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1. ABBREVIATIONS

5/4E8 mouse T cell hybridoma cell line from Balb/c use strain
4-MH 4-methylhistamine

ABP1 amiloride binding protein 1

ANOVA Analysis of Variance

APC Allophycocyanin
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DMEM Dulbecco’s Modified Eagle’s Medium
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dNTP deoxyribonucleotide triphosphate
DC dendritic cell

DNA deoxyribonucleic acid

FACS fluorescence activated cell sorter



FCS
FITC

GAPDH
Gata-3
GM-CSF

HiR
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HDC
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iINKT cell
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MAPK
MDC

fetal calf serum
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Glyceraldehyde 3-phosphate dehydrogenase
GATA binding protein 3, transcription factor

Granulocyte-Monocyte Colony Stimulating Factor

histamine H1 receptor
histamine H2 receptor
histamine H3 receptor
histamine H4 receptor
L-histidine decarboxylase
histamine N-methyltransferase
histamine receptor

horseradish peroxidase

immature dendritic cell
interferon-gamma
interleukin

invariant natural killer T cell

H;R antagonist developed by Johnson&Johnson
H;R antagonist developed by Johnson&Johnson
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knockout

lipopolysaccharide
Langerhans cell
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magnetic cell separation
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MHC major histocompatibility complex

MRNA messenger RNA

NKT natural killer T cell

OCT3 organic cation transporter 3

OVA ovalbumin

PAMP Pathogen-Associated Molecular Pattern
PBMC peripheral blood mononuclear cells
PCR polymerase chain reaction

pDC plasmacytoid dendritic cell

PE Phycoerythrin

PFA Paraformaldehyde

PMSF phenylmethanesulfonyl fluoride

PRR Pattern Recognition Receptor

PVDF polyvinylidene fluoride

RNA ribonucleic acid

RPMI medium developed by Moore and colleagues in Rbbs®wark

Memorial Institute

SD standard deviation

SDS Sodium- Dodecil-Sulphate

SEM Standard Error of Mean

SLC22A3 solute carrier family 22, member 3
SP short pass

SPF specific pathogen free

SV129 not inbred mouse strain

T-bet T-box expressed in T cells, T-box protein 2anscription factor
Th T helper cell

TLR Toll-like Receptor

TNF-a tumor necrosis factor-alpha
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2. INTRODUCTION

Reactions of the immune system occur under in igatelbalance between responding
to environmental and pathogenic challenges whilentaming tolerance to self-tissues.
Dendritic cells (DCs) form a heterogeneous fracbbnare hematopoietic cells that belong to
innate immunity but act in close collaboration witklls of the adaptive immune system. By
processing and presenting antigen and migrating ftbe circulation and tissue sites of
antigen uptake to the meeting points of celluléenactions, i.e. peripheral lymph nodes these
cells play critical role in the initiation and pateation of immune responses and in the
development of effector and memory cells. Whiletoarously patrolling between peripheral
tissues and lymphoid organs and sampling theirenment numerous metabolites, cytokines,
chemokines and other soluble mediators may infla¢he properties and functions of DCs.

A rapidly growing body of evidence highlighted thaistamine, a small biogenic
amine, is involved in the regulation of DC diffetiation and functions and consequently T
cell-mediated inflammation. Initially, this potebtoamine with multiple activities in various
pathological and physiological conditions was retpgd as an inflammatory mediator
released by mast cells, basophils and other cp#styincluding DCs themselves. Indeed,
histamine has been implicated in the regulatiodifiérent diseases associated with acute or
chronic inflammation, such as allergy, asthma, ismdssociated diseases, autoimmunity and
even tumors.

Improving the quality of life of a patient with awy the above mentioned diseases and
the development of novel therapeutic e.g. more iBpdustamine receptor (HR) ligands,
and/or diagnostic strategies requires a better rstateding of the crosstalk of cells, which
respond to histamine. As DCs act as special sdstofethe immune system linking innate
and adaptive immune responses and play a crudelnreegulating inflammatory conditions
they provide a promising therapeutic target in @sgeconditions, where histamine is involved.
Thus, the discovery of molecular mechanism relewanhistamine actions on DCs has
especial relevance to the development of more tefeeagents and novel means to modulate
inflammation and/or other diseases. Clinical redean this field is still in progress and the
already developed HR blocking agents offer a prenuf improved treatment outcomes.
However, despite intensive research efforts anceragwclinical trials, none of the new

experimental therapeutics and inhibitors has besvedl to significantly improve the



conditions of patients suffering from inflammatatiseases. Therefore, novel approaches to
decipher histamine biology are still critical.

The purpose of our study was to investigate thecesf of histamine on various
functional activities of mouse and human DCs. Migra adhesion, cytokine production and
the antigen presenting function of splenic and bom&row-derived murine DCs was
investigatedin vivo and in vitro. Beyond these studies we also investigated thsilges
impact of the lastly discoveredsR in mediating histamine effects. Using human mgtec
derived DC subsets we tested how histamine inflegribe development and functional
activities of CD1aand CD14DC subsets and identified the role of histamine¢hencytokine

and chemokine production as well as migration eséhcells.

3. THEORETICAL BACKGROUND

The thesis built around two topics. In the firsttp@e investigated the role of a small,
pleiotropic biogenic amine, histamine andRHin murine dendritic cell functions. Then we
studied the effects of histamine on the differdmdraand activities of two, developmentally
related andn vivo relevant human monocyte-derived DC subsets (CBad CD14 cells)
generated from CDT4" monocytes.

3.1. DCs

The mammalian organism is protected against ingpdmcroorganisms at the
interfaces of the external environment (skin, negpry tracts, gastrointestinal mucosa) by

special sentinels, called DCs (Figure 1.).

Figure 1.

DCs, sentinels of the immune system
(dendriticcellresearch.com)




Discovery of DCs

This cell type with characteristic shape and pripes was first described in 1868 by
Peter Langerhans in the skin, however he coulddeéihe their origin. In any case, it was
certain that their number was significantly lowempared to other blood cells. Based on
their morphology and localization the cells wereught to be sensory nerve endings. Almost
100 years after this discovery in 1973 Ralph Stammand Zanvil Cohn proved that the skin
cells with dendrites belong to the immune systerd pastulated their role in regulating
immunological processes. Early DC research wabas by the low incidence of these cells
and consequently, the small yield of isolated célten various tissues. The discovery of
growth and differentiation factors in the develominand differentiation of blood cells
brought about a major breakthrough in the field andbled thén vitro generation of DCs in

large quantities [1].

Subsets, origin and life cycle of DCs

Based on the functional, phenotypic and morphoklgisimilarity of DCs to
macrophages, their myeloid origin was suggestedif2ine with this Inaba and co-workers
demonstrated that granulocytes, macrophages andvid@s able to differentiate from a
common progenitor in the presence of GM-CSF [3].otwer convincing argument was
provided by Lanzavecchia and Sallusto showing ltheman monocytes had the potential to
differentiate into DC#n vitro, which was later confirmed in mice studies by Raph [4] [5].
However,in vivo studies have shown that DCs can develop from eatihmon lymphoid and
myeloid progenitors [6].

DCs were initially classified into two groups, whicinclude the steady state
conventional DCs (cDCs) and the non-conventionas [PG. cDCs could be further divided
into migratory and lymphoid DCs. The first group demprised of cells derived from a
common DC progenitor and reside in peripheral @sssuch as the skin, lung, intestinal tract,
liver and kidney. These DCs have the unique ahititpick up antigens in the periphery and
subsequently migrate to the draining lymph nodes,grimary site of antigen presentation.
The lymphoid subsets are localized to lymphoid nsgsuch as the thymus, spleen and lymph
nodes. Plasmacytoid DCs (pDCs), being classifiedasconventional DCs, are unique in

their ability to produce high amounts of type-1 IFMhich distinguishes them from
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conventional DCs. Furthermore, monocytes can gaeeto DCs under inflammatory as well
as steady state conditions in peripheral tissuebl as the intestine, lung, skin and kidneys
and are also able to acquire antigen and activasd|3 in lymph nodes [8].

Development of DCs from bone marrow precursors ireguseveral transcription
factors and cytokines to give rise to various D8s&ts. The cytokines GM-CSF and IL-4 are
commonly used for thé vitro generation of DCs from CDI14monocytes [4] [7]. Beside
other molecules, the biogenic amine, histamine walas identified as a regulator of DC
differentiation [9].

DCs are generated in the bone marrow and theyesaes through the blood stream
into peripheral lymphoid and non-lymphoid tissuesere they easily make contact with
foreign particles or invading microbes [7] [10]. ¥ continuously sampling their
environment, at an immature stage of developme@t Bapture different molecules by their
cell surface receptors and internalize them viaouar mechanisms such as phagocytosis,
macropinocytosis or receptor-mediated endocytaBi§ [11] [12]. After processing of the
antigenic sample it is fixed on the surface of Dd3speptides that are presented by major
histocompatibility complex (MHC) molecules to amigspecific T cells. Immature DCs are
characterized by high capability of antigen captmd processing, but low T cell stimulatory
capacity [13]. Antigen uptake and inflammatory natdis promote DC maturation and
migration to draining lymph nodes where they effitly trigger an immune response by
naive T cells [10] [11]. DC maturation is a complard highly regulated process which
include phenotypic and functional changes suchoasd the ability of antigen capture,
acquiring an increased capacity for T cell stimolatand upregulation of costimulatory
molecules [10] [11]. Furthermore, maturation is aupanied by the modulation of the
expression of some chemokine receptors. While CXCRTCR1, CCR5 expression is
downregulated, the chemokine receptor CCR7 is iadutbgether with DC maturation
enabling the mobilization of DCs from the periphéoythe lymph nodes [14] [15]. CCL19
(MIP-313) and CCL21, the ligands of CCR7 are produmenstitutively in the T cell areas of
lymph nodes [16] [17] [18] [19]. CCL21/6Ckine molde expressed in lymphatic vessels also
plays a role in directing these cells [20] [21].dvparrival to lymphoid compartments DCs are
able to activate different subsets of lymphocytgspblarizing them to Thl, Th2, Th1l7 or
Treg directions. This process is highly dependenD&-derived signals that involve foreign
peptide-MHC complexes expressed on the DC surfamestimulatory signals and
cytokine/chemokine-mediated instructions [22]. Timeraction of the T cell receptor (TCR)

with its specific ligand is indispensable as atfisgynal, whereas the second signals are
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mediated by B7-1 or B7-2 molecules (CD80, CD86)tliggering T cells through CD28
receptor and/or additional environmental stimuheTcytokines produced by DCs and T cells
act in both directions and modulate the intensitg guality of the immune response (by the
differentiation of Thl, Th2, Th1l7 and Treg cell&B] [24] [25]. IL-12 or IFN produced by
DCs can polarize T cells to Thl direction, the llodlL-5 cytokines support Th2 polarization,
whereas IL-10 induces immune suppression [26] [28]. The antigen presenting function of
DCs is not restricted to the presentation of endogse peptides by MHCI for CDST cells
and exogenous peptides by MHCII molecules for CD4ells, as they also present lipids and
glycolipids complexed with CD1 membrane proteing @ando- or exogenous antigens with
MHCI molecules to elicit CD8T cells, called cross-presentation [10] [29] [E&1].

Due to their multiple functions the proper instrans of DCs to other immune cells is
essential for inducing immunological tolerancehe thymus and the periphery, or provoking
an effective immune response [32] [33]. Depending the type of the invading
microorganism and the nature of stress factorsamger signals DCs can direct immune

responses to various activities.

CD1a, a human DC marker and lipid presenting molecle

In contrast to highly polymorphic classical MHC maliles, members of the CD1
family of MHC-class-I-like glycoproteins, are phygenetically conserved proteins,
specialized to the presentation of hydrophobicndg such as self and foreign lipids and
glycolipids. The CD1 proteins share sequence hogyodnd overall domain structure with
MHC class | molecules, being comprised of a heawircthat is non-covalently associated
with 32-microglobulin. To our current knowledgediZD1 isoforms can be distinguished and
based on their sequence can be further dividedtimé® subgroups. Groupl is composed of
CD1a, CD1b and CD1c molecules, group 2 and groapnsain only one protein, CD1d and
CD1e, respectively. Except from CD1e, all isoforame cell surface proteins. Interestingly,
the expression pattern of human CD1 proteins diffieem other species, as in humans all five
isoforms are present, while in mice only CD1d ipressed. Group 1 molecules preferentially
present lipid antigens to ,conventionai? or innateyd T cells, while group 2 molecules
(CD1d) present antigens to invariant NKT cells (iINK34].

CD1a, a member of the group 1 family is expressathiymon DCs, though it was first
identified in thymic cells [35]. Since then, itspegssion was demonstrated on epithelial cells

in breast cancer as well [36h vivo three different DC fractions can be isolated frooman
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blood: CD14CD11¢, CD1aCD11¢ and CD1&D11¢ populations. The double positive
population is the direct precursor of LCs, and bandifferentiated to LC# vitro. CDla
expression is similar on resting and activated DCs.

3.2. Histamine and HRs

Discovery, synthesis and degradation of histamine

Histamine has been known for more than hundredsydawever its physiological
and pathological effects are still not completatpwn.

This small pleiotropic biogenic amine was first thasized in 1907 by Windaus and
Vogt, and after three years Barger and Dale shoived ergot extract and proved its
constrictory and vasodepressor effects. The namsiarnine was used first by Fihner and
Frohlich. The discovery that simple chemicals, lkgtamine can regulate complex biological
processes brought an enormous scientific improvéenmemiological researches. During a
century numerous effects of histamine have beergrézed and at the end of the 1930’s the
first synthetic HR ligands were produced, followsdseveral new ones, which were widely
used yet in the middle of the century [37] [38]][39

Histamine is composed of 17 atoms with a molecwlass of 111 Da. It is synthesized
by the decarboxylation of the L-histidine aminodacatalyzed by L histidine decarboxylase
(HDC) enzyme [40] [41] (Figure 2.). This unique gme (only HDC is capable of removing

carboxyl group) is present almost in every celetgmd tissue.

COO- Co,
CTL-CII _ A7 CH,-CH,
/ __< \+NH3 /S : +NH3
N NH N NH
\/ \/
Histidine Histamine
Figure 2.

Biosynthesis of histamine

Histamine is synthesized by the decarboxylatiothefhistidine amino acid in the process
catalyzed by histidine decarboxylase enzyme.
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From immunological aspects the most relevant histanproducing cells are mast
cells and basophil granulocytes, which not onlytlsgsize this aminde nove but they can
store and release it within seconds from their i§ijgpemtracellular granules after various
activation stimuli [37].

