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Vaccines and immunotherapies that provide protection against
tumors have long been sought by researchers and oncologists
because they have the potential to be much more effective, with
fewer side effects, than conventional therapies1. In addition, there
remains a need to protect against many pathogenic organisms
against which vaccines are suboptimal or unavailable2,3. For tumor
immunotherapy, the development of successful vaccines requires
the identification of cellular antigens that are associated primarily
with tumor cells. For infectious diseases, it is critical to identify
antigens that are associated with various aspects of infection (entry,
replication, and progression). In both cases, the antigens must be
delivered in such a manner as to produce the appropriate immune
response to control the growth of tumor or eradicate the infectious
disease. While there has been considerable progress in techniques
to identify antigens4,5, the traditional methods for delivering anti-
gens are, in many cases, crude and inadequate.

Immunization with antigens alone often elicits weak or no
immunity. Better immune responses can be elicited if antigens are
administered in combination with adjuvants, which are immunos-
timulating agents, such as killed bacteria6. However, many adju-
vants produce undesirable side effect, such as severe inflammation,
that have precluded their human use. In fact, the only adjuvant that
is currently approved for use in man is alum (aluminum hydroxide
gel), which is a relatively weak potentiator of immune responses.
Most of the adjuvants that have been tested preclinically have been
discovered empirically and their mechanism of action is poorly
understood. In addition, preclinical studies have shown that most
conventional adjuvants support the generation of some kinds of
immune responses but fail to elicit other important arms of the
immune response such as cytotoxic T lymphocytes7.

The mechanisms by which the immune system controls disease
include the induction of neutralizing antibodies and the generation
of T-cell responses, including T helper (TH) cells and cytotoxic T
lymphocytes (CTLs). For diseases caused by some viruses, such as
polio and hepatitis, antibodies provide protection by preventing
the virus from infecting cells8,9. Similarly, antibodies protect against
some bacteria, such as pneumococci and staphylococci, by recruit-
ing bactericidal mechanisms and neutralizing bacterial toxins10. TH

cells also contribute to resistance against bacterial and viral diseases
by producing cytokines and other bioactive molecules that cause

inflammation and stimulate antibody, macrophage, and CTL
responses11. Traditional vaccines and adjuvants stimulate antibody
and, to varying degrees, TH cell responses and thereby provide pro-
tection against these diseases.

In contrast, antibody and TH cell responses do not eliminate
most cancer or virally infected cells. In these situations protection
is provided by CTLs, which kill the diseased cells12–15. Unfortunately,
most conventional vaccines, which are composed of inactivated
pathogens or their subunits, fail to elicit CTL responses16–18, and this
has been a major limitation in the development of immunothera-
pies against viral diseases and cancer. Some of the reasons for the
lack of CTL stimulation by conventional vaccines has been eluci-
dated and a number of strategies are being pursued to circumvent
these limitations (Table 1). This review will focus on advances in
our understanding of how antigens stimulate CTL responses and
the evolving strategies to elicit CTL responses.

Antigen display
In order to stimulate T lymphocyte responses, peptide fragments
from antigens contained in a vaccine must first be bound to pep-
tide binding receptors (major histocompatibility complex [MHC]
class I and II molecules) that display the antigenic peptides on the
surface of antigen presenting cells (APCs)19–21. T lymphocytes pro-
duce an antigen receptor that they use to monitor the surface of
APCs for the presence of foreign peptides. The antigen receptors on
TH cells recognize antigenic peptides bound to MHC class II mole-
cules whereas the receptors on CTLs react with antigens displayed
on class I molecules.

In addition to recognizing foreign antigens, T cells often need
additional stimulation to become fully activated22. These additional
signals are delivered through other receptors (e.g., CD28 and
CD40L) on the T cell that interact with ligands (e.g., B7 and CD40)
present on professional APCs, such as dendritic cells and
macrophages, but which are absent from most other cells. These
professional APCs traffic to lymphoid organs (the location where
immune responses are initiated) where they present antigens very
efficiently and deliver all required activation signals to T cells23–25.
Therefore, for vaccines to be effective, antigens contained in the
vaccine mixture must be acquired and displayed by professional
APCs. Dendritic cells are believed to be the most potent APCs for
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stimulating immune responses23–25 and some
approaches that are being explored are either
to immunize with dendritic cells exposed to
antigen ex vivo or to target antigens into den-
dritic cells in vivo.

