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HIV: human immunodeficiency virus
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IFN: interferon

IKK: I kB kinase

IL: interleukin

ILT: Ig-like transcript inhibitory receptors
IPC: IFN producing cells
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LBP: LPS-binding protein
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LGP2: laboratory of genetics and physiology 2
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MAPK: mitogen-activated protein kinase
MD2: myeloid differentiation factor 2
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MHC: major histocompatibility complex
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NAP1: NRB-activating kinase-associated
protein 1
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NEMO: NFB essential modulator

NF«kB: nuclear factor kappa B
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PBMC: peripheral blood mononuclear cell
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pDC: plasmacytoid dendritic cell

PD-L1: programmed cell death 1 ligand 1
PI3K: phosphatidylinositol-3 kinase

PIKK: PI3K-related kinase

PKC: protein kinase C

polyl:C: polyinosinic-polycystidylic acid
PPARy: proliferator-activated recepter
PRAS: proline-rich Akt substrate

PROTOR: protein observed with RICTOR-1
PRR: pattern recognition receptor

Q-PCR: real time quantitative polymerase chain
reaction

RA: retinoic acid

RAPTOR: regulatory associated protein of
mTOR

RE: relative expression

RHEB: RAS homologue enriched in brain
RHO: RAS homologus

RICTOR: rapamycin-insensitive companion of
mTOR

RIG-I: retinoic acid-induced gene |

RIP1: receptor interacting protein

R-LPS: rough LPS



RLR: RIG-I like receptor

RNA: ribonucleic acid

RORyt: retinoid-related orphan receptot
RSK2:p90 ribosomal protein S6 kinase
RSV: respiratory syncytial virus

S6K1: S6 kinase 1

SD: standard deviation

SDS-PAGE sodium dodecyl sulfate
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siRNA: small interfering RNA

SIRS: systemic inflammatory response
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SLAM: signaling lymphocyte activation
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SOCSL1: suppressor of cytokine signaling 1
ssRNA:single-stranded RNA

STATS: signal transducer and activator of
transcription 3
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TBS: Tris-buffered saline
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TGHB: transforming growth factds
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TIRAP: TIR domain containing adaptor
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TIR domain: Toll/IL-1R domain

TLR: Toll-like receptor

Tollip: Toll interacting protein

TRAF3: TNF receptor associated factor 3
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TRIF: TIR-domain-containing adapter-
inducing interferorf

TSC: tuberous sclerosis complex
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1. INTRODUCTION

Dendritic cells (DCs) have been identified as thestmpotent antigen presenting cells
(APC) that via continuously sensing their actuatnmenvironment are able to shape the
outcome of both innate and adaptive immune respoi®€s named for their tree-like or
dendritic shape were discovered in 1973 by Ralpfin8tan and his colleagues. He
dedicated his life to the characterization of D@8 @entified their primary role as the
priming of adaptive immune responses; thereforewhs awarded the Nobel Prize in
Physiology or Medicine in 2011 [1].

DCs play an unique role in directing immune resgsrthrough the recognition of harmful
self or foreign environmental structures in pernath¢issues that results in DC activation
and migration to the draining lymph nodes to statrileffector T-lymphocyte proliferation
and activation. However, DCs also induce centrdl peripheral tolerance ensured by the
continuous introduction of innocuous antigens toells under steady state conditions [2].
Since the discovery of DCs several subtypes haee mentified based on the origin and
functional properties and major progresses hava beeomplished in the understanding of
differentiation and function of diverse DC lineagd$. This process has tremendously
been accelerated by the observation in the mididlE980s that beside the common DC
progenitors monocytes and hematopoetic stem cafisatso serve as progenitors of DC
differentiation. Thus, functionally competent DGCscbme available within a few days of
differentiation in the presence of appropriate kitesin vitro [3].

The unique role of linking innate and adaptive inmityy the functional plasticity and
heterogeneity makes DCs optimal vaccine candidateasnmune-based therapidsx vivo
loading of DCs with adequate antigens can genduatetional DCs, which cells induce
antigen-specific T-lymphocyte proliferation and i@ation upon injection back to the
patient with cancer or chronic infections [4]. Reitg it has also been raised that DCs
could be used as a tool to induce transplantati@mance or to treat autoimmune disorders
[5]. To improve the therapeutic potential of DCs it essential to gain a better
understanding of DC biology, in particular, howithitelerogenic and immunostimulatory
properties could be modulated under different ciomak or disease states.

The aim of the current study was to investigate flosvfunctional abilities of DCs can be
affected by persistent microbial stimulation and twe targeted suppression of the
mammalian target of rapamycin (MTOR) and to idgritie molecular mechanisms behind

them.



2. THEORETICAL BACKGROUND
2.1. Classification of human DC subsets and theiote in maintaining homeostasis

DCs act as sentinels of the immune system andraseipt throughout the body, including
the circulation, filtering organs, lymphoid tissyesucosal surfaces and the skin. The wide
variety of different environmental conditions re@s high plasticity and indeed, DCs are
composed of heterogeneous populations exhibitimgrgeé morphological, phenotypic and
functional properties [2].

In the steady state dendritic cells originated fio@ precursors can be classified into two
classes: classical/conventional/myeloid (cDC) and-dassical/plasmacytoid DCs (pDC)
[6]. Under inflammatory conditions this classificat is further extended by the
appearance of monocyte-derived DCs, which arisen froonocyte precursors and are
usually referred to as inflammatory DCs [3].

Bone marrow-derived hematopoetic stem cells exprgdbe PU.1 transcription factor can
differentiate into the macrophage-DC progenitor [®)Qhat is the common precursor of
monocytes, macrophages and DCs. In the presenftesdike thyrosine kinase 3 (FIt3)-
ligand (FIt3L) MDP can differentiate to the commdendritic cell progenitor (CDP),
which exlusively give rise to DCs but not to mon@syor macrophages [6]. Furthermore,
CDPs might generate plasmacytoid DCs, which accisimpheir development in the bone
marrow and the so called pre-DCs, the direct psasrof convetional DCs, that can travel
to both lymphoid and non-lymphoid tissues and ugdeterminal differentiation in the
periphery Figure 2.1.)[3].

Conventional dendritic cells can be subdivided imto further subsets: the blood dendritic
cell antigen positive (BDCA1CD1c¢) DCs and the BDCA3CD141 DCs, which differ

in their phagocytic, cytokine producing and T-csiinulatory capacity [7]. pDCs and
CD1c¢ DCs comprise approximately 1% of mononuclear dellthe blood and CD141
DCs also represent a minor subset of blood leukescy0.1% of mononuclear cells).
Nevertheless, tissue resident and migratory DCsahomdant in the steady state and can
efficiently fight against invading pathogens dueti® expression of a wide range of
pattern recognition receptors and their potent [Tpzening capacity [6].

A functional heterogeneity within the DC populatipresent in the lymphoid and non-
lymphoid tissues has been described. There ar@dwalations of resident DCs present in
the lymph nodes, spleen and tonsil that corresgonithe two blood subsets: pDCs and

CD11c expressing cDCs. CDI4DCs have been identified in the human skin, lund a



liver in addition to CD1t and CD14 DCs [6]. These cells exhibit enhanced ability to
cross-present antigens to CD8-cells; therefore, CD141DCs are regarded as the
functional equivalent of CD8CD103 mouse DCs. The CD14€Cs found in lymph nodes
and skin may arise from classical monocytes andisuwelly referred to as the third subset
of cDC. These cells express the dendritic cell ifigelkCAM-grabbing non-integrin (DC-
SIGN) and also macrophage markers but lack theay@DC markers such as CD1c or
CD141. Thus, they are considered rather as monooytenacrophage-like cells than as
DCs [8]. Beside CDI4DCs Langerhans cells (LC) can be found in the,skimere they
form a network and express high levels of the Gtigetin langerin and CD1a, which has
the capacity to present lipid antigens to T-céllSs are important in maintaining tolerance
to commensals in the steady state via inductioregéilatory T-cells and are also able to
respond to selected pathogens under inflammatargitons [8]. CD1¢& DCs also express
CD1la and display a high potential to present glpablantigens via CDla and CDlc.
These cells represent an important source of imflatory cytokines and are potent
stimulators of CD4 T-cells upon encounter with infectious agents.

In the intestinal tract lamina propria DCs consisStCD103CX3CR1I DCs derived from
CDPs and CD108X3CRI DCs originating from monocytes [6]. Via producing
transforming growth factop (TGF3) and retinoic acid (RA) human intestinal epithlelia
cells (hIEC) drive the generation of CDI0®lerogenic DCs, which under steady-state
conditions promote the induction of regulatory TiscéTreg). Contrary to their tolerogenic
function, CD103 DCs can also initiate immune responses againstogahic bacteria
along with the CD103DC subset [6]. pDCs are not present in quieséesiiés abundantly
but under pathological conditions can rapidly beruged to the sites of inflammation.
This cell type is mainly characterised by the raprdduction of high levels of type |
interferons (IFN) in response to viral infectionedio their feature pDCs are named natural
type | IFN producing cells (IPC). It has also beeported that pDCs might be able to
induce regulatory T-cells or tolerance, which cob&lconnected to their ability to sense
DNA released from apoptotic cells [8].

However, monocyte-derived or inflammatory DCs haleen found first during
inflammation, several recent papers have indictted existence at very low numbers

under steady state conditions. During infection i@sare mainly involved in ameliorating
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Human DCs originate from CDPs arising from F-derived MDPs. n peripheraltissues
blood monocytes differentiate to CL* DCs and inflammatory DCs, while circulatil
mDCs and pDCs are the precursors of their countagpa the lymph nodes and tissue
Tissue mDCs and Langerhans cetcan also arise from CDZIdnterdigitating cells fount
in the Teell area of lymph nodes. Dotted lines represefdti@nships requiring furthe

confirmation in humans.

innate defense ethanisms anT-cell activation whereasDCs appear to be criticfor
maintaining self toleranc[3]. Both cDCs and pDCs might migrate to tthymus to
maintain centraltoleranc, where the two DC populationsooperate in the negati
selection of self-reactive-tells and positive selection of Tregs.

In the steady-stateifferentperipheral tolerogenic mechanisms naogeratein which DCs
take an important part vigrodudng anti-inflammatorycyoktines such as -10 and TGB
and by expressintplerogenic molecules such as indoleamine-dioxygenase (IDOor
Ig-like transcript inhibitory receptors (ILTsIL-10 secreted by tolerogenic DCs ¢
modulate the activation neighbouring cDCs directly vidownregulating the expressi

of costimulatory molecules and inhibiting the protion of prc-inflammatory cytokines.



Furthermore, monocyte differentiation in the preseaf IL-10 results in the generation of
a DC population with high IL-10 producing and pdt&neg inducing capacity. In addition

TGH3 and the immunoregulatory enzyme IDO, both of whaoh also expressed by pDCs,
can directly inhibit T-cell responses and prolifeya, respectively [9]. Nevertheless, high
amounts of pro-inflammatory cytokines produced migirinflammation can lead to the

down-regulation of IL-10 production and to the inmp@ent of tolerogenic DC function.

These counter-regulatory processes can alter tlaadmof tolerogenic and immunogenic
DCs and thus may result in constitutive activatmiself-reactive T-cells leading to

chronic inflammation or autoimmunity [9]. Thus, D@st as a double-edged sword since
on one hand immunogenic DCs initiate potent inrextd adaptive immune responses
against invading pathogens, and on the other haledogenic DCs promote and sustain
tolerance and inhibit the induction of autoimmumsponses. Numerous reports have
confirmed the importance of this division of lakemd crosstalk between DC subsets in
orchestrating the immune system; however, sevepaas of this regulation still remained

to be elucidated.

2.2. Phenotypic and functional properties oin vitro generatedDCs

DCs are extremely efficient in antigen uptake, pesing and presentation to T-cells via
the major histocompatibility complex (MHC) classahd 1l molecules. Further, DCs
provide additional signals via upregulating costimory molecules and by secreting
polarizing cytokines, the type of which highly deténes the fate of T-cell$=(gure 2.2).
The secretion of IL-12 during the priming of CDadr CD8 T-cells results in the induction
of T helper type 1 (Thl) cells that produce highels of IFNy, express the transcription
factor T-bet and provide protection primarily agaimtracellular infections [10]. The IL-
27 cytokine acts in synergy with IL-12 and drivedinaral immunity by amplifying IFN
production and cytotoxicity in CO8T-cells [11]. In contrast, IL-4 supports the geatiem

of CD4" T helper type 2 (Th2) cells that express the tapson factor GATA-3 and
produce cytokines, which enhance humoral immumty protection against helminths and
are also responsible for allergic reactions [1P]{1p, IL-6 and IL-23 can polarize T-cells
into RORt (retinoic acid-related orphan receptgrexpressing and IL-17 producing T
helper type 17 (Th17) cells that respond prefeaflgtio extracellular bacteria and fungi
and are also associated with several autoimmureasks [13]. Cytokines such as IL-10,

TGH3 and the recently identified IL-35 [14] promote tthevelopment of foxp3 expressing
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Figure 2.2. Dendritic cells control Fcell polarization. (modified from Weiping Zou
Nicholas P. Restifo, Nature Reviews Immunol10, 248-256)

Antigen presenting cells such as dendritic cella palarize Fcells to differentiate int
diverse effector Tell subsets. This differentiation is driven by tihe local cytokine milie

and by a distint set of transcription factot

Tregsessential for controllir peripheraltolerance and maintaining immune teostasis
[15]. DCs are key regulators o-cell polarization thus have an impact (both the innate
and adaptive arms of thexmune system. These result lead to study the tisex vivo

generated DCs for the treatnt of various diseases such as cancer or autoimi

disorders.

Since DCs comprise only a small fraction (~1%) efipheral blood mononuclear ce

(PBMC) a search for finding more easily accessible prdgenihas started. The fit

protocols forin vitro DC generation used bone mar-derived CD34 HSCs however, the
limited number of these cells in peripheral blo@dl¢s) and in the bo-marrow (1%)

prompted the researchers for finding more abungeogenitors[16]. It was demonstrate

in 1994 that DCs derived from blood mononucleatscpbssess the typical features

immature DCs developein vivo [17]. Since thenmonocytes are commonly used



progenitors to yield a rich source of DCs upon wirty with GM-CSF combined with
different cytokines such as IL-4, IL-15, lleNor TNFo. Monocyte-derived DCs represent
overlapping biological activities, have specialiZedtures and show functional differences
that highlight the flexibility ofin vitro generated DC populations. DCs generated in the
presence of IL-15 produce high levels of Th17 ddfgiation-promoting cytokines and are
potent inducers of antigen-specific CDB-cells upon TLR stimuli [18]. Type | IFNs such
as IFNxl and IFN also promote the transition of blood monocytes ilICs that
efficiently take up apoptotic bodies and inducesskpriming of CD8 T-cells against
certain antigens [19]. Monocytes can be converee€b14CD1d* adherent cells by
utilizing TNFo that are poor stimulators of T-cells; however, mupstimulation by
lipopolysaccharide (LPS) they may differentiatentature DCs, which control both Thl
and Th17 responses [20]. IL-4 is the most widelgdusytokine applied in combination
with GM-CSF in the course of monocyte to DC transitas it exerts an inhibitory effect
on macrophage differentiation and promote DC dgyeakent [21].