Beside the synthesis of histamine its degradasaiso important which is performed
by two enzymes, the ABP1 (amiloride binding protg&)ralso referred to as diamine-oxidase
(DAO) and the histamine N-methyltransferase (HNM42]. The extracellularly localized
ABP1 creates the inactive imidazole acetaldehydeednmyoving the terminal amino group,
while HNMT convert histamine to Nmethyl histamine by using S-adenosyl methionine
within the cell. Interestingly, tissue expressidrihe two enzymes is different: ABP1 is found
mainly in the intestine, kidney, liver and in thagenta during pregnancy. In contrast, HNMT
shows wide tissue distribution (central nervoudesys liver, spleen, kidney, intestine, colon,
prostate, ovary) [43]. Non-neuronal monoamine fpan®rs, which actively remove
monoamines from the extracellular space, have lkscribed in the transportation of
histamine. SLC22A3 (solute carrier family 22, memBgalso referred to as OCT3 (organic
cation transporter 3), is a common molecule inanshe transport [37].

Tissue concentration of histamine depends on tbal lamount and activity of these

enzymes and transporters (Figure 3.).

L-histidine

histamine HDC

receptors (1-4)
cell type-specific
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N
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cellular
effects

SLC22A3

Figure 3.

Schematic figure of histamine metabolism and agtivi
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Histamine synthesized from L-histidine in differeell types may act on four different HRs
(H:R-H4R). Transporters (e.g. SLC22A3) enable its passhgmugh cell membranes. The
main histamine degrading enzymes (HNMT and ABP4)atso influence the local level of
the amine.

HRs, overview of the biological effects of histamm

The diverse physiological and pathological effedtdistamine are mediated by four
HRs, all being typical heptahelical proteins thévation of which is mediated by G proteins.
The first histamine receptor discovered;/) possesses the lowest binding affinity to the
amine and is linked mainly to allergic reactiortsshares the typical features of G-protein-
coupled receptors activatingxG. The ligand binding to #R leads to increased cytosolic’Ca
and cAMP levels and results in the activation ofkRFpathway. In the lung it mediates
bronchoconstriction and increased vascular permgaldihe HR is expressed in numerous
cell types, including airway and vascular smoothsahel cells, hepatocytes, chondrocytes,
nerve cells, endothelial cells and some immunes ¢8ll] [38].

Histamine receptor 2 ({R) is coupled to the adenylate cyclase and phospkitide
second messenger systems by separate GTP-dependeminisms. Receptor binding also
activates c-Fos, c-Jun and protein kinase C. @amt binding affinity of HR exceeds that of
the HR and similarly to HR, H;R is also expressed in various cell types. Initidllwas
thought to regulate a limited number of activitegh as heart contraction and gastric acid
secretion however, it is now quite clear that vasioegulatory functions of histamine during
cell proliferation, differentiation and immune resse are exerted through,R1 activation
[37] [38].

Histamine receptor 3 @R) is predominantly expressed in the central nes\aystem
and is involved in the regulation of the adjustmeinibcomotor activity and circadian rhythm
of the body.

In 2001, several working groups suspected the enist of a fourth HR based am
silico studies and validated by functional studies [44]] Mouse and human4R exhibit
68% sequence identity [46] and despite some diffsge HR is typically expressed by cells
of the immune system, preferentially peripheral atapoietic cells including eosinophils,
basophil granulocytes, mast cells, T and B lymptexyand DCs [43] [47]. However, the
presence of kR has recently been shown in tissues functionaliyadt from the immune
system, like in the brain or liver [43] [48]. ARl is widely distributed in immune cells its

role in inflammation, hematopoiesis and directingmune responses was suspected.
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Although the picture is not complete it become euitdthat it had an impact on the
chemotaxis of several immune cells (mast cell, rem#hil granulocyte, DC), regulated
cytokine production of various cells and had a ralallergy, inflammatory processes and

autoimmune diseases [47] (Figure 4.).

Allergy

Cancer Asthma

™

Ischemia
reperfusion &,

Injury ) y

Acute Colitis
inflammation

Chronie
pruritus

Rheumatoid
arthritis

Figure 4.
Summary of the effects of/R

The presence of /R mostly in the immune system and its immunomaxyledle in cytokine
production argue for the pathophysiological sigeaince of the receptor in inflammatory
conditions that are characterized by increases nmimune cell humbers, such as asthma,
allergic disorders and autoimmune diseases [47].

The effects of FR are mediated through the activation of Gi/o prsteAs a result of
a multistep signaling cascade Zdlows into the cell, cCAMP level is decreasing aife
MAPK pathway is activated [37]. The ligand bindiaffinity of H4R is greater than that of
HiR or HR, but lower than that of thesR. The growing number of specific agonists and
antagonists holds promise of novel tools in theapg of inflammatory and/or autoimmune
disorders [47]. Among the commercially availablemigts 4-methylhistamine (4-MH) can be
mentioned, which has long been known as,R BEgonist, however after the discovery qRH
it emerged as a high affinity ligand ofRl with 100 times more efficient binding than other
HRs [49]. The antagonists JNJ7777120 and JNJ10¥O]H [51] [52] are different in a
single nitrogen atom and both bind tgRHwith high affinity (Ki=4 nM and Ki=27 nM).

HRs are remarkably different in their ligand bingliaffinity, cell surface expression,
tissue distribution, the signaling pathways theg asd functional features [38] [43] [53].
Currently, synthetic ligands for all HRs are als@itble and their number is increasing.

These compounds act either as specific antagomikish block the function of one receptor
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or may interfere with the signaling of more thaneoreceptor. Antagonists show high
structural similarity to histamine and can bindwstrongly to HRs however, their binding
didn’t result in receptor-mediated signaling. O ttontrary, receptor agonists activate the
receptor upon their binding, signal transductioninduced and biological responses are
provoked. HRs may be present on the cell surfacciive or inactive forms and in steady
states these two activation states are in consiguntibrium; agonist binding stabilizes the
active conformation, while antagonists stabilize thactive state of the receptor [54]. The

distribution, functional role and typical ligandstbe various HRs are summarized in Table 1.
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histamine tissue intracellular | typical G agonists antagonists
receptor expression signaling protein
molecules

H;R nerve cell, Ca' cGMP, | Gq histaprodifene | mepyramine
airway and phospholipase betahistine chlorpheniramine
vascular smooth D, histamine- cetirizine
muscle cell, phospholipase trifluoromethyl- | astemizole
hepatocyte, Ao toluidide clemastine
chondrocyte, NF«B dimaleate terfenadine
endothelial cell, loratadine
neutrophil, pyrilamine
eosinophil clozapine
granulocyte, triprolidine
monocyte, DC, diphenhydramine
T and B cell

H.R nerve cell, adenilate- Gs dimaprit zolantidine
airway and cyclase, amthamine cimetidine
vascular smooth cAMP, c-Fos, impromidine ranitidine
muscle cell, c-Jun, PKC, tiotidine
hepatocyte, p70S6K famotidine
chondrocyte,
endothelial cell,
epithelial cell,
neutrophil,
eosinophil
granulocyte,
monocyte, DC,
T and B cell

HsR histaminerg high C&", Gilo imetit thioperamide
neuron, MAP kinase, R-o- clobenpropit
eosinophil cAMP methylhistamine | carboperamide
granulocyte, inhibition immepip iodoproxyfan
DC, monocyte, ciproxifan
low expression
in peripheral
tissues

H,R hematopoetic | high C&", Gilo clobenpropit thioperamide
cells, mast cell,| CAMP imetit JNJ7777120
eosinophil, inhibition clozapine JNJ10191584
neutrophil, 4-methyl- JNJ77771202
basophil histamine
granulocyte,
DC, T cell,
nerve cell,
hepatocyte

Table 1.

Summary of the most important features of HRs
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The table displays the tissue expression and thet malevant intracellular signaling
molecules of the four types of HRs;R-H;R). The most important ligands (agonists and
antagonists) used in receptor blocking studiesslrawn as well.

3.3. Effects of histamine on DCs

Histamine synthesis and the expression of HRs by DCs

While circulating in the body, DCs are under thgulatory effects of different
chemokines, cytokines, inflammatory mediators anelow molecular mass histamine. It is
well-known that HDC, the only histamine synthesigenzyme, is expressed both at RNA and
protein levels in human DCs differentiateal vitro from peripheral blood monocytes.
Histamine itself has also been detected in DCaaettularly [9], however to date, the release
of newly synthesized histamine (also referred ttnascent histamine”) has been shown only
in murine [55] [56] and not in human DCs.

The expression of #R, bR and HR was observed by many working groups [56] [57]
[58] [59], while the detection of 4R is controversial [60] [61]. Interestingly, neithé;R nor
H.R was found on the surface of eithervitro differentiated LCs or those isolated from
human epidermis. This was probably due to the effet TGF-beta 1 specifically applied for
LC differentiation [62]. Recently the expressiontloé lastly discovered /R by bothin vitro
generated monocyte-derived LCs (MRNA and proteimg primary LCs from both murine
and human skin samples was documented [63] [64].

It was proven that distinct DC subtypes differ woly in their functions served in
immune processes but also in their surface molgeaittern [62]. Observations proving that
DCs express both HRs and their ligand support threcept that DCs may be under the
influence of histamine derived not only from praesal histamine synthesizing cells, but

also from DCs themselves.

Effect of histamine on in vitro differentiation and maturation of DCs

Differentiation of DCs is a complex, highly regudt process accompanied by
phenotypical changes and the alteration in theesgion of various molecules. Both HDC
protein expression and intracellular histamine enntwere found to be increased during
cytokine-inducedn vitro differentiation of DCs from human peripheral blomdnocytes. In
parallel with these changes, the expression oftiomally relevant cell surface molecules
(CD80, CD86, CD40, CD45 and CD11c) was elevateal, 8bme of these effects could be

effectively inhibited by the blockade dé novohistamine production, inhibition of histamine
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binding or intracellular interaction of histaminathvcytochrome P-450 moieties. All these
data indicate a substantial role of histamineinnvitro DC differentiation [9]. Similar
inhibitory effect of histamine has been detectedGidla expression during vitro DC
differentiation that was antagonized by gRHantagonist [65]. After differentiation, a variety
of factors of viral or bacterial origin (such as3.Br cytokines like IFN, IL-113, TNFe) may
induce terminal maturation of DCs. However, no @ffef histamine was detected in LPS

driven maturation of immature monocyte-derived [D&5].

Endocytosis

Immature DCs (IDCs) exhibit extraordinary abilitp tsample their surrounding
environment. They utilize different receptors andchmnisms for antigen capture such as
phagocytosis of particles, macropinocytosis whickuros constitutively in DCs and allows
continuous internalization of antigens present he fluid phase, and receptor-mediated
endocytosis which involves the internalization oluble antigens after clustering of receptors
in clathrin-coated pits.

After histamine challenge, an elevated fluorescsathiocyanate-labeled (FITC) latex
bead phagocytosis was observed by human monockiteedeDCs [65]. Other authors
reported that phagocytosis of FITC-ovalbumin-cod@uA) latex beads by murine DCs was
not stimulated by histamine [56], their results\sbd that histamine was able to increase the
endocytosis of soluble HRP (horseradish peroxidase) FITC-OVA. Enhancement of
endocytosis was completely suppressed byR &htagonist, but not with,R and HR/HsR
antagonists. One may conclude that the ability istamine to increase antigen uptake
depends on the form of antigen and/or on the mesimaof antigen internalization by DCs
[56].

DC migration

Migration is an important and indispensable featokeDCs. IDCs migrate to both
body surfaces and interstitial spaces where thajtlyemake contact with self- or foreign
antigens. After antigenic challenge, migration @<Dis a prerequisite to activate T cells and
thus, link innate and adaptive immune responses.

In human monocyte-derived IDCs (but not in matu@sOMDCs)) histamine, HR
and HR agonists induce intracellular €anobilization and F-actin polymerization in a dose-
dependent manner [60]. Dangjal. also found that histamine mobilized intracelluGe " in

human monocyte-derived DCs that was inhibited ky;R/H;R antagonist. Another study
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demonstrated similar effects of histamine regardiofjn polymerization in IDCs, however,
the data on the receptors involved were controgkersiccording to Gutzmeet al. H,R and
H4R agonists trigger F-actin polymerization, an dfféat can be antagonized by specific
receptor antagonists [58] [61].

Several independent research groups establishadhisi@mine [59] [61] or HR
agonists [60] [61] are strong chemotaxins for IDI@scontrast, they are ineffective for MDCs
suggested by the observation that MDCs did not ategin response to histamine challenge
[60]. By using specific receptor antagonists theolmement of both BR [59] [60] and HR
[60] has been shown in the modulation of DC migmatin vivo studies revealed that LC
migration to draining lymph nodes was modulatedniast cell-derived histamine, and this
effect was blocked by aR antagonist [67]. Mouse DC migration was impaibgda HR
antagonist; upom vivo administration of JINJ7777120 reduced number ofllkadédCs was
detected in lymph nodes [68]. Histamine viaRi also promotes peptidoglycan-induced
accumulation of DC subsets in lymph nodes [69].alrskin DC migration assay both
histamine and a MR agonist induced an enhanced chemotaxis whichbleaked by HR and
H4R antagonists. These results were confirmethbyitro migration experiments using bone
marrow-derived mouse DCs [70].

Thus, based on botim vivo andin vitro data, histamine is able to modulate DC
migration via different receptors.

Antigen presentation

Even though an increasing body of evidence supploatshistamine has an impact on
antigen presentation, this essential immunologigedcess needs further investigation,
especially because most results are obtained franmmexperiments.

Expression of costimulatory and accessory moledi@&st0, CD80, CD86) and MHC
class I, involved in effective antigen presentafiare enhanced by histamine transiently on
human monocyte-derived IDCs. FurthermorgRFind HR antagonists prevented histamine-
induced CD86 expression [57]. Mazzoni also repodedoderate, but consistent increase in
CD86, CD80 and MHC class Il expression howevertahitne had no effect on the
expression of CD40 [66].

Splenic DCs of HDC mice kept under histamine-free conditions, dispthg more
efficientin vitro antigen presentation as compared to cells frommi€e. This difference was

not a result of an altered distribution of DCs hbew or within the major functional sub-
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populations or to major changes in the costimujataolecule profile (e.g. CD40, CD8O0,
CD86) [71].

Cross-presentation is the process by which exitdaelantigens (normally presented
in association with MHC class Il molecules), areitenl for presentation on MHC class |
molecules, enabling extracellular antigens to atvCD8 T cells. This pathway may lead
either to tolerize or activate of antigen-specBiD8" T cells. Histamine markedly improved
cross-presentation of soluble OVA, but not thaD&A-coated latex beads in mouse IDCs.
Thus, it seems that the ability of histamine taé&ase cross-presentation is dependent on the
form of the antigen and/or the mechanisms throufglthwthe antigen is internalized by DCs,
since cross-presentation of the pinocytosed bubhtite phagocytosed OVA was facilitated
by histamine. Interestingly, the expression of MHbut not that of MHC | was increased
after histamine treatment, and the stimulation afss-presentation was prevented by
H3R/H4R antagonists [56].

