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Summary

CCRL2 (chemokine CC motif receptor-like 2) is arplman heptahelic serpentine
receptor that is rapidly induced in dendritic cgBC) during maturation. CCRL2
shares the highest homology with the inflammatdmgnocokine receptors CCR1 and
CCR5 and the ligand, chemerin, with the chemotaaaeptor ChemR23. Although
both CCRL2 and ChemR23 are expressed by DC, they sim opposite regulation
during DC maturation. In addition, CCRL2 is appdennable to signal in response to
chemerin and was shown to function as a preseptiogin of chemerin to ChemR23-
expressing cells.

In order to evaluate the biological relevance ab treceptor, we used CCRL2
deficient mice in an established model of allergetuced airway inflammation in
which DC are known to play a crucial role. CCRL3¥ice were protected in a model
of OVA-induced airway inflammation with reduced kewgyte recruitment in the BAL
(eosinophils and mononuclear cells) and reducedymtmon of the Th2 cytokines IL-4
and IL-5 and chemokines CCL11 and CCL17. CCRL2-fcemshowed normal
recruitment of circulating DC into the lung but efelctive trafficking of antigen-loaded
lung DC to mediastinal lymph nodes. This defect associated to a reduction in lymph
node cellularity and reduced priming of Th2 resgonShemerin was expressed by
mouse lung vascular endothelial cells and by lyniptendothelial cells and was found
to be upregulated by retinoic acid. Retinoic aditnslated endothelial cells (EC)
promoted the transmigration of DC in a ChemR23-ddpat manner, suggesting a role
for membrane associated chemerin.

The results here reported define chemerin as a reewant protein for DC
trafficking across lymphatic and blood endothebalriers. In addition, these results
highlight a nonredundant role for CCRL2 in the maigyn of lung DC and in the
induction of Th2-polarized airway allergic inflamtitan. Altogether, this study
proposes the CCRL2/chemerin axis as a new potdatigét for therapeutic strategies

aimed at controlling lung hypersensitivity.
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1. Introduction

1.1. Cell migration

Migration represents a crucial cellular functionntdouting to many important
physiological and pathological processes. It playsfundamental role during
embryogenesis, and defects in this process cait requathological outcomes such as
congenital neurological defects. In the adult, cuelgration is a key player in the
organization of an effective immune response, m rigpair of injured tissues and in
angiogenesis, to cite a few examples. Deregulatfanigration can lead to many types
of pathological disorders including cardiovasculinesses, chronic inflammatory
diseases and metastasis An important aspect of cell motility is the abjliof cells to
respond to directional cues with oriented movem@radients of diffuse chemicals
give rise to directional cell migration, a phenomenknown as chemotaxid
Continuous trafficking of cells of immune cells dlmghout the body requires not only
locomotion and chemotaxis, but also the abilityrtove out of the circulation toward

target tissues where they exert their effector tions.

1.1.1. Extravasation

The vascular and lymphatic circulatory systems kned by monolayers of
endothelial cells (EC) that grow on an ablumengetaof extracellular matrix (the
basement membrane); these cells form organizedceltglar junctional zones that
include adhesion junctions, tight junctions and gapctions >’ In this way, the
endothelium serves as the principal barrier betwbencirculation and the underlying
tissues. Leukocytes have to cross these barriemsatth its target tissues by a process

known as extravasation.

1.1.1.1. Leukocyte extravasation across vascular @othelium

An inflammatory response is initiated by the exaigation of leukocytes across the
blood vessel wall. This process involves a multistascade of successive interactions
of adhesion receptors between leukocytes anft £C

Circulating leukocytes in the bloodstream havedalgish a contact (tethering) with
the vascular wall and adhere to it, while withsiagdthe haemodynamic shear force.

Tethering is largely mediated by selectins, a typéransmembrane glycoproteins.
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Although interaction of endothelial E and P-sele¢gxpressed on EC and activated by
proinflammatory stimuli) with their correspondinggdnds on the leukocytes (L-
selectin, PSGL1 (P-Selectin glycoprotein ligand-aye of low affinity, the high
frequency of association-dissociation of interatsi@llows them to mediate labile and
transient tethers between leukocytes and the eefilmtn*® % Tethering slows down
the velocity of leukocytes in the bloodstreams atidws them to roll over the
endothelial surface.

