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Dendritic cells (DC) are specialized antigen presenting cells (APC) with a remarkable ability to take up
antigens and stimulate major histocompatibility complex (MHC)-restricted specific immune responses.
Recent discoveries have shown that their role in initiating primary immune responses seems to be far
superior to that of B-cells and macrophages. DC are localized at strategic places in the body at sites used
by pathogens to enter the organism, and are thereby in an optimal position to capture antigens. In
general, vaccination strategies try to mimic the invasiveness of the pathogens. DC are considered to play
a central role for the provocation of primary immune responses by vaccination. A rational way of
improving the potency and safety of new and already existing vaccines could therefore be to direct
vaccines specifically to DC. There is a need for developing multifunctional vaccine drug delivery systems
(DDS) with adjuvant effect that target DC directly and induce optimal immune responses. This paper
will review the current knowledge of DC physiology as well as the progress in the field of novel
vaccination strategies that directly or indirectly aim at targeting DC.
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INTRODUCTION

The ultimate goal of vaccination is the stimulation of a
specific immune response and the induction of a long lasting
immunologic memory to protect against subsequent disease.
For a successful vaccination the vaccine antigens have to be
presented by APC that activate the effector cells of the im-
mune defense, the naïve T-cells and the B-cells.

At least two signals are required for efficient T-cell
stimulation by the APCs. The first signal is the presentation
of antigenic peptide fragments on the surface of APCs in the
context of MHC class I and class II for the recognition by the
T-cell receptors (TCR) on T-cells. Co-stimulatory molecules
on the APC surface that are recognized by receptors on the
T-cell surface provide the second signal. Examples of impor-
tant co-stimulatory molecules on the APC surface are the B7
family (CD80, CD86) and CD40 that are recognized by CD28

and CD40 ligand on T-cells. Non-professional APCs lack co-
stimulatory signaling and can therefore not stimulate effector
T-cells sufficiently. It is believed that in the absence of ap-
propriate co-stimulatory signals, TCR recognition of peptides
presented on MHC leads to anergy, which would constitute a
mechanism of tolerization to self-antigens.

The traditional view has for long been that endogenous
antigen peptide fragments generated in the cytoplasm of cells
(e.g., by virus infection) by the proteasome are presented by
MHC Class I molecules and stimulate cytotoxic T lympho-
cytes (CTL). Specific Class I restricted CD8+ T-cells can rec-
ognize cells presenting the specific antigen on MHC class I on
the surface and be induced to exert cytotoxic effector func-
tions leading to lysis of the target cell. Peptide fragments of
exogenous protein acquired from outside the cell are pre-
sented by MHC Class II molecules and stimulate helper T-cell
responses. T-helper cells activate B-cells to become antibody-
secreting plasma cells. However, recently evidence for cross
talk between these two pathways was suggested since certain
types of exogenous antigens also can be presented by MHC
class I molecules (1).

Three types of APCs exist: DC, macrophages and B-
cells. Of these three cell types, only DC are efficient stimu-
lators of primary immune responses and a subsequent estab-
lishment of immunologic memory. This review will therefore
focus solely on DC and their importance for successful vac-
cination.

Many new subunit vaccines based on peptides, proteins
and DNA are poorly immunogenic and need to be adminis-
tered together with an adjuvant to stimulate a sufficient im-
mune response to eliminate pathogens (2). Development of
efficient vaccines has for many years been hampered by the
lack of adjuvants. Alum has until recently been the only ad-
juvant approved for use in humans. Progress in the develop-
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ment of vaccines is thus dependent on the discovery and de-
velopment of new adjuvants and delivery methods that can
improve the potency and the safety of existing and new vac-
cines. Several new approaches are on their way to fulfill this
aim.

DC have been characterized as nature’s adjuvant due to
their ability to initiate primary immune responses. It there-
fore seems rational to focus vaccine development more on
exploiting the unique capacities of DC. Effective future vac-
cines might well be those that directly target DC. DC can
present extracellular antigens by the MHC class I pathway
resulting in the killing of target cells and subsequent clearance
of disease. This makes them putative vaccination vehicles for
so diverse diseases as cancer, autoimmune diseases and infec-
tious diseases.

DENDRITIC CELL PHYSIOLOGY

DC are generated from hematopoietic progenitors in the
bone marrow that differentiate into precursors circulating in
the blood and the lymph. These precursors migrate to the
peripheral tissues where they will reside ready for the encoun-
ter with antigens. “Danger signals” (see later section) trigger
migration to secondary lymphoid organs, where antigen spe-
cific T-cells are activated to initiate an immune response.

Immature Dendritic Cells

Circulating DC precursors can be recruited to sites of
antigen deposits by chemokines, released by tissue damage.
Expression of several chemokine receptors (CCR1, 2, 4, 5,
and 6, and CXCR1 and 4, reviewed in (3)) makes DC able to
migrate toward gradients of chemokines (e.g., MIP1�,
RANTES, MCD3, MIP5, MCP, reviewed in (3)). DC also
express adhesion molecules for entrance to peripheral tissues
(4). In the tissues, the DC exist in a stage called immature DC.
The efficient, continuous sampling of antigens in the periph-
eral tissues by the immature DC is one of the reasons why
they become potent APCs on maturation.