T cell polarization

DCs are professional antigen presenting cells, kvkitectively prime naive antigen-
specific T cells. Based on their ability to dir@dtl or Th2 differentiation, MDCs fall into the
categories of either dendritic cell 1 (DC1) or detncicell 2 (DC2) phenotypes, which in turn,
facilitate the development of Thl and Th2 cellspextively. DC maturation is associated
with the synthesis of numerous cytokines and cheémegkthat act on T cell polarization. The
most intensively studied cytokines include the Tyde IL-12 and the Th2 or T regulatory
type IL-10.
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Figure 5.
Summary of histamine effects on DC functions

Arrows indicate the source of histamine (H), thectal impacts and their direction (decrease
or increase) on DC functions via different HRgR-H4R).

The majority of experimental data support thatdmshe induces an altered cytokine
expression profile in DCs, and favor Th2 polariaati This effect is exhibited even in the
presence of IF a strong DC1 promoting factor [57]. Histamineibited LPS- or IFN-
induced IL-12 responses and the production of sother pro-inflammatory cytokines such
as IL-13 and IL-6. This effect could be antagonibgdboth H and H receptor antagonists
[57] [58] [66]. Others demonstrated the involvemehtooth HR and HR but not HR in
histamine-induced suppression of IL-12 productioncontrast, relevant Th2 cytokines and
LPS-stimulated IL-8 and IL-10 synthesis, were digantly increased in histamine-treated
human monocyte-derived MDCs [60] [66].

After the discovery of KR, the possible involvement of this receptor in Th
polarization was studied extensively. It was denvaesd that the reduced production of the
paramount Thl cytokine, IL-12p70 was mediated mdy by H,R but also by kR [61]. In
vitro studies indicated that in DCs fromM®™ mice and upon the blockade offiof mouse

splenic DCs, cytokine (IL-6) and chemokine prodmect{KC, MIP-1 alpha) were significantly
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decreased. Furthermore, the ability gR-eficient DCs to induce Th2 responses in T aslls
limited [55].

The migration of Th cells into target organs is ulated by different sets of
chemokines. Histamine was shown to upregulate théyation of Th2-attracting chemokines
CCL17 and CCL22 and to downregulate ¥Nduced CXCL10 production by human
monocyte-derived IDCs [72].

These data indicate that histamine is involved 2 Polarization, it downregulates
IL-12 secretion and stimulates the synthesis ofagefTh2-attracting chemokines and IL-10
by DCs (Figure 5.).

4. AIMS OF THE STUDIES

During their life cycle DCs are often get exposechistamine. This multifunctional
amine is known to influence DC differentiation aisdnvolved in the regulation of various
DC functions. The activities of DCs may be asseciavith more than one HR, as shown by
the role of HR and HR in the functional activities of these cells [38B]. However, after the
discovery of the novel R, some previous results await for re-evaluatedisTIimn our two
experimental systems first we tested whether histanmad an effect on the functional
activities of mouse DCs. The migration, adhesioytokine production and the antigen
presenting function of DCs were investigated. Belytrese studies we also investigated the
possible impact of the lastly discoveredRHin mediating these histamine effects. A gene
knock out (KO) mouse model arnd vitro receptor blocking were used to answer these

guestions.

Specific guestions addressed in the murine system:

» Comparison of HR expression in splenic and bonegonaderived DCs

» Investigation of the effect of histamine mrnvitro antigen presentation

« Testing the role of kR in histamine-modulated antigen presentation in add HR™
DCs

* Testing the role of histamine andRlin DC migration and adhesion

* The role of HR in the cytokine production a@f vitro activated DCs
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« Comparison of cytokine production of DCs isolatednf WT and HR’ mice

following in vivo activation

It is also known that CD1and CD14 DCs derived from human monocytes exhibit
distinct functional characteristics being the CDgabset more inflammatory as compared to
its CD1a counterpart. The cytokine, chemokine productiod phagocytic function of the
two subpopulations are also different [74]. We plaged that histamine could affect (perhaps
differently) the activities of the two subsets atie results would enable us in better
understanding the mechanism of histamine on DCsfartler the diseases in which these
cells were involved. Therefore, in the second degxperiments we tested how histamine
influences the development and functional actisitief CD1a and CD14 DC subsets
differentiated in vitro from human CD1% blood monocytes. We also tested the HR

dependence of the identified effects.

Specific questions addressed in the human system:

« Comparison of HR expression in the functionallytidis CD1a and CD14 DC
subpopulations derived from human blood monocytes

» Testing the effect of histamine on the differembiatof DC subsets

« Investigation of the modulatory role of histamine@®@D1a and CD14DC activation

» Impact of histamine on DC cytokine and chemokirapction of DCs

* Testing the effect of histamine on vitro DC migration by using specific receptor
blockers. Identification of the receptor resporsilfbr the modifying effect of

histamine on DC functions.
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5. MATERIALS AND METHODS

Mouse studies

1. Animals

H.R” mice were generated by Lexon Genetics, and weral\kiprovided by Dr. Robin L.
Thurmond (Johnson & Johnson Pharmaceutical ReseadtiDevelopment, San Diego, CA,
USA). Mice were crossed on to BALB/c backgroundgeven generations in our laboratory.
Homozygous wild-type controls (WT) of the same lwaioks number and generation were
used as controls. For all experiments, mice weretaiaed under specific pathogen-free
conditions,at constant temperature (22°C) and under a ligbieayf 12 hours light/12 hours
darkness in groups of 10. Food and water wereyfraehilable. Animals weresed at 8-12
weeks of age. All experiments were carried out witle approval of the local ethics
committee. The authors adhered to the Declaratidfietsinki and the IASP for the care and

use of animals throughout the study.

2. Primary cells

DC isolation

DCs were purified from spleens of WT andR{ mice after collagenase D digestion (2
mg/ml in RPMI supplemented with antibiotics) (Rodd&gnostics, Mannheim, Germany).
CD11c¢ cells were obtained by CD11c-MACS immunomagnetad selection (Miltenyi
Biotec, Bergisch Gladbach, Germany) according & rttanufacturer’s instructions. Briefly,
spleens were put into Petri dishes and injectett wailagenase D solution, cut into small
pieces and incubated for 30 min at 37°C. Cell susipa was filtered (40 um filter), washed
with MACS buffer (1xPBS+0.5% BSA+(Sigma-Aldrich, Benhofen, Germany) 2 mM
EDTA) and the final concentration was set t8 ¢6lls/400 pul MACS buffer. Then 5 pl anti-
mouse CD16/CD32 (Fdl/ll receptor blocking agent) monoclonal antiboBD Biosciences
PharMingen, San Diego, CA, USA) was added to tlis ¢& min; 4°C) to minimize aspecific
binding. After addition of CD11c microbeads {1ells/100 pl) cells were incubated for 15
min at 4°C, washed and cell numbers were set foclls/500 pul MACS buffer. MS/LS
columns (Miltenyi Biotec) were used for magnetidi separation. After binding of CD11c
cells, the column was washed 3 times and the welie eluted with 1 ml/3 ml MACS buffer.
With this procedure the average yield was ~ 2xddlls from a spleen. The homogeneity of
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the cell population was controlled by flow cytonyetthe frequency of CD1IdDCs wasl
95% in all experiments (Figure 6.).
For setting up short ternm vitro cultures, DCs were put into RPMI-1640 medium (Sigm
Aldrich) supplemented with:

* 10% heat-inactivated FCS (Invitrogen, Gibco, P&isléSA)

* Penicillin (50 U/ml, Invitrogen)

e Streptomycin (50 pg/ml, Invitrogen)

e L-glutamine (2 mM, Invitrogen)

* 2-mercaptoethanol (200 uM, Sigma-Aldrich)
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Figure 6.
Distribution of CD11¢& DCs after magnetic cell separation

Detection of CD11c expression was assessed bycdytemetry after separation of spleen-
derived DCs. Based on the forward and side scgdff &C-SSC) dot plots (A) DCs were
identified by the cell surface expression of CDithin the morphologically viable cell
population (B). Figure C shows a representative ot without staining of the cells and D is
a histogram of CD1Tcmorphologically viable cells. Green line and thé Marker represent
control staining and the difference between thetrmbnand specific CD11c staining
intensities, respectively.

In vitro differentiated mouse DCs

For DC differentiation the procedure of Lugr al.[75] was used. Briefly, bone marrow was
flushed from tibiae of the mice with PBS. Clusteiighin the suspension were disintegrated
by vigorous pipetting. After washing the cells, B%lcells in RPMI-1640 medium
supplemented with Penicillin (100 U/ml), Streptonmy¢100 pg/ml), L-glutamine (2 mM), 2-
mercaptoethanol (50 uM) and 10% heat-inactivate® B6d 200 U/ml recombinant mouse
(rm) GM-CSF (R&D Systems Inc. Minneapolis, USA) weransferred to bacteriological
Petri dishes with 100 mm diameter and incubate®7tC. At day 3 another 10 ml medium
containing 200 U/ml rmGM-CSF was added to the glafd¢ days 6 and 8 half of the culture
supernatant was collected and centrifuged. The psdlet was resuspended in 10 ml fresh
medium with rmGM-CSF and put back into the origip&dte. At day 10 the differentiated
cells were used for th vitro experiments. To reduce granulocyte contaminatiosame
experiments culturing of cells was continued uh8ldays in the presence of lower (30-100
U/ml) amounts of rmGM-CSF. The ratio of CD11DCs varied between 85%-95% as

controlled by flow cytometry.

3. Phenotypic characterization of DCs

The expression of HRs (R, bR, H4R) and the relevant DC markers (CD11lc, CD11b,
MHCII, CD40, CD80, CD86) was measured by flow cyatng (Table 2.). After washing the
cells in 1% BSA+PBS, they were stained with 0.5yh@ntibody in 50 ul 1% BSA+PBS
solution, incubated 20 min in dark, washed agaid fixed in 200 pl 2% PFA solution
(Sigma-Aldrich). Part of the cells (splenic or éiféntiated DCs) was treated with histamine
(2 puM and 10 puM).
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The length of histamine incubation of splenic D@sthe presence of rmGM-CSF) was 4 or
19 hours, whereas bone marrow-derived DCs werg¢ettean day 13 with histamine for 24
hours.

For detection of HR expression, the cells werd fabelled with CD11c-specific antibody for
20 min, washed, fixed and permeabilized with 2 nap&in-PBS (Sigma-Aldrich) and
immediately centrifuged. HR-specific antibodies;RH1 pl; BHR 2 ul; or HR 1 ul) were
added to the pellets and incubated for 20 min, e@simd stained with biotinylated anti-rabbit
lg (1 ul). Finally, streptavidin-APC staining wased to detect the receptor proteins.
Fluorescence intensities of samples were detegteACS Calibuf™ (BD Biosciences). 1

png/ml lipopolysaccharide (LPS, Sigma-Aldrich) wased to activate DCs at 37°C for 24

hours.
Flow Cytometry Antibody Manufacturer
CDllc PE Hamster Anti-Mouse CD11c BD Biosciences Pharl&‘h’mp
CD11b FITC anti-mouse CD11b BD Biosciences PharMindien
CD40 FITC anti-mouse CD40 BD Biosciences PharMinglen
CD80 FITC anti-mouse CD80 BD Biosciences PharMingen
CD86 FITC anti-mouse CD86 BD Biosciences PharMinglen
MHCII FITC anti-mouse I-A/I-E BD Biosciences PharMingen
H:R Rabbit Anti-Rat HR 1gG Alpha Diagnostic
H2R Rabbit Anti-Rat HR 1gG Alpha Diagnostic
H4R Rabbit Anti-Mouse (Rat) IgG Santa Cruz Biotechnglog
secondary antibody | Anti Rabbit Ig biotinilated from Amersham International
donkey
terciary antibody Streptavidin APC BD Biosciences PharMingIan

Table 2.
Specification of antibodies used for flow cytometmeasurements

The table summarizes the labelling, isotype, sowand commercial availability of the
antibodies applied in flow cytometric measurements.

4.1n vitro antigen presentation and IL-2 production
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Freshly isolated mouse splenic DCs (Zkg6lls/well) were co-cultured with the 5/4E8 T cell
hybridoma cell line (2x10cells/well) , specific for the human aggrecan @tjuke [76] for 24
hours at 37°C. Wells contained 2Q0 culture medium and Jug/ml human aggrecan G
peptide (ATEGRVRVNSAYQDK) (kindly provided by Szilv Bésze and Ferenc Hudecz,
Research Group of Peptide Chemistry, Hungarian é&tgdof Sciences, Eo6tvos Lorand
University, Budapest, Hungary). In technical cohtsells no peptide was added. 24 hours
later IL-2, produced by the activated 5/4E8 hybm@docells, was measured by sandwich
ELISA (R&D Systems Inc.) according to the manufaetis instructions. DCs were
challenged with different concentrations (0.1 uMXAQM) of histamine (Sigma-Aldrich), or
4-methylhistamine (4-MH, 1-100 pM, Tocris BiosciencEllisville, USA) administered
together with the aggrecan peptide. In some exmgrisnHR antagonists, famotidine ;4
ligand, 10 uM, Sigma-Aldrich) and JNJ10191584,RHigand, 10 uM, Tocris Bioscience)
were applied 1 hour before histamine (1 uM) treatimia Dulbecco’s modified Eagle’s
medium (DMEM, Sigma-Aldrich) supplemented with:

* Penicillin (50 U/ml)

e Streptomycin (50 pg/ml)

e L-glutamine (2 mM)

» 2-mercaptoethanol (50M)

* 10% heat-inactivated FCS

* 1% non-essential amino acids (Sigma-Aldrich)

* 1% sodium pyruvate (Sigma-Aldrich) was used in albhtigen presentation

experiments.

5. In vitro migration assay

Migratory response of WT and,R” DCs was examined in 24 well Transwell plates
(Corning Incorporated/Costar, New York, USA) of Bi{pore-size polycarbonate filters. The
Transwell system was preincubated for 1 hour befloeemigration assay, with 6Qd and
200 pl medium (complete RPMI-1640) in the lower and tigper chambers, respectively.
Then the upper chamber with the membrane was filligd 200 pl of cell suspension (110
cells/ml) in RPMI-1640 and 600 pl of medium withwithout histamine (1, 10, 100 uM) or
4-MH (1, 10, 50 uM) was added to the lower chamb&mntrol wells contained only RPMI
medium. Migration was allowed for 2 hours at 37 Tanswells were removed and 2%10

polystyrene microparticles (diameter of 15 um, BlWkhemie GmbH, Buchs, Sweden) were
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put into the lower chamber. The number of transategt cells in the bottom chamber was

counted by flow cytometry normalized to polystyrenieroparticles.