The slow rolling leukocytes encounter chemokinesnibto glycosaminoglycans on
the apical endothelial surface. Chemokines actifpyading via the G protein coupled
receptor (GPCR) located in the microvilli of theukecyte, inducing multiple
conformational changes in leukocyte integrifis®, a family of heterodimeric receptors
that actively changes their adhesive propertieaditg to firm adhesion to the
endothelium *> *© The most relevant integrins for leukocyte adhesio the
endothelium are LFA-1 (lymphocyte function-assaamibantigen 1), Mac-1 and VLA-4
(very late antigen 4), while its main ligands on &€ VCAM-1 (vascular cell adhesion
molecule 1) and ICAM-1 (intercellular adhesion nuole 1), both members of the
immunoglobulin superfamily” ¥ ICAM-1 is scarcely expressed on the quiescent
endothelium, whereas the expression of both madscigl induced after cell activation
by proinflammatory cytokine$® ?° The presence of specific chemokines in different
vascular beds helps orchestrate the selective it@ant of different leukocyte
subpopulations to the inflammatory foci or to teeandary lymphoid orgarfs.

After activation the integrins regulate differeffieetors of myosin contractility, actin
remodeling GTPases, and molecules implicated inréigeilation of the microtubule
network leading to a marked morphological chandee founded circulating cells are
transformed into cells with polarized morphologywhich at least two regions can be
identified: the cell front and the cellular urop&d The polarization of the leukocytes
allows the cell to coordinate the intracellularces to produce the necessary cell
crawling during the extravasation procédd ymphocytes undergo ICAM-1 dependent
lateral migration on the luminal surface of the @helium, a movement that seems to
allow then to sek out sites that are permissivediapedesis (passage through intact
capillary walls) ** %> Once the leukocytes have reached an approprisgefar
transmigration (preferably the intercellular juocts), they deploy exploratory
pseudopods between two adjacent EC. The pseuddpedsransform into a lamella

that moves across the open space of the monolByeimg this process the LFA-1
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molecule has a predominant role. This moleculeuiskdy relocalized to form a ring-
shaped cluster at the contact interface betweeftetik®cyte and endothelium, where it
interacts with ICAM-1%° or JAM-A (junctional adhesion molecule Aj. When the
transmigration process is over LFA-1 is finally centrated in the uropod. Other
proteins localized at EC contacts, implicated i tttansmigration process are ICAM-2,
JAM-B, JAM-C, PECAM-1 (platelet endothelial cell le@bion molecule-1), ESAM
(endothelium selective adhesion molecule) and CDf88ny of which are able to
interact both homophilically and heterophilicallyamtaining the interendothelial
junctions or leukocyte-endothelial interactigis®

Diapedesis can occur also via the formation ofaadcellular pore directly through
an individual EC (transcellular diapedesis). Thisgess takes place preferentially in the
microvasculature, the blood brain barrier, or hagitdothelial venules (HEV) of the

secondary lymphoid organs rather than in macrovasoe>°>2

1.1.1.2. Leukocyte extravasation across lymphaticmdothelium

During leukocyte trafficking they encounter alsonjghatic endothelial barriers. A
classical example is represented by the migratibndendrititc cells (DC) from
peripheral tissues to draining lymph nodes. Curtamwledge of the mechanisms
involved in leukocyte trans-lymphatic migrationegtremely sparse, however the few
evidences available indicate that key events inpitoeess are mediated by the same
adhesion molecules that regulate blood vasculastnggration.