Commonly, monocytes are cultured with GM-CSF ané4lfor 5-7 days to generate
immature DCs that can subsequently be activatell mitrobial ligands or inflammatory
cytokines to obtain mature DCs. Lately, severalegpgsuggested that functional moDCs
can also be obtained within a shorter differerdgraperiod (fast DC), thus better reflecting
thein vivo situation [22, 23]. After 2 days of culture monteyerived cells already bear
the phenotypic and functional characteristics aineture DC and have an equal potential
to induce antigen-specific T-cell proliferation atkNy production as cells generated by
the standard 7-day procedufagure 2.3) [22]. An other publication demonstrates a more
efficient antigen processing capacity of 3-day D&s compared to 7-day DCs, thus
assigning fast DCs as optimal candidates for D@dbasccines [24]. During theim vitro
differentiation moDCs downregulate the monocytiakea CD14 and upregulate the DC-
specific DC-SIGN and CDla. These immature moDCsehanany features of primary
blood DCs such as the high expression of recepfioas drive antigen-capture and
migration. The maturation of DCs is coupled to tlss of phagocytic capacity
accompanied by the upregulation of MHC II, matunatimarkers such as CD83 and
costimulatory molecules such as CD80 and CD86, hwiigost their ability to present
processed antigens to T-cellldure 2.3). A wide range of stimuli have been shown to
activate DCs that affect the functional propertifs maturing DCs differently. The
maturation factors such as microbial compounds oridure of IL-18, IL-6 and TNFa

inflammatory cytokines mimic thim vivo infectious or inflammatory conditions and have
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a strong capacity to induce Thl and cytotox-lymphocytes (Tc) [1k On the other hand
addition of TG, IL-10 or corticosteroids results in the inductionaétogenic DCs the
can induce both CD4and CD¢ Tregs.

It has been described in our laboratory that motescgultured in the presence of ~-CSF
and IL4 can differentiate intcphenotypically and functionally distinct DC <sets:
CD14'CD1a or CD14CD1¢" moDCs that are often representediifierent ratios in the
same cultures [25]These DC subsets ve the same migratory potential howe they
differ in their functional propertic. CD1d DCs can produce high les of IL-12, a
cytokine required for polarizing the immune respotwvards strong cell mediated toxic
whereas CDIaDCs mainly produce IL-10, an antaflammatory cytokine and posse
strong phago/endocytic activities. The ratio of @ and CD1acells is strongly affecte
by the presence of lipoproteins in the culture ifecentiating DCs, namely by the ligan
of peroxisome proliferateactivated receptoy (PPARy) that skewanoDC differentiation

toward the generation of CD cells by inhibiing the development of CD" cells [25].

day 0 day 2/3 day 3/4
GM-CSF + IL-4 activation
(LPS, TNF, IFNs...)
CD1a
monocyte —Pp —>
CD86
Icn14 DeSIGN = = ¥ N\MHCI
“q S IL10 . S AT
OO o 00 TNE‘O O Agh
A O ‘ O o IL-6
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Figure 2.3 Generation and maturation of ,fast” dendritic céd.
In the presence of I4-and GMCSF isolated monocytes can differentiate into inume
dendritic cells within 23 days. Fully mature DCs might be acquired upomasltation

with microbial ligands or inflammatory cytokine



We initiated experiments to clarify the factorspessible for the observed differences and
found an extremely strong influence of cell cultwensity on moDC phenotype and
functionality. Higher density led to higher ratiosCD14 CD14 DCs that produced IL-10,
a suppressor cytokine but no IL-12 upon stimulabgrmicrobial ligands. Decreasing cell
densities resulted in increasing ratio of COT@1a DCs and cell dilutions far beyond the
widely used culture densities eliminated IL-10 preiibn and primed the cells to produce
very high levels of IL-12, IL-23 and TNF. Furthere found that lactic acid, a side product
of glycolytic metabolism, accumulated in dense wnea$ is the responsible factor for the
density-dependent DC regulation [26]. These ressiiggest that metabolic pathways
might be efficiently manipulated to modulate themimmogenicity or tolerogenicity ah

vitro generated DCs.

2.3. Pattern recognition receptors

DCs possess a broad range of pathogen sensorgdtgrattern recognition receptors
(PRRs) that can recognize conserved pathogen-assdcmolecular patterns (PAMPS)
expressed by pathogens but not by host cells,eghable DCs to discriminate between self
and non-self structures. The definition of PAMPs fiaolecular products recognized by
PRRs was proposed by Charles Janeway in the I&@s1®is innovative hypothesis has
been supported 10 years later by a study demoinstridie essential role of Toll receptors
to initiate immunity against fungal infection Ddrosophila melanogasterin 1996 the
homologue of the Toll was identified in human cel&t is known today as Toll-like
receptor 4 (TLR4) and its ability to induce innatesponses was also demonstrated
subsequently [27]. Later on Polly Matzinger indezhthe Danger Model suggesting that
PRRs can also detect endogeneous molecules ddrormddamaged cells, referred to as
damage-associated molecular patterns (DAMPS) [2B,PAMPs and DAMPs can initiate
similar signaling pathways by inducing the transion of genes involved in innate
inflammatory immune responsdsadure 2.4). In mammals, 4 major classes of PRRs have
been described: Toll-like receptors (TLRs), RICGelikeceptors (RLRs), NOD-like
receptors (NLRs) and C-type lectin receptors (CLHaple 1) [30].

The TLR family is one of the first and the bestieltderized family of PRRs. So far 10
members of TLRs have been identified in humans Ehdn mice, more or less their
ligands and mode of signaling have also been redeg0]. TLRs are transmembrane

proteins and consist of three structural domaankeucin reach repeat (LRR) ectodomain
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that mediates the recognition of PAMPs, a helig@hgmembrane domain and an

intracellular Toll/IL-1R (TIR) domain initiating #gndownstream signaling pathways [27].

Based on their cellular localization and ligandcfiety the human TLR family members
can be divided into two subgroups. TLR1, TLR2, TLR&RS5 and TLR6 are expressed on

the cell surface and recognize different microbm@mbrane components such as proteins,

lipids andlipoproteins.

PRRs Localization Ligand Origin of the ligand
TLR

TLR1 Plasma membrane Triacy! lipoprotein bacteria

TLR2 Plasma membrane Lipoprotein bacteria, viruses, parasite
TLR3 Endolysosome dsRNA viruses

TLR4 Plasma membrane LPS bacteria, viruses, self
TLR5 Plasma membrane Flagellin bacteria

TLR6 Plasma membrane Diacy! lipoprotein bacteria, viruses
TLR7 Endolysosome ssRNA viruses, bacteria, self
TLR8 Endolysosome ssRNA viruses, bacteria, self
TLR9 Endolysosome CpG-DNA viruses, bacteria, protozoa, self
TLR10 Plasma membrane unknown fungi, bacteria, viruses
RLR

RIG-I Cytoplasm short dsRNA, 5' triphosphate dsRNA  viruses

MDA5 Cytoplasm long dsRNA viruses

LGP2 Cytoplasm unknown viruses

NLR

NOD1 Cytoplasm diaminopimelic acid bacteria

NOD2 Cytoplasm muramy!| dipeptide bacteria

CLR

Dectin-1/2 Plasma membrane beta-glucan fungi

DC-SIGN Plasma membrane mannose fungi, bacteria, viruses

Table 1.Selected human pattern recognition receptors anditHigands

TLR3, TLR7, TLR8 and TLR9 are localized to intrdakdr vesicular compartments and
detect nucleic acids such as single-stranded doldesiranded ribonucleic acid (ssSRNA or
dsRNA) and deoxyribonucleic acid (DNA). Recentlyhas been suggested that TLR10
with the aid of TLR2 might sense a wide varietyratrobial compounds shared by TLR1,
although a response to triacylated bacterial liptide occured only under artifical

conditions [31]. TLR10 has also been identifiedaasinnate sensor of viral infections;
however, its specific ligand is still under invgstiion [32]. Ligand binding of TLRs

results in the recruitment of one or more adaptotecules and subsequent initiation of
diverse biological responses. All TLRs associatth whe adaptor molecule, the myeloid
differentiation primary response gene 88 (MyD88&)cept TLR3 that recruits the TIR-

interfef®n-(TRIF) transduction.

domain-containing adapter-inducing to signal
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Exceptionally TLR4 can use both MyD88 and TRIF damors and thus mediate more
intense immune responses [33].

The various subsets of DCs differ significanlty thee expression of TLRs. To detect
pathogenic structures human cDCs use various To&aized to both the cell membrane
and the endosomal compartments [34]. cDCs expré$l,T2 and 6, which upon
formation of heterodimers, show a high capacitybitad a wide range of bacterial and
fungal ligands leading to DC maturation and segretdf pro-inflammatory cytokines.
Upon encounter with the bacterial cell wall compunePS c¢DCs induce the production of
IL-12 confirming the expression of TLR4 in this B¥0bset. cDCs also express TLR5 on
their surface that mainly recognizes and respomdbsctterial flagellin by upregulating pro-
inflammatory cytokines. The expression of TLR3 (sfie for dSSRNA) and TLR8 (specific
for ssRNA) is also evident in cDCs; however, thesence of TLR7 that also binds viral
ligands is still questionable. In contrast, pDCairatantly express TLR7 and uniquely
express TLR9 in their endosomal compartments. €rigg of these receptors leads to the
secretion of high levels of type | IFNs but not mo-inflammatory cytokines. Other
receptors such as TLR1 or TLR10 are not or miniynakpressed by pDCs and their
function is yet to be identified [33]. In conclusidhese data suggest that cDCs express all
intracellular TLRs except TLR9 and pDCs respondydol TLR7 and TLR9 stimuli by
secreting high amounts of type | IFNs.

CLR family members are calcium-dependent lektie-liteceptors that bind a wide
range of ligands derived from various microbes saghacteria, viruses and fungi through
their carbohydrate recognition domain [28]. Actigat of these receptors leads to the
induction of both pro- and anti-inflammatory immunesponses; therefore, CLRs are
suggested to play a pivotal role in the maintenapicénmune homeostasis [35]. The
dendritic cell specific ICAM-grabbing non-integr(iDC-SIGN, also known as CD209) is
broadly expressed on the surface of professiona@ean presenting cells and binds with
high affinity to intracellular adhesion molecule(B2AM-3). DC-SIGN also acts as a
receptor for several viruses such as human immdicgetecy virus type 1 (HIV-1), thus
porposed to enhance the transmission of the vmubloist T-cells [36]. However, the
precise role of DC-SIGN im vivo HIV dissemination by DCs remained to be elucidated

NLRs are cytoplasmic pathogen sensors with mult@lanstructure composed of a
central nucleotid-binding oligomerization domainB) and a C-terminal LRR sensor
domain [37]. The N-terminal portion of some NLRssha caspase recruitment domain

(CARD) that is associated with the downstream diggamolecules. This NLR group
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includes members such as NOD1 and NOD2 recognipeygidoglycan fragments of
Gram-positive and Gram-negative bacteria [28]. R#geit has been found that beyond
detection of peptidoglycans NOD2 is also involved ssRNA-induced type | IFN

production through a RIP2-dependent mechanism, tiegiating host defense upon viral
infection [38].

The RLR family has three members: retinoic acicugidle gene | (RIG-I), melanoma
differentiation associated gene 5 (MDA5) and labmmsa of genetics and physiology 2
(LGP2), all sensing viral or processed self RNAtie cytoplasm to induce innate
signaling pathways and elicit inflammatory reactidq@7]. Intriguingly, beside detecting
viral RNA genomes RLRs also act as sensors forptgsmic DNA [39] and collaborate
with TLRs and other signaling networks to modulat@ate and adaptive immune
responses [40].

The members of the RLR family are DexD/H box RNAidsses organized into three
functional domains. There is a central DexD/H bdXARhelicase domain that catalysis
ATP hydrolysis and binding/unwinding RNA and a @atéhal regulatory domain that is
involved in the autoregulation processes of RI@4l][ RIG-1 and MDAS5 have two caspase
recruitment domains (CARD) at the N-terminal regioequired for initiating the
downstream signaling pathway. As LGP2 lacks themiinal CARD domains it is unable
to transmit signals in the absence of the othegpters and rather acts as a regulator in the
RIG-I- and MDA5-mediated signaling [40]. Knockoutidies revealead the essential role
of LGP2 in MDA5-induced type | IFN production whaee it was proved to be
indispensable in RIG-I-mediated signaling [42].

RIG-I and MDA5 possess different ligand specificigithough some viruses might be
detected by both of them. The ligands of RIG-I Mi0A5 have extensively been studied
during the previous years and it has been obsahatdhe size and form of RNA as well
as the level of phosphorylation determines the R¥¢Asor engaged to viral recognition.
MDAS is specialized in the recognition of dsRNAitially, RIG-I was characterized as a
sensor for dsRNA that triggers type | IFN productio response to viruses or the synthetic
dsRNA polyinosinic-polycystidylic acid (polyl:C). dter on, studies revealed that the
presence of RNA sequences marked with S'triphogpated (5’'ppp) ends can greatly
enhance the type | IFN producing capacity of RI@3]. It has been concluded that RIG-I
can recognize ssRNA with at least one phosphatiheats’ end of RNA but 5’ppp is
required to trigger optimal signaling. Moreoversukts comparing the interaction of RIG-I

and MDA5 with synthetic dsSRNA have suggested thi&-Rpreferentially detects short
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dsRNA, while MDA5shows a preference fdong dsRNA [44].Thus acccding to our
present knowledge MDAS is the key sensor for longeal dsRNA fragments, while R-

| detects ssRNA or short dsSRNA gen Host RNAs are singlstranded ar are capped by
methylation at the 5’ end, thiare prevented from recognition by cytosolic RNA sen
[45].

However, RIGI and MDAS exhibit different ligand preferencghare common signalir
features. Once RIG-and MDAS is activated by the detection of virahA¥Ps, they are

recruited to the mitoandrial outer membrane by the adaptor prollFNB promoter
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Figure 2.4.Distribution and cooperation of PRRs in dendritiets.
TLRs,NLRs, RLRs and CLRs are expressed on the cellcgyriia the endosomes, or
the cytosol of various types of immune cells. Attw by their specific ligands induc

the NRB and IRF3/IRF7 transcription factors, thus resodfiin the production c
inflammatory cytokines and type | IFNs, respectiv
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stimulator 1 (IPS-1, also known as MAVS). This dsgmn results in the activation of
TRAF family member-associated NF-kappa-B activatiBPANK)-binding kinase 1
(TBK1) and the non-canonicakB kinasee (IKKe) and signals IRF3/IRF7 and NB
responsive genes, such as type | IFNs and inflaomnaytokines, respectively [41].

It is important to note that both RIG-1 and MDA absent or expressed at low levels in
resting moDCs; however, upon induction by variotisigi such as LPS or polyl:C their
expression can be highly upregulated [46]. Stugegormed with pDCs indicated that
RIG-I/MDAS signaling is dispensable to the prodaantiof type | IFNs, since these cells
rely predominantly on the TLR7 pathway to induceivaral defense mechanisms [45].
Recentin vivo studies with mice infected by West Nile virus icated that RLRs are the
primary sensors of virus infection, which upon @geging the production of IFNs enhance
TLR expression and potentiate the TLR-coupled diggapathway [41]. Thus, the
crosstalk between the TLR and RLR signaling cascasierves to induce optimal
production of antiviral cytokines and to enhandeabr mechanisms such as controlling

viral replication or suppressing viral disseminatand further infection of tissues [41].

