765

Dendritic cells: inciting and inhibiting autoimmunity

Shannon J Turley

Dendritic cells are considered the most influential antigen
presenting cells in the body because of their unique role in
initiating immunity against threatening antigens. Recent studies
addressing the consequences of self-antigen presentation by
dendritic cells revealed the unexpected ability of these antigen
presenting cells to inhibit T cell-mediated autoimmune
diseases. The specific mechanisms by which dendritic cells
suppress immune responses have been explored during the
past year. These efforts indicate that extrathymic dendritic cells
control autoimmunity by inducing peripheral T cell tolerance, a
function intimately linked to their state of maturation.

Address

Department of Inmunology and Immunogenetics, Joslin Diabetes
Center, Harvard University Medical School, One Joslin Place, Boston,
MA 02215, USA

Current Opinion in Immunology 2002, 14:765-770

0952-7915/02/$ — see front matter
© 2002 Elsevier Science Ltd. All rights reserved.

Published online 4 October 2002

Abbreviations
APC antigen presenting cell
DC dendritic cell

EAE experimental autoimmune/allergic encephalomyelitis
IFN interferon

IL interleukin

LCMV  lymphocytic choriomeningitis virus

LN lymph node

RA rheumatoid arthritis

SLE systemic lupus erythematosus

Th T helper

Introduction

Dendritic cells (DCs) are bone marrow-derived antigen
presenting cells (APCs), unrivalled in their capacity for
activating naive and effector T cells. The life history of
DCs unfolds in two main developmental stages, termed
immature and mature. Immature DCs form lattice-like
networks in virtually every tissue where they peruse the
extracellular milieu, avidly endocytosing diverse antigens.
Signaling by select pathogens, pro-inflammatory mediators,
or CD40L, triggers immature DCs to embark on an
irreversible differentiation process that results in mature
DCs displaying remarkable immunostimulatory might.
Before reaching peak maturity, DCs pass through an inter-
mediate stage that is obligatory for LLangerhans cells (I.Cs),
red pulp splenic DCs and bone marrow-derived DCs.
At this stage, DCs exhibit a transitional or semi-mature
phenotype in terms of T'CR ligand and accessory molecule
expression; however, their functional contributions have
not been well characterized. Maturation radically boosts
the immunogenicity of DCs by inducing the stable expression
of peptide-MHC complexes, upregulation of costimulatory
and adhesion molecules, secretion of chemokines and

stimulatory cytokines, and swift migration to ‘T cell zones
of regional lymph nodes (I.Ns). As mature DCs are poised
for the optimal stimulation of naive 'I' lymphocytes [1],
antigen presentation by mature DCs is a critical check-
point in the generation of primary immune responses.

Central tolerance is an imperfect process, thereby allowing
some autoreactive "I lymphocytes to escape riddance in the
thymus. DCs undoubtedly process self-proteins that are
either expressed endogenously or acquired during endo-
cytosis. DC presentation of self-antigens during infection
or tissue injury could lead to the misguided generation
of autoaggressive T' lymphocytes. Despite the presence of
autoreactive lymphocytes in the circulation and the
presentation of self-epitopes by ‘nature’s adjuvant’, most
individuals escape the pathological consequences of
autoimmunity. Thus, extrathymic mechanisms for subduing
the autoreactive lymphocyte repertoire must exist. These
elusive mechanisms are collectively referred to as peripheral
tolerance. Emerging evidence indicates that DCs are
responsible for the establishment of peripheral tolerance as
well as immunity [2]. Genetic or environmental factors that
alter the immunostimulatory capacity of DCs could impair
peripheral tolerance induction leading to the onset of
autoimmune disease.

T'he paradoxical ability of DCs to incite and inhibit
autoimmune disease, as well as their features in autoimmune
tissues, are reviewed here. Recent studies examining the
specific mechanisms by which DCs induce peripheral
tolerance are also discussed.