MHC class II molecules allow the immune
system to provide surveillance for antigens that
are present in the extracellular fluids26. These
antigens are internalized into the endocytic
compartments of APCs where they are
hydrolyzed into peptides, some of which
become bound to class II molecules (Fig. 1A).

In contrast, the MHC class I molecules dis-
play peptides from genes expressed inside the
cell, thus allowing the immune system to mon-
itor for the presence of foreign antigens such as
those from viruses or tumors (Fig. 1B)20. The
majority of these peptides are generated in the
cytoplasm by the action of a proteolytic parti-
cle known as the proteasome20. They are then
transferred into the endoplasmic reticulum
where they are bound by newly synthesized
class I molecules and transported to the cell
surface. As most vaccine formulations are
injected into the extracellular fluid, antigens
present in these formulations are presented on
class II molecules and thus stimulate TH cell
responses. Because these antigens are con-
tained in membrane-bound vesicles that do not allow the antigen
to enter cytoplasmic compartment of the cell, they are unable to be
presented on class I molecules and consequently fail to stimulate
CTL responses27.

Although the mechanism of action of traditional adjuvants is
poorly understood, they are thought to potentiate responses by
several means, including inducing inflammatory responses, which
upregulate or stimulate the de novo production of key molecules
(e.g., cytokines, adhesion, and costimulatory proteins) that are
necessary for the generation and amplification of immune
responses22–25. In addition, several adjuvants provide a depot of anti-
gen that is thought to sustain the stimulation of immune responses
and possibly to stimulate APCs to acquire more antigen. Because
the antigen depot is extracellular, it is presented exclusively on class

II molecules. Consequently, these kinds of adjuvants stimulate
CD4-dependent responses, such as antibody responses, but do not
generally induce CTL responses.

Strategies to prime CTL responses with vaccines
There are several strategies being pursued to enable vaccine antigen
presentation on class I molecules and thereby elicit CTL immunity
(Table 1). One approach introduces antigen genes into the host so
that APCs will synthesize the antigen and therefore present anti-
genic peptides on class I molecules. Viral or bacterial vectors that
invade the cytoplasm of cells have been used to introduce antigens
into the APC. Vectors that have been used are vaccinia, the less
invasive canary pox28–30, adenovirus31,32, Listeria monocytogenes,
Salmonella, or Mycobacterium bovis bacillus Calmette-Guérin
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Table 1. Approaches to vaccine delivery. 

Approach Antigen system Type of response Limitations

Infectious delivery Vaccinia28–30 CTL, TH, and antibody Vaccinia response; potential pathogen especially in immunodeficiency
Adenovirus31,32 CTL, TH, and antibody Adenovirus response; potential pathogen especially in immunodeficiency
Salmonella33 Weak CTL Unsuitable for systemic immunity; potential pathogen especially in 

immunodeficiency
Listeria34 CTL, TH, and antibody Potential pathogen especially in immunodeficiency
BCG35,36 CTL, TH, and antibody Antigen loss in vivo; potentially unsafe in immunosuppressed individuals

DNA and RNA Eukaryotic expression CTL, TH, and antibody Potential insertional mutagenesis of host DNA; stimulation of antinucleic 
delivery plasmids39–41 acid antibody (single stranded); need for multiple injections

RNA42,43 CTL, TH, and antibody Instability of the RNA; potential contamination with retroviral RNA component

Noninfectious Peptide conjugated CTL Utility and consistency with whole protein unknown; TH induction unknown;
delivery to lipid moiety44,45 knowledge of HLA type/subtype and epitope sequence are required; 

need for multiple peptides in vaccine; cost
Peptide plus GM-CSF51 TH Consistency of GM-CSF as an adjuvant for other peptides is not known
ISCOM, QS2152–54 CTL, TH, and antibody Potential toxicity
Ribi Detox adjuvant55–56 CTL, TH, and antibody Antigen to antigen variation with regard to CTL response is unclear
AF58 CTL, TH, and antibody Consistency of CTL with antigen to antigen is not known
Particulate delivery CTL, TH, and antibody Consistency and strength of CTL response with antigen to antigen 
including VLP61–66,84,85,91–94 to be determined
HSP71 CTL Consistency of CTL response with weak tumor antigens is not known

