reduced metastatic 
load, and prolongation of life span in several murine 
tumor models [ 159]. 

Although vaccination with synthetic peptides corre- 
sponding to CTL epitopes can induce protective CTL 
responses and effective antitumor immunity in several 
murine tumor model systems, not all peptides are protec- 
tive. Immunization with some synthetic peptides can lead 
to the elimination of antitumor CTL responses. For exam- 
pie, vaccination with a CTL epitope derived from the 
human adenovirus type 5 E 1 A-region (Ad5E 1 A234-243), 
which can serve as a target for tumor-eradicating CTL, 
enhances rather than inhibits the growth of Ad5E1A- 
expressing tumors [163, 166]. However, the same epi- 
topes loaded onto DCs can generate protective immunity. 
This means that it is not the peptides per se, but rather the 
method of presenting the epitope to T cell that determines 
the outcome of immunization with peptide-based vac- 
cines [Toes et al. pers. commun.]. Thus, it is important to 
choose the appropriate adjuvants and route of adminis- 
tration for peptide-based vaccines. It is important to test 
the peptide-based vaccine for their immunizing or toleriz- 
ing properties in vivo before clinical use. 

Protein-Based Vaccines 

The application ofpeptide-based vaccines is limited by 
MHC restriction and the necessity to define the CTL epi- 
topes. Most of the CTL epitopes of TSA remain unde- 
fined and it is difficult to use peptide-based vaccines in 
such situations. In addition, it is too laborious to use pep- 
tide-based vaccines on a large scale. These limitations 
potentially can be overcome by using protein-based vac- 
cines. Protein-based vaccines can present all possible epi- 
topes of a protein to the immune system, thus, bypassing 
the MHC restriction. Furthermore, with a protein vac- 
cine, dangerous side effects such as transformation, a 
potential concern with the use of recombinant viruses and 
DNA vaccines, are not an issue. 

A growing number of modified exogenous protein anti- 
gens have been shown to be capable of generating MHC-I 
restricted CTL responses [for review, see ref. 76] (fig. 1). 
Association of exogenous antigens with some adjuvants, 
such as immune-stimulating complexes [158], liposomes 
[33], saponin [178] or squalene [120], enhances their 
immunogenicity for CTL precursors. Several reports have 
described CTL priming by injection of large, particulate 
antigens such as denatured aggregates [ 133], antigen-cou- 
pled beads [80] and virus-like particles [55, 113]. Modifi- 
cation of proteins with lipid conjugation converts them 
into potent inducers for priming CTL activities [41]. 
Finally, CTL responses can be efficiently generated by the 

236 J Biomed Sci 1998;5:231-252 Chen/Wu 



injection of protein antigen fused with heat shock proteins 
[152]. 

The exact mechanisms by which modified exogenous 
antigens are presented through the MHC-I pathway 
(cross-priming) remains to be elucidated. There is no gen- 
eral consensus as to the cellular mechanism of antigen 
transfer in these experiments. Initial studies suggested 
that MHC-I presentation of exogenous antigens occurs by 
regurgitation of peptides generated in the phagosomal 
compartment to the cell exterior followed by binding to 
empty MHC-I molecules [61]. Another set of studies sug- 
gested a phagosome to cytosol transfer of antigens with 
ultimate cytosolic processing and TAP-dependent trans- 
port of peptides into the endoplasmic reticulum for bind- 
ing to nascent MHC-I molecules [182]. The various pro- 
posed pathways for antigen presentation were distinguish- 
able in that the first model proposed a TAP-independent 
pathway for MHC-I processing of exogenous antigens, 
whereas the later model proposed a pathway which was 
TAP dependent. It is possible that both cellular mecha- 
nisms are accurate but are dependent on the exact modifi- 
cation and type of exogenous antigens used. 

Several protein-based vaccines have been shown to 
generate protective antitumor effects in murine models 
[40, 55, 62, 113, 152]. For example, immunization with 
soluble whole HPV-16 E7 protein in IFA rendered mice 
insensitive to a subsequent challenge with HPV-16-trans- 
formed tumor cells in vivo [40]. Chimeric HPV virus-like 
particles consisting of the L1 major capsid protein plus 
the entire E7 fused to the L2 minor capsid protein are 
capable of protecting the mice from tumor challenge with 
E7-expressing tumor cells, even in the absence of adju- 
vant [55, 113]. Suzue et ai. [152] demonstrated that the 
injection of an hsp70-OVA fusion protein can stimulate 
the production of CD8+ CTL that recognize the immune 
dominant OVA octapeptide and protect mice against the 
lethal challenge with OVA-expressing melanoma cells. 

There are several strategies to increase the potency of 
protein-based vaccines. Granulocyte macrophage-colony 
stimulating factor (GM-CSF) fused to TSAs has been 
shown to enhance the potency of protein-based vaccines. 
If dendritic and/or other GM-CSF-responsive cells are the 
critical APCs in generating enhanced immune responses, 
then linkage of an antigen to GM-CSF molecule in a 
chimeric vaccine may enhance the targeting of the antigen 
into the endocytic compartment of these cells after the 
chimeric molecule has bound to the GM-CSF receptor. 
Tao et al. [ 160] have shown that the immunogenicity of 
idiotype (Id; the variable region of the immunoglobulin 
molecule expressed on malignant B cells) can be dramati- 

cally increased by fusing tumor Id to GM-CSF. The chim- 
eric Id-GM-CSF was capable of protecting recipient ani- 
mals from challenge with an otherwise lethal dose of 
tumor cells [29, 160]. These studies indicate that GM- 
CSF linked to an antigen can significantly enhance the 
immunogenicity of the antigen. Immunostimulatory CpG 
oligodeoxynucleotides (ODN) that contain unmethylated 
CpG motifs have been shown to be capable of enhancing 
the potency of protein vaccines by inducing macrophages 
to secrete IL-12 and shift the cytokine profiles to T helper 
type 1 immunity [31, 125]. Using the murine 38C 13 B cell 
lymphoma model, Weiner et al. [ 176] have demonstrated 
that CpG ODN can function as immune adjuvants in 
tumor antigen immunization. Mice immunized with CpG 
ODN as an adjuvant were protected from tumor chal- 
lenge to a degree similar to that seen in mice immunized 
with complete Freund's adjuvant in the murine lympho- 
ma model [176]. The benefit of using CpG ODN instead 
of complete Freund's adjuvant is its lack of significant 
toxicity, and therefore CpG ODN can potentially be 
applied clinically. 