Dendritic cells provoke and prevent
autoimmune disease

DCs are the only professional APCs capable of provoking
autoimmune disease to date. The transfer of DCs, isolated
from donors with acute autoimmune disease or propagated
in vitro under conditions that induce maturation, generates
a strong T helper (Th)-1 response, eventually culminating
in autoimmune disease [3-7]. This ability is restricted to
DCs that have been exposed to potent maturation stimuli
in the presence of abundant self-antigen. In addition,
chronic maturation of tissue DCs within their native
microenvironment can induce severe organ-specific
autoimmune disease and systemic autoimmunity [8,9].
Therefore, presentation of self-antigens by DCs leads to
autoimmune pathogenesis when the immunogenicity of
the DCs is amplified. Several recent studies have established
that DCs also inhibit autoimmune disease. The protection
elicited by DGCs is generally long lasting, antigen dependent
and transferable, suggesting that DCs prevent autoimmunity
by actively inducing peripheral tolerance [10,11°,12-15]. If
DCs are essential for establishing tolerance to peripheral
antigens, then one might speculate that autoimmune disease



766 Autoimmunity

results from defects in this function of DCs. In examining
the mechanisms of peripheral tolerance induction by DCs, we
might begin to understand how autoimmune disease unfolds.

Controlling autoimmunity by peripheral
tolerance induction

Elimination of autoreactive T lymphocytes

How do the same APCs that mount primary immune
responses and precipitate autoimmunity also inhibit
autoimmune disease? One possibility is that tolerance is
mediated by immature or semi-mature DCs expressing
low levels of 'T" cell-receptor ligands and costimulatory
molecules, whereas immunity is generated by mature DCs
expressing high levels of these molecules. This would
require the presentation of tissue antigens by immature
DCs in secondary lymphoid tissue, a scenario that seems to
conflict with dogma at first glance; however, this idea may
not be at odds with the classical notion of ‘DC migration
upon maturation’ because some DCs migrate on a continuous
basis [16]. Homing of migratory DCs to secondary lymphoid
tissue, in the absence of maturation stimuli, could allow
immature or semi-mature DCs to present tissue antigens
to cognate T cells in a substimulatory context. But do DCs
actually traffic peripheral antigens to regional LNs in the
steady state? For some time it has been known that trans-
port of antigenic cargo is critical for generating immunity
against pathogens that invade non-lymphoid tissues.

Administration of trackable antigens, such as microbes,
contact sensitisers or latex microparticles, revealed that
transport of antigen from non-lymphoid to lymphoid tissue
is facilitated by DCs. Because such procedures inevitably
release pro-inflammatory mediators, they cannot be used
to assess antigen delivery in the steady state. This dilemma
was recently resolved by two studies in which gut- and
skin-restricted antigens were identified within DCs of
nearby LLNs [17,18°]. Indeed, a population of migratory
DCs samples antigens in peripheral tissues and transports
them to draining LNs under homeostatic conditions.

The role of immature DCs in T cell engagement has largely
been ignored for two main reasons: first, immature DCs
are inefficient at antigen processing; and second, their
positioning in peripheral tissues makes an encounter with
naive T cells unlikely. That DCs transport peripheral antigens
to LN in the steady state, however, implies that this process
is carried out by immature DCs, and that antigen presentation
by these cells has immunological consequences. In an impor-
tant investigation, Hawiger ez /. [19°*] addressed these issues
and found that presentation of antigen by DCs in the absence
of inflammation or infection leads to bona fide tolerance.
Soluble antigen was targeted to the MHC class II pathway of
DCs i situ by non-inflammatory measures, using an antibody
specific for a specialized DC endocytosis receptor. Under
these conditions, antigen presentation by DCs prompted a
short proliferative burst of cognate CD4+ T cells followed by
their deletion. The lack of a response to subsequent peptide
immunization indicated that the recipients had been rendered

tolerant. In agreement with a previous report that links
peripheral tolerance to bone marrow-derived APCs, the
Hawiger study established that DCs induce peripheral
tolerance by eliminating autoreactive T cells [20]. In contrast,
when antigen targeting was accompanied by a strong DC
maturation stimulus, such as anti-CD40, the outcome was
converted to immunity. These findings indicate that self-
antigen presentation by immature DCs is pivotal in the
elimination of autoreactive 'T' lymphocytes and that the fate of
any immune response is shaped by the ‘maturity’ of the DC
presenting antigen.

