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Immunoregulation of Dendritic Cells

Mark A Wallet, Pradip Sen, PhD, and Roland Tisch, PhD

The paradigm of tolerogenic/immature versus inflammatory/mature dendritic cells has dominated
the recent literature regarding the role of these antigen-presenting cells in mediating immune
homeostasis or self-tolerance and response to pathogens, respectively. This issue is further
complicated by the identification of distinct subtypes of dendritic cells that exhibit different
antigen-presenting cell effector functions. The discovery of pathogen-associated molecular
patterns and toll-like receptors provides the mechanistic basis for dendritic cell recognition of
specific pathogens and induction of appropriate innate and adaptive immune responses. Only
recently has insight been gained into how dendritic cells contribute to establishing and/or
maintaining immunological tolerance to self. Soluble and cellular mediators have been reported
to effectively regulate the function of dendritic cells by inducing several outcomes ranging from
non-inflammatory dendritic cells that lack the ability to induce T lymphocyte activation to
dendritic cells that actively suppress T lymphocyte responses. A thorough discussion of these
stimuli and their outcomes is essential to understanding the potential for modulating dendritic
cell function in the treatment of inflammatory disease conditions.
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Dendritic cells have long been recognized as highly potent
antigen-presenting cells. Upon activation, dendritic cells process
and present antigens and express high levels of costimulatory
and major histocompatibility complex (MHC) molecules, in
addition to secreting various cytokines and chemokines which
initiate and/or enhance many T and B lymphocyte responses.1

These responses include: 1) induction of CD4+ T lymphocyte
type 1 and type 2 subset differentiation,1-3 2) CD8+ T lymphocyte
activation and enhancement of cytotoxic T lymphocyte activity4

and 3) B lymphocyte maturation, Ig class-switching and
antibody production.5,6 Only recently, however, has the
tremendous versatility of dendritic cells become apparent.
Beyond simple antigen capture, presentation and costimulation,
dendritic cells play a unique role in tailoring selective immune
responses to individual classes of pathogens.7,8 Additionally,
dendritic cells are important mediators of peripheral immune
tolerance and maintenance of immune homeostasis.9 In the past,
these contrasting roles of dendritic cells have been described
primarily as a function of maturation where immature dendritic
cells were largely considered to be non-inflammatory or
tolerogenic, but mature dendritic cells were considered capable
of eliciting proinflammatory responses. Although generally
correct, this paradigm is now proving to be too simple.

Dendritic cells arising from myeloid- or lymphoid-derived
precursors exhibit an immature phenotype characterized by a
high phagocytic capacity and low expression of costimulatory
molecules such as CD40, CD80 and CD86.10 The many
phagocytic receptors of dendritic cells allow ingestion of a
wide variety of antigens including microbial pathogens or
necrotic tissue laden with microbial antigens. Adhesion to, and
phagocytosis of microbes by dendritic cells are dependent on
several receptors including CD14, scavenger receptor-A 
(SR-A)11 and the Fc receptors (FcR): FcγR1, FcγR2b and
FcγRIII.12-14 These pathways of phagocytosis lead to antigen
processing mechanisms that load microbial peptides typically
onto MHC class II for presentation to CD4+ T lymphocytes.
Notably, dendritic cells defined by expression of CD8α are
also efficient in shuttling phagocytosed antigens into the MHC
class I pathway and presentation to CD8+ T lymphocytes.15,16

Upon phagocytosis and subsequent activation, dendritic cells
found residing in peripheral tissues traffic to the draining
lymph nodes, undergo further maturation, and present to and
stimulate T lymphocytes specific for the cognate peptide.

