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Successful vaccines have so far been generated largely
against viruses that cause acute self-limiting infections
followed by long-lasting immunity, so the paradigm has
been to attempt to mimic natural infection. These suc-
cessful vaccines depend mostly on neutralizing antibod-
ies. However, for pathogens causing chronic infection —
such as human immunodeficiency virus (HIV), hepatitis
C virus (HCV), mycobacteria and parasites — or in the
case of cancer, the natural immune response is insuffi-
cient for protection.Also, in these cases, T-cell immunity
as well as antibodies might be crucial. Therefore, a new
paradigm is needed. Recent molecular understanding of
the cellular immune response is leading to new strategies
to induce more effective immune responses than does
the virus or cancer itself1. These new approaches can
increase immunogenicity, influence the type of response,
induce local mucosal immunity and avoid inhibitory
immune mechanisms. This review brings together some
highlights of these complementary approaches, without
attempting to be completely comprehensive. Given the
vital need for vaccines for chronic infections and for can-
cer therapy, these discoveries in immunology come at an
opportune time to be exploited in the development of
new generation vaccines.

Epitope enhancement
Live attenuated virus might not be optimal for induc-
tion of protective immunity, especially in the case of

viruses that cause chronic infections, because the virus
has evolved under the selective pressure of the host
immune system and, therefore, would not be expected
to have many sequences that are optimal antigenic epi-
topes in that host species. Nevertheless, it is reasonable
to expect that one could improve on the sequences of
many viral epitopes to make them more immunogenic,
a process termed epitope enhancement2. The same prin-
ciple applies to epitopes of cancer, because self-tolerance
might lead to deletion of T cells specific for the most
effective epitopes, leaving only low-avidity T cells3,4.

Epitope sequences can be modified in at least three
ways: by increasing the affinity of binding to a major
histocompatibility complex (MHC) molecule; by
increasing the affinity of the peptide–MHC complex
for the T-cell antigen receptor (TCR); or by achieving
a more broadly crossreactive T-cell response that 
recognizes more strains of the virus (FIG. 1).

The most widely used approach is to attempt to
increase the affinity of the epitope peptide for the MHC
molecule. This strategy can greatly increase the potency
of a vaccine, and can convert a subdominant epitope
into a dominant one by making it more competitive for
available MHC molecules, thereby increasing the level
of specific peptide–MHC complexes on the antigen-
presenting cell (APC) surface. Epitope enhancement has
been used to increase the affinity for MHC class I mole-
cules in the case of HIV5, HCV6 and cancer7–9, and to
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plex for the TCR, can lead to more effective activation
of low-avidity CTL, which might be all that remains
after self-tolerance in the case of tumour antigen epi-
topes. This approach has been shown to be effective in
increasing the in vivo expansion of T cells that recog-
nize the natural tumour epitope16–18. Characteristic
peptide-sequence changes that are predicted to increase
affinity of the peptide–MHC complex for the TCR have
recently been identified19. The potential drawback of
increasing the affinity for the TCR is that the alteration
might improve affinity for some TCR molecules, but
have no effect or an adverse effect on binding to other
TCR molecules specific for the same peptide–MHC
complex. Therefore, such a vaccine could skew the 
T-cell repertoire of the response.

The third approach is to make chimeric sequences
that will induce more broadly crossreactive T cells. This
was shown to be effective for a CTL epitope from a vari-
able segment of the HIV envelope protein, in which
substitution of one TCR-interacting residue from one
strain with that from another induced broadly crossre-
active CTL that recognized multiple strains of HIV20.
This indicates that even variable epitopes can be recog-
nized by some CTLs that are not type specific, but more
broadly crossreactive among strains, or perhaps even
different CLADES of virus. Furthermore, appropriate
manipulation of the amino-acid sequence of the epi-
tope can allow preferential induction of this more cross-
reactive component of the repertoire, rather than the
type-specific clones that would otherwise dominate.

increase the affinity for MHC class II molecules in the
case of HIV10. Epitope enhancement for MHC class II
molecules can also result in increased CD4+ T-cell help
for a CD8+ cytotoxic T-lymphocyte (CTL) response,
even when the CTL epitope itself is not altered10. In this
case, we have recently found that epitope enhancement
can also induce a qualitatively different response, more
skewed toward T HELPER 1 (T

H
1) cytokine production by a

mechanism involving increased CD40L (CD40 ligand;
CD154) on the helper cell, which, in turn, induces more
interleukin (IL)-12 production by the APC11.

To increase peptide affinity for MHC molecules,
one can take advantage of known sequence motifs for
peptide binding12 and improve the primary and/or
secondary13 ANCHOR RESIDUES that provide much of the
specificity of binding to the MHC molecule. This type
of rational sequence design has been applied to create
an artificial T

H
-cell epitope that is presented by multi-

ple human leukocyte antigen (HLA)-DR molecules, by
inserting anchor residues for diverse HLA-DR mole-
cules in a polyalanine backbone and charged or bulky
residues in the positions interacting with the TCR14.
As an alternative strategy, one can use combinatorial
peptide libraries to screen a myriad of sequences for
improved MHC binding15. In the case of epitopes pre-
sented by HLA molecules, one can use HLA trans-
genic mice to test immunogenicity in a preclinical
animal model6.