Figure 1. Antigen presenting pathways. (A) In the endoplasmic reticulum (ER), MHC class II
molecules, a heterodimer composed of an alpha and beta chain, associate with the invariant
chain, which prevents them from binding peptides. This complex is transported to endocytic
vesicles where the invariant chain is hydrolyzed and its bound fragments removed by HLADM
molecules. MHC class II molecules can then bind peptides that are generated by proteolysis
of proteins that are in endocytic compartments (e.g., from internalized proteins). The class II
molecules can then transport the bound peptides for display at the cell surface and in some
cases can recycle back into endosomes to acquire new peptides. This pathway is operative
in dendritic cells, macrophages, and B lymphocytes. (B) In all cells, viral and cellular proteins
are hydrolyzed by proteasomes in the cytoplasm into oligopeptides, a fraction of which are
transported into endoplasmic reticulum by TAP. Newly synthesized MHC class I molecules
bind these peptides and transport them to the cell surface for display to CTL.
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(BCG)33–36. These organisms have the potential to cause disease in
humans; therefore, safety issues must be thoroughly addressed
before such delivery systems can gain widespread acceptance37. An
additional problem with this type of delivery is the production of
neutralizing antibody responses to the vector, which may render
further immunizations ineffective38. A promising alternative
method is to inject plasmid expression vectors under conditions in
which they are acquired, transcribed, and translated by host
cells39–41. Similarly, the use of RNA as a vaccine delivery system for
the induction of antigen-specific immunity has also been
described42,43. These latter two approaches allow repeated immu-
nizations to be effective and are likely to be safer than viral vec-
tors—although if the plasmid integrates into the host chromo-
somes it could disrupt or mutate host genes.

Another approach for inducing CTL is to bypass the antigen pre-
senting pathway by immunizing with peptides in adjuvants or con-
jugated with lipids or with dendritic cells pulsed with peptide ex
vivo44–47. As small peptides can bind directly to class I molecules on
the cell surface they can stimulate CTL responses when introduced
into the extracellular fluids48. A limitation of this approach is that
class I molecules vary from individual to individual and bind differ-
ent peptides. Consequently, a single peptide will not protect all indi-
viduals. Another limitation is that peptide immunization is not
always effective, possibly because there are relatively few class I mol-
ecules on cells that are available to bind peptides. For the induction
of antigen-specific TH cells in vivo, peptides have been used with or
without the addition of an adjuvant49–51. However, similar disadvan-
tages, as discussed for CTL peptides, are also applicable.

Some approaches for eliciting CTL responses have been devel-
oped empirically. Adjuvants that that have been reported to elicit
CTL responses include immunostimulating complexes (ISCOM),
a mixture of Quil A and cholesterol that forms micelles52; QS21,
an active component of Quil A53,54; emulsions with monophos-
phoryl lipid A, a detoxified form of lipopolysaccharide from
Salmonella typhimurium; muramyl dipeptides, a minimal cell
wall component from Mycobacterium55–57; and antigen formula-
tion (AF), an oil-in-water emulsion composed of pluronic,
squlane, and Tween58. Presumably some or all of these adjuvants
promote MHC class I presentation by facilitating the delivery of
antigens into the cytoplasm of cells, and this mode of action has
been shown for ISCOMs59. Some of these preparations, like
ISCOMs, QS21, and AF, contain detergents that might deliver
antigens into cells by disrupting cellular membranes. However,
the precise mechanism by which most of these preparations
induce CTL responses is not defined.

Other antigen preparations that have been found to elicit CTLs
are protein complexes that physically mimic viral particles. These
have been generated from self-assembling proteins such as hepati-
tis B surface antigen, which assembles into 20 nm particles60, and
the yeast retrotransposon encoded protein Ty, which assembles
into virus-like particles (VLP)61. VLPs containing antigens have
been produced by fusing Ty with the HIV gag protein p24, the V3
domain of the HIV envelope glycoprotein, multiple malaria epi-
topes, and other viral antigens62–66. Similarly, in some but not all
reports, heat-inactivated viruses or even heat-aggregated proteins
can prime CTL responses in vivo67,68. Yet another formulation that
can induce CTLs are liposome-encapsulated antigens69,70. The pre-
cise mechanisms by which these various preparations induce CTL
immunity are not fully resolved, although some may be able to
deliver antigens to the cytoplasm by membrane fusion.

For tumor vaccines a promising empiric approach for eliciting
CTL responses has been to immunize with heat shock proteins
(HSPs) isolated from a tumor71. HSPs are intracellular chaperones
that bind peptides and unfolded cellular proteins and therefore
contain antigenic tumor peptides. Immunization with HSPs from

tumors elicits antitumor immune responses. Moreover, immuniza-
tion with protein antigens covalently bound to HSPs (e.g., as fusion
proteins) can also elicit CTL responses72.