In the experiments using differentiated DCs 1 pktdmine was added to the cells on days O,
3, 6 and 8 of the differentiation process. Migratmf 10-day bone marrow-derived DCs of

WT and HR”" was compared by using the same experimental gbtoc

6. Cell adhesion assay

Adhesion characteristics of DCs were determinedth @it impedance-based method by using
the XCELLigence RTCA SP system (Roche Applied Smernndianapolis, IN, USA) [77].
Theoretical background of the measurement is tiadler cells are good insulators. Therefore,
adhesion of cells to small reference electrodesnected to AC circuits, real-time increases
the impedance and this value correlates with tHe reembers attached [78]. The main
advantage of this method is that it enables read-tdetection of adhesion. Bottom areas of
wells in E-plate®96 (Acea, San Diego, CA, USA) served as gold edeetfurnished surfaces
of the measurements. Prior to the experiments ldetredes were coated with 250.025%
human plasma fibronectin (FC010 Millipore, Temec@l#®, USA) containing 0.1% gelatin
solution (Sigma-Aldrich) for 20 min at 4 °C. In theext step the coating solution was
carefully removed from the wells, and 1@0complete medium (RPMI-1640) was added as a
reference substance of baseline measurements.ableérte impedance was detected in tissue
culture incubator (37 °C, 5% Gfor 1.5-2 hours. DCs were gently removed and sndpd

in 100 ul culture media, quantified, and seeded into wgi8.000 cells/well of E-plate in
triplicate). Values of impedance (Z) were recorded real time mode at 10 kHz for 12 hours
(sampling frequency of data collection was 1/15.skapedance was represented by the cell
index (CI) values ((&Zo)/Fi [Ohm]/15[0Ohm], %: background resistanceg:4ndividual time
point resistance, Fconstant characteristic for frequency) and thigadeell index ACI) was
calculated for the baseline. Cl data were analyretithe slope of the curve was calculated by
RTCA software v1.2 (Roche Applied Science). Thavgaffe enables the evaluation of several
parallels by simplifying the mathematics. Althoutghvalue is changing by time, the slope for
any time interval can be calculated, even if thev@lue does not change. The program
considers the starting and the end points and &heevof the slope is always lower that the
slope of a fitted line. By this recommended modeewéluation we can not associate a
biological function to a numerical, exact slopewslbut we are able to indicate the relative

speed of adhesion and indicate when it is faststawer. In the measurements we evaluated

31



Cl values at 2 hours beside CI time dependenceratite first 1.5 hour slope analysis was

performed by RTCA software as seen in Figure 7.
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Figure 7.
Measurement of cell adhesion

Typical adhesion curves of DCs (A) and determimataj the slopes of CI curves are
demonstrated (B) on the figure. Adhesion has débeanphases. After seeding of the cells a
fast increase is detectable in Cl values, then wihely are adhered to the surface reach a
stable state. Evaluation of the curves can be peréo by two methods: 1. comparing CI
values in a determined time point after completkesence of the cells or 2. calculating and
comparing the slopes of the CI curves in a chosee period by performing a linear-line fit.

7. In vitro DC stimulation

Spleen-derived CD11dDCs were plated to 12 well plates at a densitpdfd® cells/well in
complete RPMI-1640 medium. With the exception & tontrol wells, DCs were incubated
with 1 pg/ml LPS for 24 hours at 37 °C. Before Lftignulation, cells were pretreated either
with a H|R agonist (4MH, 0,1 uM) alone for 15 min or witlHaR antagonist (JNJ7777120,
10 uM, Sigma-Aldrich) for 15 min prior to the agshireatment. After incubation the cells

were processed for RNA isolation and subsequefitirea PCR analysis.

8. In vivo DC stimulation

WT and HR” mice (6 animals in each group) were injected ipe&toneally with either 200

plI CFA emulsion (Sigma-Aldrich) containing 0.1 mighycobacterium tuberculosis H37 Ra
or 200 ul PBS. After 7 days of immunization, micere sacrificed and spleens were removed
for DC isolation. The obtained CD11®Cs were used for RNA preparation followed by
reverse transcription and quantitative PCR analysis
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9. RNA isolation

RNA isolation was performed with RNe&swini Kit (Qiagen, Duesseldorf, Germany)

according to the manufacturer’s instructions. Dgitinis protocol samples were digested with
the mixture of 10 ul DNase | solution+70 pl RDD teuf(Qiagen) and incubated for 15 min.
Purity of RNAs was determined with NanoDrop ND-10§f@ectrophotometer (NanoDrop

Technologies, Wilmington, DE, USA) on UV 260/280.nm

10. Reverse transcription
2 ug total RNA/sample was reverse transcribed using
4 pl 10x buffer (M§" free, Promega Corp. Madison, WI, USA)
e 8 ul 25 mM MgC} (Promega)
e 4 ul10 mM dNTP mix (100mM each, Promega)
* 2 pl RNasin Ribonuclease Inhibitor (Promega)
e 1 pl Random primers (Promega)
e 1 pl MuLV reverse transcriptase (Applied BiosysteRwster City, CA, USA)
* H,O for 40 pl

11. Quantitative real-time PCR

Relative quantification of target mRNA was perfodneith a TagMan real-time RT-PCR
assay on an ABI Prism 7000 Sequence Detection @y@eplied Biosystems) following the
manufacturer’s instruction¥agman probe sets were used as follows: TINFE-103, IL-6, IL-
4, IL-10, Gata-3, IL-12, IFN T-bet, CCR7, CCL19 and GAPDH as housekeepingriate
standard/control. All probe sets were purchasenh fApplied Biosystem3aNells of 96 well
plates (Thermo Scientific) were filled with the mire of 7.5ul Tagman Universal PCR
Master Mix (Applied Biosystems), 0.46 probe, 1.2ul cDNA and 5.52ul H,O (15 pl/well).
GAPDH-normalized signal levels were calculated gsive comparative @ethod.
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Gene symbo Assay code

TNF-a Mm00443258_m:

IL-113 MmO00434228_m!:

IL-6 MmO0446190_m: Table 3.

T Mm00445259_m’ Quantitative real-time PCR primers and probes
70 [WmonosTa | [ne ble surmarzes e speciatons o hewn|
Gata-3 MmO00484683_m:

IL-12 MmO00434165_m!:

IFNy MmO00801778_m:

T-bet MmO00450960_m!:

CCRY7 MmO00432608_m!:

CCL19 MmO00839967_g1

GAPDH Mm99999915 g1

12. Western blot analysis

Cells were washed in 1xPBS and then lysed in Pd&&adviammalian Cell Lysis Reagent
(Fermentas GmbH, Sankt Leon-Rot Germany) supplesdewith Aprotinin From Bovine
Lung (Sigma-Aldrich), Leupeptin trifluoro-acetate alts  (Sigma-Aldrich),
Phenylmethanesulfonyl fluoride (PMSF, Sigma-Aldjicland Sodium orthovanadate
(Na&gVOy). The samples contained 15 pg protein and wengbated (5 min, 100°C) in 4x
loading buffer (30% glycerin, 10% 3 mercaptoetha®ol M SDS, 0.25 M TRIS-HCI and
0.0001% bromophenol blue) and the protein bande weparated by electrophoresis (Mini-
Cell electrophoretic system (BioRad Laboratoriegrddles, CA, USA) in 10% Bis-Tris
polyacrylamide gel (Lonza, Basel, Switzerland) dhdn transferred to PVDF membrane
(BioRad Laboratories). After blocking with 4% BSA fiour), membranes were washed and
probed with primary antibodies (Table 4.). The AQ-Aomplexes were labelled with
appropriate HRP-conjugated secondary antibodies \asuiblized by ECL Plus Western
Blotting Detection Reagents (GE Healthcare, Budkargshire, UK) on x-ray film (Retina
XBM film Fotochemische Werke GmbH, Berlin, Germany)
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Western blot Antibody Manufacturer Applied dilution
H.R Rabbit Anti-Rat HR 1gG Alpha Diagnostic 1:2000
H.R Rabbit Anti-Rat HR 1gG Alpha Diagnostic 1:100
H4R Rabbit Anti-Mouse (Rat) IgG Santa Cruz 1:250
Biotechnology
secondary Anti Rabbit 1IgG Sigma-Aldrich 1:12500
antibody
Table 4.

Specifications of antibodies used in Western tiadigs

The table summarizes the isotype, source, diluaod commercial availability of the
antibodies applied in western blot measurements.

13. Statistics

Statistical analysis was performed using analybigaciance (ANOVA), as appropriate, and
Tukey test as post hoc test. Statistical signifteap value) less than 0.05 was considered as
statistically significant (p<0.05 is indicated by <0.01 is indicated by ** and p<0.001 is
indicated by ***). The Statistica program versiorm@s used for statistical analysis except

adhesion studies where Origin 7.0 software wasiegpl

Human studies

1. Monocyte separation andn vitro differentiation of DCs

Buffy coats were obtained with the written pernmossiof the National Blood Transfusion
Centre, Budapest Hungary. Peripheral blood moneamnatells (PBMC) were obtained by
Ficoll gradient centrifugation (Amersham Biosciesiceppsala, Sweden). CD1fhonocytes
were isolated from PBMC by immunomagnetic cell safjan using anti-CD14-conjugated
microbeads (Miltenyi Biotech). To obtain IDCs CO'¥2monocytes (>97%) were cultured in
6-well plates at a density of 2xX6ells/ml in serum-free AIMV medium (Life technoleg,
Carlsbad, California) supplemented with antibigtit80 ng/ml IL-4 (PeproTech Inc., Rocky
Hill, NJ, USA) and 80 ng/ml GM-CSF (PeproTech IndAt day 2, the same amount of
cytokines was added and the cells were culturedafmther 3 days. Resting DCs were
harvested on day 5, or were activated by LPS (It and IFN (10 ng/ml, PeproTech
Inc.) and harvested on day 6. When indicated, imista (10 uM) or histamine combined with
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specific HR inhibitors (10 uM) were added at dayaAd day 2 together with the
differentiating cytokines and when activated witP3+IFN, (100 ng/ml and 10 ng/ml
respectively). The following HR antagonists weredispyrilamine (HR antagonist, Sigma-
Aldrich), famotidine (HR antagonist), INJ7777120 and JNJ1019158R @htagonists).

2. Phenotypic characterization of DCs

Phenotyping of resting and activated DCs was peréorby flow cytometry using anti-CD83-
PE (R-Phycoerythrin, R&D Systems Inc.) and anti-@GBXPC (Allophycocyanin, Biolegend,
San Diego, CA, USA) antibodies (Beckman Coultegléah, FL, USA) and isotype-matched
control Ab (BD Pharmingen, San Diego, CA, USA). Feeasuring bR expression by DC
subsets the washed cells were labelled with 0.apgitr anti-human bR (Alpha Diagnostic
International Inc., San Antonio, TX, USA) in theepence of heat-inactivated normal mouse
serum as a blocking reagent. After 30 min inculpatio ice the cells were washed and labeled
with 1pg (0.5ul) Alexa488-conjugated goat anti-iaBab’y fragments (Invitrogene, Eugene,
OR, USA) together with 5ul PE-labelled mouse amtinian CD1a antibody (BD Biosciences).
Fluorescence intensities were measured by FACS@a|BD Biosciences, Franklin Lakes,
NJ), data were analyzed by the FlowJo softwareg Btar, Ashland, OR, USA). The CD1a
and CD14 cells were separated with FACS DiVa high-speetisteter (BD Biosciences).

A 633 nm red diode laser excitation was used fo€CA®njugated CD1la staining, and a 488
nm blue Argon laser excitation was used for PEwgajed CD83 staining. R-PE emission
was measured in the FL2 channel of the instrumetit 885/42 nm band pass (BP) filter
(reflected first by 560 nm short pass (SP) dicrmicror (DM) then 640 nm long pass (LP)
DM). APC emission was measured in the FL4 chanhdi@instrument with 661/16 nm BP
(reflected first by 560 nm SP DM then passed thinaing 640 nm LP DM). The CD83 border
on the CD83-CDla plots was set with the help of idmype-matched control 1gG1-
PE+CD1a-APC double staining of the same samples.thes CD1&"" and CD18%"*
monocyte-derived DCs were well distinguishable by i the flow cytometric plots, we have
drawn the CD1a border on the individual plots by é@ystead arbitrarily and avoided the
IgG1-APC control staining.

3. Real-time quantitative reverse transcriptase-pgimerase chain reaction (QRT-PCR)
Total RNA was isolated from DCs by Trizol reagelmvitrogen). Reverse transcription was
performed at 37C for 120 min from 100 ng total RNA using the Hi@lapacity cDNA
Archive Kit (Applied Biosystems). QRT-PCR fonR, H;R, iR H,R, MMP-9 and MMP-12
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genes was performed by ABI PRISM 7900 (Applied Batems) with 40 cycles at 9€ for

12 sec and 66C for 60 sec using Tagman gene expression assaysi€¢d Biosystems). All
PCR reactions were run in triplicates with a canteaction containing no RT enzyme. The
comparative Ct method was used to quantify traptcnielative to the endogenous control
genes GAPDH or 36B4.

Gene symbg  Assay code Table 5.

MMP-9 H300234579_m1| Quantitative real-time PCR primers and probes

MMP-12 Hs00899662 m1 The table summarizes the specifications of thegysm
— I applied in quantitative real-time PCR measurements.

36B4 HsOO420895_gHI

GAPDH Hs02758991 ¢ HI

4. Cytokine measurements
Culture supernatants of LPS+Ii-dctivated DCs were harvested 24 hours after LPS
treatment and the concentration of IL-6 and IL-18swneasured by using OptEIA kits (BD

Biosciences).

5. Migration assay

DCs were suspended at ®1€ells/ml migration mediun{0.5 % BSA in RPMI 1640).
Transmigration inserts (with 6.5 mm diameter andnd pore sizeyvere obtained from BD
Biosciences. The MIPf3chemokine (PeproTech Inc.) was diluted at 200 hgimigration
medium and added to the lower chambers in a viwlaime of 600 pl. DCs were addedthe
upper chamber in a final volume of 250 ul @ahd chemotaxis assay was conducted for 4
hours in 5% C@ at 37°C. At the end of the assay, the inserts wdiszarded and cells
migrated to the lower chamber were collected. Tinaler of cells migrated was counted by

using polystyrene standard beads (Sigma-Aldrichfjdwy cytometry.

6. Chemokine array

Chemokine gene expression profiling of CDaad CD14 DCs was studied with the Human
Chemokines & Receptors PCR Array assay (SABiose®M¢ Frederick, MD, USA) in
accordance with the manufacturer's recommendatiBnefly, total RNA was isolated from
the different cell populations using RNeasy Minit.KAfter DNase | digestion, first strand
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cDNA synthesis was performed by using the?RHirst Strand Kit (SABiosciencg%)
following the manufacturer’s instructions and irdihg a genomic DNA elimination step and
external RNA controls. For each sample, 900 ngtafl tRNA was reverse transcribed. Real-
time PCR measurement was performed using thed®CR Master mix (SABiosciencey
according to the manufacturer’s instructions onAlB¢ Prism 7000 real-time PCR platform.
For each analysis, 25 pl of the experimental calckfathe cDNA samples and RTgPCR
Master mix was distributed across the PCR arrawélb plates, each of which contained 84
wells with a real-time PCR assay for different clo&kne genes, 5 wells with assays for
different housekeeping genes, a genomic DNA conBofeplicate Reverse Transcription
controls, and 3 replicate Positive PCR controlstwo-step cycling program was used
consisting of an initial activating step of 10 nah95 °C and a second step of 40 cycles of
denaturation (95 °C, 15 s) and annealing (60 °@)ifd). Finally, each plate underwent a
melting curve program (95 °C, 1 min; 65 °C, 2 noptics off); 65 °C to 95 °C at 2 °C/min
(optics on). Gene expression levels were determarsetthe inverse of the Ct value. Ct values
greater than 35, or those not detected, were s&b.té\fter cycling with real-time PCR, the
amplification data were analyzed and statistiogthiicance was calculated by SABiosciences

on-line software.
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6. RESULTS

Mouse studies

1. HR expression of mouse splenic DCs

The presence of different HRs can be monitoredctlyreat the mRNA and protein
levels, or indirectly by testing the effects of iears receptor-specific ligands. Concerning HR
expression on DCs the available data are oftenradictory, especially those ofsR [60]
[61]. Thus we first investigated HR expressionhat protein level in splenic CD11&Cs by
Western blot and flow cytometry. As;R expression could not be detected by real-time PCR
this receptor was not tested furthefRHvas detected at 55 kDayRiat 40 kDa, while kR
showed a 44 kDa band by Western blot [79] [80] (Feg8.). Beside the specific protein band
of H4R another band of larger-size was also detectedhenmembrane, which could
correspond to a glycosylated form of the recediow cytometric analysis also confirmed
the cell surface expression of{ H:R and HR on splenic DCs (Figure 9.). Based on these

results we concluded that theRJ H,R and HR were expressed in mouse splenic DCs.