The second approach, modification of the epitope
sequence to increase affinity of the peptide–MHC com-

T HELPER 1/2

(T
H
1/2). At least two distinct

subsets of activated CD4+

T cells have been described.
T

H
1 cells produce IFN-γ,

lymphotoxin and TNF-α, and
support cell-mediated
immunity. T

H
2 cells produce

IL-4, IL-5 and IL-13, support
humoral immunity, and
downregulate T

H
1 responses.

ANCHOR RESIDUES

Amino-acid residues of an
antigenic peptide that bind in
pockets in the peptide-binding
groove of a major
histocompatibility molecule
and account for much of the
binding energy and specificity
of binding.

CLADES

Major families, or branches, on
the genealogical tree of a virus,
such as HIV.
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Figure 1 | Epitope enhancement by sequence modification to improve vaccine efficacy. a | A wild-type viral peptide that
binds to a major histocompatibility complex (MHC) molecule and is presented to a T-cell receptor (TCR) can be modified in at
least three general ways. b | Side chains that affect the interaction with the MHC molecule can be modified to increase the
affinity for binding to the MHC molecule, increasing the potency for stimulating a T-cell response. c | Side chains that interact
with the TCR can be modified to increase the affinity for a particular TCR, thereby also increasing the magnitude of the response.
In this case, only those T cells with TCRs that bind the modified peptide will be stimulated, so the repertoire could be skewed
towards a subset of those T cells able to see the wild-type peptide. It might also be possible to stimulate T cells with lower-
affinity TCRs that would not have been activated by the wild-type peptide. d | A third possibility is to make a chimeric peptide
sequence between different strains of the virus to elicit more broadly crossreactive T cells. CTL, cytotoxic T lymphocyte.
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CTLs were more effective at lysing tumour cells and at
reducing pulmonary metastases in mice in vivo. Yee et
al.24 sorted human CTLs for their degree of staining with
an HLA-A2 TETRAMER presenting melanoma peptides, and
found that the higher-avidity, brightly staining popula-
tion was more effective at lysing tumour cells in vitro.
Such sorting by tetramer staining might be a useful way
to select for high-avidity CTLs in vitro, although excep-
tions exist in which bright staining does not correlate
with avidity25. Indeed, a recent study has shown that
functional avidity can increase during the course of a
viral infection without a change in the intrinsic affinity of
the TCR, which indicates that functional avidity, or sensi-
tivity to low antigen densities, might relate as much to the
efficiency of the signal-transduction pathway as to the
TCR affinity26–28. The mechanism might relate to the lipid
content and distribution of the TCRs in the membrane29,
as well as to the CD8αβ/CD8αα ratio28. High-avidity
CTLs selected by either method might be much more
effective for adoptive immunotherapy of cancer as well as
viral infections, although one caveat is that high-avidity
CTLs are more sensitive to deletion by apoptosis in the
presence of high densities of antigen30–32.

Enhanced epitopes of any of these three types can
be used not only in peptide vaccines, but in any type of
recombinant vaccine — including DNA vaccines,
recombinant proteins, viral vector vaccines9 and even
live attenuated viruses — to make more potent second-
generation vaccines.

The role of CTL avidity in vaccine efficacy 
Although the importance of affinity in antibody efficacy
has been widely recognized for decades, it is only recently
that the same has been found to be true for T cells.
Alexander-Miller et al.21 selectively grew high- and low-
avidity CTLs against the same HIV peptide–MHC com-
plex, then adoptively transferred them into Scid (severe
combined immunodeficient) mice, which have no lym-
phocytes of their own. The ability of the T-cell lines to
clear a recombinant vaccinia virus that expressed the HIV
envelope protein was shown to depend on their avidity.
The greater efficacy of high-avidity CTLs turned out to be
true for lymphocytic choriomeningitis virus (LCMV) as
well22. More recently, the same question has been asked of
tumour immunity. Zeh et al.23, using the same approach
as Alexander-Miller et al.21, showed that high-avidity

HLA-A2 TETRAMER

Recombinant HLA (or other
MHC) molecules that have
been made with a biotinylated
tail so that they can be bound to
avidin, which has four high-
affinity binding sites for biotin,
forming tetrameric complexes.
With a specific peptide loaded
in the peptide-binding groove,
these can form multivalent
ligands to label T cells with
receptors for the specific
peptide–HLA (MHC) complex.