Several factors can induce dendritic cell maturation and
promote a proinflammatory phenotype. For example,
pathogen-associated molecular patterns-containing
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components of bacteria, viruses and parasites, such as
lipopolysaccharides, peptidoglycans, CpG motifs, flagella
and viral nucleic acids, induce toll-like receptor signaling
which results in dendritic cell maturation.17 Maturation of
dendritic cells is crucial for the induction of T lymphocyte
immunity as demonstrated by Hugues et al.18 This group
determined that dendritic cell maturation due to
inflammatory stimuli, such as lipopolysaccharide, results in
prolonged contacts between dendritic cells and T
lymphocytes. The kinetics of this interaction differ from those
observed for immature dendritic cells in which only short-term
contacts with T lymphocytes are established. Interestingly,
the extended contact between T lymphocytes and mature
dendritic cells resulted in efficient T lymphocyte activation
and proliferation not observed with immature dendritic cells.
It is likely that the kinetics of dendritic cell/T lymphocyte
interactions, along with dendritic cell phenotype (i.e.,
costimulatory molecule and cytokine expression) together
determine whether immunity or tolerance is established. In
addition to the kinetics of T lymphocyte interaction, dendritic
cell maturation is crucial for appropriate migration to lymph
nodes. Dendritic cells, which are matured by inflammatory
stimuli in the periphery, become highly motile and readily
migrate to local lymph nodes. Once in a lymph node, these
mature dendritic cells settle within a network of unactivated
dendritic cells near the T lymphocyte rich regions. This
selective migration allows the dendritic cells to interact with
vast numbers of T lymphocytes, thus enhancing T lymphocyte
priming and activation.19

Toll-like receptor expression by dendritic cells serves
multiple purposes. First, bodies that are phagocytosed in the
presence of toll-like receptor signaling enter a specific
phagosome maturation pathway. This pathway results in
enhanced degradation of the engulfed material and efficient
presentation of antigens.20 Secondly, dendritic cell subsets
express unique repertoires of toll-like receptors, allowing for
specialized responses to each class of pathogen.8 For
instance, plasmacytoid dendritic cells uniquely express TLR9
and TLR7 which allow plasmacytoid dendritic cells to
respond to viral CpG DNA21,22 and viral single stranded

RNA, respectively. However, plasmacytoid dendritic cells do
not express TLR4 and therefore respond to lipopolysaccharide
relatively weakly. In plasmacytoid dendritic cells, TLR9
ligation results in high production of type I interferons (IFN-α
and IFN-β) promoting plasmacytoid dendritic cell survival and
increased MHC expression by neighboring antigen-presenting
cells, thus enhancing anti-viral immunity. Through selective
toll-like receptor expression, plasmacytoid dendritic cells are
able to mount appropriate anti-viral responses. Meanwhile,
responses to bacterial infections may primarily be mediated
by CD11c+CD11b+ myeloid dendritic cells that express
TLR4. Throughout the dendritic cells family, engagement of
the various toll-like receptors results in production of several
proinflammatory cytokines, including type I interferons,
tumor necrosis factor (TNF)-α, IFN-γ, IL-12 and IL-1.8 These
unique responses, tailored by each dendritic cell subset, serve
to enhance innate immune responses at the site of
inflammation and guide adaptive immunity. The
characteristics of murine dendritic cell subsets have been
thoroughly reviewed by Wilson and O’Neill23 and are
summarized in Table 1.

The above pattern-response mechanisms driving
inflammation and adaptive immunity to pathogens have
established a paradigm for recognition of non-self molecules.
Overlooked until recently, however, is the role dendritic cells
play in preventing autoreactivity and/or tolerizing existing
autoreactive T cells. Therapies for autoimmune disorders and
anti-graft rejection treatments have traditionally relied upon
broadly immunosuppressive drugs, such as corticosteroids.
Currently, strategies are being developed whereby individual
cell types, such as dendritic cells, can be manipulated ex vivo
to induce immune tolerance in a more antigen-specific
manner. For the purpose of this review, we will focus on key
soluble and cellular immunoregulators that are relevant in
vivo, and which effectively promote a “tolerogenic”
phenotype in dendritic cells. The discussion will include the
cytokines IL-10 and transforming growth factor-beta (TGF-β),
in addition to the role of apoptotic cells and signaling
molecules such as CD80, CD86 and CD200R in dendritic cell
immunoregulation. While not inclusive of the many
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Dendritic cell subset Markers Function

Myeloid CD11c+CD205-CD11b+ Located in splenic marginal
CD8α-CD4+/- zones. Efficient stimulation of 

CD4+ and CD8+ T cells. Favor 
Th2 differentiation during 
inflammatory conditions.