DNA Vaccines 

The use of naked DNA for vaccination has the clear 
advantages of purity, simplicity of preparation, and sta- 
bility. In addition, DNA-based vaccines can be prepared 
inexpensively and rapidly on a large scale. DNA-based 
vaccines have the advantage over peptide vaccines in that 
their MHC-peptide complexes are expressed for longer 
periods of time, which may be vital given the relatively 
short half-life of MHC I-peptide complexes on APCs. 
Furthermore, the MHC restriction of peptide-based vac- 
cines may be bypassed with approaches that directly 
transduce DNA coding for TSAs inside APCs so that the 
peptides can be presented by the patient's own MHC mol- 
ecules. These advantages support enthusiastic interest in 
the development of vaccines employing naked DNA. 

DNA vaccines can be administered to the host by 
intramuscular injection, intradermal injection via hypo- 
dermic needle or via gene gun (a ballistic device for deliv- 
ering DNA-coated gold particles into the epidermis), 
intravenous injection, and intranasal delivery [for re- 
views, see ref. 45, 124]. Intramuscular and intradermal 
injection via gene gun have been shown to induce potent 
immune response and antitumor immunity. Mice intra- 
muscularly injected with the naked plasmid DNA encod- 
ing SV40 T antigen have elicited CTL activity specific for 
SV40 T antigen [15] and generated protective immunity 
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against a lethal challenge with syngeneic SV40-trans- 
formed cells [15, 134]. Similarly, mice intramuscularly 
immunized with the free human chorionic gonadotropin- 
[~ (hCG-[3) expression construct developed a strong CTL 
response against hCG-~ and demonstrated a marked 
reduction of tumor size of syngeneic SP2/O myeloma cell 
line that constitutively expresses the free hCG-B protein 
[50]. Similar results were observed in mice immunized 
with DNA constructs encoding the Id [ 153], P815A TSA 
[127] and human carcinoembryonic antigen [35]. DNA 
vaccinations using the gene gun method are capable of 
generating effective antitumor immunity in several mu- 
rine tumor models. For example, mice immunized with a 
minigene coding for a single epitope derived from mutant 
p53 can induce tumor protective CTL activities [32]. In 
addition, mice immunized with lacZ-containing plasmid 
can prevent the growth of pulmonary metastases of the 
[3-gal-expressing murine colorectal cancer [73]. 

The information about the mechanisms of DNA vacci- 
nation by intramuscular injection or gene gun delivery is 
accumulating. Following intramuscular injection, some of 
the myocytes are transfected by the DNA vaccines, and 
the transfected myocytes produce protein and transfer the 
antigens to the bone-marrow-derived professional APC 
[161]. Alternatively, the injected DNA may move as free 
DNA through blood to the spleen where professional 
APCs initiate responses [124]. Following gene gun deliv- 
ery, the epidermal Langerhans cells are transfected by the 
DNA vaccine and then serve as APCs. The DCs of the 
skin carry the antigens from the skin to the draining 
lymph nodes, where the antigen-loaded DCs activate the 
naive T cells [34]. The method of DNA inoculation (gene 
gun vs. intramuscular injection) and the form of the 
DNA-expressed antigen (celt-associated vs. secreted) de- 
termine whether T-cell help will be primarily type 1 or 
type 2 [for review see ref. 124]. 

Several methods employing cytokines and costimula- 
tory" molecules have been shown to enhance the potency 
of DNA vaccines [36, 73]. Irvine et al. [73] showed DNA 
immunization with 13-gal-containing plasmid alone had 
little or no impact on the growth of established lung 
metastases of tumors expressing [3-gal. Interestingly, sig- 
nificant reduction in the number of established lung 
metastases was observed when cytokines, especially 
mouse rlL-12, were given after DNA inoculation [73]. 
The magnitude and nature of the immune response to a 
DNA vaccine can be differentially regulated by codelivery 
of various mouse cytokine genes. The CTL activity and 
antitumor effect induced by DNA vaccination was most 
significantly enhanced by codelivery of the IL- 12 or IFN-y 

gene, whereas codelivery of the IL-4 gene suppressed the 
activity [30]. The cytokine gene can be fused with the TSA 
gene to generate a chimeric gene and administered as a 
single DNA vaccine. Immunization with DNA constructs 
encoding the Id of a murine B-cell lymphoma induced 
specific anti-Id antibody responses and protected mice 
against tumor challenge. Vaccination with DNA encoding 
an Id/GM-CSF fusion protein improved vaccine efficacy 
[153]. The potency of DNA vaccines can be increased by 
costimulatory molecules. It is well known that costimula- 
tors are required to generate a CTL response. DNA vacci- 
nation with an OVA-encoding ptasmid plus BT-1-encod- 
ing plasmid, but not B7-2-encoding plasmid, prolonged 
survival in mice challenged with an OVA-transfected 
tumor [36]. These results suggest the antitumor effect of 
DNA vaccine can be enhanced by co-administration of 
cytokines, gene encoding cytokines or B7-1 molecules. 

DNA vaccines can also be used in tumors without 
defined TSAs. This is done by directly injecting the DNA 
plasmid encoding the cytokine genes into mice carrying 
tumors. Sun et al. [151] showed that gene gun delivery of 
cytokine (IL-6, IL-2, IFN-y or tumor necrosis factor-a, 
TNFa) encoding plasmids into the epidermis or dermis 
overlying established murine tumors can lead to the 
regression of these tumors. Among different cytokines 
tested, vaccination with DNA encoding IL-12 generated 
the most potent antitumor effect in mice [ 118]. Using a 
metastatic murine tumor model, P815, Rakhmilevich et 
al. [118] showed that a delivery of IL-12 cDNA into the 
skin overlying an advanced intradermal tumor, followed 
by tumor excision and three additional IL-12 gene trans- 
fections, could significantly inhibit systemic metastases, 
resulting in extended survival of the mice. 

Cell-Based Vaccine 

Cell-based vaccines for cancer immunotherapy can be 
arbitrarily divided into two broad categories: DC based 
vaccines and cytokine-transduced tumor-cell-based vac- 
cines. DCs are the most potent professional APCs that are 
specialized to prime helper and killer T cells in vivo. 
Therefore, vaccine strategies employing DCs generated ex 
vivo to enhance T-cell-mediated immunity against tu- 
mors have become a desirable option. The understanding 
that DCs can be generated from hematopoietic progeni- 
tors in the setting of various cytokines, mainly GM-CSF 
and Flt3-1igand (Flt3-L), has created an opportunity to 
use a tumor-cell-based vaccine transduced with GM-CSF 
or Flt3-L cytokines to expand and prime DCs in vivo. 
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Such an approach will be very suitable for those tumors 
without known TSAs. 

