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Abstract

Since the first description of dendritic cells by Steinman and Cohn in 1973, this important cell type has gained increasing
attention. Over 4000 papers have been published on this topic annually during the last few years. At the beginning,
dendritic cells were recognized for their immune stimulatory properties and their importance in initiating an adaptive
immune response. Later, it was found that dendritic cells do not only initiate but also regulate immune responses. This
attribute makes the so-called regulatory dendritic cells highly important for the prevention of exaggerated immune
responses. Immune cells make contact with different Ags every day and must be tightly controlled to prevent excessive
inflammation and subsequent organ destruction, particularly in organs such as the gut and lungs. Here, we give a brief
overview of our current knowledge on how immune responses are controlled by dendritic cells, highlighting how they
are involved in the induction of peripheral tolerance. We focus on what is known about these processes in the lung, with
a closer look at their role in the induction and control of diseases such as bronchial asthma, chronic obstructive
pulmonary disease and lung infections. Finally, we summarize some current approaches to modulate the behavior of
dendritic cells that may hopefully lead to future therapeutics to control exaggerated immune responses.
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from the cytosol can be brought to the endosomal com-
partment via autophagy and, in this way, introduced
into the MHC II presentation pathway. Cross-
presentation is important not only for the induction
of antiviral and antitumor immunity, but also in
peripheral tolerance.’

In their role as professional APCs, DCs are the most
important immune cells for the activation of T lympho-
cytes.® This is particularly clear due to the recent
advances in immunological tools such as transgenic
mice.” However, in their bridging role between innate
and adaptive immunity, DCs do not only play a role in
the protection against pathogens, but also in the induc-
tion and the perpetuation of diseases such as asthma.'®
The activation status of DCs decides the activation or
inhibition of a T cell. Activated DCs differ from resting
cells in their shape and the expression of specific mem-
brane receptors. The expression, for instance, of CD40,
CD80, CD83, CD86 and CD252 (OX40 ligand), the
so-called costimulatory molecules, were all shown to
have an impact on the activation of T lympho-
cytes.*!1"13 All these membrane receptors are expressed
at low-density under steady state conditions but
become up-regulated after DC activation. This gives
the DCs the license to activate naive T lymphocytes,
given that the MHC-presented peptides are recognized
by the specific T-cell receptor.'®

Different exogenous signals can trigger the produc-
tive activation of DCs after binding to their PRRs. The
large group of molecules belonging to the PAMPs pro-
vide the ligands for the PRRs.'” The PRRs can be
divided into the Toll-, NOD- and retinoic acid (RA)-
inducible gene I-like receptors predominantly recogniz-
ing bacterial and viral PAMPs and the C-type lectin
receptors (CLR) detecting glycostructures from fungi
and from bacteria. In addition to these pathogen-
derived signals, endogenous ‘danger signals’ coming
from dying cells and necrotic tissues can further lead
to the activation of DCs.'®!” Later, these danger sig-
nals were called a damage-associated molecular pattern
and shown to activate the inflammasome leading to
maturation of strong pro-inflammatory signals such
as IL-1p and IL-18."® The production of cytokines
plays an important role not only in the regulation of
the induced T-cell response regarding T-cell polariza-
tion into subpopulations, but also in preventing exag-
gerated T-cell responses.

The phenotype of different DC subsets
of the lung
Conventional DCs (cDCs), plasmacytoid DCs (pDCs)

and macrophages of the tissues are derived
from Lin cKit™CD115"FIt3" common progenitors.'”

