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The biology and properties of dendritic cells (DCs)
have been intensely studied in the research areas of
infectious diseases, tumor immunology, and vaccine
development. This unique subset of immune cells has
recently also moved to the center of interest for basic
and clinical research in autoimmunity, owing not only
to the extraordinary importance of DCs in the initiation
and sustenance of adaptive immune responses, but also
to more recent discoveries about their profound ability
to control and downregulate ongoing T-cell responses.
We review current progress of using DCs in mice for
induction and propagation of autoimmune T-cell
responses and their therapeutic potential to dampen or
even stop B-cell-specific autoimmunity. Finally, we offer
our perspective on how basic research progress in DC
technology, mostly from mouse models, may translate
into emerging diagnostic and therapeutic applications
for human type 1 diabetes.

Introduction
Organ-specific autoimmune diseases, such as type 1 dia-
betes, occur when self-reactive T cells become persistently
activated, leading to a chronic, often slowly progressing
organ destruction. At least two safeguards of tolerance
must have failed: 1) Central or thymic tolerance normally
assures the deletion of T cells whose affinity to endogenous
(self) protein is dangerously high. This negative selection
is mediated by specialized dendritic cells (DCs) in the thy-
mic medulla. 2) Upon exiting the thymus, autoreactive T
cells must evade the regulatory, presumably antigen-spe-
cific control mechanisms and become activated in local
lymph nodes (LNs).

Interest in the biology and function of DCs is based on
overwhelming data that place DCs in the center of T-cell
activation and the control of potentially dangerous T-cell

responses, reflecting the DCs’ unique ability to intimately
(ie, antigen specifically) “address” T cells under a variety
of very different environmental conditions. For instance,
DCs migrating from infectious foci carrying foreign,
proteinaceous material to LNs will alert antigen-specific
T cells, a process greatly aided by innate immune stimula-
tors, such as toll-like receptor ligands. In contrast, resident
DCs in pancreatic islets will take up B-cell antigen but will
not be activated in the absence of local innate immune
stimulators, so that potentially autoreactive T cells will
interpret activation signals differently. As a consequence,
T cells will not differentiate into fully armed effectors
that could cause autoimmunity, but instead may result
in an abortive or even regulatory T-cell response. T-cell
activation and proliferation can be demonstrated in the
LNs with no further signs of organ-specific autoimmunity
or diabetes development (Fig. 1). Therefore, manipulating
T cells by using DCs, especially if augmented by auto-
antigens, has to take into account that the circumstances
of DC:T-cell interaction will be critical.

In this article, we summarize approaches involving
DC manipulation to affect diabetogenic or diabetes-asso-
ciated T-cell responses in vivo. After summarizing basic
principles recognizing the outstanding role of DCs for
T-cell activation, we review approaches that take advantage
of DCs’ superior T-cell activation properties to identify
diabetes-associated T-cell epitopes, with the goal of broad-
ening the availability of autoantigens for diagnostic and
therapeutic purposes, and attempts to use DC therapeuti-
cally by directly downregulating ongoing autoimmunity.