55 kDa

40 kDa

HiR H2R H4R
Figure 8.
HiR, H,R and HR expression in spleen-derived DCs (Western blot)

The expression of HRs in DCs was determined by mobiot analysis. After cell lysis the
protein bands were separated by electrophoresasierred to membranes and were probed
with receptor-specific primary antibodies (see ®aBl). The appropriate HRP-conjugated
secondary antibodies were used to visualize prad@inds corresponding toiHH, and H
receptors. Numbers indicate the molecular sizeth®fproteins: HR: 55 kDa, HR, 40 kDa,
H4R: 44 kDa, respectively. A typical result from aofethree independent experiments is
shown.
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Figure 9.
Expression of HRs on splenic DCs (flow cytometry)

Detection of HR expression {R, HLR and HR) was assessed by flow cytometry after
permeabilization of spleen-derived DCs using a ipleltstep staining protocol. Based on the
forward and side scatter (FSC-SSC) dot plots DCeewaentified by CD11c cell surface
expression within the morphologically viable cefipplation. Histograms showing CDT1c
morphologically viable cells demonstrate;R] HHR and HR expressions. Green lines
represent staining with anti-rabbit IgG antibodyngsd as control. M1 marker indicates the
difference between the control and specific HRngtgi intensities. Data of a representative
experiment out of three is shown.

2. Changesin HR expression during DC differentiation and activation

We monitored HR expression of bone marrow-derivedl G DCs on days 6, 8, 10
and 13 ofin vitro differentiation by flow cytometry. HR expression did not change
remarkably, while R (Geometric mean on day 6: 340 + 81; on day 1&:A426) and HR
(Geometric mean on day 6: 547 +; 28; day 13: 338 }expression was significantly reduced
during the course of DC development. When DCs weed with LPS on day 13 and tested
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for HR expression 24 hours later by flow cytomeiry observed that the expression gRH
and HR did not alter, while the surface expression giRlglevated significantly as a result of
LPS activation (Geometric mean on day 13: 338 + &@er LPS treatment: 479 + 106)
(Figure 10.).
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Figure 10.
Changes in HR expression in the coursmafitro differentiation and activation

Detection of HR (A), BR (B) and HR (C) expression on different days of DC diffelmin
from bone marrow (day 6, 8, 10 and 13; flow cytog)eDn day 13 DCs were treated by LPS,
for 24 hours and after staining the measurememt®$ was performed by flow cytometry (D,
E, F). Values shown are means + SEM of 4 indepdnelgreriments. Statistical significance
was calculated using one-way ANOVA, and Tukey ssshux test. (*: p<0.05).

3. In vitro effect of histamine on H4R and the peptide-presenting function of DCs
DCs are potent antigen presenting cells and thpeprpresentation of altered self- and/or

foreign antigens to T lymphocytes is essential taimain cell tolerance and/or antigen-
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specific T-cell activation and effector cell furats. Using atn vitro assay we first tested the

effect of histamine on the peptide-presenting cipac splenic CD11& DCs. DCs separated

from the spleens of WT mice were co-cultured witle taggrecan-specific 5/4E8 T cell

hybridoma cells in the presence or absence of huaggrecan peptide for 24 hours.
Histamine was added to the co-cultures at diffecenicentrations (0.1, 1, 10, 100 uM). As a
result of peptide-specific activation, the hybridoeells produced IL-2 cytokine in the range
of 4000-10000 pg/ml, while in the absence of amtiJecell activation did not occur. To

verify that the activation of IL-2 production bystamine is not a direct effect on T cells
(without the participation of DCs) control wells ntaining only 5/4E8 cells, antigen or

different concentrations of histamine were also set where IL-2 levels remained

undetectable. These results suggest that histazaimsignificantly reduce IL-2 secretion of T
cellsin vitro (Control: 100% * 6; 1 uM histamine: 80% = 5) (Figu1.A, p<0.05).

The role of HR and HR in some DC functions has previously been shovh [&s a
next step we investigated whethegRHplayed a role in the histamine-mediated effect on
antigen presentation. DCs were treated with diffecencentrations of the,R agonist 4-MH
(1, 5, 10, 50, 100 uM), and the level of IL-2 wagetted. Among the concentrations tested,
100 uM 4-MH could significantly reduce the antigeresenting capacity of DCs (Control:
100% = 3; 100 pM 4-MH: 72 £ 5) (Figure 11.B, p<0.0%he role of histamine was further
confirmed by using the specific receptor blockéasnotidine for HR and JNJ10191584 for
H4R both added at 10 uM 1 hour before histaminertreat. Antagonist-treated wells served
as controls. We found that theRlantagonist further reduced the antigen presemcapgcity
of DCs, while the BER blocker restored the histamine-mediated reducéiden presentation
(histamine: 73% = 3; histamine+JNJ10191584: 79%) {Fgure 12.A, p=0.057). These
results indicate that the4R specifically affects the histamine-mediated redgieffect on DC

peptide presentation.
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Figure 11.

Effect of histamine and 4-MH an vitro antigen presentation of spleen-derived DCs

WT splenic DCs treated with different concentragiai histamine (A; n=8) or 4-MH (B;
n=3) were cultivated with 5/4E8 T cells and humaggrecan peptide, and the IL-2
production representing the antigen-specific T geponse was determined by ELISA.
Values shown are given as means + SEM percentagemnfol. Statistical significance was
calculated by one-way ANOVA and Tukey HSD, ashmustest (*: p<0.05).

In the next experiment peptide presentation of W@ B4R’ DCs was compared. As
shown in Figure 12.B DCs that do not express foneti H[R on their surface possess
significantly higher antigen presenting capacit83% =+ 8) than WT cells (100% = 6) (Figure
12.B, p<0.001).
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Figure 12.

Role of HR in DC antigen presentation

Effect of 1 hour BFR (famotidine, 10 uM) and JR (JNJ10191584, 10 uM) antagonist
treatment on the antigen presentation of histanwiaated (1 uM) WT DCs (A; n=8; main
effects ANOVA). Comparison of WT angRH DCs antigen presentation (B; n=4; one way
ANOVA). Values shown are given as means + SEM pege of control. Statistical
significance was calculated by ANOVA and Tukey H&Dpost hoc test (*: p<0.05, ***:
p<0.001).

4. Comparison of the expression of costimulatory moleculesin WT and H4R” DCs

Several data revealed that the pattern of surfadeaules on the DCs’ membrane has
an important role in T cell activation. Thus, wevéstigated whether WT and,R’" DCs
differed in the cell surface expression of chamdstie DC proteins and costimulatory
molecules and thus could be responsible for altpegutide presentation and T cell-derived
IL-2 production.

First WT and HR™ histamine-treatefl uM, 4 and 19 hours) or untreated splenic DCs
were studied by flow cytometry. Neither the expi@s®f the DC marker CD11c, nor MHCII
or the costimulatory molecules CD40, CD80, CD86 wafsred significantly in the presence

of histamine when compared in the two animal grdiogure 13.).
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Figure 13.
Expression of characteristic surface moleculesrdreated (C) and histamine-treated (H)
spleen-derived WT () and HR” (m) DCs

Results of flow cytometric analysis of cell surfacarkers and costimulatory molecules on
splenic WT and kR” DCs after 4 and 19 hours histamine treatment (1).;\lues shown
are means + SEM of 4 independent experiments s8taili significance was calculated using
two-way ANOVA and Tukey as post hoc test.

Next, in vitro generated DCs were applied, to which differentceottrations of
histamine (1 uM, 10 uM) were added on day 13 diedghtiation, then 24 hours later the
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characteristic surface- and costimulatory molecuMe measured by flow cytometry.
Surface expression of the molecules tested didliffer significantly between WT and,R”
DCs or after histamine treatment (Figure 14.). Base these results the differences found in
the antigen presenting capacity of DCs could notatigbuted to changes in cell surface

molecule expression of the cells.
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Expression of surface markers of differentiatedeated (C) and histamine-treated (H) WT
() and HR" (m) DCs
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On day 13 of in vitro differentiation WT and®” DCs were treated with histamine (1 uM,
10 uM), and after 24 hourthe expression of characteristic surface- and oagkatory
molecules was detected by flow cytometry. Valuewstare means + SEM of 4 independent

experiments. Statistical significance was calcwatsing two-way ANOVA and Tukey as
post hoc test.

5. Role of histamine and H4R in in vitro migration of DCs

The sentinel function of DCs requires continuousrgdieng of blood, peripheral
tissues, lymphatic vessels and lymphoid organs @tgg by constant migration. Histamine
and HR was shown to have a role in eosinophil, mast aetl human DC migration and
chemotaxis [47].

The role of histamine and4R in the migration of splenic- or bone marrow-dedv
DCs was investigated with the help ofiarvitro migration assay. First the effect of different
concentrations of histamine (1, 10, 100 uM) or 4-NKl 10, 50 uM) was tested on splenic
DC chemotaxis in Transwell system. The numberargmigrated cells was detected by flow
cytometry normalized to a defined number of micrapkes. Neither different concentrations
of histamine, nor the R agonist 4-MH could influence DC migration sigo#ntly (Figure
15.A and B).

Then we hypothesized that prolonged histamine rtreat, if applied during DC
differentiation may induce changes in the migratocapacity of the cells. To investigate this
possibility DCs were differentiated in the presenceabsence of 1 uM histamine added on
days 0 and 3; 6 and 8 or 0, 3, 6 and &ofitro cultures. On day 10, the migration of DCs
was studied in Transwell system. Figure 15.C shaw®nd of stimulated DC migration by

histamine in a time-dependent manner, but thisees® was not statistically significant.
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Effect of histamine and 4-MH on the migration capaof WT DCs

Results of migration studies performed in in vifranswell system after treatment with
different concentrations of histamine (A; n=6; omay ANOVA) and 4-MH (B; n=12; one-
way ANOVA). Migration of bone marrow-derived DCegated with histamine during
differentiation (C; n=5; one-way ANOVAYalues shown are means + SEM of independent
experiments. Statistical significance was calcuaising ANOVA and Tukey as post hoc test.

Finally, migration of WT and BR”" DCs tested on day 10 of bone marrow-derived DC
differentiation was also compared in Transwell chamm. Results shown in Figure 16.
indicate that DCs derived from 4R-deficient mice show significantly lower migratory
capacity (52145 + 6531) than their WT counterp&f8303 + 2883).
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Figure 16.
Comparison of the migration capacity of WT angRi DCs

Migration capacity of bone marrow-derived differiatéd DCs of WT and R” mice. The
number of DCs migrating through the Transwell meanler was measured by flow cytometry
and were normalized to 2x10nicroparticles. Values shown are means + SEM of 7

independent experiments. Statistical analysis waopmed using one-way ANOVA and
Tukey as post hoc test. (*: p<0.05)

6. Adhesion studies

Migration is a complex process that can be infleehby cytokines, chemokines and
adhesion molecules. To ascertain the functionakdracind of the difference between WT
and HR” DC migration adhesion studies were performed. Befiiated DCs were plated

onto 96 well plates supplied with special electsodeaitable for measuring cell adhesion.
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Time course characteristics of DC adhesion are showFigure 7. (see Methods section).
After plating, the cells attach and spread reldyivast, which is detected as a steep increase
of Cell Index (Cl) values. The adhesion curve ofsDi@ated with 1 pM histamine shows
similar slope with the control, albeit with a faskinetic (Figure 17.A). 2 hours after seeding
the cells addition of histamine induces a signiiicecrease in Cl value as compared to the
control (Cl control: 1.20 + 0.01 ; histamine: 1£28.03) (Figure 17.B).
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Figure 17.

Effect of an acute histamine treatment on DC adimesi

Adhesive capacity of DCs was measured in a rea-taystem. Calculation ofCl was
performed for the baseline. Detection of time cewlsaracteristics of the adhesion curve (A),
and Cls of control and 1 uM histamine-treated (s after 2 hours (B) are shown. Values
shown are means + SEM of 5 independent experimettistical significance was
calculated using one-way ANOVA (*: p<0.05).

In the next experiment we investigated if a chramistamine challenge during DC
differentiation may influence adhesion of the cel@ells were treated with different
concentrations of histamine (1 uM and 10 uM) on @a¥, 6 and 8 of differentiation and cell
adhesion was measured on day 10. Histamine indmrtbentrations could enhance CI values
compared to the control (CI: 1.19 + 0.01), howeprrtreatment with 1 uM histamine (ClI:
1.30 £ 0.02) was more effective in increasing adkhesion than the 10 uM concentration (CI:
1.24 + 0.02) (Figure 18.). Comparing the slopeshefadhesion curves demonstrated that 1

MM histamine applied during DC differentiation geated a faster and on the whole an
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increased adhesion, which could not be influencgdadiditional histamine applied right

before the experiment (Figure 19.).
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Figure 18.

Effect of a chronic histamine treatment on DC adires

Monitoring the effect of 1 puM and 10 uM histamimieled during in vitro differentiation on
the adhesion characteristics of DCs. Detectionmétcourse characteristics of the adhesion
curve (A, B), and comparison of Cls of controltdmsine treated (H) (during differentiation

(9 days)) and histamine pretreated (during difféi@ion and on the day of measurement
(9days+day 10)) DCs after 2 hours (C, Malues shown are means = SEM of 3 independent
experiments. Statistical significance was calcudatising one-way ANOVA (*: p<0.05, **:
p<0.01, ***: p<0.001).
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Figure 19.
Effect of a chronic histamine treatment on DC adires

Monitoring the effect of 1 pM and 10 pM histamir¢) @dded during in vitro DC
differentiation on the adhesion characteristicstioé cells. Calculation of the slopes was
done after 1.5 hours of cell plating. Values shcave means + SEM of 3 independent
experiments. Statistical significance was calcudaising one-way ANOVA (***: p<0.001).

