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Here we describe the pathophysiology of type Il allergic asthma and the role that dendritic cells (DCs) play in the
instruction of allergen specific, T-cell mediated immune responses. Moreover, we provide an overview of our
current understanding pertinent to DCs that acquire tolerogenic properties and thus represent essential regulators

of aberrant Th2 asthmatic responses.
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| 1. Introduction

Dendritic cells (DCs) denote the “professional” antigen presenting cells of our immune system and are responsible
for the initiation and propagation of effective innate and subsequent adaptive immune responses . DCs are highly
specialized immune cells that constantly recognize and sample foreign antigens/allergens and infectious agents at
mucosal sites. Upon antigen uptake, DCs migrate to secondary lymphoid tissues and efficiently activate naive
CD4* T cells 2. Depending on the DC subset involved, the cytokine micromilieu and the nature of the activation
signal, DCs resourcefully prime CD4* T helper (Th) cells which subsequently differentiate in several distinct
subsets, such as Thi, Th2, Th9, and Th17 cells &, Apart from the efficient activation of effector T cell-mediated
immune responses, DCs are also critically involved in the maintenance of immune homeostasis. Immune
homeostasis is accomplished through the employment of several tolerogenic mechanisms, such as the induction of
T cell anergy, the instruction of regulatory T (Treg) cells, and the production of regulatory cytokines, such as, IL-10,
IL-27, and TGF-beta . It becomes evident that DCs represent an attractive cell-target that can be utilized in
vaccination settings aimed at boosting inefficient immune responses for the treatment of infectious diseases and
cancer RI8, Alternatively, DCs could be utilized to diminish aberrant immune responses in the context of chronic
inflammation, autoimmunity, and allergy I8!, Pertinent to asthma, a growing body of evidence suggests that the
therapeutic transfer of DCs with immunoregulatory properties suppresses aberrant Th2 allergic responses and
prevents, or even reverses, established allergic airway inflammation in experimental asthma B |n the first part
of this review we briefly describe the immunopathophysiology of type Il allergic asthma, as well as the role that
DCs play in the instruction of allergen-specific Th-cell mediated immune responses. Moreover, we provide an
overview of our current understanding regarding DCs that acquire tolerogenic properties, thus representing critical

controllers of excessive Th2-driven allergic airway inflammation in experimental asthma.

2. DC Subsets and Their Role in the Regulation of Allergic
Asthma
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2.1. Innate and Adaptive Inmune Responses in Lung Allergic Inflammation

A growing body of evidence underlies the importance of the crosstalk between bronchial epithelial cells and DCs
following allergen encounter during the initiation of asthmatic responses [&. The asthmatic airway epithelium
represents a vital supplier of cytokines termed “alarmins”, such as IL-25, 1L-33, and thymic stromal lymphopoietin
(TSLP) and chemokines, including CCL5, CCL17, CCL11, and CCL22 that trigger Th2 cell polarization upon
exposure to allergens, pollutants, and other pathogenic components [ZQILLIL2I3N[14]15] After encountering airborne
allergens in the airways, DCs process them into small peptides, generate MHC-peptide complexes and traffic
through the lymphatics to the mediastinal lymph nodes (MLNs) where they present allergen components to naive
CD4* Th cells 18, Recent studies have highlighted a critical role for group 2 innate lymphoid cells (ILC2s) in type 2
immunity, as well as in asthma immunopathogenesis LAML8IL920121] || C2s are activated in response to TSLP, IL-
25, and IL-33 signaling, and produce type 2 cytokines (IL-4, IL-5, IL-9, 1L-13) [1ZI18I119[20121] gnd prostaglandin 22,
further enhancing Th2-driven allergic responses in the airways. Allergens that possess proteolytic activity, such as
those derived from HDM, pollen grains, cockroach, and animal and fungal allergens, stimulate protease activated
receptors expressed on the surface of DCs and disrupt epithelial tight junctions instigating inflammatory responses
(231241 - Additionally, environmental stimuli, such as respiratory viruses and air pollutants are also capable of
disrupting tight junctions and impairing barrier function [231126127]128129] * Fyrthermore, several allergens contain
microbial components named pathogen-associated molecular patterns (PAMPs) that interact with pathogen
recognition receptors (PRRs), including Toll-like receptors (TLRs), NOD-like receptors (NLRs), and C-type lectin
receptors (CLRs) on DCs and airway epithelial cells, and serve as “danger signals” for the host immune response
[B9I31] The interaction of allergen loaded DCs with naive Th cells leads to the differentiation of the latter into Thi,
Th2, Th9, or Th17 cells, depending on the type and dose of allergen, as well as, the cytokine micromilieu 22, In the
presence of type 2 cytokines, allergen specific Th2 or T follicular helper cells (TFH) are generated. Th2 and ILC2
cells migrate towards the site of inflammation, where upon allergen challenge, produce type 2 cytokines (IL-5, IL-9,
IL-13, etc.). IL-5 and IL-9 are critical for promoting tissue eosinophilia and mast cell hyperplasia, whereas IL- 13
stimulates mucus production by goblet cells and AHR B3, Seminal studies by Halim and colleagues revealed that
IL-13, secreted by ILC2s, stimulates CD11b*CD103~ lung DCs to produce the chemokine CCL17, which in turn
enhances the recruitment of CCR4* memory Th2 cells. Moreover, the depletion of ILC2s in papain-sensitized mice
during re-challenge resulted in significantly diminished numbers of IL-4-producing memory Th2 cells in the airways
(34 TFH cells represent a specialized T cell subset that upon interaction with allergen- specific B cells induces the
production of IgE antibodies. The crosslinking of these allergen-specific IgE antibodies to the high-affinity FceR on
the surface of mast cells leads to the activation of the latter and the release of several inflammatory mediators,