Table 1 | Use of cytokines, chemokines and co-stimulatory molecules in vaccines

Cytokines, Delivery TH response CTL Efficacy References
co-stimulatory strategy TH1 TH2 response Viral Tumour
molecules, model model
chemokines

IL-2 Protein ++ = 8,34–36
DNA ++
Protein, i.v. – ++

GM-CSF Protein +++ +++ ++ + 36,37,39,40
DNA ++ ++ ++

IL-12 Expression ++ 36,38,56
vector
Protein ++ – ++ +
Protein, i.v. – =

GM-CSF + IL-12 Protein ++ – ++ ++ 36,38,41
DNA ++

GM-CSF + IL-12 Protein +++ + +++ +++ 51
+ TNF-α

IL-15 Expression ++ 50
vector

CD80 + IL-12 Expression ++ 54,56
vector
Protein ++ ++ ++

CD86 + GM-CSF+ DNA ++ 41
IL-12

CD80 + ICAM-1 Expression ++ ++ ++ 59
+ LFA-3 vector
(TRICOM)

CD154 DNA ++ ++ ++ ++ 57,58

CXCL10 (IP-10) Fusion protein ++ ++ ++ ++ 120
+ CCL7 (MCP-3) DNA 

CCL3 (MIP-1α) DNA ++ 176

CCL5 (RANTES) DNA ++ 176

Effects of molecule on immune response: –, downregulated; =, equivalent; +, ++ and +++, relative upregulation. CTL, cytotoxic 
T lymphocyte; GM-CSF, granulocyte/macrophage colony-stimulating factor; ICAM-1, intercellular adhesion molecule 1; IL, interleukin;
IP-10, interferon-inducible protein 10; i.v., intravenous; LFA-3, lymphocyte-function-associated protein 3; MCP-3, monocyte
chemoattractant protein 3; MIP-1α, macrophage inflammatory protein 1α; RANTES, regulated on activation, normal T cells
expressed and secreted; TH, T helper; TNF-α, tumour-necrosis factor-α. 
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might attenuate the viral vector, as in the case of IL-2 in a
recombinant vaccinia vector44,45. Among the cytokines
studied by these various approaches, when multiple
cytokines were compared, granulocyte/macrophage
colony-stimulating factor (GM-CSF) was found to be
the most broadly useful in inducing a range of T-cell
responses, including T

H
1, T

H
2 and CTLs, without skew-

ing the response to one type or another1,36,37,42. IL-12
almost always increased CTL responses36,42. Recently, a
modified form of IL-2, produced as a fusion protein
with an immunoglobulin Fc segment to increase serum
half-life, was found to greatly enhance the protective
efficacy of a simian immunodeficiency virus (SIV)
DNA vaccine in primates, whether given as a protein or
as an expression plasmid46. IL-2 was also found to be
important for the clinical efficacy of a peptide
immunotherapeutic cancer vaccine8. IL-15 has recently
been found to promote CTL memory47–49; therefore,
approaches to use IL-15 as a vaccine adjuvant are under
investigation in our lab and others. Indeed, a recent
study found that an IL-15 expression plasmid increased
cell-mediated immunity induced by a DNA vaccine50.

In addition, certain combinations of cytokines have
been found to act synergistically in amplifying or steer-
ing responses. The combination of GM-CSF with IL-12,
and of IL-12 with tumour-necrosis factor-α (TNF-α),
were both found to synergize for CTL induction when
incorporated in the adjuvant1,36, and synergy of GM-CSF
and IL-12 was also suggested in a DNA vaccine41.
Recently, a triple combination of these three cytokines
was shown to be most effective for protection against
viral challenge51. The mechanism involves an increase in
the number and activity of the antigen-presenting
dendritic cells (DCs) in the draining lymph node by
GM-CSF, and also a synergistic enhancement of the
expression of interferon-γ and upregulation of IL-12
receptor expression by IL-12 and TNF-α51,52.

Co-stimulatory molecules have also been found to
enhance vaccine efficacy53,54. For example, combination
of IL-12 and the co-stimulatory molecule B7-1 (CD80)
was found to be synergistic, whether in a DNA vaccine55

or in a recombinant viral vaccine56. CD154 has been
found to function as an adjuvant when produced by a
vaccine DNA plasmid, and to enhance protective effica-
cy of vaccines against viruses, parasites and tumours57,58.
Finally, a triple combination of co-stimulatory mole-
cules — CD80, intercellular adhesion molecule 1
(ICAM-1; CD54) and lymphocyte function associated
protein 3 (LFA-3; CD58) — expressed in recombinant
poxviruses, which are termed TRICOM vectors, has
been found to be synergistic for the induction of CTL
responses and antitumour immunity59. In vitro, TRI-
COM vectors were shown to make B cells as effective
APCs as DCs, and to make DCs into ‘super-APCs’59,60.

New approaches to incorporate cytokines and co-
stimulatory molecules in vaccines create opportunities
not only for amplifying immune responses, but also
for controlling the type of response produced to maxi-
mize efficacy. Although animal studies and phase I
clinical trials so far have not shown any autoimmune
responses induced by such vaccines, the ultimate

A recent study attributes the efficacy of high-avidity
antiviral CTLs in clearing infection to two mechanisms:
earlier recognition of recently infected cells (cells are
eliminated before new viral progeny are made); and
faster killing of targets following recognition. These two
mechanisms are probably complementary33.

For the purposes of vaccine design, it will be impor-
tant to develop ways to induce high-avidity CTLs more
effectively. We have found that the obvious approach, of
simply immunizing with a lower antigen dose analo-
gous to stimulation with a low concentration of antigen
in vitro21, does not seem to work (S. Oh, M. A.
Alexander-Miller, G. R. Leggatt and J. A. B., unpublished
observations). New vaccine approaches that induce
higher-avidity CTLs should be more effective against
both viruses and tumours.