When we compared the adhesive properties of WTHuRI™ DCs, cells of different
genotypes had similar adhesion characteristicsinbtlte first period (72 min) the average CI
of H4R" cells showed a faster increase than that of thec@lf§. Five hours after seeding the
difference of the two cell types was diminishedeThst phase (72 min) of cell adhesion is
also characterized by the slopes of the curves,shoded significant difference of the two
investigated DCs; the J/R”" curve had increased ClI value (0.23 + 0.03) (FiQ@r&\). About
120 min after seeding, the CI showed significamtifferent values in WT and R cells
(0.19+ 0.01 and 0.26% 0.02), respectively (FigupeB2.
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Figure 20.

Adhesive properties of WT andyR’™ DCs

Attachment and spreading of WT angRi DCs on microelectrode sensors were monitored
by a real-time cell electronic sensing system. AGéwas calculated for the baseline at the
time of the cell seeding and represent the averagjee of 6 parallel experiments in
triplicate. (A) Average of the slope values of @iecurve for the first 72 minutes (n = 6). (B)
AverageACl data at 2 hours after seeding (n = 6, **: p<0)01

To test whether kR is the HR responsible of the difference showroteefWT DCs
were treated with HR, HbR and HR antagonists (10 uM) in the presence or absence of
histamine and cell adhesion was measured. Blocking;R and HR did not result in a
considerable change as compared to control or rhisé treated cells, while the 4R
antagonist JNJ10191584 could effectively reduceJ(¥#310191584 CI. 1.22 + 0.01) the
increasing effect of histamine on DC adhesion (H1Z18 + 0.03) (Figure 21.).
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Role of R in DC adhesion

Monitoring the effect of histamine (H), 4Rl antagonist JNJ10191584 or histamine in
combination with FR antagonist applied on day 10 of in vitro differation on the adhesion
of DCs. Detection of time course characteristicshef adhesion curve (A), and comparison of
Cls after 2 hours (B). Values shown are means (B& 5 parallel experiments. Statistical
significance was calculated using one-way ANOVA¢0.05).

7. Effect of H4R on cytokine production of in vitro stimulated DCs

Functional characteristics of DCs can effectivelyjuence the type of antigen-specific
immune response by polarizing T cells toward Thih2,TTh17 or Treg directions. This
subtly-regulated process is not only influencedthmy interacting cells but also by chemical
mediators, cytokines and chemokines acting thrabgir specific cell surface receptors. In
our in vitro system we investigated the cytokine response tofaded splenic DCs after /R
stimulation. Separated splenic DCs were pretreaiddthe HR agonist 4-MH (0.1 puM) for
15 min followed by LPS activation for 24 hours.drder to clarify the role of iR, we used
the specific antagonist INJ7777120 (10 uM), addextlis 15 min before agonist challenge.

Real-time PCR measurements revealed that the mRddession of IL-113, one of the
paramount inflammatory cytokines, was elevatedraftecombined treatment with asRi
agonist and LPS and this significant effect cowddéversed by the R blocker INJ7777120
(Figure 22.). Importantly, no significant alteratizvas observed in the expression of the IL-6,
IFNy, IL-12a, IL-10 cytokines and the CCR7, CCL2, CCICCL1, chemokines after R

stimulation.
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Figure 22.

Effect ofin vitro H4R stimulation on the cytokine response of WT splderived DCs

Splenic DCs were treated with aRlagonist, 4-MH (0.1 uM) for 15 min alone or alomigh

a H4R antagonist, INJ7777120 (10 puM) for 15 min prwragonist challenge, followed by

LPS (1 pg/ml) treatment. After 24 hours the expoassevel of different cytokines and

chemokines were measured by real-time PCR. Valbew/s are means + SEM of 4

independent experiments. Statistical significanes walculated using one-way ANOVA and
Tukey as post hoc test. (*: p<0.05).

8. Cytokine responses of in vivo activated WT and H4R" DCs
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Most data on DC cytokine production are based err¢lsults ofn vitro experiments.
To obtain more information about DC cytokine expres, we carried out am vivo assay
and compared the cytokine profiles of WT angRiA DCs. WT and BHR” mice were injected
intraperitoneally with CFA. On day 7 after injectiove monitored the expression of various
cytokines, chemokines and major transcription figciavolved in Thl, Th2 responses and
Treg functions of isolated splenic DCs by real-tiRteR. We detected significantly lower IL-
10, Gata-3, IL-12 and IFNmMRNA expression in IR’ DCs as compared to WT controls.
Among the genes tested, CFA treatment reducedxipression of IL-13, IL-4, 1L-10, CCL19
and CCRY7 significantly, regardless of the genotgpehe cells. We also found genotype-
dependent differences in response to CFA; CFAreat reduced IL-6, Gata-3, and T-bet
expression in WT animals, but it was ineffectivehe HR deficient DCs. In KO mice IFN
MRNA levels were elevated kg vivo CFA injection in contrast to WT animals where it

remained unaltered (Figure 23. A-K).
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Figure 23.
In vivo cytokine production of WT-) and HR” (m) DCs

Cytokine responses of in vivo-activated \*'Ygnd HR’ (m) DCs. WT and kR’ mice were
injected CFA containing stable emulsion (200 pl/s®intra-peritoneally). After 7 days the
TNF-« (A), IL-18 (B), IL-6 (C), IL-4 (D), IL-10 (E), Gat3 (F), IL-12 (G), IFN (H), T-bet
(1), CCR7 (J), CCL19 (K) expressions of isolatetesjc DCs were measured by real-time
PCR Values are shown as means + SEM of 6 indepenegmeriments. Statistical
significance was calculated using two-way ANOVA &okey as post hoc test. (*: p<0.05,
**: p<0.01, ***: p<0.001).

Human studies

1. Histamine modulates monocyte-derived DC differentiation

Differentiation to IDCs is a complex, highly regidd process to which several
mediators can contribute. In our human studieg firs tested how histamine, potentially
acting through different HRs can modulate the dé#feiation of the previously identified
CD1a and CD14 DC subsets. Monocyte-derived DCs were generatelil-dyand GM-CSF
cytokine combination in the presence or absenckisthmine applied in the course of cell
differentiation on day 0, 2 and 5. Flow cytometneasurements revealed that histamine
significantly reduced the proportion of CDO1®Cs (Figure 24.A) as compared to cells
generated in the absence of histamine. To idetitiéyHR involved in this effect, specific
pharmacological blocking agents (all used at 10 gdvicentration) were used during the
differentiation process. We found that the presesfcthe HR antagonist famotidine could
prevent the reducing effect of histamine on CDdell differentiation (Figure 24.A, B). The
H;R antagonist pyrilamine further reduced the ratfoCi1a cells, whereas both JR
antagonists had no or only marginal effects (Figi#ed). The inhibitory effect of histamine
on CD14 cell differentiation was confirmed at the protééwel by flow cytometric analysis
showing the cell surface expression ofRHon CDl1aand CD14 DC subsets and also the
efficient blocking of this effect by famotidine, toaiot by the other inhibitors (Figure 24.B).

These results show that histamine exerts a supsetfis effect on the differentiation
of the DC subsets differing in their CDl1a expressiAs famotidine was the only inhibitor
that could restore CD1dDC generation, whereas theR4antagonist pyrilamine and themR
blockers JNJ7777120 and JNJ10191584 had no suett efiese results suggest thaRHs
preferentially responsible for this histamine-meéelibeffect.
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Figure 24.

The effect of histamine and HR antagonists on thelbpment of CDIand CD14
monocyte-derived DC subsets

The percentage of CD1aells was detected by flow cytometry in in vitemerated resting
monocyte-derived DCs, in DCs differentiated in firesence of histamine and in DCs
differentiated in the presence of histamine in cioiaiion with the HR antagonist pyrilamine,
the HR antagonist famotidine, or the;R antagonists JNJ7777120 and JNJ10191584 (all in
10 uM concentration) (A). Mean $D of 3 independent experiments are presented. The
histograms show the distribution of CDland CD14 cells generated in the presence or
absence of histamine or in the presence of histand famotidine (B).

2. Expression of HRsin CD1a and CD1a’ DC subsets
The expression of HRs by human DCs has previousgntdemonstrated [56] [57]
[58] [59] [60] [61] however, their expression inetiphenotypically and functionally distinct
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CD1a and CD14 DC subsets has not been investigated so far. $esashe DC subset-
specific expression of HRs in vitro differentiated LPS+IFi-activated monocyte-derived
DCs obtained from 9 healthy individuals with an rage of 4641 % CD14 ratios, the cells
were sorted to CD1and CD14 subpopulations by flow cytometry andR® H,R and HR
expression was compared by QRT-PCRsRHexpression could not be detectediRH
expression was significantly higher in CDI2Cs, but HR was higher in CDZTacells as
compared to their CDlaounterpart, whereas;R was expressed by both subsets at high
levels (Figure 25.A). This finding was also suppdrtby the detection of JR by flow
cytometric analysis on the surface of both CDaad CD14 cells at comparable levels
(Figure 25.B).

These results revealed the subset-specific expresdiHHR and HR and identified

H2R as the dominant HR in human monocyte-derived ID€spective of their subset.
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Figure 25.
Gene expression profiling of HRs in monocyte-dedilC subsets

DCs were generated with the differentiating cytekitL-4 and GM-CSF on day 0 and 2 of in
vitro cultures. On day 5 the cells were stimulabgdLPS+IFN for 24 hours. A fraction of
cells was left untreated for using it as a non-zatied DC control. Resting and activated DCs
were harvested on day 5 and 6, respectively angesidal to RNA isolation and reverse
transcription to prepare cDNA. Gene expression BfsHvas measured in DCs isolated from
9 different donors all sorted to CD1and CD14 DC fractions (A). QRT-PCR was performed
in triplicates and the comparative; @ethod was used to quantify transcripts relativehi®
endogenous house keeping gene GAPDH. ExpressidsRoivas detected by flow cytometry
using indirect staining (B).
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3. Effect of histamine on the activation of CD1a” and CD1a’ DC subsets

Previously we described that inflammatory cytokicas block the transition of CDleells

to CD1d DCs and thus stabilize the CDJdenotype for further activation [74]. To monitor
the effect of histamine on the activation of CDdad CD14 subsets, DCs were generated in
the presence of histamine and activated by the owhbn of LPS and IFN Cell surface
expression of CD1a and the activation marker CD&8 monitored in the CD1and CD14a
DC subsets by flow cytometry. The results summdrineFigure 26.A-C show that histamine
did not affect significantly the expression of CD@&®d both the CD1and CD14 subsets
could be activated by LPS+IFNHistamine, present in the course infvitro monocyte-
derived DC differentiation, was able to reduce gheportion of CD14cells (Figure 24.) and
consequently decreased the ratio of both restinigaativated CD1ZD83" cells, while the
CD14aCD83 fraction became larger only in mature DCs (FigR6eA-C). In line with our
results obtained with resting DCs theRHantagonist famotidine suspended this histamine-
mediated effect (Figure 26.A-C), while theRHantagonist pyrilamine further reduced the
ratio of CD14aCD83" cells. These results suggest that histamine mtetulBC activation
through its inhibitory effect on CDI1&C differentiation.

DCs are sensitive to changes in their environmedtthus can be activated by various
stimuli, which result in the secretion of cytokirnesd chemokines [81]. Our previous results
demonstrated that upon activation by CD40L or Tlgtnds, the CDIaand CD14 DCs
secrete different sets of cytokines [74]. To tekether histamine or HR-specific antagonists
can modify the cytokine production of DC subsets mveasured the concentrations of
cytokines in the culture supernatant of activat@il& and CD14 DC cultures by ELISA.
Statistically significant increase of the secrqteainflammatory cytokine IL-6 (Figure 26.D)
and the regulatory cytokine IL-10 (Figure 26.E) lcolbe shown when DCs were generated in
the presence of histamine. This effect also coeldnbibited by famotidine indicating again
the involvement of kR in this process. The secretion of IL-12p70 waseated preferentially
in DCs with high, >60% of CDZTacell content and its production could not be cstesitly
inhibited by famotidine.

These results demonstrate that the presence ddniirg results in a decreased
proportion of the CDIaDC subset and this has a significant impact orptbeuction of IL-6
and IL-10 cytokines. As CD1&DCs have previously been identified as potent preds of
IL-12p70, we propose that the increase of IL-10retgmn can at least partially be the

consequence of altered cytokine balance in the xCoenvironment.
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Figure 26.

Effect of histamine on the induction of monocyterded DC activation

DCs were differentiated in the presence of hist@mas described in Figure 23. then the
differentiated cells were activated by LPS+iFdh day 5 of culture. Cells were harvested on
day 5 and 6 and the expression of CD83 was measurdke surface of immature (IDC) and
LPS+IFNy-activated CDlaand CD14 cells (A — C). F and P refer to famotidine and
pyrilamine, respectively. The histamine-modulatgtbkine secretion by activated DCs was
monitored by measuring the concentrations of 11Dy &nd IL-10 (E) cytokines in the culture
supernatants of resting and activated DCs diffaedatl in the absence or presence of
histamine or histamine together with theRHantagonist famotidine. Mean 3D of triplicate
measurements performed with DCs of 6 independ@etriexents are shown.
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4. Effect of histamine on DC migration

Migration is an important and indispensable featokeDCs. IDCs migrate to both
body surfaces and interstitial spaces where thejlyemake contact with self- or foreign
antigens. Histamine not only induces cell migratoediated by different HRs [59] [60] [61],
but at the same time it is also able to stimulatdrix degrading enzyme production [82].
Migration of DCs in blood and lymph, and from pémgpal tissues to secondary lymphoid
organs is regulated at multiple levels [16] [83r@n vitro migration experiments revealed
that the presence of histamine during monocyterddriDC differentiation significantly
enhanced the migratory potential of DCs that ciadléghown at the level of both spontaneous
and MIP-3-induced migration (Figure 27.A). Famotidine, tlpedfic H,R antagonist could
reverse this effect (Figure 27.B) pointing to tb&erof HR in the modulation of cell mobility.
Matrix degrading enzymes are also essential comysnef cell migration. Monitoring
MRNA expression of MMP-9 and MMP-12 by QRT-PCR shdwthat the presence of
histamine was able to up regulate the mRNA expoessi these matrix degrading enzymes in
both resting (IDC) and activated (MDC) DCs. Thideet could also be reversed by
famotidine further supporting the role ofRlin regulating DC migration (Figure 27.C, D).
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Figure 27.