Lymphoid CD11c+CD205+CD11b- Efficiently cross-present
CD8α+CD4- exogenous antigens to CD8+ CTL. 

Favor Th1 differentiation during
inflammatory conditions. Maintain 
cross-tolerance to self antigens.

Plasmacytoid CD11c+CD11b-B220+ Possibly contribute to peripheral
GR1+/- self-tolerance. Mediate anti-viral

responses through production of IFN-α.

Table 1. Multiple subsets of murine splenic dendritic cells perform specialized functions.20
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mechanisms of dendritic cell immunoregulation, these topics
capture the diversity of dendritic cell immunoregulation and
highlight potential targets for new therapies.

Immunoregulation of Dendritic Cells by IL-10
The local cytokine environment is an important contributor to
the establishment of dendritic cell phenotype. IL-10, a major
anti-inflammatory cytokine, is produced predominantly by T
lymphocytes, monocytes, and macrophages.24 Treatment of
immature dendritic cells with IL-10 in vitro induces an
immunoregulatory phenotype that results in inhibition of
CD4+ and CD8+ T lymphocyte reactivity in an antigen-specific
manner.25-27 Among CD4+ T lymphocytes, both Th1 and Th2
responses can be inhibited by IL-10 treated dendritic cells.28

Similarly, IL-10 treated dendritic cells mediate tolerance
within CD8+ cytotoxic T lymphocytes.

IL-10 pretreatment effectively inhibits maturation of
immature dendritic cells. Upon lipopolysaccharide
stimulation, human and murine IL-10 treated dendritic cells
fail to 1) secrete proinflammatory cytokines including IL-1β,
IL-6, IL-12p70, and TNF-α, 2) upregulate expression of
costimulatory molecules such as CD40, CD80 and CD86 and
3) induce T-lymphocyte proliferation in allogeneic mixed
lymphocyte reactions.27-31 Studies have demonstrated,
however, that the tolerogenic effect of IL-10 treated dendritic
cells is not simply due to decreased cytokine production or
costimulatory molecule expression. Manavalan et al.32

reported that IL-10 treatment induced upregulation of the
inhibitory immunoglobulin-like transcript 3 (ILT3) and ILT4
(LIR-2) molecules on the surface of human peripheral blood
mononuclear cell-derived dendritic cells. Importantly, IL-10
treated dendritic cells no longer induced T lymphocyte anergy
upon treatment with blocking antibodies specific for ILT3 and
ILT4. Furthermore, murine fibroblast L transfectants
expressing ILT4 induced T lymphocyte proliferation,
suggesting that the inhibitory effect of ILT4 is in fact dendritic
cell-specific.33 Evidence indicates that engagement of ILT4
by T lymphocytes promotes signaling within dendritic cells
necessary for establishing an immunoregulatory phenotype.
Interestingly, lipopolysaccharide stimulation of dendritic cells
has also been found to elicit production of a soluble ILT4
molecule that enhances T lymphocyte activation. Soluble
ILT4 may competitively block T lymphocyte binding of
membrane bound ILT4 to favor a stimulatory dendritic cell
phenotype. On the other hand, IL-10 treated dendritic cells
upon lipopolysaccharide treatment fail to express soluble
ILT4 which would be expected to further promote the
tolerogenic capacity of IL-10 treated dendritic cells.33

Interestingly, donor dendritic cells expressing ILT3 and ILT4
are associated with reduced rejection of murine heart
transplants.34 The immunoregulatory properties of IL-10
upon dendritic cells are summarized in figure 1.