Induction of T-Cell Responses by DCs

Protective immune responses to invading pathogens
initially and quickly invoke a series of mechanisms and
properties of the innate immune system that together
elicit a process known as inflammation. In contrast, the
phylogenetically younger adaptive immune system gathers
its full protective strength with some delay primarily due
to the need to specifically recruit, activate, and multiply
antigen-specific T- and B-effector lymphocytes. T cells can
be distinguished in CD8* and CD4* subsets whose T-cell
receptors interact with major histocompatibility com-
plex (MHC) class I and class IT molecules, respectively,
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Figure 1. Constitutive cross-presentation of
islet-derived antigen in pancreatic lymph
nodes by bone marrow—derived antigen-
presenting cells. In the absence of cognate
antigen (no transgenic expression of lym-
phocytic choriomeningitis virus glycoprotein
[LCMV-GP]), naive, LCMV-GP-specific
CD8* T cells are not activated and do not
undergo cell division (A). In the presence of
transgenic B-cell LCMV-GP antigen and the
correct major histocompatibility complex
(MHC) class 1 restriction molecule, CD8* T
cells proliferate in pancreatic lymph nodes
by a mechanism involving cross-presentation
(B), resulting in halving of carboxyfluores-
cein succinimidyl ester (CFSE) fluorescence
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which are displayed on the surface of antigen-presenting
cells (APCs). Whereas MHC class I molecules generally
display 8 to 10 amino acid residue long-protein frag-
ments (peptides) of endogenous proteins, MHC class 11
molecules bind slightly longer peptides generated by the
phagosomal/lysosomal processing of exogenous (ie, endo-
cytosed) proteins. While remaining receptive to regulation
by the innate immune system, DCs serve the primary link
between both immune systems by simultaneously control-
ling the antigen uptake in the peripheral organ and its
processing for subsequent T-cell activation. In addition to
presenting endocytosed protein fragments via MHC class
IT molecules to DC4+ T cells, DCs are capable of antigenic
“cross-presentation,” indicating the ability to present

endocytic protein fragments to CD8* T cells via MHC
class I molecules, to allow for activation of both major
T-cell subsets. DCs also modulate their responsiveness to
inflammatory environments, leading to transformation
into highly potent APCs, and their directed migration to
the regional LNs. LNs constitute an integral component
of the secondary lymphoid organ by attracting nonspe-
cifically antigen-inexperienced (ie, naive) T cells from
the bloodstream, providing a critical location of likely
encounter between DCs (from tissue) and naive T cells
from the blood.

T cells accumulate in the T-cell zone of LNs, where
they constantly contact DCs by a process termed
scanning. It indicates the frequent sampling (ie, attempted
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binding) of DCs’ MHC/peptide complexes by their anti-
gen-specific T-cell receptors (TCRs). Depending on the
“fit” (ie, whether the structural constraints of individual
MHC-bound peptides allow stable TCR binding), the
T cell receives an activation signal through its TCR com-
plex (signal 1). Mature DCs are particularly well equipped
to strengthen the MHC:TCR interaction by providing
multiple accessory signals, collectively called signal 2,
including monomorphic receptor:ligand binding and
soluble factors, which all facilitate or enable full T-cell acti-
vation. The overall stability of DC:T-cell interaction, called
avidity, determines the differentiation into effector T cells.
Activated T cells undergo a series of changes that result
in proliferation, cytokine secretion, and elaboration of
regulatory or suppressive properties, and for CD8* T cells,
the acquisition of cytolytic activity. In addition, activated
T cells profoundly alter their responsiveness to chemo-
kines and adhesion molecules that together allow them to
efficiently access peripheral inflamed tissue. Finally, the
quality of T-cell activation determines short-term survival
and probably affects the chances of long-term persistence,
also known as memory cell development.

Role of DCs in Autoimmune Diseases
Self-reactive B and T cells undergo fine-regulated selection
and deletion procedures during development in the thymus
and bone marrow, respectively, but some autoreactive B
and T cells evade deletion and reach the periphery. Periph-
eral tolerance mechanisms, including anergy, regulation
or suppression, antigen sequestration, and clonal deletion,
assure that these autoreactive T cells remain under con-
trol. The exacerbation of autoimmune diseases is often
associated with some influence by susceptibility genes and
environmental triggers that synergistically facilitate auto-
reactive T-cell activation and expansion. Environmental
triggers accused of derailing self-tolerance and causing
autoimmunity include innate immune stimulators during
infectious diseases, the exposure of otherwise ignored (ie,
cryptic) autoantigens, or mimics of host antigens intro-
duced by the invading pathogen (molecular mimicry).
It has been proposed that a reduction in the number or
function of regulatory T cells (Tregs) [1], alterations of
the DCs’ physiology, and changes in the immunologic
synapse occurring at the DC:T-cell interface [2] could
precipitate the breakdown of self-tolerance and induce
autoimmunity. Several studies have attempted to identify
individual pathomechanisms and the contribution by DCs
to the etiology of autoimmune diseases.