Mature or semi-mature DCs may also contribute to the
maintenance of peripheral tolerance by deleting specific sub-
sets of autoreactive T cells. In an 7z vitro system described by
Albert ez al. [21°], memory CD8* T cells are tolerized by DCs
matured in TNF-o and prostaglandin E2 (PGEZ2), but not
by macrophages or immature DCs. Maturation triggered by
CDA40 signaling, however, changed the outcome from T cell
elimination to cytotoxic T lymphocyte (C'TL) generation.
Thus, the combination of TNF-o0 and PGE2 conditioned
the DCs differently than anti-CD40 treatment, possibly by
providing only partial maturation stimuli or by activating
entirely distinct signal transduction pathways that render the
DC tolerogenic. Whatever the case may be, some degree of
DC maturation may be necessary for peripheral tolerance
induction. It has been hypothesized that autoimmune syn-
dromes result from defects in peripheral tolerance induction.
If mature DCs participate in peripheral tolerance, then
genetic or environmental factors that impair DC maturation
could hinder the suppression of autoreactive 'I" lymphocytes
resulting in unchecked activation of these cells. Interestingly,
blood DCs obtained from patients with autoimmune
diabetes, systemic lupus erythematosus (SLLE), Grave’s
disease and multiple sclerosis (MS), as well as individuals at
risk of diabetes, exhibit a relatively immature phenotype
[22-26]. When compared with healthy controls, DCs derived
from patient blood were impaired in T cell stimulation
and generally expressed lower levels of costimulatory
molecules. Alternatively, semi-mature DCs may be required
for the induction of regulatory cells, suggesting that
functionally impaired DCs underlie immunoregulatory
defects in autoimmune patients.

Finally, peripheral tolerance might be mediated by a
specialized subset of DCs in secondary lymphoid tissue
that constitutively expresses and presents peripheral
antigens for the purpose of perpetual elimination of
autoreactive T cells. Pugliese ¢z a/. [27°] recently identified
a small subset of spleen DCs expressing pancreatic islet-
specific antigens. Intriguingly, apoptotic lymphocytes were
found in close proximity to DCs expressing self-antigen,
suggesting that this DC population may induce T cell
tolerance by direct induction of programmed cell death.

Altering the effector functions of T cells
DCs also induce peripheral tolerance by generating regu-
latory T" cells that impede the functions of effector T cells



through suppressive cytokines or a contact-dependent
mechanism [28]. IL-10-producing CD4+ and CD8* regulatory
T cells can be induced by immature DCs [29,30°°,31°°]. It
has been proposed that peripheral tolerance is maintained
by immature DCs presenting antigens that are captured
during normal cellular turnover, although no convincing
link has been made between the presentation of apoptotic
material and the induction of regulatory T' cells by DCs
[32]. A role for this form of tolerance induction was recently
investigated in a model of autoimmune diabetes. Here, the
induction of regulatory T cells by immature DCs correlated
with disease prevention [33°°]. Importantly, protection
from diabetes appeared to be dependent on presentation
of antigen derived from apoptotic B cells. DCs at an inter-
mediate stage of maturation are also equipped to inhibit
experimental autoimmune encephalomyelitis (EAE)
through CD4+ T regulatory cell induction [11°].

Control of immunity by DCs is no doubt affected by
costimulation and hence by the external factors that affect
costimulatory molecule expression. Systemic administra-
tion of IL-4 inhibits both spontancous and virus-induced
diabetes. IL.-4 prevents diabetes in non-obese diabetic
mice by generating a Th2 response in a typically patho-
genic Thl environment [34]. The specific mechanism by
which IL-4 inhibits lymphocytic choriomeningitis virus
(LCMV)-induced diabetes was recently explored. King ez a/.
[35°¢] found that I1.-4, selectively expressed in B cells, acts
directly on local DCs by differentially altering expression
of B7 molecules. Exposure of DCs to 11.-4 caused CD80
levels to decrease and CID86 levels to increase, a combination
that suppressed the effector function of pathogenic CD8*
T cells. Thus, costimulatory molecule engagements at the
DC-T cell interface counter-regulate the effector function
of autoreactive 'I' cells. Similarly, blockade of CD40L
protects mice from several autoimmune diseases. In an
attempt to elucidate the mechanism by which anti-CD40L
treatment inhibits virus-induced diabetes, Homann ez /.
[36°°] characterized a novel population of DCs that
expanded in the spleens of LCMV-infected mice following
anti-CD40L treatment. This unique cell population,
which also displays features of natural killer (NK) cells and
macrophages, completely inhibited diabetes upon transfer.
Although the specific role of these regulatory DCs has not
been resolved, it is intriguing to speculate that they counter-
regulate the function of pathogenic CD8* T cells because
they express high levels of B7-2 and low levels of B7-1.