2.4. The TLRS3 signaling pathway and its role in anviral immune responses

TLR3 is a major inducer of antiviral responsestagsponds to double stranded RNA
(dsRNA) that is the genetic material of a groupvinfises and also a by-product of viral
replication. However, it is still unclear whethbetdsRNA produced during viral infection
is able to stimulate TLR3 [47]. While human moDQwl&CD11¢ blood DCs express
TLR3 in the cytoplasm only, it may also localize lioth the cell membrane and the
endosome in epithelial cells and fibroblast [48]h&s also been demonstrated that cell-
surface TLR3 co-localizes with CD14, that bindsyi@ directly and mediates its uptake
to intracellular compartments, thus enhancing TioR3fiated signaling in murine bone
marrow-derived macrophages [49]. As human DCs derpress TLR3 and CD14 on the
cell surface, they internalize dsRNA deliveredhe tell membrane via clathrin-mediated
endocytosis [50]. Addition of type | IFNs or dsRN#d human DCs upregulates the
expression of TLR3 and induces the redistributibthe receptor from the endoplasmic
reticulum (ER) to endosomes [50]. Once dsRNA isogmized TLR3 becomes
phosphorylated at the cytoplasmic tail that induaesascade of downstream signaling
events resulting in the activation of IRF3, ®8-and activator protein-1 (AP-1)igure
2.5) [51].
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TLR3-mediated signaling occures via recruitmenthi adaptor protein TRIF followed
by the formation of a complex composed of seveddp#ors and kinases [52]. TNF
receptor associated factor 3 (TRAF3) has been gexpwo act as a bridging molecule
between TRIF and TBK1 that together wiktBlkinase-related kinase(IKK g, also known
as IKKi) is responsible for the phosphorylation IBF3 and IRF7 [51]. TBK1 deficent
mice show reduced activation whereas TBK1 and dKdouble-deficient embrionic
fibroblasts show a complete loss of IRF3 activaaon IFN3 production upon stimulation
with TLR3 and TLR4 ligands, which findings indicdtee essential role of these kinases in
initiating type | IFN responses [53]. In additiamthe TRAF3 adaptor protein, the &B~
activating kinase-associated protein 1 (NAP1) hss laeen implicated in the interaction of
TRIF and IRF3 [54]. It has also been reported fitadsphatidylinositol-3 kinase (PI3K)
recruitment to specific tyrosine residues in theéoplasmic domain of TLR3 is also
necessary to full phosphorylation and activation IBF3 [47]. In this experiment
performed with HEK293 cells mutation of TLR3 atideses Tyr759 and Tyr858 or the
functional blockade of PI3K resulted in the inhidit of the interferon stimulated gene 56
(ISG56) expression induced by dsRNA [47]. This obaton was further supported by the
finding that the PI3K/Akt signaling pathway is ifved in the regulation of immune
responses to dsRNA and influenza A virus infectiorlung epithelial cells [55]. Thus,
IRF3 activation is proposed to rely on both the TBlnd the PI3K-dependent pathways.
Phosphorylated IRF3 molecules associate by dimendbon via the IRF association
domain (IAD) then translocate to the nucleus amdl b0 specific DNA sequences with the
aid of the co-activator CREB-binding protein (CBt#®)induce the production of type |
IFNs, which are important in antiviral innate imneuresponses [51].

Several reports demonstrated that type | IFNs sscli-Nx and IFN3 can be induced both
at mMRNA [56] and protein level [57] in moDCs updmilation with polyl:C. It has also
been indicated that IFMB genes are induced in a biphasic manner: in thg phase of
virus infection the IRF3-dependent IBgroduction results in the strong induction of IRF7
whereas in the late phase IRF3 cooperates with IBfpbtentiate the induction of [FN3
genes [58]. It has also been shown in mouse cD&ighlik IFN feedback response requires
the contribution of IRF8 for the induction of a ead phase transcription of IFN genes
[59]. In addition to type | IFN secretion cDCs gposed to be the main producers of
type lll IFNs as well (IFM1-3) [56, 60]. Even though IR differ genetically from type |
IFNs, a similar mode of regulation has been suggesir both cytokines. Similarly to
IFNB, the expression of IFN is regulated by IRF3 and IRF7 whereas AEI8 is mainly

15



controlled by IRF7, thus resembeling l&ENjenes [61]. Type | and Il IFNs activate
overlapping signaling routes such as the Janusesé&isignal transducer and activator of
transcription (JAK/STAT) pathway and induce the agulation of common IFN-
stimulated genes (ISG) to promote potent antivirmhune responses [60].

In addition to protection against viruses, typent dll IFNs exert a strong effect on cell
survival, proliferation and differentiation [62] @may induce antitumor responses [60].
Even though IFN/B receptors are widely distributed on various cgtlets, only a narrow
fraction of cells acquired the ability to respondiENAs such as pDCs and epithelial cells
[60, 62]. In pDCs IFN1 synergizes with IFN to upregulate the expression of CD80,
CD83 and modulates the expression of chemokineptece/ (CCR7), CD62 ligand
homing molecules all contributing to pDC activatif@8]. Interestingly, moDCs acquire
tolerogenic properties in response to N-Ahd induce proliferation of foxp3 expressing
CD4'CD25 T-cells in an IL-2-dependent manner [64].

Beside type | and Ill IFNs the production of IL-Z¥7pleiotropic cytokine having both anti-
inflammatory and antiviral activity also requirdsetTRIF-dependent activation of IRF3
[65]. Based on its structure and functions IL-2@mposed of the EBI3 and p28 subunits,
belongs to the IL-12 family cytokines [11]. CO1BCs produce high amounts of IL-12
and IL-27 upon induction with viral dsSRNA. Wherelis12 effectively upregulates the
expression of inflammatory cyoktines such asyFN.-27 induces the proliferation and
cytotoxicity of naive CD8 T-cells [11]. In human macrophages the TLR-depehde
induction of IL-27 relies on the induction of IleNposing a direct autoregulatory
mechanism for the transcriptional activation of B8]. However, further studies are
required to clarify the exact regulatory role of2lz, especially unden vivo conditions.
Nevertheless, these recent data favour the coméepfunctional relationship between IL-
27 and type I/1ll IFNs in the fight against virafections.

Activation of the NkB pathway by TLR3 stimulation can be driven by tdistinct
adaptor molecules, TRAF6 and receptor interactimogen 1 (RIP1). Currently there is no
evidence for the involvement of RIP1 in TLR3-meddtsignaling in DCs [51].
Association of TRAF6 to TRIF results in the recmeint of TGB-activated kinase 1
(TAK1) and TAK-binding protein 1, 2 and 3 (TAB1/2/3TAK1 then becomes
phosphorylated and activates the IKK complex coragosf IKKa, IKKB and NKB
essential modulator (NEMO or IKK. IKKB then phosphorylates the NB inhibitor kB
leading to its degradation, thus allowing the reéeand nuclear translocation of 8- In
human DCs two main NdB pathway exist: the canonical/classical and the-no
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canonical/alternative signaling cascades. TLR ilbgatin most cases results in the
induction of the canonical pathway that dependdkifp and NEMO and leads to the
nuclear translocation of heterodimers composedbf(RelA) and p50 [67]. Other signals,
such as lymphotoxif}; TNF or CD40 ligand (CD40L) activate the altermatipathway,
which requires IKK that via phosphorylation of p100 leads to the gatnen of RelB and
p52 complexes [68]. Activation of this alternatethyaay results in the production of
chemokines, whereas the classical pathway is refen for the induction of
inflammatory cytokines. Inhibition of the MB pathway impairs the expression of T-cell
stimulatory molecules such as CD80 and CD86, itisigaa link between this signaling
route and DC maturation [69]. Down-modulated exgigs of TRIF and TRAF6 in human
CD1c¢ DCs derived from HCV patients was found to be agsanied with decreased
production of TLR3-mediated IHN\ TNF and IL-12. These data indicate the importasfce
the TRAF6-regulated N& pathway in the production of innate cytokines][70

TAK1 also has the capability to induce the dowrsstreactivation of MAPK kinase kinase
3 and 6 (MKK3/6) leading to the phosphorylationp®8, Jun kinases (JNK) and cAMP
response element binding protein (CREB) culminaitnpe activation of AP-1 [52]. It has
been shown that AP-1 activation occuring upon TL&Bnulation of human moDCs
requires the control of the MAPK signaling casc4d8]. In response to dsRNA the
transcription factor c-Jun and the proto-oncogefi@scare phosphorylated and form the
AP-1 heterodimer. This process is accelerated bk @t phosphorylates c-Jun thus
potentiating the transcription of its target gef¥ds 72]. The activation of NéB and AP-1
contributes to the induction of pro-inflammatorytakines such as IL-6, IL-12, TNF and
chemokines such as chemokine ligand 3 (CCL3) [BR&ddition, several members of the
MAPK family such as JNK, MKK3 and p38 can also ciinite to the induction of type |
IFNs. Studies using MKK3 mouse embryonic fibroblasts defined the essentia of
MKK3 in the generation of type | IFN responses [A8Bhibitory studies also revealed that
activation of p38 together with JNK contributes tBNB gene expression [74].
Furthermore, it has recently been reported that 3FreRcited activation of p38 and
MAPK-activated protein kinase 2 (MK2) is requiremt the stabilization of IFBl mMRNA,
that may be important in the initial phase of antivresponses [75]. In addition to the
above described outcomes TLR3 mediates the induofiseveral other cytokines such as
IL-10, IL-15 [76], chemokines such as CCL4 and CQE6] and receptors such as RIG-I
and MDADS [46]. The versatile role of TLR3 to transtigh numbers of different signals
upon recognition of dsRNA highlights the functioralmplexicity of this receptor.
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Figure 2.5. Schematic representation of the TLI-signaling pathway in DCs.(M.
Gauzzi et al. Immurmology, 215 713-723, 2010)

In response tasRNA TLR3 activates the Tkdependent signaling pathway resulting
the activation of the IRF3, B and AP1 transcription factors that promote t
expression of type | IFNs and er pro-inflammatory cytokines.
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2.5. The role of MyD88-dependent TLR4 signaling pa&tvay in the induction of

inflammatory responses

TLR4 is essential fo the detection of LPS (endatpxa major component of the outer
membrane of Gram-negative bacteria. RecognitionLBS can result in systemic
inflammation and sepsis if excessive signal occusgsooth LPS (S-LPS) produced by
most Gram-negative bacteria consists of three nsgithe core oligosaccaharide, the O-
specific chain and the lipid A tail, which is theaim PAMP responsible for the endotoxic
activity of the molecule [27]. Rough-mutant Grangative bacteria produce R-form LPS
(R-LPS) that lacks the O-specific chain. This dinual difference modifies the stimulatory
capacity of LPS, since R-LPS readily activates Th&4 pathway, while S-LPS requires
the help of additional factors such as CD14 and-b8ing protein (LBP) [77]. LPS from
wild type bacteria represents a heterogeneous mixtiithe two forms usually containing
a higher proportion of S-LPS. Intriguingly, somea@rnegative WT bacteria such as
Clamydia and Neisseria species produce LPS with reduced sugar residuass t
resembeling the R-form LPS. In addition to Gramate@g bacteria TLR4 is implicated in
the recognition of a wide range of ligands sucheet-shock proteins, the fusion protein of
respiratory syncytial virus (RSV) and cell wall cpaments of fungi or protozoan parasites
[78].

Since TLR4 is not able to bind LPS directly itsieation requires the participation of
several molecules. Upon association with myeloifecgntiation factor 2 (MD2) TLR4
forms the surface receptor complex required forgoegnition of the lipid A compartment
of LPS. The presentation of LPS to the receptor plem is facilitated by LBP and
membrane-bound or soluble form of CD14 [79]. LBRsas a shuttle protein via directly
binding LPS and facilitating its association withDT} that transfers LPS to the
TLR4/MD2 complex [80]. MD2 binds directly to LPS édcauses conformational changes
in TLR4 leading to its dimerization or oligomerimat and subsequent activation of diverse
downstream signaling pathways [80]. TLR4 then rgsrvarious TIR-domain containing
adaptor proteins, thus mediating the inductionvad tajor signaling pathways, one that
depends on the adaptor protein MyD88 and the adwuiring the recruitment of TRIF
(Figure 2.6). The MyD88-dependent pathway was shown to beosssle for the pro-
inflammatory cytokine production, whereas the TREpendent pathway mainly regulates
the induction of type | IFNs and ISGs [27].
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The TLR4/MD2 complex expressed on the cell surfacegnizes LPS leing to the
activation of both the MyD{-dependent and TRI&ependent signaling pathws. The
MyD88-dependent pathway is responsible for the activatbrthe NikB and MAPK
pathway, whereas the TF-dependent pathway activates IRF3 resulting in tigction
of type | IFNs.

The MyD88dependent pathway requirthe recruitment of thdIR domain coraining
adaptor protein (TIRAP)Xo the TLR4/MD2 complex, that facilitatethe association
between MyD88 and the cytoplasmic domain of TLR4D®8 recruits and activates t

IL-1 receptorassociated kinase 4 (IR/4), which is involvedn the signaling of sever:
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TLRs as shown by the almost complete abrogatiohléi2-, TLR3-, TLR4- and TLR9-
induced responses in IRAK-4 knock-out mice [81].AKR4 is responsible for the
subsequent recruitment and activation of IRAK-At logether with IRAK-2 and IRAK-M
(IRAK-3) belongs to the IRAK family. Initially, IRK-1 was thought to be crucial for the
activation of the TLR4 pathway; however, its dowgukation inhibited only partially the
LPS-induced pro-inflammatory cytokine productiorggesting the involvement of other
molecules in the downstream signaling of TLR4 [GRJAK-2 is also proposed to play a
positive role in LPS-triggered TLR4 signaling wheselRAK-M together with toll
interacting protein (Tollip) block the IRAK-1 andRAK-4 interaction and the
phosphorylation and activation of IRAK-1 [83]. Thaetivation of IRAK-1 results in
TRAF6 activation, which forms a complex with the E®iquitin complex Ubcl3
(ubiquitin conjugateing enzyme 13) and Uev{4biquitin-conjugating Enzyme Variant
1A) to promote the activation of TAK1 [80]. TAK1 ksequently induces the activation of
the NFB and MAPK pathways as indicated previously.

The TRIF-dependent pathway of TLR4 requires theradtion with the TRIF-related
adaptor molecule (TRAM) responsible for TRIF adctiva [28]. Recently, it has been
found that following receptor internalization TRA8fives the LPS-induced translocation
of TLR4 to the endosome that is essential for tttevation of endosomal TRIF-TRAF3
[84]. Further, the authors suggested a sequertislaéion of the two signaling pathways.
TLRA4 first activates TIRAP-dependent MyD88 signglat the cell surface, then following
endocytosis it induces TRAM-TRIF signaling from tearly endosomes. Similarly to
TLR3, TLR4-mediated TRIF-dependent signaling cascl@&ds to the activation of the
NF«B and IRF3 pathways resulting in the induction d-mflammatory cytokine and type
I IFN genes [80].

2.6. Molecular mechanisms associated with endotoxinlerance

All immune responses, including TLR-mediated sigrahave the potential to damage the
host leading to extensive tissue damage accompéyigzhthological conditions such as
autoimmune diseases, cancer, systemic inflammategponse syndromes (SIRS)
including endotoxin shock or sepsis. Thus, a tagirtrol and regulation of these responses
is needed to avoid excessive inflammation and raginhomeostasis. Importantly,
repeated exposure to endotoxin renders innate iraroelhs such as DCs and macrophages
hyporesponsive to subsequent challenges with LBE This phenomenon, referred to as
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endotoxin tolerance (ET), is characterized by aéed production of pro-inflammatory
and increased production of anti-inflammatory mextig thereby preventing
overstimulation by the same danger signal allowes shrvival of a lethal secondary
challenge with LPS [79]. Due to these effects ETcansidered to be a protective
mechanism against repeated exposure to Gram-negatactions; however, its incidence
Is associated with an elevated risk of seconddections and mortality [85]. Intriguingly,
hyporesponsiveness to LPS can also be induced dgxposure to other TLR ligands
causing cross-tolerance or heterotolerance. Fompbkea Pam3Cys, a synthetic TLR2
ligand renders macrophages and DCs tolerant toegqubst challenges with LPS or
Pam3Cys by this mechanism [86, 87]. Pre-stimulabbmurine bone-marrow derived
mast cells with LPS displays tolerance to stimolatby TLR2, TLR4 and FR1 that
draws our attention to the fundamental role of nwadls in the modulation of immune
responses associated with sepsis [88].

Several studies attempted to reveal the underlyiadecular mechanism of endotoxin
tolerance but it remained poorly defined so farSldtimulation is known to induce various
numbers of negative regulators that might provideikitory feedback mechanisms to
terminate TLR4 downstream signaling. ET is usudiihked with the upregulation of
negative regulators such as IRAK-M and suppreskoytokine signaling 1 (SOCS1) and
with the over-expression of anti-inflammatory cyiteds such as IL-10 and TGFThese
findings indicate that LPS pre-treatment more gmgsnduces reprogramming rather than
an overall downregulation of gene expression.

