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1. LIST OF ABBREVIATIONS

ADH alcohol dehydrogenase

APC antigen presenting cell

ATRA all-trans retinoic acid

B2m B2-microglobulin

BM bone marrow

BM-DC bone marrow-derived dendritic cell
Cat cathepsin

CCL C-C motif chemokine ligand

CCR C-C motif chemokine receptor

CD1 cluster of differentiation 1

cDC conventional DC

CFSE Carboxyfluorescein succinimidyl ester
ConA concanavalin A

CRABP cellular retinoic acid binding protein
CRBP cellular retinol binding proteins
CXCL C-X-C motif ligand

CX3CR1 C-X3-C Motif Chemokine Receptor 1
Cyp26al cytochrome p450 26al

DEAB 4-diethyl amino-benzaldehyde

DC dendritic cell

DC-SIGN _dendr_itic cell-specific intercellular adhesion molecule-3-grabbing non-
integrin

DI double immunofluorescence

DSS dextran sodium sulfate

ER endoplasmic reticulum (ER

ESAM endothelial cell-specific adhesion molecule

FABP4 fatty acid binding protein 4

FIt3L fms-related tyrosine kinase 3 ligand



GALT gut-associated lymphoid tissue

aGC o-galactosylceramide

aGGC galactosyl(1-2) galactosylceramide
GM-CSF granulocyte-macrophage colony-stimulating factor
IBD inflammatory bowel disease

iDC immature dendritic cell

IF immunofluorescent

IFN interferon

IHC immunohistochemistry

IL-4 interleukin-4

INKT invariant natural killer T cell

IRF interferon regulatory factor

LC langerhans cells

LN lymph node

LP lamina propria

LTP lipid transporter protein

MIIC MHC class Il compartment

M-CFS macrophage colony-stimulating factor
mDC mature dendritic cell

MDR medium-chain dehydrogenase/reductase
MHCI/II major histocompatibility complex class I and Il
MLN mesenteric lymph node

MLR mixed leucocyte reaction

mo-DC monocyte-derived dendritic cell

NK natural Killer cell

NS non-silencing

NS siRNA non-silencing control small interfering RNA
OVA ovalbumin

PBMC peripheral blood mononuclear cell



PBS phosphate buffered saline

pDC plasmacytoid dendritic cell

PP Peyer’s patches

PPARYy peroxisome proliferator-activated receptor y
RALDH retinal dehydrogenase

RAR retinoic acid receptor

RARE retinoic acid response element

RBP retinol-binding protein

RBPR2 RBP4 receptor-2

RDH retinol dehydrogenase

RSG rosiglitazone

RT-qPCR real time quantitative PCR

RXR retinoid X receptor

SAP saposins

SDR short-chain dehydrogenase/reductase
SIRNA small interfering RNA

Sirpa signal regulatory protein alpha
Sp-DC splenic dendritic cell

TCR T cell receptor

TGM2 transglutaminase 2

TF transcription factor

TLDA TagMan low-density array
TNFa tumor necrosis factor a

Treg regulatory T cell

WT wild type



2. INTRODUCTION

2.1. Dendritic cells (DCs)
2.1.1. General feature of DCs

The immune system has evolved to exert acute and systemic inflammatory responses and to
protect the host against various infectious and tumor diseases with layered defenses of
increasing specificity. Humans and mice have two types of immune defense: innate- and
adaptive immunity. Cells of the innate immune system are well equipped to recognize
conserved pathogen-associated molecular patterns (PAMP) by pathogen recognition receptors
(PRRs) like Toll-like receptors (TLRs) (1), and attack immediate invaders that have penetrated
cutaneous or mucosal barriers of the host. The innate phase of immunity is rapidly followed by
an antigen—specific adaptive immune response, initiated by antigen presenting cells (APCs) (2).
Traditional APCs with the ability to present antigen and activate T cells were macrophages and
B cells. In 1973, another kind of APC was discovered in the mouse spleen by Ralph Steinman
and Zanvil Cohn (3). Dendritic cells (DC) are unique innate immune cells that function as an
indispensable link between the innate- and adaptive immunity, and are important sentinels of
the host immune system. In their immature state, DCs constantly sample the environment at the
periphery for invaders and host cell-associated self-antigens (2). Upon detection of pathogens,
tumor necrosis factor-, and inducible nitric oxide synthase-producing DCs (tip-DCs) protect
against bacteria by releasing their featured factors and plasmacytoid DCs (pDCs) contribute to
T cell-independent pathogen clearance by secreting type | interferons against viruses (4, 5).
DCs capture pathogens via receptor mediated endocytosis, phagocytosis or macropinocytosis
and process antigens (6, 7). Some DCs migrate in immature state to draining lymph nodes
(LNSs), present self-antigens and are involved in the maintenance of the peripheral tolerance (8).
Mature DCs (mDCs) induce adaptive immune responses in the host by a highly specific antigen
presentation process, mediated by their cell surface major histocompatibility complex class
(MHC) I molecules that present self-antigens/viruses or by MHCII molecules, required for
exogenous antigen presentation. mDCs migrate to LNs from the periphery, present antigens to
responding naive T cells and activate them (9). They also present glycolipids of infectious
invaders or self-lipid antigens through the cluster of differentiation 1 (CD1) molecules (10). It

has been also demonstrated, that DCs interact with B cells. This cell-to-cell contact can induce



B cell expansion and antibody production (11). Furthermore, DCs directly or indirectly trigger
the natural killer (NK) cells which mediate anti-tumor and anti-viral immunity by augmented
INFy production and cytolytic activity (12).

2.1.2. Classification of DCs

DCs are classified as plasmacytoid DCs (pDCs) or conventional DCs (cDCs) (13). pDCs are
present mainly in the bone marrow (BM), blood or lymphoid tissues. Phenotypically pDCs are
CD11c*MHCII"™ cells that selectively express TLR7 and TLR9 molecules (14). pDCs as
important innate immune cells produce massive quantities of Type | interferons in response to
viral infections (5). These cells can also function as APCs, mediating tolerance by induction of
regulatory T cells (Treg) or by activating protective adaptive immunity (15).

cDCs comprise all DCs other than pDCs. In mice four cDC classes are known: CD8a* DCs,
CD11b* DCs in lymphoid tissues and CD11b*/CD103", CD103* DCs in non-lymphoid tissues
(Table 1). Based on their specific cell surface markers, human c¢DCs can be divided into
BDCA-1" (CD1c*) or BDCA-3* (CD141%) subsets. According to their phenotypic and
functional characteristic, blood CD141" DCs resemble to murine CD8a* DCs, while the CD1c*
subset is the functional homologue of murine CD103* DCs. We can further classify these
heterogeneous cDC populations into migratory or tissue-resident DC subsets (16).

Although DCs share common phenotypic and functional properties in tissues, DCs represent
a diverse cell population, grouped in different subsets based on their development, location,
migratory capacity and activation status. Their heterogeneity reflects the functional
specialization, acquired by the cells in different tissue locations.

2.1.3. Ontogeny of DCs

DC development and the lineage relationship between different subsets have been subjected
of extensive investigation. Based on recent in vitro and adoptive transfer experiments, pDCs
and cDCs develop from common myeloid progenitors (CMPs) in the BM (17). CMPs originate
from multipotent stem cells (MSCs) during hematopoiesis and represent an early committed
progenitor of the DC differentiation pathway. During this process, committed progenitors

differentiate toward these certain cell types, characterized by loss of their ability to become
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other cell types. Further studies have indicated that monocytes and DCs may share a common
intermedier progenitor, known as the macrophage and dendritic cell progenitor (MDP) (18).
Their development diverges, when MDPs become commitment to produce monocytes or
common DC progenitors (CDPs) (19). Thereafter CDPs give rise only conventional pre-
dendritic cells (pre-cDCs) or plasmacytoid pre-dendritic cells (pre-pDCs) (20). It has been
suggested that pDCs complete their development before leaving the BM, whereas pre-cDCs
constantly released from bone, circulate through the blood to localize into non-lymphoid or
lymphoid tissues and fill the DC compartment (19, 21).

The development and expansion of DC subtypes are determined by a combination of
cytokines and transcription factors (TFs). Fms-related tyrosine kinase 3 ligand (FIt3L) was
found to be a key cytokine for the myeloid DCs development (reviewed in (16)). This ligand is
produced by stromal-, endothelial- and activated T cells. FIt3, receptor for FIt3L, is expressed
on all DC progenitors from MSC to pre-DCs and on tissue cDCs. Consequently, the lack of
FIt3 or FIt3L leads to decreased pDC and cDC numbers. Moreover, injection of FIt3L or FIt3L-
secreting tumor cells into mice resulted in a vastly increased pDC and cDC expansion and the
ligand also contribute to the maintenance of DCs under steady state conditions.

Besides the common progenitor (MDP), the common origin of macrophages and DCs has
been further supported by the requirement for the macrophage colony-stimulating
factor/Colony stimulating factor 1 receptor (M-CSF/CSF-1R) during their development. M-
CSF plays a predominant role in the CDP and monocyte development (16). Monocytes under
the influence of this cytokine give rise to CD103" DCs in the lamina propria (LP) (22).
Although human circulating monocytes are excellent source of DCs in vitro, their contribution
to DC homeostasis is still not fully characterized in vivo. CD14" monocytes can be
differentiated to monocyte-derived DCs (mo-DCs) in the presence of IL-4/IL-13 and
granulocyte-macrophage colony-stimulating factor (GM-CSF/CSF-2), which is the most
frequently utilized human DC differentiation model (23). In mice, researchers have confirmed
the monocyte to DC transition from the BM, supplemented with GM-CSF in vivo. Previously,
this differentiation process was found to be restricted to inflamed or infected environments,
therefore these in vivo DCs are frequently referred as tip-DCs. These results suggested that the
in vitro generation process models mainly the tissue inflammatory and not the steady state DC
development. Subsequent experiments have identified the development of monocyte-derived
intestinal CD1037/CD11b*-, splenic CD11b*/ endothelial cell-specific adhesion molecule
(ESAM)"- and muscular FC gamma Receptor 1 (FcyRI) bearing DCs under steady state
conditions (22, 24, 25) (Figure 1).
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Adoptive transfer experiments supported, that DC subsets in the intestinal LP are originated
from different precursors (monocytes or pre-cDCs). Monocytes give rise exclusively to CD103"
/C-X3-C Motif Chemokine Receptor 1 (CX3CR1)" DCs under the control of M-CSF and FIt3L,
while GM-CSF and FIt3L are critical factors for the CD103*/CX3CR1 DC differentiation form
Pre-DCs (22, 26, 27).

multipotent stem cells

Flt3L

Flt3L l
MDPs

©

Flt3L
M-CSF

> @ monocytes

Flt3L M-CSF

@ CDPs GM-CSF,

Meops
CD103-CD11b*DCs

splenic CD11b*ESAM'°¥DCs
muscular FcyRI* DCs

Figure 1: Ontogeny of dendritic cells (DCs): Hematopoiesis is take place in the bone marrow (BM).
DCs are originated from multipotent stem cells and differentiate through committed progenitors
(macrophage and dendritic cell progenitor (MDPs), monocytes or common DC progenitors (CDPs),
plasmacytoid pre-dendritic cells (Pre-pDC) or conventional pre-dendritic cells (Pre-cDCs) or through
monocytes under the control of indicated cytokines and transcription factors (TFs). Macrophages (My).
Based on (16, 22, 24, 25, 28).

Although several TFs have been shown to control DC development during hematopoiesis
for example: interferon regulatory factor 8 (IRF8), IRF4, basic leucine zipper transcription
factor ATF-like 3 (BATF3), signal transducer and activator of transcription 3 (STATS3),
STATS5, CAATT/enhancer binding protein (C/EBP2), DNA-binding protein inhibitor 1d2 (IP2)
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and E-protein 2-2 (E2-2) (reviewed in (16)); the roles of these TFs in DCs are still to be
investigated in vivo. As it was mentioned above, FIt3L is required for both pDC and cDC
development. The cytokine FIt3L stimulates pDC differentiation via STAT3 and the up-
regulation of E2-2 TF, is important for TIr7, TIr9 expression. GM-CSF triggers STAT5 in DC
progenitors, directs cDC production and inhibits FIt3L-dependent pDC maturation by
repressing E2-2. Furthermore, FIt3L also has an important role during cDC lineage
differentiation in STAT-independent-manner, in which similarly to GM-CSF, induce the
expression of C/EBP2 and up-regulates IP2 to suppress E2-2 in DC progenitors (28).

Genome wide gene transcriptional- and cell surface receptor profiling of small intestinal LP,
blood and splenic (Sp-) Sp-DC subpopulations identified a coordinately regulated TF profile
that directs subtype specification and development of these cells in various non-lymphoid and
lymphoid tissues (29). This analysis also revealed that human intestinal CD1037/signal
regulatory protein alpha (Sirpa)* cDCs have a gene expression profile consistent with mo-DCs.
Furthermore, hierarchical clustering analysis demonstrated that human intestinal CD103*/Sirpa
DCs were clustered with CD141" blood DCs and related to mouse LP CD103*/CD11b"/Sirpa
DCs and CD8a* Sp-DCs. Close relationship was identified of the human CD103*/Sirpa* subset
in the gut to human CD1c* blood DCs, mouse intestinal CD103*/CD11b*/Sirpa* and CD4" Sp-
DCs. Distinct TFs drive the development of these mouse and human DC subsets: IRF8, BATF3
and 1d2 control mouse CD103*/CD11b/Sirpa DCs and CD8a" Sp-DCs development. Mouse
CD103*/CD11b*/Sirpa* and CD4* Sp-DCs require IRF4 for their differentiation. Bcl-6 controls
the subtype specification of both intestinal CD103"/CD11b7/Sirpa” DCs and lymphoid tissue
CD8a" DCs in mice, while IRF4 and positive regulatory domain containing 1 (Prmd1) dictate
the development of intestinal CD103*/CD11b*/Sirpa* population and also implicated in human
gut CD103*/Sirpa* and CD4* DCs ontogeny. These observations suggest the complexity and
integration of cytokine and signaling pathway during DC lineage ontogeny revealing an
evolutionarily conserved and divergent transcriptional programming of the myeloid DC

development.
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Classification of cDCs

Lymphoid tissue Non-lymphoid tissue
murine human murine/human
CD8a* DC (Sipa) CD141* blood DC, | CD103"

CD8" lymphoid DC

CD11b*DC (Sipra®) CD1C* blood DC, | CD103/CD11b"
CD11b" lymphoid DC

Classification of LP DCs (human and murine)

CD103*/CX3CR1'DCs CD103/CX3CR1" DCs
origin: Pre-DC, cytokines: GM-CSF, FIt3L | origin: monocytes; cytokines: M-CSF, FIt3L
CD11b*/Sirpal* CD11b"/Sirpal CD11b*/Sirpal* CD11b"/Sirpal
Sirpal® Sirpal Sirpal® Sirpal

Table 1: Classification of human and murine conventional DCs (cDCs). Human blood cluster of
differentiation 141 (CD141)" DCs resemble to murine CD8a™ DCs, while the CD1c" subset is the
functional homologue of murine CD103* DCs. Lamina propria-DCs (LP-DCs) share phenotypic and
functional characteristic, having same origin and differentiating cytokines. Both murine (light gray) and
human LP-DCs have four different subsets. Genome wide transcriptional- and cell surface receptor
profiling identified the close relationship of the upper murine and lower human LP-DCs. CX3CR1:C-Xs-
C Motif Chemokine Receptor 1; GM-CSF:granulocyte-macrophage colony-stimulating factor;
FIt3L:fms-related tyrosine kinase 3 ligand; Sirpa:signal regulatory protein alpha. Based on (16, 22, 26,
27, 29).

2.1.4. Localization of DCs

When pDCs or pre-cDCs arrive to their target tissues, they are exposed to the modulating
properties of the local environment.

Based on the cell surface markers of lymphoid tissue DCs, three distinct DC populations
reside in the cortex of murine thymus. pDCs, CD11b* and CD8a" cDCs enter the thymus in the
absence of inflammation (30). These observations indicated that peripheral self-antigens might
be delivered and presented to thymic lymphocytes and immigrated DCs have the opportunity to
trigger central tolerance through positive or negative selections by inducing natural regulatory
T cell (nTreg) development. In the murine spleen, cDCs are grouped by their CD8a expression.
CD8a DCs localized mainly in the marginal zone and CD8a* DCs are present in T cell areas.
Some CD11c* cells can also be detected in the red pulp under specific pathogen free condition.
Upon inflammation, the majority of DCs migrate to T cell areas in a C-C motif chemokine

receptor 7 (CCR7)-dependent manner (31).
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DCs are classified by the CD11b marker in murine non-lymphoid tissues. For instance, the
CD11b" DC group in the skin consists of dermal DCs, CD4*, CD4/CD8" DCs and langerhans
cells (LCs), whereas CD103" and CD8" DCs represent the CD11b™ population. LCs home to the
epidermis, anchored to neighboring keratinocytes (KC) by E-cadherin connections under
normal circumstances (2). Inflammation induces the migration of LCs and dermal DCs from
peripheral areas to LNs, where they activate T cells.

DCs can be found in all lymphoid tissues and are also present through non-lymphoid tissues
such as the skin and the intestines. They are localized in organized lymphoid organs, known as
Gut-associated lymphoid tissues (GALTS); including Peyer’s patches (PP) and mesenteric
lymph nodes (MLNSs) (32). Moreover, DCs are scattered through the subepithelial LP, localized
between the epithelium and the muscularis mucosa. At least four different PP-DC subsets have
been characterized to date (33). CD11b*s DC are preferentially found in the subepithelial dome
(SED) and capture M cell-transported luminar antigens. CD8a* DCs are present in the T cell-
rich interfollicular region and prime naive T cells. CD11b/CD8a  double negative cDCs and
B220" pDCs are located in both PP section. The lamina propria-DC (LP-DC) repertoire in the
gut epithelium can be divided into subsets by CD11b, CD103, Sirpa and C-X3-C Motif
Chemokine Receptor 1 (CX3CR1) cell surface expression. Following this classification four
functionally distinct LP-DC population was determined: 1. CD103*/CD11b*/Sirpa*/CX3CR1",
2. CD103*/CD11b7/Sirpa/CX3CR1, 3. CD1037/CD11b*/Sirpa’/CX3sCR1™ and 4. CD103"
/CD11b7/Sirpa*/CXsCR1"" DCs. Intriguingly, LP macrophages express DC-specific markers
(MHCII, CD11C) but are distinguished from the CD103/CD11b7/Sirpa*/CX3CR1™ DC
population based on their robust F4/80 and CX3CR1 positivity (29). Recently, a comprehensive
gene expression, cell surface and immune fluorescens study determined the LP-DC subset
profile in the human small intestinal and colonic LP. Similar to the murine system, this analysis
determined four LP-DC subpopulations: 1. CD103*/Sirpa*™, 2. CD103"/Sirpa’, 3. CD1037/Sirpa*
and 4. CD1037/Sirpa” DCs. Compared to human intestinal macrophages, CD1037/Sirpa” DCs
express intermedier level CX3CR1, while all other DC subpopulation was CX3CR1 or
CX3CR1"™, All DC subpopulation were detected within the small intestinal villus core that was
CD103*/Sirpa* DC predominated. Interestingly, the proportion of the CD1037/Sirpa* was
increased in inflamed small intestinal LP, moreover CD103"/Sirpa” and CD1037/Sirpa”™ DCs
dominated in the colonic LP (29).
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2.1.5. Peptide antigen processing in DCs

The two well-established maturation states for DCs are the “immature” and “mature” forms.
Immature DCs (iDCs) are specialized to monitor, take up and process antigens. DCs capture
antigens by macropinocytosis, receptor-mediated endocytosis, as well as by phagocytosis (6,
7). Extracellular soluble or particulate antigens are presented by MHCII molecules (9). In the
endoplasmic reticulum (ER), MHCII molecules connect to invariant chain (li), which directs
the molecular complex from the Golgi apparatus to late endosomal/lysosomal MHC class 11
compartments (MIIC) (34). These lysosome-related intracellular compartments accumulate
MHCII molecules and HLA-DM chaperons that promote the catalytic release of Li and
antigen-derived peptide loading to the MHCII molecules. Thereafter, the MHCII-peptide
complexes transfer to the plasma membrane for recognition by CD4* naive T cells (9).

DCs present self- and intracellular foreign viral antigens by MHCI molecules and activate
cytotoxic CD8" T cells (9). Intracellular antigens are processed in the cytoplasm by ATP- and
ubiquitin—dependent proteosomal mechanism. Antigenic peptides translocate to the ER by
TAP1/2 ABC transporters, wherein their binding to MHCI molecules stabilizes the MHCla
chain/B2-microglobulin (p2m) folding. DCs also acquire the ability to present exogenous
peptides through cross presentation (exogenous MHCI pathway), such as transplantation
antigens, virus- or tumor-derived peptides by MHCI molecules.

2.1.6. Maturation and migration of DCs

Following antigen capture, a series of factors trigger maturation process in iDCs: whole
bacteria or bacterial wall-derived LPS, bacterial double stranded deoxyribonucleic acid (DNA),
viral products, ligation of cell surface receptors (CD40) and pro-inflammatory cytokines (i.e.
IL-1, tumor necrosis factor a (TNFa), GM-CSF) (2). During maturation, DCs undergo a
number of phenotypic and functional changes. This continuous process is accompanied by
reduced antigen uptake capacity, increased surface expression of co-stimulatory molecules,
secretion of cytokines and morphological changes (formation of dendrites).

Initial exposure to inflammatory stimuli and induced antigen uptake followed within hours
by a period of maturation, whereby DCs homing tropism is modified. As a consequence of a
coordinated chemokine receptor switch (down-regulated cell surface expression of CCR1,
CCR5 and CCR6 and up-regulated expression of CXCR4 and CCR7), mDCs lose their
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migration affinity toward local cytokine milieu and become sensitive to secondary lymphoid
tissue-secreted chemokines such as C-C motif chemokine ligand 19 (CCL19) and CCL21,
favoring their migration to the afferent lymph vessels (35). mDCs leave inflamed tissues and
enter into the paracortical areas of LNs in CCR7-dependent fashion, following the locally
produced CCL21 (36). Langerin* DCs constitutively monitor the dermis and migrate in CCR7-
dependent manner to dermal LNs, where they present skin-associated antigens. Epicutaneous
sensitization increases CXCR4 expression on migratory skin DCs, whereas the CXCL12
chemokine (CXCR4 ligand), is simultaneously up-regulated in dermal lymphatics. The CXCR4
inhibition impairs LC and dermal DC migration to LNs indicating that both CCR7 and CXCR4
contribute to skin DC migration (37).

Several research studies confirmed that mouse CD103" DCs express CCR7, which controls
their migration to MLNSs. Characterization of the small intestinal lymphatics for migratory DCs
confirmed that both CD103" subsets migrate to LNs. Unexpectedly 14% of migratory cells
were CD103". CD103" DCs can be separated into CD103/CD11b*/CX3CR1™ and CD103
CD11b/CX3CR1"" cells. Both subsets are CCR7*; constitutively migrate to peripheral LNs in
the uninflamed gut (38). Similar to mouse DCs, CD103*/Sirpa* DC and CD103*/Sirpa” DC are
present in MLNs, moreover CD1037/Sirpa® DCs express high level of CCR7, indicating that
these DCs access lymphatic vessels and migrate to MLNs (29).
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2.1.7. T cell activation

T cells activation by mDCs requires three signals: 1. naive T cells recognize MHCI/II-
peptide complexes that trigger activating signal cascade in responding cells and determinate the
antigen specificity of the response. The affinity of TCRs for MHC/ peptide complexes is low to
mediate a functional interaction between the two cells (39). 2. For a more stable cellular
interaction, immunological synapse formation takes place at the interface between T cells and
DCs, stabilized by leukocyte function-associated molecule-1 (LFA-1), intercellular cell
adhesion molecule-1 (ICAM-1) and integrin molecules (40). The expression of costimulatory
molecules on DC surface is increased during maturation. These molecules trigger the second
signal. CD80 and CD86 molecules are recognized by CD28 activator co-receptors on T cells
(41). CD40Ls on activated T cells associate CD40 receptors on DCs. This CD40-triggered
signal amplifies and sustains the viability and activation of DCs, resulting in a positive
feedback loop that triggers even more robust T cell responses (42). 3. The third signal is
controlled by DC-secreted cytokines, growth factors and chemokines that direct naive T cell
polarization towards distinct subsets with different effector activity. CD4" helper T cells (Th)
express interleukin 2 (IL-2) and the a subunit of the IL-2 receptor (CD25), enabling a
functional receptor on their cell surface. Activated T cells express IL-2 that acts either in
autocrine fashion and activates proliferation pathways, or at paracrine manner, activating
neighboring clone Th cells to proliferate, leading clonal selection. DCs polarize Th cells either
into memory-, effector-, or regulatory T (Treg) cells (43). Thl cell development requires 1L-12
and/or INFy-stimulated signals through signal transducers and activators of transcription 1
(STATL), STAT4 and T-bet. IL-4 induces STAT6-mediated signals for Th2 development. The
Th17 generation requires IL-6, 1L-23 and TGFp signals and the Retinoid-related orphan
receptor gamma (RORYy) receptor, while Treg differentiation is controlled by TGFf, IL-10 and
FOXP3 (Figure 2). DCs also have capability to stimulate CD8" T cells directly or by the help
with Thl cells, leading to cytotoxic T cell immunity (44, 45).

All signals are required for the full development into effector T cells and the integration of
these 3 signals determines their subsequent fate. Alterations in one of these signals may result
in apoptosis, anergy of the T cells or they acquire a regulatory phenotype (2).

Th1 cells trigger type 1 immune responses via activation of macrophages, CD8" T and B
cells against tumor cells or intracellular bacteria, while Th2 cells promote type 2 humoral
immune responses by activating eosinophils, basophils, mast cells as well as IgE-secreting B
cells and IL-4/IL-5-sectreting CD4* T cells.
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Figure 2: Role of DCs in the differentiation of human T cells. DCs prime cluster of differentiation 8
(CD8™) T cells and effector CD8" T cell-mediated immune respone or trigger CD4* T cell-mediated
adaptive immune responses by activating naive helper T (Th0) cells leading to Thl, Th2, Thl7 or
regulatory (Treg) differentiation. Based on (43-45).