Cytokine and co-stimulatory molecule synergy
If a principal effect of adjuvants is to induce relevant
cytokines and to upregulate expression of co-stimulatory
molecules, then why not use these cytokines and co-
stimulatory molecules directly in vaccines to more pre-
cisely manipulate the immune response induced? One of
the earliest cytokines to be incorporated into a vaccine
was IL-2, which, when included with the antigen in 
FREUND’S ADJUVANT emulsion, was found to enhance anti-
body responses in low-responder mice34,35. Subsequently,
other cytokines were studied, whether incorporated in
the adjuvant1,36, given as a protein in combination with
the antigen37,38, incorporated as a gene in a DNA vac-
cine39–41 (reviewed in REF. 42), or even by transfecting the
cytokine gene into a tumour cell as a vaccine (TABLE 1)43.
However, incorporation of a cytokine gene in a recombi-
nant viral vector can have negative effects, because it

FREUND’S ADJUVANT 

An oil-emulsion adjuvant
developed by Jules Freund.

Mucosal
immunization

Subcutaneous
immunization

Blood

Gut mucosa Gut mucosa

Blood
VirusesCTL

Figure 2 | Importance of mucosal CTLs in clearing HIV/SIV infection. Apart from their
greater efficacy at preventing or reducing viral transmission across a mucosal barrier, mucosal
cytotoxic T lymphocytes (CTLs) can be beneficial in a second critical way. Because human
(HIV) and simian immunodeficiency virus (SIV) seem to preferentially replicate in the gut
mucosa — a major reservoir for virus — mucosal immunization that induces more CTLs in the
gut mucosa is more effective than systemic immunization at reducing the level of virus not
only locally in the mucosa, but also in the bloodstream, which is seeded from this gut
mucosal viral repertoire.
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macaques infected with SIV that protection in some
animals correlated with the presence of CTLs in the
jejunum70. These findings have important implications
for an AIDS vaccine, in which protection against
mucosal transmission is crucial. A similar asymmetry
was also found for intranasal versus intramuscular vac-
cination with herpes simplex virus (HSV) glycoprotein
B (gB) DNA and a recombinant vaccinia virus express-
ing gB71. Also, Cromwell et al.72 found that an attenuat-
ed SIV that replicates in the gut mucosa induced CTLs
with homing receptors for the mucosa, whereas CTLs
induced by cutaneous immunization with DNA and a
recombinant non-replicating vaccinia virus did not
express these homing receptors. These results are again
consistent with the asymmetry noted, and indicate that
a mucosal route of immunization might be crucial to
prevent mucosal transmission of virus.

The asymmetry between mucosal and systemic
immunization has also allowed the development of a
new approach to circumvent the problem of pre-
existing immunity to poxvirus vaccine vectors, such as
in individuals immunized against smallpox. As the
mucosal immune system remains naive after systemic
immunization with vaccinia virus, it was possible to
immunize vaccinia-immune mice with an HIV gp160
recombinant vaccinia virus through an intrarectal or
intranasal route, and induce CTLs not only in the
mucosal sites, but also in the spleen, thereby inducing
systemic immunity to the recombinant protein, despite
pre-existing systemic immunity to vaccinia virus73.

An additional rationale for mucosal CTLs is the
finding that a principal site of SIV and probably HIV
replication is in the gut mucosa74. Therefore, eradication
of this reservoir might require CTLs that home to or are
induced in the gut mucosa. Support for this idea came
from a recent study by Belyakov et al.75, in which
mucosal and systemic immunization of rhesus
macaques with the same HIV/SIV peptide vaccine were
compared. After intrarectal challenge with a pathogenic
strain of SHIV-KU2, the intrarectally immunized ani-
mals had plasma viral loads that fell below the level of
detection and remained there, whereas the subcuta-
neously immunized animals had residual viraemia.
This pattern correlated with lack of detectable virus in
the colon or jejunum of the intrarectally immunized

widespread use of these vaccines enhanced by incor-
poration of self molecules — cytokines, chemokines
or co-stimulatory molecules — that also have
immuno-enhancing activity, will depend on the estab-
lishment of safety and lack of induction of autoimmu-
nity either to these vaccine components, or to other
self-antigens.

Mucosal immunity 
Natural transmission of many viruses, such as HIV,
occurs at a mucosal surface — genital or gastrointestinal
in the case of HIV, and respiratory in the case of many
other viruses. Prevention of mucosal transmission,
therefore, is a crucial goal for any successful vaccine.
Furthermore, in the case of HIV/SIV, a major reservoir
for viral replication is in the gut mucosa61, so a second
vital goal is to induce mucosal CTLs that can clear this
major reservoir and prevent seeding of the bloodstream.
Immunoglobulin G1 monoclonal antibodies have been
shown to be sufficient to protect macaques against
SHIV (a chimeric SIV with HIV envelope) transmission
through a mucosal route62,63. However, control of both
early and later-stage SIV infection in macaques has been
shown to be dependent on CD8+ T cells, based on rises
in viral titres after in vivo depletion of CD8+ cells64,65.
HIV-specific CD8+ T-cell responses were also found in
the cervix of HIV-resistant prostitutes66. Therefore,
induction of mucosal CTLs might be important, as well
as antibodies.