High sampling of the antigen content of the tissue envi-
ronment is achieved in two ways: The localization of the DC
and a high phagocytic activity. Immature DC are mainly
found in areas with potential antigen entry; the skin epidermis
(Langerhans cells (LC)), interstitial DC in non-lymphoid tis-
sues (heart, liver, kidney, connective tissue), the spleen, the
thymus, the blood, the germinal centers and the T-cell areas
of the lymph nodes and mucosal surface associated DC (re-
view by Hart (5)). This localization maximizes the uptake of
infectious material.

Immature DC capture antigens through several uptake
pathways. Extracellular fluid and solutes are taken up by
macropinocytosis (6–8). Large pinocytotic vesicles are
formed, and large volumes of fluid can be taken up. Sallusto
et al. (6) estimated the uptake rate of one DC to be approxi-
mately 1000–1500 �m3 per h corresponding to one cell vol-
ume per hour. The huge uptake serves to concentrate anti-
gens in DC and makes the cells efficient in presenting soluble
antigens present in nanomolar to picomolar concentrations.
Aquaporins in DC are believed to mediate transport of water
out of DC to maintain intracellular water pressure homeosta-
sis (9).

DC can also take up antigens by receptor mediated en-

docytosis. They express two types of the C-type lectin recep-
tors, the macrophage mannose receptor (MMR) (6) and
DEC-205 (10). Ligands for MMR are mannose-coated par-
ticles such as yeast and bacteria, but the receptor also has
specificity for other types of sugar residues. Conjugation of
mannose residues to antigens like proteins and peptides has
been shown to increase their uptake by DC (11). DEC-205
appears to be specifically expressed on DC and is therefore
interesting in the context of vaccine targeting. However, li-
gands for DEC-205 have not been identified yet. Further-
more, two types of Fc� receptors (Fc�R) mediate endocytosis
(7). The Type I receptor (CD64) and Type II (CD32) receptor
mediate the uptake of immune complexes (IC) and opsonized
particles, respectively.

The third uptake mechanism used by DC is phagocytosis.
Particulates are taken up by this mechanism, e.g., latex par-
ticles (12–13), microbes (12) and also necrotic and apoptotic
cells (14–15). Phagocytosis of the latter seems to be mediated
by CD36, �v�4 or �v�5 integrins.

Taken together, these uptake mechanisms allow DC up-
take of many types of antigens rapidly, from small solutes by
macropinocytosis to large particulate antigens by phagocyto-
sis.

Mature Dendritic Cells

On encounter with “danger signals”, immature DC un-
dergo phenotypic changes that results in the transition from
an immature to a terminally differentiated mature stage,
where the functional properties are shifted from antigen up-
take to antigen presentation. Maturation is paralleled by mi-
gration of DC through the afferent lymph vessels to the T-cell
areas of the secondary lymphoid organs. The maturation pro-
cess thus continues from the initial encounter with antigen
until final T-cell activation in the lymph nodes.

Several danger signals can induce and regulate the matu-
ration process in DC; (i) molecules from pathogens (lipopoly-
saccharide (6), bacterial DNA (16), double-stranded RNA
(17)), (ii) a change in the balance between pro-and anti-
inflammatory cytokines in the local environment (tumor ne-
crosis factor (TNF), interleukin (IL) 1, IL-6, IL-10, transform-
ing growth factor (TGF) �) (3,6,18–19), (iii) extracellular ma-
trix degradation products (heparane sulfate (20), hyaluronan
oligosaccarides (21), and (iv) T-cell derived signals, e.g., by
ligation of CD40.

Multiple cellular events are associated with the DC
maturation process. The uptake machinery is down regulated
resulting in a low phagocytic activity (6). Molecules needed
for migration to the lymph nodes and antigen presentation
are upregulated, e.g., the CCR7 chemokine receptor (22)
whose ligands are macrophage inflammatory protein 3� and
secondary lymphoid-tissue chemokine (22–23).

Efficient antigen presentation requires high levels of
MHC complexes and co-stimulatory molecules at the cell sur-
face. DC upregulate co-stimulatory molecules such as CD40,
CD58, CD80 and CD86 on maturation (7,24). Both surface
MHC Class I and Class II are upregulated.

Finally, maturation is associated with a morphologic
change, where the cells lose adherence and alter the shape by
cytoskeleton rearrangement (25). Immature DC possess nu-
merous motile, thin cytoplasmic processes or dendrites pro-
viding for a large surface area for uptake and stirring of the
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surrounding water layer. On maturation these thin processes
become larger cytoplasmic veils that are continuously ex-
tended and retracted. Prolongation of the dendrites optimizes
the surface area for the simultaneous interaction with mul-
tiple T-cells.

The life of the DC is ended in the lymph nodes where it
is claimed that the cells die shortly after antigen presentation.
Figure 1 summarizes the characteristics of immature and ma-
ture DC.