DCs involvement in autoimmune pathomechanisms
has been described for rheumatoid syndromes, including
rheumatoid arthritis and systemic lupus erythematosus,
and for neuroinflammatory disorders, such as multiple
sclerosis and Alzheimer disease [3]. Evaluating the cur-
rent literature on DC involvement in the innate immune
system is beyond the scope of this review, such that we

focus on the current knowledge of DCs’ role in autoim-
mune diabetes pathogenesis.

Role of DCs in Autoimmune Diabetes

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune
disease caused by T-cell-mediated destruction of the insu-
lin-producing B cells in the pancreatic islets of Langerhans
[4]. Very early in the development of insulitis (inflamma-
tion of pancreatic islets caused by infiltrating leucocytes),
DCs migrate into the islets, secondary to infectious (viral
infection) or noninfectious causes (abnormal remodeling
of islet architecture during development). Imagawa et al.
[5] found predominantly CD8* T cells, but also CD4*
T cells, B lymphocytes, and macrophages in islet infil-
trates of pancreatic biopsies of subjects with prediabetes
or recent-onset T1IDM. Moreover, inflamed islet cells
expressed increased levels of MHC class I molecules.

The spontaneous nonobese diabetic (NOD) mouse
model is genetically diabetes prone, and its immunopa-
thology resembles that occurring in humans. Peri-islet
infiltration in female NOD mice becomes evident by
4 weeks of age, followed by slowly progressing islet
destruction, with most B cells destroyed by 4 to 6 months
of age. This process was accompanied throughout by ele-
vated numbers of DCs and macrophages in the inflamed
islets [6]. Charre et al. [7] demonstrated elevated levels
of DCs already in the neonatal pancreas, followed by a
further accumulation around islets at about 4 weeks of
age [6]. DCs and macrophages acquire antigen and are
very likely to present it to T cells in the pancreatic LNs.
The transient absence of DCs and macrophages in NOD
mice (by depletion using clodronate-loaded liposomes)
resulted in the disappearance of islet-infiltrating lympho-
cytes, (transient) resolution of insulitis, and a substantial
delay in diabetes recurrence, supporting the pivotal role
of DCs (and macrophages) during the islet destructive
process [8]. Alterations in the islet microenvironment can
precipitate islet inflammation and diabetes development,
demonstrated by B-cell-specific, transgenic tumor necro-
sis factor-o (TNF-a) secretion in NOD islets (rat insulin
promoter [RIP]-TNF-a-NOD mice [9]). Neonatal expres-
sion of the inflammatory cytokine TNF-a could lead
to increased B-cell apoptosis and in turn to recruitment
and activation of DCs and macrophages. It is conceivable
that the resulting enhanced presentation of autoantigens
to islet-specific T cells and differentiation into effector
T cells could exacerbate autoimmunity [9]. Even without
a genetic mutation (transgene), DCs accumulating in pan-
creatic lesions can produce TNF-o [10].

Because phenotypic and functional differences between
distinct DC subsets in NOD mice exist [11], several stud-
ies aimed to more precisely determine the relevance of
DGCs in the initiation and maintenance of autoimmune
B-cell destruction. All of them support a central role of
DCs for initiating the autoimmune cascade that culminates
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in diabetes [12]. Major advances in imaging techniques
using two-photon laser-scanning microscopy in vivo led
to the observation that T-cell activation in NOD mice
resulting from persistent DC:T-cell interaction was essen-
tial for full activation and differentiation of autoreactive,
islet antigen—specific T cells. Using the same technology,
Tang et al. [13¢¢] demonstrated an islet antigen—depen-
dent interaction between DCs and Tregs. To date, the
precise factors that predict DC-induced proinflammatory
(prodiabetic) and regulatory (protective) T-cell responses
remain poorly understood.