DCs stimulate primary T-cell responses and determine whether these responses are

immunogenic or tolerogenic.
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2.2 Lipid antigen presentation by DCs

2.2.1. Group 1 and Group 2 CD1 molecules

Beside their peptide antigen presentation capacity, DCs acquire the ability to stimulate lipid-
mediated T cell responses. The evolutionary conserved lipid antigen-presenting molecules
display very limited polymorphism and are specialized for presenting lipids, glycolipids and
lipopeptides to reactive T lymphocytes (10). Antigenic lipids are presented by the family of
CD1 molecules. Five CD1 proteins are expressed in humans. These isoforms are classified into
two groups based on their nucleotide and amino acid sequence homology. Group 1 contains
CD1a, CD1b, CD1c and CD1e; and the only Group 2 member is CD1d. Unlike humans, mice
express only CD1d, coding by the two homologue genes, namely Cdldl and 2. Cd1d2 is a
pseudogene; hence Cdldl gives raise to all cell surface CD1d protein in these animals (46).
Generally, CD1 genes encode integrated membrane proteins that are structurally similar to
MHCI molecules. CD1 isoforms are consisting of a heavy chain with al, a2, and o3
extracellular domains, associated non-covalently with p2-microglobulin (f2m) (47).
Crystallographic analysis of human and mouse CD1 molecules revealed that these antigen
presenting molecules have narrow, deep hydrophobic ligand binding pockets, formed by the
heavy chain that is optimized to present lipid antigens. The hydrophobic pockets are loaded by
the alkyl chains of the lipid antigens and the hydrophilic head group is exposed and protruded
at the center of the groove for TCR recognition (Figure 2) (10, 47). Subsequently it has been
demonstrated that CD1 molecules can adopt different conformations, facilitating the binding of
structurally related lipids, hence allowing the presentation of multiple CD1d-bound lipids and
increasing the antigen repertoire to CD1-reactive T cells (48). The characteristic of the antigen
binding pocket dictates the substrate specificity of each CD1 molecules. CD1d is specialized
for binding long chains lipids, CD1b is able to accommodate lipids with long alkyl chains
(C:80) as mycolates, CD1la presents mycobacterial lipopeptides/mycopeptides and
glycoproteins and CD1c binds mycobacterial lipids with unsaturated alkyl chains. Moreover,

some lipids as phospholipids (PL) and sulfatides can bind multiple CD1 isoforms (10).
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2.2.1.1. Group 1 CD1 molecules

Group 1 CD1 molecules are expressed on different human cell types, including thymocytes,
monocytes, DCs and B cells. Among DCs, LC express CDl1a, ¢, dermal DCs have CD1b and
interdigitating DCs in LNs express all Group 1 CD1 molecules (10). Moreover, Groupl
molecules were detected on DCs, infiltrated to inflamed tissues or tumors as well. CD1c is one
of the considered markers for a human blood DC subpopulation. Human blood CD14*
monocytes can be differentiated to mo-DCs that express all Group 1 molecules but not CD1d
(49). Homogenous human CD1a expression has been considered a quality feature of in vitro
DC generation, and as long as DCs were cultured in the presence of serum (usually 10% fetal
bovine serum (FBS)), the great majority of the DC was indeed CD1a". When DC research was
translated into the clinic, serum-free media were used to generate clinical-grade patient DCs.
Under these conditions, human CD1a expression was robustly reduced (50).

DCs regulate anti-microbial immune responses by the presented lipid antigens from
mycobacteria to reactive T cells. These cells acquire Th1l effector phenotype by producing high
amount of inflammatory cytokines, such as INFy and TNFa. CDla, b, and ¢ expression on
human DCs was also detected in leprosy lesions. Moreover, T cell reactive to human DC-
presented self-lipids in the context of Group 1 CD1 molecules are participated in several
autoimmune diseases such as systemic lupus erythematosus (SLE), multiple sclerosis (MS) and

autoimmune thyroiditis (10).

2.2.1.2. Assembly and trafficking of CD1 molecules

The assembly of nascent human CD1 molecules occurs in the ER, wherein lipid binding
grooves of CD1 molecules associate with calnexin and calreticulin chaperones, regulating the
correct folding, and with the thiol oxidoreductase eRp5, required for disulfide bond formation
(51). Following correct folding, self-lipids bound to the antigen-binding groove of CD1
molecules. Microsomal triglyceride transfer protein (MTP) plays a role in this self-lipid loading
and regulates CD1d-dependent antigen presentation of murine Sp-DCs, BM-DCs and human
mo-DCs (52, 53). Lipid-loaded CD1 molecules associate with 2m and the functional lipid-
loaded CD1 complexes are transported to the cell surface along the secretory pathway.
Thereafter CD1 molecules recycle between the plasma membrane and the endolysosomal
compartment. All CD1 molecules follow unique modes of endosomal trafficking, resulting in
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distinct cellular localization for sampling relevant antigens (Figure 3) (54). The delivery of
human CD1b to acidic, Lysosomal-associated membrane protein 1 (LAMP1") MIIC endosomal
compartments is dependent on its cytoplasmic domain, containing the lysosomal sorting motif.
This unique tyrosine-based endocytic motif, a YXXZ sequence (Y, tyrosine; X, any amino
acid; Z, a hydrophobic amino acid) was shown to interact with the adaptor protein (AP)-2
complexes of clatrin-coated vesicles and the AP-3, which direct the human CD1b trafficking to
lysosomes (10). A similar tyrosine-based motif was found in the cytoplasmic domain of human
CDl1c, CD1d as well as in mouse CD1d. Mouse CD1d also traffic through early recycling
endosomes, thus may be able to survey all potential self- and exogenous lipid antigens in
different endosomal compartments. This support that CD1d in the mouse can effectively

replace other isotypes present in human cells (54).
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Figure 3: Trafficking of cluster of differentiation 1 (CD1) molecules. CD1a recycle between early
endosomes and the cell surface. CD1b is internalized to late endosomes/lysosomes and recycles to the
cell surface. CD1c traffics in both early and late endosomes and recycles to cell surface from both
compartments. CD1d is internalized into late endosomes/lysosomes from the plasma membrane. A
fraction of murine Cdld also recycles through early endosomes. CD1le does not have cell surface
expression. It accumulates in the Golgi of immature DCs (iDC) and, upon DC maturation, traffics to
late endosomes/lysosomes. G.Libero, FEBS Letters, Volume 580, 2006, 5580-5587.

In contrast to other CD1 molecules, human CD1a is expressed without lysosomal sorting
motif, thus these molecules do not reach the late endosomes. Human CD1a is internalized from
the membrane by clatrine-coated pits and vesicles in mo-DCs. Moreover CD1a and a fraction
of CD1c was directed to early endosome in ADP-ribosylation factor 6 (ARF6)-mediated
manner and transported back to the membrane following a slow recycling rout (55). A portion
of human CD1c similarly to human CD21d is sorted to lysosomes, demonstrating that CD1c is

able to recycle in both early and late endosomal complexes. The distinguished trafficking
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properties of the different human CD1 proteins suggest that they have evolved to survey all
endocytic compartments with specific lipid composition, which results selective presentation of
broad spectrum self- and foreign lipid antigens (10, 54) .

2.2.1.3. CD1d molecules

High level of CD1d can be detected on human blood monocytes; this expression is rapidly
down-regulated during their differentiation to DCs (49, 56). Despite of the low cell surface
expression level, CD1d stimulates the expansion and cytokine secretion of CD1d-restricted,
invariant natural killer T cells (iNKTs) when human mo-DCs are loaded with a-
galactosylceramide (aGC) (a lipid activator ligand for iINKT cells) (49). In vivo,
immunohistochemistry (IHC) data has demonstrated the CD1d expression on human dermal
DCs, but LC cells do not produce this molecule in the skin (57). CD1d are also present on
murine APCs such as Sp-DCs, macrophages, B cells and thymocytes (10). In contrast to human
mo-DCs, GM-CSF and IL-4 induce moderately the surface expression of CD1d on murine BM-
DCs. Furthermore, FIt3L-stimulated BM-DCs, differentiated in the presence of LPS and INFa,
have enhanced surface expression of the protein and under inflammatory condition colonic
murine LP-DCs have increased level of CD1d (58, 59). Similar to Group 1 CD1 molecules,
human CD1d also associates with f2m before exiting the ER, although functional CD1d can
also be detected on the cell surface in B2m-independent manner (60). After assembly, murine
CD1d reach the plasma membrane following two different secretory routes. In the intrinsic
pathway, CD1d molecules travel directly to cell surface and present self-antigens, while during
the extrinsic pathway, a portion of CD1d molecules in association with the i, traffic first to the
endosomal compartments. This second pathway is critical for CD1d molecules to be loaded by
antigenic self- or exogenous-lipids that are presented to autoreactive murine CD1d-restricted
NKT cells and is required for the positive selection of NKTs (61).

Similar to human CD1b, the murine cell surface CD1d is reinternalized in AP-2/AP-3-
dependent manner. Studies using murine cytoplasmic tail-truncated mutants of murine CD1d,
lacking the tyrosine-based sorting motif, revealed that this motif is critical for the lysosomal
targeting and mutant CD1d molecules are redistributed from the endosomal compartments to
the cell surface (62). INKT autoreactivity was also dependent on this motif in mice. These tail-
deleted mutant CD1d molecules could not reach the MIIC compartment or the lysosomes to

sample self-lipid antigens and were not recognized by autoreactive murine NKTs (63).
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Moreover AP-3"7" mice had reduced NKT number, suggesting that murine CD1d trafficking to
late endosomes was important for NKT positive selection (64). Pharmacological inhibition of
the lysosomal acidification also diminished murine iINKT autoreactive responses, suggesting
that lysosomal functions were important for the acquisition of autoantigens by CD1d (65).
Contrast to mouse CD1d; the cytoplasmic tail of human CD1d molecule is not associated
with AP-3, indicating that this adaptor protein is unnecessary for their cellular distribution and
antigen presentation capacity (66). Human iINKTs showed autoreactive responses to chimeric
CD1d molecules with cytoplasmic tail of CD1a which trafficked through recycling endosomal
system, indicating that human and murine CD1d molecules survey different endosome for
autoreactive-lipids (67, 68). Moreover human and murine CD1d molecules showed distinct
intracellular trafficking properties (10). The components of the alternative internalization
pathway are remained to be characterized. A fraction of human CD1d can be sorted to MIICs
by MHCII and li molecules, representing an alternative mechanism for lysosomal sorting (61).
This li-mediated trafficking is independent of the tyrosine-based motif and may participate in
the selection of extracellular lipid antigens. The association with MHCII does not affect the
intracellular localization of CD1d, but facilitates the internalization rate of the molecule from
the cell surface. li deficiency resulted in reduced cell surface level of CD1d in MHCII cell
lines, suggesting that CD1d can be complexed both with Ii and MHCII at the cell surface.
MHCII/1i recruits CD1d into membrane lipid rafts, enriched for costimulatory molecules and

this makes CD1d a more potently stimulators to iNKTs (69).

2.2.1.4. CD1d trafficking during DC maturation

DCs have the ability to present lipid antigens and efficiently activate CD1-restricted T cells
regardless of their maturation state, while the MHC-dependent peptide antigen presentation
requires maturation of the cells and fast mobilization of MHC molecules to plasma membrane
(70). Group 1 CD1 molecules continuously recycle through endocytic compartments in both
iDCs and mDCs and the two DCs display similar capacity to activate reactive T cells (71). In
contrast to other CD1 molecules, CD1e localization is highly affected by the maturation. In
iDCs, CD1le are predominantly found in the Golgi and trans-Golgi network (72). After
maturation, CD1e accumulates in the late endosomes/lysosomes, mediating lipid loading to
CD1b or d. The CD1d-mediated exogenous antigen presentation is more efficient in iDCs,
which actively recycle MHCII/CD1d complexes through the endocytic system, compared to
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mature DCs that have stabilized MHCII expression at their surface (69). Both iDCs and mDCs
present aGC, which does not require intracellular processing, although iDCs are more active in
this presentation. IDCs also have the capacity to present galactosyl(1-2) galactosylceramide
(aGGC) (requires lysosomal activation to generate aGC) but mDCs showed little or no ability
to present this antigen (69).

2.2.2. Endogenous ligands of iINKT cells

Despite their semi-invariant TCRs, INKTs are able to recognize a diverse set of antigens
(73). INKTs were first characterized as a self-reactive T cell population, because both human
and murine iNKTs react against CD1d" APCs without addition of exogenous lipids, a property
defined as autoreactivity (74). iINKT-autoreactivity confirms not only the constitutive memory
phenotype of these cells but also their ability to be activated in hours during immune responses.
Enormous effort has been invested to find self-antigens, required for iINKT responses. These
results indicated that CD1d might bind PLs (phosphatidylinositol or lysophosphatidilcholin) in
the ER and PLs could be potent iNKT activator ligands in some tissues at least in mice (47).
Although the complete identification of endogenous lipids mediating iINKT activation has been
challenging due to poor sensitivity of assays, which are unable to detect the extreme low lipid
concentrations, purified from cellular extracts.

Lysosomal glycosphingolipids (GSLs) as potent iNKT lipids has been identified by utilizing
APCs lacking B-glucosylceramide, the common precursor for the majority of GSLs, because
INKT cells were not reactive to these APCs. Later the antigenicity of GSLs was confirmed in
hexosaminidase B (Hex-B) deficient mice, a mouse model of a human GSL lysosomal storage
disorder (75). These studies suggested that Hex-B enzyme in lysosomes was required for the
generation of iNKT-selecting ligands in the thymus. Of these GSLs only
isoglobotrihexosylceramide (iGb3) was immunogenic. On the contrary, evidence regarding the
role of iGb3 in NKT development has been conflicting because mice deficient in iGb3
synthase, an enzyme essential for iGb3 biosynthesis, exhibited normal INKT number or
function and human iGb3 synthase gene appeared to be nonfunctional (76, 77). Subsequent
studies demonstrated that mice with diverse lipid storage disorders had a general defects in
INKT development. This raised the hypothesis that the INKT dysfunction might not be the
consequence of the lack of iGb3 but rather originated by a more general defect in

glycosphingolipid processing that disrupted iNKT development in these animals (78).
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Previously, endogenous a-linked iINKT antigens were thought to be absent from mammalian
cells and glycosphingolipids were considered to have only B-linked sugar. Later it was
published that immune cells were able to produce constitutively very small quantity of aGC
which served as relevant endogenous selecting lipid for iNKT development (79).

Another B-linked endogenous lipid, namely sulfatide selectively activates the type 11 NKT
cells (80) (Figure 4).

2.2.3. Exogenous lipid antigens

Human and mouse CD1d share approximately to 65% amino acid sequence identity in their
antigen binding region and bind aGC in the same orientation. The recognition properties of
mouse and human iNKTs with the different lipids presented by CD1d molecules are conserved.
Hence mouse and human iNKTSs are highly cross-reactive and can recognize aGC regardless of
the CD1d by which it is presented (81, 82).

Besides recognizing endogenous lipids, synthetic and microbial-derived antigens also
activate NKTs. The first identified lipid, which activated iNKTSs in the context of CD1d, was
aGC, isolated from the marine sponge Agelas mauritianus (83). In this glycolipid, there are two
lipid chains: an acyl chain of 26 carbone atoms (C:26) and a sphingosine chain of 18 carbon
atoms (Figure 4). The hydrophilic galactose is connected to the sphingosine chain through an a-
anomeric linkage (a-linked). Human CD1d crystal structure was reported in complex with or
without aGC. These studies revealed that the galactose is extended above the surface of the
ligand binding groove in a position suitable for recognition by the INKT TCR. The alkyl chain
fits perfectly into the A’, while sphingosine chain accommodates F’ “pocket” of the CD1d
molecule (82). The a-linked glycan in aGC has since been shown to be a common structural
motif in many identified bacterial lipids (47).

Since then, analogues of aGC have been synthetized by the modification of acyl or
sphingosine chains. Some of these structural derivates trigger either Thl- or Th2-biased
immune responses by iNKTs. For example aGC with a carbon-based glyosidic linkage (a-C-
GC) triggers Thl-biased responses, while OHC induces Th2 responses from iNKTs (84, 85).
Despite extensive research, no lipid antigens comparable potency to the prototypic INKT cells

agonist has been identified.
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Figure 4: CD1d-dependent lipid antigen presentation. A, The structure of human CDId/a-
galactosylceramide (aGC) complex. aGC is bound by the CD1d antigen-binding groove, which is has two
lipid binding pockets: the A'-pocket and the F'-pocket. Acyl chain accommodates the A, whilst
sphingosine chain fulfills the F’ pocket. The o-linked galactose is surface exposed, whereas the lipid tails
are loaded to the cavity. B, Chemical structures of various CD1d lipid antigens. J. Rossjohn, Nature
Reviews. Immunology, Volume 12, 2012, 845-85.

26



2.2.4. Lipid antigen delivery to DCs and lipid uptake by APCs

The transports of antigenic lipids are mediated by lipid transporter proteins (LTPs) that
facilitate lipid trafficking to tissues and recognition by immune cells. Serum LTPs are
apolipoproteins (very low-density lipoprotein (VLDL), LDL (low-density lipoprotein), high-
density lipoprotein (HDL)) and the fatty acid amide hydrolase enzyme (FAAH) (86, 87).
Lipoproteins are associated with apoproteins (Apo) that regulates their uptake via specific
receptors expressed by DCs. The in vivo relevance of VLDL-dependent extracellular lipid
transport has been demonstrated in ApoE” mice, because these mice had reduced numbers of
INKTs and reduced iNKT response to aGGC. DCs engulf aGGC/lipoprotein complexes by the
LDL receptor (LDL-R) in ApoE-dependent manner. The lipoprotein/ApoE complexes are
internalized and translocated to early endosomes. Thereafter acidic pH of late endosomes
facilitates ApoE release form VLDL, association to HDL and export (86).

Based on their receptor requirement for intracellular uptake, lipid antigens can be separated
into three classes: 1, LDL-R dependent lipids, such as aGGC, 2, scavenger receptor A (SR-A)-
dependent lipids as Sphingomonas-derived a-glucuronosylceramide GSL-1 (aGIUAC, PBS-29)
and 3, lipids such aGC, which can be engulfed by both LDL-R and SR-A (88). In the human
serum VLDL, HDL and free LTPs have been implicated in the transport of aGC. However
aGC can enter into the cells in vitro by both LDL-R and SR-A, in vivo experiments with
LDLR”- and SRA™ mice revealed that SR-A is required for aGC uptake. LDL-R deficiency in
mice did not have a significant influence in the aGC-primed iINKT cytokine response and
iINKT-mediated downstream adaptive CD4* and CD8" T cell responses. Deficiency in the SR-
A-regulated endocytosis resulted in diminished INKT-dependent immune responses, indicating
the importance of SR-A as the main aGC uptake receptor for INKT activation (88).

Chemical modification could alter the receptor-dependent uptake of glycolipids to DCs.
Addition of one unsaturation on the acyl chain or modification of the head group such as the
addition of the second galactose to aGC strongly influence the LDL-R-mediated uptake of the
lipid variants and abolished their uptake via the SR-A (88).

The nature of the lipids also defines the transport to different endosomal compartments.
Lipids with longer alkyl chains are sorted to late endosomes, corresponding to the localization
of CD1b. Lipids that have multiple unsaturated or shorter saturated tails are directed to early- or
recycling endosomes, surveyed by CD1a or ¢ (71).

Upon intravenous injection, aGC in the serum was also associated with monomeric LTPs such
as FAAH. The FAAH-transported aGC uptake was mediated by SR-A (87).
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2.2.5. Lipid antigen processing and loading

Inside the cells, lipids are usually present in membranes or associate with proteins. For
presentation, lipids have to be extracted from their milieu, processed and loaded into the
antigen binding pocket of CD1 molecules. These processes are assisted by hydrolases and
LTPs. Some lipid antigens require partial degradation to become antigenic. The synthetic
glycolipid aGGC processing requires the removal of the terminal galactose of the precursor
lipid to become potent aGC by a-galactosidase hydrolase enzyme, located in late endosomes
(89). Lysosomal Hex-B generates immunogenic iGb3 after removal of the B-linked terminal
acetylgalactosamine from isogloboside 4 (iGb4) (75). Lipid extraction to the lumen is mediated
by LTPs that facilitate loading or replacement of lipid antigens to CD1 molecules in the
endosomal compartments. Besides its fundamental role in endogenous lipid loading in the ER,
lipid editing function of MTP is also involved in exogenous lipid presentation by replacing ER-
derived lipids with lipids present in the late endosomes or lysosomes (52, 53). GM2 activator
proteins participate in lipid processing as a chaperon that either extract or load lipids to CD1d
(90). In addition, CD1e is also linked to the glycolipid antigen processing and transfer to CD1
molecules (72).

CD1d lipid antigens are edited by saposins (Saps), membrane-perturbing sphingolipid
activator proteins (91). Active saposins (SapA-D) are generated from the precursor prosaposin
in the late endosomes. This process is catalyzed by cathepsins (Cats) (92). Saposins directly
bind lipid antigens, extract them from endosomal membranes, and transfer them to CD1
proteins, while the loading of the lipids onto CD1 molecules is an indirect process. The in vivo
relevance of Sap-mediated lipid presentation was determined in Sap™ mice (90). Sap deficiency
leaded to defective INKT development in the absence of prosaposin, because thymocytes of
these mice failed to stimulate iINKT cells. In contrast to the impaired INKT development, the
number of the type Il NKT cells was normal (93). Importantly, CD1d expression, cellular
distribution and iNKT cell autoreactivity were not affected by Saps but the presentation of aGC
was affected to CD1d-resticted iINKT cells (90, 91, 94). The aGC can bind to cell surface CD1d
molecules without endosomal recycling, but it was shown that Saps facilitate the intracellular
CD1d/aGC complex formation in lysosomes (95). Each Sap has preferences for a subset of
lipids, based on their nature. SapB loads iGb3 and sulfatide onto CD1d, while aGC editing is
dependent on SapA. Sap deficiency leads to dysregulated lysosomal lipid accumulation, lipid
traffic and exchange between membranes. The impaired lipid metabolism results in lysosomal

storage diseases which affect CD1d loading (93).
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2.2.6. Lysosomal Cathepsins in DCs

Immunogenic lipid presentation is depended on proteolytic mechanism in the lysosomes of
DCs. Most lysosomal proteases are known as Cats, which are essential for both peptide and
lipid antigen presentation (96, 97). Cats are synthetized as zymogens, and become active after
removal of their amino-terminal pro-domain, that occupies their active sites. Cysteine
proteinases-mediated proteolysis is critical for the antigen-presentation in DCs, wherein
controls the lipid editing by cleaving of li and pro-saposins in late endosomes (98). In response
to maturation signals, DCs acquire higher capacity for lipid editing by enhanced lysosomal
activity, characterized with elevated antigen processing and lipid/CD1 complex formation (99).
This enhanced proteolytic capacity does not reflect increased protease level, because iDCs and
mDCs have similar level of Cats. However, in iDCs, a substantial portion of CatL is present in
proenzyme form and its activation is increased by maturation.

CatL, S, and B have shown to be expressed in DCs (100). Amongst them only CatL and S have
been connected to lipid antigen-presentation to date (97, 101). In CatS deficient (CatS”") mice,
MHCII complexes were accumulated in endosomal vesicles, that might affect the intracellular
CD1d transport to the membrane. CatS deficiency leaded to reduced level of cell surface CD1d
in the thymic DCs. Moreover the intracellular trafficking of CD1d was also affected in CatS™
DCs. iINKTs were functionally defective in these mice, secreting reduced amount of INFy and
were not reactive to aGC, presented by WT DCs (101). The number of iNKT cells was also
reduced in CatL™ mice but in contrast to CatS ”~ animals, CatL deficiency failed to alter the
CD1d level on the cell surface (97). CatL enzyme activity in thymocytes was essential for the
positive selection and the enzyme was involved in the negative selection of iINKTs, mediated
by APCs. In the periphery, CatL expressed by APCs was critical for the terminal differentiation
of INKTSs. In both cases, the deficiency in Cat proteins appeared to impede endosomal events
required for potent CD1d-mediated antigen presentation.

DCs have been reported to express lysosomal aspartic proteases such as CatD (102). Similar to
cysteine proteases, CatD is synthetized in inactive form (pre-pro-CatD) and are activated by
autocatalysis in ceramide-dependent manner (103). The activated CatD are abundant in
lysosomes where able to cleave LTPs as prosaposin. The significance of this protease has not

previously tested in the context of lipid presentation.
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2.2.7. CD1d-resticted NKT cells

Unlike conventional T cells, which recognize peptide antigens, TCRs on NKTSs are reactive
to lipid antigens in the context of the CD1d (10, 73). CD1d-reactive T cells have been grouped
according to their antigen specificity and functional properties. These unique self-reactive T
cells express both NK markers and TCRs on their surface (10, 104); hence they are termed as
NKTs. There are two types of CD1d-restricted T cell populations: invariant NKT (iNKT) cells,
otherwise known as type | NKTs and diverse NKTs (dNKTSs), which are more commonly
referred as type Il NKTs.

INKTs represent a unique population of evolutionarily conserved subset of innate
lymphocytes which express highly restricted set of TCR, composed of a semi invariant o chain
(Val4-Jal8 in mice and Va24-Jal8 in humans) paired with a restricted repertoire of  chains
(VB2, VB7, and VB8.2 in mice, or VP11 in humans) (10). iINKTs express a variety of homing
receptors licensing them to migrate to lymphoid or into non-lymphoid organs, including skin,
liver and lung (105). Moreover iNKTSs acquire a constitutive memory phenotype that enables
immediate reaction upon their activation (106). INFy and IL-4 transcription is activated during
INKT thymic development, and preformed IL-4 mRNA in the cytoplasm allows the rapid
cytokine secretion upon antigen stimulation (107, 108). iNKT differentiation is governed by
key TFs, PLZF, TBET and RORy, ‘that serve as markers to define murine iINKT subtypes
subdividing them into INKT1, iNKT2 and iNKT17 cells with the secretion of key cytokines IL-
4, INFy, and IL-17, respectively (105).:

In mice, INKT comprise approximately 1 to 3% of lymphocytes in the blood and lymphoid
organs, and are enriched in the liver, where they represent up to 30 % of resident lymphocytes
(109). The calculated frequencies were much lower in humans (110).

In the periphery their subsequent activation results in a rapid cytokine burst within hours by
which transactivates other lymphocytes. Indeed, iINKTs are involved in a wide range of
immune relevant processes such as maturing DCs, activating NK or B cell or biasing T cell
responses, hence iNKTs regulate both innate and adaptive immunity, modulate the ongoing
immune responses, that can influence the outcome of various disease from autoimmune
responses, bacterial or viral infection and cancer (111).