Although ineffective at mediating T lymphocyte activation,
Nolan et al.35 demonstrated that murine IL-10 treated
dendritic cells maintain the capacity to elicit innate immune
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Figure 1. IL-10 induces immunoregulation of dendritic cell
maturation. (A) Lipopolysaccharide promotes T cell activation.
When immature dendritic cells encounter inflammatory stimuli,
such as lipopolysaccharide, maturation ensues. NF-κB is
activated, translocated to the nucleus and transcription of multiple
genes is induced. Costimulatory molecules CD80 and CD86,
inflammatory cytokines (IL-6, IL-1β, TNF-α and IL-12p70) and
soluble ILT4 (soluble LIR2) are produced which support activation
of T cells. (B) IL-10 blocks the effects of lipopolysaccharide upon
dendritic cells. IL-10 produced by monocytes, TH2 cells and Tr1
cells induces PI3K and signal transducer and activator of
transcription (STAT)-3 activation by dendritic cells. PI3K activation
results in blockade of NF-κB activation and STAT-3 blocks binding
of NF-κB to the IL-12p40 promoter. Consequently, differentiation of
Th1 T lymphocytes is inhibited. Additionally, IL-10 inhibits
production of soluble ILT4 favoring expression of membrane
bound ILT4. Ligation of dendritic cell membrane bound ILT4 by 
T lymphocytes induces a regulatory dendritic cell phenotype that
induces Tr1 differentiation.

A

B
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responses to microbial pathogens. Following stimulation with
lipopolysaccharide of IL-10 pretreated dendritic cells, the
authors demonstrated unaffected or upregulated production
of proinflammatory molecules DCIP-1, MIP-2, CXCL-4,
CXCL-5, IL-1 and phagocytosis-associated protein by
application of reverse transcription-polymerase chain
reaction and serial analysis of gene expression. These factors
typically enhance recruitment and activation of neutrophils
and phagocytosis of microbial debris, both of which are
essential components of innate immunity. Consequently, IL-10
treated dendritic cells continue to mediate a proinflammatory
response and clearance of pathogens. This work has helped to
establish a paradigm whereby dendritic cell tolerance may
simply not be a question of “on versus off ” but rather
“adaptive versus innate.” Future analysis of transcriptional
regulation induced by IL-10 may shed light upon the
molecular switches that induce global changes in the ability
of dendritic cells to mediate specific responses.

IL-10 clearly induces phenotypic changes in dendritic cells,
but the signaling events mediating these outcomes remain
largely unknown. Recent findings indicate that IL-10 can
induce phosphoinositol-3 kinase and signal transducer and
activator of transcription 3-dependent inhibition of NF-κB
function30,36 in dendritic cells. NF-κB is a key transcription
factor that regulates various aspects of dendritic cell
development, maturation and effector function including
MHC expression, IL-12 and TNF-α production.
Phosphoinositol-3 kinase activation in response to IL-10
treatment results in downstream blockade of NF-κB
activation.30 Notably, the inhibitory effect of IL-10 on
dendritic cells in vitro is generally detected only after 12 to 24
hours of pretreatment.30 The latter indicates de novo synthesis
of protein(s), which is necessary to block NF-κB activation
by stimuli such as lipopolysaccharide and CD40 engagement.
Additionally, signal transducer and activator of transcription-3
activation in response to IL-10 results in direct inhibition of
NF-κB binding to the IL-12p40 promoter sequence.36

Importantly, the effects of IL-10 on signaling are distinct
between macrophages and dendritic cells, and possibly
between subsets of dendritic cells. Further research into the
signaling mechanisms that control immunoregulatory
dendritic cell differentiation is warranted.

The many observations that IL-10 modulates dendritic cell
effector function in a tolerogenic manner have spurred studies
to assess the efficacy of using IL-10 treated dendritic cells to
treat inflammatory disorders. Initial results have been
promising and suggest that so-called dendritic cell “vaccines”
may be useful in the treatment of various autoimmune
diseases and prevention of allogeneic organ graft
rejection.37,38 In addition, groups have engineered dendritic
cells to express high levels of IL-10. Upon adoptive transfer,
such dendritic cells preferentially traffic to sites of
inflammation enhancing the anti-inflammatory properties of
IL-10. For example, Coates et al.37 transduced human
myeloid dendritic cells with an adenoviral recombinant

encoding IL-10 gene (AdvIL-10) which upon transfer into a
humanized non-obese diabetic (NOD) scid mouse model
effectively protected human skin grafts.

The Role of TGF-ß1 in Regulating Dendritic Cells
TGF-β1 belongs to a well-defined multipotent cytokine
family known to regulate several patho-physiological events.
TGF-β of T lymphocyte, monocyte/macrophage or
granulocyte origin is typically detected at sites of
inflammation.39 Among the three isoforms of TGF-β, TGF-β1
exhibits the broadest spectrum of biological activities.
Notably, TGF-β1 promotes early dendritic cell development
in vitro and suppression of immature dendritic cell activation
and maturation.40,41 For example, TGF-β1 inhibits
upregulation of the costimulatory molecules CD83 and CD86
in humans42 and CD80 and CD86 in mice,43 thereby reducing
the efficacy of dendritic cells to stimulate T lymphocytes.