Antigen Processing, Presentation, and T-Cell Activation

Antigenic material taken up by DC is degraded intracel-
lularly into peptide fragments that are loaded on MHC mol-
ecules and presented to T-cells in the lymph nodes.

Soluble and particulate antigens are after uptake di-
rected to MHC class II compartments (MIIC) in the DC
(7,26). The antigens are degraded into peptide fragments due
to the lysosomal-like environment in the MIICs that causes
weak proteolytic degradation. In immature DC, MHC class II
is continuously synthesized and has a fast turnover rate in
MIICs (27). On maturation the turnover decreases, there is a
burst in MHC class II synthesis, peptide fragments are loaded
on the molecules after removal of invariant chain and the

complexes are translocated to the cell surface. The decreased
turnover rate of MHC antigens on DC maturation leads to an
increased duration of the surface peptide presentation, en-
hancing the probability of encounter with and activation of
specific T-cells (28). Meanwhile, the cells migrate to the sec-
ondary lymphoid organs where the encounter with MHC class
II restricted specific CD4+ T-cells takes place.

Both endogenous and exogenous antigens can be pre-
sented on MHC class I molecules that can activate CD8+ CTL
(29). Until recently only endogenous proteins were thought to
be presented on MHC class I. Cytosolic proteins are degraded
into peptide fragments by the proteasome, and peptides are
transported into the endoplasmatic reticulum (ER) by mol-
ecules called Transporters associated with Antigen Processing
(TAP) -1 and -2 in the ER membrane. Peptides are loaded on
class I in the ER and complexes are translocated to the cell
surface for presentation to specific CD8+ T-cells.

Different mechanisms are thought to be involved in the
processing of exogenous antigens presented by MHC class I,
a process called cross priming. This mechanism is mainly a
feature of DC, but macrophages are to a lesser extent also
able to present antigens by cross priming (30). A TAP-
dependent and a TAP-independent pathway have been iden-
tified. Antigens are selectively transported from what is be-
lieved to be a specialized type of endosome to the cytosol by
the TAP-dependent pathway (1). A TAP-independent path-
way has also been discovered where antigen probably is hy-
drolyzed in endosomes and peptides are loaded directly onto
MHC class I molecules (31). Cross priming seems to be im-
portant for certain types of antigens, such as transplantation
antigens, particulate antigens, tumor antigens, and viral anti-
gens and in the development of tolerance.

T-cell priming goes on in the T-cell areas of the second-
ary lymphoid organs (3). DC and T-cell clustering in lymph
nodes is mediated by adhesion molecules such as integrin�1,
CD2, CD50, CD54, and CD58. Antigen-specific interaction
occurs between peptide-loaded MHC complexes on DC and
antigen-specific TCR on T-cells. The second activation signal
is mediated by co-stimulatory molecules on DC (CD40,
CD80, CD86) and their receptors on T-cells thus sustaining
and amplifying the activation. Naïve CD4+ T-cells are primed
by soluble antigen-pulsed DC and these can interact with
B-cells and stimulate antigen specific antibody production.
DC can also prime naïve CD8+ T-cells in the absence of CD4+

T-cells but some antigens have requirement for CD4+ T cell
help. DC can also directly activate naïve and memory B-cells
to become plasma cells and IgG secreting cells.

An important issue when discussing DC in combination
with vaccine design is the identification of the role of DC in
inducing tolerance and autoimmunity. Sallusto and Lanzavec-
chia (32) suggested two possible mechanisms for the role of
DC in inducing tolerance. Tolerogenic DC represents a spe-
cialized lineage, namely the lymphoid DC, which are derived
from a lymphoid progenitor. The lack of IL2 production by
this DC subset abolishes the activation of T-cells and induces
anergy. The second possible mechanism is that the same type
of DC is responsible both for inducing either tolerance or an
immune response. The DC maturation stage and the local
cytokine environment would determine the outcome of spe-
cific T-cell antigen presentation. In this context, a high acti-
vation state induces priming of specific T-cells whereas a low
activation state causes tolerance or ignorance. For vaccina-

Fig. 1. Maturation of dendritic cells (DC). The left side of the scheme
shows the factors inducing progression from one stage to another
(GM-CSF, granulocyte/macrophage colony-stimulating factor; IL, in-
terleukin; LPS, lipopolysaccaride; TNF, tumor necrosis factor;
dsRNA, double-stranded RNA); the right side shows the main prop-
erties of each differentiation/maturation stage (IFN, interferon; MH-
CII, major histocompatibility complex II; MIIC, MHCII-rich com-
partment; LAMP, lysosome-associated membrane protein). Re-
printed with permission from the Annual Review of Immunology,
Volume 18 © 2000 by Annual Reviews www.AnnualReviews.org (3).
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tion purposes the investigation of these different possibilities
will be crucial since vaccination, which aim at targeting DC
will not only be dependent on the nature of the antigen, dose,
drug delivery system and delivery route, but also harbor a risk
of inducing antigen specific tolerance.