The potent role of iNKTSs in providing tumor immune surveillance was demonstrated by
aGC injection, and in several studies without administration of the antigenic lipid ligand,
supporting the notion that iINKTs can recognize endogenous antigenic lipids produced by tumor

cells (83, 112-115). The essential function of iNKTs was demonstrated in Jul87" mice, in
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which adoptively transferred iNKT cells elicited protection against tumors (112). Depending on
the tumor model, resident iNKT reactions can lead to effective anti-tumor immunity through
down-stream activation other immune cells by initiating Thl cytokine cascade in the tumor-
associated stroma (TAS), thus orchestrating local activation of effector cells, such as NK and
CD8* T cells, which ultimately kill tumor cells. As a feedback loop, iNKT activation also
contributes to DC activation through the CD1d-TCR and CD40-CD40L interactions, which
induce DC maturation and 1L-12 expression (116). Secreted 1L-12 stimulates NK and iNKT
cells to produce even more INFy, and the two cytokine together trigger NK and CD8" T cells
(117-119). Co-administration of peptide antigens with INKT agonist has adjuvant effect (116,
120). As a consequence of iINKT activation, DCs up-regulate CD70 co-stimulatory receptors,
essential for cross-priming to CD8" T cells. CD8a" DCs produce CCL17, which attracts
CCR47/CD8'T cells for subsequent activation and their polarization toward anti-tumor
effectors (121, 122). iNKTs also alter the effects of immunosuppressive cells by reversing
(myeloid-derived suppressor cell) MDSC-suppression and CD1d-dependent elimination of
TAMs (123, 124).

Conversely, type Il NKTs express a polyclonal TCR repertoire (125). The limited reagents
to monitor type Il NKTs and the absence of specific surface markers have limited the
functional characterization of this NKT population. In contrast to aGC, there is not known
antigen that can uniformly stimulate all type 11 NKTs. The immune functions of a fraction of
type Il NKTs can be analyzed by sulfatide/CD1d tetramers, because these complexes do not
activate iINKTs (126). The frequency in number of these cells is lower than their type |
counterparts in the mouse spleen but is very frequent in the human BM and liver (127).

The in vivo relevance of NKT activation can be characterized in CD1d”" mice lacking both
iINKTs and type Il NKTs (128). To determine the specific function of the two NKT
populations, the immunophenotype of CD1”" mice have to be compared with Jal8’ mice,
which lack only iNKTs (129). These animal models have been very useful in defining the
unique role of type Il NKTs in several pathological conditions. Administration of sulfatide
demonstrated that type Il NKTs have immunosuppressive function. Once activated, type Il
NKTs have the capacity to override iINKT-mediated immune responses through immune cross
regulation in Concanavalin A (ConA)-induced hepatitis (80). In this model, sulfatide
administration resulted in preferential activation of type Il NKTs. Sulfatide was presented to
type Il NKTs by CD1d* pDCs and facilitated the generation of IL-10 secreting regulatory
cDCs. The secreted macrophage inflammatory protein-2 (MIP-2) triggered iNKT recruitment

to the liver, wherein became anergized.
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In contrast to the protective role of INKTs in most murine tumor models, type 11 NKTs have
been shown to be sufficient to suppress tumor immune surveillance and had tumor promoting
activity (130-132). Sulfatide-reactive NKTs enhanced tumor burden in vivo and abolished the
clinical effects of aGC when the two agonists were administered together, suggesting that
sulfatide-reactive murine type 1l NKTs can antagonize the potent aGC-dependent protective
INKT responses (133). This immune regulatory axis between the two NKT cell populations and
that type Il NKTs favor tumor growth by releasing IL-4 and IL-13 were demonstrated in

several mouse models (132, 134).
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2.3. Nuclear hormone receptors
2.3.1. Classification of nuclear hormone receptors

Members of the nuclear hormone receptor superfamily display diverse roles in the regulation
of development, homeostasis and immunity (135-138). As ligand-activated TFs, nuclear
hormone receptors can be activated by an array of small lipophilic molecules such as steroids,
retinoids and dietary lipids. These ligands are produced either intracellularly or obtained by
cells from the surrounding environment. As intracellular sensors of lipophilic compounds,
nuclear hormone receptors bind their activating ligands, deliver metabolic or hormonal signals
directly at a transcriptional level and translate these sensed signals into physiologic effects.
Human and mouse genome encode genes for 48 or 49 nuclear hormone receptors, respectively
(139). Traditionally, nuclear hormone receptors are classified into three groups (Table 2).
“Classic” steroid hormone receptors are activated by endocrine ligands (endocrine receptors).
The ligands of these receptors had been identified before cloning of the cognate receptors.
These hormones bind to their receptors with high affinity. Later by analyzing sequence
similarity to previously known receptors, dozens members of the superfamily have been
identified initially without physiological ligands and functions; therefore they were referred as
“orphan” nuclear hormone receptors. Once their natural ligands have been identified by reverse
endocrinology, corresponding orphans have considered to be “adopted”. This group of nuclear
hormone receptors can be activated by low-affinity endogenous ligands as dietary lipids (138,
140). Nuclear hormone receptors are conserved in all metazoan species. In 1999 the
nomenclature system for the nuclear hormone receptor superfamily has been unified. The
members of the superfamily have been categorized into six distinct groups according to
sequence homology and phylogenetic analysis, identifying each nuclear hormone receptors

with less ambiguity (141).

2.3.2. Structure of nuclear hormone receptors

Nuclear hormone receptors share a common domain organization (142, 143) (Figure 5). A
typical nuclear hormone receptor consists of five-six functional regions. The variable N-
terminal domain (NTD or A/B domain) is the most diverse domain among these receptors.
“Classic” hormone receptors have the largest A/B domains, ranging from 400 to 600 amino
acids, while A/B domains of non-steroid receptors are much shorter (144, 145). Most A/B

domains include activation function-1 (AF-1) region which can mediate ligand-independent

33


http://en.wikipedia.org/wiki/Homology_%28biology%29#Homology_of_sequences_in_genetics

transcriptional activation. The highly conserved DNA binding domain (DBD or C region)
contains two typical cysteine-rich zinc finger motifs, targeting the receptor to specific hormone
response elements (HREs) which are cis-regulatory DNA sequences in the enhancer of target
genes (146). The first zinc finger contains the proximal- or P-box, a highly conserved section
region, which determines the sequence specificity of the receptor-DNA binding (147). The
distal- or D box in the second zinc finger determines the half-site spacing and allows the ligand
binding domain (LBD or E domain) to hetero- or homodimerize (148-150). The hinge or D
domain is a poorly conserved segment and behaves as a flexible bridge between DBD and
LBD. LBD domain contains four functionally interacting but structurally distinct surfaces: 1,
dimerization interfaces; 2, activation function-2 (AF-2) regions; required for the ligand-
dependent transcriptional activation; 3, ligand binding pocket (LBP) that specifies the ligand
binding to the receptors; 4, cofactor-binding surfaces that mediate recruitment of co-activator
or co-repressor complexes to the receptor (138, 151, 152). The size of the LBP varies between
nuclear hormone receptors. Steroid hormone receptors have a relatively small so called "tight-
fitting” LBPs and their ligands bind to LBDs with high specificity and affinity, while other
receptors such as peroxisome proliferator-activated receptors (PPARs) own large LBPs
accepting more, structurally divers activating ligands with lower specificity and affinity (151,
153, 154). The C-terminal F region is not present in all receptors, and its function is poorly
characterized.

AF-1 DBD hinge LBD
L T T T e

H,N

COOH

Figure 5: Functional domains of nuclear hormone receptors. Nuclear hormone receptors consist of 5-
6 functional domains: N-terminal A/B region is the ligand-independent activation domain (including
activation function-1 (AF-1)), C region (DNA binding domain (DBD)) defines DNA-binding, the D
region acts as a hinge, while the E (ligand binding domain (LBD)) is responsible for the ligand-
dependent transactivation domain. M. Kiss, Journal of Allergy and Clinical Immunology, Volume 132,
2013, 264-286.
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As TFs, nuclear hormone receptors rely on sequence-specific binding to regulate their target
genes (155). Majority of nuclear hormone receptors bind to HREs as monomers, homo- or
heterodimers with the retinoid X receptor (RXR). Sequence specific HREs consist of one or
two hexa-nucleotide half-sites. The consensus sequence motif of the non-steroid nuclear
hormone receptor is AGGTCA or its variants, separated from each other by a spacer with
variable length. The binding specificity of the receptors is largely directed by the spacing,
sequence and the orientation of the two half-sites. Recognized half-sites can be configured as
direct repeats (DRx, AGGTCA-Nx-AGGTCA, where N is any nucleotide and x is the number
of spacer nucleotides, present between the two half-sites), everted repeat (ERx, ACTGGA-Nx-
AGGTCA) or inverted repeat (IRX, AGGTCA-Nx-ACTGGA). Classic steroid receptors as
homodimers recognize inverted repeats (IR), while non-steroid nuclear hormone receptors bind
to high-affinity DRs with distinct half-site spacing (i.e. PPARs-DR1, liver X receptors (LXRS)-
DR4, retinoic acid receptors (RARs-DR2-DR5) or IRs as farnesoid X receptor (FXR)-IR1).
The pattern of half-site selectivity is based on the receptor-specific spacing of DRs, an axiom
that was became known as 1-5 rule (138, 142, 152, 155-157). Orphan receptors recognize
HREs as monomers, dimers or heterodimers with the exception of DAX1 and SHP atypical
nuclear hormone receptors , which lack DBD, bind to AF-2 of other nuclear hormone receptors,
prevent co-activator binding or recruit co-repressor complexes, leading to transcriptional
repression (158).

The “classic” steroid hormone receptors such as glucocorticoid receptors (GR) are located in
the cytoplasm in the absence of ligands. They form complexes with chaperons including heat
shock proteins (159). Upon ligand binding they release from chaperons, translocate to the
nucleus and bind to their HREs. Other receptors in the “classic”" group such as vitamin D
receptor (VDR) and RARs form heterodimers with RXR, allowing a more complex and
combinatorial regulation of their target genes by integrating different signaling networks. These
heterodimers are located in the nucleus and regulate (either promoting or repressing) gene
expression by different mechanisms. Generally, in the absence of ligand, nuclear hormone
receptors bind to HREs and held inactive by co-repressors, such as silencing mediator of
retinoid and thyroid signaling (SMRT) and nuclear receptor co-repressor (NCoR) in association
with histone deacetylases (HDAC3) (160-163). Deacetylation leads to chromatin compaction
and suppression of basal transcriptional activity, mediating the process called direct repression.
Upon ligand binding, a conformational change occurs in the receptors facilitating co-activator
complex recruitment and co-receptors releasing. These co-factor changes direct local covalent
histone modifications and chromatin remodeling at their associated target genes to induce
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chromatin decompaction and gene activation. Among these co-activators, the members of p160
recruit immediately to the nuclear hormone receptors and CBP/p300 family harbor histone
acetyltransferase activity (HAT), whereas co-activator-associated arginine methyltransferase 1
(CARML1) histone methyltransferase modify the chromatin template by arginine and lysine
methylation (164, 165). These initial chromatin-modifying steps are followed by the actual
recruitment of the RNA polymerase Il holoenzyme and components of the basal transcription
machinery. In some cases, nuclear hormone receptors also can mediate transcriptional
repression when co-repressors bind to RXR heterodimers in ligand-dependent manner. Finally,
certain heterodimers such as PPARy interfere with gene expression in ligand-specific, but
sequence-independent manner. In the process of transrepression, nuclear hormone receptors
prevent transcriptional activation of other signal-induced TFs such as nuclear factor kB (NF-
kB) or activator protein-1 (AP-1), by stabilizing formation of a co-repressor complex at target
regulatory elements, thus nuclear hormone receptors have the ability to integrate and co-
regulate diverse signaling pathways and modulate the activities of other major signaling
cascades (166).

Nuclear hormone receptor superfamily

Endocrine receptors Adopted orphan receptors Orphan receptors
Steroid receptors RXRa,B,y 9-cis retinoic acid | DAX-1
GR glucocorticoid PPARa.P,y fatty acids SHP
ER estrogen LXRa,p oxysterol NR4Aa,B,y
MR mineralocorticoid | FXR bile Rev-erba,f3
PR progesterone PXR xenobiotics COUP-TFa.,B,y
AR androgen CAR androstane
RXR heterodimers RORa,B,y retinoic acid
TRa,pB thyroid hormone | ERRa,f,y estrogen?
RARa,B,y retinoic acid
VDR vitamin D

Table 2: Classification of the nuclear hormone receptor superfamily. Receptors and their representative
ligands are listed. Based on (167).
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2.3.3. Nuclear hormone receptors in human mo-DCs

A global gene expression analysis revealed that some nuclear hormone receptors including
PPARy and LXRo are expressed and induced in differentiating DCs (168). Later our
microarray profiling demonstrated that 20 out of the 48 nuclear hormone receptors are
expressed in human mo-DCs (169). These findings suggested that non-steroid nuclear hormone
receptors may have potent functions in DC development and functions. RXRs are unique
nuclear hormone receptors with the ability to form heterodimers with one third of the nuclear
hormone receptor family (170, 171). In most cases, RXRs act as obligate partner for high
affinity binding to corresponding HREs for transactivation (138). RXR heterodimers are
classified into functionally distinct non-permissive and permissive subgroups. Non-permissive
heterodimers (RAR/RXR) are unresponsive to the activation from the RXR side and can be
activated only by the partner receptor’s agonists (171). Ligand—induced activation of RXR is
prevented by the partner receptor through blocking the ligand binding to the RXR. This
phenomenon is referred as “silencing” and RXR is considered as a “silent partner” in these
heterodimers (172, 173). RXR can be activated in the RAR/RXR heterodimer in the presence
of RAR ligands and simultaneous activation of RXR and RAR enhances the transcriptional
response to the RAR ligand. In contrast, (PPAR/RXR) permissive heterodimers can be
activated by either RXR ligands or a NR partner’s agonist and heterodimers activation in the
presence of both ligands results in a co-operative, synergistic response compared to that
resulting from binding of only a single receptor ligand. Moreover, RXR can form heterodimers
with Nurr77 and Nurrl with atypical LBD, unlikely to be occupied by any ligand (174).

Recently we have surveyed the expression pattern of each potential RXR partners and RXRs
in human developing mo-DCs to explore the full map of RXR heterodimers in these cells (175).
These data confirmed our previous results that the dominant RXR subtype is the RXRa in these
cells. Among RXR partners, LXRa, PPARy, PPARS/B, VDR and RARa are highly expressed
in mo-DCs and are robustly induced at transcriptional level during DC differentiation, while the
expression of LXRp is decreased. Nur77 and Nurrl are expressed in freshly isolated monocytes
but during the first day of the differentiation, their expression levels were reduced dramatically.
Other potent RXR partners (such as RARp) are not expressed or are detectable at very low
level in this cell type. Based on our global gene expression and pharmacological analyses,
RXRs may act as homodimers or may be as a potent functional partners for PPAR (y, 3), LXR
(o, B) (permissive heterodimers) and for VDR, RARa (non-permissive heterodimers) in
differentiating mo-DCs. Among RXR partners, the role of PPARYRXR and RARwRXR
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heterodimers in developing mo-DCs will be introduced in the next chapter as the activation of
these receptors leads to phenotypic and functional changes in DCs by co-ordinate regulation of
a set of their responding genes (175).

2.3.4. The role of retinoid acid receptors in DC biology

Vitamin Al/retinol and its derivatives are collectively known as retinoids. The essential
function of vitamin A has been identified in vision, embryonic development, immune
competence and reproduction (176-179). Deviation from optimal retinoid level is associated
with a variety of human diseases including visual disorders, infectious diseases and cancer
(176, 178, 180). All-trans-retinoic acid (ATRA), the highly potent biologically active
metabolite of retinol, prevents and rescues the main defects caused by Vitamin A deficiency in
adult animals, while 11-cis-retinaldehyde displays a key role in visual function (137, 176).

Retinoids exerts their pleiotropic effect in target cells by inducing the transcriptional activity
of the nuclear retinoid receptors (181). RARs consist of three subtypes involving RARa
(NR1B1), RARB (NR1B2) and RARy (NRI1B3), which molecules are encoded by separate
genes and the isoforms of all receptor subtype are generated by alternative splicing. RARs form
heterodimers with RXRs, which also have three subtypes, RXRo (NR2B1), RXRp (NR2B2)
and RXRy (NR2B3) (182) . Although both ATRA and 9-cis retinoic acid activate RARs, RXR
binds 9-cis retinoic acid only (183). 9-cis retinoic acid, docosahexaenoic acid and phytanic acid
have been identified as putative natural RXR activators but none of these compounds have been
evidenced as an endogenous ligand in vivo (reviewed in ((184)). The rexinoids are synthetic
RXR activators with receptor isoform selectivity give raise the possibility to assess the

contributions of each RXR isoforms to retinoid signaling pathways (185).

2.3.4.1. Source of retinoids

Vertebrates do not have the ability for de novo retinol synthesis but can obtain this vitamin
from the diet as retinyl ester or carotenoids (186, 187). Retinyl esters are hydrolyzed in the
intestinal lumen by pancreatic lipase and phospholipase B, incorporated with carotenoids into
mixed micelles and absorbed by enterocytes (188-191). In enterocytes, carotenoids are
metabolized to retinyl esters and secreted into the lymph in chylomicrons, transported

predominantly to the liver, the main retinoid store in the body (192, 193). Retinyl esters are
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continually hydrolyzed into retinol from the liver store, binds to Retinol binding protein 4
(RBP4), which delivers it to target tissues (194).

2.3.4.2. Retinoids in target cells (cellular up-take and transport)

Retinol target cells express a highly conserved multi-transmembrane domain protein, the
stimulated by retinoic acid-6 (STRAG6) transporter (195), that mediates the binding of RBP-
retinol and facilitates retinol uptake to the cells. Cells may take up retinol through the recently
identified RBP4 receptor-2 (RBPR2) transporter. The structure of RBPR2 is related to human
and murine STRAG6 and therefore the receptor may be an alternative retinol transporter for
STRAG negative cells (196).

Within the cell, retinoids are bound by cellular retinol binding proteins (CRBPSs) that
solubilize retinoids in the hydrophilic nature and protect them from oxidation and isomerization
(197). CRBP1 targets retinol for storage or toward metabolic enzymes such medium-chain
alcohol dehydrogenases (ADHS) or short-chain dehydrogenase/reductases (RDHSs) that convert
retinol to retinal (Figure 6). Subsequently, retinal dehydrogenase (RALDH) enzymes synthetize
ATRA form retinal (198). ATRA associates with cellular retinoic acid-binding protein 1
(CRABP1), CRABP?2 or fatty acid-binding protein 5 (FABP5) transporters (199). Upon binding
of ATRA, cytosolic CRABP2 delivers ATRA directly to RARs through direct protein-protein
interactions and enhances the transcriptional activity of the receptors (200). Interestingly,
CRABP2 does not contain recognizable nuclear localization signal (NLS), but during ligand
binding a conformational change is induced in the protein and CRABP2 becomes recognizable
by nuclear import proteins such as importin-a (201). During embryonic development both
CRABP1 and 2 molecules are widely expressed in the embryo but usually localized in different
cells (202, 203). In adults, CRABP1 is widely expressed, while the expression of CRABP2 is
restricted to the liver, skin, testis, uterus, ovary and the choroid plexus (204-208). The altered
expression profiles reflect distinct function of CRABP1 and CRABP?2 in retinoid biology.

CRABP1 moderates the cellular response to ATRA by transporting it to enzymes involved
in the ATRA catabolism (199). Intracellular ATRA level is tightly regulated by the members of
cytochrome P450 gene family: CYP26Al, CYP26B1 and CYP26C1 (209-211). Polar
metabolites generated by these catabolic enzymes are more easily excreted from cells.
Cyp26A17 mice confirmed the importance of ATRA degradation in cells to protect against
teratogenic exposure of retinoids (212). Importantly, the proximal upstream promoter region of
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the Cyp26al gene contains a functional retinoic acid response element (RARE), therefore
Cyp26al gene expression is directly regulated by RARs (213).

FABPS transfers ATRA to PPARP/6 and activates PPARPB/3-mediated transcription. This
selective ATRA delivery, mediated by binding proteins, provides a mechanism to induce
dissimilar ATRA actions (214).
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Figure 6: Component of the cellular retinoid metabolism. Retinol is converted to all-trans
retinaldehyde by alcohol dehydrogenases (ADHs) or short-chain dehydrogenase/reductases
(SDRs). The second enzymatic step of this metabolic pathway is mediated by retinaldehyde
dehydrogenase (RALDH) enzymes generating all-trans retinoic acid (ATRA). ATRA is
transported to the nucleus by fatty acid-binding protein 5 (FABP5) and cellular retinoic acid-
binding protein 2 (CRABP2) to RAR. ATRA is inactivated by cytochrome p450 26 (Cyp26)
enzymes.
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2.3.4.3. Retinol metabolism

For exerting physiological function, retinol obtained either from the diet, liver deposit or bile,
and has to be converted during two consecutive oxidative reactions for metabolic activation
(Figure 6). In the first rate-limiting oxidative step retinol is converted to retinal. This enzymatic
reaction can be catalyzed either by alcohol dehydrogenases (ADH1, ADH3, and ADH4),
members of the medium-chain dehydrogenase/reductase (MDR) superfamily or by retinol

dehydrogenases that are members of the short-chain dehydrogenase/reductase superfamily
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(SDR) (retinol dehydrogenase 1 (RDH1) and RDH10) (215-218). Due to the reversible nature of
these reactions, retinal can be reduced back to retinol through the action of some RDHSs such as
DHRS3 (219). It was demonstrated in studies utilizing retinol/CRBP1 as a substrate, that 80-
94% of cellular retinal-generating capacity resided in the microsomes (intracellular localization
of RDHSs), rather than the cytosol (site of ADHSs) (220). Currently at least three RDHs are seem
to be physiologically participating in converting retinol to ATRA: RDH1, RDH10 and DHRS9
(221). DHRS9 have all-trans or cis-retinol dehydrogenase activity in vitro and are contributed to
ATRA metabolism in transient transfection systems. RDH10 specifically oxidizes all-trans-
retinol as substrate. RDH10 was identified as all-trans retinol dehydrogenase in the RPE BX and
was purified from the microsomal fraction of rMC-1 cells (222, 223). The role of RDH10 for
embryonic ATRA synthesis was identified by N-ethyl-N-nitrosuera (ENU)-induced forward
genetic screen method (217). The missense point mutation in Rdh10 generated by
Ethylnitrosourea eliminated the RDH10 retinol dehydrogenase activity in mice. These
trex/Rdh10 mutants had severe organ abnormalities and an embryonic lethal phenotype at
embryonic day 13.5. Retinal supplementation between gastrulation and early fatal stage leaded
to viable RDH107" mice however, these animals still suffered from severe developmental
abnormalities (224). The fundamental role of RH10 in embryonic development has been
confirmed utilizing RDH107" mice, carrying the RARE-lacZ-reporter transgene, which monitor
endogenous sites of retinoid signaling (217, 225).

The second enzymatic step is the irreversible oxidation of retinal to ATRA, mediated by
RALDH1/ALDH1AL, RALDH2/ALDH1A or RALDH3/ALDH1A3, members of the aldehyde
dehydrogenase family (198, 226). Genetic deletion experiments in mice have established the
physiological contribution of RALDH isoforms to ATRA production and vital functions of
RALDH2 during the embryonic development (221, 227, 228). RALDH2”" mice showed early
lethality suggesting that this enzyme was essential for embryonal ATRA production (229).
These experiments also indicated that the sites of RDH10 expression overlapped with
RALDH2 sites suggesting that co-expression of the two metabolic enzymes was required for

active ATRA generation in developing embryos.
2.3.4.4. The effects of retinoids on DCs

Retinoids also have potent immune modulatory capacity and exert their effects on multiple
immune cells. The ability of retinoids to promote myeloid cell differentiation was demonstrated

by extensive research of acute promyelocytic leukemia (230). In vitro data showed that Vitamin

41



A enhances T and B cell proliferation and survival and 9-cis retinoic acid effectively prevented
activation-induced apoptosis in T cells (231-234). Furthermore, it has been demonstrated that
retinoids regulated DC differentiation and immunogenicity by activation retinoid receptors
(235, 236).

The expression of RARs was examined in murine Sp-DCs, which express all RAR subtypes
(o, B and y), in LP- and colonic DCs expressing predominantly RARa (237, 238) . Our previous
results assessed the transcript levels of retinoid receptors in human mo-DCs (239). Based on
microarray analysis, real time quantitative PCR (RT-gPCR), Western blot and IHC data we
concluded that the RARa/RXRa is likely to be the dominant heterodimer in developing mo-
DCs.

Retinoids play an important role in the development of mouse BM-DCs in the presence of
GM-CSF. Depleted serum retinol decelerated the differentiation of DCs, whereas ATRA or 9-
cis retinoic acid supplementation significantly restored the number of DCs and inhibited the
granulocyte development. These results indicated that retinoic acid supported the
differentiation of myeloid progenitors to iDCs instead of granulocytes when dietary retinol was
adequate. Interestingly, retinol significantly reduced the DC development in FIt3L treated cells
(240).