We have found that mucosal immunization with
either a peptide67 or a recombinant poxvirus68 induces
CTLs in both mucosal lymphoid sites, such as the
Peyer’s patches and GUT LAMINA PROPRIA, and systemic lym-
phoid sites, such as the spleen. By contrast, PARENTERAL

immunization, for example, subcutaneously, induces
CTLs predominantly in the systemic sites. Furthermore,
only the mice mucosally immunized with an HIV vac-
cine were protected against mucosal challenge with a
recombinant virus expressing HIV glycoprotein 160
(gp160) (REF. 69). This protection was abrogated by treat-
ment of the mice with anti-CD8 antibody, which indi-
cated that, in this model, systemic CTLs are not suffi-
cient to protect against mucosal transmission, and it is
necessary to have CTLs present locally in the mucosal
site. This result was consistent with the finding in

GUT LAMINA PROPRIA

The layer of mucosal tissue
directly under the mucosal
epithelial cell surface of the
gastrointestinal tract, in which
effector and regulatory 
immune cells for mucosal
immunity reside.

PARENTERAL

Injection or administration 
by a route other than the
alimentary tract.

Table 2 | Blocking suppressive and negative regulatory mechanisms

Treatment Target antigen TH response CTL response Efficacy Reference

Anti-CTLA-4 Tumour cells ++ ++ 103,104

Anti-CD25 Tumour cells ++ ++ ++ 93
Nonspecific ++ ++ 96

Anti-CTLA-4 + Tumour cells ++ ++ 105
anti-CD25

Anti-CD4 Transfected – ++ ++ 177
tumour antigen

IL-13R α2-Fc Transfected ND ND ++ 97
tumour antigen

Effects of molecule on immune response: –, downregulated; =, equivalent; +, ++ and +++, relative upregulation. CTLA-4, cytotoxic T-
lymphocyte-associated antigen 4; IL-13R, interleukin-13 receptor; ND, not determined; TH, T helper.
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In addition, peptides linked to heat-shock proteins,
delivered through a targeted iliac lymph node route,
have been found to be effective mucosal vaccines88.
CpG-containing oligonucleotides have also been found
to be effective mucosal adjuvants89,90. Furthermore, we
and others have found that mucosal vaccines can be
enhanced by incorporation of cytokines such as IL-12
(REFS 38,69,91) or GM-CSF38,88, or a synergistic combina-
tion of GM-CSF and IL-12 (TABLE 1)38. With such a vital
need for mucosal immunity to protect against HIV,
these and other promising new approaches to target and
optimize mucosal immunity will need to be further
developed, and ultimately tested for clinical efficacy.

Relief of negative regulatory mechanisms
Recent discoveries of new negative regulatory mecha-
nisms that dampen the immune response suggest
strategies to overcome these to increase responses to
vaccines. These mechanisms include CD4+CD25+ sup-
pressor cells induced by IL-2, and natural killer (NK) 
T cells that make IL-13, as well as negative regulatory
signals mediated by cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-4; CD152) on the responding T cells
themselves (TABLE 2). A distinct population of CD4+

CD25+ T cells has been found to have a substantial role
in negatively regulating cells that would otherwise
cause autoimmune disease92–95. They have been found
to be MHC class II restricted, antigen-specific and co-
stimulation-dependent in their activation, but nonspe-
cific in their suppressor function94,96. Approaches that
prevent induction or activity of these cells might
enhance vaccine efficacy.

Second, tumour immunosurveillance mediated by
CD8+ T cells in a mouse model was found to be inhibit-
ed by a mechanism involving IL-13 and acting through
the IL-4Rα/Stat6 (signal transducers and activators of
transcription 6) pathway, although IL-4 itself was not
involved97. The primary cell that produces IL-13 in the
tumour-bearing mouse was found to be the CD4+ NKT
cell; indeed, IL-13 production stimulated by CD1, the
restriction element for NKT cells, was increased in
tumour-bearing mice. The identity of the key regulatory
cell was confirmed by the findings that tumours did not
recur in CD1 knockout mice that lack NKT cells, or in
mice treated with an inhibitor of IL-13 (REF. 97). Similar
effects of this pathway are indicated by data in several
other tumour models (REFS 98,99 and M. Terabe et al.,
unpublished observations). Therefore, inhibition of
IL-13 might be used not only to potentiate tumour
immunotherapy, but also to enhance vaccine efficacy.
Indeed, we have found an increase in CTL induction
when the IL-13 inhibitor was used in a viral vaccine in
mice (J. D. Ahlers et al., unpublished observations).
Therefore, blockade of this negative regulatory path-
way might be very useful for potentiating the effect of
vaccines for viruses and for cancer.

A third negative regulatory pathway involves
CTLA-4, a co-stimulatory receptor, and related mole-
cules, such as PD-1 (programmed cell death 1), on the
responding T cells themselves. CTLA-4 is an alterna-
tive receptor for CD80 and CD86, and has been found

animals, but significant levels of virus in these tissues
from the subcutaneously immunized macaques and
higher levels of CTLs in the colon of the intrarectally
immunized animals. Therefore, mucosal immunization
might be more effective against SHIV infection in part
because it can more effectively clear virus from the main
site of replication in the gut (FIG. 2). This result again
argues strongly for a vaccine that induces gut mucosal
immunity against HIV.