E-selectin is transiently upregulated on the swarfaaf inflamed lymphatic
endothelium®, E-selectin could have some role in the initialeraction between
leukocytes and lymphatic endothelium, however sihes been calculated that a
leukocyte only has to contend with a shear stréssproximately 0.08 dynes/énfas
opposed to 1-4 dynes/érim blood capillaries* * and considering that its engagement
can trigger signals in selectin-expressing cell @nhe ligand-expressing cell (e.qg.
integrin’s activation), the primary role of lympi@atE-selectin seems to be related to
this second function, been a necessary prereqiusiddCAM-1 and ICAM-1 mediated
adhesion. Similar to blood vascular endotheliunsting lymphatic EC express low
levels of both ICAM-1 and ICAM-2, but not VCAM-E. However, after stimulation
with TNF-z (tumor necrosis factor), both ICAM-1 and VCAM-ledvoth upregulated.
Also in lymphatic EC ICAM-1 and VCAM-1 mediate lentyte adhesion steps
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DC show a relatively slow rate of transmigrationoas lymphatic EC by comparison
with blood vessel endothelium (requiring hours eatthan minutes) and a delay (1-3 h)
between initial adhesion and the onset of transatimm **. Furthermore, the early
stages of adhesion are insensitive to blockadeAM-1 and VCAM-1 antibodies.
Possible explanations for these phenomena inclueldipding to other receptors, such
as ICAM-2, successive rounds of transmigration &véy DC or a lag period due to a
requirement for chemokine-induced activation oégrtns expression on D& *°

Similar observations for intercellular diapedesisoas lymphatic and vascular EC
have been reported, although in the case of lynpEaE, both ICAM-1 and VCAM-1
appear to be present on both surfaces, whereasatieesnore polarized to the apical
surface in blood EC® Some studies suggests that leukocytes utilize #he
transcellular pathway to transmigrate across lymiphaessels, however it is not yet
known whether it occuris vivo®’ %

Despite the commonalities between endothelial lyatiprand vascular cells in terms
of molecules expressed and the fact that they amphmologically indistinguishable,
they are nevertheless specialized and adaptedhér distinct functions, expressing
some molecules characteristic of each kind of dmdmm. Some lymphatic
endothelial-specific receptors with a possiblesateregulating leukocyte adhesion and
transmigration are mannose receptor, podoplanin ¥fE-1 (lymphatic vessel
endothelial receptor 1)

Mannose receptor is expressed in lymphatic endathednd in lymph node sinuses,
where they have been shown to bind leukocyte-egptek-selectin. Thus, this receptor
may assist in adhesion of L-selectin+ lymphocytesrgo transmigration into afferent
lymphatic vessels. Prodoplanin represents one efntbst highly expressed genes in
lymphatic endotheliunt® *2 It contributes to the active recruitment of monclear
leukocytes by lymphatic EC through its predominarpression on the basolateral
surface, where it forms a complex with CCL21 thatsubsequently shed into the
stroma, thus establishing a peri-lymphovascular ZCgradient® . The key role that
podoplanin plays in cell adhesion, migration, aedsel formation have been indicated
by studies on podoplanin—/- mice, which exhibitadaceous lymphedema, dilated
cutaneous intestinal lymphatic vessels, and impaifgmphatic transport“.
Furthermore, overexpression of podoplanin in vascHIC has been shown to promote
the formation of elongated cell extensions anchtwease cell adhesion, migration and

tube formatiorf®. The mechanisms through which podoplanin perfatese functions
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appear to be dependent upon interactions betwgert@membrane cluster of basic
amino acids in the short cytoplasmic tail of po@oph and members of the ERM (ezrin,
radixin, moesin)family**. ERM family proteins in turn bind to the corticaktin
cytoskeleton and participate in a RhoA GTPase sigramsduction pathway that
regulates cell motility and adhesion. As podoplagipression is concentrated at actin-
rich microvilli and plasma membrane projections aad stimulate actin rearrangement,
it is possible that this small membrane mucin mésp glay a role in regulating
transcellular transmigration of cells across a nhayer of podoplanin-expressing cells,
such as lymphatic endothelia. LYVE-1 is another natant surface component of
lymphatic EC** *3 The similarity in amino acid sequence with théammatory
homing receptor CD44 suggests that LYVE-1 mightypn analogous role in
lymphatic homing. Confocal microscopic observatitat LYVE-1 is concentrated
within the cleft-like openings of overlapping intedothelial junctions in initial
lymphatics and only sparse within adjacent tighmciion structures is consistent with

a role for the receptor in maintaining some aspéginctional permeability.