These cells are generated in the bone marrow, from
where they start to populate the lymphatic tissues and
different organs. Mouse cDCs are characterized by
their high expression of CD11c, whereas mouse pDCs
only express low levels of CD11c but do express addi-
tional characteristic markers, such as CD45R (B220)
and CD317 (PDCA1). Many c¢DCs are found in the
mucosa of the conducting airways.”® They protrude
their pseudopodia between the epithelial cells to cap-
ture Ag from the airway lumen. In addition to CDllc,
these cDCs partially express the integrin CD103, which
is a specific marker for a subset of lung cDCs (cDC1).
The other subset of cDCs express CD11b in addition to
the CD11c marker (¢cDC2). When a trigger of airway
inflammation is encountered, another population of
cells comes into play, the inflammatory DCs. They
are generated from Ly6C" blood monocytes under
the influence of a granulocyte macrophage colony stim-
ulating factor. These inflammatory CDIlc™ and
CDI11b" DCs retain the monocytic marker Lyé6c.”!
This cell type shows many similarities to the widely
used DCs generated in vitro that can be utilized, for
instance, to sensitize mice via their airways.”* The
pDCs can also be detected in the conducting airways,
although in a lower density, and they have also been
described as present in lung parenchyma.”> Human
DCs can generally be divided in similar subgroups to
their murine counterparts.>* However, there are addi-
tional markers used for the characterization of human
DCs in addition to markers such as CDllc, also
common for human DCs. The different subsets of
human lung ¢cDCs express CD141 (BDCA3) on ¢cDCl1
cells and CD1c (BDCA1) on ¢cDC2 cells, respectively.>
Human lung pDCs express CD303 (BDCA2) and
CD304 (BDCAA4).

Induction of peripheral tolerance by DCs

There are distinct immunological mechanisms respon-
sible for the induction of tolerance of T lymphocytes to
harmless Ags. Central tolerance is induced in the
thymus during the interaction of maturing T cells
with specialized thymic epithelial cells and DCs pre-
senting a huge repertoire of self-Ags. Even tissue-
restricted Ags are produced under the influence of the
transcription factor, Auto Immune Regulator.
However, it is known that some potentially autoreac-
tive T lymphocytes leave the thymus, because not every
possible auto-Ag is presented.?® Induction of peripher-
al tolerance comes into play to prevent the activation of
these potentially autoreactive T lymphocytes. Three
distinct mechanisms of peripheral tolerance induction
by DCs are known: activation of regulatory T cells
(Treg), induction of anergy in Ag-specific T cells and
negative feedback regulation.”’
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Negative feedback regulation

Negative feedback regulation in DCs means extracellu-
lar stimulation addressed to DCs, which leads to a
tolerogenic DC phenotype (Figure la). An example
of this feedback regulation is the action of IL-10 on
DCs. The source of this anti-inflammatory cytokine
could be, for example T,.,, known to be good pro-
ducers of IL-10, which may act in a paracrine manner
on the DCs, arresting the latter in an immature state
with low expression of costimulatory molecules.
Another possibility is that the IL-10 released acts in
an autocrine manner after being induced, for instance,
by activation of the CLR, for example, DC-specific
ICAM3-grabbing non-integrin (DC-SIGN).?® This
mechanism is thought to be involved in the dormancy
of mycobacteria infection, since polysaccharides of the
cell envelope of, for example, Mycobacterium tubercu-
losis, are known to activate DC-SIGN and, therefore
lead possibly to anergy induction in T-helper cells.
Another example of such a negative feedback is the
direct cell contact-dependent interaction of DCs with
T,eo. This interaction was shown to be extraordinarily
strong and may lead to down-regulation of costimula-
tory molecules on DCs.?*** This negative feedback
given by T, can lead to enhanced anergy induction
by DCs after interaction with an Ag-specific T cell. It
has been shown more recently that DCs also respond to
the cytokines of the WNT family. Canonical signaling
via B-catenin is able to down-regulate the NF«xB path-
way and may, therefore, block DC activation by
PAMPs or cytokines, leaving the DC in a tolerogenic
state.®’ Similarly, signaling through DC receptors with
intracellular immunoreceptor tyrosine-based inhibitory
motif domains (results in the inhibition of the NFxB
pathway and results, therefore, in negative feedback
regulation.®?