such as, histamine, prostaglandins, and leukotrienes 231 (Figure 1).
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Figure 1. Innate and adaptive type 2 immunity during allergic airway inflammation.

During the initiation of asthmatic responses, a plethora of cytokines and chemokines produced by the airway
epithelium stimulates immature DCs that upon allergen encounter traffic to the MLNs and stimulate naive CD4+ Th
cells. ILC2s, upon activation by the “alarmins”, produce type 2 cytokines further propagating allergic responses. In
the presence of type 2 cytokines, allergen specific Th2 or TFH are generated. Th2 cells migrate towards the site of
inflammation, where upon allergen challenge, produce mainly, IL-4, IL-5, IL-9, and IL-13. IL-5 and IL-9 are critical
for promoting tissue eosinophilia and mast cell hyperplasia, whereas IL- 13 stimulates mucus production by goblet
cells and AHR. TFH cells produce IL-4 and, upon interaction with allergen-specific B cells, induce the production of
IgE antibodies. The crosslinking of these allergen-specific IgE antibodies to the high-affinity FceR on the surface of
mast cells leads to the activation of the latter and the release of several inflammatory mediators, such as,

histamines, prostaglandins, and leukotrienes.

2.2. Localization and Phenotype of DC Subsets in the Lung

Dendritic cells originate from hematopoietic stem cells in the bone marrow from where they start to traffic in order
to populate the lymphatic tissues and other organs [22I36]], The divergence in the expression profile of several
surface markers, as well as the functional properties of DCs has allowed researchers to classify and characterize
different DC subsets that play essential roles in preserving immune homeostasis in the lungs, as well as promoting
Th2 immune responses in allergic asthma. Under steady state conditions, mouse pulmonary DCs represent a
heterogeneous cell population that mainly comprises of two types of conventional DCs (cDCs), the cDCs type 1

(cDCs1) and type 2 (cDCs2), and also a very small percentage of plasmacytoid DCs (pDCs) 2236l Mouse cDCs
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which are characterized by high expression of the CD11c surface marker are found throughout the lungs, including
the large conducting airways, lung parenchyma, alveolar compartment, pleura, and perivascular space. The
integrin CD103 is a specific marker for the cDCs1 subset whereas cDCs2 express the cell surface marker, CD11b
(371381391 On the contrary, mouse pDCs express low levels of CD11c and are characterized by the expression of
other characteristic surface markers, such as, CD45R (B220) and CD317 (PDCA1) #9. pDCs reside predominantly
in the conducting airways, although in a lower density, and have also been described to be present in the lung
parenchyma 1. Under inflammatory conditions, such as, exposure to allergens, pathogens, or pollutants,
inflammatory monocyte-derived DCs (mo-DCs) are also recruited to the conducting airways and lung parenchyma
[42] (Figure 2). Inflammatory DCs which can be either CD11b* or CD103" originate from Ly6C* blood monocytes
under the influence of a granulocyte macrophage colony stimulating factor [28143],

Figure 2. The location and function of different DC subsets in the airways.

Pertinent to humans, DCs are generally categorized in analogous subgroups to their murine counterparts. Three
pulmonary DCs subsets have been described in humans, two of myeloid origin (mDcs) and one population of
pDCs. The mDC1 subset expresses BDCA1l (CD1c), whereas the mDC2 subset expresses BDCA3 (CD141).
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Human pDCs are mainly characterized by the expression of BDCA2 (CD123) 3388l |t has been shown that
BDCAL1* cDCs are increased in the airway epithelium of asthmatics with a high Th2 phenotype, whereas this is not
observed in patients with a Th2 low profile 4. Notably, using unbiased single-cell RNA sequencing, Villani and
colleagues provided a revised taxonomy pertinent to human blood DCs. They identified 6 DC populations (DC1-
DC6): DC1 cluster is characterized as CD141/BDCA-3*CLEC9A*, DC2 and DC3 clusters represent subdivisions of
CD1c/BDCA-1* cDCs, DC4 cluster is described as CD1¢c'CD141°CD11c*CD16*, DC5 is a cluster defined by the
unique expression of the surface markers AXL and SIGLEC6, and DC6 is a cluster that corresponds to the
interferon-producing CD123*CD303/BDCA-2* pDCs 221461, Nevertheless, due to the lack of adequate lung material
containing epithelium and interstitium from both healthy controls and asthmatics, the localization of human DC