One mechanism that contributes to impaired capacity of 
TGF-β1-treated dendritic cells for T lymphocyte stimulation
may be the down-regulation of key immunomodulatory
receptors. Mou et al.44 observed that in vitro treatment of
murine bone marrow-derived dendritic cells with TGF-β1
resulted in decreased expression of TLR4. This finding correlated
with reduced sensitivity to lipopolysaccharide-induced
maturation. Interestingly, Tada et al.45 found that TGF-β
treatment of murine Langerhans cells or bulk splenic CD11c+

dendritic cells inhibited the ability of these cells to produce
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Figure 2. TGF-β1 modulated dendritic cell phenotype and T
lymphocyte activation. TGF-β1 is produced by monocytes or
macrophages, T lymphocytes or granulocytes, or is provided
exogenously as a means of immunotherapy. Dendritic cells
that encounter TGF-β1 down-regulate expression of CD80,
CD86, TLR4 and, importantly, CCR7. Low expression of
CCR7 inhibits MIP-3β-induced migration to lymph nodes.
Therefore, T lymphocyte stimulation is inhibited.
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IL-6 and IL-12 in response to lipopolysaccharide. The
inability to recognize proinflammatory microbial products
combined with decreased signaling capacity likely renders
TGF-β1-treated dendritic cells ineffective in driving T
lymphocyte immunity.

Additionally, TGF-β1 affects the trafficking of mature
dendritic cells (figure 2). For example, Ogata et al.46 reported
that TGF-β1 inhibits dendritic cell expression of the
chemokine receptor CCR7. CCR7 is a key receptor for
dendritic cell migration in response to the chemokines CCL19
(MIP3β) and CCL21. Dendritic cells lacking expression of
CCR7 due to the introduction of a null mutation in mice
cannot migrate to lymph nodes in response to MIP3β or
CCL21.47 Similarly, TGF-β1 conditioned dendritic cells are
impaired in their ability to migrate to lymph nodes in response
to inflammatory chemokines and T lymphocyte stimulation is
subsequently inhibited. The molecular targets of TGF-β1
mediated suppression in dendritic cells remain ill defined.
One such target, however, appears to be the transcription
factor RunX3. For example, dendritic cells lacking expression
of RunX3 are resistant to the immunoregulatory effects of
TGF-β1.48

Several strategies of immunotherapy have focused on the
immunoregulatory properties of TGF-β1 upon dendritic cell
maturation and effector function. Yarilin et al.49 employed
TGF-β1-treated dendritic cells to successfully suppress
experimental autoimmune myasthenia gravis, an animal
model of myasthenia gravis. Both experimental autoimmune
myasthenia gravis and myasthenia gravis pathologies are the
result of T lymphocyte-dependent antibody responses to the
acetylcholine receptor. Adoptive transfer of splenic dendritic
cells pretreated with TGF-β1 to Lewis rats immunized with
acetylcholine receptor protein effectively suppressed ongoing
experimental autoimmune myasthenia gravis, resulting in reduced
mortality and a diminished frequency of anti-acetylcholine
receptor antibody producing cells. Others have utilized 
TGF-β1-expressing adenoviral vectors to modify dendritic
cell function. These studies have consistently reported the
ability of adenoviral vector-transduced dendritic cells to
inhibit syngeneic and allogeneic T cell responses.50,51 This
inhibition includes dominant suppression of allogeneic CD4+

and CD8+ T effectors that have been primed by untreated
dendritic cells.52

Dendritic Cells and Immune Homeostasis – The Role
of Apoptotic Cells
Dendritic cell activation is typically referred to in the context
of a response to pathogens. Unperturbed environments foster
maintenance of immature dendritic cells, while microbial
pathogens induce differentiation to a specific mature/activated
phenotype. This representation of dendritic cell life cycle
accurately represents a portion of immune regulation, but the
model fails to address the activity of dendritic cells under
homeostatic conditions. Multicellular organisms constantly
harbor a mixed balance of viable, apoptotic and necrotic

tissues. The continual exposure to self-antigen necessitates
appropriate regulation of dendritic cell maturation and effector
function in order to maintain immunological tolerance.