Induction of anergy

Induction of anergy or clonal deletion of specific T cells
is a second mechanism by which DCs can establish
peripheral tolerance (Figure 1b). One well-known path-
way to induce anergy in specific T cells is the presenta-
tion of Ag in the absence of costimulation; this was
shown for T-helper cells** and for cytotoxic T cells.**
The constant uptake of auto-Ags from the surrounding
tissues by DCs is important for anergy induction. This
mechanism has already been exploited by delivering Ag
via targeting endocytic receptors, such as CD205
(Dec205).% Cross-presentation of engulfed Ags via
MHC 1 is an essential mechanism for tolerizing cyto-
toxic T cells.*® As has already been mentioned, anergy
induction is observed when Ag is presented in the
absence of costimulation, i.e. the lack of expression

of CD80/86 and cytokines. Anergy induction by DCs
can also be facilitated when DCs express certain mole-
cules, such as IL-10, discussed above, or the membrane
receptor PD-L1, which interacts with PD1 on the
T cell.’” The interaction between PD1 and its ligand
on DCs is such an important mechanism in anergy
induction that there have already been several clinical
studies showing promising results in the reactivation of
the immune response against tumor cells in cancer
patients by blocking this interaction and, therefore,
preventing the anergy of tumor-Ag-specific T cells.®®
Another example of such a negative regulation is the
interaction of DCs with T cells expressing cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4).>” CTLA-4
binds to CD80/86 with a greater affinity than CD28,
leading to the down-regulation of T-cell activity.
CTLA-4 can capture its ligands, CD80 or CD86,
from cells presenting Ag by a process of trans-
endocytosis. The costimulatory molecules are degraded
in the CTLA-4-expressing cells. By this depletion,
CTLA-4 acts as an effector molecule to inhibit CD28
costimulation.*® Additionally, CTLA-4 induces the
production of indoleamine 2,3-dioxygenase (IDO) in
DCs. The role of IDO in tolerance induction is dis-
cussed in the following chapter.

Induction of T,e,

The T, are a highly important group of lymphocytes
that protect the body from autoimmune responses. The
essential role of these cells becomes clear in mouse
models where T,., were depleted. Fatal autoimmunity
was observed in this model even when the cells were
depleted later in life.*! In addition to naturally occur-
ring T,., that are already preformed in the thymus,
inducible T, are induced by DCs with TGFBI in the
absence of IL-6, leading to the expression of the tran-
scription factor Foxp3 (Figure Ic). Interestingly, the
activation of inducible T, also relies on conventional
signals for T-cell activation, such as MHC II molecules
and costimulation via CD80/86.*** The cDCs express-
ing CD103 are a source of TGFB1 and known to be
potent inducers of T, in models of oral tolerance
induction.** The RA produced by the enzyme retinal-
dehyde dehydrogenases expressed by these cDCs stabil-
izes the T, lineage. However, it seems to be important
that RA signaling is in context with TGFp signaling,
otherwise RA can also have pro-inflammatory roles.*’
Human CDIc" DCs were also shown to be capable of
producing RA under the influence of vitamin D3.*
Another molecule involved in the peripheral tolerance
induction by DCs is the enzyme IDO. The importance
of IDO for peripheral tolerance was first identified due
to its important role in the protection of the fetus
against attacks from the immune system.*’ IDO acts
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Figure 1. Negative feedback regulation (a): IL-10 is secreted in a paracrine manner by regulatory T cell (T.g) and by dendritic cells
(DGCs) in an autocrine manner upon activation of DC-specific ICAM3-grabbing non-integrin (DC-SIGN), which is a carbohydrate
receptor containing an immunoreceptor tyrosine-based inhibitory motif domain. The T..; can adhere very strongly to DCs via LFA-|
and ICAM-1. These mechanisms result in the down-regulation of costimulatory molecules on DCs. Induction of anergy (b): the
longest known way to induce anergy is via Ag presentation in the absence of costimulation. This way is known in T-helper cells and via
cross-presentation in cytotoxic T cells. Anergy induction is enhanced by the interaction of cytotoxic T-lymphocyte-associated protein
4 (CTLA-4) with B7 molecules on DCs or the binding of PD| to PD-LI. Induction of T, (c): CD103-positive DCs secrete TGFB 1 and
retinoic acid (RA), which leads to the induction of T, in the absence of IL-6. Activity of indoleamine 2,3-dioxygenase (IDO) in DC
catalysis the production of kynurenine, which may bind to the aryl hydrocarbon receptor (AHR) in T cells. Without a ligand, the AHR
transcription factor is localized in the cytoplasm in complex with other proteins. Upon ligand binding, its conformation changes and a
translocation into the nucleus takes place, where AHR can activate gene transcription and the activation of T..,. The amino acid
sensors mammalian target of rapamycin (mTOR) and general control nonderepressible 2 (GCN2) kinase are influenced by tryptophan
deficiency as a result of IDO activity. This contributes, on the one hand, to anergy and suppression of effector cells and, on the other
hand, to a hyperactivation of T..
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through its enzymatic activity; it catalyzes the produc-
tion of kynurenine from tryptophan. Kynurenine is a
natural ligand of the aryl hydrocarbon receptor (AHR)
and the consumption of tryptophan by IDO activates
the amino acid sensors general control nonderepressi-
ble 2 and mammalian target of rapamycin. IDO activ-
ity facilitates the suppression and anergy of effector
cells, on the one hand, and boosts the activity of T,
cells existing already, on the other hand.*