1.1.2. Chemotactic factors

Every tissue site appears to be unique in its ch&etio property for immune cells.
The chemotactic property of a tissue site is dateeth by its expression profile of
chemotactic molecules. Chemotactic molecules irclie chemokine protein family,
inflammatory lipid mediators such as leukotrienesl grostaglandins, antimicrobial
peptides such as defensins and chemerin, and ngsmkAlso, microbial products such
as N-formilmetionil-leucil-fenilalanina (fMLP) andomplement proteins such as C3a
and Cba can act as potent chemoattractants. Teogehese chemotactic molecules
form the greater chemotactic network important poecise and robust immune cell

trafficking.

1.1.2.1. Chemokines

Chemokines are chemotactic cytokines that actigpezific receptors expressed on
cellular membranes. Chemokine receptors sense raicilegradient and direct cells
toward the gradient direction. The principal tasget chemokines are leukocytes and,
as motility is an essential part of their functiawhemokines play pivotal roles in
coordinating leukocyte navigation. However, chemeki are not only simple

chemotactic factors.
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Accumulating evidence suggests that chemokines imu@ortant regulators in
development, homeostasis and pathophysiological cegs®es associated with
osteoporosié”, obesity and insulin resistané® viral infections*®, immune responses
" mobilization of progenitors to the bone marr&tvautoimmune encephalomyelitis.
Moreover, nonhematopoietic elements, including hegial cells, fibroblasts, and
vascular elements have been shown to express oesefur and respond to CC
chemokines.

The chemokine family comprises about 50 memberdl€Tal); most are low
molecular weight molecules (8-10 kDa), all consigtof roughly 70-130 amino acids,
with four conserved cysteind$>% Two main subfamilies, CXC and CC chemokines
are distinguished, according to the position of thst two cysteines, which are
separated by one amino acid (CXC) or adjacent (Thg.cysteines form two disulfide
bonds, which confer to the chemokines their chargstic three-dimensional folding,
with a flexible N-terminal loop connected to the matructured core of the molecule
(3B-sheets) and a terminal-helix. The CXC chemokine family can be further
subdivided according to the presence or absenca obnserved tripeptide motif
glutamic acid-leucine-arginine (ELR) at the N-temos of the protein, before the CXC
domain. This motif is not simply structural but seeto be linked to function, giving
specificity for neutrophil chemotaxis and angiogaseThe two members of the § (
family, lymphotactine. (XCL1) and lymphotactirg- (XCL2), have two instead of the
usual four conserved cysteines and fractalkine @CIXI3 has three amino acids
between the first two cysteines, giving rise todhe-member CX3G) subfamily.

There are differences in the genomic organizatioth® chemokine families. Many
of the genes for the CXC chemokines, which act eatnophils are located on
chromosome 4, while the majority of the genes far CC chemokines, which act on
monocytes are clustered on chromosome®17These genes may have arisen by
duplication and divergence from primordial chemekgenes but remained in clusters,
supporting the idea that their functions are to esomxtent related. The remaining
chemokines have a different chromosomal locatioith vespect to these two main
clusters. These genes are more conserved betweeres@and have highly specific
functions, suggesting that they are older in evohary terms*.

Like cytokines, chemokines are secreted proteinky; twvo of them, CXCL16 and
CX3CL1 are synthesized with a typical transmembsstrience, which anchors them

to the cell membrane.
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Chemokine Ligands

CXC Subfamily
CXCL1

CXCL2
CXCL3
CXCL4
CXCL5
CXCL6
CXCL7
CXCLS8
CXCL9
CXCL10
CXCL11
CXCL12
CXCL13
CXCL14
CXCL15
CXCL16
C Subfamily
XCL1
XCL2

CX3C Subfamily

CX3CL1
CC Subfamily
CCL1
CCL2
CCL3
CCL4
CCL5
CCL6
CCL7
CCLS8
CCL9/10
CCL11
CCL12
CCL13
CCL14
CCL15
CCL16
CCL17
CCL18
CCL19
CCL20
CCL21
CCL22
CCL23
CCL24
CCL25
CCL26
CCL27
CCL28

Table 1. Chemokine structural classificationadapted from Allavena et al, 2005)
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Other Names