The clearance of apoptotic cells in vivo is carried out by
multiple phagocytes, including macrophages, neutrophils and
dendritic cells. In the case of dendritic cells, it is only
immature cells that are capable of apoptotic cell phagocytosis.
Binding and ingestion of apoptotic cells by immature
dendritic cells is mediated by a group of receptors, including
phosphatidylserine receptor,53 αVβ5 integrin,15 complement
receptor C1qR and the receptor tyrosine kinase MerTK.54

In general, when dendritic cells encounter apoptotic cells, a
non-inflammatory and tolerogenic phenotype typical of
immature dendritic cells is observed.55 For example, Stuart et
al.56 showed that dendritic cells pretreated with apoptotic
cells exhibited a reduced capacity to produce IL-12p70 upon
stimulation. Interestingly, the effect was selective in that
secretion of TNF-α was unaltered. Immature dendritic cells
treated with apoptotic cells also exhibit an impaired capacity
to stimulate T lymphocytes. Additionally, Kim et al.57 have
demonstrated that phosphatidylserine from apoptotic cells
induces regulation of dendritic cell activation. Downstream
events following apoptotic cell contact or phosphatidylserine
contact with dendritic cells resulted in inhibition of IL-12p35
transcription and thus IL-12p70 synthesis. Notably,
lipopolysaccharide treatment is unable to overcome the
tolerogenic phenotype, indicating the effect of apoptotic cells
is long-lasting and relatively stable.55 As a result, activation of
dendritic cells carrying the remnants of apoptotic cells is
effectively prevented. Takahashi and Kobayashi58 reported
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Figure 3. Apoptotic cells induce immunoregulation and tolerance
induction through dendritic cells. Dendritic cells scavenge tissues
for microbes and dying tissue. Apoptotic cells induce PI3K
dependent signaling resulting in inhibition of NF-κB translocation
and costimulatory molecule (CD80/86) expression. Production of
IL-6, TGF-β and IL-12p40 ensue. IL-12p40 homodimers inhibit the
effects of IL-12p70 upon T lymphocytes, effectively inhibiting Th1
induction. Apoptotic cells induce a lasting inhibitory effect which
renders dendritic cells refractory to lipopolysaccharide-induced
stimulation of Th1 lymphocytes.
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Figure 4. CTLA-4 and CD28 induce divergent outcomes in
dendritic cell maturation. Regulatory T lymphocyte cells
expressing CTLA-4 ligate CD80 on dendritic cells inducing STAT-1
activation, IFN-γ and IDO production. IDO catalyzes the
breakdown of tryptophan resulting in T lymphocyte activation
followed by rapid induction of apoptosis. In contrast, activated 
T lymphocytes expressing CD28 induce activational signals
through CD80/CD86. Receptor ligation induces p38 MAPK and
NF-κB activation. IL-6 and IFN-γ are then produced. IL-6 induces
a dominant antagonistic effect upon IDO production. Dendritic
cells are now capable of inducing T lymphocyte activation and
proliferation.

that, in addition to maintaining an immature phenotype,
exposure to apoptotic cells induced the expression of IL-6 and
IL-12p40 further enhancing the tolerogenic function of the
dendritic cells. Apoptotic cell-induced IL-6 secretion by
dendritic cells functions in an autocrine manner to block
further maturation of dendritic cells. For example, activation
of signal transducer and activator of transcription-3 following
IL-6 pretreatment blocks lipopolysaccharide-induced
upregulation of CD80, CD86, CD40, and MHCII thereby
reducing the T lymphocyte stimulatory capacity of the dendritic
cells. Furthermore, IL-6 has been reported to suppress TNF-α
and peptidoglycan-mediated activation and maturation of
dendritic cells. On the other hand, secretion of significant
levels of IL-12p40 results in formation of IL-12p40
homodimers which competitively inhibit IL-12p70 binding to
the IL-12 receptor on T lymphocytes.59 Consequently,
differentiation of naïve T lymphocytes into type 1 effectors is
suppressed (figure 3).