The effect of histamine on monocyte-derived DC iatiigin

Migration of activated DCs generated with or withooistamine was measured in the
presence or absence of MIB-Zhemokine by Transwell system (A, B). The effetts
histamine on the expression of matrix metallopr@ises MMP-9 and MMP-12 was
determined by measuring relative mRNA expressiagidan IDCs and MDCs by QRT-PCR
(C, D). Mean +SD of five independent experiments is shown.
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5. Histamine-induced expression of C5a receptor isrestricted to the CD1a DC subset

In the next set of experiments we performed a dlsbaening using a Q-PCR-based
array to identify chemokines and chemokine recepiovolved in the histamine-induced
H,R-mediated enhancement of DC migration. FollowiRSkIFNy activation, the monocyte-
derived DCs generated in the presence of histanfmmeotidine, or histamine together with
famotidine were separated to CDAad CD14 subsets and their chemokine and chemokine
receptor expression profiles were determined. WDEs were generated in the presence of
histamine, increased mRNA expression of C5aR1 wescted in the CDZTasubset and
famotidine abolished this effect (Figure 28.A). Hawgr, C5aR1 protein expression clearly
showed that its expression was dramatically upeggdl by histamine preferentially in the
CD1a subset at both their resting (Figure 28.B) andvard (Figure 28.C) differentiation
states. As famotidine could completely abolish é#fiect of histamine, these results also

revealed the bR dependency of this histamine-induced effect.
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Figure 28.

The effect of histamine on the expression of C5g&1ie and protein

Resting and activated monocyte-derived DCs, difteated in the presence or absence of
histamine or in the presence of histamine in coedimm with famotidine, were sorted to
CD1a and CD14 DC subsets. The subset-specific expression of Chafhe CD1aand
CD1l1a DCs was determined at both mRNA (A) and protejnQ)Blevels measured by a Q-
PCR array and by flow cytometry, respectively. Mea8D of 3 independent experiments is
shown.

In addition to identifying C5aR1 as a histaminetioeld chemotactic receptor of DCs

preferentially expressed by the CDXabset, we also identified further migration-retht

genes as summarized in Table 6. The expressionX@R4 and CX3CR1 also increased

significantly in DCs generated in the presenceistiamine and this effect on CX3CR1 could
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be inhibited by famotidine in the CD1®C subset, while in CD1aells histamine did not
exert this modulatory effect.

CD1a’ DC
Fold
Gene Compared groups change p value
ChaR1 2.92 0.177
CXCR4 |activated CD1#CD14d DC 0.87 0.573
CX3CR1 1.55 0.344
ChaR1 diff iated in th 6.54 0.088
cxCra | di erentiated in the . >89 0.016
presence/absence of histamin
CX3CR1 4.04 0.015
ChaR1 diff iated in th o 8.00 0.08
cxcra i erentiated in the presence 147 0310
histamine/histamine+famotidine
CX3CR1 3.95 0.024
ChaR1 1.23 0.726
differentiated in the presence of
CXCR4 histamine+famotidine/famotidine 1.00 0.992
CX3CR1 0.90 0.878

Table 6.

Relative expression of chemokine receptor genesonocyte-derived DC subsets modulated
by histamine through #R

CD1la and CD1& monocyte-derived DCs were differentiated and &daas described in
Figure 27. Comparison of the differentially treat€®C samples was expressed as fold
increase of MRNA levels in CD'\ersus CD1zcells.
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7. DISCUSSION

DCs represent a minor population of leukocytesdmtitas important sentinels and are
characterized by diverse biological functions. Bescapturing, processing and presenting
antigens, they are capable of regulating the doegctquantity and quality of effector
mechanisms that serve for the elimination of inmgdiorganisms and dangerous self
structures [14] [23]. Through the activation of igah-specific T lymphocytes and the
production of cytokines and chemokines DCs act ametional bridge between innate and
acquired immunity.

In this PhD work we investigated the functionalss-alk of histamine with DCs in
two experimental systems. The murine system offereshns to compare the effects of
histamine on DCs in genetically modified strains/ivo and by using tissue-derived D@s
vitro. The human system offered us to analyse the sffetthistamine on DC subtype
differentiation and functions.

The size of the HRs has been shown to vary in & wadge depending on the tissue,
cell type, post-translational modification and a@#tan method [79] [80] [84]. In our hands
immunoblot (Figure 8.) and flow cytometric analygisgure 9.) certified the expression of
HiR, HbR and HR in mouse splenic DCs. Beside thgRrotein band detected by Western
blot the other higher molecular mass band couldespond to the glycosylated form of the
receptor.

DC differentiation is a complex process regulatedaltiple levels. We observed no
change in the expression of®y whereas that of the,R and HR decreased significantly in
the course ofn vitro differentiation of bone marrow-derived DCs (Figu@.A, B and C).
LPS did not alter IR or H,R protein expression, howeverRi expression was elevated
significantly by LPS stimulation (Figure 10.D, Edak). It was demonstrated that durimg
vitro differentiation of DCs from human monocytes th@ression of HR and HR reduced,
while that of the BHR increased [58] [61]. Others showed higher exjpoessf H4sR in resting
than in activated CDO4and CD8 T lymphocytes [47]. Based on these data we sugtiesit
since different HRs activate distinct signaling czaes, the observed alterations in HR
expression may modify the strength and the diractad histamine-mediated effects
depending on the life cycle or activation stat¢hef cells.

Antigen presentation is of crucial importance ie Hctivities of DCs, still a few data

are available on the effects of histamine on b&¥ functions. We found significantly
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decreased antigen presentation of murine splenis IDGhe presence of histamine (Figure
11.A). We identified HR as the regulator of this process, as its ag@aidiH) similarly to
histamine declined the peptide presenting funcbdrDCs (Figure 11.B), while the R
antagonist JNJ10191584 almost completely reverded effect (Figure 12.A). The
observation that significantly higher amounts of2lwere produced when the 5/4E8 T cell
hybridoma cells were stimulated by peptide-load€ Df H,R-deficient mice than DCs from
WT controls however, further indicated the role 4R in this histamine-mediated effect
(Figure 12.B). We also found that long-termRHdeficiency had a more pronounced impact
on antigen presentation than short-term antagomesdtment. These data suggest that
histamine exerts this effect throughyRH and it can evolve both acutely during antigen
presentation and also in the course of DC developme

The efficacy of antigen presentation can be inftgehby several factors, such as the
subtype of DCs, the mechanism of antigen uptakepsrodessing and the expression of cell
surface costimulatory molecules. The molecular raedm, by which histamine acts on
antigen presentation viayuR remains unknown, since we could not detect affgrdnces in
either MHC class Il or costimulatory molecule exgsien of histamine-treatedsR’™ and WT
splenic or differentiated DCs (Figure 13. and 14Ny has been shown to affect certain
components of the antigen presentation machineb} [86]. Since we found that the
induction of IFN production was more pronounced ipgRHKO DCs as compared to the WT
ones (Figure 23.H), enhanced K-Mvels may account for the elevated T cell-stirtara
capacity of HR-deficient DCs.

Several factors including chemokines, cytokines amall bioactive molecules like
histamine may influence the migratory and chematauroperties of DCs and histamine has
long been known to influence the migration of D@S][ Before the discovery of R
chemotactic effects provoked by histamine werdbaited primarily to HR [87] and HR
[67] [88]. Later, the migration regulatory effedtlostamine through kR of different immune
cell types such as eosinophils [89], mast cell§, [ T cells [91] and natural Killer cells was
demonstrated [59]. The involvement offdand HR was shown in human D(6&1], while in
murine differentiated DCs the role ofRland HR was shown [70].

In our migration studies we found that neither eféint concentrations of histamine
nor 4-MH could induce a significant alteration plenic DC migrationn vitro (Figure 15.A
and B). Supposing that spleen-derived DCs aredasseptible to acute histamine stimulus
than freshly differentiated cells, we monitored #ftect of a long-term histamine treatment

on DC migration. We found that the length of hisit@entreatment duringn vitro DC

69



differentiation correlated to migrating cell numbdFigure 15.C). Comparing the migratory
capacity of WT and kR DCs we concluded that DCs generated in the abseht&R
possessed a significantly reduced migration capadbgn WT cells, suggesting the role of
H4R in this process (Figure 16.). Up to now only @a@er has been published in which the
effect of histamine on mouse DC migration vigRHand HR was demonstrated [70].
However, we have to notice that in most cases rhis&a and HR ligands were applied in
much lower concentration than the above (1mmolfjhysiologically not available
concentration.

Adhesion is an indispensable step of cell migratidfe were the first to use an
impedance-based xCELLigence RTCA SP system to ghelyadhesive capacity of murine
differentiated DCs. Histamine significantly incred<DC adhesion when presented transiently
or for a long period of time (Figure 17. and 18fe identified HR as the receptor
responsible for this histamine-mediated effectc@wparison of the adhesive capacity of WT
and HR” DCs revealed that both parameters characteritingatihesion of the cells, i.e.
slope andAClI, were significantly higher in HR-KO than in WT cells (Figure 20.). These
results were surprising since previously we deteotgaired migration of fR-deficient DCs.
As adhesion is a prerequisite of cell migratiore #bove processes were expected to show
direct correlation. It has recently been publishbdt murine DC migration could be
negatively regulated by adhesion [92]. The involeatmof H,R was further confirmed bin
vitro H4R antagonist treatment showing that JNJ10191584dceffectively reduce the
increasing effect of histamine on DC adhesion (FedqL.). Further experiments are required
to obtain more molecular data on the action ofanisbe via HR governing adhesion and
migration however, these results revealed th® ldependency of this histamine-induced
effect.

Cytokines and chemokines secreted by activated &€srucial components of the
modulation of immune processes. The repertoireobibte cytokines produced by DCs is
associated with the developmental stage or maturatatus of the cells and are important in
inducing an effective primary immune response [88Y several lines of evidence support
that histamine influences cytokine production of94B7] [66]. Before the discovery of4R,
mainly H,R was found to be involved in histamine-induced pbtarization of DCs [37] [60]
[66].

Increasing body of evidence support that Toll-lleeeptor signals in DCs not only
enhance the endocytosis of antigens but also imflieéhe immunological outcome of their

interactions with T cells. The pro-inflammatory akine IL-13 is a crucial mediator of the
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innate immune system and beside activated monaaupleagocytes, DCs are also important
sources of this cytokine. Mazzoei al. have shown that histamine blocked LPS-induced IL-
13 expression in immature human DCs [66]. In tlkizeeimental system the general receptor
activator histamine was used, thus the resultsegasre possibly reflect the accumulated
effect on different HRs.

In our work IL-113 mRNA expression was tested ugithger HR agonist or antagonist
treatment followed by LPS stimulation. Our resuétgealed that the LPS-induced expression
of IL-1R8 was further induced by the 4Rl agonist 4-MH, while the }R antagonist
JNJ7777120 effectively reversed this effect denratisy the participation of histamine via
H4R in governing IL-113 expression (Figure 22.A).

Most data on DC cytokine production is based onr#dsilts ofin vitro studies. In
order to get more insight into its importance, vppleed anin vivo assay in which WT and
H.R” animals were stimulated by CFA and then the cykirofile of DCs was compared.
H.R” DCs showed significantly altered mRNA expressiésame Th1l and Th2 cytokines.
Most papers based amvitro data report the elevation of Th2 and reductioftdE cytokines,
which mediated principally through,R [60] [94]. Gutzmer and co-workers detected reduce
IL-12p70 production in human monocyte-derived D@siile IL-10 expression was not
altered after histamine treatment. This effect masliated by FR and HR [61]. In line with
previous data we could not detect any changes iR-d ldxpression (neither after treatment
nor in the genetically different mice) (Figure 23.J85]. CFA treatment showed genotype-
dependent effects in case of some molecules; itedsed IL-6, Gata-3 and T-bet mMRNA
expression in WT DCs, while it proved to be indéfitt in HJR” DCs (Figure 23.C, F and I).
Our results on IL-6 are contradictory to the dathlighed by Dunforcet al. [55]. Applying
different activation stimulin vitro, they measured decreased IL-6 protein expresdien a
H.R blockade. HR” DCs produced more IFNthan WT ones following CFA treatment
(Figure 23.H). We detected similar difference ilN{Fexpression when comparing WT and
HDC” DCs [71].
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Summary of the results observed in the murine syste

DCs expressed iR, bR and HR. The expression level of,Rl and HR reduced in the
course of in vitro differentiation and LPS couldyrsficantly enhance HR expression.
Histamine affected DC activities, namely the antigeesentation, migration, adhesion and
cytokine expression were influenced by histamiadyR.

In the second part of the studies we investigated dffects of histamine on the
differentiation and activities of two, developmdiytaelated andin vivo relevant human
monocyte-derived DC subsets generated from G81onocytes [74]. We found that i)
histamine modulated DC differentiation by suppaytihe development of CD1RACs; ii) this
effect was attributed to 4R as only its specific synthetic inhibitor coulgtere the generation
of CD14 cells; iii) H;R was highly expressed by both DC subsets, whetgRsand HR
were expressed in a subset-specific manner; itamise modulated DC activation through
its inhibitory effect on CD1aDC differentiation; v) histamine-induced reductiohCD1&
DCs resulted in increased secretion of IL-6 and 0.vi) histamine modulated the expression
of C5aR1 in a BR and subset specific manner; vii) histamine induspontaneous and
chemokine-mediated DC migration of both subsets mmudiulated the production of the

MMP-9 and MMP-12 enzymes also involved in the ragjah of DC migration.
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DC differentiation is a complex and highly reguthterocess driven by the actual
tissue environment of the cell. Lipids and lipopins have previously been identified as
modulators of the cell surface expression of typad type 1l CD1 proteins, which act as both
presenting molecules of microbial glyco- and phdipias and also as phenotypic markers of
human DC subsets [95]. The modulatory effect ofanisne on the expression of CD1la and
the in vitro differentiation of DCs has previously been repdri€5]. Here we not only
confirmed these findings, but extended our studeeslemonstrate that histamine has an
impact on other DC functions which may be regulatea subset-specific manner.

DC functions may be associated with more than oRe tHus we sought to generate
monocyte-derived DCm vitro in the presence of histamine or histamine in corioon with
pharmacological antagonists of /| H,R and HR. As famotidine, a potent antagonist giRH
was the only compound that could prevent the histasmediated inhibition of CD1aDC
differentiation we identified bR as the receptor involved in this regulation (Fegd4.).

Several research groups demonstrated the expre$tsnin human DCs [56] [57]
[58] [59] [60] [61] however, their expression in @& and CD14 cells has not been analyzed
so far. Similar to previous results [96] we coulnt detect HR expression in DCs but found
high expression of #R in both CDlaand CD14 DCs. Interestingly, IR and HR mRNA
expression showed a subset-dependent pattern: dDds expressed significantly higher
levels of HR than CD14 cells, whereas R expression was significantly higher in the
CD1a DC subset (Figure 25.A). This finding raises iagting questions concerning the role
of H4R in a situation where due to the presence of inista the generation of the cell type i.e.
CD1a DCs carrying the receptor at high levels is infeithi Based on this scenario and taken
the previously described inflammatory nature of @DICs in individuals with high CDTa
DC ratios may develop more severe inflammationhi@ presence of histamine than those
with low CD1d numbers. Alternatively, this expression patternynhia@ve a regulatory
function to keep histamine-mediated regulation urntieck.