Several studies examined whether the phenotype (and
function) of DCs in the context of autoimmune diabetes
was abnormal. Constitutive functional abnormalities of
DCs have been reported in spontaneous diabetes models,
indicating hyperactivation [14-16] or reduced functional-
ity [17,18]. Marleau and Singh [14] suggested that DCs
from NOD mice had excessive costimulatory capacity
leading to pronounced pathogenic Thl responses, which
are thought to facilitate the activation and persistence of
autoreactive T cells. Also, NOD DCs exhibited increased
interleukin (IL)-12 secretion upon introduction of various
stimuli, favoring Thl-type immune responses during the
diabetogenic process [15].

Although impaired responses to infection, vaccina-
tion, or altered hypersensitivity reactions have not been
observed in patients, some reports noted potential abnor-
malities of DCs in T1DM [19,20]. Most recently, it has
been reported that absolute numbers of peripheral blood
DC subsets were decreased in new-onset and in estab-
lished T1DM, although the phenotypic maturation state
of those DCs was indistinguishable between patients and
healthy controls [21].

The significance of cross-presentation has been shown
for the immune defense against viruses, intracellular
bacteria and tumors, and tolerogenic and proinflamma-
tory roles of cross-presented autoantigens in autoimmune
diseases have been reported. DCs, and to a lesser extent
macrophages, activated B lymphocytes, and pancreatic
endothelial cells [22], have the ability to cross-present
endocytosed antigen to cytolytic T lymphocytes. Early
evidence that tissue-associated “self” antigens can be pre-
sented in the context of MHC class I to CD8* T cells via
an exogenous processing pathway came from the adoptive
transfer of ovalbumin (OVA)-specific CD8* T cells (OT-
I) into RIP-mOVA transgenic mice, whose islet B cells
expressed a membrane-bound form of OVA. OT-I cells
became activated in the draining LNs necessarily due to
MHC class I-restricted cross-presentation of OVA by a
bone marrow-derived APC population, presumably DCs.
This finding introduced a mechanism to explain how
CD8* T cells can be primed to antigens of nonlymphoid
tissues, which are not normally surveyed by recirculating
naive T cells [23]. Cross-presentation plays an important
role in organ-specific autoimmunity because simultaneous
priming and expansion of CD4* and CD8* T cells in LNs

is known to be an essential process in the initiation and
progression of autoimmune diseases [24].

Tolerance and Regulatory T-Cell Induction

by DCs

Although DCs are fundamentally important in auto-
immune diabetes, it is necessary to point out that
autoantigen presentation in lymphoid organs is not
exclusively mediated via DCs. Recently, Lee et al. [25¢]
have shown that LN stromal cells are also capable of
antigen presentation and promotion of deletional T-cell
tolerance, possibly by a mechanism similar to thymic
negative selection.

The observation that DCs and a diabetes-protec-
tive Th2 cytokine environment were present during
early, nondestructive insulitis raised the possibility that
under certain conditions, DCs have a protective role in
autoimmune diabetes. Papaccio et al. [26] reported the
disappearance of DCs from peri-islet infiltrate coincided
with an increase in systemic proinflammatory Thl cyto-
kine levels. Using the RIP-mOVA transgenic mouse model,
Kurts et al. [27] have shown that OT-I cells activated by
cross-presentation are subsequently deleted from the
peripheral pool of recirculating lymphocytes, a process for
deletion of antigen-specific CD8* T cells that depended on
DCs with exquisite tolerogenic properties [27].

Tremendous progress has been made in characteriz-
ing DC-induced Tregs, a specialized yet diverse subset of
T cells with the potential to mediate protection against
autoimmunity. It is likely that various lineages and dis-
tinct differentiation states of DCs profoundly affect the
properties and function of Tregs and its antigen-depen-
dent control of autoimmunity [28]. Current concepts of
Treg function in general, and in autoimmune diseases in
particular, include cytokine-mediated effects (transform-
ing-growth factor-f, IL-10) and cell contact-dependent
mechanisms and are reviewed in detail elsewhere [29].