Sauter et al.60 have described how phagocytosis of apoptotic
cells by dendritic cells affects cross-presentation of self-antigens
to CD8+ T lymphocytes. Employing human dendritic cells
and apoptotic versus necrotic 293 tumor cells, the importance
of the mode of death of the phagocytosed cells was initially
defined. Necrotic, but not apoptotic 293 cells induced
dendritic cell maturation based on upregulation of CD83 and
dendritic cell-lysosome-associated membrane glycoprotein.

Furthermore, pulsing dendritic cells with necrotic allogeneic
splenocytes resulted in a mixed lymphocyte reaction. In
contrast, apoptotic allogeneic splenocytes failed to induce a
significant mixed lymphocyte reaction. Furguson et al.61

demonstrated the potent effects of apoptotic cells on dendritic
cell effector function in vivo. Injection of apoptotic
splenocytes coupled with trinitrophenol blocked in vitro recall
responses to the hapten. Importantly, CD11c+CD8α+

dendritic cells were identified as the critical effectors for
inducing the immune tolerance to apoptotic cell antigens.

The above observations are further supported by studies
demonstrating that dendritic cell function is regulated by
apoptotic cells. Stuart et al.56 demonstrated that apoptotic
cells directly inhibit dendritic cell responses to bacterial
endotoxin. The observed inhibition of IL-12p70 production
and CD86 expression was not due to autocrine production of
IL-10 or TGF-β suggesting the existence of direct signaling
mechanisms of dendritic cells that respond to apoptotic cell
binding. Xu et al.62 showed the therapeutic potential of
apoptotic cell induced tolerance of dendritic cells in a murine
model of organ transplantation. Autologous dendritic cells
were loaded with apoptotic cells from allogeneic cardiac graft
donors. When apoptotic cell-treated dendritic cells were
administered to the organ recipients, graft survival was
enhanced. In contrast, Basu et al.63 demonstrated that
necrotic, but not apoptotic cells, induced dendritic cell
activation and maturation in an NF-κB-dependent manner.
This balance in dendritic cell reactivity allows the peripheral
immune system to continually monitor tissues for signs of
death and mount the appropriate responses. The importance
of dendritic cells in clearance of apoptotic cells and the
maintenance of immune homeostasis are highlighted in
autoimmune diseases, such as systemic lupus erythematosus.
While not wholly causal for systemic lupus erythematosus,
failure to effectively clear apoptotic cells contributes to the
severity of disease.64

We have recently undertaken studies to describe the signaling
mechanisms responsible for apoptotic cell-induced dendritic
cell tolerance. Initial results suggest that apoptotic cells block
proinflammatory stimuli through inhibition of the NF-κB
pathway. Specifically, in murine bone marrow-derived or
splenic dendritic cells, pretreatment with apoptotic cells for
0.5 to 3 hours inhibits activation of IκB kinase and
downstream NF-κB induced by lipopolysaccharide or CD40
engagement. By targeting the NF-κB pathway, which is
critical for gene expression associated with dendritic cell
activation and maturation, apoptotic cells effectively
immunoregulate dendritic cell phenotype and function.
Further analysis of the processes that mediate immune
homeostasis by apoptotic cells will help define defects that
contribute to autoimmunity, in addition to the development of
rational modalities of immunotherapy for prevention and/or
treatment of autoimmunity and other proinflammatory
diseases.
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Signaling via CD80 and CD86 Regulates Dendritic
Cell Activation/Maturation
T lymphocyte activity is frequently viewed as being dependent
on interaction with dendritic cells or other antigen-presenting
cells. Upon a cognate interaction, however, engagement by T
lymphocytes of various cell surface molecules also induces
signals that affect dendritic cell activation and/or maturation.
For example, ligation of CD40 by CD40L expressed on the
surface of T lymphocytes delivers a potent activational signal
for dendritic cells.65-68 More recently, signals delivered by the
costimulatory molecules CD80 and CD86 have been shown to
modulate dendritic cell activation and effector function.69