DC maturation is initiated by the engagement dfedent surface receptors and results
in phenotypic and functional changes. Histamine skasvn to induce transient up-regulation
of MHC class Il proteins and the costimulatory ncoles CD40, CD80 and CD86 in human
monocyte-derived DCs and antagonists of botR lnd HR prevented histamine-induced
CD86 expression [57] but did not modify CD40 exgres [66]. When DCs were activated
with LPS+IFNy we found that due to the histamine-induced rednatif CD1d DC numbers
the ratio of CD14CD83" cells decreased, while the CDAB83" cell fraction became more

prominent (Figure 26.A and B). This observation dastrates that histamine, by
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counteracting CDTaDC differentiation has an impact on the DC suldistribution of
mature DCs in a fR-dependent manner.

The hallmark of activated DCs is the productiorcytiokines and chemokines, which
may act in an autocrine or paracrine manner. Puosviesults demonstrated that histamine
induced altered cytokine production in DCs, supgbnpolarization of T lymphocytes to Th2
direction [57], and the cytokine profile of restiGp1a and CD14 DCs was different [97]. In
line with these findings we also observed that uactivation by CD40L or TLR ligands both
CDla and CD1& DCs secreted pro-inflammatory cytokines but IL-1@pand CCL1
production was mainly attributed to the CDlahereas IL-10 secretion to the CD%abset
[74]. DCs generated in the presence of histamirg astivated by LPS+IFN produced
significantly higher levels of the pro-inflammatoeytokine IL-6 and the regulatory cytokine
IL-10 as compared to cells generated in the absehbkistamine (Figure 26.D and E). Again,
famotidine was the only inhibitor that could inené with this effect. In our studies IL-12p70
secretion was detected in DCs with high (>60%) CDdll content and famotidine had no
significant effect on cytokine secretion indicatiiigt IL-12p70 secretion is not dependent on
H2R. In a previous study IFNwas shown to up-regulate;Rl and its stimulation resulted in
the down-regulation of IL-12p70 and CCL2 productionhuman monocyte-derived DCs
[63].

Resting DCs migrate to both body surfaces and shtied spaces where they
encounter with self- or foreign antigens. Afterigah challenge, migration of activated DCs
through lymphatics ensures DC-T cell contact in phwwid organs. Several independent
research groups found that histamine [59] [®&] histamine agonist$60] [61] exerted
chemotactic effects for resting, but not for adiehDCs [60]. By using specific receptor
antagonists the involvement of bothRH[59] [60] and HR [60] has been demonstrated as
modulators of cell migration. In a skin DC migratiassay both histamine and gR-Hagonist
induced enhanced chemotaxis, which could be blodkethoth HR and HR antagonists.
Similar results were obtainad vitro by using bone marrow-derived mouse DCs [70]. Our
previous results also verified the role offHin murine DC migration [98].

In our present migration experiments histamineegased both spontaneous and MIP-
3p-induced migration of DCs. Famotidine was the ddly antagonist that could reverse this
effect (Figure 27.A and B). Histamine was also shidw stimulate the production of the
matrix degrading enzymes and the histamine-inducedease of MMP-13 and MMP-3
production was showim vitro (Figure 27.C and D|82]. The essential role of MMP-9 in DC

migration was measured in reconstituted basemembbreme (Matrigel) andn vivo by
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migration to the draining lymph node [99] and theression of MMP-12 in DCs was also
shown [100]. Histamine induced up-regulation of MHARnd MMP-12 and their inhibition

by the HR blocker famotidine confirmed the dominant roleH3R in this DC function as

well.

Migration of DCs in blood and lymph, and from pdémpal tissues to secondary
lymphoid organs is regulated at multiple levels][183] and a number of cytokines,
chemokines and their receptors are implicated enrdgulation of this complex process. The
combination of chemokine receptors, induced invattid DCs when developed in the
presence of histamine and stimulated with LPS+lkNolved C5aR1, CXCR4 and CX3CR1,
previously identified in the sulpho-LacNAc expregsi DCs (slanDCs/MDC-8), which
represent the largest population of blood DCs (@dh) [101]. These circulating DCs are
highly pro-inflammatory due to their production BNF-a and IL-12p70, but in contrast to
CD1c conventional blood DCs they are negative for tHi@lCc, CD14 and CD1 markers.
Cba is a pro-inflammatory mediator that has regdmtlen detected in monocyte-derived DCs
[102] and signaling through C5aR1 has been founeégolate the development of Treg and
Th17 cells [103]Here, we show for the first time that monocyte-dedi DCs, differentiated
in the presence of histamine and activated by LPSyl preferentially give rise to CDla
C5aRT cells (Figure 28.).

CXCR4 endowed with potent chemotactic activity gsragulated upon DC activation
induced by LPS, TNl or CD40L [18] and engagement by its specific lgan
CXCL12/stromal-cell derived factor-1 (SDF-la) prde® DC activation, survival and
chemotaxis bothn vitro andin vivo [104]. The CX3CR1 transmembrane protein has been
suggested to be enhanced by YN TNF/INOS-producing DCs differentiated from dasl
monocytes [105] and it is involved in the recruitheof DCs by its specific ligand
CX3CL1/fractalkine [106]. Based on these resultspn@pose that histamine, in combination
with inflammatory signals is able to induce the regsion of a typical combination of
chemokine receptors that also modulate monocyteateDC functions. However, this effect
can be further up-regulated in the presence of @@&L19/MIP-3 chemokine, which

specifically attracts CCR7 expressing activated DCs
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Summary of the results observed in the human system

H2R was highly expressed by both DC subsets, whétgadsand HR showed subset-
specific expression. Histamine modulated DC funetiat different levels. It supported the
development of CD1®Cs and modulated DC activation through its intobyt effect on
CDl1a DC differentiation. The histamine-induced redustiof CD1d4 DCs resulted in
increased secretion of IL-6 and IL-10. Histamineaainduced DC migration of both subsets
and modulated the production of MMP enzymes. Furtbee, it modulated the expression of
C5aR1. All these effects were mediated througiR. H

Thein vivo andin vitro studies on the role of histamine on murine and dumCs
revealed that histamine mediated several celluttiviaes of both murine and human DCs.
The absence of JR resulted in an enhanced antigen presentationbdapaand adhesion
characteristics of mouse DCs. FurthermorgR Heficiency decreased mouse DC migration
and gene expression of some cytokines as wellatered the inducibility of cytokine mRNA
production. We have to take into consideration tbhanges observed here, are more
significant in the case of chronic lack offdrather than in the acute inhibition of the reoept
This suggests that defect offRimay also influence DC functions both in a di@ed indirect
manner. Furthermore, our results demonstratedhisgamine had a profound effect on the
development of human CD1&Cs that was mediated byRL This regulation had a further
impact on cytokine production known to be differémtthe CD1aand CD14 subsets. As

H,R was expressed at high levels in both DC subgetasay dominate the regulation of
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multiple DC-related functional activities. In coast, HR and HR with opposing subset-
related expression may have a regulatory or fimggirole in histamine-induced functional
activities.

Histamine is not only the major mediator of acutlammatory and immediate
hypersensitivity responses, but has also been demabed to affect chronic inflammation and
several essential functions of the immune systéns hlso well known that DCs, which
control homeostatic processes and regulate acdterannic inflammation can be affected by
this small biogenic molecule. Thus the knowledg@uabthe molecular mechanism of
histamine actions on DCs has crucial importancdeieelop effective therapeutic strategies
for the treatment of inflammatory diseases.

As DCs may localize to the vicinity of histamineogucing cells, such as basophils
and mast cells present in an inflammatory enviramribey are potential targets of histamine.
The results gained in our study highlighted somnterésting aspects of histamine and DC
crosstalk, which may help in better understandhrey underlying mechanisms of histamine-
mediated conditions. Indeed, more research is metdenderstand the complex role of DCs
in histamine-mediated immune responses, howeveavbyy step we are closer to utilize the

experimental results in clinical settings espegiaildrug design and development.
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8. SUMMARY

Dendritic cells (DCs) act as special sentinels led tmmune system and form a
functional bridge between innate and adaptive imgnuesponses to maintain internal
stability. During their life cycle DCs are contirugly patrolling peripheral tissues and
lymphoid organs and are affected by various stintbét involve microbial insults or
abnormal self structures.

In our studies we investigated the functional citadls of histamine and DCs in two
experimental systems. The effects of histamine arous DC types were compared in a
murine system by using genetically modified straimsvivo and by using mouse tissue-
derived DCsn vitro. In humans we analysed the effects of histamin¢hendifferentiation
and functional activities of two previously idemgd DC subtypes.

First we demonstrated the expression of variousmige receptors (HRs) by mouse
DCs at the protein level and showed that the esmesof HR and HR was decreasing
during in vitro bone marrow-derived DC differentiation, whereast tof the HR elevated
significantly as a result of LPS stimulation. Weakhowed that histamine was able to reduce
antigen presentation of splenic DCs significantiyough HR without alterations in the
expression of relevant cell surface molecules. ®igration studies revealed that neither
histamine nor the HR agonist 4-MH influenced mouse DC migration sigaifitly, however
chronic histamine treatment in the course of D@ed#ntiation stimulated cell migration in a
time-dependent manner. It has also been provenrththe absence of JR DCs exhibited a
significantly reduced migration capacity when conggato WT cells. Both transient and
sustained presence of histamine increased adhesionurine DCs via FR and mRNA
expression of IL-13 was increased by the combirfiettteof H,R agonist and LPS treatment.
This significant change could be reversed by thRe Blocker JINJ7777120, underpinning the
impact of histamine on DC cytokine expression vi@ HComparison of the cytokine profiles
of WT and HR”" DCsin vivorevealed significant alterations in the mRNA expies of Thl
and Th2 cytokines in R” DCs as compared to WT cells.

In the second set of experiments we tested howrhise influences the development
and functional activities of CD1and CD14 DC subsets differentiateéd vitro from human
CD14 blood monocytes together with the HR dependencthede effects. We found that
histamine modulated DC differentiation by suppatthe development of CD1ACs. This
effect was attributed to 4R as only its specific synthetic inhibitor coulgtere the generation
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of CD14 cells. Testing HR expression of CDXmd CD14 cells we demonstrated thasmR
was highly expressed by both DC subsets, whereRsaHd HR were expressed in a subset-
specific manner. Histamine modulated DC activatimough its inhibitory effect on CD1a
DC differentiation and the histamine-induced reahuciof CD1d DCs resulted in increased
secretion of IL-6 and IL-10 cytokines. Histamine dntated the expression of C5aR1 in a
H,R and subset specific manner and induced spontanand chemokine-mediated DC
migration of both subsets. Furthermore it modulakedproduction of the MMP-9 and MMP-
12 enzymes also involved in the regulation of D@nation.

We hope that our results will contribute to a bettederstanding of the relationship

between DCs and histamine.

9. OSSZEFOGLALAS

Az ,6rszemként” nikddd dendritikus sejtek (DS) funkcionalis hidat képezae
természetes és az adaptivimmunvalasz folyamatéitkoelkilozhetetlenek a szervezet bels
egyensulyanak fenntartasaban. A periférias szovwesek limfoid szervek k6zott vandorolva
életciklusuk sordn szamos kornyezeti inger, igyrobildlis, metabolikus €s méas kornyezeti
hatdsok érhetikéket, aminek eredményeként aktivdlodnak és immuafoBtok sorét
indithatjék el.

Kisérleteink soran kétféle kisérleti rendszerbemsgaéltuk a hisztamin DS-ekre
kifejtett hatasat. Egér rendszerben genetikailaglosiiott toérzsek segitségéviel vivo és
szoveti DS-ekkelin vitro hasonlitottuk 6ssze a hisztamin és receptoraimaito$sagat
kilonb6d DS funkcidkban. Emberi monocita ereileDS-ek ebzetesen azonositott
altipusaiban a hisztamin sejt differenciaciora €ésD8 funkcidkra kifejtett hatasat
tanulmanyoztuk.

Elsoként egér DS-ekben igazoltuk a kilonbdzisztamin receptorok fehérje sZint
expresszidjat és megallapitottuk, hogy sRHes HR expresszidja csokken @z vitro DS
differencialédas soran, mig as;Rl expresszidja LPS aktivacio hatarara szignifikans&
lgazoltuk, hogy a hisztamin a;R-on keresztil szignifikdnsan csokkenti a |ép DSxetigén
prezentaldo képességét anélkil, hogy eltérést tegasik volna a sejtfelszini molekulak
kifejezédésében. Migracios vizsgalataink ramutattak, hagy & hisztamin, sem pedig a 4-
MH (H4R agonista) nem valt ki szignifikans valtozast a-&kSmigraciojaban, azonban a

hosszan tartdé hisztamin kezelés a DS-elodé&ise soran a kezeléssidrtamaval egyenes
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szignifikAnsan alacsonyabb vandorlasi képességgéletkeznek, mint a vad tipusu sejtek. A
hisztamin a BR kodzvetitésével a hisztamin atmeneti vagy hosar@ngelenlétében egyarant
noveli az egér DS-ek adhéziés képességét. Az LRulaciot kovet emelkedett IL-113
expressziot a KR agonista (4-MH) kezelés tovabb emeli, mig splasfi antagonista
(INJ7777120) alkalmazasaval ez a hatas niegjsigazolva a hisztamin JR-on at zajl6é
citokin termebdést befolyasolé hatasat. A vad tipusti §8HDS-ek Thl és Th2 citokin
profiljat in vivo rendszerben hasonlitottuk 6ssze és szignifikatiezé&sokat tapasztaltunk a
H.R” és a vad tipusti DS-ek mRNS kifgjdésében.

In vitro korilmények kozott emberi monocitabol differentitdtt CD1aés CD14DS
alpopulécidkban vizsgéltuk a hisztamin differenmée €és DS funkciokra kifejtett hatasat és
0sszefluggését a hisztamin receptorok (HR) tipusaval

Eredményeink azt igazoljak, hogy a hisztamin szalz@a a DS altipusok
differencialédasat, ésegitve a CDIasejtek fejdését. Ezt a hatast gRtnak tulajdonitjuk,
mivel csak ezen HR specifikus inhibitora tudja gesdlitani a CD1a sejtek képédését.
Kimutattuk tovabba, hogy a;R magasan expresszalodik mindkét DS altipusbananidr
és HR DS altipus-specifikus kifejédést mutat. A hisztamin a CD71aDS-ek
differencialodésara kifejtett gatlé hatasan keidsszzabalyozza a DS-ek aktivaciojat, fokozva
a CD83CDla sejtek képédését, mikozben a hisztamin altal kivaltott CDlsejtszam
csokkenés eredményeképpénaz IL-6 s IL-10 citokinek szekrécidja. A hisztanai HR-on
keresztll, altipus specifikus moédon szabalyozzanyias migraciohoz kapcsolodo gének
(C5aR1, CXCR4, CX3CR1) expresszidjat, mindkét akhman fokozza a DS-ek spontan és
kemokin kozvetitett migracidjat és szabalyozza &MRvB és MMP-12 enzimek ternéelését,
melyek szintén szerepet jatszanak a DS-ek vandow@&sranyitasaban.

Reméljik, hogy eredményeink hozzajarulnak a DS-ekaéhisztamin kapcsolatanak jobb

megeértéséhez.
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