The retinoid-mediated effects on DC homeostasis have also been demonstrated in humans.
ATRA modified the differentiation of DCs from circulating peripheral blood monocytes
(ATRA-DCs). ATRA-DCs exhibited DC morphology and iDC phenotype. The retinoid also
up-regulated the cell surface levels of co-stimulatory molecules (CD40, CD80 and CD86) and
enhanced the proliferative capacity of naive CD4" T cells primed by ATRA-DCs. Although
ATRA-DCs retained their antigen-capture capacity, they secreted interleukin IL-12 without
addition of any maturation agent. In addition, ATRA-DCs could drive the differentiation
program of T cells towards an IL-12-dependent Thl response with INFy secretion (241). A
subsequent study characterized further the function of retinol and ATRA in mo-DCs. Retinoids
induced dose-dependent increase in the membrane expression of CD86 and induced MHCII
translocation from cytoplasmic compartments to the cell surface in the presence of TNFa.
ATRA co-operated with inflammatory cytokines, increased the DNA binding activity of NF-xB
and enhanced the antigen specific T cell response triggered by DCs (236). Moreover, ATRA
increased the migratory capacity of DCs to reach the nearest lymph node by upregulating the
secretion of matrix metalloproteinase 9 (MMP9) and 12 and inhibiting that of tissue inhibitors
of matrix metalloproteinases (TIMPs). Mature DCs showed increased migration capacity in
matrigel toward the lymphoid chemokines CCL19 and CCL21, due to the enhanced capacity of
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these cells to degrade the extracellular matrix (242). The physiological function of retinoids in
the immunogenicity of DCs was demonstrated in case of epidermal LCs. Activation of LCs
after topical administration of ATRA enhanced the LC antigen presentation capacity to CD4™T
cells (243). Moreover, retinoid treatment restored the aberrant distribution of LCs in psoriatic
epidermis of patients (244). The homeostasis of developmentally related splenic
CD11b*/CD8a/EsamM® DCs and intestinal LP-CD103*/CD11b* DC subset is critically
controlled by the retinoid signaling (245). Both DC populations were reduced in mice with
chronic vitamin A deficiency (VAD) indicating that VAD causes significant reduction of DCs
not only in the intestine but also in the central lymphoid organ. A reduced DC number could
also be observed after total body irradiation (TBI), which exerted significant injury in the small
and large intestines. This injury leaded to failure of retinol absorption and VAD in treated
patients. It was also shown that TBI followed by ATRA administration enhanced the MHCII-
mediated antigen presentation capacity of DCs and increased their CD4* T cell-dependent
antitumor immunity and autoimmune responses in mice, correlating with the restored level of
CD11b*/CD8a Sp-DC subset. Similar positive effect of dietary retinoids has been examined
mice fed with a diet containing vitamin A acetate (VAA) and 13-cis-RA. Beside increased
number of accessory cells in the paracortical region of the LNs and in splenic marginal zone,
DC cells had enhanced antigen-presenting cell function evidenced by both alloproliferative and
allocytotoxic T cell responses in vitro (245).

However, in contrast to their above mentioned positive effects, retinoids can modulate the
DC-mediated immunity negatively as well. Retinoids induced the apoptosis of DC through
caspase dependent/FasL-independent pathways in iDCs (236). The apoptotic effect of retinoids
was transduced through RARa/RXR-dependent signaling and was restricted to iDCs because
neither monocytes nor mDCs showed cell death upon retinoid treatment. ATRA reduced the
allogeneic stimulatory effect of Sp-DCs in in vitro mixed leucocyte reaction (MLR) (246).
Moreover, DCs isolated from mice kept on VAA-enriched diet have reduced capacity to
stimulate allogeneic T cells.

The effects of ATRA on DCs derived from human cord blood monocytes helped to clarify
the role of retinol on immune functions in children (247). Monocytes differentiated in vitro to
DCs yielded a reduced number of mo-DCs with significantly lower IL-12 secretion. ATRA-
treated DCs favored Th2 polarization with higher IL-4, IL-10 and lower INFy cytokine
secretion. The negative function of ATRA on DC differentiation and maturation has been
further supported recently on mo-DCs. These DCs produced a low level of IL-12 and high
amount of IL-10 by which triggered Th2 and Treg differentiation (248). Activation of Sp-DCs

43



by the TLR2 ligand zymosan leaded to extracellular signal-regulated kinase (ERK) activation
and RALDH2 expression in DCs (249). DCs utilizing retinol metabolized ATRA which exerted
an autocrine effect on DCs, triggering suppressor of cytokine signaling-3 (SOCS3) via RAR
and RXR receptors. SOCS3 attenuated p38 MAPK activation and secretion of pro-
inflammatory cytokines (IL-12, IL-6, IL-23 and TNFa). In contrast, zymosan induced robust
IL-10 production. ATRA and IL-10 synergistically educated DCs to induce Treg cells (with
TGFp) or IL-10 secreting Type 1 regulatory T cells (Trl) (without TGFp) differentiation via
autocrine feedback loop (249).

9-cis RA and fenretinide (4-HPR) rexinoid specifically inhibited the functional up-
regulation of CCR7 on human mDCs and on murine BM-DCs; 4-HPR also reduced the
expression of CXCR4, therefore, inhibiting in vitro migration of human DCs toward CXCL12.
In vivo experiences showed that, 4-HRP also impaired CCR4-mediated DC mobility (250).

2.3.4.5. ATRA synthesis in DCs

Numerous data have demonstrated that multiple factors including ATRA, retinol, GM-CSF,
IL-4, TLR ligands can promote or in case of prostaglandin E2 (PGE2) can inhibit the ATRA
synthesis in the cells (239, 249, 251, 252). These imprinting factors promote the expression of
Raldh genes, indispensable markers for active ATRA synthesis in DCs. First, Iwata
demonstrated that PP- and MLN-DCs synthetized ATRA from retinol and released ATRA
enhanced the expression of CCR9 and integrin 04B7 gut homing markers on responding CD4*
T cells which effect was suppressed by citral (RALDH inhibitor) and LE135 (RAR antagonist)
(253). According to their results, Adh5 was expressed ubiquitously and PP-DCs expressed
Adhl and 4, suggesting that these enzymes might be responsible for retinol to retinal
conversion in adult mice. For the retinal to ATRA oxidation step, PP-DCs expressed Raldhl
and to a lower extent Raldh2, while MLN-DCs expressed Raldh2 (253). Subsequent studies
demonstrated, that Raldh2 expression in GALT-associated DCs was enriched in CD103* DC
subsets, by which triggered as4f7 and CCR9 more potently than their CD103™ DC compartments
(32, 251, 254). It soon became evident that ATRA synthesis is not a universal DC property and
only certain DC subsets acquire the ability to produce this retinoid. Enormous research effort
has been taken to identify those factors that determine ATRA synthesis capacity in DCs. One
hypothesis suggested that RALDH expression is defined by an intrinsic developmental
program, restricted to lineage specific DCs. Because common DC progenitors, under the
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control of IFR8 and BATF3 TFs, gave rise developmentally related RALDH active (CD103%)
and also RALDH negative DCs in the periphery, therefore this idea was excluded (22, 27, 255).
However, it is more likely that DCs become imprinted to express RALDHs after migrated into
peripheral tissues such as the gut.

ATRA and retinol are pivotal among multiple physiological factors intrinsic to the local
intestinal microenvironment (238, 251, 256). The concentration of retinol is significantly higher
in the small intestine and MLNSs than in the colon, spleen in the steady state and can be reduced
in mice kept on VAD diet (238, 257). Small intestine receives retinol also from the bile, which
contains significantly higher retinol level than the serum (238). As intestinal epithelial cells
(IECs) strongly express Raldhl, they may convert ATRA from dietary-, blood-derived- or bile
retinol (258). The biologically active metabolites can be provided to adjacent DCs, which
constitutively receive ATRA signals from stromal cells (expressing Raldhl, Raldh2, and
Raldh3), or intestinal macrophages as well (253, 256, 259, 260). CD11c* cells in the MLNs of
VAD mice displayed dramatically inhibited Raldh2 expression and RALDH activity that was
restored with oral retinol or ATRA supplementation (238, 251, 256, 257, 261). Furthermore,
ATRA enhances the ability of DCs to differentiate gut tropic T cells and Tregs and directly
regulates the Raldh2 gene, suggesting that ATRA triggers its own metabolism (238, 256, 257,
261).

BM-DC differentiated in the presence of GM-CSF expressed Raldh2 and the growth factor
had similar positive effect in case of Sp- or FIt3L-differentiated BM-DCs, which originally did
not express detectable RALDH2 enzyme (251). The physiological effect of GM-CSF has been
confirmed in CsFR2”- mice, lacking the common GM-CSF/IL-3/IL-5 subunit of the receptor.
These mice had decreased number of DCs in LNs and the isolated MLN- and PP-DCs showed
markedly lower RALDH activity. GM-CSF was also critical for maintaining RALDH2
expression in cultured BM-DCs. GM-CSF-mediated effects were inhibited by RAR inhibitor,
suggesting that ATRA-mediated signals might contribute to the Raldh2 expression. Other
cytokine which triggers DC Raldh expression in vitro is IL-4 since IL-4-treated FIt3L-BM-DC
and Sp-DC expressed Raldh2 mRNA and had RALDH activity. Intestinal DCs, obtained from
IL-4R™" mice, lacking the common subunit of IL-4 and IL-13 receptors, displayed similar
RALDH activity as compared to wild type (WT) mice. Due to the fact that IL-13 induced the
Raldh2 expression in FIt3L-BM-DCs, this phenomenon might be explained with the presence
of IL-13 in the intestinal environment. Interestingly, IL-4 and GM-CSF synergistically primed
BM-DCs to generate ATRA in vitro, moreover the additive effects of the cytokines was further

increased by TLR ligands. This synergistic effect might be important in term of human mo-
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DCs, because DCs generated with GM-CSF and IL-4 are widely used for research or
therapeutic purposes (251).

Beside cytokines, several TLR ligands were shown to trigger Raldh2 expression and
RALDH activity in Sp-DCs, including zymosan (TLR2), Pam3CSK4 (TLR1/2), Pam-2-cys and
follistatin-like 1 (TLR2/6) (249, 257, 262, 263). The Pam3CSK4-triggered Raldh2 expression
was mediated by C-Jun N-terminal kinase (JNK)/mitogen-activated protein kinase signaling
downstream of TLR1/2 (263). DCs from TLR2-, TLR6-, or ERK1 deficient mice showed
significantly reduced levels of RALDH enzymes in response to zymosan treatment. Moreover,
CD103* MLN-DCs from TLR2” mice and mice treated with pan-JNK inhibitor displayed
reduced retinol metabolizing activity and lower capacity to induce gut homing receptors on
responding T cells (263). The other intracellular signaling pathway that can be required for the
retinoid-producing capacity of intestinal APCs is the WntT-B-catenin-mediated cascade, which
is constitutively active in intestinal LP-DCs and macrophages. Both LP-DCs and LP-
macrophages, obtained from B-catenin” mice expressed lower amount of RALDH1 and
RALDH2 enzymes. Activation of -catenin pathway by E-cadherin, TLRs or Wnt ligands in
DCs promoted IL-10 and TGFp secretion, critical for promoting Treg response and for limiting
inflammatory responses (264).

PGE2 have been described as an environmental factor which suppresses the retinol
metabolizing activity during DC differentiation both in mice and human (252). PGE2
suppressed Raldh2 expression in BM-DCs in vitro through its receptor, prostaglandin
E2 receptor 4 (EP4), whereas reduced RALDH activity via activating EP2 or EP4-coupled
signaling cascades in mo-DCs. The negative effect of PGE2 in Raldh2/RALDH2 expression
was mediated by the inducible cAMP early receptor (ICER) which seemed directly down-
regulated RALDH2 transcription because its promoter contains multiple CRE-binding sites
(265).

The relevance of examining intestinal retinoid metabolism in DCs was further intensified by
the detection of CD103" DCs in human MLNSs. These cells displayed a more mature phenotype
by the cell surface expression of CD83 as compared with their CD103™ counterparts and
induced a4p7 or CCR9 expression on responding CD8" T cells efficiently. The DCs-mediated
gut-homing expression could be inhibited by LE540 (RARa antagonist), suggesting that human
DCs similarly to mouse cells acquire active ATRA metabolic capacity in the gut (266).
Furthermore, unique APCs within the LP, with macrophage-like morphology and co-expressed
macrophage (CD14) and DC (CD209) markers, elicited potent antigen-specific immune
responses through ATRA-mediated signals. These cells express RDH10 and RALDH2,
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suggesting that at least some in vivo APCs may produce ATRA by utilizing these oxidizing
enzymes (267).

Finally, a comprehensive analysis demonstrated that ATRA metabolism could be detected
also in extra intestinal tissue-derived DC such as lung and skin DCs by using a flow cytometry-
based detection assay. Unexpectedly, the RALDH activity was detected in CD103" skin
migratory DCs, while ATRA producing cells in the lung contained both CD103" and CD103"
subsets (262). These data collectively demonstrated that ATRA synthesis capacity is not
restricted to intestinal DCs and at least some migratory DC subsets in the peripheral tissue
produce ATRA under a complex control of imprinting factors including cytokines, signaling

pathways and cell-derived lipid mediators.

2.3.5. PPARs in DC biology

DCs express PPARs that also control a broad range of cellular responses in the human body
including cell differentiation, proliferation, cell death and inflammation (reviewed in (184)).
The PPAR family consists of three isotypes: PPARa (NRCICI1), PPARS/B (NR1C2) and
PPARy (NR1C3), each of them is encoded in a separate gene. These receptors show distinct
tissue-specific distribution with different physiological functions. PPARa is abundantly
expressed in tissues characterized by high metabolic activity (liver, skeletal muscle, kidney,
heart) and regulates fatty acid oxidation and lipid transport (268, 269). PPARS/p shows a
ubiquitous distribution, while PPARy expression can be detected in various cell types like
adipocytes, macrophages and DCs (168, 268, 270, 271). PPARy has two full-length isoforms of
which PPARY2 is highly detectable in the adipose tissue, while PPARyl has a border
expression pattern in the body (270, 272). The PPARY receptor was initially described in mouse
adipose tissue as a master regulator of adipogenesis and also required for the maintenance of
adipocyte specific functions (270, 273). PPARy” mice are lipodystrophic and die of placental
defects showing the essential regulatory function of the receptor in the control of embryonic
differentiation (274). Genetic variants of PPARy in humans are also associated with
lipodystrophy and insulin resistance, providing genetic evidence for the receptor in
adipogenesis and glucose homeostasis (275).

In the nucleus for direct transcriptional activation, PPARs heterodimerize with RXRs and
bind to their receptor-specific response elements (PPRES) in the promoter or enhancer regions
of their target genes (276). The PPRE contains direct repeat sequences separated by one base
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pair (DR1). PPARY can be activated by selective natural ligands, such as the components of the
oxidized low-density lipoprotein (oxLDL) and prostaglandin derivate 15d-PGJ2 (277, 278). To
date, a wide range of synthetic ligands have been identified. Amongst them, Avandia
(Rosiglitazone/RSG) or pioglitazone have been utilized in the therapy of Type Il diabetes
mellitus (279). Due to the importance of these ligands in the treatment of this disease, PPARYy is
the most intensively characterized PPAR isotype.

The PPARY receptor is expressed in different lineages of immune cells. PPARy influences
myeloid development and macrophage functions as well (277). Ligand activation of the
receptor up-regulates the CD36 scavenger receptor, which in turn leads to oxLDL uptake by
macrophages. OxLDL delivers even more receptor selective PPARy activator ligands to the
cells that subsequently activate lipid metabolic pathways (135, 280, 281). The altered lipid
metabolism through lipid accumulation leads to foam cell formation in atherosclerotic vessels.

Beside this fundamental role in metabolism, the receptor is involved in the regulation of
immune responses. Studies on macrophages revealed that PPARYy can be considered as an anti-
inflammatory TF but the exact molecular mechanism is still elusive (282). The receptor can
attenuate the transcriptional activity of other TFs including NF-xB, AP-1 or NFAT involved in
pro-inflammatory signaling pathways, a mechanism known as transrepression, by which
inhibits the expression of a various proteins with pro-inflammatory properties such as
cyclooxygenase-2 (COX2), inducible nitric oxide synthase (iINOS) and a variety of cytokines.
The treatment of cells with PPARy ligands enhanced the differentiation of classically
activated/M2 macrophages with distinct secretory and functional capacity, attenuating
inflammatory responses (reviewed in (184)).

The idea that PPARy might transcriptionally integrate lipid metabolism and inflammatory
responses in DCs was supported by increasing amount of evidence. There are several tissues or
tissue compartments in the human body wherein DCs are lightly to sense environmental lipids
(184, 283). Several lines of in vitro experiments presented that the receptor was functional in
DCs, contributing the subtype- and functional specification and immune phenotype of the cells
(49, 169, 239, 284-289). However, the receptor was not expressed in all DCs but at least in a
subset of these immune cells in vivo (49, 288-290) . The expression of PPARy was
demonstrated first in murine Sp-DCs (284). Activation of the receptor with the synthetic ligand
RSG did not alter the mature phenotype of Sp-DCs in vitro and injection of antigen-pulsed,
RSG-treated DCs into the footpads of mice did not alter the antigen presentation property of the
cells. Activated T cells secreted both Thl and Th2 type cytokines (INFy and IL-4, IL-5, I1L-10)
regardless of PPARY ligand treatment (284).
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Conversely, it was also shown that there was a PPARy-inhibited IL-12 secretion by iDCs
and mDCs. DC-derived IL-12 was indispensable for Th1 promotion and CD8" T cell activation,
suggesting that PPARy might affect the polarization of DC-directed immune responses (284).
First, an extensive microarray analysis revealed that PPARYy gene was up-regulated during
human monocyte-to-DC development (168). Subsequently, the expression of PPARy at mRNA
and protein level was confirmed by other investigators (285, 286). These studies demonstrated
that synthetic PPARy ligands and natural agonist upon DC maturation directed developing DC
to have a less matured phenotype, characterized with decreased cell surface expression of
CD80 and elevated MHCII and CD86 levels.

Similarly to murine Sp-DCs, PPARYy active mo-DCs had altered cytokine secretion pattern,
secreting lower amount of IL-12, while the concentration of IL-6 and 1L-10 in cell supernatant
were unchanged as compared to mo-DCs with lower PPARYy activity. mDCs secreted reduced
amount of chemokines involved in the recruitment of Thl lymphocytes (CXCL10, CCL5 MIP-
la) but PPARYy signaling did not affect the producing of Th2 attracting chemokines (CCL17
and CCL22) (285). The inhibitory effect of PPARy activators in line with the less matured
phenotype of cells resulted in a reduced immunogenicity of DCs (286). However, IL-12
administration to DC/peripheral blood mononuclear cells (PBMC) co-cultured samples failed to
revert the reduced level of T cell proliferation, suggesting that the impaired T cell activation of
mDCs was not only due to lack of IL-12 but also to other effects that modulate DC maturation
process (286). These results suggested that PPARy active DCs might prime less potently the
Th1l cell differentiation and recruitment, and DCs may favor Th2 immune responses. In
contrast to this hypothesis, no one has been able to found any Th2 response upon activation of
PPARy in DC/leucocyte co-culture experiments so far.

DCs have to migrate from the peripheral tissues to LNs for effective T cell priming. RSG
supplementation dumped the migration capacity of BM-DC through the down-regulation of
CCR7 (288). Following intratracheal injection, PPARy ligands impaired the migration of
murine DCs to LNs and reduced DC motility in vitro towards CCL19 chemokine. Moreover,
RSG-treated and OVA-pulsed DCs reduced the proliferation of responding T cell in LNs (291).
The detrimental effect of PPARy was further supported in other experimental murine models of
LC migration. RSG inhibited the TNFa-triggered emigration of LC from the epidermis in
receptor-dependent manner (288). Importantly, PPARy reduced the steady-state motility of
DCs from the mucosal area to the thoracic LNs as well. Furthermore, RSG prevented the
initiation of allergic responses and the early development of atopic dermatitis (AD) in NC/Tnd
mice, a model for human AD (292). In this model the synthetic agonist reduced the
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accumulation of Langerin® DCs in skin lesions and migration of DCs to LNs. In addition,
systemic administration of pioglitazone into mice provided protection from lethal H5NI
influenza infection (293). During influenza infection, the PPARy ligand pioglitazone reduced
the migratory and the antigen-specific CD8" CTL activating capacity of tip-DCs against
influenza-virus-generating epithelial cells in the respiratory tract indicating that pioglitazone
might impede DC mobility via receptor specific effects. As PPARy ligand treatment reduced
the CCR7 expression, this might be partly responsible for the impaired tip-DC accumulation.

Collectively these in vitro and partly in vivo experimental data suggested that PPARy acts as
a suppressive TF in DCs that inhibits murine and human DCs immunophenotype at multiple
levels. The anti-inflammatory effects of PPARy receptor has partly been characterized at
molecular level in LPS-matured DCs (287). PPARYy activation impaired the MAP kinase and
NF-kB pro-inflammatory signaling pathways, probably due to transrepression mechanism that
subverted IL-12 expression.

Besides the aforementioned negative effects of PPARy activation on DCs selective agonist
of PPARYy enhanced the internalizing capacity of the cells (49). In response to selective
activator ligands, DCs had higher capacity to endocytose FITC-dextran, which was mainly
mediated by mannose receptor (MR). MR was up-regulated by PPARy in BM-DCs, mediating
Ova antigen uptake and elevated cross presentation of the model antigen by MHCI molecules.
In contrast to these results, our laboratory could not detect induced MR expression on the cell
surface of RSG-treated human mo-DCs (49). Furthermore, PPARy activation induced the
expression of CD36 receptor. The receptor CD36 has been supposed to be involved in
apoptotic cell uptake by human DCs and in mediating cross-presentation of antigens to CD8" T
cells however, in CD36 deficient mice, this receptor was not essential for CD8a* murine DCs-
mediated cross-priming (294, 295). In line with this murine data, a detailed analysis of CD36
expression and increased latex bead uptake for estimating phagocytosis revealed, that PPARY-
regulated increased internalization capacity of the cells is independent of CD36 in our model
(49). We could not detect any differences in MHCI expression, suggesting that the MHCI-
mediated peptide antigen presentation capacity of the cell was probably not affected.

Interestingly, our laboratory has also demonstrated that PPARY highly up-regulated ATP
binding cassette subfamily G member 2 (ABCG2), a member of ATP-binding cassette
transporters in developing DCs (296). These results also confirmed that ABCG2 gene
expression was directly regulated by the receptor. ABCG2 had important function in tumor

drug resistance by exporting a variety of anticancer drugs including mitoxantrone. In line with
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this property of the transporter we found, that RSG-treated cells accumulated less mitoxantrone
compared to control DCs, thus the PPARy might confer protection form anticancer drugs.

For further characterization of the role of PPARy on human DC functions, a suitable in vitro
model system is required in which DCs express the receptor. Human DCs can be differentiated
either from CD34" hematopoietic stem cells, from CD14" peripheral monocytes or from
myeloid CD1c* blood DCs (297). According to previous results of our laboratory, PPARy
expression was immediately induced in a narrow developmental period during the monocyte-
to-DC differentiation (49). Freshly isolated monocytes failed to express the receptor, while the
PPARy protein was detectable after 4 hours in cultured cells. The receptor was active in this in
vitro DC model, because synthetic and natural agonists induced the expression of its bone fide
target gene FABP4. To assess the global PPARy-dependent gene expression profile during DC
differentiation we utilized microarray experiments (169). These results revealed that PPARYy
was not a simple inhibitory TF of the DC development because more than 1000 transcripts
were regulated by the receptor and the half of these transcripts was up-regulated in the RSG-
treated samples. PPARy-activated genes in the first 6 hours of the differentiation program were
involved primarily to the lipid metabolism and transport (FABP4, CD36, LXR, and PGAR) and
were most likely directly/transcriptionally regulated by the receptor. Conversely, immune
function-related genes were regulated in the later developmental period by the receptor,
suggesting that PPARY might alter the DC immune phenotype indirectly through activation of

intracellular lipid metabolism and signaling pathways.

2.3.6. Co-ordinated regulation of retinoid signaling by RARa and PPARY in DCs

PPARy and RARa regulate the expression of genes participating in lipid antigen
presentation (CD1a, CD1d) in mo-DCs. We confirmed that both receptors could regulate the
mo-DCs-mediated lipid antigen presentation through up-regulated CD1d expression in cultured
DCs (49, 239).

Based on literature data, endogenous serum derived lipids skewed mo-DC development to
the generation of CD1a cells (298). Lysophosphatidic acid and cardiolipin were identified as
lipids present in normal human serum that could potently modulate the expression profile of
Group 1 CD1 molecules but not that of CD1d. The control of CD1 mRNA expression was
regulated by PPARy. DCs differentiated in human serum-supplemented medium expressed
CDI1d in PPARy-, and RAR-dependent manner (239). Administration of lipoproteins during the
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DC development also affected the CD1 profile of the cells, suggesting that the uptake of lipids
resulted in intracellular endogenous PPARY agonists that induced transcriptional events, co-
ordinating lipid metabolism, expression of CD1 molecules and DC immune functions (239,
289).

Monocytes express cell surface CD1d at high levels which was rapidly down-regulated after
the induction of mo-DC differentiation (49). In contrast to CD1d, monocytes did not express
CD1 group 1 molecules (CD1a, b, c) but the CD1a protein was up-regulated on the surface of
the cells. PPARYy agonist treatment induced the expression of CD1d molecules along with the
down-regulation of CDla at both mRNA and protein levels. We established that PPARy
triggered indirectly the CD1d expression by turning on endogenous lipid ligand synthesis in
developing mo-DCs (239). Utilizing global gene expression analysis, we compared the
expression pattern of genes in control samples and in PPARy-ligand treated samples, which
might be involved in retinol and retinal metabolism and endogenous ATRA production from
retinol. We found that members of SDRs (required for retinol to retinal conversion), RDH10
and DHRS9 were up-regulated by PPARy during mo-DC differentiation. Furthermore, RSG-
treatment induced RALDH2 expression, an essential retinal converting enzyme in intestinal
DCs. The microarray results were validated by RT-gPCR and IHC. We determined the
intracellular ATRA concentration in RSG-treated differentiated DCs by LC-MS analysis. The
co-treatment of DCs with RSG and DEAB (RALDH inhibitor) to probe the contribution of
these enzymatic steps in the regulation of gene expression of PPARy-regulated genes
confirmed, that PPARy-triggered ATRA synthesis was mediated by RALDH activity. The
accumulation of ATRA resulted in the induction of retinoid response by the RARw/RXR
heterodimer. We also found that approximately the 30% of all PPARy-responsive genes are
regulated via the induction of retinoid signaling (239).

We characterized the functional consequences of the PPAR-induced, ATRA-regulated
CD1d expression on DC surface. Both PPARy and RARa activation leaded to iNKT expansion
(49, 239). Nuclear hormone receptor instructed DCs were pulsed with synthetic iINKT ligand,
aGC. These DCs triggered selective induction of iNKT proliferation and INFy secretion in
autologous MLR cultures. As INKT cell activation was restricted to CD1d-dependent lipid
antigen presentation, we concluded that PPARy-induced CD1d expression could be translated
to efficient lipid presentation by DCs and to enhanced iNKT activation under these in vitro
conditions. These results linked PPARy and RARa to iNKT-mediated immune responses.
PPARy-altered lipid metabolism would allow DCs to respond to altered lipid homeostasis by
changing CD1 gene expression and lipid antigen presentation. Moreover, synthetized lipid
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mediators such as ATRA, if exported, might also influence the functions of neighboring cells in

the peripheral tissues.
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3. AIMS

During the process of DC differentiation many genes in these cells become up-or down-
regulated. The regulation of gene expression requires a complex network of growth factors,
signaling pathways and TFs. Environmental factors such as lipids induce signal transduction
pathways that act on TFs, which have a fundamental role in controlling and co-ordinating of the
expression of multiple genes that regulate physiological functions of DCs. We demonstrated
that PPARy signaling axis altered the lipid metabolism through the activated endogenous
ATRA synthesis in mo-DCs, leading to subsequent cell type specification, characterized by
enhanced lipid antigen presentation capacity of the cells. Despite of enormous scientific effort,
the identity of permissive cell types, the required components of the biological active ATRA
synthesis and the steps of lipid antigen processing for CD1d-mediated lipid presentation in DCs

are still not characterized to date.