Regulatory T lymphocytes express the surface molecule
CTLA-4 which binds CD80 (and CD86) with high affinity.68

Following a cognate interaction between regulatory T
lymphocytes and dendritic cells, CD80 was induced which
included signal transducer and activator of transcription-1
activation and subsequent secretion of IFN-γ.71 IFN-γ has an
immediate autocrine effect upon dendritic cells, resulting in
the secretion of the enzyme indoleamine 2,3-dioxygenase
(IDO).72 IDO is an enzyme that catalyzes the breakdown of
the amino acid tryptophan into N-formyl-kynurenine and
various downstream metabolites. Importantly, depletion of
tryptophan in the surrounding milieu has a profound effect
upon T lymphocytes which can be reversed experimentally by
provision of exogenous tryptophan.73,74 T lymphocytes
stimulated by peptide/MHC presented by IDO-producing
dendritic cells undergo activation and then rapid cell death via
apoptosis75 (figure 4).

As is the case for most mechanisms of immune deviation,
CTLA-4 induced tolerance can be countered. In a fashion
quite similar to the CTLA-4/CD80 signaling axis, activated T
lymphocytes provide dendritic cells with a proinflammatory
feedback stimulus. Expression of CD28 by activated T
lymphocytes serves to ligate CD86 on dendritic cells.76 This
interaction induces a signaling cascade that results in p38
MAPK and NF-κB activation.71 Subsequently IFN-γ and IL-6
are produced. In this scenario, however, IFN-γ mediated
induction of IDO is hampered by IL-6, which has been shown
to dominantly block IFN-γ induced IDO expression and block
the regulatory capacity of these dendritic cells.75 Indeed,
expression of IL-6 by dendritic cells in this case drives a
dominant proinflammatory response, as opposed to serving a
suppressive role as described above. This phenomenon further
highlights the complexity of dendritic cell regulation and
serves to warn against assignment of broad descriptive labels
(i.e., regulatory) to cytokine activity. The nature of immune
responses cannot be determined by the presence of individual
cytokines. Instead, the entire milieu of cytokines, the initial
stimulus for their production, the cell types present and the
activation status of those cells present must all be considered
to truly understand the nature of an immune response.

CD200R:A Novel Molecule Regulating Dendritic Cell
Effector Function
A second model for IDO induction involves the widely
expressed molecule CD200 (OX-2) and its receptor
CD200R.77 Ligation of CD200R on splenic plasmacytoid
dendritic cells results in IDO secretion and antigen-specific
immunoregulation, which in turn is mediated via induction of
regulatory T lymphocytes.78 The mechanism by which IDO
secreting plasmacytoid dendritic cells induce regulatory T
lymphocytes has yet to be defined. The ubiquitous nature of
CD200 expression by non-immune cells suggests a role for
CD200R-mediated tolerance in immune homeostasis.
Furthermore, mice lacking CD200 expression demonstrated
increased susceptibility to autoimmunity.79,80 Manipulation
of CD200/CD200R signaling may prove to be a novel
mechanism for induction of antigen specific immune
tolerance. Such a system could be beneficial for clinical
treatment of many inflammatory diseases such as type 1
diabetes, rheumatoid arthritis and multiple sclerosis.

Summary
Scientists and clinicians have spent the better part of the past
century attempting to manipulate the immune system. These
efforts have primarily focused upon induction of immunity to
pathogens. Currently, a major emphasis is on the development
of effective immunotherapies for the prevention and/or
suppression of proinflammatory responses associated with
autoimmunity and transplantation. In view of their central
role in eliciting and regulating immunity, the application of
dendritic cells for the purpose of immunotherapy is highly
appealing.

Initial studies using either IL-10-treated or TGF-β1-treated
dendritic cells to induce antigen-specific immune tolerance
have shown promise. As we gain further mechanistic insight
into events regulating dendritic cell maturation and effector
function, the therapeutic efficacy of dendritic cell-based
“vaccines” will be enhanced. Techniques that allow for
harvest, ex vivo culture and re-infusion of autologous
dendritic cells have already been developed. Together with
advances in gene therapy, the use of dendritic cell-based
vaccines may allow clinicians to manipulate the immune
system in a safe and effective manner.
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