DC Hematopoiesis

A high degree of heterogeneity exists among DC subsets
possibly reflecting the multiple functions of this cell type (re-
viewed in (33) and (34)). There is evidence for the existence
of at least two different human CD34+ hematopoietic precur-
sors, one of the myeloid lineage, that gives rise to granulo-
cytes/monocytes and myeloid DC, and one of the lymphoid
lineage giving rise to T-, B-, NK-cells and lymphoid DC. DC
lineage relationships are shown in Fig. 2.

CD11+ CD14+ monocytes differentiate into immature in-
terstitial DC in the presence of granulocyte macrophage
colony stimulating factor (GM-CSF) and IL-4 (7). Myeloid
progenitors can moreover differentiate into CD14- CD11c+

precursors that develop into LC in the presence of GM-CSF,
IL-4 and TGF� (36). Both types of precursors can also dif-
ferentiate into macrophages in response to macrophage
colony stimulating factor showing the close relationship be-
tween DC and macrophages. Functional differences between
these two DC subsets exist. Only interstitial DC but not LC
can induce differentiation of naïve B-cells in vitro (37). More-
over, interstitial DC express IL-10 and have a 10-fold higher
antigen capture efficiency than LC. LC have been suggested
to be involved in the priming of CD8+ T-cells (3).

The existence of a common human lymphoid precursor is
still controversial, but a CD14- CD11c+ IL-3R�+ precursor
may originate from CD34+ lymphoid hematopoietic progeni-
tors (reviewed in (34)). These precursors can differentiate
into lymphoid DC in the presence of IL-3 (38).

In summary, DC constitute a heterogeneous cell type
with subtypes in many different tissues. The complexity of DC
increases by the existence of several developmental stages
with specialized functions in physically different places. The
heterogeneity of DC subsets should be understood in the light
of the different functions and the multiple anatomic localiza-
tions. Each subset seems to be specialized to perform specific
tasks, but lineage origins and functional differences are not
fully clarified yet. A better understanding of DC multiple
roles in inducing immunity, tolerance, and autoimmunity will
be a prerequisite for the design of efficient and safe vaccine
formulations.

OPTIMIZING IMMUNIZATIONS BY TARGETING
TO DC

In light of the described functional characteristics of DC,
an obvious strategy for designing new or better vaccine for-
mulations is a more defined targeting of antigens to this cell
type thereby exploiting the unique abilities of DC for antigen
acquisition and display. A pre-requisite for vaccines to be
effective is that antigens are acquired and displayed by APC.
Ex vivo peptide/protein-pulsed or gene-modified DC have
been used in experimental model systems of cancer and are
shown to induce strong CD8+ CTL mediated antitumor re-
sponses. This “vaccination” approach is highly experimental,
expensive and elaborate, and is not suited for larger, human
immunization programs, but illustrates well the pronounced
effect of targeted antigen delivery into DC. In vivo targeting
of vaccines to DC is highly desirable, and optimizing delivery
systems with this aim in mind is expected to improve efficacy,
reduce doses and the risk of side effects, and improve control
of immunologic outcome. The last sections will describe pos-
sible ways to target DC or to modulate the immune response
through the action of DC.

DC Surface Receptor Targeting

Several studies point to the fact that targeting antigens to
receptors on DC can be expected to enhance immune re-
sponses. Fc�R I and II, that bind the Fc-part of IgG, mediate
internalization of IC thereby sensitizing DC for priming of
both CD4+ helper cells and CD8+ CTL in vivo (7,39). You et
al. (40) immunized mice intramuscularly with a DNA vaccine
encoding a fusion between model hepatitis B virus e antigen
and an IgG Fc fragment. The fusion protein is thus expressed
after vaccination and can be captured and processed by DC,
probably via Fc�R. A more efficient induction of antigen

Fig. 2. Potential differentiation pathways of human DC. Myeloid
CD34+ progenitors differentiate into monocytes (CD14+ CD11c+ DC
precursors) that yield circulating CD11c+ precursors. CD11c+ cells
can differentiate into either macrophages or interstitial DC or LC
depending on the cytokine microenvironment. A distinct precursor
population may give rise to plasmacytoid DC. In some circumstances,
this population also contains cells that can yield lymphocytes, hence
the current term �lymphoid�. CD34+ cells contain a subset with the
phenotypic and functional characteristics of DC2, pro-DC2, with a
limited proliferative capacity. Thus, human blood contains two DC
precursors, CD11c+ (myeloid) and CD11c- (potentially lymphoid).
Reproduced from the Journal of Experimental Medicine, 2000, Vol-
ume 192, Number 12, pp. 741 by copyright permission of the Rock-
effeller University Press (35).
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specific CD4+ Th1 cells, CD8+ CTL and B-cell responses by
fusion of antigen to the Fc part if IgG than with antigen alone
was observed. Bot et al. (41) tested spray-dried lipid-based
microparticles containing inactivated influenza virus with or
without IgG coupled in rodents. Microparticles without IgG
targeting elicited lower responses than administration of
plain, inactivated virus. The level of T-cell response was re-
stored both in vitro and in vivo by incorporating IgG in the
microparticles. Wallace et al. (42) tested in a human myeloid
cell line THP-1 a DNA construct encoding a fusion of the Fab
region of a monoclonal antibody directed against Fc�RI and
the tumor protein prostate specific antigen. This very specific
targeting of Fc�RI avoids unspecific binding to other classes
of Fc�R that also exists in many cell types that are not effi-
cient APCs. The fusion protein could be taken up in an Fc�RI
specific manner, processed, and prostate specific antigen pep-
tides were presented in an MHC class I restricted manner.
Prostate specific antigen-specific human CTL were able to
lyse THP1 and pretreatment with blocking agents blocked
lysis. It was concluded that uptake via Fc�RI thus results in
cross priming.