subsets in the asthmatic lung, during steady state and under inflammatory conditions, remains ill defined.

2.3. The Role of Human DC Subsets in Shaping Asthmatic Responses

Patients with allergic asthma display heightened numbers of mDC1s and mDC2s in the peripheral blood (PB),
induced sputum and bronchoalveolar lavage (BAL) upon allergen inhalation 7481491501 Nevertheless, upon
allergen inhalation only the percentages of cDC2s are increased in bronchial tissues 2. PB CD1c* mDC2s loaded
with Dermatophagoides pteronyssinus antigen P1 (Der pl) allergen-IgE immune complexes induced the release of
IL-4 and concomitantly lowered IFN-y-expression. As a result, the use of these DCs in in vitro co-cultures with
naive T cells promoted Th2 cell differentiation 2. Moreover, the co-culture of Der pl-loaded CD1c* mDC2s from
asthmatics with allogeneic CD4* T cells from non-asthmatic, non-allergic donors promoted the differentiation of the
latter towards a Th2 phenotype B2 Furthermore, when TSLP-pulsed mDC2s from the same donors were used in

the co-cultures, they drove the in vitro development of both Th2 and Th9 cells (32!,

Pertinent to the numbers of pDCs in the PB of patients with asthma, there are contradictory results demonstrating
that this subset is either increased or decreased [B3l34 Nevertheless, upon allergen challenge the numbers of
pDCs are increased in the BAL and sputum of asthmatics 8551, During infancy, numbers of circulating pDCs are
inversely correlated with symptoms of lower respiratory tract infections, wheezing and asthma diagnosis by 5 years
of age 58, Moreover, co-culture of Derpl—pulsed mo-DCs from HDM-sensitive patients with autologous CD4* T
cells resulted in the secretion of large amounts of IL-4 compared to CD4* T cells stimulated with unpulsed DCs.
These findings underlie the capacity of mo-DCs to orientate CD4* T cells towards a Th2 response B2, Importantly,
IL-4 production by CD4* T cells from allergic patients was dependent on CD86, as the administration of a blocking
antibody against CD86 reduced the secretion of IL-4 B7,

2.4. The Role of Tolerogenic DCs in the Resolution of Allergic Airway Inflammation
in the Airways

Under physiological conditions, in the absence of a “danger signal”’, such as proinflammatory cytokines and
microbial products, harmless environmental allergens cannot fully activate lung-derived cDCs or even recruit in the
lungs novel inflammatory DCs subsets 2859, As a consequence, pulmonary tolerance is achieved as DCs remain

in an immature state and are incapable of inducing effective T-cell responses B85, Several studies have shown
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that DCs not only promote but can also restrain Th2-driven allergic responses through instructing the generation of
Treg cells and/or secreting cytokines with immunosuppressive properties, such as IL-10 and TGF-3, suggesting
that DCs have acquired tolerogenic/immunosuppressive properties (261 |t has been demonstrated that
CD103* DCs from OVA-tolerized mice efficiently induced the de novo generation of CD4* Foxp3* Treg cells, a
process mediated by retinaldehyde dehydrogenase and peroxisome proliferator-activated receptor y 6961l
Importantly, OVA-tolerized Batf37~ mice that lack CD103* DCs showed increased signs of allergic airway
inflammation compared to OVA-tolerized WT mice, underlying the importance of CD103* DCs in the maintenance
of pulmonary tolerance 89, In line with the aforementioned studies, CD103”- mice sensitized and challenged with
OVA or HDM exhibited increased eosinophilic infiltration, severe tissue inflammation, and heightened IL-5 and IFN-
y secretion from lung cells compared to WT mice, strengthening the notion that CD103 DCs display an important
role in the control of airway inflammation in asthma 62 Notably, using a HDM-induced chronic asthma model,
the authors showed that HDM-immunized Batf37~ mice developed increased eosinophil and neutrophil influx,
enhanced airway inflammation, goblet cell metaplasia, mucus production, and airway collagen deposition
compared to WT mice 2. |t has been also demonstrated that in OVA-sensitized and challenged mice,
administration of H. pylori reduces AHR, bronchoalveolar eosinophilia, pulmonary inflammation, and Th2 cytokine
production. Notably, CD103* DCs are required for H. pylori-induced protection against allergic airway inflammation
as BATF3™~~ mice were significantly less protected than WT mice against allergen-induced asthma upon infection
with H. pylori 631,