Intervention with DCs to Modulate
Autoimmune Diabetes

DCs have been used as a vehicle to directly (exogenous
administration of antigen-loaded cells) and indirectly
(antigen that requires uptake, processing, and presenta-
tion by endogenous DCs upon administration in vivo)
sensitize T cells to candidate autoantigens. These auto-
antigens typically constitute B-cell-expressed proteins
that could represent a target antigen for autoreactive T
cells and stimulate PB-cell-specific immune responses,
leading to overt diabetes in susceptible mice. These stud-
ies aimed to characterize the significance of individual
B-cell autoantigens, identifying critical T-cell antigenic
determinants (peptides), or to study the pathophysiology
of immune-mediated islet cell destruction. Immunization
with plasmid DNA (DNA vaccination) encoding B-cell
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autoantigens can induce robust T-cell responses by a mech-
anism that involves DCs and antigen cross-presentation.
Intramuscular preproinsulin-2 plasmid DNA injections
led to enhanced diabetes development in NOD mice and
caused overt diabetes in most RIP-CD80 transgenic mice
[30,31]. In contrast, intramuscular injection with glu-
tamic acid decarboxylase (GAD65)—expressing plasmids
conferred partial diabetes protection in NOD mice and
failed completely in RIP-CD80 mice [30]. In agreement
with such a protective role of GAD65 but not preproin-
sulin-2, Tisch et al. [32] prevented diabetes in the NOD
mouse using an intramuscular injected plasmid encoding
a GAD65/1gG-Fc fusion protein. In this model, IL-4 was
critical to prevent a Th1-response because GAD65-specific
Th1-cell reactivity was significantly enhanced in animals
immunized with DNA encoding GAD65-IgGFc alone.
Unlike GAD6S, plasmids encoding insulin B/IgG-Fc (but
not insulin A/IgG-FC) exhibited accelerated, IL-4—inde-
pendent diabetes in NOD mice [33].

Identifying T-cell epitopes has huge practical impli-
cations for diabetes research. Various strategies to find
diabetes-related T-cell epitopes have been used. These
include prediction algorithms from (viral) peptide-
recognition databases, soluble MHC multimer peptide
libraries for binding and overlapping peptide screens for
functional responsiveness of diabetogenic T-cell clones,
respectively, and DC-facilitated autoantigen immuniza-
tion regimens. Specific epitope targets for islet-specific
cytotoxic T lymphocyte could be detected in spontane-
ously diabetic NOD mice [34]. An alternative model
using peptide-loaded DC immunizations exploited the
extraordinary susceptibility to antigen-induced diabetes
conferred by transgenically expressed CD80 by pancreatic
B cells (RIP-CD80) [30,31,35]. Here, even a modest sen-
sitization (achieved by low-affinity epitopes presented by
potent mature DCs) can induce diabetes [36]. The recent
generation of several “humanized” mouse autoimmune
diabetes models, which are characterized by the expres-
sion of chimeric human/mouse HLA molecules [37-41],
will continue to accelerate the transition of identification
of mouse-specific epitopes to human HLA-restricted
T-cell epitopes. Overall, diabetes-relevant T-cell epitopes,
especially those detectable in patients, are extremely use-
ful to track diabetogenic T-cell responses during disease
development. They allow the monitoring of disease activ-
ity during therapeutic intervention, and hold promise to
facilitate the development of peptide-based immunomod-
ulatory intervention strategies.