Many of these antigen formulations that elicit CTL may act in
part via a newly discovered pathway of antigen presentation. The
definition of this pathway and its underlying mechanism may allow
for the rationale development and design of protein-based vaccines
that elicit CTL and TH cell immunity.

A novel pathway of MHC class I antigen presentation
Although most cells are unable to present antigens from the extra-
cellular fluids on class I molecules, macrophages and dendritic cells
have this capability (Fig. 2)73–76. These cells internalize exogenous
antigens into endocytic compartments and then transfer them to
the cytoplasm by an unknown mechanism77. From this location the
antigen is presented by the class I pathway in exactly the same man-
ner as if it had been synthesized by the cell. It is cleaved into pep-
tides by the proteasome, and these fragments are transported to
class I molecules in the endoplasmic reticulum. Under some condi-
tions, peptides that are generated in the endocytic compartment of
these cells may also be presented on class I molecules78.

Although macrophages and dendritic cells are able to present
soluble exogenous antigens on class I molecules they do this very
inefficiently, requiring very high concentrations of protein79–81.
Consequently, injection of soluble protein antigens generally fails to
prime CTL immunity77. Therefore, for effective vaccine delivery it
will be necessary to develop methods to target antigens into the
exogenous pathway of the APCs more effectively. Both macrophages
and dendritic cells (at some stages of development) internalize par-
ticles into large vacuoles called phagosomes or macropinosomes27,82,83

where exogenous antigens are transferred into the class I and class II
pathways. Consequently, when exogenous antigens were attached to
small particles they were presented 1000- to 10,000-fold more effi-
ciently in the class I pathway than soluble antigen84,85. A similar
enhancement in class II presentation was also achieved86.

This pathway may provide a unifying mechanism to explain the
ability of many formulations of exogenous proteins that prime
CTLs because a common feature of most of these preparations is
that they are particulate in nature. This includes VLPs, liposomes,
heat aggregated proteins, and ISCOMs. Moreover, light scattering
analysis of emulsions such as AF reveals small micellar particles,
and it has been observed that the potency of CTL responses is
determined by the particle size distribution (unpublished data).
Furthermore, depletion of phagocytes—key cells in the exogenous
class I pathway—prevents the generation of CTLs to ISCOMs and
QS21 (ref. 87). In addition, the HSPs seem to be presented exclu-
sively on class I molecules of phagocytes71. If this concept is correct
then it should be possible to design improved methods for target-
ing antigens into the MHC class I pathway. For example, in vitro
studies have suggested that particles the size of viruses are less effi-
ciently presented by macrophages and dendritic cells than larger
particles (unpublished data).

The exogenous class I presentation pathway is of considerable
interest for vaccine development because it provides a means of
eliciting CTL immunity with antigens that are deposited into the
extracellular fluids, where vaccine antigens are typically injected.
Protein and peptide antigens can be used and presentation occurs
without the need for agents that would break down the cell’s mem-
brane separating the extracellular compartment from the cyto-
plasm, a process that may be toxic to the cell. As the mechanism of
antigen presentation is identical to that in viral infection or cancer,
it provides a means to safely mimic the disease state. Finally, and of
considerable importance, the antigens are being presented by pre-
cisely those cells (professional APCs) that are critical for initiating
immune responses.
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Prospects for vaccine delivery
It is too early to tell which of the various approaches to elicit CTL
immunity will be clinically useful. Their translation into clinical
practice will depend on many variables including efficacy, ability to
confer long-lasting immunity and/or to boost responses, safety,
ease of manufacture and delivery, stability of the formulated vac-
cine, and cost. One approach that appears to satisfy most of the cri-
teria for vaccine development is the use of particulate antigen
delivery systems to introduce antigens into the endosomes and
cytoplasm of cells and consequently into the class I and class II
pathways. Particulate delivery technology should be safe, well toler-
ated, easily administered, and inexpensive. Moreover, the underly-
ing mechanisms are understood and particularly attractive for vac-
cine delivery.

Proof of concept that this approach can be used to elicit CTL
immunity and T helper cell responses has been obtained by immu-
nizing animals with exogenous antigens conjugated to micron-
sized latex or iron particles84,94. However, the composition of these
particles is not optimal for use in humans. Therefore, the develop-
ment of pharmaceutically acceptable particulate antigen delivery
systems would appear to be a logical step in vaccine development.