Therefore the objectives of our studies:

1, Identification of permissive murine DC subtypes by characterization of the expression of

genes required for retinol uptake, ATRA production and signaling.
2, Systematical survey of human DC subtypes for ATRA biosynthesis and signaling.

3, Functional validation of our human mo-DCs as a suitable model to characterize the required

steps for PPARy-regulated ATRA synthesis, retinoid signaling and lipid antigen presentation.

4, Determination whether PPARy also stimulates retinoid signaling through the ATRA
transport.

5, Characterization of the PPARy-regulated ATRA signaling in human tissues.

6, Providing functional evidence by gene specific silencing and lipid antigen presentation assay
that beside RALDH2, PPARy-activated RDH10 and CRABP2 are also mechanistically

indispensable for the retinoid signaling axis-mediated gene expression.

7, Determination whether PPARy stimulates the iINKT expansion capacity of DC through a

novel signaling axis.
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4. MATERIALS AND METHODS

4.1. Ligands

Cells were treated with the following ligands: rosiglitazone (RSG) and GW9662 (Alexis
Biochemicals, San Diego, CA, USA), ATRA (Sigma-Aldrich, St. Louis, MO, USA),
AGN193109 a gift from Roshantha A. S. Chandraratna, (Allergan Inc. Irvine, CA, USA),
AMS580 (Biomol, Hamburg , Germany), 4-diethyl amino-benzaldehyde (DEAB) from Fluka
(Honeywell, Morris Plains, NJ, USA) pepstatin A and OVA 257-264 peptide (Innovagen,
Lund, Sweden), bafilomycin (Sigma-Aldrich). a-galactosylceramide (aGC) was obtained from
Kirin Brewery Ltd. (Gunma, Japan), galactosyl(1-2) galactosylceramide (aGGC) from P.A.
Illarionov (School of Bioscience, University of Birningham, Edgbaston, UK). The vehicle
control (1:1 of dimethyl sulfoxide/Ethanol) had not detectable effect on the cell differentiation
(data not shown).

4.2. Generation of bone marrow-derived dendritic cells (BM-DCs)

BM cells were isolated from the femur of C57BL/6 mice. Animals were housed under
specific pathogen free conditions and the experiments were carried out under institutional
ethical guidelines and licenses (license number: 21/2011/DEMAB). BM cells were
differentiated to BM-DCs in RPMI 1640 culturing medium (Sigma-Aldrich) supplemented with
10% Fetal bovine serum (FBS) (Invitrogen, Thermo Fisher scientific, Waltham, MA, USA),
500 U/ml penicillin/streptomycin (Invitrogen, Thermo Fisher scientific), 2 nM L-glutamine
(Invitrogen), 20 ng/ml GM-CSF (Peprotech EC, London, UK)) and 20 ng/ml IL-4 (Peprotech)
or 20 ng/ml GM-CSF alone for 9 days. Cytokine treatment was repeated at day 3 and 6 (299).
After 9 day of culturing period, cells were harvested in Trizol reagent (Invitrogen, Thermo

Fisher scientific) for RNA isolation.

4.3. Splenic (Sp-DC) and Mesenteric lymph node-dendritic cell (MLN-DC) separation

CD11c" MLN-DCs were obtained from B16-FIt3L tumor cell-injected C57BL/6 mice (300).
Pooled spleens and MLNs of male C57BL/6 mice were cut into small fragments and digested
with Collagenase D (Roche, Basel, Switzerland) for 40 minutes at 37°C. Solutions were passed

through a nylon mesh and washed. Cell suspension was pre-incubated for 10 minutes at 4°C
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with anti-mouse CD16/CD32 Mouse BD FC Block antibody (BD Biosciences Pharmingen, San
Diego, CA, USA). CD11c" cells were obtained followed by anti-CD11c MACS bead (Miltenyi
Biotec, Bergisch Gladbach, Germany) separation. CD103* and CD103" DCs were separated by
labeling the cells with anti-CD11c-APC and anti-CD103-PE (BD Biosciences Pharmingen)
antibodies and subsequent sorting on FACSVantage (BD Biosciences, San Hose, CA, USA)
(32, 254). Cells were harvested in Trizol reagent (Invitrogen, Thermo Fisher scientific) or were

utilized in co-culture experiments.

4.4. DC/Splenocyte co-culture experiment

Pooled MLN CD103" DCs were obtained as described above (4.3.). Splenocytes were
purified from pooled spleens of BALB/c mice. Spleens were placed in Petri dish containing
RPMI 1640 medium supplemented with 10% FBS (Invitrogen, Thermo Fisher scientific). Cells
were squeezed out with glass plunger. After washing, Lysing Buffer (BD Pharm Lyse, BD
Biosciences) was applied against red blood cells. The cell suspension was plated in Petri dishes
for 12 hours to attach splenic DCs. Co-culture experiments were set in 12-well plates. The
DC/Splenocyte ratio was 1:20, corresponding to 1:10 DC: T cell ratio in 2 ml culturing
medium/well. After 72 hour incubation at 37°C, MLN CD103* DCs were separated by labeling
cells with anti-CD11c-APC and anti-CD103-PE (BD Bioscences Pharmingen) antibodies and
subsequent sorting on FACSVantage (BD Biosciences). Cells were harvested in Trizol reagent

(Invitrogen, Thermo Fisher scientific).

4.5. DC/CD8a* T cell co-culture experiment

CD8a" T cells were obtained from OTI-I mice (as a gift of Dr. Zoltan P6s). Single-cell
suspension from spleens of OT-1 mice were prepared using gentleMACS Dissocator (program:
m. spleen 01.01 for 1-2 spleens) (Miltenyi Biotech). After washing, CD8a" cells were obtained
followed by the CD8a" T Cell Isolation Kit Il (Miltenyi Biotech), by autoMACS Separator
(Deplete program) (Miltenyi Biotech). Pooled CD103" MLN-DCs were isolated as described
above (4.3). CD103" DCs were loaded with 20 pM OVA 257-264 peptide (Innovagen). Co-
culture experiments were set in 24-well plates. The DC/T cell ratio was 1:2. After 72 hour
incubation at 37°C, CD103" MLN-DCs were separated by labeling cells with anti-CD11c-APC

and anti-CD103-PE (BD Biosciences Pharmingen) antibodies and subsequent sorting on
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FACSVantage (BD Biosciences). Cells were harvested in Trizol reagent (Invitrogen, Thermo

Fisher scientific).

4.6. Human monocyte-derived dendritic cell (mo-DC) culture

Human monocytes (98% CD14%) were isolated from Buffy coats of healthy volunteers,
obtained with the Regional Ethical Board permit from the Regional Blood Bank, by Ficoll
gradient centrifugation (Amersham Biosciences, Uppsala, Sweden), followed by magnetic bead
separation using anti-CD14-conjugated microbeads (Miltenyi Biotech). Monocytes were
differentiated to DCs in multiwell culture plates at the density of 1.5 x 10° cell/ml in RPMI
1640 medium (Sigma-Aldrich) supplemented with 10% FBS (Invitrogen, Thermo Fisher
scientific), 500 U/ml penicillin/streptomycin (Invitrogen), 2 nM L-glutamine (Invitrogen,
Thermo Fisher scientific), 800 U/ml GM-CSF (Gentaur Ltd. London, UK) and 500 U/ml IL-4
(Peprotech). Cells were cultured for 5 days. Ligands or vehicle control were added to the cell

culture at day 0 and at day 3.

4.7. Flow cytometry

Cells were harvested and washed in 1X buffered (phosphate buffered saline) PBS and
stained in 1X PBS supplemented with 0.5% bovine serum albumin (BSA) (Sigma-Aldrich) for
40 minutes at 4°C. Cell staining was performed using PE- or FITC- conjugated antibodies: anti-
CD14-FITC, anti-F4/80-FITC, anti-CD11c-PE, anti-CD1d-PE, anti-CD1a-FITC, anti-CD11c-
FITC, anti-CD209-PE (BD Biosciences Pharmingen) and anti-Va24-FITC, anti-VB11-PE
(Immunotech, Marseille, France) and appropriate isotype-matched controls (BD Biosciences
Pharmingen, Immunotech). Analysis of cell surface expression of proteins was performed using
a FACSCalibur (Beckman Coulter, BD Biosciences, San Jose, CA, USA) and analyzed by

CellQuest software.

4.8. Microarray analysis

The generation of the microarray data used for Figure 18 and 20 (DC subtypes) was
described in Széles et al. (175). We assessed the genes are expressed in mo-DCs and other DC
types. Using Affymetrix microarray data of human Langerhans cells (LC), dermal DCs,
tonsillar CD1c* DCs, blood CD1c* DCs, blood plasmacytoid DCs (pDCs) along with mo-DCs
(169, 175, 301, 302). The generation of the microarray data of human mo-DC used for Figure
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18 and 20 was described in Szatmari et al (169). Briefly, mo-DCs were cultured with or without
the PPARy agonist RSG and RNA was isolated at 6 h, 24 h, or day 5 of the culture.
Hybridization of the RNA samples was carried out at the Microarray Core Facility of the
European Molecular Biology Laboratory (Heidelberg, Germany). Analysis was carried out
using GeneSpring GX7.3.1 software (Agilent Technologies, Santa Clara, CA, USA). Raw data
(cell files) were analyzed by the GeneChip robust multiarray analysis algorithm (GC-RMA)
and raw signal intensities were normalized per chip (to 50th percentile). All microarray data are
available in the public Gene Expression Omnibus database (GEO) under accession no.
GSE23618 (DC subtypes and in ArrayExpress database, accession no E-TABM-34), accession
no. GSE8658 (mo-DC differentiation). For a full description of cell culture and differentiation,
RNA isolation, hybridization, and data analysis, see Szeles et al. (175) and Szatmari et al.
(169).

4.9. Real time quantitative PCR (RT-gPCR)

Total RNA was isolated from cells using Trizol reagent (Invitrogen, Thermo Fisher
scientific). 1000 ng of total RNAs were reverse transcribed with SuperScript Il reverse
transcriptase (Invitrogen, Thermo Fisher scientific) and random primers (Invitrogen, Thermo
Fisher scientific). This was performed at 42°C for 2 hours, and 72°C for 5 min. Quantitative
PCR was performed on LC480 platform (Roche), 40 cycles of 95°C for 10 sec and 60°C for 30
sec for Tagman assays (Applied Biosystems, Thermo Fisher scientific, Waltham, MA, USA) or
95°C for 10 min, 40 cycles of 95°C for 10 sec and 60°C for 30 sec using Sybr green. The
sequences of primers and probes used in transcript quantification are listed in Table 1. Gene
expression was quantified by the comparative threshold cycle method and normalized to human
or mouse Cyclophilin A (PPIA and Ppia) expression as housekeeping gene. All PCR reactions
were performed in triplicates. Values are expressed as means + SD. In addition, TagMan low-
density arrays (TLDAS) (Applied Biosystems, Thermo Fisher scientific) were used according to
manufacturer’s instructions. For TLDA analyses a high capacity cDNA archive Kit (Life
Technologies, Thermo Fisher scientific) was used. RT-gPCR was performed using real-time
PCR (ABI Prism 7900, Applied Biosystems, Thermo Fisher scientific).
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Gene symbols

Primer sequences and

Tagman probes

Pre-designed gene expression
assays/TLDA

Cdld1l

Fw gggccccatcttggttaga
Rev ggttgcacttgtcccttgatc
Sybr green

Crabpl

Fw tgtgcagtgaatcttgttctca
Rev aaggtcggagagggcttc
Sybr green

Crabp2

Fw tcctgtttgatctcgactget
Rev ttcaggaaatgctaaaagc
Sybr green

Crabp2-Mm00801691_m1/TLDA

Cyp26al

Fw ccggcttcaggctacaga
Rev ggagctctgttgacgattgtt
Sybr green

Cyp26al-MmO00514486_m1/TLDA

Ppia/Cyclophillin A

Fw cgatgacgagccecttgg
Rev tctgctgtctttggaacttgtc
Sybr green

Ppia-Mm02342429_g1/TLDA

Rbpr2 Fw cggagacaaagagatgaca
Rev gtccccacgaagtccaga
Sybr green
Rdh10 Fw tcgtcaaaacccacaactcc Rdh10-Mm00467150_m1/TLDA
Rev ctccctgggactgttcage
Sybr green
Raldh2/Aldhla2 Fw gcgcatttaaggcattgtaac Raldh2-Mm00477463_m1/TLDA
Rev catggtatcctccgcaatg
Sybr green
Rara Rara-Mm00436264 m1/TLDA
Rarb Rarb-Mm01319674 m1/TLDA
Rarg Rarg-Mm00441091_m1/TLDA
Rxra Rxra-Mm00441182 m1/TLDA
Rxrb Rxrb-Mm00441193 m1/TLDA
Stra6 Fw cctgggagtgatggatagtga
Rev ggtctggcttccattctcag
Sybr green
Tgm2 Fw tccctectccacattgtca Tgm2-Mm00436980_m1/TLDA
Rev ctcacgttcggtgcetgtg
Sybr green
CATD Fw tggatccaccacaagtacaaca
Rev cgagccatagtggatgtcaaa
Probe FAM-gacaagtcccagcacctacgtt
CATL Fw agaaatgggccccacagtt
Rev ggctttgtggacatccctaag
Probe FAM-gaggagaaggccctgatgaag-TAMRA
CD1D Fw gtcagggaagtcggaactga
Rev atcctgagacatggcacacc
Sybr green
Probe FAM-tggccattcaagtgctcaaccagg-TAMRA
CRABP2 Fw atgctgaggaagattgctgtg

59




Rev tccctectgtttgatctcca
Sybr green

FABP4 Fw ggatggaaaatcaaccacca

Rev ggaagtgacgcctttcatga

Sybr green

FABP4 Probe FAM-attccaccaccagtttatcatcctctegtt-TAMRA

INKT Fw agcgattcagcctcctacatct
Rev gtcaactgagttcctcttccaag
Probe FAM-tgtggtgagcgacagaggctcaa-TAMRA

PPARG Fw gatgacagcgacttggcaa

PPARG Rev cttcaatgggcttcacattca

Sybr green

Probe FAM-caaacctgggcggtctccactgag-TAMRA

PPIA/CYCLOPHILLIN A Fw acggcgagcccttgg

Rev tttctgctgtctttgggacct

Sybr green

Probe FAM-cgcgtctcctttgagetgtttgca-TAMRA

RALDH1/ALDH1Al Fw aattgctatggcgtggtaagt
Rev accgtactctcccagttctctt
Sybr green

RALDH2/ALDH1A2 Fw aggccctcctcgctcac
Rev tgccccagaatgagctca
Sybr green

RALDH3/ALDH1A3 Fw aacccctgcstcgtgtgt
Rev tggttgaagaacactccctga
Sybr green

RBPR2A Fw gcattgaagtcggcctgt
Rev agcccaagatggagctgac
Sybr green

RBRP2B Fw accctgtgcttgtcagcettt
Rev gcaccagtatttggtgctctg
Sybr green

RDH10 Fw cagaggctGCCGAATCAG
Rev ggcctgcttcacacagttatc
Sybr green

STRAG6 Fw ctctggcctgactgtgtge
Rev tgtccccagccaagaaatc
Sybr green

TGM2 Fw ctgggccacttcattttge

Rev actactgccgctcctcttc

Sybr green

Probe FAM-tccaggtacacagcatccgetggg-TAMRA

Table 3: The sequences of primers, probes and pre-designed gene expression assays used in transcript
guantification. Fw: forward primer, Rev: reverse primer.

4.10. RNA interference

Small interfering RNA (siRNA) delivery was performed using electroporation of monocytes

as described earlier (303). Monocytes were counted and resuspended in Opti-Mem (Invitrogen,
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Thermo Fisher scientific) without phenol/red at the density of 4 x 107 cell/ml. For silencing of
RDH10, RALDH2, CRABP2 or FABP4 expression, the following siRNA oligonucleotides
were used: On-Targetplus SMART pool siRNA against human RDH10, RALDH2, CRABP2,
FABP4 or On-Targetplus non-targeting control siRNA pool (non-silencing (NS)) (Dharmacon,
Lafayette, CO, USA). Non-silencing (NS=scrambled control) siRNA and siFABP4 were used,
that did not altered the normalized mRNA level of the examined genes. Oligonucleotides were
transferred to a 4-mm cuvette (Bio-Rad Laboratories, Hercules, CA, USA) at 3 uM final
concentration. 100 ul cell suspension was added, gently mixed (avoiding bubbles) and
incubated for 3 minutes at room temperature. Electroporation was performed using a Gene
Pulser Xcell (Bio-Rad Laboratories). Pulsing conditions were square-wave pulse, 500 V, 0.5
ms. After electroporation, cells were transferred into RPMI 1640 medium supplemented with
10 % FBS, 500 U/ml penicillin/streptomycin, 2 nM L-glutamine, 800 U/ml GM-CSF and 500
U/ml IL-4. Silencing efficiency was assessed on day 1 and day 2 post electroporation. The
average siRDHI10 efficiency was 48.58+ 8.44%, in the case of siRALDH2 the efficiency was
39.22+ 10.81% and the average siCRABP2 efficiency was 44.22+ 9.25%.

iDCs were harvested at day 3, washed once with unsupplemented RPMI 1640 and PBS
(room temperature). Cells were resuspended in Opti-Mem without phenol/red (Life
Technologies, Thermo Fisher scientific) at the density of 4 x 107 cell/ml. The expression of
PPARG was silenced with Qiagen siRNA against PPARG, On-Targetplus SMART pool siRNA
against human CATD or On-Targetplus non-targeting control siRNA pool (non-silencing (NS))
(Dharmacon). Electroporation was performed using a Gene Pulser Xcell (Bio-Rad
Laboratories). Pulsing condition was identical to that was used for monocyte samples. PPARG

and CATD were silenced at an efficiency approximately 60%.

4.11. Aldefluor assay

Aldehyde dehydrogenase activity of mo-DC was determined by ALDEFLUOR Kit
(StemCell Technologies Germany, Cologne, Germany). The RALDH activity measurement
was carried out according to manufacturer’s instructions. Briefly, cells were incubated at the
density of 1 x 10° cell/ml in ALDEFLUOR assay buffer containing activated ALDEFLUOR
substrate with or without DEAB for 40 minutes at 37°C. ALDEFLUOR reactive/positive cells
were determined in FL1-chanel of FACSCalibur (Beckman Coulter, BD Biosciences),

compared to DEAB-treated control samples.
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4.12. Expansion of iINKT cells

mo-DCs were differentiated for 5 days. Cells were treated with 100 ng/ml aGC or aGGC for
48 hours to obtain aGC- or aGGC-pulsed DCs. Lipid-loaded DCs (1 x 10°) were co-cultured
with monocyte-depleted autologous peripheral blood mononuclear cells (PBMCs) (1 x 108) for
5 days in 24-well plates (1:10 DC/PBMC cell ratio). In CatD inhibition experiments, DCs were
treated with 1 or 10 uM pepstatin A (Sigma-Aldrich) at day 3. Prior to co-culture, DCs were
washed extensively and resuspended in fresh RPMI 1640 medium supplemented with 10 %
FBS, 500 U/ml penicillin/streptomycin, 2 nM L-glutamine, 800 U/ml GM-CSF and 500 U/ml
IL-4. PBMCs were stained with anti-TCR Va24-FITC and anti-TCR VB11-PE monoclonal
antibodies (Immunotech) and double-positive iNKT population was monitored by flow
cytometry using FACSCalibur (Beckman Coulter, BD Biosciences). Additionally, the invariant
Va24-Jal8 (INKT) TCRa chain was quantified by using RT-gPCR. In lysosomal acidification
inhibition experiments, DCs were differentiated in the presence of RSG. Cells were treated

with 50 nM bafilomycin at day 4.

4.13. Western blot analysis

20 ug protein from whole cell lysate was separated by 12.5% polyacrylamide gel and
transferred to PVDF membrane (Millipore, Merck, Darmstadt, Germany). Membranes were
probed with anti-CRABP2 (208) antibody, kindly provided by Cecile R.-Egly (IGBMC,
INSERM, lllkirch-Graffenstaden, France France), and then the membranes were stripped and
re-probed with anti-GAPDH antibody (ab8245-100; Abcam, Cambridge, MA, USA) according
to the manufacturer’s recommendations. In addition, 50 pg protein whole cell lysate was
separated by 12.5% PAGE before being transferred onto PVDF membrane (Bio-Rad
Laboratories). Membranes were blocked using 5% nonfat dry milk in tris-buffered saline
(TBS)+ Tween 20 (TBST) at 4°C overnight before being probed with anti-CatD antibody (R20,
sc-6487; Santa Cruz Biotechnology, Paso Robles, CA, USA), and then membranes were
stripped and reprobed with anti-GAPDH (ab8245-100; Abcam).
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4.14. Immunoperoxidase staining

For immunohistochemistry (IHC), monocytes, vehicle-treated DCs, or RSG-treated DCs (6
x 10° cells/group) were pelleted and fixed in 4% buffered paraformaldehyde for 24 hours at
4°C. Cell blocks were embedded into paraffin. After deparaffinization and dehydration,
sections (4 um from each group) were mounted on glass slides and were used for peroxidase-
based indirect IHC. In brief, sections were treated with 3% H>O> in methanol for 15 minutes at
room temperature to block the endogenous peroxidase. For antigen unmasking, sections were
heated in antigen retrieving citrate buffer (pH 6.0, Dako, Thermo Fisher Technologies ) for 2
minutes at 120°C using a pressure cooker. Immunostaining of the cells for CRABP2 were
carried out using the standard ABC technique utilizing the primary antibody-specific
biotinylated secondary antibodies (Vectastain Kits, Vector Laboratories, Burlingame, CA,
USA). After blocking the non-specific binding sites, sections were incubated with the primary
anti-CRABP2 (208) antibody at dilutions of 1 x 1/50 for 1 hour at room temperature prior to
use the biotinylated secondary antibodies. The peroxidase-mediated color development was set
up for 5 minutes using the VIP substrate (Vector Laboratories). Finally, the sections were

counterstained with methyl green.

4.15. Double immunofluorescence

Double immunofluorescence (DI) was performed on formalin-fixed, paraffin embedded
intestinal tissue sections obtained from the archives of surgical specimens of the Department of
Pathology, University of Debrecen as described earlier (289). Briefly, following antigen-
retrieving and peroxidase block (described above), the first primary antibody was visualized
with antibody-matched peroxidase-conjugated 1gG followed by tetramethyl-rhodamine (TMR)
tagged tyramide (PerkinElmer, Waltham, MA, USA) treatments (red fluorescence). After
washing and blocking the non-specific binding sites, sections were incubated with the second
primary antibody which was then developed with the use of matched biotinylated secondary
antibody (IgG[Fab]2) and streptavidin-FITC (fluorescent isothiocyanate, Vector Laboratories,)
resulting in green fluorescence. After thorough washings, nuclear counterstaining was made
with 4'6-diamidino-2-phenylindole (DAPI) containing the mounting medium (Vector
Laboratories). To check the staining specificities, positive and negative controls were included

for each IF reaction as described earlier (289) and as indicated in the result section (Figure 26).
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In Figure 35, monocytes, DC, or RSG-treated DCs (6 x 108 cells/group) were pelleted and
fixed in 4% paraformaldehyde (pH 7.3) for 24 hours at 4°C. Cell blocks were then embedded in
paraffin followed by serial sectioning (4 pwm thick). After deparaffinization and dehydration,
sections from each group were mounted on the same glass slides and subjected to sequential DI
staining for detection of PPARy and CatD protein expressions, respectively. The following
primary antibodies were used: anti-PPARy (clone E8; Santa Cruz Biotechnology) at 1:75
dilution and polyclonal goat anti-CatD (clone C20; Santa Cruz Biotechnology) at 1:100
dilution. In brief, PPARY was detected by incubating sections 1 hour at room temperature with
primary antibody followed by HRP-labeled anti-mouse secondary (IgG[Fab]z) and FITC-
conjugated tyramide (PerkinElmer Life Science, Boston, MA, USA) treatment. Following
extensive washing and blocking, CatD protein expression was detected by 1 h incubation with
primary antibody followed by biotinylated rabbit anti-goat (IgG[Fab].) and streptavidin-Texas
Red (Vector Laboratories). DAPI was used for nuclear counterstaining (Vector Laboratories).
For negative controls, isotype-specific control IgG Abs (Dako, Thermo Fisher Technologies) or
a mixture of monoclonal antibody to PPARy and a specific blocking peptide were applied on
separate slides in replacement of primary antibodies. Normal human adipose tissue was
included as positive control. Fluorescence microphotographs were captured using an Olympus
BX51 microscope (Tokyo, Japan) equipped with a tricolor excitation filter and an Olympus
DP50 digital camera. For transferring and editing images for documentation, Viewfinder and
Studio Lite software version 1.0.136 of 2001 Pixera (Pixera UK Digital Imaging Systems,
Bourne End, UK) and Adobe Photoshop version 8.0 were used.