Dendritic cell physiology in autoimmune tissues
Our understanding of the role of DCs in autoimmune dis-
ease stems, in part, from direct examination of these APCs
in tissues of autoimmune subjects. DCs have been detected
in lesions associated with numerous autoimmune diseases,
including diabetes, rheumatoid arthritis (RA), psoriasis,
EAE, thyroiditis, Sjogren’s syndrome and SLE, and they
are among the first cells to infiltrate target organs [37-44].
Unique functions of DCs in autoimmune tissues may
coordinate the recruitment and/or activation of other
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immune players [8,45]. For example, abnormal chemokine
secretion by DCs in tissues of nephritic mice preferentially
acts on B1 cells, which may trigger autoantibody production
in lupus [46°].

The origin of DCs in autoimmune lesions may illuminate
their specific role(s) in autoimmune pathology. Although
DCs in autoimmune lesions are primarily mature, it is
unclear whether they arrive as fully mature cells or as DC
precursors that undergo differentiation upon contact with
specific tissue factors [8,38,39,47]. Santiago-Schwarz ez al.
[48] explored the composition of DCs in autoimmune
synovial fluid and found that multiple stages of DC
development were represented. In addition to mature DCs,
they detected proliferating CD34-CD33* myeloid progenitors
that gave rise to non-proliferating myelodendritic progenitors.
Interestingly, RA synovial fluid promoted differentiation of
myelodendritic progenitors into functionally mature DCs
in vitro; however, this was not the case when myelodendritic
progenitors were cultured with synovial fluid from
osteoarthritic patients or with normal human serum, or
when CD34+ progenitors were cultured with RA synovial
fluid. Thus, autoimmune synovial fluid contains factors
that attract myelodendritic progenitors and promote their
differentiation into mature DCs.

Likewise, Blanco ¢ /. [49°] demonstrated that serum from
SLE patients enhanced monocyte differentiation into
immunostimulatory DCs and that this potential correlated
directly with disease activity. IFN-o, which is elevated in
the blood of patients with SLE, RA, Sjogren’s syndrome
and scleroderma, was the culprit driving DC development
from monocytes. Paradoxically, the overall numbers of
myeloid DCs, their monocyte precursors, and IFN-o-
producing plasmacytoid DCs in patient blood were
reduced. A decrease in blood DCs could be accounted for
by augmented migration to tissues, as seen in murine
lupus [46°,50]. Abnormalities in myeloid DC development
and maturation have also been observed in murine models
of diabetes and lupus [51-56]. Unfortunately, the reports
are not in agreement with each other, preventing a general
consensus from being reached. Elucidating these putative
defects in myelopoiesis will be critical for understanding
DC differentiation in autoimmune disease.

Conclusions

Our understanding of DCs and their roles in autoimmune
disease has broadened in several ways this past year. We
have learned that DCs not only promote immunity but
also mediate peripheral T cell tolerance by direct elimina-
tion, T regulatory cell induction or counter-regulation.
"Tolerance can be induced by adoptive transfer of immature
or semi-mature DCs, or by DCs presenting self-antigens
under steady state conditions; however, the functional
attributes that distinguish a tolerogenic from an
‘autoimmunogenic’ DC have yet to be defined. The
efficacy of DCs in inducing peripheral tolerance may
be useful for the treatment of ongoing human autoimmune
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conditions and preventing autoimmune disease onset in
disease-prone subjects.

Studies of subjects with acute autoimmune disease
indicate that DCs in autoimmune lesions exhibit an
altered mature phenotype, whereas DCs obtained directly
from blood or differentiated from blood precursors exhibit
developmental defects as well as an altered immature
phenotype; however, whether these alterations are causes
or effects of autoimmune disease remains unclear. Taken
together, these studies demonstrate that DCs are extremely
versatile APCs capable of actively subduing autoimmunity
under homeostatic or immunosuppressive conditions and
mounting protective immunity during infection or inflam-
mation. Autoimmune disease may arise when peripheral
tolerance mechanisms are disrupted or when the immuno-
genicity of DCs is aimed at self-antigens.

Update

A specific role has been identified for the enigmatic CD4+
DC population in controlling autoimmune disease. In
contrast to their CD8* counterparts, which trigger auto-
immunity via robust IL.-12 production, splenic CD4+ DCs
reverse CNS homogenate-induced EAE [57°°]. CD4+ DCs
that have internalized aggregated Ig-MOG via FcyRI
suppress autoimmunity by secreting IL-10.
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