Pertinent to the role of pDCs in the regulation of asthmatic responses, several studies have demonstrated that
pDCs confer protection against allergic airway inflammation through at least the instruction of T reg cells [64163],
Notably, the depletion of pDC before the sensitization phase with Ova resulted in increased lung inflammation and
Th2 cell cytokine production from MLNs compared to WT mice with sufficient numbers of pDCs, revealing that
pDCs restrain sensitization to otherwise harmless tolerogenic protein antigens €. In line with the above, the in
vivo depletion of pDCs before Ova challenge resulted in heightened numbers of eosinophils and lymphocytes in
the airways of mice 4. Notably, the in vivo administration of OVA-pulsed pDCs before allergen challenge resulted
in a strong decrease in the numbers of BAL fluid eosinophils and lymphocytes, underlying the regulatory role of
pDCs in allergic airway inflammation (2. Moreover, the in vivo transfer of Ova-pulsed CD8a*B~ or CD8a*B* pDCs
before allergen sensitization and challenge prevented the induction of AHR and lung inflammation and decreased
Th2 cell cytokine production from MLNs and OVA-specific IgE serum levels 8. Nevertheless, another study
showed that in an acute model of allergic airway inflammation, pDC depletion after Ova challenge reduced AHR,
the numbers of eosinophils and T cells in the BAL fluid, as well as peribronchial and perivascular inflammation and
OVA-specific Th2 responses in MLNs, suggesting that pDCs promote allergic inflammatory responses in the

airways once disease has been established £

Allergens with proteolytic activity, air pollutants, and viruses (asthma risk factors) stimulate the epithelium to
produce alarmins and inflammatory factors that activate cDCs and moDCs which in turn initiate and propagate
Th2-driven allergic responses. On the contrary, exposure to endotoxins, helminths, and farm dust reduces the
epithelial responses, favoring the maintenance of cDCs in an immature state. Along with immature cDCs, pDCs

produce immunosuppressive factors, facilitating the establishment of pulmonary tolerance.
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| 3. Conclusions

Emerging evidence underlies the vital role that DCs play in fine tuning the balance between protective immunity
and pulmonary tolerance in the airways in the context of allergic asthma. The functions of different DC subsets
during the initiation and propagation of allergic asthma are very complex and highly dependent on both the nature
and the levels of inhaled allergen, route of administration, composition of the local microenvironment, localization of
DCs in the airways, as well as the phase of the immune response. As mentioned above, several studies have
revealed that cDC1s, cDC2s, and mo-DCs are critical in orchestrating inflammatory responses in the airways,
whereas CD103* cDC1s and pDCs mainly contribute to the resolution of inflammation in the airways through the
release of immunoregulatory cytokines, such as IL-10 and TGF-3, and the instruction of Treg cells. Although
vaccination strategies involving the therapeutic transfer of tolerogenic immune cells are increasingly being utilized
to limit detrimental self-reactive responses in autoimmune diseases, their use in the control of allergic responses

has not been exploited.

Since DCs represent major drivers of immune polarization, they could be used as potential therapeutic targets in
several diseases, including allergic asthma. Currently, allergen-specific immunotherapy (AIT), involving exposure of
individuals to escalating concentrations of an allergen, represents the only approved therapy for the control of
allergic disorders, including asthma (108). The primary objective of AIT is to reestablish peripheral immune
tolerance towards allergens, and diminish early- and late-phase allergic reactions through the induction of allergen-
specific regulatory cell subsets, the production of suppressor cytokines (e.g., IL-10 and TGF-b) and inhibitory
molecules (e.g., PD-1 and CTLA-4) and limitation of IgE production 9 Towards the same direction, the
administration of genetically engineered tolerogenic DCs could induce allergen-specific tolerance, holding the
potential to be used as a therapeutic regime in allergic disorders. Indeed, monocyte-derived DCs from atopic
individuals, treated ex vivo with the immunosuppressive agent IL-10, were able to suppress allergen-induced T-cell
proliferation of autologous naive and memory CD4* T helper cells and type 2 cytokine release 4. In the context of
contact dermatitis, dexamethasone-treated DCs from the peripheral blood of individuals with IgE-mediated latex
allergy restrain allergen-specific T cell proliferation and IgE production in vitro and induce the generation of IL-10-
producing Tregs /2. A better understanding of the underlying cellular and molecular pathways involved in the
generation of novel DC subsets that possess immunosuppressive properties may facilitate the design of novel DC-

based immunotherapies for the re-establishment of tolerance in the airways.
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