SOCSL1 is strongly induced by cytokines such asyJAN-4, IL-6 and inhibits signal
transduction by suppressing the JAK/STAT-mediaigdading cascade. SOCS1 also acts
as a negative regulator of the TLR4-induced MyD@&@ahdent and MyD88-independent
pathways by interacting with several of the dowsetn signaling molecules [89]. The
adaptor protein TIRAP is a SOCS1 target and theczstson of the two molecules leads to
the polyubiquitination and degradation of TIRAP.his been suggested that upon LPS
stimulation SOCS1 can form a complex with phosgRAK-1 (pIRAK-1) resulting in its
proteasomal degradation, thereby preventing furtegnaling. It has also been
demonstrated that SOCS1 directly targets p65 emguiits ubiqutin-mediated proteolysis,
thus resulting in the downregulation of RB-activity. Importantly, SOCS1 deficient mice
do not develop endotoxin tolerance in responsepeated exposure to LPS pointing to the
essential negative regulatory role of SOCS1 in iitsiced responses [90]. Another

SOCS family member, SOCS3 is induced in LPS-stitedlanacrophages to induce a
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negative feedback loop for cytokine signaling. Merimacrophages transfected with
SOCS3 produce reduced levels of IL-6, IL-12 and T&ifd the extent of inhibition is
similar to that elicited by IL-10 or LPS treatmg®1]. In pathological situations, where IL-
6-related cytokines play an important role SOCS3psesses inflammatory reactions via
inhibiting STAT3 activation indicating that it caact as a negative regulator of
inflammation [92]. SOCS2 is also a direct targefToR signaling; however, compared to
SOCS1 and SOCSS3 shows a delayed induction in bateh and murine DCs. SOCS2
silencing leads to augmented STAT3 activation ammleased IL-10 and ILBLcytokine
production underlying its negative regulatory pon however, its molecular targets
remained elusive [93].

More than a decade ago STAT3, a cytoplasmic trgitsmn factor and a key mediator of
cytokine signaling has emerged as a negative regulaf inflammatory responses.
Disruption of STAT3 signaling in macrophages ledadsoveractivation and abundant
production of inflammatory cytokines in responselL®S [94]. The lack of functional
STAT3 in macrophages and bone-marrow derived D@srced the antigen presenting
ability and restored the responsiveness of ane@fid T-cells in vivo indicating the
essential regulatory role of STAT3 in inducing geti specific T-cell tolerance [95].
S100A8 and S100A9 (also reffered to as MRP8 and MRRBelonging to the S100 family
are readily secreted as heterodimers during inflatarg processes. S100A8 can be
induced by a variety of stimulants including LPSTF and has a protective role in the
resolution of inflammation [96]. S100A9 may inhillXC differentiation and contribute to
the accumulation of myeloid-derived suppressorsdalkumor tissues [97]. It has also been
suggested that the S100A8/A9 complex suppresses adlammation by modulating the
activity of pro-inflammatory cytokines produced wmpajection of LPS into rats [98].

The signaling lymphocyte activation molecule (SLAMD150) is an activation-induced
self-ligand receptor expressed on the surface ofaidd B-lymphocytes, monocytes,
macrophages and moDCs. It has been described idabaoratory that SLAM/SLAM
engagement inhibits the production of IL-6, IL-I2dalTNFu of CD40L-induced DCs but
not of LPS-stimulated cell®9]. Futhermore, SLAM/SLAM interaction could impair the
ability of DCs to induce IFiproducing T-lymphocyte differentiation [99]. Thesssults
indicate that SLAM/SLAM dimerization mediates Dhtionality in a complex manner
via downregulating CD40L-induced inflammatory signavhile not affecting LPS-

stimulated IL-12 production.
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Leukocyte immunoglobulin-like receptor subfamilynBember 2 (LILRB2/ILT4) belongs
to the LILR family of innate immune receptors tlaae predominantly expressed on the
surface of antigen presenting cells and are dividea activating and inhibitory receptors
[100]. Their most broadly characterized ligandsoime MHC class | and MHC-I-like
molecules such as CD1d that binds LILRB2. InhilyitbtLRs may exhibit their function
alone or in association with activating receptarshsas TLRs. In response to Salmonella
infection LILRB2 and LILRB4 has been shown to beagulated inin vitro-generated
macrophages and DCs. The two inhibitory receptomrtedifferent effects: LILRB2
inhibits APC effector functions via downregulatiogstimulatory molecules such as CD86
whereas LILRB4 increases IL-10 production and des#e IL-8 secretion [101]. LILRB2
and LILRB4 play an important role in dampening immauesponses during infection that
poses their possible regulatory role in the inductf endotoxin tolerance.

The activating transcription factor 3 (ATF3) is actear factor that can be rapidly induced
by TLR stimulation and acts as a transcriptionptessor [102]. By presumably inducing a
negative feedback loop ATF3 negatively regulatesttnscription of pro-inflammatory
genes such as IL-6 and IL-12. It can rapidly beugstl by LPS stimulation in mouse
macrophages as well as in plasmacytoid and myélomdan DC subsets. ATF3 exerts its
inhibitory effect via reducing the expression ofthimobility group box 1 (HMGB1) that
acts as a transcription factor in the nucleus amd gro-inflammatory cytokine when
released resulting in the secretion of other pflasmmatory cytokines [103]. Clinical
reports revealed that the level of HMGB1 is incesh@é patient with sepsis, suggesting
that the suppression of LPS-induced inflammatianimducing ATF3 might be a feasible
strategy for the treatment of sepsis.

MicroRNAs (miRNAs) are small non-coding RNAs thajpresent a new class of gene
regulators that are implicated in innate immunity kegulating TLR signaling and
subsequent cytokine responses [104]. MiRNA prdfilof human monocytes revealed that
miR-146a/b, miR-155 and miR-132 can be highly uplagd in response to LPS [105].
miR-146a was identified as an NB-dependent gene that negatively regulates the
expression of TNé& via repressing TRAF6 and IRAK-1 kinase activityed®le LPS other
TLR agonists and cytokines such as [-and TNF were shown to increase the
expression of miR-146a [106]. Importantly, the egzion of miR-146a is induced upon
activation of TLR2, TLR4 or TLR5 but not by endosainifTlLR3, TLR7 and TLR9
indicating that miR-146a plays a role in regulatingnune responses predominantly to

bacterial and fungal components. Further studies a@lemonstrated that miR-146a is
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critical for the induction of endotoxin toleraneethe human monocytic THP-1 cell line as
the transfection of inhibitors specific for miR-B@bolished LPS-induced tolerance
significantly [107]. In contrast to miR-146a, mig. could be upregulated even by TLR3
and TLR9 triggering in murine macrophages and exlieobth positive and negative effects
on the NKkB signaling pathway [104]. In RAW267.4 macrophagestrong but transient
upregulation of miR-155 was reported upon challemgé LPS. Furthermore, miR-155
transgenic mice produced higher levels of TNIhd were more sensitive to LPS-induced
septic shock than wild type mice [108]. All thesssults point to the critical role of
MiRNAs in the regulation of innate immune responsekiced by TLR stimuli, thus
modulating the activity of these miRNAs might b@ramising therapeutic target against
various inflammatory diseases.

The above discussed findings point to the multeleegulation of endotoxin tolerance. To
reveal the molecular mechanisms behind endotoj@naince necessitates the integration of
several regulatory components including signalingletules, negative regulators and
mMiRNAs into a complex network.

It is important to note that the induction of eraonh tolerance in donor mice can prolong
heart allograft survival via inhibiting alloimmuresponses [109]. The development of
non-toxic TLR4 ligands or negative regulators ofRTkignaling might provide alternative
means to inhibit allograft rejection in human orgacipients. In addition, the adoptive
transfer of LPS-pre-treated pDCs was shown to mtevbe development of renal
functional and histological injury in mice with @mc kidney disease [110]. The
mechanism of protection might be connected to Hiktyaof pDCs to induce foxp3Tregs

in the kidney and in the lymph nodes and to sugpne-inflammatory cytokine
production by endogenous renal macrophages. Thegpterogenic potential of LPS-pre-
treated DCs may offer novel therapeutic approadbesreat autoimmune or chronic

inflammatory diseases.

2.7. The role of mTOR in regulating immune response

The mammalian/mechanistic target of rapamyin (mTQR)a serine/threonin kinase
belonging to the PI3K related kinase (PIKK) famiyhich plays a central role in several
cellular processes such as cell proliferation, edéhtiation, metabolism, motility and
survival [111]. mTOR exerts its modulatory effetitsough two multiprotein complexes:
MTOR complex 1 (MTORc1) and mMTOR complex 2 (MTORit2Y are connected to
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distinct upstream and downstream molecules, thissqss diverse functional attributes
(Figure 2.7). The rapamycin-sensitive mTORc1 contains mTORulegory associated
protein of mMTOR (RAPTOR), mammalian lethal with SEBBJprotein 8 (mLST8), proline-
rich Akt substrate of 40 kDa (PRAS40) and DEP donmaintaining mTOR-interacting
protein (DEPTOR) whereas the rapamycin-resistantORd2 encompasses MTOR,
rapamycin-insensitive companion of mTOR (RICTOR)L.SM8, mSIN1 (mammalian
stress-activated protein kinase), DEPTOR and protebserved with RICTOR-1
(PROTOR) [111]. Rapamycin is a pharmacological bitbr of mTOR that forms a
complex with the FK506 binding protein 12 (FKBP1Zhe rapamycin-FKBP12 complex
binds to the kinase region of mTOR and blocks iteage activity efficiently, probably
through disrupting the interaction between mTOR BAIPTOR. Intriguingly, mTORc2 is
insensitive to the direct inhibition by rapamycinpwever, a prolonged exposure to
rapamycin can disrupt its assembly in severaltgpbs [112].

MTORCc1 is able to integrate signals from both exdallalar and intracellular stimuli such
as nutrients, growth factors, cytokines, antigen3all-like receptor ligands [111]. These
factors activate mTOR via the PI3K-Akt axis resutin the inhibitory phosphorylation of
tuberous sclerosis complex 2 (TSC2), which in caxplith TSC1 is the main negative
regulator of mMTORCc1 activity. Repression of TSCHvaty abrogates its inhibitory effect
on RAS homologue enriched in brain (RHEB) that nsegsential stimulator of mTOR
activity. mTOR then phosphorylates S6 kinase 1 (B6&nd the eukaryotic initiation
factor binding protein 1 (4EBP-1), thus enhancingtgin synthesis and cell growth [112].
Our knowledge on the functional activity of mTORis2less defined due to the lack of
specific inhibitors. Targeting RICTOR activity rdgad that mMTORc2 activated by PI3K is
important for the phosphorylation of Akt. BesidesTORc2 mediates actin cytoskeleton
rearrangement through the small GTPase RAS homel¢BtiO) and protein kinase C
(PKC). It has also been found that knockdown of RI® does not influence the
activation of S6K1 indicating that mTORc2 does sbinulate mTORc1 [111]. Recent
studies revealed that mTOR plays a crucial rolghie regulation of both innate and
adaptive immune responses. Suppression of mMTORwpAtyacincovered the essential role
of mMTOR signaling in the differentiation and matioa of DCs of different origin. It has
also been demonstrated that mTOR mediates the-BIli8en maturation and homeostasis

of both conventional and plasmacytoid DCs in mitE3].
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Figure 2.7. The mTOR signaling pathwe. (Araki et al. Current Opinion in Cell Biolog
23, 707-715, 2011)

MTOR controls many cellular processes through tifferént complexes. Rapamycin ¢
inhibit the induction of mTORc1l while not affect§ @Rc2. However, a lorterm

treatment with rapamycin can also decrease thevagtof mMTORc2

Deletion of Pten, an inhibitotof the PISK/Akt/mTOR axispromotesDC development
providing further supportfor the regulatory role of mTOR ithe FI3L-induced DC
maturation [113].n the presence of PI3K or mTOR inhorsthe development of hum:
CD34 stem cellderived DCs was decrea: [114]. Further, blockingmTOR activity by
rapamycin during moDC differentiation decreased ceburvival and detaird its
immunostimulatoryfunctions leading to the generation a tolerance promoting D!
phenotype [115]. Recdgit mTOR was identified as a criticegégulator of inflammator
cytokine responsesince sho-term treatment with rapamycin during TLR stimulat
modulated the production of type | IF, pro-inflammatoryand ant-inflammatory
cytokines in variou®C subtype differently (Figure 2.8). Mostimportanly, rapamycin
treatment of pDCs impairehe TLR9-induced production of IFMB via the suppressic

of IRF7 activity significantly[116]. It has been demonstrated that the production of It
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IFNs and pro-inflammatory cytokines is also suppeesin TLR7-activated human pDCs.
Interestingly, these cells failed to induce fFahd IL-10 producing effector T-cells while
enhanced the proliferation of naive and memoryérelpcells and foxp3-expressing CD4
Tregs upon rapamycin treatment [117]. Another regemonstrated suppressed functional
activity of moDCs following rapamycin treatment. n$iarly to pDCs, rapamycin
decreased the production of both pro- and antamfhatory cytokines in LPS-stimulated
moDCs and affected their allogenic T-cell stimutgt@wapacity negatively [115]. In
contrast, rapamycin enhanced the secretion of 1iR12D1¢ DCs upon stimulation with
various TLR ligands and potentiated the ability BfS-stimulated CDIcDCs to induce T-
cell proliferation [115]. These data suggests thafTOR may exert both
immunostimulatory and inhibitory effects dependargthe DC subtype.

Beside controlling DC development and maturation QRT directly drives the
differentiation and function of T-cells. Upon debdet of Rheb, a positive regulator of
mTORc1 CD4 T-lymphocytes were unable to differentiate intolTand Th17 cells but
preserved the ability to differentiate into Th2ls€gll11]. When RICTOR, the integral
component of mTORc2, was deleted CO4cells failed to differentiate into either Thl or
Th2 cells. In contrast, mTOR inhibition by rapamygromoted the differentiation and
expansion of foxp3regulatory T-cells [111] and the generation of CB&mory T-cells
in vivo[118]. These findings indicate the fundamentat i@l MTOR in the induction of T-
cell proliferation and maturation.

In human oral keratinocytes rapamycin was shownimpede polyl:C-stimulated
upregulation of TNE and IL-13 whereas enhanced the secretion of bioactive ILZQ2p
[119]. Rapamycin also interfered with IBNoroduction and phosphorylation of IRF3
suggesting the involvement of mMTOR in the regulaid type | IFNs in keratinocytes. It
was also demonstrated that polyl:C-induced JNK phosylation could be inhibited in the
presence of rapamycin. Inhibiting JNK by SP60012&vented the upregulation of pro-
inflammatory cytokines and IAN following stimulation with polyl:C. These results
indicate that via regulating the activity of JNK @R collaborates with the MAPK
pathway to upregulate ILBL TNFo and IFN3 upon stimulation with polyl:C. 1t is
important to note that it has not been investigéteidre whether mTOR is involved in the
regulation of TLR3-mediated production of type Ni&-in conventional DCs.
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Figure 2.8.Model of mTOF-mediated signaling irdifferent human DC subtype.