Dendritic Cell-Based Vaccines 

Generation of  Dendritic Cells ex vivo 
For years it has remained difficult to generate large 

numbers of DCs because little was known about DC mat- 
uration and the lineage-specific markers which define 
their cellular differentiation state. Recently, new ad- 
vances have been made in understanding not only the ori- 
gin of DCs and their antigen uptake mechanisms but also 
the signals that stimulate their migration and maturation 
into immunostimulatory APCs [for recent review, see ref. 
23, 63]. 

These advances in DC biology have contributed to the 
development of several different methods to generate 
large numbers of active DCs ex vivo. The methods have 
been derived from the realization that the cytokines, GM- 
CSF and Flt3-L are critical factors in inducing the differ- 
entiation of primitive hematopoietic precursors into DCs 
as a lineage distinct from macrophages and granulocytes 
[65, 70, 71, 87, 88, 177]. DCs can be generated from either 
proliferating CD34+ or from nonproliferating CDI4+ 
progenitors. CD34+ cells are present in bone marrow, in 
cord blood, and in adult blood, and each can serve as a 
source of progenitors for DCs. Under GM-CSF and TNF- 
a, CD34+ hematopoietic progenitors develop into func- 
tional DCs [20, 21, 64, 126, 140, 149, 150, 155]. Similar- 
ly, CD14+ blood monocytes can differentiate into func- 
tionally mature DCs under the function of GM-CSF and 
IL-4 cytokines [9, 132, 184]. Recently, FIt3-L has been 
noted to have a growth-stimulatory effect on DCs [93, 
139]. Flt3-L in cooperation with TGF-[31 potentiates in 
vitro development of DCs and allows single-cell DC clus- 
ter formation under serum-free conditions [147]. More 
recently, morphologically equivalent DCs have been gen- 
erated in serum-free media. This method avoids the unde- 
sirable clinical risks of allergic reaction or simulation of 
immune responses against unintended antigens [101]. 
The DCs derived from culturing hematopoietic progeni- 
tors appear to have similar APC function as purified 
mature DCs. Therefore, DCs generated ex vivo provide a 
source of professional APCs for use in experimental 
immunotherapeutics. 

Immortalized DC lines have recently become avail- 
able. Paglia et al. [109] generated an immortalized murine 
DC line utilizing a retrovirally delivered env-myc fusion 
gene into primary murine splenic cultures. The cloned 

DCs exhibited the ability to process and present antigen 
in vitro as well as to sensitize T lymphocytes in vivo. 
Recently, Shen et at. [138] transduced GM-CSF into 
routine bone marrow cultures followed by supertransfec- 
tion with myc and rafoncogenes. They successfully gener- 
ated an immortalized clone which displayed dendritic 
morphology, DC-specific markers, and high levels of 
MHC-I and MHC-II molecules and costimulatory mole- 
cules. These immortalized DCs represent a very impor- 
tant reagent for testing various tumor vaccine strategies 
that use DCs. 

Vaccine Strategies using the Dendritic Cells Generated 
ex vivo 
The availability of large quantities of active DCs gener- 

ated ex vivo has created the opportunity to test variofis 
vaccine strategies employing DCs for immunotherapy. 
There are several vaccine strategies using DCs prepared 
with known TSAs such as HPV-16 E6/E7 or with unde- 
fined tumor antigens. Vaccine strategies using the DCs 
generated ex vivo can be classified as follows: (1)DC 
pulsed with peptides/proteins; (2)DC transduced with 
genes encoding TSAs through naked DNA or viral vec- 
tors, and (3) DCs armed with the full antigenic spectrum 
of tumor cells (for those tumors with uncharacterized 
TSAs). The various vaccine strategies are summarized in 
figure 2. 

Dendritic Cells Pulsed with Peptides/Proteins 
Presentation of peptides derived from TSAs to the 

immune system by DCs is a promising method of circum- 
venting tumor-mediated immunosuppression. DCs 
pulsed with tumor-specific T cell epitopes can generate 
protective antitumor T cell-mediated immunity. Treat- 
ment of tumors with peptide-pulsed DCs has resulted in 
sustained tumor regression in several different tumor 
models [for review, see ref. 97]. For example, Mayordomo 
et al. [96] demonstrated in murine tumor models that 
bone-marrow-derived DCs pulsed ex vivo with synthetic 
HPV-16 E7 peptide (aa 49-57) serve as an effective anti- 
tumor vaccine, protecting animals against an otherwise 
lethal tumor challenge. Furthermore, peptide-putsed DCs 
have been used in patients with prostate cancers and 
found to be effective in generating cell-mediated immune 
responses [103, 162]. Clinical response can also be de- 
tected in melanoma patients immunized with autologous 
DCs pulsed with MAGE-1 or MAGE-3 peptides [106]. 
The identification of MHC-I and MHC-II epitopes of 
TSAs can facilitate the application of DC pulsed with pep- 
tides. 
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Fig l  2. Drawing showing the various vac- 
cine strategies using DCs generated ex vivo. 
The details of these vaccine designs are dis- 
cussed in the text. 
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DCs pulsed with proteins can also generate effective 
antitumor immunity [108]. For example, Hsu et al. [66] 
investigated the ability of autologous DCs pulsed ex vivo 
with tumor-specific Id protein to stimulate host antitu- 
mor immunity. They have observed that all their patients 
develop measurable antitumor cellular immune response. 
Furthermore, significant clinical responses have been ob- 
served in some of their patients [66]. Similarly, De Bruijn 
et al. [40] showed DCs pulsed with HPV-16 E7 protein 
are not only recognized in vitro by E7-specific CTLs but 
also elicit E7-specific CTL responses in vivo, associated 
with protection against a challenge with syngeneic HPV- 
16-induced tumor cells. 

Dendritic Cells Transduced with Genes Coding for 
Tumor-Specific Antigens 
The MHC restriction of peptide-based vaccines may 

be bypassed with approaches that directly transduce genes 
coding for TSAs inside the DCs so that the peptides can 
be presented by any given patient's HLA molecules. Gene 
transfer into DCs can be accomplished by a variety of 
methods involving either naked DNA or the use of viral 
vectors. 