GROu/MGSA-a
GROB/MGSA-B
GROy/MGSA-y
PF4

ENA-78
GCP-2

NAP-2

IL-8

Mig

IP-10

I-TAC

SDF1a/p
BCA-1
BRAK/bolekine
Murine lungkine
Bonzo ligand

Lymphotactin/SCM-&/ATAC

SCM-18
Fractalkine

1-309
MCP-1/MCAF/TDCF
MIP-1a/LD78a

MIP-1p

RANTES

C10

MCP-3

MCP-2

MIP-1y

Eotaxin

Murine MCP-5
MCP-4

HCC-1
HCC-2/Lkn-1/MIP-5
HCC-4/LEC/LCC-1
TARC
DC-CK1/PARC/AMAC-1
MIP-3B/ELC/exodus-3
MIP-3a/LARC/exodus-1
6Ckine/SLC/exodus-2
MDC/STCP-1
MPIF-1/CKp8-1
Eotaxin-2/MPIF-2
TECK

Eotaxin-3

CTACK/ILC

MEC

13

Chemokine Receptors

CXCR2
CXCR2R
CXCR2
CXCR3B
CXCR2
CXCR1, CXCR2
CXCR2
CXCR1, CXCR2
CXCR3A
CXCR3A
CXCR3A
CXCR4/ CXCR7
CXCR5
Unknown
Unknown
CXCR6

XCR1
XCR1

CX3CR1

CCR8

CCR2

CCR1, CCR5
CCR5, CCR8
CCR1, CCRS3, CCR5
CCR1

CCR1, CCR2, CCR3, CCR5
CCR1, CCR2, CCR3, CCR5

CCR1
CCR3
CCR5
CCR1, CCR2, CCR3
CCR1, CCR5
CCR1, CCR3
CCR1
CCR4, CCRS8
Unknown
CCR7
CCRG6
CCR7
CCR4
CCR1
CCR3
CCR9
CCR3
CCR10
CCR10



Chemokines can also be grouped according to theiction; in fact, they can be
produced by leukocytes and tissue cells eithert@atigely or after induction, thus a
former classification grouped chemokines into thencfional subfamilies termed
“inflammatory” and “homeostatic” (Fig. 1). Homeaostachemokines usually guide the
trafficking of leukocytes under steady state caodg, during immune surveillance of
healthy peripheral tissues and control the arcthitemf secondary lymphoid organs; by
contrast, inflammatory chemokines are producedcamdrol the recruitment of effector

leukocytes under conditions of inflammation, immureactions, tissue injury and
tumors™.

| Consiitutive | inducible

CCL1
CCL2 CCL3

CCL14
CCL15

CCL16 CCL3LL  ccLa
CXCL12 CCL17 CCLS  ccL7
CCL19 CCL8
ccL18 CXCL13 CCL11  CCL13

CCL2 CCL20

Infection CCL23

Neoplasia Inflammation
Immunity
CCL22 cCL28 cCL24
XCL1 XCL2 CXCL1 CcCL26

CXCL3
CXCL5 CXCL2
CXCLS CXCL7

CXCL9 CXCL10
CXCL11

CX3CL1

Figure 1. Chemokine functional classification. Chemokines can be classified as
constitutive, regulating normal leukocyte traffioli or inducible, associated to
inflammatory and immune responses. Chemokine ptamuby tumor cells may reflect

constitutive gene expression or activation by auneéparacrine loops (Adapted from
Locati et al, 2002}

Many chemokines have broad target cell selectiMityparticular, expression of
inducible chemokines can be elicited by almost atiynulus that alters cellular
homeostasis; they can be thought of as vertebddlidar “SOS response” that recruits

leukocytes to areas of tissue injury. Recent figdjnhowever, indicate that several

Introduction 14



chemokines cannot be assigned unambiguously teredghe of the two functional
categories and therefore are referred to as “dwaitfon” chemokineg®. Dual function
chemokines participate in immune defense functiémg. are upregulated under
inflammatory conditions, examples include the ifgen (IFN)-inducible chemokines
CXCL9, CXCL10, CXCL11) and also target non-effectmukocytes, including
precursors and resting mature leukocytes, at feseukocyte development and
immune surveillance (for instance CCL1, CCL25, CX6).*°. Many dual function
chemokines are highly selective for lymphocytes bhade a role in T-cell development
in the thymus, as well as in T-cell recruitmentrtblammatory sites. Remarkably, dual-
function and homeostatic chemokines usually bindatsingle receptor, expressed
mainly on lymphoid cells, in contrast to inflammatochemokines, which bind to
multiple receptors.