Interruption of mTORc1 signaling in human moDCs inlgir TLR ligation results i
decreased production of both |- and anti-inflammatory cytokines indicating the cruc
role of mMTOR in the functional activity of moDCa. CD1¢ DCs mTORc1 signalin
inhibits the induction of I-14, IL-12 and CD86 whereas promotes the upregulation -
10 and PDLE1. In human pDCs intact mTORc1 signaling is neddedtive the productio

of type | IFNs and praaflammatory cytokines in responst TLR7 and TLR9 stimul

Rapamycin used alone or in combination with oth@munosuppressants is a strong-

rejection agent in renal transplanta due to its ability to induce fox|” Tregs [112].
When utilized together with -10 or CXCR3specific monoclonal antibody rapamy is

also able to inductolerance in pancreatic it cell transplantation or in heart allograf
respectively [112]. Intguingly, rapamycin applied at a lower concentration thiaat
required for eliciting immunosuppression is ablexert antiviral activities against virus:
such as HIV, cytomegalovirus or several herpesesuga different mechanisn[120,

121]. Furthermore,evivorapamycin conditioning of DCs (RAPBCS) offes a potential
therapeutic tool to generate tolerogenic DCs faventing graft rejection or treatit
autoimmune disordersMurine RAPA-DCs possess the ability to migrate to secon
lymphoid tissuesvhere they induce Treg proliferati [122]. It has been found in rode
models thatprior to transplantation thadministration of recipienderived RAP/ADCs
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pulsed with donor antigen could prolong donor hedldgraft survival. It is important to
note that human and rodent DCs might be affectéf@rdntly when generated in the
presence of clinically relevant concentration opamycin. Both murine and human
RAPA-DCs are phenotypically immature with low exgsi®n of costimulatory molecules;
however, only murine cells preserve their immatyrleenotype when exposed to
inflammatory stimuli [123]. Both rodent and humaacerophages are able to promote Treg
proliferation despite exhibiting a paradoxical e in the expression of PD-L1 and IL-
10 [115, 122]. As compared to rodent cells humanPRACs display augmented
migration to CCL21 due to the upregulation of C(RZ4]. Furthermore, human RAPA-
DCs show increased IL-12 production that is assediaith enhaced Th1/Th2- polarizing
capacity upon stimulation with LPS [122]. Theseuitss point to the need for further
studies to better understand the functionality @R in human DCs, which may facilitate

the development of efficient and reliable DC vaesin
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2.8. The aims of the study

Aim 1. Study the development and control of endotar tolerance in moDCs
The phenomenon of ET has been studied and desaribsdveral pathologies such as
sepsis, acure choronary syndrome and even canceidévariety of innate immune cells
are affected by ET rendering them in a transieatesth which they are not able to respond
to subsequent challenges with LPS. ET is mainlyattarized by a decreased production
of pro-inflammatory cytokines upon stimulation wigéndotoxin; however, little is known
about the molecular mechanism behind it. To galeeper understanding in the regulation
of ET we aimed at:
» exploring how long-term activation with low-dose & Riffects the phenotypic and
functional properties of moDCs in response to frrithallenges with LPS.
» studying how various microbial compounds inducertmhce in moDCs.
» investigating the molecular mechanism of LPS-induicdnibition of DC functions
during the early phase of moDC differentiation.
» screening the effects of a wide range of LPS-inolednhibitory factors on moDC

activation.

Aim 2. Study the regulation of IFN responses by mT@& in cDCs
MTOR controls many aspects of innate and adaptweunity. Recent data have
suggested an important role for mTOR in the reguiadf type | IFN production by pDCs.
However, to a lesser extent than pDCs, conventi@@s are also able to produce
cytokines with potent antiviral activity such agpeyl/ 11l IFNs and IL-27 the potential
regulatory role of mMTOR has not been addresseltisrigsue. Thus, our goul was:
e to investigate the effects of mMTOR inhibition oretphenotypic properties of
moDCs and circulating CDI1d®Cs upon TLR3 ligation.
* to reveal how the mTOR-inhibitor rapamycin modwatke antiviral capacity of
moDCs and CDIcDCs.
» to explore the molecular mechanism of inhibitioera&d by rapamycin on polyl:C-

induced production of type | and type Il IFNs imBCs.
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3. MATERIALS AND METHODS
Reagents

The TLR ligands LPS, CLO75, HKSA, Zymosan, Pam3@wgd polyl:C were purchased
from InvivoGen (San Diego, CA, USA). Soluble CD40ENy, TNF, IL-1, IL-6 and IL-4
were ordered from PeproTech EC (London, UK) and G&F from Gentaur Molecular
Products (Brussels, Belgium). Polyclonal IL-10 malizging antibody and the goat isotype
control antibody were purchased from&RB Systems (Minneapolis, MN, USA).
Rapamycin was obtained from Merck Millipore (Daradit Germany). The PI3K inhibitor
LY-294002 hydrochloride and DMSO were from SIGMAd#Ach (Schnelldorf,
Germany). Rapamycin and LY-294002 were used atrngesdration of 100 nM and 10
UM, respectively.

Cell culture techniques

PBMCs were separated from buffy coats of healthyod® drawn at the Regional Blood
Center of Hungarian National Blood Transfusion &srDebrecen, Hungary) with the
written approval of the Director of the NationaloB Transfusion Service and the
Regional and Institutional Ethics Committee of thaiversity of Debrecen. PBMCs were
isolated by Ficoll gradient centrifugation (Amershdiosciences, Uppsala, Sweden).
Monocytes were isolated by positive selection usimagnetic cell separation using anti-
CD14-conjugated microbeads (Miltenyi Biotech, BslgiGladbach, Germany). The
purified cells were cultured at a density of1@x1@ cells/ml in RPMI-1640 medium
supplemented with 10% FBS (both from Life TechnasgCorporation, Carlsbad CA,
USA), 75-80 ng/ml GM-CSF (Gentaur) and 50-100 ngitd from Peprotech. cDCs were
separated from PBMCs using the CD1c isolation Kiltényi Biotech) and cultured in
RPMI-1640 medium consisting 10% FBS plus 20 ng/mM-GSF. The purity of CDIt
DCs was 97.7+1.2% as measured by flow cytometryolagous naive CD8T-cells were
isolated from PBMC by using the human CDB-cell isolation kit (Miltenyi Biotech).
Purity of naive T-cells was checked by cell stagnimith CD45RA-FITC and CD8-PE
(both from BD Pharmingen) antibodies and the peeg of double positive cells was
87.3+5.6%.
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T-cell stimulation with autologous moDCs

Activated moDCs were co-cultured with naive autolegi CD8 T-lymphocytes in the
presence of dg/ml anti-human CD3 mAb (BD Pharmingen) in RPMI numal at a ratio of
1:5. After 5 days of co-culture, the T-cells weestimulated with 50 ng/ml PMA and 500
ng/ml ionomycin (both from SIGMA-AIldrich) in the esence of GolgiStop (BD
Biosciences, Franklin Lakes, NJ, USA) used accgrtinthe manufacturer’s protocol for 4
hours. At the end of incubation the cells were lladewith CD8-PE, CD25-FITC and
IgG1-FITC antibodies (both from BD Pharmingen),efixand permeabilized by the BD
cytofix/cytoperm solution and labeled with IIFMAPC (BD Pharmingen) and foxp3-APC
antibodies (R&D Systems).

Flow cytometry

Phenotyping of activated DCs was performed by flopgometry using anti-PD-L1-PE
antibody purchased from BD PharMingen (San Diegh, GSA), anti-CD80-FITC, anti-
CD86-PE from R&D Systems, anti-CD40-FITC, anti-CBBB, anti-HLA-DQ-FITC and
isotype-matched control antibodes from BioLegenain(®iego, CA, USA). Fluorescence
intensities were measured with FACSCalibur (BD Biesces). Data analysis was
performed with the FlowJo software (Tree Star, Aslll OR, USA).

Cytokine measurements

Culture supernatants were harvested after 24 hafueell activation. TNF and IL-12p70
cytokine secretion was analyzed in culture supamatusing the human BD OPTEIA
TNF and IL-12p70 ELISA kits (BD Pharmingen). Thencentration of IFN and IFN3
was measured by the VeriKilfe Human Interferon Alpha and Beta ELISA kits,
respectively (PBL Interferon Sources, Piscataway,, BISA). The level of secreted IkN
and IL-27 was measured by the human IL-29 and ILE21SA Ready-Set Go Kkit,
respectively (eBioscience, San Diego, CA, USA).

Real-time gquantitative PCR (Q-PCR)

Total RNA was extracted using TRI Reagent (Molec&asearch Center, Inc., Cincinnati,
OH, USA) and was reverse-transcribed using the Kigpacity cDNA RT Kit of Applied

Biosystems (Carlsbad CA). All gene expression assagre purchased from Applied
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Biosystems. Results were normalized to the hougakgegene cyclophilin or RNU48 in
case of the miR assays (Integrated DNA Technolo@esalville, 1A, USA). Q-PCR was
performed using the ABI StepOne Real Time PCR S&yg#pplied Biosystems) and cycle
threshold values were determined using the Step@rieSoftware (Applied Biosystems).

Western blotting

Protein extraction was performed by lysing the scél Laemmli buffer. Proteins were
denaturated by boiling for 10 minutes then samplese separated by SDS-PAGE using
7.5% or 10% polyacrylamide gels and electro tramsteto nitrocellulose membranes
(BIO-RAD Laboratories Inc, Germany). Nonspecifiading was blocked by TBS-Tween-
5% non-fat dry milk for 1h at room temperature, epicplRF3, where TBS-Tween-5%
BSA (BSA was purchased from PAA Laboratories GmBHsching, Austria) was applied.
Anti-IRF3, anti-pIRF3 (Ser396), anti-TBK1 (all fro@ell Signaling, Danvers, MA, US),
antif-actin (Sigma-Aldrich) and anti-TLR3 (Abcam, Candge, UK) antibodies were
used at a dilution of 1:500 or 1:1000; secondatipbady (GE Healthcare, Little Chalfont,
Buckinghamshire, UK) was used at 1:5000. Proteimptes were visualized by ECL
system (SuperSignal West Pico/ Femto Chemilumimgs8ebstrate; Thermo Scientific,
Rockford, IL, US). The protein bands were scanned bhand densityvas determined
using Kodak 1D Image Analysis Software version K6dak Digital Science Imaging,
Eastman Kodak Company, New Haven, CT, USA). Radatiensity was calculated by the

ratio of pIRF3 versus IRF3 band intensities.

RNA interference

All gene-specific and negative control siRNAs werarchased from Life Technologies
except of IRAK-M that was ordered from Thermo StieDharmacon (Lafayette, CO,
US) with its appropriate non-targeting control siRNABK1-specific Silencer Select
Validated siRNAs and Silencer Select Negative GOr#siRNA were purchased from Life
Technologies. The microRNA LNA-inhibitors for miRkea and miR-155 and microRNA
controls were purchased from Exiqon. Precursors mMoR-146a, miR-155 and non-
targeting microRNA controls were purchased from Wgzp Biosystems. Cells were
transfected in Opti-MEM medium (Life Technologi@s)4-mm cuvettes (Bio-Rad) using

GenePulser Xcell instrument (Bio-Rad).
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Phospho-protein array

Human Phospho MAPK array kit was purchased from R&Btems (Minneapolis, MN,

USA). Monocytes were seeded in 6-well plates aemsily of 18 cells per ml. After 3

days of culture DCs were activated by polyl.C aftdr&20 minutes of induction cells were
rinsed with PBS and lysed with the provided buffemixture of the cell lysates and the
provided phospho-specific antibody cocktail wereuimated with each human phospho-
MAPK array overnight at 4°C. After repeated washsigps arrays were exposed to
chemiluminescent reagent then nitrocellulose mendwavere exposed to X-ray films.
Phospho-MAPK array spot signals developed on Xfitens were quantitated by scanning
the film and analyzing the array image file usihg image analysis software Kodak 1D
3.6. The relative expression levels of phosphoegatvents were calculated by

normalizing with the positive control signal intéres.

Microarray analysis

RNA was isolated from MoDCs precultured with ortvatit 5 ng/mL LPS for 2 days using
TRI reagent (Invitrogen) followed by a second puaéfion on RNeasy columns coupled
with DNase | treatment (Qiagen) according to thenafiacturer’'s recommendations. The
extracted samples were labeled with Cy5, hybridiaedllumina Whole Genome HT12
microarrays, according to the manufacturer’s irttams. After scanning, bead-level data
was converted into bead-summary data using thenitia BeadStudio software. Prior to
normalization, array probes were annotated usieg s8equence and converted to unique
nucleotide identifiers (nulDs). Background signasnassessed and corrected using the
intensity signal from the control probes present thie array, and then quantile
normalization was performed with the aid of the ilgpackage. Microarray data has been
submitted to the Array Express repository (accessioumber. E-MTAB-658).
Differentially expressed genes were calculated gusihe Rank Product algorithm.
Differentially expressed genes were called sigaific when their corrected p-value

(percentage of false positives) was equal to oetaan 0.05.

Statistical analysis

Statistical significance of western blot experingawts determined by one-tailed Student t
test with Welch correction and the results of floygometry, Q-PCR and ELISA studies
were analyzed by one-way ANOVA with Bonferroni pbsic test using the GraphPad
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Prism v.6. software (GraphPad Software Inc. , LHaJ&A, USA). Differences were
considered to be statistically significant at P$0.0
Significance is indicated by asterisks: * P<0.0% P<0.01; *** P<0.001, **** P<0.0001.

n.s. , non-significant.
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4. RESULTS
4.1. Modulation of human dendritic cells functionaity by endotoxin tolerance

4.1.1. MoDG are unable to upregulate inflammatory cytokine gees when
differentiated in the presence of LP.

In order to understand trmechanisms leading to impairdéanctionality of chronically
activated DCs we determined kinetics and extent dfPS induced 1-12, TNF and IL-6
gene expression in moBQleveloped from peripheral blood monoc in a 2-day culture
in the presence @bsence of 5 ng/mL LF We used this relatively low LPS concentrat
as it consistently induced a desensitization ofetlgpingmoDCsto further LP{-mediated
activation Fig. 4.1.1.A. We analyzeimoDC activation following ahort, :-day culture,
to bette represent an in vivo situation wt monocyte precursors enter inflamed tiss
and differentiate intdCs in the presence of activation signals thatilganduce effector
functions. We found that tt2-day LPS prdreatment completely block the induction of
IL-6, IL-12 and TNFgenes by a second L stimulus, whereawithout LPS pr-treatment
moDCs respondetb LPS signal with a rapid and strong inductiontluése gen¢ (Fig.

4.1.1.B.
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To study if the tolerization of developirmoDCs by an earlgncounter with stimulaty
signals is a general phenomenon, it is specific for single LPS stimulus, we treatbd
cells with awide variety of stimulatory factors, applied sepalgor ir combination with
LPS between day 0 and 2moDC culturesFew of these signals inded detectable TNF
production wherapplied to monocytes alone, namely, -killed Staphylococct aureus
(HKSA), an inducer of TLR2 signals and CLO75 thadders TLR7/8 (Fig. 4.1.2.A. LPS
synergistically increased the lev of TNF when combined with CI4, the TLR2 ligand:
HKSA or Pam3Cys, with CLO75 or with the combination of TNE-1 and IL-6. No
activation or very low cytokine levels wiobserved with TNF, IFiand the TLR3 ligan
polyl:C. When the cells were washed and reactivated by 1adin LPS at day 2, w
observed a complete inhibition of TNF productionnmDCs that differentiated in ti
presence of CD40L, HKSA, Pam3Cys, CLO75, TNF ordbmbination of TNF, I-1 and
IL-6 (Fig. 4.1.2.B. The 48h presence of LPS resulted in a persi®@€ninactivation bott
when LPS was added alone and when it was combingdany of the other activatic
signals. These results showed that a wide varietstimulatory signals can desensit
developirg moDCs for further activation signals. Contraryotber activation signals th
we applied, polyl:C did not tolerize moDCs to Ll-induced activation and tf
pretreatment with IFiNsynergized strongly wita later LPS signaFg. 4.12.B).

A O single stimuli B +LPSday2
B +LPS

C€DA0L CcD4oL

HKSA HKSA

Pam3Cys Pam3Cys

cLo7s cLo7s |,

plc pic =
TNF/IL-1/IL-6 TNF/IL-1/IL-6

TNF TNF

IFNgamma

()

IFNgamma |

) | —

0 1000 2000 3000 4000 5000 6000 0 500 1000 1500 2000

TNF (pg/ml) TNF (pg/ml)

Figure 4.1.2. Early stimulation of developing moDQsduces tolerance to further activatio
with LPS. (A) MoDC cultures were established in the preseotearious activation signa
applied alone (opebars) or combined with 5 ng/mL LPS (black bars) @i concentration we
measured in the supernatants at day 2. (B) On deyoPCs treated as in (A) were washed
activated with 100 ng/ml LPS. After-hour activation TNF concentration was measuredhe
supernatants. Mean values + SD were calculated fthnee replicates used for each sam
Representative results of at least three indepergigreriments are shov
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The inability of early-stage moDCs developing ie firesence of various activation signals
to respond to further TLR stimuli is in line witligvious data obtained with macrophages
or DCs [85]. Here we showed that synergistic atiivasignals do not rescue the cells
from functional exhaustion. In addition, we obsehtbe complete lack of inflammatory

cytokine gene expression in LPS-tolerized moDQ®gponse to further stimuli.