In general, IC are internalized with the Fc�R into DC,
and receptor-ligand complexes are degraded which results in
a single round of uptake. This non-recycling type of receptor
has also a signaling function (Fc�RI) in DC by inducing matu-
ration (39). MHC class II restricted antigen presentation is
more than 100-fold more efficient when mediated by Fc�RII
than by fluid phase pinocytosis in vitro (7). Specific for DC is
that Fc�R also promotes efficient MHC class I-restricted pre-
sentation that is dependent on proteasomal degradation and
TAP (39). After internalization, antigens for class I presen-
tation transfer to the cytosol and enter the class I presentation
pathway. Targeting antigens to Fc�R, despite their lower up-
take capacity than MMR and DEC-205 (see later), is ex-
pected to be advantageous for antigens that should reach both
MHC class I and class II presentation pathways simulta-
neously. CD4+ T-cell help is namely required for efficient
CD8+ T cell priming that happens by antigen recognition by
both CD4+ and CD8+ T-cells on the same DC. Fc�R thus
represent a connection between humoral and cytotoxic com-
ponents of immune responses and are potential targets for
vaccination strategies against e.g., intracellular microorgan-
isms and tumors.

Another receptor on DC targeting the MHC class I pro-
cessing pathway is the glycolipid globotriacylceramid (Gb3)
(43). Gb3 is a neutral glycosphingolipid present on the DC
cell surface and on some human epithelial and endothelial
cells. The presence of Gb3 on DC was noted in a single study
where intraperitoneal immunization of mice with non-toxic
Shiga toxin B fused to the tumor antigen P815A induced CTL
responses in the absence of adjuvants via a DC surface re-
ceptor-dependent process involving Gb3. Little is known
about Gb3 in DC, but it represents a putative, alternative way
of targeting antigen-Shiga B toxin fusions or yet unidentified
ligands that stimulate class I immune responses.

Only few studies have been performed so far that exploit
targeting of MMR. Diebold et al. (44) synthesized delivery
systems for DNA composed of mannosylpolyethylenimine
conjugates and showed that uptake into MMR-expressing
cells was MMR-specific. Moreover, mannosylated polyethyl-
eneimine was more potent in delivering a luciferace reporter
gene into DC than unconjugated polyethylenimine, although

transfection efficiency was low. Inclusion of adenovirus in the
delivery system enhanced the transgene expression, probably
by facilitating DNA release from the endosomal compart-
ment.

The MMR has multiple carbohydrate binding domains
that provide broad substrate specificity toward mannosylated/
fucosylated entities. Mannosylated proteins are abundant in
many microorganisms, as opposed to eukaryots, and these are
therefore “naturally targeted” to DC. Sugar-containing sub-
strates are taken up by the MMR into vesicular structures
different from the MIIC, where the cargo is released, and
MMR is transported back to the cell surface (11). The MMR
is thereby constitutively recycled between the endosomes and
the plasma membrane resulting in a sustained capacity for
antigen capture concentrating large amounts of antigens in-
tracellularly. The receptor is involved in antigen uptake only
and not presentation since free antigens only after release are
transported to MIIC and delivered to the MHC class II pre-
sentation pathway. Uptake of glycosylated antigen via the
MMR can enhance 100-10.000 fold the presentation of
soluble antigen in vitro (11,45). MMR-targeting is thus ex-
pected to be advantageous in eliciting protective immunity for
MHC class II-restricted antigens.

However, some antigens targeting the MMR fail to elicit
immune responses. Hiltbold et al. (46) showed that the tumor
glycoprotein MUC1 does not stimulate strong immune re-
sponses even though the antigen is taken up by DC via MMR.
This is explained by high-avidity binding between MMR and
large number of sugar residues along the protein backbone,
which prevent dissociation in the early endosomes where
MMR-MUC1 complexes are trapped. In conclusion, MMR-
targeting does so far not appear to be beneficial and further
studies are needed to conclude whether targeting to MMR
has a potential for vaccine targeting or not.