Regulation of inflammation by DCs
in asthma

The DCs play an essential role in the induction and
regulation of the asthmatic response. After the first
contact with the allergen, they transport these to the
bronchial lymph nodes and activate allergen-specific T
cells. When DCs are eliminated by in vivo depletion of
all CDllc-expressing cells during the sensitization
phase in a mouse model of asthma, the characteristic
features of asthma are abrogated.* Meanwhile, the
cells and processes involved in allergic sensitization
via the airways are understood in more detail. After
contact with allergen, the airway epithelium is exposed
to adjuvants, such as proteases, PAMP and pollen-
associated lipid mediators, leading to the release of
chemokines and the alarmins IL-25, IL-33 and
Thymic stromal lymphopoietin, resulting in the recruit-
ment of innate lymphoid cells and DCs, such as cDC2
cells expressing CD11b.°° This highly migratory DC
population transports the allergens to the lymph
nodes to induce an allergen-specific Th2 response.
Although the precise phenotype these migratory cells
must achieve to elicit Th2 immunity in the secondary
lymphatics has yet to be described, some parameters
have already been revealed to be relevant. The expres-
sion, for instance, of OX40L on the surface of DCs due
to the contact with TSLP was shown to be relevant.”'
Moreover, it was believed that the expression of
Jagged-2 on DCs is important in delivering signals
via Notch receptors on T cells resulting in Th2 differ-
entiation. However, this model has been challenged
recently, because it was shown that the expression of
Jagged-1/2 is dispensable for the induction of a Th2
response.” IL-6 was shown to be significant regarding
soluble factors that are important for Th2 induction
and are released by DCs.>->*

The skin, gut and lungs are the most important con-
tact zones between environmental Ags, such as aller-
gens, and the immune system. Therefore, it is thought
the healthy human contact with harmless Ags does not
lead to an allergic sensitization. Indeed, it was shown
that contact with a foreign Ag via the airways without
an adjuvant leads to tolerance induction.”® This

peripheral tolerance induction is mediated by transient
production of IL-10 by DCs, leading to the generation
of IL-10-producing Ag-specific T,e,. The regulatory
DCs described in the study of Akbari et al. were
likely to be ¢cDCs, because of their high expression of
MHC II and Dec205. Newer studies have shown that
induction of T, to inhaled Ags is attributable to
CD103" ¢DCs. These ¢DCs up-regulate RALDH
upon contact with the Ags and start to produce RA,
which, in turn, leads to the generation of T,..-express-
ing Foxp3.>® Interestingly, the transcription factor
Foxp3, known for its importance in determining the
fate of T,ee, has also been shown to be expressed by
tolerogenic DCs of the lung.>” Because Foxp3 is known
to bind to the promotor of TGFp, these cells are good
TGEF producers, thereby inhibiting T-cell activation.

In addition to these reports indicating that ¢cDCs
may induce tolerance under certain conditions, pDCs
were also shown to play an important role in the induc-
tion of tolerance against harmless Ags by transporting
them to the regional lymph nodes.*® In the case of oral
tolerance induction towards gastrointestinal Ags, they
play a pivotal role by the induction of Treg.59 The pDCs
were also shown to be essential in the induction of tol-
erance to harmless Ags in the lungs under steady-state
conditions and to be of merit in suppressing ongoing
allergic sensitization when transferred adoptively.®
This discovery reveals pDCs are a highly relevant
target to be exploited for the control of allergic inflam-
mation. There are first reports showing that the attrac-
tion of pDCs by treating mice with FIt3L resulted in
down-regulation of the allergic immune response.®'
However, one must be very careful when manipulating
the Janus-faced DC network, because there have been
recent reports showing that pDCs may also be involved
in the exacerbation of allergic asthma.®?