4.1_.2. .LPS induces several inhibitory factors in midCs that may decrease cellular
activation

In order to search for molecular mechanisms resplengor DC inactivation by chronic
stimulatory signals we compared the gene expregmtiern of moDCs that developed for
2 days in the presence or absence of LPS usingltih@na microarray technologyF(g.
4.1.3.A. We observed a significant upregulation of pasmC inhibitory factors such as
CD150, SOCS2, SOCS3, LILRB2, S100A8 and S100A®sponse to 2-day exposure to
LPS. Other known inhibitory factors, such as ATE®)CS1, STAT3 or IRAK-M, were
expressed similarly in LPS-treated and control dampElevated levels of IL-10 was
detected in moDCs cultured for 2 days in the preser LPS by ELISAKig. 4.1.3.B. In
line with previous findings the expression of miB6A and miR-155 were upregulated by
LPS added at day 2 to moDJ&(. 4.1.3.Q [105, 108]. However, miR-146a levels were
only minimally elevated and miR-155 was not affdcie moDCs cultured for 2 days in
the presence of LPS as compared with non-treatdld, giggesting a time-limited
functionality of these microRNAs in LPS-activatedC® In order to better understand
which DC modulatory factors might participate in @&haustion by persistent activation
signals we analyzed the expression kinetics ofdewange of potential inhibitory factors
in moDCs developing in the presence or absencePd. IAs shown byig. 4.1.3.0 the
expression of all studied DC modulatory factorsnaly, SOCS1, SOCS2, SOCS3, IRAK-
M, ATF3, S100A8 and S100A9, STAT3, LILRBXBa, IkBB and CD150 was induced
similarly by the presence of LPS in developing maDs&howing the highest difference
between LPS treated and non-treated moDCs durieditst day of culture. The initial
peaks in gene expression were followed by a rapdlirtk in case of all of these molecules
reaching the same or minimally elevated levels &y & in LPS-treated DCs as compared
to control cultures, supporting the microarray d#tat indicated minimally altered
expressions of most genes at day 2 in responsd’& [hese results indicated a time-
limited effect of the studied molecules in DC fuoos rather than a role in persistent DC

inactivation.

39



204
600
< control
C - 500
gg 15 % PR # LPS _
0= 3
g2 * ¢ * o &
Mt L QECEe ., S a0
v [e) v
2% i * PO 5
o= * 200
5_
100
0 T T T T T T T T T T T T T 0 -
> VR - I I D T T - TPy R N ctrl LPS
& & L FE S v“g R R
FYEEST T L L <
C 0.7 6
i o064 M
("4 4
= 051 =
8 o4 o
2 0.4 e
m| 0.3 4 n_: ,
E 02 A 13
0.1 4 1
04 0
Monocyte LPS LPS LPS ctrl Monocyte LPS LPS LPS ctrl
D day 2 day 0 day 0-2 day2 day 0 day 0-2
0.014 0.1 0.018 -0~ control
E E E 0.08 E - LPS
e = = —=0.012
a R o007 m 006 s
[¢] [0 O 004 ~
o o =} o 0.006
e » Y 002 e

T T
0 20 40 ] 20 40

ATF3 (RE)
S100A8 (RE)
$100A9 (RE)

STAT3 (RE)

LILRB2 (RE)
IkBa: (RE)
IkB (RE)

CD150 (RE)

time (hours) ——

Figure 4.1.3.LPS-nduced inhibitory mechanisms in early stages of B© differentiation. (A)
Microarray analysis of potential DC inhibitory famts in moDCs cultured with or without 5 ng/
LPS for 2 days. (B) 1110 concentrations are shown in supernatants-day moDCs cultured in tt
presence or absence of LPS. (C) The expressioniR-146a and miRE55 was measured by r+
time PCR in monocytes, moDCs that were activatéd 100 ng/ml LIS on day 2 for 24h (LPS d
2), in moDCs cultured for 3 days in the presenct ng/ml LPS (LPS day 0), in moDCs that w
cultured for 2 days with 5ng/ml LPS and then adédawith 100 ng/ml LPS (LPS da—2) and in
moDCs cultured without LPS (ctrl). ) Gene expression of potential DC inhibitory molesuvas
analyzed using redime PCR in moDCs cultured witlm) or without @) 5 ng/ml LPS. (-D) Data
are shown as mean + SD calculated from three repliecneasurements. Representative results
lead three independent experiments are sh
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4.1.3. LPS-induced SOCS1, STAT3, SLAM, IL-10 and mi-146a do not inactivate
DCs persistently

We set up a screening assay to study if the LPSeidl DC modulatory molecules could
influence cytokine production in moDCs. A potentrale in inducing long-term DC
inactivation was tested in moDCs pre-treated folags with a low dose of LPS and then
activated by a second, high-dose of LPS stimulugithr CLO75 on day 2Kig. 4.1.4). We
transfected the monocytes with siRNAs specifictfa individual DC modulatory factors
(SOCS1, SOCS2, SOCS3, STAT3, CD150, S100A8, S1GOWARAK-M) or with miR-
146a and miR-155 inhibitors, as well as with conteagents and cultured the cells for 2
days in the presence or absence of LPS. We stutiedole of LPS-induced IL-10
production in DC inactivation using IL-10-specifieutralizing antibodies included during
LPS-pre-treatment as well as during reactivatiomhef cells. At day 2, we activated both
LPS pre-treated and non-treated cells with LPS 0045 and we measured IL-12
production. As shown on Fig. 4.1.4. , moDC transbecby siRNAs targeting STAT3,
CD150 or the inhibition of miR-146a and IL-10 inased IL-12 production by the cells
that received a single activation by LPS or CLOT®ay 2. Transfection with SOCS1-
specific sSiRNA led to increased IL-12 productiorduiced by LPS at day 2 while not
affecting the activation induced by CLO75. Thedabitory factors, when induced during
moDC activation, may act as immediate negative letgrs that might help to terminate
gene expression in activated DCs. To further tgsotential inhibitory function of miR-
146a and miR-155 on moDC activation, we transfenotedocytes with precursors of these
MiRNAs and activated the cells using LPS, poly(l:C).075 or CD40L after 2 days of
culture Fig. 4.1.5). In line with the data obtained with miR-146a-gfie siRNAs,
transfection of developing moDCs with miR-146a lexd decreased IL-12 and TNF
production in response to all tested activatiomaig} Transfection with miR-155 inhibitor
led to decreased IL-12 producing abilifyid. 4.1.4) and, similarly, transfection of moDCs
with miR-155 led to a mild, but consistent, decesa$ IL-12 and TNF production~g.
4.1.5). These results possibly reflect multiple, oftemmteracting, effects of miR-155 on
DC activation pathways that is also indicated bgvusly described effects of this
MIRNA, both stimulatory or inhibitory, on macropleagnd DC functions [108, 125, 126].
Downregulation of SOCS2, SOCS3, IRAK-3, S100A8 &1dD0A9 led to unaffected or
decreased IL-12 production, indicating no inhibjtaffect of these factors in moDC
activation Fig. 4.1.4). Importantly, inhibition of none of the tested D@odulatory

molecules had an impact on the strong inhibitofgatfof the LPS pre-treatment on IL-12
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production triggered by a second activation sidifdd. 4.1.4). Thus, moDC activation
during early differentiation may lead to functioresdhaustion independently of the tested

regulatory factors.
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Figure 4.1.4. The effect of LPS-inducible inhibitgrfactors on moDC activation(A) The LPS-
induced IL-12 production of moDCs pre-cultured e tabsence (LPS day 2) or presence of 5
ng/mL LPS (LPS day 0-2) for 2 days is shown. Tlegizing ability of an early LPS stimulus on a
heterologous activation signal was tested via caingathe CLO75-induced IL-12 production of
moDCs pre-cultured in the absence (CL0O75 day resence of 5 ng/mL LPS (LPS day 0-CL0O75
day 2). Alternatively, moDCs pre-cultured or notthwbng/mL LPS were left without further
activation (LPS day O or (-), respectively). Thieefof IL-10 on DC activation was tested using 10
tg/ml neutralizing anti-IL10 or isotype control amtidies added at days 0 and 2. The effect of
STAT3, SOCS1, SOCS2, SOCS3, S100A8, S100A9, IRAK-UD150 molecules was tested by
transfecting the monocyte precursors with siRNAeaudes targeting mRNA of the individual
molecules. The miR-146a and miR-155 effects or2 Iprdduction were analyzed by transfecting
the monocytes with specific locked nucleic acid ALMiRNA inhibitors or with LNA miRNA
control inhibitor. Data are presented as me&D calculated from three replicate measurements.
Representative results of at least three indepergigreriments are shown.
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Figure 4.1.5. The effect of miR-146a and miR-155 anoDC activation. Monocytes were
transfected with miR-146a or miR-155 precursor moles or with control miRNA. Thereafter
moDC cultures were established and maintained falags. The cells were activated using LPS
(100 ng/ml), CD40L-expressing L cells (1:10 L ¢&@: ratio), polyl:C (204g/ml) or CLO75 (1
g/ml) for 24 h. The effect of mMiRNA molecules dokige production is compared with control
miRNA-transfected samples. Cytokine productiondaduby the different activation signals was
tested in three to five different experiments.

4.2. Regulation of human dendritic cells functionaty by mTOR
4.2.1. mTOR is constitutively expressed and functi@lly active in humancDCs

To assess the role of mMTOR in polyl:C-induced diggaof cDCs we first tested its
expression in human moDCs and in circulating CDRE€s at the mRNA level. Freshly
isolated monocytes were differentiated in the preseof GM-CSF and IL-4 for 7 days and
samples were collected daily for mRNA analysis. Ukss of the kinetic studies
demonstrated that mTOR is constitutively expressedng moDC differentiationKig.
4.2.1.A. mTOR is also expressed in circulating CDIXCs at levels comparable to those
found in moDCsKig. 4.2.1.B. These observations were further supported byetelts of
the MAPK arrays showing that mTOR is persistenttyive both in 3-day and 5-day
moDCs Fig. 4.2.1.Q. We have also found that TLR8expressed at comparable levials
fast moDCs and circulating CD1BDCs(Fig. 4.2.1.D)

Severalin vitro studies [23]including our previous results [127] revealed thaictionally
competent moDCs can be obtained within a shorgeof in vitro differentiation, thus
better reflectingn vivo DC generation. Considering that mTOR is constitlyi expressed
and is active in the course of DC differentiatidi%], we decided to use 3-day moDC

cultures in our further experiments.
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Figure 4.2.1. &pression of mTOR and TLR3 in moDCs and CL* DCs, and dose responses
moDCs to various rapamycin concentratic

(A) Freshly isolated monocytes were cultured in phesence of GFCSF anc IL-4 for 7 days.
Every other day half of the culture medium was nezdoand replaced by fresh, cytol-
supplemented medium. Samples were collected eagrarl ree-time QPCR was performed
assess the mRNA expression of mMTOR during moD&£Zediffaton. Relative expression of mT(
was calculated following normalization to the exgsmien of the cyclophilin housekeeping gen
representative experiment out of 3 is shown. (Br&ssion of mTOR in CD" DCs was measured
by real-time QPCR. Each point idicates an individual experiment; the horizontalelishows th
mean and error bars denote the SD. (C) Bar graphewsthe relative density values
phosphorylated TOR in resting-day and 5 day moDCs. Data were collected from #seilts of &
MAPK arrays and each dot represents an individual experinr(D) Bar graphs (Mean * SD,
independent experiments) and the representatius blow TLR3 expression i-day moDCs and
CD1c¢ DCs measured by Western blotting. To determine the most effective dof rapamycin a
concentrationdependent experiment was performed. Cells wereekted at 12 and 24 hou
following stimulation with polyl:C and the relativexpresssion of IFN was determined k
normalizing with cyclophilin

4.2.2.mTOR modulates the epression of DC cell surface molecule:

Activation of moDCs by inflammatory stimuli is knowto induce the cell surfac
expression and activity of various-stimulatory molecules [16]To test the effects ¢

shortterm treatment of DC witrapamycin (100nM) the expression of various meng-
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expressed co-stimulatory markers and HLA-DQ wadyaed by flow cytometry after 24
hours of stimulation by the TLR3 ligand polyl:C. &ldose of rapamycin was selected on
the basis of clinically achievable concentrationstreated individuals [128], based on
previousin vitro studies [115, 129] and also on our concentratepeddent dose response
curve obtained by using a wide range of rapamyased Fig. 4.2.1.5. A significant
decrease in the fluorescence intensity of humakolege antigen-DQ (HLA-DQ), CD40,
CD80 and CD86 proteins was observed, whereas fhession of CD83, frequently used
as a DC maturation marker, was not affected bytngament of moDCs with rapamycin
(Fig. 4.2.2.A. We also tested the expression of programmediealh 1 ligand 1 (PD-L1),
an inhibitory molecule known to promote regulatdrgell development [130]. Although
the upregulation of PD-L1 has been shown in varioel types upon encounter with
rapamycin [131, 132] we could not detect any alienain the levels of PD-L1 in resting
moDCs Fig. 4.2.2.A.

Moreover, as a result of polyl:C-mediated moDC \atton rapamycin pre-treatment
prevented the upregulation of PD-L1 in moDQsg( 4.2.2.A. Similar results were
obtained when the expression of CD40, CD80 and P@as measured in CD1®OCs
(Fig. 4.2.2.B. However, in contrast to moDCs we observed thpamycin did not affect
the expression of HLA-DQ while enhanced the pemgatof CD83 CD1¢ DCs
significantly Fig. 4.2.2.B. These results indicate that mTOR controls theression of

various cell surface molecules on both moDCs and¢CDCs differently.
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Figure 4.2.2. mTOR modulates the expression of cliface molecules in moDCs and CLC*
DCs.MoDCs (A)or CD1c¢" DCs (B) were prédreated with rapamycin or DMSO (as control) fo
hours that was followed by a -hour incubation with polyl:C. Alterations in themrssion level
of cell surface molecules were analyzed by floworogtry. Histogram overlays of ¢
representative experiment are shown, where doites Fepresent untreated cells, grey lines s
rapamycin pretreated cells, black lines correspond to poly-activated and filled histograms
rapamycin pretreated and polyl:tactivated cells. Bars present the mean + SD of MFI (medi
fluorescence intensity) from 4 independent experisi@ he values are expressed as the percel
of stimulated cells. Graphs show the percentagé@83 and PI-L1 positive cells from at least
independent experiment
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4.2.3. Rapamycin pre-conditioning impairs polyl:C-nduced immune responses in
moDCs

To analyze the role of mTOR in the regulation ofyp&-induced signaling in DCs we
first tested the kinetics of antiviral cytokine egpsion in rapamycin pre-treated and
subsequently stimulated moDCSid. 4.2.3.A upper panéel. We found that blocking of
MTOR activity was able to decrease the upregulasicthe IFN3, IFNAL, IFNA2 genes at
12 hours and that of the Il gene at 24 hours significantliig. 4.2.3.A lower pané).
Consistent with the data obtained by Q-PCR measemasmwe also found significant
impairment of IFN., IFNB and IFNW1 secretion in rapamycin pre-conditioned moDCs
when compared to their respective controlBg( 4.2.3.B. We also measured the
expression of IL-27 as it was demonstrated to sa@rantiviral cytokine by promoting the
development of effector CD8T-lymphocytes [11]. Interestingly, rapamycin preatment
diminished the expression of the p28 subunit thas vaccompanied by the enhanced
expression of the EBI subuniFig. 4.2.3.Q, which in association with the p35 subunit
forms the recently identified IL-35 cytokine witlidad suppressive activity [15)ext to
demonstrate the regulatory functions of mMTOR weetkshe impact of rapamycin-
pretreated moDCs on the effector functions of agolis naive CDS8 T-cells ig.
4.2.3.D. Due to the limited numbers of both CDMood DCs and naive CDg -cells in
PBMC we performed co-culture studies with moDCdyoAfter the 5-day coculture of
moDCs and T-cells we measured the percentage of-fifdbducing T-lymphocytes by
flow cytometry and found that the T-cell stimulataapacity of polyl:C-activated moDCs
could dramatically be decreased by the inhibitidrmd@OR activities underpinning the
contribution of MTOR to moDC-induced effector Tiaattivation.