DEC-205 is expected to have a similar or even larger
potential in targeting as MMR, since this receptor is specific
for DC. Mancke et al. (47) showed that DEC-205 is far more
superior to MMR in presenting peptides to T-cells when using
polyclonal rabbit antibodies against DEC-205 as surrogate
ligands. DEC-205-mediated uptake enhance 100-fold the
MHC class II presentation of soluble antigen but by a mecha-
nism different from MMR, since uptake targets late endo-
somes or lysosomes rich in MHC class II molecules (47). Re-
cycling of free receptor to the cell surface equip DEC-205
with the same, high antigen capturing potential as MMR. A
prerequisite for further exploiting the possibility of using
DEC-205 for targeting MHC class II presentation is however
the identification of ligands for the receptor.

Attempts have been made to target B7 molecules spe-
cifically expressed on APC with cytotoxic T-lymphocyte an-
tigen-4 (CTLA-4) antigen fusions. Such approach is not spe-
cific for DC but will target APC in general. Deliyannis et al.
(48) showed that a fusion of hemagglutinin-based influenza
virus DNA and CTLA-4 in a DNA vaccine accelerated and
increased antibody response compared to a non-targeted con-
trol on intramuscular immunization in mice. CTL responses
were not enhanced, so the observed 100-fold reduced viral
titers in mice vaccinated with the CTLA-4 fusion after a non-
lethal virus challenge was explained by enhanced antibody
response. Chaplin et al. (49) immunized sheeps with a DNA
vaccine encoding detoxified phospholipase D fused to the
CTLA-4 gene. Detoxified phospholipase D is partially effec-
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tive against Corynebacterium pseudotuberculosis in sheep.
Targeting to CTLA-4 enhanced speed, magnitude and lon-
gevity of the antibody response when compared to the non-
targeted DNA vaccine and afforded better protection against
a non-lethal challenge with C. pseudotuberculosis.

Finally, Drew et al. (50) immunized mice intramuscularly
with a DNA vaccine encoding a fusion between CTLA-4,
human immunoglobulin and the host-protective 45W antigen
from Taena ovis. A 30-fold higher 45W specific antibody re-
sponse was noted in mice immunized with the CTLA-4 tar-
geted DNA vaccine compared to the non-targeted control.
Moreover, faster kinetics was observed since the develop-
ment of antibody production was accelerated. The same con-
struct failed to enhance immune responses in sheep.

In all cases the APC targeting enhances the immune re-
sponse induced by DNA vaccines in an antibody dependent
way. The mechanism of immune response enhancement is not
antigen through antigen endocytosis mediated by B7, but
more likely an increase in binding of antigen to the DC sur-
faces thereby enhancing antigen capture. Targeting B7 is thus
advantageous for DNA vaccines that do not induce sufficient
antibody responses.

Several other molecules have been investigated to target
APC in general. Hung et al. (51) tested a DNA vaccine tar-
geting Flt3 with Flt3-ligand. Flt-3 expression is, in hematopoi-
etic tissue, restricted to CD34+ progenitors, including DC pro-
genitors, and fusing antigens to Flt3-ligand is thus expected
also to target DC. Human papillomavirus 16 E7 was used as
model antigen and fused to the extracellular domain of Flt3-
ligand in a DNA construct and administered intradermally via
a gene gun to mice. The fusion gene increased significantly
the frequency of E7-specific CD8+ T-cells but not CD4+ T-
cell compared to a non-fused control DNA vaccine. The tar-
geted vaccine, compared to the control, was able to control
lethal E7-expressing metastatic tumors in mice.

Finally, Tillman et al. (52–53) explored the potential of
targeting adenoviral vectors to CD40 that is expressed at high
levels on DC. Adenovirus targeted to CD40 via a bi-specific
antibody enhances gene transfer to DC compared to an un-
targeted adenovirus vector. The vector itself is able to induce
maturation due to the CD40 binding and is thus multifunc-
tional by both targeting and activating DC. In a murine
model, DC infected with adenovirus encoding the human
papillomavirus E7 antigen targeted to CD40 enhanced pro-
tection against human papillomavirus-induced tumor cells.

Which uptake mechanism should we then target to get
most efficient antigen presentation? That depends clearly on
the type of immune response needed to provoke clearance of
disease. The type of receptor influences whether MHC class I
and/or MHC class II presentation occurs. In this respect tar-
geting immune cell compartments may be a just as important
approach as targeting on the receptor level. Targeting the
class I pathway has attracted much interest, and development
of methods for delivery of exogenous antigen into this path-
way has focused on coupling antigen to cationic or fusogenic
peptides to facilitate uptake and on improving access from the
endosomal route into the cytosol. Alternatively, endogenous
delivery into the class I presentation pathway of DC can be
achieved by viral vectors, mRNA (54), DNA vaccines trans-
fecting DC directly or by transfection of other cell types with
the antigen and by a death signal inducing apoptosis. Apop-
totic cells are phagocytosed by DC and presented in a class

I-restricted manner (14). Cell death might therefore be im-
portant for transfer of antigen from non-professional to pro-
fessional APC. Furthermore, engineered Fas-mediated apop-
totic death of antigen bearing cells (transfected) increases
antigen acquisition by APC (including DC), enhances anti-
gen-specific CTL and induces Th1 type cytokines in mice
(55). It is believed that danger signals in this situation are
important for immune stimulation: Presentation of antigens
from apoptotic cells by DC in lymph nodes in the absence of
maturation signals (steady state) is suggested to be a mecha-
nism for induction of peripheral tolerance (26). Further ex-
ploration of this powerful targeting principle for vaccination
purposes is awaited with great interest.