Dendritic Cells Transfected with Naked DNA. The ma- 
jor limitation to naked DNA gene transfer into the DCs is 
poor transfection efficiency by various physical methods 
[4]. However, several groups have improved the poor 
transfection efficiency in DCs. Rouse et at. [131] have 

used the cationic lipid, DOTAP, to form a complex with 
the DNA to enhance the efficiency of transfecting naked 
DNA into the DCs. DCs transfected with DOTAP-com- 
plexed DNA induced a strong CTL response, which was 
superior to the CTL response induced by similarly trans- 
fected macrophages [ 131]. Tuting et al. [ 168] have used 
particle-mediated transfer of genes encoding TSAs to gen- 
erate DCs expressing tumor peptide-MHC complexes. 
Bone-marrow-derived DCs were transfected with plasmid 
DNA encoding HPV-16 E7 ex vivo, and they applied the 
transfected DCs as a vaccine in mice. The method is 
unique in that the ptasmid DNA was precipitated onto 
gold particles which were loaded into a helium pulse gun 
(gene gun) and used to bombard DCs evently spread onto 
the bottom of a pre-wetted well. Not only did the vaccine 
successfully generate an antigen-specific CTL response in 
vivo, but it also promoted the rejection of a subsequent, 
normally lethal challenge with an HPV-16 transformed 
tumor cell line [ 168]. 

Dendritic Cells Transduced with Recombinant Adeno- 
virus Vectors. The efficiency of gene transfer by the 
recombinant AdV vector has been shown to be superior to 
the naked plasmid DNA transfection approach [4]. Wan 
et al. [173] showed that up to 90% of the murine bone- 
marrow-derived DCs could be infected with an AdV vec- 
tor expressing the 13-gal gene. The physiologic and pheno- 
typic characteristics of the DCs were unchanged when 
infected with the AdV vector [173]. The efficiency of 
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AdV-mediated gene transfer into DCs can be further 
enhanced by cationic liposomes [43]. In one study, the 
expression of the gene transduced was detectable in the 
spleen for at least 3 days following intravenous injection 
of Ad-transduced DCs [173]. The efficiency of AdV- 
infected DCs in eliciting a specific CTL response was 
reported to be superior to that of a DC infected with 
recombinant vV or pulsed with peptide or protein [17]. 
The benefits of vaccine strategies using DCs transduced 
with genes via AdV vectors were clearly demonstrated in 
several studies using various model antigens including 13- 
gal [173], chicken OVA [17], and the human MART-l/ 
Melan-A melanoma antigen [123]. These studies have 
shown that antigen-specific CTL activities and protective 
antitumor immunity were generated in mice vaccinated 
with DCs transduced with genes via AdV vectors. Fur- 
thermore, AdV-mediated gene transfer into DCs gener- 
ated a therapeutic response to preestablished tumors 
[142, 173]. 

When AdV-mediated gene transfer into DCs is com- 
pared to direct immunization of mice with recombinant 
AdV, the former avoids the disadvantage of stimulating 
the production of neutralizing Abs which is almost always 
seen in direct immunization with virus vectors [17]. 
Direct immunization of mice with recombinant AdV 
resulted in the induction of high titers of neutralizing Abs, 
which precluded a boost of a CTL response after repeated 
inoculations. However, repeated injections of virus-in- 
fected DCs induced only low titers of neutralizing Abs 
[ 17]. In addition, the presence of neutralizing Abs specific 
for the virus did not affect the usefulness of infected DCs 
as repeated applications of virus-infected DCs boosted 
the CTL response even in mice previously infected with 
the recombinant vector [ 17]. 

Dendritic Cells Transduced with Recombinant Retrovi- 
ruses. The major limitation of AdV for gene transfer is 
that the transfected DNA does not integrate into the 
genome of the transduced cell and thus, expression is lost 
after 1-4 weeks. Retroviruses, on the other hand, can 
infect and integrate into the host genome, a critical 
requirement for efficient gene transfer and for the estab- 
lishment of stable expression. Highly efficient retroviral 
vectors have recently become available for gene transfer 
[46]. The use of these high-efficiency retroviral vectors to 
carry TSA genes into DCs has a number of specific advan- 
tages. The transduction is rapid and selection is unneces- 
sary. In addition, the absence of selection avoids the 
potential problem that selected subclones may display an 
altered physiology as compared to the original DC popu- 
lation. Several studies have shown that gene transfer in 

murine and human DCs using retroviruses is a feasible 
strategy, reporting between 11.5 and 72% of the DCs 
expressing the specific genes transferred [1, 121, 143, 
154]. In addition, retrovirally transduced DCs maintain 
their functional properties, stimulating allogeneic T cells 
with similar efficiency as non-transduced DCs [8, 154]. 
More recently, retrovirally transduced DCs have been 
shown to be capable of generating antigen-specific CTL 
activities and protective antitumor immunity in murine 
models [121, 143]. For example, Specht et al. [143] 
reported that lac-Z-transduced DCs significantly reduced 
the number of lung metastases using the [3-gal-expressing 
murine model tumor, CT26.CL25. In addition, the [3-gal- 
specific CTL activities generated in mice vaccinated with 
lac-Z-transduced DCs were significantly higher than CTL 
activities generated from mice immunized with DCs 
pulsed with [3-gal peptide [143]. 

Dendritic Cells Transduced with Recombinant Vaccinia 
Virus. vV can also be used to mediate the transfer of genes 
into DCs. This gene transfer strategy offers several appeal- 
ing features including high efficiency of infection, an d high 
levels of recombinant gene expression. Infection with 
recombinant vV and the expression of the desired gene 
product occurs quickly, minimizing the period of DC cul- 
ture that is required before immunization. More recently, 
DCs transduced with recombinant vV have been shown to 
be capable of generating antigen-specific CTL activities 
[ 16, 79]. Specifically, Bronte et al. [ 16] demonstrated that 
murine DCs infected with a lac-Z recombinant vV express 
[3-gal and generate a [3-gal-specific CTL response. They also 
showed that DCs express ~-gal only under the control of the 
early promoters of vV even though late promoters were 
intrinsically more active in cell types other than DCs. Kim 
et al. [79] also found that human DCs infected with a 
recombinant poxvirus encoding melanoma-associated an- 
tigen gene, MART-l, induced MART-l-specific CTL re- 
sponses in melanoma patients. These data highlight the 
potential of DCs transduced with recombinant vV for use 
in vaccine development. 

In summary, when genetically modified DCs express- 
ing TSAs are used as vaccines, antitumor killer cells are 
generated and antitumor effects are observed. 