We also showed that rapamycin pre-treated moDCédcprevent the upregulation of
CD25 on T-cells Fig. 4.2.3.0D. Remarkably, none of the treatment protocolsltegdun
the induction ofCD8foxp3" T-cells (data not shown). The lack of foXpB-lymphocytes
might be connected to the decreased expressidre ahhibitory protein PD-L1, which was

foundto play an essential role in the generation of &xegulatory T-cells [133].

47



A —&—ctrl  -/\- RAPA

IFNB 008
0.0e

0.04:

relative expression

A
. oz
0
12 4
time (hours) »
E 10 12h E 10- 24h
b $
= Kk * * n.s ns. n.s = ns. ns. ns. ns. %%k ns.
é L] é -
[=] o .® L] - . -
c 1 Y : c N o o .
= L -
E —“:— — - ‘s . .: E L o " . -:
© «* L - ©
-?_: - .?—: L
& 0.714 e 0.1
= — .
o . . , . . . o . . . . . N
IFNE IFNa1 IFN32 IFN33 IFNol IFNg2 IFME  IFN21 IFNa2 IFN33 IFNo1 IFNg2
n.s. *
600 - 400 ** 80
£ E 300 Z 60
E 400 ) %
o =] o
= 200 240
2 200 2 2
i & 100 20
0 & L] ] 0 ™ ] ] 0 X IS O C
2 . K < Q ¢
SRR S SN S
Q & Q P Q =%
l il oV
¥ o oF
Cc D
045 —
T p28
@10 £Lz0 *&% - *kE
o 2 — = —
o = o
@ oos =15 K
E § mao
E 000, Em @
> 0.020 = 3
= EBI3 * . 820
T 0015 £ =
= =
0.010 ] o
N N
0.005 X 0\,\\ 0\,\\ N o\,\\ o\%\
0.000 PEE S P )
S & L @ ¥ Q¥
& th\ Qo\*\ & &

Figure 4.2.3. Rapamycin pr-conditioning decreases the antiviral potential ofaRCs.MoDCs
were preexposed or not to rapamycin for 2 hours then statead with polyl:C. (A) The upp
panel represents the kinetics of type | and Il I§&he expression. The lower panel shows
expression levels in rapamycin -treated/non-treated cell€€ach point indicates an individu
experiment; the horizontal line corresponds to thean. (B Bar graphs represent the cytoki
concentrations of at least 3 independent experismeil@termined by ELISA after 24 hours
activation. (C) Bar graphs show lative gene expression levels of p28 and EBI3 (Me&D, 4
independent experiments) measured 12 hours aftévation by (-PCR (D). After 2-hour
induction by polyl:C moDCs were -cultured with naive CD8T-cells. On day 5 the percentage
IFNy-producing and CD25CD8" T-lymphocytes was measured by flow cytometry (MeSb +4
independent experiments).
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4.2.4. The antiviral activity of CD1¢ DCs is regulated by mTOR

To further confirm the role of mMTOR in regulatingtiairal responses we repeated the
experiments performed with moDCs with peripheralobl-derived CD1¢cDCs. Similarly

to moDCs, pre-treatment of these cells with rapamgould reduce the transcript levels of
type I/lll IFNs and the p28 subunit of IL-27 whillee expression of EBI3 was upregulated
as a result of polyl:C stimulatiorFig. 4.2.4.A. In line with the results obtained in
moDCs, the production of IFiNwas dramatically inhibited and the secretion dfiffFand
IFNA1 was completely abolished in CDO1®Cs indicating a more prominent role of
mTOR in the induction of type | and Il IFNs in CEVIDCs as compared to moDG&E(.
4.2.4.B. Moreover, polyl:C-induced CDI®Cs were able to produce detectable levels of
IL-27 protein that could be inhibited by rapamypie-treatmentKig. 4.2.4.B. These data
revealed for the first time that in CD1BDCs mTOR signaling is required for the optimal
production of IL-27 and type I/ lll IFNs induced pwlyl:C.

4.2.5. Inhibition of mMTOR downregulates the transciptional activity of IRF3

To analyze the role of mTOR in the activation oF&R the master regulator of interferon
production in moDCs, we first assessed the exmredsivel of ISG56 that is a sensitive
indicator of IRF3 transcriptional activity [134 this set of experiments moDCs were pre-
treated with rapamycin or left untreated and werkuced in the presence or absence of
polyl:C. After 6-hour incubation the cells were V@sted and total RNA extracts were
prepared to measure the expression of ISG56 by R-fFy. 4.2.5.A. We found that
rapamycin pre-treatment decreased the expressitBiGH6 significantly. To test whether
IRF3 activity could be affected by the inhibitiohraTOR activity, we stimulated moDCs
by polyl:C at different time points and analyzed tell lysates by Western blotting. As a
result of rapamycin pre-treatment the level of IRBBosphorylation decreased
significantly measured 2 hours after polyl:C stiatidn Fig. 4.2.5.A. These data
altogether suggest the pivotal role of mMTOR sigimpin the regulation of IRF3 activity.
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Figure 4.2.4. Rapamycin pre-treatment inhibits TLRBduced antiviral cytokine production in

CD1c DCs

CD1c blood circulating DCs were pre-treated or not withpamycin for 2 hours then stimulated
by polyl:C. (A) After 12 hours the expression dbkine genes was measured by Q-PCR. (B)
Following 24-hour activation cell culture supernata were collected and the concentration of
cytokines was measured by ELISA. Values reprelseilean + SD of 4 independent experiments
for (A) and (B).

4.2.6. Regulation of MAPK signaling by rapamycin inresting and polyl:C-stimulated
moDCs

Several members of the TLR family including TLR3ash the capability to activate
MAPKSs that mediate cell activation and the synthesivarious inflammatory mediators
[135-138]. To determine whether rapamycin pre-treait could modulate the activation
of MAPKs and other intracellular proteins importafdr polyl:C-induced signal
transduction, we performed phospho-protein arraglysis to assess the activity of 26
kinases in cell lysates obtained 20 minutes aftendation. We found that rapamycin pre-
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conditioning had no effect on several componentthef MAPK cascade irrespective of
their resting or activated state. Interestinglydiadn of rapamycin to resting cells
increased the phosphorylation of Akt (pan), JNK38yp(Fig.4.2.5.B and also JNK1,
JNK2, RSK2, p38 (data not shown). Polyl:C stimulation enhancedaébiévity of several
kinases, which was retained in case of Akt (palNK3 and p38 (Fig.4.2.5.B and
remained unaffected in case of Aktl, JNK2 and R3¥2rapamycin pre-conditioning
(data not shown). These data suggest that rapantgetiment affects the activity of
MAPKSs differently in resting and polyl:C-activateabDCs.
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Figure 4.2.5. Rapamycin downmodulates the polyl:@uced activity of IRF3 and MAPKs
MoDCs were incubated or not with rapamycin for 2Zitsothen stimulated with polyl:C. (A) Bar
graphs on the left show ISG56 mMRNA expression maxadlyy Q-PCR 6 hour after induction
(Mean £ SD, 6 independent experiments). KinetictR##3 phosphorylation was determined by
Western blotting.Bar graphs on the right show pIRF3/IRF3 ratios mead at 2 hours of
stimulation (Mean £ SD, 3 independent experimen(®).20 minutes after activation the cells
were lysed and the phosphorylation of MAPKs wagdaletl and analyzed as described in the
Materials and Methods. Values represent the Mea# déta points derived from 2 independent
experiments.
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4.2.7. The PIBK/mTOR pathway and TBK1 cooperate tanduce optimal expression of
type | IFNs

To gain insight into the mechanisms responsible decreased type | and Il IFN
production as a result of inhibited mTOR activite werformed blocking experiments
using the synthetic drug LY-294002 acting as a Pidtbitor, as well as gene silencing
experiments targeting TBK1 by specific SIRNAs. hede experiments IFNand IFN\1
were selected as indicators of rapamycin-mediatedkhde of IFN mMRNA expression.
Following stimulation by polyl:C, LY-294002 was sk to decrease the transcription
level of both IFNB and IFN\1, although to a lower extent than rapamydiig(4.2.6.A.
Similar degree of inhibition could be achieved whka two pharmacological inhibitors
were used in combination suggesting that both RFIBH mMTOR signal through the same
pathway in moDCs as indicated by previous repdrig]. In another set of experiments, 1-
day moDCs were transfected by siRNA specific folKIBor scrambled siRNA as control
and 48 hours post-transfection the efficacy of galencing was verified by Western blot
analysis of whole cell lysates. This procedure lteduin the depletion ~90% of TBK1
protein Fig. 4.2.6.Q. After stimulation by polyl:C, TBK1 silencing desased the mRNA
levels of both IF8 and IFNV1 to a similar extent as rapamycin. When rapamyeas
administrated to TBK1-depleted cells, even highed & case of IFN1 a statistically
significant reduction of transcript levels was atved Fig. 4.2.6.B. These data suggest
that TBK1 and mTOR cooperate to regulate the indoaif type | IFNs. We also assessed
the expression of ISG56 6 hours after stimulatioh furprisingly neither LY-294002
treatment nor TBK1 silencing could decrease thastapt levels of ISG56 (data not
shown), while rapamycin exerted its inhibitory etf®oth alone and in combination with
the other blocking agents. These findings indicadenplex, presumably network-like
mechanisms in the regulation of moDC activities,ereh maximal ISG56 induction
requires the contribution of mMTOR but seems to mependent on TBK1 and PI3K
signaling. These data altogether suggest that m&#ts its modulatory effect through
the classical PISK/Akt/mTOR pathway and may reguldie induction of type | and Il
IFNs along with TRIF-mediated TBKE(g. 4.2.7).
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Figure 4.2.6. The PI3K/mTOR signaling pathway collaborates withBK1 to induce IFN3
cytokine expression(A) MoDCs were incubated with rapamycin, -294002 or with th
combination of the two inhibitors for 2 hours antbsequently were activated by polyl:C or
untreated for 12 hours. The expression of grihd IFNI1 was assessed by-PCR and is shown
as relative expression levels compared to maximaloes achieved by polyl:C treatment. Res
represent the Mean + SD of 4 independent experigng€B) On day 1 moD( were transfected
with TBK1specific or scrambled siRNAs and on day 3 were-conditioned or not witl
rapamycin that followed a -hour induction with polyl:C. Expression of IBNand IFNI1 was
measured and is shown as in (A). Results repreéleriflean 1SD of 3 independent experime
(C)Oneday moDCs were transfected with TE-specific or scrambled (negative control) siR!
and after 48 hours the cells were subjected to ¥viedilot analysis to verify the efficacy of siR
silencing on the expression TBK1. One representative result is shown.
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Figure 4.2.7. Proposed mechanism of mT-mediated induction of type | and Il IFNs in cDC
Upon stimulation with polyl:C the TLI-TRIF pathway activates TBK1 that via phosphorylg
IRF3 results in thdnduction of type | and Il IFNs (49). Several marshof the MAPK family a
also activated by TLR3 triggering and support tihedoiction of type | IFNs (54). These pathw
can be inhibited by rapamycin suggesting the repmarole of mTOR in the TLImediate:
induction of type I/lll IFN responses. In anothetipvay TLR3 recruits PI3K, which via the -
MTOR signaling pathway can induce IRF3 phosphdpiaf49). The simultaneous blockade
MTOR and TBK1 in cDCs indicates that the PISK/mT@dhway cllaborates with th
TRIF/TBK1 signaling cascade to induce optimal espi@n of type | and Ill IFNs. Alternative
polyl:C might be recognized by RIG/MDAS in a cglbe-specific manner. Solid lines repres
known interactions, dotted lines indicate urwn associations.
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5. DISCUSSION

Dendritic cells are promising therapeutic targetsimimune-based therapies and vaccines
due to their central role in regulating the immusystem [2]. They are capable of
recognizing a wide range of pathogens and danggals and bridging the innate and
adaptive arms of the immune system via communigatiith various immune cells. Their
functional properties can be dramatically dependantd affected by the actual
microenvironment of the cells, prompting them teedge into immunogenic or tolerogenic
DCs [9]. A large number of molecules controlling D@nhctionality have already been
discovered; however, the complexity of their retutp potential needs further
clarifications [4]. In this study we set out to @stigate how dendritic cell functionality is
affected by persistent microbial stimuli that moD@sght encounter in the inflamed
tissues and to explore the mechanism behind itthEBtmore, we investigated another
aspect of regulation by studying the possible matduy effects of rapamycin, a widely-
used immunosuppressive agent on human DC subseif$epént origin.

Prior exposure to endotoxin renders innate immue#s csuch as monocytes and
macrophages unresponsive to subsequent challeygin® Isame or heterologous stimuli
[85]. As microbial components and inflammatory nagdis are constantly present in
inflamed tissues, they can exert various affectsDiPs developing from monocyte
precursors. We initiated studies to examine inbigitpathways acting in stimulated
moDCs in the presence of early and persistent TétRdulation. Determining the extent of
inhibition we observed that a 2-day pre-treatmeith iLPS blocked the induction of
several pro-inflammatory cytokine genes completgtya second LPS stimulus. Further,
we found that a wide range of stimulatory signaishsas PAM3Cys, TNior CD40L can
also result in desensitization of developing moB&subsequent activation signals.
Several molecular mechanisms are implicated in apdierge and DC exhaustion including
the decreased or increased expression of signetingponents, regulatory factors or the
release of inhibitory mediators that might integfevith DC functions [85]. An early study
indicated the downregulated cell surface expressioiLR4 as a major cause of LPS
tolerance in mouse macrophages [139]. On the agntnaman LPS-tolerized monocytes
show unaltered TLR4/MD2 expression [140]. In lingthwthat we did not find any
significant difference comparing the TLR4 expresstd LPS-pre-treated and non-treated
moDCs [127]. The downregulation of the signalingmponent IRAK-1 has been

suggested as another possible mechanism of ET bimiteits protein level and kinase
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activity is greatly decreased in LPS-tolerant cgl¥l]. IRAK-1 downregulation results in
low IL-12 cytokine production by activated moDCgygasting that IRAK-1 degradation
alone might be sufficient to induce refractorinessubsequent exposure to TLR ligands
[127]. Recently it has been observed that endotaaierization of human monocytes
compromises LPS-inducible K63-linked polyubiquitioa of IRAK-1 while not affecting
the expression of unmodified IRAK-1[142]. K63-linkepolyubiquitination of IRAK-1
promotes its assembly with IKKand TRAF6, thus positively regulates TLR4 signglin
These results highlight the importance of suppreds@3-linked polyubiquitination of
IRAK1 but not the degradation of the protein in theéuction of endotoxin tolerance.

In response to TLR stimulation several inhibitorglecules might be induced; however, it
is still unclear, how these factors contribute he tevelopment of resistance to further
activation. We showed that the inhibition of SOCSTAT3, SLAM, miR-146a and IL-10
molecules increased the LPS-induced IL-12 prodog¢tighile none of these molecules
played an essential role in the establishment lefdace to further activation signals. We
suggested that the short-term influence of thetesthibitory signaling components might
be a consequence of the transient increase inghe& expression or the presence of other
inhibitory signals. Moreover, our results indicdatee presence of coexisting inhibitory
pathways that might all contribute to DC exhaustion

Previously, SOCS1 has been implicated in the astabent of tolerance in moDCs
developing in the presence of TLR2, TLR3 or TLRdahds via inhibiting GM-CSF
receptor signaling and thereby preventing DC difféiation [143]. Other studies also
indicated the blockade of DC differentiation patlyves a consequence of TLR stimulation
of monocyte precursors, in human moD@svitro [144] and in monocytes entering the
skin in response to Gram-negative bacteria [145]. the other hand, several studies
indicated impaired TLR pathways in persistentlyihated macrophages and DCs as the
underlying mechanism for their decreased functionabOCS1 upregulation represents a
potent negative feedback mechanism that can deci2@sactivation, as demonstrated by
our results showing higher IL-12 production in LB&Sivated DCs following SOCS1
downregulation and also by the increased Thl-tyjelTresponses induced by DCs of
SOCS?T mice [146]. SOCS1 might directly interfere with fB-activation [147] or it can
contribute to the degradation of the adapter pmolMal, associated to TLR4 and TLR2
[148]. Mal modulation might explain why SOCS1 doegulation could increase TLR4-
mediated activation but did not affect IL-12 protioic triggered by a ligand for TRL7/8

that do not utilize Mal. Nevertheless, our resuiBowed no effect of SOCS1
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downregulation on the permanent inactivation of l@s@hat developed in the presence of
continuous TLR ligation, indicating that the LPShiced SOCS1 molecules, similarly to
STAT3, SLAM, miR-146a and IL-10 act only as shantrn inhibitory factors.