Recent work in our laboratories has focused on the use of
biodegradable poly-lactide-co-glycolide (PLG) microspheres to
induce CTL responses in vivo. PLG microspheres are appealing as
a vaccine delivery vehicle due to the fact that they are biodegrad-
able and biocompatible and have been used in humans, both as
suture materials88 and in other controlled-release formulations89,90.
Antigens in PLG microspheres are protected from degradation by
extracellular proteolytic enzymes. In addition, the rate of antigen
release from microspheres can be controlled by altering the poly-
mer composition, thereby allowing prolonged exposure of the
immune system to the encapsulated antigen, with the possibility
that a “single-shot” vaccine formulation may stimulate long-last-
ing humoral and cellular immunity. It has been previously
reported that PLG microspheres are capable of inducing humoral
immune responses against encapsulated ovalbumin and other
antigens50,91–94.

We have observed that PLG microspheres, between 1 and 10
µm in diameter, can efficiently deliver antigens into the class I
MHC pathway of macrophages and dendritic cells via a TAP-
dependent mechanism. Moreover they are capable of stimulating

strong CTL immunity in vivo. These results indicate that anti-
gens released from the PLG microspheres into the extracellular
fluids are not responsible for immune induction, as larger parti-
cles, which are not taken up by APCs, cannot prime CTL
response in vivo. Relatively low doses of antigen (approximately
1 µg) are required to elicit these responses and, importantly,
responses are generated to weakly antigenic (subdominant)
regions of the antigen. The antigen particles are effective when
injected subcutaneously, which is a simple and clinically accept-
able route of immunization. A single injection of relatively small
amounts of the particulate antigen in saline is able to elicit
robust immune responses (unpublished data). This is in contrast
to many other approaches in which antigens must be formulated
in adjuvants that induce inflammatory responses and conse-
quently may limit their use in humans. Moreover, microspheres
can prime CTL responses in immunodeficient animals that lack
CD4 T cells95.

PLG microspheres also elicit in vivo CTL responses to weak
‘self ’ tumor antigens such as a P1A peptide96, without additional
adjuvants (unpublished observation). These data contrast with
results in which P1A-specific CTLs could only be generated using
P1A-producing tumor cells transfected with B7.1 or interleukin-12
(IL-12) (refs. 97 and 98). It is possible that the full-length P1A anti-
gen, containing both CTL and TH epitopes, will offer even stronger
priming when encapsulated into PLG microspheres. However, a
single injection of the P1A peptide encapsulated in PLG micros-
pheres was adequate to protect mice against challenge with P815
tumor cells. This result is very encouraging as the P815 tumor is
known to grow very aggressively.

We speculate that the ability of these microspheres to elicit
strong immune responses even with low amounts of antigen and to
weakly immunogenic epitopes is due to their efficient targeting of
antigen into the most potent APCs (e.g., dendritic cells) for initiat-
ing immune responses. We further speculate that these prepara-
tions do not require adjuvants and can activate CTLs without T-cell
help because the professional APCs express all the costimulatory
and adhesion molecules necessary to stimulate immune responses.
Although adjuvants are not required for these preparations, their
inclusion may further boost responses. For this purpose there are
now many well defined immunostimulants that could potentially
be useful.
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Figure 2. Presentation of exogenous antigens on MHC class I and II molecules. (A) In dendritic cells and macrophages, particulate antigens such
as microspheres are internalized into phagosomes. A portion of the antigen is released into the cytoplasm where it becomes available to the
MHC class I molecules. These APCs express all of the molecules, such as B7, needed to stimulate T cells and also may recruit CD4 T-cell help
for CD8 T cells by bringing these two cells into close proximity. (B) A scanning electron micrograph of PLG microspheres. These preparations
can efficiently deliver antigens into the exogenous class I and class II pathways and induce protective immune responses. Bar=10 microns.
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The use of immunoregulatory molecules as adjuvants
The cloning and characterization of many immunoregulatory mol-
ecules such as cytokines and other receptor ligands is providing
opportunities to manipulate immune responses with biologically
active molecules. These molecules might be used as well-defined
molecular adjuvants to generate stronger immunity or to alter the
kind of immune responses. Because this is an important set of tools
that could play an important role in future vaccine formulations,
we describe the concepts and some of the current applications;
however, an exhaustive review is beyond the scope of this paper.