Regulation of inflammation by DCs in
chronic obstructive pulmonary disease

The role of DCs in chronic obstructive pulmonary dis-
ease (COPD) pathogenesis is more obscure than their
role in asthma. One reason for this might be the unde-
fined nature of Ags involved in COPD immune
response. By contrast, the Ags (allergens) playing a
role in asthma are well defined and can be used as
a tool to study the interaction of DCs with specific
T cells. Interestingly, newer studies have shown that
autoimmunity consisting of both autoreactive T cells
and B cells are involved in the pathogenesis of
COPD.**%* Although the precise contribution of this
maladaptive autoimmune response in COPD has yet to
be revealed, it shows that at some time during disease
development, auto-Ags have to be presented by DCs to
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activate autoreactive T cells. Nevertheless, it is known
that cigarette smoke, the leading cause for the develop-
ment of COPD, attracts cDCs into the human lung.®
The infiltrating DCs have an activated phenotype with
the expression of costimulatory molecules, such
as CD83.%

Because cigarette smoke is a source of high amounts
of ligands for the AHR,®” one would think there must
be a continuous stimulation of the AHR due to smok-
ing leading to the induction of tolerogenic DCs.®®
Indeed, there are reports showing that deletion of the
AHR in mice resulted in enhanced inflammation upon
smoke exposure.®” However, it is still unclear whether
the increased inflammation depends on a dysfunction
of regulatory DCs. Intriguingly, a subset of human
lung ¢cDCs, the ¢cDC2 expressing CDIc, was demon-
strated to exhibit enhanced tolerogenic activity in
COPD patients.”” These ¢cDC2 expressed tolerogenic
surface molecules, such as PD-L1, and were potent
inducers of T, cells exerting their immune regulating
activity via production of IL-10 and TGFf1. From this
study, the question arose of whether this regulatory
activity may predispose COPD patients to respiratory
infections leading to exacerbation of the disease.
However, pDCs were also discussed as having an
immune suppressive role due to smoking.”! In this
report, Sorrentino et al. showed that murine cDCs
exposed to cigarette smoke attract pDCs to the lung
that subsequently suppress the immune response to
Chlamydophila pneumoniae, presumably involving an
IDO-mediated mechanism. A similar accumulation of
pDCs was found in lung bronchial-associated lym-
phoid tissue in COPD patients.”* In contrast to the
report in the murine model system, it was not investi-
gated whether the accumulating pDCs have immune-
suppressive properties. However, treatment of human
pDCs with cigarette smoke extract renders the cells
reluctant to activation with agonists of TLR7 or
TLRY, suggesting they become unresponsive to the
virus. Such a state of enhanced susceptibility to virus
infection with influenza and respiratory syncytial virus
is known to be one of the major problems in advanced
COPD, often leading to the exacerbation of the disease.

Regulation of the immune response by
DCs during respiratory infection

The most obvious and important role of DCs in the
lungs is protection against respiratory infections by
bridging innate and adaptive immunity to mount a
robust adaptive immune response towards pathogens.
Following influenza infection, ¢cDC1 migrate from
their intraepithelial origin to the draining mediastinal
lymph nodes, where they can activate cytotoxic