4.16. Mixed leucocyte reaction (MLR)

Mo-DCs were harvested on day 5 and used as stimulator cells. To obtain mDC, iDCs were
treated with a mix of cytokines: 10 ng/ml TNFa, 10 ng/ml IL-1$, 1000 U/ml IL-6 (Pep Rotec),
1 pg/ml PGE2 (Sigma-Aldrich), and 800 U GM-CSF for 24 hour. Allogeneic PBMCs were
labeled in PBS supplemented with 10 uM Carboxyfluorescein succinimidyl ester (CFSE)
(Molecular Probes, Thermo Fisher Technologies) at 37°C for 15 minutes. CFSE-labeled
PBMCs (2 x 10° cell/ml) and immature or mature DCs (1 x 10* cell/ml) were co-cultured in 96-
well flat-bottom tissue culture plates (1:20 DC/PBMC cell ratio). Cell proliferation was
quantitated on day 5 by FACSCalibur (Beckman Coulter, BD Biosciences).
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4.17. Statistical analyses

Samples for each experiment were performed in triplicate (n=3). Biological repeats for each
experiment were performed at least three times. Statistical significance was determined using
the GraphPad Prism (GraphPad Software, La Jolla, CA, USA) program. Probability of
significance was determined using the two-sample Student t test. The results were considered

significant at the level of p < 0.05. Standard error bars are shown.
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5. RESULTS

5.1. PPARy-directed ATRA synthesis and signaling in human dendritic cells

5.1.1. ATRA biosynthesis in mouse intestinal DCs

Despite extensive investigation, the components and the exact molecular regulation of
ATRA synthesis and signaling pathway are not completely characterized in murine DCs. We
hypothesized that RDH10 might be the primary enzyme that initiates retinol oxidation to retinal
and the co-expression of RDH10 and RALDH2 determines ATRA production in mucosal DCs.
We tested this hypothesis in different in vivo- and in vitro generated DC subtypes (Figure 7).

MLN DCs

C57BL/6 mice were
injected with B16-FIt3L — CD11c* DCs — CD103* DCs

tumor cell T~ CD103-DCs

Bone marrow-derived DCs and splenic DCs

Untreated C57BL/6 mice —» bone marrow —» GM-CSF-DCs
GM-CSF+IL-4-DCs

spleen ——» CD11c* Sp-DCs

Figure 7: CD11c* mesenteric lymph node (MLN)-DCs were obtained from B16-FIt3L tumor cell (B16
melanoma cells engineered to secrete fms-related tyrosine kinase 3 ligand (FIt3L)-injected C57BL/6
mice; CD103™ or CD103" DC subsets were separated based on CD103 integrin expression. Splenic
DCs (Sp-DCs) were isolated by CD11c-magnetic beads. In vitro granulocyte-macrophage colony-
stimulating factor (GM-CSF)-DCs and GMCSF+ interleukin 4 (IL-4)-DCs were differentiated from the
bone marrow (BM) of C57BL/6 mice (32, 254, 280, 300).

First we obtained MLN-DCs described in the Materials and Methods. The purity of the

sorted subsets was tested by post-sort flow cytometric analysis (Figure 8).
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Figure 8: MLN-DCs were sorted using CD103 mAb on FACSAria. R2: CD103* MLN DCs, R3: CD103"
MLN-DC population. The histogram represents the post-sorted MLN DC populations according to
CD103 expression. The purity of the sorted population was assessed by post-sort flow cytometric
analysis.

We quantificated and compared the expression levels of genes involved in ATRA synthesis
in sorted cell populations by RT-qPCR. As expected, Raldh2 could be detected only in CD103*
DCs. Rdh10 was expressed in both populations, but at an even higher level in the CD103 cells
(Figure 9).
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Figure 9: Real time quantitative PCR (RT-qPCR) analysis of genes involved in all-trans retinoic acid
(ATRA) synthesis (retinol dehydrogenase 10 (Rdh10), retinal dehydrogenase (Raldh2), in CD103™ and
CD103" MLN-DCs. Means normalized to Cyclophilin A + SD.
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Next, we analyzed components of the downstream retinoid signaling pathway, we evaluated

the gene expression of Rar and Rxr isoforms in CD103" MLN DCs (Figure 10).
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Figure 10: Normalized mRNA level of retinoic acid receptors (Rara, Rarb, Rarg) and retinoid X
receptors (Rxra and Rxrb) were detected by TagMan low-density array (TLDA) in CD103™ MLN-DC
population. Means normalized to Cyclophilin A = SD.

RAR/RXR heterodimers regulate retinoid target genes such as Cyp26al, which had a similar
transcription pattern to the Raldh2 gene (304). Cyp26al expression is regulated by ATRA
through two identified RAREs in the promoter of the gene, suggesting a negative feedback
mechanism to control the retinoic acid concentration and active retinoid signaling in cells (305,
306). CD103* and CD103" MLN-DC populations expressed Tgm2 and Cdldl, two well-
established ATRA target genes (239, 307). Unexpectedly, the normalized mRNA levels of the
genes did not correlate with either Raldh2 expression or the ATRA production capacity of the

cells (Figure 11).
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Figure 11: RT-gPCR analysis of genes involved in ATRA metabolism cytochrome p450 26al
(Cyp26al) and retinoid signaling target genes (Cd1di, transglutaminase 2 (Tgm2)) in CD103™ and
CD103" MLN-DCs. Means normalized to Cyclophilin A = SD.

In search for a more suitable mouse DC model for our mechanistic studies, we characterized
ex vivo differentiated DCs using TLDA in additional gene expression analyses. We
differentiated GM-CSF-DCs or GM-CSF+IL-4-DCs from BM and we used isolated Sp-DCs as
a negative control DC population that has no capacity for ATRA generation (251). We
validated our BM-DC differentiation- and Sp-DC isolation protocols by analyzing CD1l1c,
F4/80 surface expression on BM-DCs and CD11c on Sp-DCs by flow cytometry (Figure 12).
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Figure 12: A, BM cells were differentiated to BM-DCs. Differentiated cells were harvested and stained
with mAb-fatty acid binding protein 4 (F4/80) macrophage marker and with mAb-CD11c DC marker.
B, Sp-DCs were isolated using CD11c-magnetic beads.
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GM-CSF triggered Raldh2 expression, the synergistic effect of the two cytokines was
confirmed, while Raldh2 expression in Sp-DCs was barely detectable as it was earlier
demonstrated (251). Next we focused on Rdh10 in in vivo- and ex vivo generated cells and

found that all DCs expressed this gene (Figure 13).
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Figure 13: Comparison of gene expression pattern of genes involved to ATRA synthesis (Rdh10,
Raldh2). Means normalized to Cyclophilin A = SD.

We compared the gene expression of all Rar (a, b, and g) and Rxr (a or b) in mouse DCs
(Figure 14).
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Figure 14: Gene expression pattern of the mouse Rara, Rxra and Rxrb in GM-CSF-DC, GM-CSF+IL-
4-DC and Sp-DCs.
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We also analyzed the gene expression of Cyp26al, Cdldland Tgm2 in these DC populations
(Figure 15). All DC subsets expressed Cd1d1, but it did not show any correlation with retinoid
signaling, while Cyp26al and Tgm2 showed a similar gene expression pattern to Raldh2,

indicating that these genes could be reliable markers of active retinoid signaling.
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Figure 15: Comparison of gene expression pattern of retinoid signaling target genes (Cyp26al) and
(Cd1dl, Tgm2) in GM-CSF-DC and GM-CSF+IL-4-DCs and Sp-DCs by TLDA method. Means
normalized to Cyclophilin A + SD.

Next we assessed the expression of genes involved in retinol uptake and intracellular ATRA
transport. Although, we could not quantificated Stra6 (195, 308) in DC subsets derived from
mice (data not shown), we detected the expression of the Rbpr2 gene in all DC subsets
indicating the possibility of retinol uptake through this alternative receptor (196) (Figure 16).
Unexpectedly, the transcription of the Crabp2 gene was not detectable in in vivo subsets but
quantification of Crabp2 mRNA was successful in the case of GM-CSF- or GM-CSF+IL-4 DCs
therefore, we used the measured GM-CSF+IL-4 DC Crabp2 mRNA level, presented in Figure
16, as a technical control of the RT-gPCR assay (labeled with Experiment Il/black square; the
RT-qPCR results of the CD103" and CD103° MLN-DC samples are labeled with Experiment
I/white square). We assessed the role of cellular interactions (T cells) using allogenic
splenocytes on Crabp2 and Rbpr2 gene expression co-culturing with ex vivo DCs. In the
CD103" MLN DC/splenocyte co-culture experiment, the expression of both Crabp2 and Rbpr2
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was induced in CD103" DCs, suggesting an enhanced retinol uptake and ATRA delivery to the
nucleus as a result of cellular, most likely by T cell interactions (Figure 16).
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Figure 16: RT-gPCR analysis of genes involved in retinol uptake (RBP4 receptor-2 (Rbpr2)) and
intracellular ATRA transport (cellular retinoic acid binding protein (Crabp2) in CD103*- and CD103"
MLN-DCs, GM-CSF-DC, GMCSF+IL-4-DCs and in Sp-DCs. Gene expression of Rbpr2 and Crabp2
was measured by RT-gPCR in CD103" MNL-DCs and in CD103* MNL-DC/Splenocyte co-culture
experiment. Means normalized to Cyclophilin A + SD.

We confirmed the role of cellular interactions (T cells) on Crabp2 gene expression in
CD103" MLN- C/CD8a" T cell co-culture experiment. The expression Crab2 was induced in
CD103" DCs suggesting a triggered ATRA delivery to the nucleus as a result of cellular
interactions (Figure 17).
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Figure 17: RT-gPCR analysis of Crabp2 was measured in CD103" MLN-DCs and in CD103" MLN-
DC/CD8a™ co-culture experiment. Means normalized to Cyclophilin A + SD.

Summarizing these data, CD103* MLN-DCs, and GM-CSF-DCs or GM-CSF+IL-4-DCs
have a gene expression signature consistent with active ATRA biosynthesis in line with earlier
published data (251). Cyp26al expression with Raldh2 appears to indicate active retinoid
signaling. We found that all DCs express the Rdh10 gene. Based on these gene expression
results, we concluded that ATRA biosynthesis is not a universal feature of DCs, and that, in
line with our hypothesis, Rdh10 expression overlaps with Raldh2 expression, suggesting that

DCs expressing both enzymes are likely to have active ATRA synthesis and signaling.

5.1.2. Characterization of retinoid signaling in human DCs

CD103" DCs are also present in the human small intestinal MLNs with similar functional
properties compared to murine CD103" MLN-DCs (266). These data suggested that specific
DCs with the ability of de novo ATRA synthesis can be present in the human body. Despite
much effort and previous data (290), the human DC phenotypes are not identical and not easy
to match up with the ATRA generating DCs in mice. Therefore we considered using human

mo-DCs for our mechanistic characterization of the components of retinoid signaling by
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functional assays. To prove that these ex vivo cells faithfully replicate the behavior of human in
vivo DCs, we examined a microarray data set and compared the gene expression pattern of mo-
DCs, LCs, dermal DCs from the skin, CD1c* DCs from the tonsil, CD1c*DCs and pDCs from
the blood of healthy donors (169, 175, 301, 302). Our analysis confirmed the notion that mo-
DCs expressed common DC markers as CD83, CD1A, CD14, CD86, CD209, CD36, and ILT7
pDC specific marker such as in vivo subsets (Figure 18).
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Figure 18: Heat map analysis shows the gene expression patterns of DC markers in mo-DCs,
Langerhans cells (LC), dermal DCs, CD1¢™ DCs from the tonsil, CD1c*DCs and pDC from the blood
of healthy donors.

We assessed the surface expression of CD14, CD209, and CD11c on mo-DCS by FACS
measurements. Monocytes were CD147/CD11c*/CD209° while mo-DCs were CD14
/CD11c*/CD209*, and thus phenotypically resembled in vivo iDCs (Figure 19).
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Figure 19: A, The efficiency of the mo-DC differentiation was analyzed by co-staining of monocytes and
mo-DCs with mAb-CD11c and mAb-CD209. B, The cell surface expression of CD14 protein was
detected by flow cytometry.

Next we examined the gene expression profile of a group of selected genes involved
specifically in ATRA biosynthesis and signaling (Figure 20). RDH10, RDH11, and DHRS9
were expressed in mo-DCs (239). Both RALDH1 and RALDH2 were expressed at high levels in
mo-DCs, while a moderate level of the transcription of these genes was observed only in
dermal DCs, suggesting the possibility of ATRA generation in this in vivo DC subtype.
RALDH3 was not expressed in these DC subtypes. Among the genes encoding intracellular
ATRA-transporting proteins, CRABP1 was not expressed, while CRABP2 was expressed
ubiquitously. We also examined the retinoid signaling by analyzing the expression pattern of
target genes: tonsillar CD1c", blood CD1c* and mo-DCs expressed CD1D and TGM2.
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Figure 20: Heat map representation of genes participating in endogenous production, oxidation,
intracellular transport of ATRA, retinoid signaling target genes and PPARy-mediated pathway,
comparison between monocyte-derived dendritic cell (mo-DCs) and in vivo DC subsets.

Thereafter, we focused on PPARG and FABP4 (a known marker gene of activated PPARy
signaling) (270). Previously we have demonstrated that PPARYy triggered ATRA production by
inducing RDH10 and RALDH2 gene expression in RSG (synthetic PPARY ligand)-treated mo-
DCs (239). In line with this data, our microarray data demonstrated that the PPARG is
expressed in mo-DCs. The detectable level of FABP4 is likely to indicate either the presence of
extracellular PPARYy ligand in the serum or the presence of possible endogenous activators

inside the cells. Other in vivo DC types failed to express PPARG or FABP4. This systematic

76



analysis suggested that retinoid signaling is only active in mo-DCs that co-express RDH10 and
RALDH2, and in these cells PPARY signaling is connected to the retinoid signaling pathway.

To validate our microarray data, we quantified the transcriptional changes of the genes
contributed to ATRA synthesis during the full differentiation period by RT-gPCR. For this, we
cultured monocytes in the presence of DMSO/EtOH for control (C), RSG, RSG and GW9662
(a PPARYy antagonist) or GW9662 alone to assess possible roles of PPARYy in gene expression.
We quantified the normalized mRNA level of RALDH genes at 6 h, and as indicated at later
time points (24, 72, and 120 h) (Figure 21).
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Figure 21: RT-gPCR analysis of RALDH1, RALDH2 and RALDH3 in human mo-DCs, obtained from
monocytes and differentiated in the presence of DMSO/EtOH (C), 2.5 uM (rosiglitazone) RSG or 2.5
4M RSG +100 nM GW9662 and 100 nM GW9662. Means normalized to CYCLOPHILIN A £ SD.

A high level of RALDH1 was detected in monocytes that was rapidly down-regulated and was
expressed at elevated level again in 120 h samples, indicating that RALDH1 may be involved in
retinal oxidation in fully differentiated cells. In contrast, the human RALDH2 was barely
measurable in monocytes. After 6 h, cells expressed RALDH2 at comparable levels to
RALDH1. At all later time points, RALDH2 was highly up-regulated in the RSG-treated
samples and, except for day 5, when ligand treatment induced RALDH2 transcription at similar
levels as compared with RALDH1, suggesting that RALDH2 not only has a dominant role in
differentiating DCs but also acts as a metabolizing enzyme in differentiated cells. The RALDH3

isoform was not detectable irrespective of treatments or time points.
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As expected, ligand treatment induced the expression of RDH10 after 6 h, indicating that
PPARY activates this gene probably via direct molecular interaction. The expression of RDH10
in PPARy-ligand instructed samples continuously increased during the differentiation period.
Interestingly, both CRABP2 and TGM2 genes were up-regulated in RSG-treated DCs after 24 h
in accordance with earlier results (239); CD1D was expressed at a high level in monocytes, but
rapidly decreased in cultured cells. Consistent with our previous results, increased CD1D
transcription was observed at later time points (49) in RSG-treated samples (Figure 22).
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Figure 22: Kinetics of RDH10, CRABP2, TGM2, and CD1D expressions were determined by RT-qPCR.
Monocytes were treated with DMSO/EtOH (C= Control), 2.5 M RSG or 2.5 uM RSG +100 nM
GW9662 or 100 nM GW9662 and harvested at indicated time points (monocyte, 6h, 24h, 72h, and
120h). Means normalized to CYCLOPHILIN A + SD. One representative donor out of three.

PPARG was immediately induced in differentiating cells, the highest expression level was
detected at 6 h, and the gene was detectable at a somewhat lower level in DCs. We detected a
similar expression pattern of FABP4 compared to RDH10 (Figure 23).
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Figure 23: Kinetics of peroxisome proliferator-activated receptor y (PPARG) and fatty acid binding
protein 4 (FABP4) expression were determined by RT-gPCR. Monocytes were treated with
DMSO/EtOH (C= Control), 2.5 4M RSG or 2.5 M RSG +100 nM GW9662 or 100 nM GW9662 and
harvested at indicated time points (monocyte, 6h, 24h, 72h, and 120h). Means normalized to
CYCLOPHILIN 4 + SD. One representative donor out of three.

In summary, ATRA production and signaling is not a universal feature of human DCs and it
appears to be tightly regulated. We found evidence that ex vivo differentiated mo-DCs
expressed all components required for retinol to ATRA conversion and intracellular ATRA
transport, suggesting that mo-DCs had the ability for de novo ATRA synthesis and signaling.
This ATRA producing ability can be induced by the co-ordinate up-regulation of RDH10,
RALDH2, and CRABP2.

5.1.3. Transport of ATRA via CRABP?2 to the nucleus is PPARy-regulated

We investigated whether intracellular ATRA delivery could also be regulated by PPARy.
PPARYy activation profoundly induced the transcript levels of CRABP2 therefore we further
characterized its regulation. CRABP2 delivers ATRA to the nucleus, thus enhanced expression
of CRABP2 should increase the transcriptional activity of RAR (200, 309). CRABP2 acts as a
co-activator molecule, when is present, retinoid signaling is more efficient. Due to the fact that
the transcript level of CRABP2 was profoundly induced in RSG-treated samples (Figure 24)

we examined if the gene expression changes are manifested at protein level in mo-DCs.

79



< CRABP2

=

@ 0.04

T

ED.DE-

.al].l]2—

@

%um-

= (0.00-

Q - e NN MM

d googo0o0goo0

(%) (1) (1)
e glax 3
£ &5 0O £ 4 O £ 5 0O
e eEf 2ef 2 e’
£ o E o E =]
E E E

Figure 24: Expression of human CRABP2 genes was examined by RT-qPCR. mo-DCs were obtained
from three healthy donors (1-3) and differentiated with IL-4 and GM-CSF for 5 days. Cells were treated
at monocyte state with DMSO/EtOH (C), or 2.5 M RSG. Means normalized to CYCLOPHILIN 4 + SD.

We found that monocytes did not express CRABP2, while control-treated mo-DCs
expressed a detectable level of the protein, which was highly induced in RSG-treated mo-DCs.
This appears to be a DC-specific regulation, because monocyte-derived macrophages (Mgs)
failed to express any CRABP2 (Figure 25A). We further confirmed the elevated CRABP2
expression at the expression site of the delivery protein within mo-DCs by IHC. We observed
elevated CRABP2 protein expression in DCs as compared with monocytes and a strong up-
regulation of CRABP2 upon RSG-treatment (Figure 25B).
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Figure 25: A, CRABP2 protein level was determined by Western blot. Immune cell specificity was
shown as monocyte-derived macrophages (Mg) failed to express CRABP2. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as loading control. B, CRABP2 expression was tested by IHC
peroxidase-methods, also, in monocytes, control mo-DCs and 2.5 uM RSG-treated mo-DCs
respectively. The highest expression level for CRABP2 was observed in differentiated RSG mo-DCs,

predominantly located in the cytoplasm. (Immune peroxidase reaction with methyl-green nuclear
counterstaining; original magnification: 40x).

Based on our IHC and Western blot results, we concluded that PPARy-activated mo-DCs
represent a relevant ex vivo model system that appears to be suitable to mechanistically dissect
the ATRA biosynthesis and signaling pathway composed of RDH10, RALDH2 and CRABP2
proteins that are co-ordinately up-regulated by PPARy. We postulated that the elevated
CRABP2 expression in PPARy-instructed DCs might contribute to the enhanced ATRA
response. We also realized that further investigations are required for providing direct evidence
for CRABP2-mediated ATRA delivery to the nucleus in mo-DCs.
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5.1.4. PPARy, RDH10, RALDH2, CRABP2, and the ATRA-regulated TGM2 co-localize
in DCs of the human GALT

In order to obtain evidence for the physiological relevance to our findings, we systematically
surveyed the expression of the components of ATRA biosynthesis and signaling in human
tissues. We tested the expression of PPARy, RDH10, RALDH2, CRABP2 and TGM2 in
resting human GALT with no associated intestinal inflammation using in situ IF staining/DI.
We chose GALT (for hematoxylin eosin section see Figure 26B), as this is the most likely
place where lipid signaling could contribute to DC differentiation and subtype specification in
the gut. As shown in Figure 26A (representing an IF image), we observed that PPARy could be
readily detected in white adipose tissue (WAT; positive control to ensure the specificity of the
antibody during DI staining). DI of resting GALT for PPARy (red) demonstrated that PPARYy
was in part co-expressed with Dendritic Cell-Specific Intercellular adhesion molecule-3-
Grabbing Non-integrin (DC-SIGN) (green cytoplasmic, arrows) in mucosal lymphoid tissue
cells that have cytoplasmic projections in a network pattern indicating DC phenotype (Figure
26C). Interestingly, nuclear PPARY (red) and the cytoplasmic TGM2 proteins (green) showed
co-expression in similar cells of GALT exhibiting cytoplasmic green projection characteristic
of DC elements, comparable with the staining pattern as seen for PPARy-DC-SIGN of image
C. Therefore, these cells co-expressing PPARY/TGM2 should represent the DC population of
GALT, similarly to PPARY/DC-SIGN positive cells (Figure 26D). These results indicate that in
resting lymphoid tissues some of the PPARy-positive DCs express TGM2 simultaneously,
suggesting that PPARy might regulate ATRA-dependent transcription in vivo as well.

On the other hand, in the GALT we showed that some PPARy (red) positive cells co-
expressed RDH10 (green cytoplasm) (Figure 26E). Similarly, we observed few PPARYy-
expressing DCs with RALDH2 and CRABP2 co-expression, respectively (Figure 26F and G).
RDH10, RALDH2, and CRABP2 (green cytoplasmic and/or nucleic) also co-localized with
DC-SIGN (red cytoplasmic projections) in some mucosal DCs (Figure 26H-J). Note, that the
densities for RDH10-, RALDH2-, and CRABP2-positive cells were roughly the same when
Figure 26E-G compared to Figure 26H-J, reflecting non-activated DC conditions in resting
GALT. However, the number of PPARy" DCs was increased in cases of inflammatory bowel

diseases (IBDs) (data not shown).
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Figure 26: DI staining analysis of ATRA synthesis and the putative signaling pathways along with
PPARy expression in human gut-associated lymphoid tissue (GALT). A, Positive control for PPARy
immunofluorescent (IF) staining: the nuclei of white adipose tissue (WAT) cells showed characteristic
expression [lighting-red fluorescence (arrows) is magnified in the insert]. B, A representative area of
hematoxylin eosin-stained human GALT was shown where arrows pointed to the mucosa-associated
lymphoid tissue (M, mucosa; L, lumen). C, Using double immunofluorescence (DI, the same tissue
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showed that the PPARy protein (nuclear red fluorescence) Was in part co-expressed with dendritic cell-
specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) (green cytoplasmic,
arrows) in mucosal lymphoid tissue cells that had exhibiting cytoplasmic projection in a network
pattern indicating DC phenotype. D, The nuclear PPARy (red) and the cytoplasmic TGM?2 proteins
(green) showed co-expression in the similar cells of GALT exhibiting cytoplasmic green projection
characteristic of DC elements comparable with the staining pattern as seen for the PPARy-DC-SIGN of
image (C). E, Some of the DCs exhibiting PPARYy (red nuclei) also expressed RDH10 (green cytoplasm)
in resting GALT. F, Rarely, PPARy (red nuclei) was also co-labeled with RALDH2 (green cytoplasm) in
the same GALT. G, Also scattered cells with PPARy positivity (red nuclei) showed simultaneous
expression with CRABP2 (green cytoplasm, arrows) in the same GALT. H, In many DC-SIGN-positive
DCs (red cytoplasm) there was a RDH10 (green nucleic and cytoplasmic) co-expression (arrows). J,
DC-SIGN expressing DCs (cells with red cytoplasmic projections) showed co-expression with RALDH2
(arrow) as well (cells with green nuclei or cytoplasm). 1., Few DC-SIGN-positive cells (red cytoplasm)
showed co-localization with CRABP2 protein (green nuclei and cytoplasm), also (arrow) indicating that
CRABP2-positive cells were of DC type within resting GALT. [Except for image (B), all were DI
photographs with DAPI nuclear counterstaining. Original magnifications: (4, C, D), 20%; (B), 10x;
(E-G), 40%, (H-J), 60x].

These data collectively strongly suggest that the key components of ATRA synthesis and the
PPARYy are expressed together in some of the antigen-presenting cells (APCs) of the mucosal
lymphoid tissues, consistent with a previous report which demonstrated that murine intestinal
DCs expressed RALDH2 (253).

5.1.5. Increased RALDH activity in PPARy-activated mo-DCs

We wanted to provide functional evidence that retinoic acid biosynthesis take place in mo-
DCs. Utilizing a sensitive and quantitative liquid chromatography-mass spectrometry (LC-MS)
method, we previously demonstrated that mo-DCs have the ability to produce ATRA in a
PPARy-dependent manner (239). We aimed to further investigate this result and the function of
cellular RALDHSs using ALDEFLUOR staining assay that is suitable to detect intracellular
enzymatic activity of RALDHs. mo-DCs were differentiated in the presence of DMSO/ethanol
(C=Control), RSG, or RSG+GW9662. At 120 h, the cells were divided and incubated with
fluorescent ALDEFLUOR, a substrate for RALDHSs, either in the absence or the presence of
DEAB, a specific RALDH inhibitor. RALDH activity was measured by flow cytometry. There
were 8% RALDH active cells in control-treated sample (Figure 27). In the presence of RSG,
the number of RALDH active cells was increased to approximately 40%. We noted that a much
higher enzyme activity was displayed in these treated DCs than even in the positive ones in
control DCs. In the RSG and GW9662 co-treated sample, the RALDH activity was similar to

vehicle-treated control DCs.
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Figure 27: RALDH activity in PPARy-activated mo-DCs. RALDH activity was measured by
ALDEFLUOR kit. Mo-DCs were differentiated from the monocytes of healthy volunteers. 4-diethyl
amino-benzaldehyde (DEAB)-treated DCs served as negative control. The average of RALDH activity
of C, RSG, and RSG+GW9662-treated mo-DCs obtained from three individual donors. **C-RSG (P =
0.0021), **RSG-RSG+GW9662 (P =0.0035).