A number of new routes of immunization and spe-
cialized adjuvants have been developed for mucosal
vaccines. Apart from immunization directly at mucosal
surfaces — for example, intranasally or intrarectally —
one can immunize by targeting the iliac lymph nodes,
as these nodes are the ones that interface with the rectal
and genital mucosa76,77. Although nasal immunization
has been one of the most popular and promising routes
of mucosal immunization, and is thought to induce
antibodies in the female genital tract78, there is some
evidence that the most effective induction of vaginal
antibodies is by direct intravaginal immunization79.
Although T-cell trafficking among these mucosal com-
partments also exists, less is known about the T-cell
trafficking induced by the intranasal, intrarectal and
intravaginal routes of immunization80. Surprisingly, in
contrast to intramuscular or subcutaneous immuniza-
tion, transcutaneous immunization81 was found to be
one non-mucosal route that induces mucosal CTLs,
although the mechanism is not yet understood (I. M.
B., S. Hammond, J. D. A., G. Glenn and J. A. B.,
unpublished observations).

As mucosal adjuvants, bacterial toxins have been
widely used, including both CHOLERA TOXIN (CT) and 
E. COLI LABILE TOXIN (LT), and various mutated or truncat-
ed forms of these have been designed to retain
adjuvanticity, but to lose toxicity82–85. Different muta-
tions involving the enzymatic active site of LT and CT
or the cleavage site necessary for activation have been
compared, and each results in different types of adju-
vant activity, but it seems that some retention of cyclic
AMP-induction ability is important for optimal adju-
vanticity86. Also, CT can inhibit IL-12 production,
whereas certain LT mutants are less inhibitory38,87.

CHOLERA TOXIN

The toxin produced by the
bacteria Vibrio cholerae, the
cause of cholera, that has potent
effects on the gastrointestinal
tract primarily by its induction
of cAMP. In appropriate doses,
it has proved to be an effective
mucosal adjuvant.

E.COLI LABILE TOXIN

(LT). The toxin produced by 
E. coli that has effects similar to
those of cholera toxin, but is
less suppressive of IL-12
production. It, and mutant
forms that have reduced
enzymatic activity and are less
toxic, have been found to be
potent mucosal adjuvants.

CpG

DNA oligodeoxynucleotide
sequences that include a
cytosine–guanosine sequence
and certain flanking
nucleotides, which have been
found to induce innate immune
responses through interaction
with the Toll-like receptor 9.

Table 3 | Strategies to improve DNA vaccine efficacy

Strategy References

Self-replicating viral replicons 108–110

Codon optimization 106,109,111

In vivo electroporation 112

Incorporation of genes for cytokines and 39–42
co-stimulatory molecules

Incorporation of genes for chemokines 120

Incorporation of additional CpG stimulatory motifs 107,121

Targeting of the endocytic or ubiquitin-processing 124,125
pathways

Prime–boost regimens 107,127,128,130

Use of mucosal delivery vectors (for example, 117,118
Salmonella)
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Multiple complementary strategies have been devel-
oped to enhance the potency of nucleic acid vaccines
themselves (TABLE 3). By increasing delivery or expres-
sion at several distinct stages, these approaches can
compound to improve the antigen dose that is achiev-
able with a nucleic acid vaccine. Alpha virus replicons
have been used to produce self-replicating vaccines108,
and a DNA version of these might prove to be even
more promising109,110. Modification of the DNA
sequence to optimize codon usage or to allow Rev-inde-
pendent expression of HIV structural proteins can also
enhance antigen expression by the vaccine106,109,111.
In vivo electroporation can be used to increase uptake of
vaccine DNA given intramuscularly112.As presentation by
bone-marrow-derived APCs has been shown to be the
primary mechanism of presentation, even when the
DNA is given intramuscularly113–115, incorporation of
cytokines such as GM-CSF and FLT-3 LIGAND to increase
presenting-cell recruitment can enhance efficacy (see
above). Various delivery methods have been explored,
including the so-called ‘gene gun’ that propels DNA-coat-
ed gold particles into the skin116. Recombinant vectors,
such as Salmonella, can also be used to deliver DNA to
target particular tissues, such as for mucosal immuniza-
tion117,118. Interestingly, the route of delivery has been
found to affect the outcome, with gene-gun delivery
favouring T

H
2 responses and intramuscular administra-

tion favouring more T
H
1 responses119. Therefore, caution

must be taken in exploring different routes of delivery.
Finally, DNA vaccines have been improved by the addi-
tion of genes for cytokines and co-stimulatory molecules,
as well as chemokines, as described earlier and reviewed
by Scheerlinck42. Going one step further, Biragyn et al.120

fused a chemokine gene to a tumour antigen gene to
enhance protective tumour immunity. Similarly, the
abundance and type of CpG-containing motifs in the
DNA vaccine, which can induce IL-12 and chemokine
production, will influence the efficacy of the plasmid vac-
cine107,121. Appropriate combinations of these methods
can potentially enhance nucleic acid vaccine efficacy.