T lymphocytes.”® The cDC2 are attracted and activated
by alarmins secreted by airway epithelial cells that were
stimulated with PAMPs. These cells are also involved
in the activation of T cells, but they are thought to
activate predominantly T-helper cells via the presenta-
tion of virus Ag on MHC I1.7* The pDCs are important
cells particularly in defense against a virus. They are
known for their high capacity to produce type 1 IFN,
but they are also able to activate T lymphocytes via Ag
presentation. It was shown recently that pDCs must be
directly infected by influenza A to induce highly effec-
tive cytotoxic T-cell response.”” By contrast, pDCs
stimulated with respiratory syncytial virus (RSV) do
not directly activate T cells.”® They seem to support
the immune response against RSV predominantly by
producing type 1 IFN. The importance of this for the
control of the RSV infection was shown in mice by in
vivo depletion of pDCs. In pDC-depleted mice, there
was reduced viral clearance and enhanced RSV-
mediated pathology.”” The most severe RSV infections
causing a bronchiolitis often requiring hospitalization
are found in neonates. One reason for this might be
that their immune system is still developing and the
pDC compartment was shown to be immature. It was
shown in neonatal mice that RSV infection leads to
inefficient pDC activation, with an inadequate type 1
IFN response leading to problems in the control of
virus infection. By contrast, the pDCs of adult mice
were infected efficiently, consequently releasing
IFN-0.”® As discussed earlier, pDCs may be involved
in protection against de novo sensitization to allergens.
Because sensitization is thought to occur predominant-
ly during early infancy, it is interesting to speculate that
this is due to the immature state of the pDCs.
Intriguingly, Tsuchida et al. showed that the RSV
infection of adult mice subverts pDCs allergy-
protective activity, leading to aggravated asthma, as
shown earlier.”’ Similar to the RSV, mouse, pneumo-
virus (PVM) belongs to the group of Paramyxoviridae.
Infection of mice with pneumovirus once more reveals
the importance of pDCs in prevention of severe bron-
chiolitis.®® Although they are not directly anticipating
virus elimination, they prevent excessive inflammation
by T, induction via semaphorin 4a. What was shown
to be beneficial in the prevention of exaggerated inflam-
mation due to infection with virus was also found to
contribute to the pathogenesis of the fungal infection
mediated by Paracoccidioides brasiliensis.®' In this
report, the authors demonstrated that elimination of
pDCs resulted in decreased T, numbers and an
enhanced immune response against the fungus, leading
to a reduced microbial burden. Later, the same authors
showed the activation of IDO leading to the formation
of AHR ligands is involved in the activation of T,
that suppresses the anti-fungal Thl7 immune
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response.® Similarly, it was shown in tuberculosis that
the activity of T, contributes to the persistence of
M. tuberculosis in the host lung of patients who are
extensively drug resistant.*® The exact pathways lead-
ing to activation of these T,, are still unknown,
although there are some reports showing that cell
wall compounds of mycobacteria may modulate
the behavior of DCs in favor of T, induction.
Geitjenbeek et al. showed that mannosylated lipoara-
binomannans from the cell envelope of mycobacteria
bind to the CLR DC-SIGN on monocyte-derived DCs
leading to enhanced IL-10 production by the DCs.**
The authors provide further evidence that this leads
to negative feedback inhibition preventing the activa-
tion of DCs. In contrast, it is conceivable that the DCs
producing IL-10 will contribute to T, differentiation,
because it is known that IL-10 is able to potentiate
Threg formation.®®> Later, it was shown that DC-
SIGN-modulated IL-10 production may be involved
in the down-regulation of the immune response against
several different pathogens.®®

‘Therapeutic’ induction of
tolerogenic DCs
The first efforts to exploit DCs for clinical purposes

came from trials to induce a tumor-specific immune
response. However, the predominant proportion

(>90%) of clinical trials applying DCs is made to
enhance the anti-tumor response. Due to the awareness
that DCs not only induce but also suppress T-cell
responses, new efforts were made to manipulate DCs
in such a way that they induce tolerance. Tolerogenic
DCs are already in use in some clinical trials to treat
autoimmune disease, such as multiple sclerosis, type 1
diabetes, rheumatoid arthritis or to prevent organ
rejection after transplantation. Several substances
were shown to have the property to induce DCs with
a tolerogenic behavior. For instance, dexamethasone, a
drug that has been used for many years to control
inflammation, was shown to activate tolerogenic
DCs.*” Treatment of human DCs with this anti-
inflammatory drug leads to cells in a semi-mature
state that express high levels of PD-L1. Cultivation of
DCs treated with dexamethasone alongside T cells
leads to the activation of T cells producing IL-10.
Similarly, DCs that were treated with rapamycin are
able to induce T, responses.88 Here, the authors
showed that rapamycin-treated DCs that were loaded
with allo-Ags led to the longtime survival of skin allog-
rafts in rats. In addition to small-molecule drugs that
were used for the induction of tolerogenic DCs, there
are studies revealing a pronounced activity of distinct
cytokines in the induction of tolerogenic DCs.
Both IL-10 and TGFf1 in particular are under exten-
sive investigation. Different protocols were described

Table |. Examples of substances known from the literature to induce tolerogenic DCs and their mode of action. Most experiments

are performed in mouse models of allergic disease.