Lately, several feasible models have been suggestdde underlying mechanism of ET
development. One of the models indicated a possdie for matrix metalloproteinases
(MMPs) in the control of this phenomenon [149]. M8M&an target the membrane-bound
form of the triggering receptor expressed on myktalls (TREM) resulting in the release
of the soluble form of the molecule (STREM). Wherdae membrane anchored TREM-1
initiates inflammatory responses, the STREM exarts-inflammatory properties. In that
particular study it has also been found that sTREMot necessary to induce tolerance in
human monocytes. However, the sustained presenceeaibrane-bound TREM-1 can
efficiently interfere with the development of ET kg so far unknow mechanism.
Moreover, using a general MMP inhibitor preventdae tdownregulation of pro-
inflammatory cytokines in tolerant monocytes stiatetl with LPS. In accordance with
that study, analysis of our microarray gene expoessiata revealed an increased
expression of MMP7, MMP9, MMP12 and MMP25 in LP&{peated moDCs (data not
shown). These results indicate the requirementfiddher studies analysing the role of
individual MMPs in the control of TREM expressiomcethus in ET development.

Another publication suggested a regulatory role @O and TGPB pointing to the
necessary link between the signaling events metilatehe two molecules in development
of a fully endotoxin-tolerant state [150]. Whereasingle exposure to LPS results in the
high-level production of IL-6 promoting inflammatiand the proteolysis of IDO, mouse
cDCs stimulated twice with LPS upregulate the esgien of IDO and TG Futher, it
has been found that the adoptive transfer of LR@qu cDCs can provide protection
against a lethal dose of LPS only if the transtée®Cs are competent for IDO and the
host is able to produce TGFIn our experiments the expression of PGkas similar in
LPS pre-treated and control samples. In comparidioa expression of IL-10, another
effective mediator of anti-inflammatory reactionsas increased both at mRNA and
protein level in LPS-pre-treated moDCs. Nevertteldhe neutralization of IL-10 by
blocking antibodies could not prevent moDC exhawstipon a second challenge with
LPS. This result is in concert with a previous gtgtiowing that IL-10 is not the central
effector as IL-10 deficient mice still develop ET5[L]. Further studies suggested a
potential role for the alternative MB pathway member p100 (KB2) in the control and

development of ET in human monocytes [152, 153¢ fifonocytes of patients with sepsis
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displayed an increased expression of p100 andribekklown of that molecule reversed
the refractory state of monocytes from septic pd$i@nd fromn vivo and in vitromodels
following exposure to LPS [153].

All these results together with ours indicate théstence of several possible regulatory
mechanisms being responsible for ET. Some of tmesehanisms, which might even
cooperate as a network to establish the well knokaracteristics of LPS-tolerized cells,
has been started to be elucidated. However, a eenplcture of this process is still
lacking and needs further clarifications.

Next we investigated how rapamycin, a commonly ugsadunosuppressive mTOR
inhibitor might influence the TLR3-induced IFN resses of human moDCs and CD1c
DCs. Several human cDC subsets express TLR3 apdnéso stimulatory signals by
producing large amounts of type | and/or 11l IFNg. [However, TLR3 is predominantly
expressed by CD14DCs representing a minor cell population with s@iéted functions
such as being the major producer of lsNipon polyl:C stimulation. Here we describe that
both 3-day moDCs and CD1BC express TLR3 and as a result of cell activati@y are
able to induce the production of both type I andHNSs. Interestingly, a brief incubation
of the two DC subsets with rapamycin resulted sigaificant decrease of IR\ IFNB and
IFNAL production. These results called our attentiothéoindispensable regulatory role of
mTOR to the induction of type | and Il IFNs in @idating CD1¢ DCs. Remarkably, only
CD1c DCs were able to secrete the bioactive IL-27 loelierer that could be inhibited by
rapamycin pre-conditioning. In human macrophagef&3induced expression of IL-27
was shown to be mediated by intracellular ¢FAhd its TLR4-mediated synthesis was
demonstrated to be dependent on the activationeoT RIF/IRF3 pathway. Based on these
observations we hypothesized that in rapamycinti@a@ted DCs both the restrained
production of IFNv and the reduced activity of IRF3 could result ecitased expression
of IL-27.

IRF3 is an integral transcription factor that ispensible for the induction of antiviral
genes and its activation was shown to occur viacastep mechanism mediated by TBK1
and PI3K. We hypothesized that rapamycin might e&se IFN production via the
inhibition of IRF3. Indeed, we found a significamtecrease in polyl:C-mediated
phosphorylation of IRF3 in rapamycin pre-treatedd@s. The simultaneous blockade of
MTOR and PI3K did not modify the extent of suppi@sselicited by rapamycin
suggesting that IRF3 activity is engaged by mTOd&thie PISK/mTOR signaling pathway.
Silencing of TBK1 by siRNA interfered with polyl:@xduced expression of IFNand
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IFNA1 to a similar extent as rapamycin. Interestingiiig combination of TBK1 siRNA
and rapamycin further reduced the expression offlEaNd IFN\1 but did not blocked
completely. Based on these data we cannot exchelevolvement of other pathways in
the induction of type | and IIl IFNs evoked by plofy stimulation in DCs.

Investigating the functionality of MAPKs and othertracellular signaling proteins we
found that in resting cells several kinases showteadency towards enhanced
phosphorylation upon rapamycin treatment. This otad®n is in line with previous
reports showing that mTOR inhibition promotes tloévation of the MAPK pathway in
endothelial cells [154] and in cancer patients [Lséhereas rapamycin can enhance the
activity of Akt by inhibiting the negative feedbaébop regulated by mTOR in different
cell types [156, 157]. More importantly, our datvealed that rapamycin decreased the
phosphorylation of INK3 and p3& polyl:C-activated moDCs significantly. Inhilota by
synthetic molecules revealed the importance ofgg88JNK in the induction of IHNgene
expression [74]. In addition, it has recently beeported that TLR3-elicited activation of
p38 is required for the stabilization of IBMNRNA that is important at the initial phase of
antiviral responses [75]. Since rapamycin has tbeerial to decrease the activity of
kinases playing an important role in the inductadrtype | IFNs we suppose that mTOR-
mediated IFN responses rely partially on the MAP&Saade for fine-tuning polyl:C-
induced signaling events.

It has previously been reported that rapamycin gedulate the phenotype and the
subsequent T-cell stimulatory capacity of LPS-stated moDCs and CDIcDCs
differently [115]. Our phenotypic analysis revealbdt rapamycin did not interfere with
polyl:C-induced maturation of moDCs; however, thecréased expression of both
inhibitory and co-stimulatory molecules indicatesmplex regulation of phenotypic
changes in these DC subpopulations. The resultaioto-culture experiments show that
rapamycin pre-conditioned moDCs triggered by p@yére impaired in their ability to
induce IFN production by CD8 T-cells. Several previous reports indicated that
rapamycin-conditioned DCs can induce the expansiofoxp3” regulatory T-cells and
microbial infection can generate highly suppres€\@8'CD25foxp3" T-cells [122, 158,
159]. In our system we found decreased expresdiddD25 and undetectable levels of
foxp3" cell in CD8 T-cells co-cultured with rapamycin pre-treated r@sD This
functional state might be the consequence of deete®D-L1 expression that is the pre-
requisite of regulatory T-cell expansion. Since PDis induced by IFN [160], IFNB
[161] and IL-27 [162] directly, its reduced expriesstogether with the concomitant lack
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of the foxp3 regulatory T-cell population might be connectedh® abrogated production
of type | IFNs and IL-27 in rapamycin pre-condigah DCs. Moreover, a rapamycin-
insensitive and rictor-independent mTOR pathway texently been described, which
interferes with the ability of murine DCs to induixp3" T-cells via inhibiting STAT3-
induced PD-L1 expression [133]. Based on theseltseste hypothesize that decreased
PD-L1 expression and the lack of a foxp8gulatory T-cell expansion might be the result
of incomplete rapamycin-induced mTOR inhibition. Wepose that mTOR inhibitors
targeting the ATP-competitive active site couldtlier clarify the role of mTOR in
modulating the ability of polyl:C activated cDCspgmmote CD8 T-cell responses.

The stimulation of antigen receptors, cytokine ptaes or several Toll-like receptors all
can lead to the activation of mTOR that regulatasous components of the immune
system. mTOR is also implicated in many physiolabiprocesses including protein
synthesis, autophagy and metabolism. Autophagy ¢®reserved catabolic process that
recycles intracellular components to maintain d¢atllenergy levels; a mechanism that
evolved as a cellular survival response to str&68][ Autophagy, that has been found to
be negativel regulated by mTOR, plays an importalg in DC functionality since DCs
utilize the autophagic pathways to efficient antiggrocessing and presentation [163]. In
addition, mTOR initiates a switch from oxidativegsiphorylation to glycolysis that is a
hallmark of T-cell activation and proliferation [46 Resting dendritic cells and
macrophages activated by TLR ligands also showifa telward the aerobic glycolysis.
MTORCc1 acts through the stabilization of the mRNAhe HIF-1o transcription factor that
is required to the induction of glycolysis and algo the production of key pro-
inflammatory proteins by myeloid cells [165]. Bessg mTORc1 promoting the HIFd
dependent glycolytic pathway induces the differian of Th1l7 cells and suppresses
Treg cell development [165]. All these results shtvat mTOR integrates multiple
signaling pathways providing a link between cellllameostasis and immune responses.
Our results demonstrate that mTOR positively retgslaype | and Il IFN production via
IRF3, which is under the simultaneous control & H3K/mTOR pathway and TBKL1. In
addition, we propose the supportive role of the MAGascade in promoting optimal IFN
responses. In conclusion, our results provide agtitional insight into the complexity of
MTOR-mediated regulation of DC functions that coulld relevant to improve the
therapeutic potential of rapamycin in the treatmentiseases with uncontrolled type |

IFN production. Furthermore, identifying the actioh mTOR-mediated pathways may
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offer novel strategies to design more potent DCciwexs against infectious agents or

cancers.
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6. SUMMARY

DCs are the most efficient antigen presenting cellt are widely distributed across
various organs and tissues in the human body. Wmmounter with foreign antigens or
altered self-antigens DCs become activated andat@ifl-cells to respond with unique
functions and cytokine profile, which charactegstirenders DCs potential targets for
immune-based therapies. To date, DC-based immumagiyréas been broadly explored for
the treatment of patients with cancer or infectidiseases; however, the overall efficacy
of DC vaccines needs to be improved. To enable daeelopment of DC-based
immunotherapy we need to gain a better understgnolfirDC biology. The goal of the
present study was to investigate DC functionalityhie context of endotoxin tolerance and
MTOR inhibition both of which conditions have agmtially high clinical relevance.

We found that a brief pre-treatment of differentigt DCs with LPS alone or in
combination with other activation stimuli resultedpersistent inactivation of moDCs. A
wide range of stimulatory signals could also desgizrsdeveloping moDCs for subsequent
activation by LPS and synergistic activation signdid not prevent the cells from
functional exhaustion. In response to a second sfif®dlus we detected a completely
blocked induction of inflammatory cytokine genesLiRS-tolerized moDCs implying a
robust impairment of the signaling cascade leathnigC activation. Studying the role of a
wide variety of DC-inhibitory mechanisms we fourdht SOCS1, STAT3, SLAM, miR-
146 and IL-10 induced by early exposure to LPStedeonly a short-term inhibitory effect
on the production of IL-12. However, none of thetéel molecules played an essential role
in the induction of tolerance to further stimulgtgignals.

Next we demonstrated that the PISBK/mTOR pathwamdsspensable for eliciting intact
type | and Il IFN responses in moDCs stimulatethwgolyl:C. Similarly to moDCs, the
MmTOR-mediated regulation is also essential to ttoelyction of type | and Il IFNs in
circulating CD1¢ DCs. The inhibition of mTOR functionality by rapgin impaired the
phosphorylation of IRF3 and also a few membershef MAPK family suggesting that
MTOR contributes to the activation of multiple saing pathways in the presence of viral
antigens. Furthermore, rapamycin-treated moDCs sHodecreased capacity to prime
IFNy secretion by naive CD8I-lymphocytes.

Our novel results give a better insight into thgutation of DC functionality by factors
controlling the activation signals induced by vaganicrobial stimuli.
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OSSZEFOGLALO

Az emberi szervezet szinte minden szervében éstien fellelhét dendritikus sejtek
(DS) hatékony antigénprezentélo sejtekkétikiainek. Megvaltozott sajat vagy testidegen
strukturakat felismerve aktivalodnak és antigéresjeis T-sejt valaszt valtanak ki. E
kulonleges keépességuknek koszofbet a DS-ek sokrét szabalyozé funkcioval
rendelkeznek és immunterapias eljarasok fejlesaasé@lkalmasak. A DS-alapu vakcinak
alkalmazasi lehétégeit virus fetizések és tumorok kezelésére széles korben vizkgalja
de a terapias vakcindk megfélelhatékonysaganak fokozasa a DS-ek Osszetett
miikodésének mélyebb szinmegismerését igenyli. A jelen tanulmany a DS fubkdkét
eltén, a Kklinikai alkalmazas szempontjabol kiemeltentdsnvonatkozaséara, az endotoxin
tolerancia és az mMTOR altali gatld folyamatok medausanak felderitésére
dsszpontosit. Kisérleteink azt igazoltak, hogy &tdrélis lipopolyszachariddal tértén
rovid (48 ora) dlkezelés a moDS funkciok gatlasahoz vezet. Ezt ashaiz aktivacios
jelek széles skalaja képes kivaltani és az igyszékptelenné tett DS-ek funkcioit az
egylttesen alkalmazott aktivacios jelek sem képdsHlkiggeszteni. Mivel a LPS-dal
tortérs ismételt stimulacidé az endotoxinnal tolarizalt n®Bkben nem képes kivaltani a
gyulladasos citokin gének kifejgdését, a DS-ek aktivaciojahoz vezejelatviteli
atvonalak is gatlédnak. Eredményeink szerint az L&l&kezelés-indukalta SOCS1,
STAT3, SLAM, miR-146 és IL-10 molekulak rovidtavatp hatas révéen csokkentik a
monocita-eredét DS-ek IL-12 citokin termelését, azonban egyik géls molekula sem
jatszik meghatarozé szerepet az endotoxin tolesamrsszu tava kialakitasaban.

Tovabbi vizsgéalataink a PIBK/mTOR jelatviteli palydentségét igazoltak a polyl:C-vel
aktivalt moDS-ek 1. és Ill. tipusu interferon terésenek szabalyozasaban. Eredményeink
szerint az mTOR funkcidk rapamicinnel tbrgatlasa csokkenti az IRF3 és a MAPK
atvonal bizonyos tagjainak foszforilaciéjat, amraautal, hogy viralis eredétantigének
jelenlétében az mTOR szamos jelatviteli folyamandétasahoz jarul hozza. Emellett a
rapamicinnel kezelt moDS-ek kevésbé hatékonyak &8 CDbsejtek altali IFN termelés
kivaltasaban. Végezetul ugy talédltuk, hogy az mT@Rii szabalyozas, hasonléan a
moDS-ekhez, a periférias vérben keir@D1¢ DS-ek I. és Il. tipust IFN termeléséhez is
szikséges. Ezek a kutatasi eredmények atfogd kélpak a DS funkciok szabalyozasaban
résztvevy molekuldk szerep8k a mikrobidlis stimuldcié hataséra aktivalodo feitl
palyak mikddése soran.
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