Cloned cytokines have the advantage that they are well defined
and could be used to selectively augment different steps in the gen-
eration of immune responses. Some factors, such as granulocyte-
macrophage colony-stimulating factor (GM-CSF), Flt3L, interfer-
on-g (IFN-g), and IL-12 (refs. 99–104), stimulate the growth or
activity of APCs. Other factors, such as B7, IL-2, and IL-15 (refs.
105–110), stimulate the activation and growth of T lymphocytes.
Some factors, such as IL-4, IFN-g, and IL-12, can alter the kinds of
cytokines produced by T lymphocytes and consequently their
effector function (e.g., causing T cells to differentiate into IFN-
g–producing inflammatory TH1 cells or IL-4–producing regulatory
TH2 cells); this is important because in some cases TH1 responses
are protective whereas TH2 responses exacerbate disease109,110. In
principle, these factors could be combined with any antigen deliv-
ery system to improve immune responses qualitatively or quantita-
tively. They will not, however, allow antigen preparations that fail
to be presented on class I molecules to elicit CTLs.

Proof of principle that coadministration of cytokines or other
immunoregulatory molecule in combination with antigen can
enhance immunity has come from studies in which tumor immu-
nity in mice has been achieved through injection of tumor cells that
have been genetically modified to secrete cytokines. There have also
been some studies in which either plasmids or viral vectors that
encode immunoregulatory molecules have been administered in
combination with antigen. In various studies IL-2, IL-3, IL-4, IL-6,
IL-10, IL-12, GM-CSF, IFN-g, tumor necrosis factor-a, Flt3L, and
B799–110 molecules have been shown to augment responses. Most
studies to date have administered single cytokines, and it is possible
that mixtures of cytokines will have additive effects as they have
very different mechanisms of action (see above). Two cytokines
that have shown effects in multiple studies are GM-CSF and IL-12.
IL-12 is reported to augment antibody, CD4, and CTL responses.
One of its well-characterized effects is to promote the differentia-
tion of CD4 lymphocytes into TH1 cells. These cells produce
cytokines such as IFN-g and IL-2, but not IL-4 and IL-10, and con-
sequently they are particularly effective at inducing inflammation,
activating macrophages and dendritic cells, and generating CTL.
GM-CSF has been effective in inducing immune responses to sev-
eral, but not all, tumors.

Controlled delivery of cytokines will be of importance to their
use in vaccination protocols. Many of these agents have very short
half-lives in vivo and may cause side effects if given at high doses
systematically. These limitations may be circumvented through
methods that allow sustained local release, such as encapsulation in
microsphere delivery systems or transfer of cytokine genes in vivo.
An alternative approach may be the use of agents that induce
cytokine production at the site of injection, which is almost cer-
tainly how some traditional adjuvants function.

With the rapid progress in the characterization of microbial
genes, it has become possible to identify molecules that trigger the
release of cytokines. These molecules may be able to replace crude,
inactivated whole microbes that have been used in traditional adju-
vants. Such agents may have longer half-lives in vivo than cytokines
and may stimulate cytokine release at the site of injection, circum-
venting some of the issues involved in the use of cytokines as vac-

cine adjuvants. One example of such a molecule is Leif (Leishmania
elongation initiation factor) derived from Leishmania major111. This
protein upregulates the expression of B7 costimulatory molecules
on antigen presenting cells, stimulates the production of IL-12
from human peripheral blood mononuclear cells and induces IFN-
g release from natural killer cells.

A very different strategy to boost immunity is based on the fact
that immune responses are normally attenuated through the action
of a number of negative regulatory receptors such as CTL antigen-
4 (CTLA-4) and fas. Accordingly, blocking the action of these
receptors may lead to a response of greater magnitude and dura-
tion. Support for this concept has come from experiments in which
antibodies against CTLA-4 boosted the immune response to
tumors112.

Cytokines and other immunoregulatory molecules could be
used in principle to modify immune responses with many different
vaccine methods including the particulate antigen delivery sys-
tems. This may be particularly useful in immunocompromised
patients such as those with cancer or HIV, as supraoptimal immune
response may be needed to provide sterilizing immunity. 

Understanding the underlying mechanisms involved in the pre-
sentation of antigens and the generation of T-cell immune respons-
es should allow the rational design of better vaccines and
immunotherapies. We now understand some of the limitations of
current vaccine technologies, and there are many different
approaches to circumvent these limitations, including antigen
delivery systems that elicit CTL responses. However, more work is
needed to fully understand which of these approaches will be most
effective and have an adequate safety profile for clinical use.
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