Implementing DC targeting into a developable vaccine
formulation requires that the targeting principle is simple,
well understood and easily applicable without for example
expensive and elaborate conjugation procedures. Several
strategies can be followed to incorporate a targeting feature
into vaccine formulations; 1) at protein/peptide level, 2) at
DNA level (DNA vaccine) with endogenous synthesis of an-
tigen or synthesis of chimeric protein targeted to DC or 3) at
the level of the drug delivery system. DNA vaccines seem to
incorporate the targeting principle most easily and targeting
might well contribute to the highly demanded enhancement
of DNA vaccine efficiency in humans.

Alerting DC for Action

The chosen DDS for a vaccine could in addition to just
passive protection and active targeting possess additional fea-
tures that modulate or activate DC. The growth factors GM-
CSF, Flt3 ligand and G-CSF have been shown to act as mo-
bilisators/recruitment factors for DC. Treatment of humans
with these cytokines mobilizes DC precursors from the bone
marrow into the blood. Increasing the number of DC by Flt3
ligand can enhance the immune response to vaccine antigens
in mice (56). Co-administration of this type of growth factors
with antigens in vaccine formulations is therefore expected to
have a great potential by increasing the size of the DC popu-
lation.

The vaccine DDS could also present a signal that stimu-
lates activation, maturation and migration of DC. Many sub-
stances are known to act in these processes. Among these are
traditional adjuvants like Freunds incomplete adjuvant, LPS,
CpG dinucleotides, CD40 ligand and cytokines like TNF�,
IL10, IL4, IL12, IL-1� and Interferon �. The efficiency of
these adjuvants within a vaccine formulation is dependent on
the type of pathogen and the type of immune response that is
needed to clear the infection.

Focus has recently been on the role of DC in the regu-
lation of immune responses (see (57) for review). DC function
seems to be determined by many different factors that govern
the final outcome of immune response, that would say Th1 vs.
Th2 response. Moreover, different cytokines mobilize distinct
DC subsets and different DC subsets appear to induce differ-
ent immune responses. Ideally for vaccinology purposes, one
should know which subsets induce which responses and which
cytokines mobilize which subsets. The area is very complex
and review of the literature is beyond the scope of this review,
but in brief Pulendran et al. (57) have proposed the following
model: The final Th-cell polarization is determined by 1) the
microbial product/adjuvant, 2) the receptors on DC through
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which the adjuvant signals, 3) the DC subset itself, 4) the local
microenvironment and 5) the cytokines released by neighbor-
ing T-cells and other cells. The hypothesis is therefore that the
function of DC is not fixed but is adaptable in response to
signals from the microenvironment and the pathogen. By co-
delivering immunomodulators or immunopotentiators which
mechanism of action is well known the outcome of the im-
mune response can hopefully be directed more precisely than
with traditional adjuvants.

Vaccine Drug Delivery Systems

The eradication of diseases like small pox by vaccination
shows that large global immunization programs can be very
effective even without any targeting to specific cells of the
immune system. Live or killed vaccines has been found to
evolutionarily be targeted and taken up by DC e.g., via the
MMR or Fc�R. However, in the design of DDS for new vac-
cines, investigating and improving the targeting properties to
DC may appear to give useful information and enhance effi-
cacy.

Most pharmaceutical antigens are macromolecules, ei-
ther peptides/proteins or DNA molecules. Therefore they ex-
ert the same weaknesses as other proteins and macromolecu-
lar drug candidates in terms of stability and bioavailability.
Particulate delivery of macromolecules seems to overcome
these weaknesses and many different systems are tested.
These include polymeric materials ranging from poly-lactide-
co-glycolide, starch and a large number of other natural and
synthetic polymers, and also lipid systems such as microemul-
sions and liposomes. Commonly investigated vaccine DDS
are shown in Table I and will not be discussed further (2,58).

Particulate systems are naturally targeted to APC since
their dimensions are comparable to those of microorganisms.
In addition, particles can through phagocytosis efficiently de-
liver antigen to APC 1000–10.000 fold more efficient than
soluble antigen and mediate the induction of both MHC class
I and class II responses in DC. Particles are thus multifunc-
tional in that they deliver antigens to DC in a form where
antigen is concentrated in spherical structures and protected
against premature degradation. Moreover they may act as
adjuvants that are able to mediate both types of immune
responses (59).

A huge challenge lies in the requirements for particle
delivery technology. Pharmaceutically acceptable particulate
delivery systems should be developed that are safe, well tol-
erated, easy to administer, easy to store and inexpensive.

Particulate systems in themselves are able to mediate
sufficient immune responses when delivered at sites with high
APC density because they have intrinsic ability to target
APCs. Further targeting to DC might appear to be necessary

for DNA vaccines that have provoked very weak immune
responses in humans. Targeting to a surface receptor on DC
might enhance the specific immune response to a degree that
confers protection even in larger animals and humans.