Dendritic Cells Armed with the Full Antigenic 
Spectrum of Tumor Cells 
Even with the promise that DCs pulsed with peptides/ 

proteins and gene transduced with TSAs have shown in 
tumor models, there are several limitations. The main 
limitation is that, for most cancers, the TSAs and T cell 
epitopes have not yet been characterized. An evolving 
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goal of tumor immunology is to develop vaccines that will 
enable the body's immune system to recognize the whole 
spectrum of TSAs. Even though in cases in which a TSA is 
known such as HPV-associated neoplasm, it is reasonable 
to pursue vaccine strategies that arm the DCs with the full 
antigenic spectrum of tumor cells because the full antigen- 
ic spectrum may prove to be more immunogenic than 
simply using one or two TSAs. Several strategies have 
been developed using the DCs generated ex vivo. They 
can be classified as the following: (1)DCs pulsed with 
unfractionated acid-eluted peptides, (2) DCs pulsed with 
tumor extracts, (3)DCs fused with tumor cells and 
(4) DCs transduced with tumor-derived RNA. 

Dendritic Cells Pulsed with Unfractionated Acid-Eluted 
Peptides. Using DCs pulsed with unfractionated acid- 
eluted tumor peptides is an option for bypassing the need 
of identifying TSAs. A modified acid elution method has 
been used to isolate epitopes from MHC-I complexes 
expressed at the cell surface of viable cells [ 146]. Recently, 
Zitvogel et al. [185] used DCs pulsed with unfractionated 
acid-eluted tumor peptides to treat mice bearing sponta- 
neous, established tumors. They showed that the adoptive 
transfer of unfractionated tumor peptide-pulsed DCs dra- 
matically suppressed the growth of weakly immunogenic 
tumors in MCA205 (H-2b) and TS/A (H-2d) tumor mod- 
els. They also observed a marked up-regulation of IL-4 
and IFN-3, production in tumor-bearing mice immunized 
with DCs pulsed with tumor-eluted peptides [ 185]. Thus, 
DCs pulsed with acid-eluted peptides derived from autol- 
ogous tumors represent a potential approach to treat 
established, weakly immunogenic tumors. 

Dendritic Cells Pulsed with Tumor Extracts. Vaccina- 
tion with tumor extracts is another approach that has 
been recently described as a method for circumventing 
the need to identify TSAs. The technique involves soni- 
caring tumor cells, combining the tumor extracts with the 
cationic lipid DOTAP, and adding the mixture to DCs 
generated ex vivo [6]. Immunization of mice with DC 
pulsed with tumor extracts has been proven to generate 
tumor-specific CTL responses in poorly immunogenic 
murine tumor models [6, 104, 105, 180]. Ashley et al. [6] 
also demonstrated that DC-tumor extract pulsed vaccines 
prolonged the survival of mice with preestablished tu- 
mors to the same extent as GM-CSF gene modified tumor 
vaccines [6]. The DC-tumor extract pulsed vaccine has 
also been shown to actually induce a cure in at least 40% 
of the animals injected with the routine bladder tumor 
(MBT-2) [ 105] and to cause a significant reduction in lung 
metastases in the B 16 melanoma lung metastasis model 
[105, 180]. In addition to tumor extracts, irradiated 

tumor cells can also be mixed with DCs and used as vac- 
cines. In one study, DCs mixed with irradiated tumor 
cells inhibited the growth of primary breast cancer in a 
murine breast carcinoma (4T1) model [37]. However, the 
potential concern in using the DC pulsed tumor extracts 
or mixed with irradiated tumor cells in humans is the fear 
that they may contain some normal antigens and may 
possibly induce autoimmunity [6]. 

Dendritic Cells Fused with Tumor Cells. Another vac- 
cine strategy that avoids the need to identify TSAs is to 
use DCs fused with tumor cells as vaccines. In the past, 
when DCs were not readily available, activated B cells 
have been fused with tumor cells and used as tumor vac- 
cines. Guo et al. [58] have successfully fused BERH-2 rat 
hepatocellular carcinoma cells with activated B cells and 
used the hybrid cell as a vaccine in syngeneic rats, which 
resulted in substantial protective and therapeutic re- 
sponses. Recently, it has been shown that routine hybrid 
cell lines produced by the fusion of DCs and a tumor cell 
preserve the DC phenotypes [14, 54]. Gong et al. [54] 
have fused DCs with murine MC38 adenocarcinoma 
cells. The fusion cells were positive for MHC-I and MHC- 
II, costimulatory molecules and ICAM-1. The fusion cells 
stimulated naive T cells in the primary mixed lymphocyte 
reaction and induce MC38 tumor-specific CTLs in vivo. 
Furthermore, immunization with the fusion cells induces 
the rejection of established metastases [54]. These find- 
ings suggest that the fusion of DCs and tumor cells can 
potentially be used in the control of tumors. 

Dendritic Cells Pulsed with Tumor-Derived RNA. DCs 
pulsed with tumor-derived RNA have recently emerged 
as an effective way to induce CTL and tumor immunity. 
DCs pulsed with in vitro synthesized chicken OVA RNA 
were more effective than OVA peptide-pulsed DCs in 
stimulating primary, OVA-specific CTL responses in vi- 
tro [10]. In another report, mice vaccinated with DCs 
pulsed with B-16 total RNA generated specific CTLs 
against B-16 tumor cells [6]. In addition, these mice 
revealed a dramatic reduction in lung metastases in a 
highly metastatic, B 16/F10.9 tumor model [ 10]. Further- 
more, using the B-16 murine melanoma as a model for 
CNS tumor, Ashley et al. [6] demonstrated that DCs 
pulsed with unfractionated B16 total RNA can lead to 
prolonged survival in mice with tumor cells placed in the 
CNS before the initiation of vaccine therapy. 

DCs pulsed with tumor-derived RNA have several 
advantages over the strategies using DCs pulsed with 
unfractionated tumor derived peptides/proteins or using 
DCs fused with tumor. Both DCs pulsed with unfraction- 
ated tumor derived peptides/proteins and DCs fused with 
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Fig. 3. Drawing showing the various vac- 
cine strategies of expanding and priming 
DCs in vivo. The details of these vaccine 
designs are discussed in the text. 
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tumor require substantial amount of viable tumor cells or 
tumor tissue. This requirement can be difficult for pa- 
tients with very small amount of tumors. The tumor- 
derived RNA-pulsed DC-based vaccines are potentially 
suitable for patients bearing very small, possibly micro- 
scopic, tumors. Since eDNA can be easily generated from 
a very small amount of tumor cells and RNA can be fur- 
ther transcribed in vitro from eDNA cloned in a bacterial 
plasmid. It is possible to amplify the antigenic content 
through RNA from a small number of tumor cells. Bocz- 
kowski et al. [10] have shown that RNA generated using 
this approach can be highly effective in sensitizing DCs 
against tumors. Furthermore, tumor specific RNA can be 
enriched by subtractive hybridization with RNA from 
normal tissue, and transfected RNA may serve as a con- 
tinuous source for the generation of antigenic peptides 
[10]. All these features have made DCs pulsed with 
tumor-derived RNA a desirable approach in tumor vac- 
cine development. 