Next, we examined RALDH activity in mo-DCs electroporated at monocyte stage using
specific siRNAs against RDH10, RALDH2, CRABP2 and NS-scrambled control siRNA. We
treated cells with DMSO/ethanol (C), RSG, and RSG+GW9662. At day five ALDEFLOUR
staining was quantified. We measured lower RALDH activity only in the siRALDH2
electroporated sample (Figure 28). These results suggest that RALDHs are active in mo-DCs,
and the enhanced ATRA production capacity of mo-DCs is PPARy dependent. Interestingly,
we could detect heterogeneity in this respect in the RSG-mo-DC population, but the generated

endogenous ATRA level is at the range of RAR activation.
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Figure 28: Quantification of RALDH activity in mo-DCs. Monocytes were electroporated with small
interfering RNA (siRNA) against RDH10, RALDH2 and CRABP2. NS: non-silencing control sample
electroporated with scrambled control siRNA. C: DMSO/EtOH, RSG and RSG+GW9662 treatments
were applied at monocytic stage. RALDH activity was measured by Aldefluor assay Kit in mo-DCs. One
representative donor out of three.

5.1.6. PPARYy activation induces RAR signaling/gene expression via RDH10, RALDH2
and CRABP2

Based on these data, we hypothesized that RDH10, RALDH2, and CRABP2 might be
required for PPARy-regulated ATRA production and gene expression. Despite the murine DC
results (290), the model one can test this in is the human mo-DC. PPARy activation leads to
transcriptional activation of several RAR target genes in human mo-DCs (239).
Pharmacological analysis revealed that administration of the RALDH inhibitor DEAB reduced
gene expression of CD1D and TGM2 upon RSG treatment, suggesting the importance of
RALDH2 in PPARy-enhanced retinoid signaling (239). We have extended our studies by
testing to determine whether the oxidizing enzymes and CRABP2 are indeed mechanistically
indispensable for retinoid-regulated gene expression induced by PPARy. To test this
hypothesis, we decided to use a siRNA-based approach. Monocytes were electroporated with
SiRNA against RDH10, RALDH2, or CRABP2 and FABP4 (as a control). RSG was
administered as indicated in Figure 29. After 24 or 48 h of RSG treatment, we quantified the
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transcript level of CD1D and TGM2 using RT-gPCR. PPARy-induced CD1D expression was
down-modulated by all except FABP4—specific SiIRNA at both indicated time points (24 and 48
h). TGM2 expression changes were similar at 24 h, but only RDH10-specific SIRNA reduced it
significantly at 48 h as compared with non-silencing control electroporated (NS) DCs (Figure
29).
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Figure 29: Expression of RDH10, RALDH2, and CRABP2 was required for PPARy-induced retinoid
signaling and gene expression in mo-DCs. Monocytes were electroporated with siRNA against RDH10,
RALDH , CRABP2, and FABP4, NEP: no electroporated control sample, NS: non-silencing control
sample electroporated with scrambled control siRNA. Gene expression of CD1D was determined by RT-
gPCR. Means normalized to CYCLOPHILIN 4 + SD; n = 3; **NS-RDH10 24h ( P = 0.0062); **NS-
RALDH2 24h ( P = 0.0074); *NS-CRABP2 24h ( P = 0.0161); NS-FABP4 24h (P = 0.4082); ***NS-
RDH10 48h ( P = 0.0005); **NS-RALDH2 24h ( P = 0.00713); **NS-CRABP2 24h ( P = 0.0014); NS-

87



FABP4 24h ( P = 0.2188). Gene expression of TGM2 was determined by RT-gPCR. Means normalized
to CYCLOPHILIN 4 + SD; n = 3,*NS-RDH10 24h ( P = 0.0119); *NS-RALDH2 24h ( P = 0.0111);
*NS-CRABP2 24h ( P = 0.0346); NS-FABP4 24h ( P = 0.2539); **NS-RDH10 48h ( P = 0.0030); NS-
RALDH2 24h ( P = 0.2974); NS-CRABP2 24h ( P = 0.3895); NS-FABP4 24h ( P = 0.0854). Cells were
treated with DMSO/EtOH (-RSG) or with PPARYy specific ligand (+RSG).

We measured the gene expression of RALDH2 in the same experiment. Only siRALDH2
could significantly reduce the normalized mRNA level of RALDH2 as was expected (Figure
30).
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Figure 30: Quantification of RALDH2 gene expression by RT-gPCR. Monocytes were electroporated
with siRNA against RDH10, RALDH2, CRABP2 and FABP4. NEP- no electroporated control samples,
NS: non-silencing control sample electroporated with scrambled control siRNA. Gene expression of
RALDH2 was determined by RT-qPCR. Means normalized to CYCLOPHILIN A + SD, n=3; *NS-
RALDH2 24h ( P= 0.0208 —RSG); **NS-RALDH2 24h ( P= 0.0055 +RSG); NS-RALDH2 48h ( P=
0.0778 —RSG); *NS-RALDH2 48h ( P=0.0250 +RSG).

These data suggest that RDH10 is a key component of retinol conversion, and PPARYy-
mediated retinal oxidation is catalyzed by RALDH2 in mo-DCs.

In the next set of experiments, we electroporated monocytes with RDH10-specific sSiRNA
and treated as described in Figure 31; then we measured CD1d cell surface protein expression
by flow cytometry. Transient transfection of sSiRDH10 reduced CD1d levels on DCs and it was
still down-regulated at day 5 post-electroporation (Figure 31).

These results strongly suggested that PPARy-mediated signaling induced retinol conversion
by RDH10 in mo-DCs. The produced retinal was oxidized to ATRA by RALDH2. The
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enhanced retinoid signaling was more effective in the presence of the CRABP2 ATRA
transporter. In the nucleus, ATRA activates regulated target genes via RAR/RXR heterodimers
due to integrated PPARy-RAR signaling.
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Figure 31: Expression of CD1d protein on 5 day mo-DCs was measured by FACS analysis. Monocytes
were electroporated with scramble control siRNA (NS) and siRNA against RDH10 (siRDH10). mo-DCs
were differentiated in the presence of DMSO/EtOH (C=Control) or 2.5 uM RSG (RSG).

5.1.7. PPARy-induced iNKT expansion is attenuated by RDH10, RALDH2, or CRABP2

knock down

Next we aimed to assess the functional consequence of RDH10, RALDH2, and CRAB?2 in
in vitro functional assay. The lipid antigen-presentation properties of PPARy-activated DCs is
induced and mediated through the up-regulated cell surface protein expression of CD1d protein
(49, 239, 310). Human iNKT cells respond to aGC, a lipid antigen presented exclusively by
CD1d molecules. First, we sought to investigate whether RDH10 can influence the PPARYy-
mediated iINKT expansion capacity of the APCs. For this, we silenced the RDH10 gene in
monocytes with siRDH10 or with non-silencing control siRNA (NS siRNA). Cells were
differentiated to mo-DCs in the presence of DMSO/ethanol for the control-treated sample or
RSG for PPARYy activation; cells were pulsed with or without aGC for 48 h and then co-
cultured with autologous PBMCs. The INKT proliferation capacity was monitored by
Va24/V/B11 double staining. As expected, enhanced iINKT expansion was detected in RSG-
treated and NS siRNA-transfected samples, while reduced iINKT cell numbers were detected in
RDH10 siRNA-treated cells (Figure 32).

89



104
104

NS C NS RSG
0.42% ] 1.52%

103
l
10%
1

FL1-H
10

TCR Va24
FL1H

1l

103 104 104
FL2-H
=3 =3
E siRDH10C E siRDH10 RSG
] 0.41% ] 1.19%
=} [=8
% II ] u Iu ]
> : %—. ] ‘:_;U‘:' : %—. - o
m TH FE -;." - T8 'FE )
O _ ] - ]
— =3 =3
109 101 102 103 104 100 101 102 108 104
FL2-H FL2-H
TCR VB11 TCRVB11

Figure 32: RDH10 was required for PPARy-induced iNKT activation in mo-DCs. A, Expansion of
invariant natural Killer T cell (iNKT) cells was assessed in lipid antigen presentation assay. Monocytes
were electroporated with siRNA against RDH10 and scramble control siRNA (NS). Cells were
differentiated in the presence of DMSO/EtOH(C=Control) or 2.5 uM RSG (RSG) for 5 days. iNKT
differentiation was detected by T cell receptor (TCR Va24/TCR Vp11) double staining utilizing FACS
analysis.

During INKT expansion, the mRNA expression of the invariant Va24-Ja18 (iNKT) TCRa
marker gene correlated with the cell surface expression of TCR Va24 and TCR V311 (310) on
INKT cells. We validated the RT-gPCR measurements on iNKT cells expanded by aGC-
loaded control or RSG-treated mo-DCs (Figure 33A). Therefore, we studied the functional
consequence of RDH10, RALDH2, and CRABP2 knock-down on iNKT expansion by
measuring Va24-Jal8 (iNKT) TCRa gene expression as described in Figure 33B. aGC-pulsed
mo-DCs have displayed enhanced Va24-Jal8 (iINKT) TCRo gene expression, further
inducible by RSG treatment as compared with control (NS) treated cells. Next, sSiRNA-treated
mo-DCs were loaded with aGC and co-cultured for 5 days. As shown in Figure 33B, siRNA
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against RDH10, RALDH2, and CRABP2 reduced the normalized TCR Va24 mRNA levels in
RSG-treated samples as compared with non-silencing control (NS)-treated cells. Our data

revealed significantly reduced Va24-Jal8 (iINKT) TCRa transcription (Figure 33B).

Va24-Ja18 (iNKT) TCRa Va24-Ja18 (iNKT) TCRa .
0.003- 0.0039
T
= 0.002- = 0,002
o o
= =
3 3
N — -
£ 0.0011 = 0.001
£ z
: : il
- -_=
0.000- 0.000 ettty
2326 880 S22 X582 Ef5
s B g = g ® g S g a o « g a g <
X < o X < o
22 2 e 2 2 " 2 O A
é E o 6 E o L ww | w_wm
£ 2 E 2 -RSG +RSG
(-] (-]
L E ] 1 E |
Donor 1 Donor 2

Figure 33: iNKT expansion was quantified by RT-qPCR. A, mo-DCs/peripheral blood mononuclear cell
(PBMC) co-culture experiments. Expression of Va24-Jp18 (iNKT) TCR gene was quantified by RT-
gPCR. Means normalized to CYCLOPHILIN 4 + SD. oaGC:a-galactosylceramide. B, Expression of
Vo24-JB18 (INKT) TCR gene was quantified by RT-gPCR. Monocytes were electroporated with sSiRNA
against RDH10, RALDH2, and CRABP2. NS: non-silencing control sample electroporated with
scrambled control siRNA. Mo-DCs were differentiated in the presence of DMSO/EtOH (-RSG) or 2.5
uM RSG (+RSG) for 5 days, cells were pulsed with «GC. Means normalized to CYCLOPHILIN 4 + SD;
n = 3; **NS-RDH10 (P = 0.0016); *NS-RALDH?2 (P = 0.0315); ***NS-CRABP2 (P = 0.0003).

Based on these functional results, we could conclude that PPARy was acutely involved in
retinoid signaling via inducing endogenous ATRA production. The primary enzyme for retinol
oxidation was RDH10. The RSG-treated cells had the ability to synthesize ATRA because the
co-expression of RDH10 and RALDH?2 in the cells allowed it. Moreover, retinoid signaling

was more effective in the presence of PPARy-induced CRABP2 protein that transported ATRA
to the nucleus.

91



In the second part of the Result section, we present our recent published data about
PPARy-regulated CatD expression in human mo-DCS. This project was co-ordinated by
Dr. Britt Nakken and Dr. Tamas Varga.

5.2. PPARy-regulated Cathepsin D (CatD) is required for lipid antigen presentation by
DCs

5.2.1. PPARy-regulated CatD expression in human mo-DCs

Our goal was to uncover how PPARy modulates lipid antigen presentation events in mo-
DCs in addition to regulating of the expression of CD1d molecules. We hypothesized, that if
PPARy enhances lipid presentation by regulating a yet unidentified mechanism, then this must
be reflected in the gene expression changes upon PPARy ligand treatment. Therefore, we
analyzed our previous microarray data set of differentiating human mo-DCs (169, 239). We
compared the gene expression profiles of differentiating DCs at 6 h, 24 h, and 120 h in control-
or RSG-treated samples. This analysis revealed PPARy-mediated regulation of genes,
participated in lipid antigen presentation such as endogenous lipid antigen processing
(Hexosaminidase B-HEXB) (75) and lipid uptake and lysosomal delivery (apolipoprotein E-
APOE) (86) (Figure 34).

We supposed that a subset of the genes whose expression patterns follows that of known
lipid presentation genes, but have previously not been connected to lipid presentation, might
also be involved in lipid antigen processing. CatD, L, and S (Figure 34) lysosomal proteinases,
were up-regulated in RSG-treated samples. Previously, CatL and S have been connected to
lipid antigen presentation in mice (101, 311). However, the role of CatD in lipid antigen
presentation has not been published to date. Based on this microarray result CATD was up-
regulated by PPARY in mo-DCs (Figure 34).
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Figure 34: Heat map representation of genes participating in lipid antigen presentation in mo-DCs in
the presence or absence of RSG at the indicated time points.

We validated the microarray results by RT-gPCR that indicated a robust up-regulation of the
CATD (6- to 10-fold up-regulation; Figure 35, upper panel) in RSG-treated samples, and CATD
was the dominant Cats in mo-DCs (Figure 35). These data let us to determine the possibility of
PPARy-regulated CatD as a novel component of the lipid antigen processing machinery to

support iINKT cell expansion.
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Figure 35: Expression pattern and regulation of cathepsins (Cats) by PPARy in mo-DCs were detected
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Western blot analysis confirmed PPARy-mediated up-regulation of CatD at protein level.
Furthermore, DI result demonstrated the nuclear localization PPARY (green) and cytoplasmic

localization of CatD (red), consistent with previous reports showing predominant localization

of the protein in the lysosomal compartments (312) (Figure 36A and B).

94

Donor 3

CATS

D1 D2 D3



CatD - <+— 31kDa

GAPDH I"\q——-— <+— 37kDa

C RSG GW RSG/GW9662

B

Figure 36: A, Western blot analysis of CatD protein in mo-DCs treated with DMSO/EtOH (C=Control)
and with RSG or RSG+GW9662. B, Immunofluorescence detection of PPARy (green) and CatD (red)
using monocytes (mo), mo-DC and mo-DCs treated with RSG (mo-DC RSG). Nuclei are visualized by
DAPI (blue). Original magnification: X40. In case of mo-DC RSG, a panel (labeled with white box)
with further magnification (100X) was also demonstrated.

5.2.2. CatD is dually regulated by PPARy and RARa

To further confirm the PPARy dependence of CATD expression obtained by
pharmacological means, we knocked-down PPARy in differentiating mo-DCs by
electoporation. PPARG expression was reduced at an efficiency of approximately 60% (Figure
37) and it has down-regulated the expression of the FABP4. The PPARy-dependent up-
regulation of CATD was robustly reduced (to 56.8%) by siPPARy compared to non-silencing
control siRNA or mock-transfected samples (Figure 37, lower panel). Based on these results,

we concluded that CatD is regulated by PPARY.
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Figure 37: PPARj~dependent CATD expression was confirmed by siRNA silencing of PPARy in mo-
DCs. Gene expression levels were measured by RT-gPCR normalized to CYCLOPHILIN A from cells
either Mock transfected or electroporated by PPARy-specific or non-silencing control (NS) siRNAs.
Transcript levels of PPARy, FABP4 and CATD were shown. Means normalized to CYCLOPHILIN 4 +
SD; n= 3; SD ***NS-PPARG ( P =0.0003); ** NS-FABP4 ( P = 0.0028); ***NS- CATD ( P=0.0001).

According to our previous results, a subset of the PPARy-mediated genes can be regulated
via induced ATRA synthesis and subsequent activation of RXRa (239). To identify the exact
molecular components of the signaling events from PPARy activation to CATD up-regulation,
we aimed to examine the involvement of retinoid signaling in the regulation of CATD. We
mapped the signaling pathways required for CATD induction by analyzing the expression levels

of FABP4 and TGM2 that are under control of PPARy or RARa, respectively. RSG induced
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FABP4 expression and TGM2 was primarily up-regulated upon RAR ligand AM580 treatment
confirming proper ligand response. We found that both receptor specific ligands could induce
CATD (Figure 38).
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Figure 38: Gene expression levels of CATD, FABP4 and TGM2 in mo-DCs upon treatment of indicated
compounds were quantified by RT-gPCR. Normalized gene expression levels + SD are shown. DEAB: 4-
diethyl amino-benzaldehyde, inhibitor of RALDH; AM580 (AM, RAR« agonist); AGN193109 (AGN
RAR« antagonist); GW (GW9662, PPARy antagonist).
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The PPARy-induced CATD expression was barely inhibited by the RARa antagonist
(AGN193109) or by a treatment with a RALDH inhibitor, DEAB. The separate activation of
PPARy or RARa signaling in mo-DCs effectively induced CD1d cell surface protein
expression and led to an enhanced iINKT expansion in T cell co-culture experiments (Figure
39A and B).
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Figure 39: Effect of nuclear hormone receptor pathways in mo-DCs on CD1d expression and iNKT
expansion. Lipid antigen (aGC or galactosyl(1-2) galactosylceramide (aGGC))-loaded DCs were
treated with RSG, AM580 (AM), RAR« antagonist AGN193109 (AGN) or with the combination of above
ligands. A, Cell surface expression of CD1d protein was measured by FACS. B, Nuclear receptor ligand
treatment of DCs regulates iNKT expansion. RT-qPCR measurements were shown.

Interestingly, the co-administration of the two receptor-specific ligands did not result in a
synergistic further elevated level of INKT expansion. This result verified our in vitro model
that predicted that PPARy and RARa are components of the same molecular pathway that
regulates iINKT expansion. These data suggest that CATD is under the control of multiple

nuclear receptors in developing DCs and that it is under dual control by both PPARYy and RAR.
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We hypothesized also, that the induction of CD1d expression might be not the only
mechanism, by which PPARYy signaling can enhance iNKT expansion. The result that silencing
of PPARy in day 3 DCs by siRNA did not alter the CD1d transcript level in DCs (Figure 40),
whereas regulation of iINKT activation could still be found under these conditions (Data not
shown), suggested that PPARY signaling pathway in mo-DCs enhanced iNKT expansion by
regulating other molecules as well, including CatD. This finding is in line with our previous
results that demonstrated that CD1d is an indirect and late target of PPARy (239).
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Figure 40: Gene expression levels of PPARG, FABP4 and the CD1D in mo-DCs upon RSG treatment
and from cells either electroporated with PPARy-specific or non-silencing control (NS) siRNAs. Gene
expression levels were measured by RT-qPCR normalized to CYCLOPHILIN A. Normalized gene
expression levels = SD are represented.
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5.2.3. Inhibition of CatD leads to decreased INKT proliferation in response to lipid
antigen through reduced lysosomal events important for lipid antigen presentation in the
context of CD1d

To investigate the possible function of CatD in lipid antigen presentation and iNKT cell
stimulation, we used pepstatin A, a selective proteolytic activity inhibitor of CatD. RSG
treatment of DCs did not result in iINKT expansion in the absence of a lipid antigen. When the
precursor form of aGC lipid antigen, aGGC, was also administrated in culture media, PPARYy
ligand treated mo-DCs acquired a substantial increase in their ability to induce iINKT expansion
(Figure 41 and 42).
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Figure 41: INKT cell expansion in aGGC-iDC/PBMC co-cultures was measured by two-color flow
cytometry (Va24-FITC/VB11-PE) in the presence of the indicated doses of pepstatin A.

We found that pepstatin A reverted aGGC-induced iNKT cell expansion in a dose-
dependent manner in RSG treated mo-DCs (Figure 41). Moreover, we provided evidence of a
correlation between iNKT cell density measured by flow cytometry using Va24/VV311 double-
staining and RT-gPCR detection of the invariant Va-chain (Va24-Jal8) validating the utility
of this RT-qPCR approach in quantitation of iINKT cells (Figure 42).
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Figure 42: Correlation of the flow cytometric and RT-qgPCR measurements (iNKT TCR a-chain) of the
detected iINKT expansion in the same experiments in the presence of oGGC. Applied pepstatin A
concentrations: 0-1-70 uM. P=0.0147.

The endosomal processes involved in lipid antigen presentation to iINKT cells in DCs
remains mostly undefined. Due to the fact that CatD is a lysosomal protease and the lysosomal
localization of CD21d is required for efficient iINKT cell induction, we though that CatD might
be required for a specific lysosomal process through the lipid antigen presentation in the
context of CD1d. To investigate this possibility further, we took advantage of two synthetic
model lipid antigens, aGC, which can bind to cell surface CD1d (313), and its precursor,
aGGC, which is strictly dependent on the uptake and lysosomal transport for its processing to
the active form, aGC by a-galactosidase A (89). We found that inhibiting endosomal
acidification by bafilomycin in RSG-treated mo-DCs absolutely reduced iNKT expansion in
the presence of the precursor lipid aGGC but not in the presence of its mature form (aGC)
(Figure 43A). This result indicated that PPARy could induce an endosomal process included to
the effective lipid presentation and enhanced INKT expansion. Furthermore, we detected that
only the aGGC-induced iINKT expansion was sensitive to pepstatin A (Figure 43B), suggesting

the function of CatD in the lysosomal lipid antigen processing.
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Figure 43: A, Effect of bafilomycin (0 or 50 nM) on iNKT expansion in RSG-treated DC/PBMC
samples; P=0.0017. B, Effect of pepstatin A (pepA) on iNKT expansion. P=0,0009. Mo-DCs were
differentiated in the presence of RSG.

The non-specific inhibition of pepstatin A in the antigen presentation was excluded in MLR
reaction. This inhibitor did not affect peptide antigen-mediated conventional T cell proliferation
in MLR reactions (Figure 43).
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Figure 44: A, Effect of pepstatin 4 (0, 1 or 10 uM) on iNKT expansion and in mixed leucocyte reaction
(MLR). The proliferation of carboxyfluorescein succinimidyl ester (CFSE)-labeled T cells was
determined on day 5 by flow cytometry.

Therefore CatD constitutes a previous unknown link between lipid metabolism and immunity in DCs.
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6. DISCUSSION

6.1. ATRA synthesis in murine DCs

Mucosal DCs orchestrates intestinal homeostasis, in particular, intestinal innate and adaptive
immune responses. Several of these DC functions are tightly regulated by ATRA (251, 314).
The conversion of retinol to retinal can be catalyzed by ubiquitously expressed ADHSs in these
DCs, whereas the oxidation of retinal to ATRA is mediated by RALDHSs which are restricted to
ATRA-producer cells (32, 253, 254, 257, 260, 261). The expression profile of the three
isoenzymes of RALDH (RALDH1, RALDH2 and RALDH3) was assessed in murine PP-DCs
and MLN-DCs (251, 253). It has subsequently been shown that in agreement with the
expression of Raldh2, CD103* DCs are one of the main producers of ATRA (32, 254).
Interestingly, DCs located at the proximal small intestine exhibit higher RALDH activity
compared to distal small intestinal- or colonic DCs likely due to increased absorption of
vitamin A in the proximal part of the intestine (238, 257, 315).

ATRA producing capacity correlates with GALT DC functions. CD103" DCs migrate
towards the MLNs in CCR7-dependent manner and present luminal self- or harmful antigens to
naive T cells (32). 1, DCs isolated form the proximal small intestine stimulated higher levels of
immunosuppressive Foxp3*Treg differentiation in conjunction with TGFp. 2, DCs induced
imprinting of gut tropism of effector T cells. ATRA triggered the cell surface expression of gut
homing receptors such as CCR9 and a4p7 on T cells. 3, DCs induced also gut tropism and IgA
class switching on B cells in an ATRA-dependent manner. 4. Depending on the
microenvironment, cytokine milieu and the level of DC-produced ATRA, mucosal DC-primed
naive T cells could differentiate to pro-inflammatory Th17 cells as well, indicating that ATRA
required in mice for inflammatory T-cell responses in infection and the complexity of ATRA
signaling in intestinal immunity (253, 254, 257, 314, 316).

Importantly, mice fed with VAD diet are almost devoid of CD4* and CD8" T cells and mice
expressing a dominant-negative form of the RARa, specifically in CD4" T cells or B cells
lacked the CD4" T cell population or B cells in the small intestinal LP, respectively,
highlighting the physiological importance of retinol in intestinal lymphocyte homeostasis (253,
317). Of note, low level of ATRA seemed to be required for the induction of intestinal Th17
cells differentiation. ATRA regulated the balance between Th17 and Treg differentiation as
well (318-320). In a mouse model of intestinal inflammation, reduced generation of ATRA as a

consequence of reduced Raldh2 expression by CD103" DCs was linked to lower capacity to
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induce Tregs (321). Contrary, the low ATRA concentration synergized with IL-15 to induce
Th17 cell differentiation and enhanced gut inflammation (322).

In in vitro differentiation models, intestinal-like DCs can be differentiated form a specialized
subset of DC precursor (323). These pre-mucosal DCs have been identified in lymphoid
organs, in the BM of mice and ATRA expanded the level of this precursor cell type among the
total BM progenitors. ATRA treatment resulted in the development of a set of BM-DCs which
preferentially expressed CD103 and homed to the intestine (323). Mice fed with a VAD diet
had reduced number of the pre-mucosal DC pool in the BM, coupled by the selective reduction
of the CD103*/CD11b* DCs in the GALT and of the developmentally related
CD11b*/CD8a /Esam"¥" DCs in the Sp-DC populations (245, 324). After migration to the
intestine, specific DC subsets acquired the ability to sense and respond to ATRA which
promoted an anti-inflammatory phenotype (245).

Multiple factors and pathways have been investigated to influence the ATRA producing
capacity of DCs and ATRA itself was shown to direct the development of DCs that mimicked
the transcriptomic profile particularly of in vivo intestinal cDC subsets (324). A systematic
analysis of different mouse DCs transcriptional profiles for ATRA production and signaling
was still remained to be tested. Our goal was to identify and validate additional key regulatory
components of ATRA synthesis in mouse DCs. The enzyme required for the retinal production
from retinol has not been evaluated in ATRA-producing DCs. RDH10 was found to be
indispensable for embryonic retinol metabolism and the intracellular localization of RDH10
and RALDH2 could be correlated (217, 224). We focused on RDH10 which might be the key
enzyme that could initiate retinol metabolism in intestinal DCs. We tested this hypothesis by
using RT-qPCR and TLDA methods. While transcription of Rdh10 gene was detectable in all
DC subtypes, irrespective of ATRA-production capacity, overlapping expression of Rdh10 with
Raldh2 suggested that RDH10 could be responsible for the initial retinol oxidation to retinal in
ATRA-generating DCs. The role of RDH10 enzymatic activity in these DC subtypes is
remained to be investigated.