Substances for

stimulation of DCs Disease Mode of action Reference
Arabinogalactan Murine asthma model IL-10 production by DCs %
Cowshed dust extract Murine asthma model IL-10 production by DCs 2
Bacterial lipopeptides Murine asthma model IL-10 production by DCs, o
IRAK-M induction, arrest
in immature state
Immune complexes Delayed type hypersensitivity Arrest in immature state, »
Ag and sialylated IgG (mouse model) inhibition of IL-12/23
and IL-6 release
Lactobacillus reuteri and In vitro studies with human cells DC-SIGN ligation activation 100
Lactobacillus casei of IL-10 producing T..g
Lactococcus lactis Murine asthma model TLRI13 activation o
101,102

Murine asthma model
Intestinal allergic inflammation

Complement (C5a)
Staphylococcal enterotoxin B

Fungal f-glucan Autoimmune diabetes

IL-10 Allergic sensitization (house dust mite)
Flagellin Allergic sensitization (birch pollen)
Cisplatin In vitro studies with murine cells

Attraction of pDCs?
Foxp3 induction in DCs
release of TGFf
Dectin-1 ligation, induction of T,
In vitro induction of T,

IL-10 production of DCs 7
via a mTOR pathway
IL-10 production of DCs
via MAPK pathway

57

104

DC: dendritic cell; pDC: plasmacytoid DC; mTOR: mammalian target of rapamycin; DC-SIGN: DC-specific ICAM3-grabbing non-integrin; T.,: reg-

ulatory T cell.
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to differentiate tolerogenic DCs under the influence of
IL-10 with or without TGFB1.*° The DCs treated with
IL-10 have shown their immune regulatory behavior in
several animal models and it is believed they can also
be of benefit for the treatment of patients.”® However,
the stimulation of DCs with PRR or CLR ligands to
generate cells that produce IL-10 on their own could be
even more efficient in generating tolerogenic DCs to
regulate immune responses. The advantage of this
would be that these cells, on the one hand, lead to
the activation of T, and, on the other hand, arrest
themselves in an immature state via negative feedback
regulation. Some substances have already been shown
to act in that way via activation of TLRs or CLR.”"%*
The stimulation particularly of DCs via CLR seems to
be effective in generating tolerogenic DCs 34?39
Treatment with substances aiming to induce tolero-
genic DCs do not necessarily occur ex vivo and
in vivo induction of tolerogenic DCs is possible, for
example, by the targeting of Ag to DC receptors such
as DEC205.”7 Several examples for the manipulation of
DCs to induce tolerance are given in Table 1.

Conclusions

Our knowledge about the circumstances under which
tolerogenic DCs differentiate have increased continu-
ously over the last 15 yr. This is an important develop-
ment because DCs are already in use in clinical studies
for the treatment of cancer. Knowing the precise
parameters involved in the differentiation of tolero-
genic DCs will avoid trials under risk of inducing T,
against tumor Ags. Exemplarily, DCs treated with the
Dectin-1 ligand B-glucan were successfully used to
induce tolerance against auto-Ags.”> Confusingly,
DCs treated with B-glucan were also shown to initiate
an anti-tumor immune response.'®> Thus, much more
research is needed to delineate all the parameters
distinguishing between activating versus tolerogenic
DCs. Once the best way to induce stable tolerogenic
DCs is deciphered, the ground is prepared for the
development of new treatment opportunities for
asthma bronchiale and other chronic inflammatory
airway disorders. Moreover, the extended knowledge
will enable us to perform meaningful trials to modulate
the tolerogenic behavior of DCs in vivo, aiming to
break the tolerance against pathogens hiding in the
cells of infected patients.
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