Tumor-Cell-Based Vaccines 

All of the methods discussed thus far involved ex vivo 
methods to enrich and prime DCs with tumor antigens 
before giving these DCs as vaccines to hosts. This section 
will highlight vaccine strategies that increase the numbers 
and function of DCs in vivo. As discussed previously, 
DCs can be generated from hematopoietic progenitors in 

the setting of various cytokines, mainly GM-CSF and 
Flt3-L. Instead of generating potent DCs ex vivo and 
injecting the cells back into a patient as a cancer vaccine, 
an alternative strategy is to use a vaccine with GM-CSF 
or Flt3-L cytokines to expand and prime DCs in vivo. 
Such vaccine strategies can be classified as the following: 
(1) autologous GM-CSF transduced cell-based vaccines, 
(2) allogeneic GM-CSF transduced cell-based vaccines, 
(3) bystander GM-CSF-releasing microspheres or cells 
and (4) strategies related to Flt3-L These vaccine strate- 
gies are summarized in figure 3. 

Autologous GM-CSF Transduced Cell-Based Vaccines 
GM-CSF as the Most Potent Cytokine in Cytokine- 
Transduced Cell-Based Vaccines 
The initial development of cytokines for cancer immu- 

notherapy involved systemic administration of pharma- 
cologic doses of recombinant cytokines [128]. However, 
this approach failed to account for a major principle in 
lymphokine physiology, namely that lymphokines main- 
tain the specificity of immunologic responses partially 
through their paracrine function. In the past several years, 
there has been intense interest in the study of immune 
responses generated by tumor cells engineered to secrete 
various cytokines. This strategy seeks to alter the local 
immunological environment of the tumor cell so as to 
either enhance the antigen presentation of TSAs to the 
immune system or to enhance the activation of tumor- 
specific lymphocytes. The important concept underlying 
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the use of cytokine gene-transduced tumor cells is that the 
cytokine is produced at very high concentrations local to 
the injected tumor cells. Systemic concentrations are gen- 
erally quite low. This paracrine physiology much more 
closely mimics the natural biology ofcytokine action than 
does the systemic administration of recombinant cyto- 
kines. Numerous reports have analyzed biological effects 
of injections of tumors transduced with multiple different 
cytokine genes [for review, see ref. 75]. 

Because of the wide range of local inflammatory and 
vaccine effects of cytokine-secreting tumors, as well as 
other parameters affecting experimental outcome, it is 
critical that these cytokines be compared for efficacy. The 
first study that directly compared the efficacy of multiple 
cytokines and other genes in murine tumor models used a 
highly transmissible replication-defective retroviral vec- 
tor. This study demonstrated that, in a number of poorly 
and moderately immunogenic tumors, immunization 
with GM-CSF transduced tumors produced the greatest 
degree of systemic immunity [46]. Immunity was depen- 
dent on both CD4+ and CD8+ T cells. The potency of the 
effect of GM-CSF locally may be related to its unique 
ability in promoting the differentiation of hematopoietic 
precursors into DCs. 

Clinical Trial using Autologous GM-CSF Transduced 
Cell-Based Vaccines 
The success of autologous GM-CSF transduced tumor 

vaccines in the murine model has prompted the design of 
several clinical trials of human patients with renal cell car- 
cinoma [141], sarcoma [92] and melanoma [47, 92]. A 
phase I clinical trial was performed at the Johns Hopkins 
Medical Institutions to evaluate the safety and the induc- 
tion of immune responses of a GM-CSF transduced renal 
celt carcinoma (RCC) vaccine in patients with metastatic 
RCC. Patients with stage IIIb and IV RCC were treated in 
a randomized, double-blind, dose-escalation study with 
equivalent doses of autologous, irradiated RCC vaccine 
cells with or without ex vivo human GM-CSF gene trans- 
fer. The replication-defective retroviral vector MFG was 
used for GM-CSF gene transfer [46]. In all fully evaluable 
patients, no dose-limiting toxicities were encountered. 
Furthermore, no evidence of autoimmune disease was 
observed. Biopsies of intradermal sites of injection with 
GM-CSF gene-transduced vaccines revealed distinctive 
macrophage, DC, eosinophil, neutrophil, and T-cell infil- 
trates similar to those observed in preclinical models 
[141]. More interestingly, a significant clinical response 
was observed in a patient treated with GM-CSF gene- 
transduced vaccine who displayed the largest delayed- 

type hypersensitivity conversion. No replication-compe- 
tent retrovirus was detected in vaccinated patients. This 
phase I study demonstrated the feasibility, safety, and 
bioactivity of an autologous GM-CSF gene-transduced 
tumor vaccine for RCC patients [ 141]. 

Although the autologous GM-CSF transduced tumor- 
cell-based vaccines have generated tremendous interest, 
there are several limitations of autologous tumor-cell- 
based vaccines [75]. The limitations mainly are due to its 
labor intensity, in that the generation of new vaccine for 
each patient is time consuming and technically challeng- 
ing. Furthermore, the yield from in vitro cell expansion is 
often insufficient. Each preparation of the vaccine re- 
quires the expansion of a tumor explant into a homoge- 
neous culture, followed by GM-CSF gene transfer, cell 
selection, cell expansion, assays for GM-CSF secretion 
level, and irradiation before the vaccine can be used. 
There is also a critical relationship between the quantity 
of GM-CSF produced by the vaccinating cell population 
and the potency of the systemic antitumor immune 
response [75]. All of these limitations have prompted the 
generation of new vaccine strategies to avoid the technical 
difficulties encountered using this method. 

Allogeneic GM-CSF Transduced Cell-Based Vaccines 
The use of allogeneic vaccines can decrease the labor 

intensity and variability of vaccine production. With this 
strategy, a single standardized GM-CSF transduced cell 
line or a mixture of GM-CSF transduced cell lines is used 
to generate the vaccine. Critical to any chance of success 
with a transduced allogeneic tumor vaccine is that the 
allogeneic vaccines share antigens with the patient's tu- 
mor [75]. This is not a problem for most HPV-associated 
cervical cancers since they have shared common TSAs, 
E6 and E7. Recently, it has been shown that the profes- 
sional APCs of the host rather than the vaccinating tumor 
cells themselves prime the T cell arm of the immune 
response [67]. This implies that the vaccinating cells used 
as the source of tumor antigens do not have to be MHC 
compatible with the host for successful priming of an anti- 
tumor immune response. Indeed, allogeneic tumor cells 
have been shown to generate protective antitumor immu- 
nity in immunized mice [ 164]. Currently, a phase I clini- 
cal trial evaluating an allogeneic, GM-CSF secreting tu- 
mor vaccine in patients with advanced pancreatic adeno- 
carcinoma is in progress [Jaffee, pets. commun.]. 