Although most nucleic acid vaccines express genes
for whole protein antigens from the pathogen or
tumour, DNA vaccines can also encode artificial strings
of defined epitopes, which are too long to be made by
synthetic peptide chemistry. This strategy allows one to
avoid unwanted immune responses that might be elicit-
ed by the pathogen. Such ‘string of beads’ designs have
been used for HIV, malaria, human papillomavirus and
Epstein-Barr virus122–125. These artificial genes can
express epitopes presented by both class I and class II
MHC molecules. Targeting to the endocytic pathway
can facilitate class II presentation124, whereas targeting to
the ubiquitin protein-degradation pathway can enhance
class I presentation125. One design problem is that the
natural flanking residues of the epitopes are lost, creat-
ing potential processing problems and also creating
potential neoantigenic epitopes. For this reason, various
spacer sequences are incorporated125.

Of course, the earliest type of genetic vaccine was an
attenuated virus or viral vector vaccine. Viral vectors,
such as vaccinia and other poxviruses, adenovirus and

to deliver a negative or ‘off ’ signal to the T cell100,101.
CTLA-4 is necessary for ANERGY induction in vivo102, and
blockade of CTLA-4 can reverse CD8+ T-cell toler-
ance103. Most importantly, blockade of CTLA-4 can
enhance antitumour immunity104. Indeed, a recent
study shows that blockade of CTLA-4 is synergistic with
deletion of CD4+CD25+ regulatory cells in promoting
tumour rejection105. Therefore, anti-CTLA-4 is being
developed for clinical trials in tumour immunotherapy,
and might have broader applicability in enhancing
vaccines in general.

Gene-based vaccines
Gene-based (generally DNA) vaccines have opened up a
new era in vaccinology, with their ease of use and broad
applicability. Although DNA vaccines by themselves
have been found to be relatively weak vaccines106,107,
recent discoveries show that they are extremely efficient
at priming the immune system for much more potent
responses induced by boosting with recombinant viral
vectors or recombinant protein vaccines. Such
prime–boost protocols have emerged as an important
new vaccine model.

ANERGY

State of induced lymphocyte
non-responsiveness to antigen.

FLT-3 LIGAND

A cytokine that stimulates
massive emigration of dendritic
cells from the bone marrow to
the peripheral tissues.

Mature DCs
CD83hi

CD80hi

CD86hi

MHChi Immature DCs
CD83neg

CD80lo

CD86lo

Antigen
loading

CD154

Elutriation

GM-CSF
IL-4

MonocytesPBMC

MHC–peptide

Figure 3 | Strategy for immunization with autologous peptide-pulsed DCs. Peripheral
blood leukocytes obtained by a leukopheresis procedure are elutriated to purify a monocyte
fraction. The monocytes are cultured with granulocyte/macrophage colony-stimulating factor
(GM-CSF) and interleukin-4 (IL-4) for 5 days to induce differentiation into immature dendritic
cells (DCs; CD83 negative (CD83neg), CD80 low (CD80lo) and CD86 low (CD86lo)). These are
then matured by addition of CD40 ligand (CD154), or some other maturing agent — for
example, tumour-necrosis factor-α (TNF-α) or monocyte-conditioned medium. The mature
DCs express high levels of CD83 (CD83hi), CD80 (CD80hi) and CD86 (CD86hi), and major
histocompatibility complex (MHC) molecules. These are then coated with the appropriate
vaccine peptide by incubation with peptide for 2 hours, washed, and infused back into the
patient as an autologous DC vaccine to stimulate a T-cell response. PBMC, peripheral blood
mononuclear cells.
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most effective of all144. CD40-activated DCs could over-
come peripheral CTL tolerance and enhance anti-
tumour immunity145,146. Similarly, in humans, mature
DCs were found to be effective for inducing influenza,
tetanus toxoid and keyhole-limpet haemocyanin
(KLH)-specific T-cell responses147,148. By contrast, immu-
nization with immature DCs pulsed with influenza
matrix peptide led to a reduction in interferon-γ produc-
tion and CTL activity compared with mature DCs178.
Such inhibitory activity might be due to induction of
anergy when co-stimulatory activity is inadequate149, or
to induction of T-regulatory cells150. Mature DCs also
have the advantage that they can be used with short
peptides containing only a CTL epitope, without the
need for a linked helper epitope140,148, in contrast to pep-
tide vaccines in adjuvant151, perhaps because one of the
main functions of T-cell help for CTL induction is mat-
uration and activation of the DC152–154. This feature is a
potential major advantage of DCs as vaccine vehicles for
CTL epitopes, because helper epitopes do not need to be
defined as well. So, most current approaches to use DCs
as vaccine vehicles use mature DCs. Different functional
effects of different subsets of DCs, defined as CD8α
positive or negative, or lymphoid or myeloid — for
example, on T

H
1/T

H
2 balance — must also be consid-

ered, but differences between mouse and human in this
regard have left uncertainties as to their role155–157.