Finally microparticles have the potential to incorporate
well-defined adjuvants such as cytokines to further enhance
or modulate immune responses to the desired type.

Big challenges for the formulation scientist lie in the re-
quirements for particle delivery technology. Pharmaceutically
acceptable particulate delivery systems that are safe, well tol-
erated, easy to administer, easy to store and inexpensive need
to be developed.

Route of Administration

How to administer a vaccine to get a good immune re-
sponse might be an even more important question than the
previously mentioned targeting strategies. Bringing sufficient
amount of vaccine encapsulated in a particulate system in
close proximity to DC might be sufficient to obtain an im-
mune response.

Vaccines may be administered either parenterally or mu-
cosally. Parenteral immunization elicits only systemic im-
mune responses and no mucosal protection and may there-
fore be well suited for immunization against a disease like
cancer. The fate of the parenteral vaccine is very much de-
pendent on the immunologic competence of the cells at the
injection site. The skin has a large immunologic potential
since LC are found in the viable epidermis, where they com-
prise 1% of the cell population (60). Despite their low per-
centage, LC have a large spatial extent comprising 20% of the
surface area. On damage of the skin, keratinocytes can syn-
thesize cytokines involved in modulating the immune re-
sponse. Thereby LC receive activation signals and leave the
skin bringing the putatively invasive antigens to the regional
lymph nodes for induction of immune responses. The skin
thus has a pronounced immunologic potential for initiating
primary immune responses on delivery of vaccines. Depots of
antigens in the skin do not only stimulate immune responses,
but do also act as adjuvants by stimulating DC to increase
acquisition of antigen. Delivering antigens to the skin appears
very promising, and developing DDS more effective that
commonly used gene gun (DNA) or needle-free jet injection
devices are interesting alternatives, that could be patches,
creams or gels for topical administration.

For parenteral administration, future effective vaccines
may solely be dependent on targeting DC, either by deliver-
ing antigens as particles in close proximity to DC or by adding
a targeting moiety.

The integrated mucosal immune system protects against
pathogens that invade through the mucosa and mediates tol-
erance against bacterial flora and soluble antigens. Mucosal
immunization is important for protection against pathogens
that infect via the mucosal route (oral, nasal, pulmonal, rectal,
vaginal) as for example influenza and HIV and offers the
advantage that both mucosal and systemic immunity is ob-
tained, but harbor also the risk of inducing tolerance. Larger
particulate antigens like virus and bacteria are thought to be
taken up via M-cells into mucosa-associated lymphoid tissue
(61). M-cells are highly phagocytotic epithelial cells that on
attachment of particulate antigens and macromolecules trans-
locate them to underlying mucosa-associated lymphoid tissue

Table I. Vaccine Drug Delivery Systems

Lipid particles:
Oil emulsions (e.g. Freunds Incomplete and Complete)
ISCOMS
Liposomes

Biodegradable polymeric microparticles
PLG, starch, gelatin, chitosan, alginate, dextran

Live recombinant vectors—traditional
Virus-like particles
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where DC are present in large numbers. In the gut, these
lymphoid structures lined by M-cells are called Peyers
patches. The M-cells of Peyers patches lack brush border mi-
crovilli, thereby facilitating entrance, but they only constitute
a minor part of the mucosal surface. For mucosal vaccination,
uptake into M-cells and not the delivery to DC might be the
efficient rate-limiting step. Targeting M-cells instead is there-
fore expected to have much higher impact than targeting DC.
Therefore, DDS for mucosal delivery as opposed to paren-
teral delivery should probably target M-cells and protect the
antigen against degradation in the mucosal environment and
not focus much on the ability to target DC.

Depending on the aim of the formulation project the
formulation scientist must evaluate very closely a number of
parameters as depicted in Table II. The DDS chosen for each
vaccine formulation must thus be selected on a rational basis
of many parameters. One example is the development of a
cancer vaccine. Because particles stimulate both class I and II
responses via DC, the particulate formulation strategy is in-
teresting in the context of a cancer vaccine. Moreover it
would be of great benefit if a cell-specific targeting could be
attained to increase or redirect the immune response, espe-
cially in the case of DNA vaccines. In this case it may not be
worthwhile to aim for mucosal delivery, thus e.g. subcutane-
ous administration may be sufficient.

CONCLUSIONS AND PERSPECTIVES

There is a great potential hidden in optimizing antigen
delivery to DC by single approaches or by combining multiple
approaches at different levels such as receptor targeting,
DDS, immunomodulators and administration route. For each
pathogen we needs to understand the necessary and sufficient
immune response required to protect while minimizing pa-
thology. This knowledge can help us designing vaccine for-
mulations that target the right DC subset and that fully stimu-
late the necessary arms of the immune system and thereby
providing us with a tool to control more precisely the immu-
nologic outcome. Much work has to be done to understand

which of the approaches will be most useful for human im-
munization.
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