Bystander GM-CSF Releasing Microspheres or Cells 
Another possible solution to the difficulties surround- 

ing in vitro cell culture and individualized cytokine gene 
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transfer is to bypass the tumor cell itself. The appreciation 
of the paracrine physiology and potent antitumor effect of 
GM-CSF and the success that polymer-controlled drug 
delivery systems have had on improving certain drug 
therapies [82] has led to the design of cell-sized polymer 
microspheres containing GM-CSF [ 112]. The idea behind 
the design is that the microspheres would degrade over 
time, releasing a continued, controlled supply of GM-CSF 
in the vicinity of tumor cells. Pettit et al. [114] have 
described the preparation and characterization of a con- 
trolled release formulation of GM-CSF encapsulated in 
microspheres. They reported that steady release of GM- 
CSF was achieved over a period of time without a signifi- 
cant 'burst' of protein from the microspheres and GM- 
CSF released from the microspheres was found to be bio- 
logically active and physically intact by bioassay and 
chromatographic analysis [ 114]. 

Golumbek et al. [52] have used high doses of GM-CSF 
encapsulated in cell-sized gelatin-chondroitin sulfate mi- 
crospheres to mix with irradiated tumor cells for vaccina- 
tion. They found that GM-CSF initially released from the 
microspheres attracted and activated inflammatory cells, 
which in turn produced extracellular enzymes that de- 
graded the collagen/chondroitin sulfate microsphere ma- 
trix. The rapid degradation resulted in increased GM- 
CSF delivery, which amplified the process. When B16/ 
FI0 melanoma cells were used in C57BL/6 mice, the 
microsphere containing GM-CSF admixed with irra- 
diated tumor cells resulted in the same specific cytokine 
effect as that induced by GM-CSF transduced tumor cells 
[52]. 

Another approach is to use bystander GM-CSF releas- 
ing cells mixed with irradiated tumor cells. Several studies 
have used cytokine-secreting fibroblasts admixed with 
tumor cells in animal models [137, 157] and even in 
human cancer patients [86]. Fibroblasts are easily accessi- 
ble via skin biopsies. In addition, the high GM-CSF 
secreting allogeneic/syngeneic fibroblasts can be selected 
before mixing with irradiated tumor cells in order to 
achieve a therapeutic level of GM-CSF. The relative effi- 
cacy of GM-CSF transduced allogeneic versus syngeneic 
fibroblasts admixed with tumor cells has been recently 
examined in mice by Aruga et al. [5]. They have shown 
that the syngeneic fibroblasts were superior to allogeneic 
fibroblasts as a vehicle to deliver GM-CSF in tumor vac- 
cines. The use of allogeneic fibroblasts was associated 
with suppressed immune responses when used in high 
fibroblast:tumor cell ratios. Therefore, allogeneic GM- 
CSF transduced fibroblasts may not be suitable in clinical 
settings [5]. 

The GM-CSF story provides a model for cytokine- 
modified tumor cell vaccines. Cytokines other than GM- 
CSF have also been successfully applied in tumor-cell- 
based vaccine by using similar strategies as those used for 
GM-CSF [39, 77, 169, for review, see ref. 112]. 

Vaccine Strategies Related to Flt3 Ligand 
Flt3 Ligand and Development of Dendritic Cells in 
vivo 
Flt3-L has emerged as an important molecule for the 

development of tumor vaccines that augments the func- 
tion and quantity of DCs in vivo. Flt3 (fms-like tyrosine 
kinase 3), a murine tyrosine kinase receptor, was first 
described in 1991 [95, 130] and found to be a member of 
the same family of receptors as c-kit and c-fins receptors - 
the type III receptor kinase family [for review, see ref. 88]. 
Flt3 is expressed in lymphohematopoietic tissues, placen- 
ta, brain, and a high proportion of leukemia and lympho- 
ma cell lines [87]. In hematopoietic tissues, expression is 
restricted to the CD34-positive progenitors, including 
cells with the capacity for long-term reconstitution of irra- 
diated hosts. Flt3 has been used to identit~ and subse- 
quently clone the corresponding ligand, Flt3-L [60, 90]. 
Flt3-L is a member of a small family of growth factors that 
stimulate the proliferation of hematopoietic cells. The 
predominant form of Flt3-L is synthesized as a trans- 
membrane protein from which the soluble form is gener- 
ated, presumably by proteolytic cleavage [89]. These pro- 
teins function by binding to and activating unique tyro- 
sine kinase receptors. Expression of the Flt3 receptor is 
primarily restricted, among hematopoietic cells, to the 
most primitive progenitor cells. Flt3-L alone has a weak 
stimulatory effect on in vitro progenitor cell colony 
growth but has additive or synergistic effects when com- 
bined with GM-CSF, granulocyte-CSF, IL-3, IL-11, IL- 
12, erythropoietin, stem cell factor, and other cytokines 
[ 18, 25, 74]. Recently, Flt3-L has been noted to possess a 
growth-stimulatory effect on DCs and to be capable of 
generating large numbers of DCs in vivo [93, 139]. It has 
also been shown that Flt 3-L, in cooperation with TGF-~ 1, 
potentiates in vitro development of Langerhans-type DCs 
[147, 148]. Because of the association of Flt3-L with the 
development of DCs, several studies have aimed at devel- 
oping vaccines using Flt3-L or tumor cells expressing 
Flt3-L for antitumor immunity. 

Vaccine Strategies using the Flt3 Ligand 
There are several successful studies using Flt3-L and/ 

or tumor cells expressing Flt3-L for controlling murine 
tumors. For example, Lynch et al. [9 I] have reported an 
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effective treatment of murine fibrosarcoma by Flt3-L 
therapy. They showed that Flt3-L treatment not only 
induced complete tumor regression in a significant pro- 
portion of mice, but also decreased tumor growth rate in 
the remaining mice [91]. Similarly, Chen et al. [25] used a 
murine breast cancer model and found that Flt3-L had 
antitumor properties. More recently, Esche et al. [48] 
have demonstrated that Flt3-L administration inhibits 
tumor growth in murine melanoma and lymphoma mod- 
els. They observed an increase of DCs within these chal- 
lenged tumor sites [48]. These data are consistent with the 
hypothesis that the generation of an effective immune 
response to the tumor may be related to the augmented 
generation of DCs in the vaccinated animal by Flt3-L 
treatment. 