DC-Dependent Therapeutic Interventions in
Autoimmune Diabetes

The understanding that DCs orchestrate innate and
adaptive immune responses has stimulated research on
harnessing DCs to create more effective vaccines, and
early clinical trials have begun. For instance, autologous

DCs with a proinflammatory phenotype have been loaded
with tumor-derived antigens ex vivo. Administering those
cells to cancer patients led to antitumor T-cell responses
[42]. Counterintuitively, it seems DCs have also been used
for autoantigen-specific prevention of autoimmune dia-
betes. Clare-Salzler et al. [43] prevented the development
of diabetes in NOD mice using autoantigen-presenting
DCs, which were isolated from pancreatic LNs (ie, carry-
ing endogenously sampled pancreatic proteins) or pulsed
with islet cell lysates. The long-term culture of sple-
nocytes resulted in the generation of a cell line, termed
NOD-DC1, which has the phenotype of myeloid DCs.
Vaccination with insulin-pulsed NOD-DC1 cells resulted
in antigen-specific prevention of diabetes [44]. The trans-
fer of interferon (IFN)-y-stimulated DCs into the NOD
mouse afforded long-lasting protection against clinical
and histologic signs of autoimmune diabetes in recipient
NOD mice. The anti-diabetogenic ability depended on
IFN-y stimulation of DCs [45]. Another study reported
that treatment with human vy globulin—pulsed DCs was
associated with diabetes protection and increased levels
of IL-4, I1L-10, and IFN-y and diminished levels of TNF-o
in the supernatants of islets from NOD mice [46]. More
recent advances led to techniques to direct soluble anti-
gens to DC surface receptors in vivo, thereby replacing
demanding ex vivo culturing of cells and allowing large-
scale applications of DC-based vaccination therapies [47].
The ability to actively suppress an immune response
makes Tregs an attractive candidate for novel therapeu-
tic agents with specificity for and potency of treating
autoimmune diseases effectively [1]. Some have investi-
gated DC-mediated activation and expansion of Tregs
as a potential therapeutic strategy to halt autoimmunity
and restore self-tolerance in overt autoimmune diabetes
[28,48]. Tarbell et al. [28] demonstrated that CD4+CD25*
Tregs generated by DC stimulation remain responsive to
a single autoantigen and can inhibit diabetes induced or
sustained by multiple specificities in NOD mice.

Conclusions

Basic research has provided tremendous insights into the
biology and functional properties of DCs and their pivotal
role in the adaptive immune system. This knowledge has
fueled a host of refined therapeutic efforts using DC tech-
nology in areas such as vaccine development and tumor
immunology and has energized attempts to advance two
major challenges in autoimmune diseases: 1) our lack of
knowledge about the set of autoantigenic target epitopes,
which are recognized spontaneously by autoreactive
T cells, and function to maintain this same T-cell popula-
tion in an activated state long term, the ultimate cause of
chronic debilitating organ destruction in autoimmune dis-
eases, and 2) the failure, in most instances, to achieve or
re-instate tolerance therapeutically. The latter is particu-
larly frustrating because advances in organ regeneration
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and stem cell therapy offer the vested prospect of restoring
organ function in diseases such as T1IDM once autoimmu-
nity and continuing organ destruction have been stopped.

The influence of T-cell responses by DCs may well
turn out to become the tool necessary to accomplish these
goals. However, because DCs can be extremely potent at
stimulating inflammatory T-cell responses, genuine efforts
to dampen autoimmune activity by DCs can backfire and
worsen or exacerbate autoimmune diseases. There is a
growing consensus that autoimmune diseases such as
T1DM can be treated effectively and safely only by using
autoantigen-specific approaches. Such modality could
selectively alter disease-associated T-cell specificities with-
out affecting the immune systems as a whole. It remains
to be seen if DC/antigen combinations can be established
that are safe and effective. In this respect, it was of inter-
est that that T cell with low affinity to autoantigenic
epitopes [49¢], or “ignored” determinants [S0ee], not
used during the progressive autoimmune response might
be particularly useful to slow the immune-mediated islet
destruction and/or propagate Treg numbers and function
in vivo. Because there is currently no way to know, other
than testing individual autoantigens or peptides, which
epitopes work therapeutically and why, it is imperative to
identify more T-cell epitopes. Humanized mouse diabe-
tes models have begun to greatly facilitate the discovery
of human HLA-specific epitopes. Most importantly,
however, we will have to learn more about the precise
mechanisms that operate in healthy subjects and why and
how they have failed in patients.
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