Antigen can be loaded onto MHC molecules of DCs
in several ways. The simplest is to pulse DCs with syn-
thetic peptides140 or even tumour lysates142. This
method can be used on mature DCs because short pep-
tides can bind directly to MHC molecules on the sur-
face of DCs without intracellular processing. Another
potentially powerful approach is to take advantage of
the natural mechanism of cross-presentation — the
uptake of apoptotic cells by immature DCs and the
processing and presentation of antigens from these cells
on MHC class I molecules158. This method allows the
use of allogeneic tumour cells to provide shared anti-
gens for presentation by autologous DCs of a patient,
without the need to define all the antigens explicitly159.
DCs might also be infected with non-replicating viral
vectors160 or transfected with DNA to express the
desired gene product. A variation is the use of tumour-
derived RNA to express antigens in DCs161,162. This has
the practical advantages that enough RNA can be
obtained from microdissected tumour cells and be
amplified in vitro without an intermediate bacterial
step and further purification.

In view of these promising findings, methods have
been developed to prepare autologous DCs from
patients163–167, and a number of human clinical trials
have been initiated (reviewed in REFS 166,168,169). In addi-
tion to the induction of T-cell responses to model anti-
gens147,148, peptide-pulsed DCs have elicited CTL
responses and some tumour regression in patients with
melanoma170–172, B-cell lymphoma173, multiple
myeloma174, and colon and lung cancer18. Therefore,
despite the cumbersome process of preparing autolo-
gous DCs, DCs promise to be an extremely valuable
vehicle for vaccination, especially for immunotherapy of

others, have long been used as vaccine vectors, and have
been reviewed elsewhere126,127. However, in recent years a
major advance was the discovery that such viral vector
vaccines are synergistic with DNA vaccines, so that
priming with DNA and boosting with a recombinant
poxvirus or adenovirus is much more effective than
additional doses of either agent alone107,127–129.
Interestingly, the order seems to matter, in that DNA
priming followed by vaccinia boosting is very effective,
whereas the reverse sequence is not, for reasons that
have not been fully explained. The only exception seems
to be for mucosal priming with recombinant vaccinia
and systemic or mucosal boosting with DNA, which
seemed to be the optimal order in this case71. A DNA
priming and recombinant poxvirus-boosting combina-
tion has been found to be the most effective approach
for eliciting protective immunity in an SHIV challenge
study of macaques130. DNA has also been used to prime
for boosting with a recombinant protein, which increas-
es antibody responses compared with DNA vaccines
alone131,132. Combinations of the newer, more potent
genetic vaccine constructs, containing codon-optimized
epitopes, relevant CpG motifs, cytokines, co-stimulatory
molecules and chemokines, and possibly the ability to
self-replicate, used in such prime-boost strategies with
viral vector vaccines or recombinant proteins, might
afford one of the most potent vaccine approaches yet
developed. Although basic DNA plasmid vaccines have
been used in human clinical trials to induce immune
responses122,133, the safety of DNA vaccines with addi-
tional immuno-enhancing components remains to be
tested in humans.

Dendritic cells as vaccine vehicles
DCs are the key professional APCs needed to initiate a
cellular immune response by naive T cells134.
Furthermore, CROSS-PRESENTATION by DCs has been
shown to be necessary for induction of T-cell immuni-
ty to viruses and other intracellular pathogens that do
not infect DCs directly135,136. However, DC function is
defective in many types of cancer137, and APC function
might also be defective in HIV infection138. Therefore,
strategies are being developed to generate autologous
DCs ex vivo, and mature them artificially with agents
such as CD154 (FIG. 3). Initial studies showed that anti-
gen-loaded or peptide-pulsed DCs used as vaccines in
vivo could induce a CTL response139,140. Subsequent
studies showed that such CTL responses could protect
against tumours, and even treat established tumours
in mice141–143.

The maturation state of the DCs has been found to
have a crucial role. Immature DCs are more effective at
uptake and processing of antigen, but less able to pre-
sent that antigen, whereas mature DCs lose the endocyt-
ic and processing capability, but increase expression of
MHC and co-stimulatory molecules needed for maxi-
mal T-cell stimulation134. Inflammatory stimuli, T

H
cells

and CD154 expressed by T
H

cells can all mature DCs134.
Indeed, for in vivo immunization of mice, mature DCs
were found to be more effective APCs than immature
ones, and those matured with CD154 seemed to be the

CROSS-PRESENTATION

The presentation of exogenous
antigen by MHC class I
molecules.
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HCV infection (FIG. 3).
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stimulatory molecules directly in vaccines to expand or
mature DCs in vivo, as described above. In addition,
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DATABASES
The following terms in this article are linked online to:
LocusLink: http://www.ncbi.nlm.nih.gov/LocusLink/
CD1 | CD54 | CD58 | CD80 | CD83 | CD86 | CD152 | CD154 |
Flt-3 | GM-CSF | gp160 | HLA-DR molecules | IL-2 | IL-4 | 
IL-4Rα | IL-12 | IL-13 | IL-15 | interferon-γ | PD-1 | Stat6 | TNF-α

FURTHER INFORMATION
Encyclopedia of life sciences: http://www.els.net/
Vaccines: DNA | vaccines: presentation | vaccines: subunit |
vaccines: whole organism
Access to this interactive links box is free online.
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