All of these exciting reports indicate that vaccine strat- 
egies that enhance the function and quantity of DCs in 
vivo may lead to effective control of tumor and can poten- 
tially be applied to human trials. It is conceivable that all 
of the vaccine strategies related to GM-CSF can be 
applied to the newly identified cytokine, Flt3-L. Further- 
more, the combination of GM-CSF and Flt3-L in tumor 
vaccine design can potentially generate the greatest num- 
ber of DCs and the most potent antitumor immunity. 

Tumor Cell Vaccines Enhancing T CelI Activation 
Tumor cells transduced with MHC molecules, costi- 

mulators or CD40L can enhance their immunogenicity 
and lead to T cell activation. Tumor cells transduced with 
MHC molecules and costimulators may behave like APCs 
and are capable of presenting TSAs to the T cells. Tumor 
cells expressing MHC-II molecules are highly immuno- 
genic [3]. The increased immunogenicity of MHC-II 
transfected tumor cells may be related to the induction of 
B7-1 and B7-2 costimulatory molecules expression by the 
MHC-II [ 107]. The expression of the costimulatory ligand 
B7-1 on murine melanoma cells [26, 167] or prostate can- 
cer [81 ] was found to be capable of inducing CTL activi- 
ties and controlling the murine melanoma or prostate can- 
cer in vivo. 

There is another cell-based vaccine capable of enhanc- 
ing tumor-specific T cells in vivo. Autologous tumor cells 
can be modified in vitro with cytokines and subsequently 
treated with bispecific monoclonal Abs to generate effec- 
tive tumor-cell-based vaccines [59]. Culture of tumor cells 
with a combination of IFN-7 and TNF-a significantly 
enhanced the expression of MHC-I and adhesion mole- 
cules on tumor surfaces. When these cytokine-treated 
tumor cells were subsequently incubated with a bispecific 
monoclonal Ab that binds antigen on tumor cells to CD28 

on T cells, the modified tumor cells become immunogenic 
and are able to stimulate naive T cells, generating tumor- 
specific CTLs in vitro [59]. Immunization with the modi- 
fied tumor cells is capable of protecting mice against a 
challenge with parental tumor cells and curing mice with 
established tumors. The approach was effective in both 
low immunogenic and nonimmunogenic tumor model 
systems [59]. 

Recently, CD40 ligand (CD40L) is found to play an 
important role in the cell-mediated immune response and 
T-cell-mediated effector functions [56]. CD40L is ex- 
pressed by activated CD4+ T cells while the CD40 
(CD40L receptor) is expressed on APCs such as DCs, acti- 
vated macrophage and B cells. The interaction between 
the CD40L on the CD40L-transduced tumor cells and 
CD40 on the APC induces the expression of multiple co- 
stimulatory molecules on APCs and thus enhances the 
antigen presentation and provides the second signal for 
full T cell activation. Grossmann et al. [57] showed that 
mice injected with CD40L-transduced tumor cells had 
resulted in a significant reduction in averaged tumor size 
and longer survival. Furthermore, vaccination with 
CD40L-transduced tumor cells protected mice from sub- 
sequent challenge with parental tumor cells [44, 57]. 

Other Potential Cancer Vaccines 

Other potential cancer vaccines with significant prom- 
ise are being actively explored. Abs have been used for the 
design of cancer vaccines. One approach is to use tumor- 
specific Abs coupled with isotopes, toxin or drugs for 
effective tumor killing [for review, see ref. 136]. Another 
approach is to use Ab against cytotoxic T-lymphocyte- 
associated molecule-4 (CTLA-4). CTLA-4, a second coun- 
terreceptor for the B7 family of costimulatory molecules, 
functions as a negative regulator of T-cell activation 
[172]. Blocking the function of CTLA-4 may release the 
inhibition of T cell response and enhance the antitumor 
immunity. Administration of anti-CTLA-4 monoclonal 
Ab resulted in marked reduction in tumor growth or com- 
plete rejection of the tumor cells in murine prostate can- 
cer cell [81], colorectal and fibrosarcoma models [83]. 
However, anti-CTLA-4 Ab was only effective in the early 
stage of tumor growth. It failed to enhance the in vivo and 
in vitro T cell responses in late stage tumors [181]. Re- 
cently, T-cell-independent antitumor response has been 
described in mice reconstituted with bone marrow cells 
retrovirally transduced with an Ab/Fc-7 chain chimeric 
receptor gene. The chimeric receptor gene is made by 
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joining the heavy and light chain variable regions of a 
monoclonal Ab to a signal transducing domain which ini- 
tiates cellular activation ofT ceils. T cells transduced with 
a chimeric receptor gene against human ovarian cancer 
were able to recognize ovarian cancer cells in vitro and in 
vivo [69]. More recently, Wang et al. [174] reported sig- 
nificant ant•tumor activity in mouse recipients of bone 
marrow cells transduced with this gene. Moreover, in vivo 
depletion of T cells in reconstituted mice did not affect 
ant•tumor activity, suggesting that other immune cells 
expressing the chimeric receptor gene may play an impor- 
tant role in tumor rejection [ 174]. 

Summary and Conclusions 

In the past decade, significant progress has been made 
in the field of cancer immunotherapy. Several experimen- 
tal vaccines including vector-based vaccines, peptide- 
based vaccines, protein-based vaccines, DNA-based vac- 
cines, and cell-based vaccines have been shown to gener- 
ate impressive ant•tumor responses in murine tumor 
systems. In addition, it is now clear that DCs have 
become a central player for tumor vaccine development 
because of their ability to activate both CDS+ CTLs and 
CD4+ helper T cells. The advances in DC biology have 
made it possible to generate large numbers of active DCs 
in vivo and ex vivo using key cytokines such as GM-CSF 

and Flt3-L. Impressive progress has been made in the 
development of vaccine strategies that employ DCs in 
vivo and ex vivo, Furthermore, some of these vaccine 
strategies have also been used for the phase I/II studies in 
cancer patients. The initial encouraging results for experi- 
mental vaccination systems emphasize the need to accel- 
erate the pace of exploration in these systems. Although it 
is still difficult to generate a dramatic therapeutic re- 
sponse by tumor vaccines in patients with bulky tumor 
burdens, cancer vaccines are likely to be effective in 
patients with minimal residual tumor burdens. With the 
improved understanding of basic immunological mecha- 
nisms of tumor rejection, more potent tumor vaccine 
strategies may be developed in the future. It is fair to say 
some of these experimental vaccine strategies discussed in 
this review may prove to be useful for the prevention and 
treatment of cancers. Clinical usage of tumor vaccines 
employing strategies outlined in this review should be 
promising. 
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