ATRA sensing in DC is dependent on the expression of retinoid receptors. We assessed the
expression of RAR and RXR isoforms in in vitro differentiated- or in in vivo DCs. In CD103"
MLN-DCs ATRA signaling could be mediated via the RARo/RXRp heterodimer. All other
DCs subtypes expressed RARa but the expression level of this retinoid receptor was lower in
Sp-DCs compared to ATRA-producing cells. Interestingly, among the analyzed RAR target
genes only the expression pattern of the metabolizing Cyp26al gene was correspondence to the
active ATRA generation and signaling in these DCs. We failed to detect correlations between
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Tgm2 and Cd1d genes and ATRA-producing capacity in DCs of different origin, particularly in
the most widely characterized intestinal CD103" cells.

ATRA synthesis itself can be regulated by nuclear receptor-mediated signals. In contrast to
human DCs, PPARy agonist did not significantly induce Raldh2 expression in FIt3L-generated
BM-DCs and purified Sp-DCs in the absence of IL-4 or GM-CSF compared with the effects of
IL-4 or IL-13 (251, 257). This apparent disparity between mouse and human data may reflect a
species difference but remains to be clarified. These results suggest that caution should be
exercised when extrapolating mouse data on the manipulation of ATRA signaling to generate

efficient mucosal immune responses in the human intestine.

6.2. ATRA production in human DCs

ATRA synthesis in the human intestinal DC subtypes is less investigated compared to their
murine counterparts. Beside the small intestine, ATRA is also contributes to the immune
homeostasis in the gastric mucosa that contains high levels of retinol (325). It has been
revealed that primary gastric epithelial cells produced ATRA from retinol and triggered
ATRA synthesis by the up-regulation of the RALDH2 in co-cultured monocytes, suggesting
that epithelial cells may also trigger DCs to synthetize ATRA in the gastric mucosa as well.
However gastric DCs were CD103", the purified gastric-DCs had similar RALDH activity as
CD103* small intestinal-DCs and expressed ATRA synthesis genes (RDH10, RALDH?2).
Moreover the gene expression level of the RARs and ATRA target genes (CRABP2 and
TGM2) was also similar or higher in gastric-DCs compared with intestinal-DCs. ATRA
synthesis was hindered in H. pylori-infected patients that was correlated with up-regulated
RDH10 and reduced expression of RALDH2. RDH10 expression was also decreased in DCs
isolated from the H. pylori infected mice, indicating that the infection disrupted gastric
ATRA synthesis and ATRA-mediated immune homeostasis in the mucosa (325).

Retinol has crucial function to the establishment of oral tolerance against commensal
bacteria and food antigen in the human gut (326-328). Dysregulated ATRA-mediated
tolerogenic immune responses and VAD might lead to food allergies, celiac disease and
inflammatory bowel diseases (IBD). Mice fed with VAD diet had exacerbated intestinal
inflammation in the dextran sodium sulfate (DSS)-induced colitis models (329). Moreover,
chronic inflammation was attenuated in a mouse model of ileitis by ATRA supplementation
(320). These data suggested that ATRA triggers a tolerogenic and anti-inflammatory DC

phenotype in the intestinal tissues.
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In contrast to murine gut DCs, ATRA synthesis is not restricted to CD103* DC subsets in
human DCs. Both CD1037/SIRPa* and CD103*/SIRPa* DCs had high levels of RALDH
activity, whereas CD103*/SIRPo DCs had significantly lower RALDH activity (29). ATRA
synthesis was also detectable in DCs isolated from the distal part of the human small
intestine or the colonic tissues (330). RDHs as RDH10, DHRS9 and RALDH2 was detected
in tissue-derived DCs, indicating that human intestinal myeloid DCs acquired the complete
enzymatic machinery to generate ATRA from retinol and efficiently induced the intestinal
myeloid DCs to enable their ability to trigger a4B7 gut homing receptor on activated naive
CD4* T cells. All DCs expressed CCR7, suggesting that these populations might migrate to
organized lymphoid tissue in the gut to activate naive T cells (330).

GALT is the most likely place where intensive lipid absorption occurs and PPARY activators
can be produced. This supported the hypothesis that PPARy-regulated signaling pathways can
be contributed to intestinal DC immune phenotype probably in ATRA-dependent manner. Our
laboratory previously identified that PPARy-regulated lipid metabolic pathways could be
associated with the altered immune response of DCs (49, 169, 239). The activation of the
nuclear receptor leaded to a transcriptional program with altered lipid metabolism in mo-DCs
via induced expression of genes that are required for endogenous ATRA synthesis. RSG-
treated DCs express higher level of RDH10 and RALDH1/2 mRNA level, supporting that key
enzymes readily could be regulated in these cells in PPARy-dependent manner. Importantly,
the expression of RDH10 was induced in the early time point (6h) in RSG-treated samples,
suggesting that the regulation of this retinol converting enzyme might be under the direct
control of the nuclear hormone receptor. The PPARy-dependent expression of these enzymes
was confirmed by IHC in mo-DCs. The functional consequence of the expressed ATRA
synthesis genes was the secreted ATRA detected by LC-MS technic. This method supported
that PPARYy induced ATRA synthesis in receptor-dependent manner (239). We verified these
result by Aldefluor-based FACS analysis which allowed us to detect RALDH activity at
cellular level.

By pharmacological activators/inhibitors, we surveyed the components of the PPARy-
mediated ATRA synthesis and signaling in cultured DCs. PPARy gene expression was
immediately induced under these culture conditions and was detectable only in a narrow time
frame in differentiating cells at mMRNA level. This tightly regulated inducibility and the fact that
monocytes lack any PPARy make these mo-DCs a suitable model for analysis of the PPARy-
dependent transcriptional events (49, 239). The activation of the receptor activated the
transcription of RDHs (RDH10 and DHRS9) which initiate retinol to retinal conversion.
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Among them we thought that based on the expression pattern, RDH10 could be the primary
enzyme in retinol oxidation in differentiating DCs. The second oxidative step is catalyzed
mainly by RALDH2 isoform, indirectly regulated by the receptor (239). Thereafter de novo
produced ATRA is transported to the nucleus by PPARy-up-regulated CRABP2 carrier
molecules to activate RARa receptors.

Our results suggested that transcriptional events in human mo-DCs that up-regulate the
CD1D gene were co-ordinately mediated by PPARy and RARa receptors (239). The
consequences of the PPARy-regulated ATRA signaling was the expression of the lipid antigen
presenting CD1d molecules on the surface of the mo-DCs and enhanced lipid antigen
presentation capacity of the cells (49, 239). To assess direct evidence that the primary enzyme
in this de novo ATRA synthesis was readily RDH10 and the PPARy-induced ATRA signaling
pathway required RALDH2 and CRAPB2, we used siRNA-based gene silencing technic. These
results supported our previous data and also provided an even more detailed analysis of the
components of this PPARy-initiated de novo ATRA synthesis transport and lipid antigen
presentation by evidences at molecular level.

However in divergence from murine DC results, our data suggested that de novo ATRA
synthesis under this culture condition is associated with PPARy-restricted expression of the
RDH10 enzyme rather than RALDHSs. These data indicated that ATRA production is regulated
differently in mice and human and the expression of RDH10 might providing an important

control point to ATRA synthesis in humans DCs.

6.3. PPARy-dependent nuclear ATRA transport in DCs

Retinol binds to CRBPs for transport within the cytoplasm (197). The transcriptional effects
of retinol at a molecular level appeared to be mediated principally by its active metabolite,
ATRA. When ATRA synthetized it can follow tree potential routs: 1. First is to exit the cells
and act on neighboring cells in paracrine manner. 2. The active metabolite has to bind to
CRABPs, hydrophobic molecule binding accessory proteins that prevent it from non-specific
degradation and ensure the stability and solubility of hydrophobic retinoid in the aqueous
cellular environment. ATRA concentration is tightly regulated in the cells by CRABPL,
controlling the rate of ATRA metabolism by presenting ATRA to the degrading CYP26
enzyme family. 3. CRABPs transport ATRA not only to degradation but also to nuclear
hormone receptors to regulate transcription. ATRA can be trafficking to the nucleus by
CRABP2 harboring an ATRA-binding domain or by FABP5 to PPARPB/3. In the nucleus
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ATRA interacts with RARSs, initiates gene transcription and regulation of multiple biological
pathways with wide ranging functionality (199).

CRABP2 expression was barely or not detectable in the murine DC subtypes by TLDA
analysis. Interestingly, CD103" intestinal DC also lacked the intracellular ATRA transporter.
Utilizing DC/T cell co-culture experiments, we found that the T cell/DC interactions could
be an intrinsic factor in the mucosal environment for CRABP2 expression in the APCs.

We found in our human mo-DC model that PPARy activation resulted in CRABP2
expression in cultured DCs. Our data suggested that the intracellular ATRA transporter
protein can be under the direct control of the TF. RSG-treated DCs express CRABP2 at
protein level. These results indicated that PPARy receptor activation is also involved in the
nuclear delivery of the active metabolite of retinol. The direct evidence for CRABP2-

mediated ATRA transport to the nucleus requires further experimentation.

6.4. PPARY and retinoid signaling in intestinal DCs

ATRA synthetizing DCs was previously identified in the human gut (29, 266). DCs endow
RALDH activity after entry into the intestinal mucosa. As intestine is a privileged area for
intensive lipid absorption and for PPARy ligand generation we decided to assess whether
PPARY contributes in the regulation of DC retinoid signaling in the intestinal GALT.

PPARYy contributes to the intestinal phenotype in murine DCs. Activation of the receptor
increased the ability of BM-DCs to polarize naive T cells toward Tregs with enhanced
expression of the CCR9 gut homing receptor and to trigger T cell-independent IgA secretion by
B cells (290, 331).

The functional relevance of PPARy was assessed in DSS-induced colitis. The association of
the receptor to IBD was supported at genetic level by IEC- and macrophages-specific PPARy
deficient mouse strains in which RSG treatment and other PPAR ligands failed to attenuate the
severity of colitis (332-334). Similar to these data, more severe DSS-induced intestinal colitis
was observed in mice following depletion of CD11c* DCs (335). DC-specific PPARY deficient
mouse strain was established by the Cre-Lox system (331). BM-DCs from these mice acquired
more inflammatory phenotypes with higher expression of co-stimulatory molecules, pro-
inflammatory cytokine secretion compared to WT BM-DCs. In contrast to the inflammatory
BM-DC phenotype, the number of colonic-DC was unaffected in vivo and only a modest trend
toward increase colitis severity was observed in DSS-treated DC-specific, PPARy deficient
mice compared with control animals. Intestinal microenvironment of the colon may maintain
the tolerogenic mucosal DC functions that compensate the effect of the loss of PPARy

108



expression. Activation of intestinal PPARy reduced the severity of colitis in human and
experimental animals, and PPARy in IECs and macrophages are involved in this protective
effect. Thus PPARYy has an anti-inflammatory role in at least three different intestinal cell types:
DCs, macrophages and IECs.

In mouse colitis models ATRA production was decreased in CD103* DCs. Contrary, DCs
had enhanced capacity to synthetized ATRA in human colonic DCs, isolated from inflamed
colonic tissues of CD patients (330). This elevated generation of ATRA might contribute to
disease pathology. DCs were shown to be accumulated in the MLNs wherein they might
acquire pro-inflammatory phenotype. Both CD103" and CD103" DC subsets expressed
enhanced level of RALDH2 whereas RALDH1 was not detectable in these APCs. RDH10
expression was also measured in the sorted DC populations, indicating that human intestinal
DCs have capacity for intracellular ATRA production.

Utilizing DI method we characterized the expression a PPARy and the components of
ATRA signaling in human intestinal tissues. We found that GALT-associated immune cells
readily express the key components of ATRA production (RDH10, RALDH2) and transport
(CRABP2). PPARy-positive DC-like cells co-expressed the RAR target gene, TGM2,
suggesting that these cells possess the complete enzymatic machinery to generate ATRA from
retinol, have an active retinoid signaling system and represent a relevant ATRA-producing
APCs. The proportion of PPARY positive DC-like APCs was increased in IBD samples. Our
results suggested that the RALDH activity of human intestinal myeloid DCs was indicative of
the generation of ATRA that signals via RARa to modulate T cell function in the gut. These
data also suggested that PPARy and ATRA signaling might be connected in intestinal DCs and
our ex vivo mo-DCs may correspond to these in vivo DC-like APCs.

6.5. CatD and lipid antigen presentation in human mo-DCs

CatD has been studied over the last three decades. It is widely accepted that the primary
biological function of this aspartic protease is the intracellular protein degradation within the
lysosomal compartment. Many lysosomal enzymes, in particular the cysteine protease CatB
and L, have been implicated in lipid antigen presentation (97, 101, 311).

Multiple aspects of lipid presentation were linked to these lysosomal proteases such as the
cell surface expression of CD1d and processing of lipid antigens. However, the function of
nuclear hormone receptors in the regulation of the lipid presentation process was poorly

investigated in DCs. We assumed that lipid antigen presentation might be regulated at multiple
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steps and must be transcriptionally controlled. Previously we demonstrated that PPARy and
RARa regulated the expression of CD1d. We tested what other steps of lipid presentation can
be under the control of PPARYy in mo-DCs. Our results revealed that the expression of CatD in
differentiating DCs was regulated by the receptor and its expression was closely matched with
that of genes already functionally connected to lipid presentation. We also investigated that
CatD was up-regulated by both PPARY and RARa, but in contrast to CD1d, the two receptors
regulate the protease dually and likely indirectly. The inhibition of the CatD protease activity
resulted in the blocking of PPARy-dependent iNKT activation. Pepstatin A/RSG-treated DCs
had lower capacity to present aGGC, which requires lysosomal processing before presentation.
Moreover bafilomycin treatment further supported the requirement for lysosomal processing of
the precursor lipid antigen in the PPARy-dependent lipid presentation. We also found that
PPARy forced the proteolytic cleavage of the lipid transporter prosaposin in CatD-dependent
manner (data not shown). These experiments provided us with mechanistic links between
PPARYy, CatD and lipid antigen presentation. This clearly suggests that CatD in lysosomes is
required for the processing and loading of the lipid precursor.

As DCs are critical APCs during tumour progression the reduced peptide presentation
capacity of these cells might be compensated by the activated lipid presentation capacity during
tumour development. Our data in mo-DCs raises the possibility of the existence of a PPARy—
CatD-Saposin—CD1d regulatory axis in the cellular glycolipid metabolism that may be active

in the tumor supporting microenvironment.

6.6. Lipid antigen presentation, PPARy in cancer

Tumor infiltrating DCs acquire dysfunctional immune phenotype supporting by the
components of TAS. A fraction of these signals are mediated via activation of nuclear hormone
receptors, eliciting either activation or suppression. Although dysregulated nuclear hormone
receptors functions have been demonstrated in tumor cells, the role of these TFs in the TAS and
immune cells is still elusive. Tumor cells can be relevant sources of nuclear hormone receptor
activating ligands. Some neoplastic cancer cells produce LXR-specific ligand. The activation of
the receptor by tumor-derived lipid resulted in lower motility of DCs to LNs as a consequence
of the down-regulated CCR7 (336).

About the 20 expressed nuclear hormone receptors in DCs, PPARy is one of the most
controversial TF in term of tumor progression. In DC-based vaccination therapy the relevant

question is how PPARYy affects DC-controlled immune responses. Transcriptional activation of
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this receptor is crucial during DC development, resulting in a specific DC characteristic,
suggesting that PPARy active DCs have a regulatory DC phenotype that would be detrimental
during the development or the optimization of in vivo DC-based vaccination therapies (49, 169,
239, 284-288, 291).

DCs were demonstrated to elicit effective anti-tumor immune responses by presentation of
lipid antigens to reactive iINKTSs (119, 337, 338). INKTSs played primarily protective function in
various experimental tumor models in mice (83, 115, 339). This anti-tumor immunogenicity
was dependent on their rapid pro-inflammatory cytokine secretion as INFy, leading to the
subsequent down-stream activation of innate and adaptive immune cells. The success of
preclinical results in tumor bearing animals to regress advanced cancer supported the idea to
design clinical trials, which either harness the function of resting iINKTs or increase the
frequency of the cells by adoptive transfer of ex vivo expanded autologous iNKTSs as a vaccine.
The unpredicted limited success of these trials could be explained with the much lower
frequency of INKTs in healthy volunteers compared to mice; moreover in patients with
advanced cancer iINKTs had even more reduced number/function (340-342). Soluble aGC
administration caused anergy or overactivation of iNKTs and only transient iNKT activation
was detected in patients (114, 343-345). The aGC-pulsed DC strategy avoided iNKT cell
anergy and induced prolonged cytokine responses (346-349).

An alternative approach to exploit this innate anti-tumor system is the adoptive transfer of
iINKTs to patients. The number of iNKT cells and the level of INFy were increased after
intravenous administration. Although no partial response was detected, 4 of the 6 treated
patients had stable disease (350). To improve the efficacy of the INKT vaccine therapy, our ex
vivo DC-model offer many advances for optimization. Although most of the key qualities of
DCs, which are critical during DC-vaccination design, are negatively affected by PPARy, mo-
DCs can be differentiated at high number for experimentation. Upon RSG treatment DCs
express all molecules which required for potent lipid antigen presentation, therefore these
model DCs let us to understand the molecular mechanisms essential for clinical harnessing of
this INKT population. Optimal manipulation of these DCs in anti-tumor trials is critically
dependent on our knowledge of INKT- and DC biology and of the factors that activate and
regulate these cells. PPARy" DCs promote iNKT cell functions through enhanced CD1d thus
the receptor could be a potential target for CD1d-restricted iNKT-based cancer therapy.
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6.7. Publications citing our articles

Our research article, published in the Journal of Lipid Research, was cited in 11
publications. The relevance or our data was supported by Bimczok at al., suggesting that
DCs in the gastric mucosa can synthetize ATRA by RDH10 and RALDH2 (325). These DCs
similarly to our RSG-treated mo-DCs express all the components of the retinoid signaling.
Gastric DCs acquire retinol metabolizing capacity by epithelial cell-derived ATRA.
Interestingly the gastric mucosa contains more retinol than the small intestinal mucosa,
isolated from donor-matched samples. Gastric epithelial cells convert retinol to retinal by the
same metabolizing enzyme. DCs and epithelial cells have co-ordinate expression of the
retinoid signaling pathway components at significantly higher level compared to small
intestinal APCs, indicating a similar capacity to generate and secret ATRA to responding
cells as T cells. These data provide clear physiological evidence that DCs in the gastric
mucosa contribute to homeostasis by regulating the local immune responses.

Our data, published in the Journal of Immunologywas cited in 15 publications. The
scientific relevance of our results in the context of lipid antigen presentation in DCs was
emphasized in excellent reviews (143, 184, 351). Our in vitro mo-DC data can be also
supported by the research article of Bene et. al. (352). In their in vitro mo-DC model ATRA
administration resulted in the differentiation of CD1d*CD1a’CD103" DCs that express
PPARYy. These APCs phenotypically resemble our RSG-treated DCs. Their results confirmed
that human mo-DCs can be differentiated to mucosal-like DCs that express CD103. Mucosal
microbe modified the DC phenotype and immune regulatory function in strain- and ATRA-
dependent manner. Their results provided functional evidence that DCs plasticity is critical
to their adaptation to the complex intestinal microenvironment under the control of a nuclear

hormone receptor.

Although we utilized synthetic PPARy agonist in our experiments, to support
physiological functions of these results it require a competent microenvironment in which
endogenous or natural ligands can activates the receptor. The potent endogenous/natural
ligends remains poorly investigated. Some reports suggested that PPARy bind natural ligands
as prostaglandin PGJ», arachidonic acid metabolites, polyunsaturated fatty acids (PUFAS) or

conjugated linoleic acid (CLA) (353). These ligands modify DC immune phenotype by altered
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cytokine profile, maturation and migration properties and subsequent Th cell response (354,
355). These natural ligands are frequently present in the intestines as nutritional supplements of
the diet. This supports the hypothesis that PPARy ligands in the GALT alter intestinal DC

function and this may have potential therapeutic effects in inflammatory disorders
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7. SUMMARY

DC network represent a complex APC family of a number of specific subpopulations. From
the first stage of their differentiation, all developmental and differentiation status of DCs are
TF-regulated. DCs have to adapt to various environmental cues during homing peripheral
tissues or in the course of their shuttle to LNs. As professional APCs, the main function of DCs
is the continuous grading of all potent molecules into the state of harmful or self-antigens to
sustain effective immune protection (2). In this regard, DCs acquire the capacity to process a
huge amount of surrounding information, which triggers specific signaling pathways in the
cells. The functional flexibility of DCs is frequently accompanied by TF-mediated
transcription. DCs express nuclear hormone receptors that translate intra/extracellular signals to
the level of gene expression, required for appropriate immune phenotype of the cells (169).The
precise transcription network, which regulates DC immune specificities has to be characterized.
Therefore we analyzed the functions of PPARy and RARa in DCs.

Nucleus
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Figure 45: CD1d-mediated lipid antigen presentation is regulated by PPARy.

PPARy activation turns on the endogenous ATRA production in DC by up-regulated
retinol/retinal oxidizing enzyme genes, namely RDH10 and RALDH2. ATRA is transported to
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nucleus by the PPARy-induced CRABP2 transporters, activates RARa, leading to co-ordinated
transcriptional regulation of genes, required for lipid antigen presentation, such as CD1d
antigen presenting molecules. Lipid antigen-loaded DCs activate CD1d-restricted iNKT cells.

We provided evidence that other step of the lipid presentation could be under the control of
the two receptors. We identified CatD as a novel target of the PPARy and linked this lysosomal
protease at molecular- and functional level to DC-based lipid presentation to harness iINKT
functions (Figure 45.)

Based on preclinical results, DC-activated iINKTs triggered regression/stabilization of
advanced tumors. A set of anti-cancer strategies focused on inducing extended iINKT number
and activity in patients. The main challenge of these trials was triggering clinically relevant
responses in patients without side-effects. These therapies were generally well tolerated and in
some patients, forced prolonged survival. For optimization of these iINKT-based trials we have
to understand all step of lipid antigen presentation in DCs and its functional consequences on
INKT immunity. Our ex vivo DC/INKT model allows us to monitor these regulator steps at
molecular levels. Collectively our results points out the potential benefit to consider PPARYy as
a potential target for CD1d-restricted iNKT-based cancer therapy.
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8. MAGYAR NYELVU OSSZEFOGLALO

Az altalunk vizsgalt dendritikus sejtek a velesziiletett immunitds antigén bemutat6 sejtjei. A
szervezet szoveteibe vandorolva, az eltérd szoveti kornyezet hatasara, szoveti altipusokka
fejlodnek és szovetre jellemzd immunvalaszt valtanak ki. A dendritikus sejtek funkcidit
befolyasolé6 molekuldris mechanizmusokat az elmult évtizedekben szdmos kutatdcsoport
vizsgalta. Munkacsoportunk a dendritikus sejtekben jelenlévé magreceptor csalad tagjainak
szerepét vizsgalja a sejtek funkciojara. A receptor csalad tagjai lipid érzékeloként mitkkddnek.
Szerepiik a sejt kornyezetébdl érkezd, illetve a sejten belill termelddott/aktivalodott lipidek
hatasanak kozvetitése a génkifejezodésre. A lipidek altal aktivalt magreceptorok olyan
koordinalt génkifejez0dési mintazat valtozast eredményeznek, melyek megvaltozott funkcidval
rendelkezd dendritikus sejtek kialakuldshoz vezethetnek. Munkank soran a magreceptor csalad
két tagjanak, a PPARy és RARa receptorok szerepét vizsgaltuk a human monocita-eredetii
dendritikus sejtek érése soran. A PPARy aktivacidja csokkenti a sejtek mozgékonysagat és
peptid antigén bemutatd képességét. Emellett a receptor fokozza a retinolt oxidalé enzimek
(RDH10 és RALDH) kifejez6dését a sejtekben, ami a RARa-t aktivald csupa transz retinsav
(all-trans retinoic acid (ATRA)) termelédéséhez vezet. A receptor tovabba fokozza az ATRA
sejtmagba szallitasaért felelés (CRABP2) fehérje szintjét. Az ATRA a sejtmagban fizikailag
kotédik és aktivalja a RARa receptort, ami beinditja a lipid antigén bemutaté CD1d molekula
génjének atirodasat. A CDI1d sejtfelszini megjelenésével, a dendritikus sejt az aGC lipid
antigént bemutatva a lipiddel specifikusan aktivalhatd természetes invarians 6losejtek (INKT)
osztodasahoz és aktivacidjdhoz vezet. A két magreceptor a lipid antigén bemutatas tovabbi
1épéseit is szabdlyozza a CDI1d sejtfelszini szintjének befolydsolasatol fiiggetleniil. Mindkét
receptor fokozza a lizoszomalis katepszin D proteaz szintjét a sejtekben. Az aktiv protedz
elhasitva a szapozin (Sap) enzimek eldalakjat (prosaposin), hozzdjarulhat a lipid antigének
feldolgozasahoz, valamint a lipid antigének CDI1d molekula ligand koté zsebében torténd
bekotédéséhez és cserélédéséhez. fgy a két magreceptor koordinaltan és egymastol fiiggetleniil
egy olyan megvaltozott funkcioju vagy alternativ dendritikus sejttipus kialakulasahoz vezet,
amely a peptidek bemutatasa helyett, els6sorban a fokozott mennyiségli CD1d molekulai
segitségével, a lipid antigének bemutatasara specializalodott.

Egereken végzett kutatasok kimutattak, hogy a dendritikus sejtek altal aktivalt iNKT sejtek
szamos daganat modell esetében a daganatok visszafejlédését vagy stabilizalodasat
eredményezték. A human kisérletek részben alatamasztottak ezeket az eredményeket, de a

klinikai tesztek nem vezettek hosszantartdo vagy relevans eredményekhez. A lipid antigénnel
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kezelt dendritikus sejt alapt terapiak a betegek szamara jol toleralhatoak. Annak érdekében,
hogy a kozeljovoben klinikailag hatékony daganat ellenes terapiat tudjunk kidolgozni,
elengedhetetlen a lipid antigén bemutatas egyes 1épéseinek megismerése. Az altalunk hasznalt
dendritikus sejt modell lehetdséget biztosit ezen Iépések molekulédris szinten torténd
karakterizalasara €s adataink felhasznalhatoak egy dendritikus sejt/iNKT sejt-alapi daganat

elleni terapia kidolgozésa soran.
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