In general, different chemokine classes tend tabéxdifferent ranges of leukocyte
specificity; schematically, CXC-ELR+ chemokines ls a highly conserved amino
acid motif: Glu-Leu-Arg) are the major chemoatteats for neutrophils, whereas CXC-
ELR- chemokines attract lymphocytes and monocytéshiave little or no action on
neutrophils. Chemokines belonging to the CC faraity primarily on monocytes, but
they can also attract lymphocytes, natural kildK) cells, basophils and eosinophils.
CX3C and C chemokines act on lymphoid cells (Tscatid NK cells) and fractalkine is
also active on monocytes. Despite this specifigiggdundancy in the action on target
cells is an intriguing feature of chemokines: n@rolokine is uniquely active on one
leukocyte population and usually a given leukogytgulation has receptors for and
responds to different chemokines. This confers stimss to the system, as variations in
the amount or quality of any chemokine or receptould have bearable consequences
for basal trafficking of leukocyte¥ ™°. Moreover, the interaction of chemokines with
their receptors is characterized by considerabdenmcuity. Most ligands interact with
more than one receptor and most known receptors hagn reported to interact with
multiple ligands; only CXCR4, CXCR5, CXCR6, CCRE6CR9 and CX3CR1 bind to
only one chemokine. Probably all cell types cardpo® chemokines under appropriate
conditions and usually, a cell produces many cheneskconcomitantly in response to
the same stimulus (polyspeirism) Once again, theseptor promiscuity and
polyspeirism contribute to the robustness of thenobkine network, essential features
which act to retain the chemokine system functiemen if genetic or epigenetic

alterations affecting individual components occur.
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1.1.2.2. Nonchemokine chemotactic factors

A group of heterogeneous molecules different frdrancokines has been described
to present also chemotactic activity. These inclbaeterial components, bioactive
lipids and signals of “tissue danger”. Among lipidediators, leukotriene&® and
prostaglandin$ have been shown to induce directional migratiorinmhune cells.
Leukotriene B4 (LTB4), the most important chemoetiat produced during the early
phases of inflammation is able to recruit neutrtsphgosinophils, Tcells and D&
while prostaglandin D2 (PGIp induces chemotaxis of eosinophils, basophils, &nd
helper type 2 (Th2) cell®. Lysophospholipids, including lysophosphatidicdaeind
sphingosine 1-phosphate (S1P), also show direcinataetic activity or modulate
chemotaxis to other chemoattractafit$> Some defensins (small cationic and Cys-rich
peptides with molecular masses ranging from 3 t&D), such as defensin-1 and
defensin-2 produced by activated neutrophils, ieddeemotaxis of T cell® and DC
% Complement pathway products such as C3a and @5aalso chemotactic for
leukocytes™ e.g.. C5a promotes the recruitment of neutropdrild eosinophils. Some
cytokines show chemotactic activity, e.g..interliedk6 induces chemotaxis of CD4 T
cells. Stem cell factor acts as a chemoattractantnfast cells and hematopoietic
progenitor cell€®. Serotonin, a neurotransmitter and inflammatorygliater released by
mast cells, can induce the chemotaxis of eosinsgiil Chemerin is a recently

identified protein with a chemotactic activity fdC, macrophages and NK ceffs™

1.1.2.2.1. Chemerin
Chemerin is a 163 aminoacids protein (Fig. 2) ifiect as the natural ligand of
chemerin receptor (ChemR23), a GPCR related to ckie@ receptors expressed in

C®"2 macrophage&’ and the cytotoxic subset of NK cefi§ Chemerin

immature D
acts as a chemoattractant protein for ChemR23s ¥&fi

Chemerin mRNA (messenger RNA) is constitutively resged at readily detectable
levels in most tissues, primarily liver, lung, pitwy, and ovary. No chemerin
transcripts are found in peripheral blood leukogyteulations’ . The liver, appears
to be a primary source of chemerin, and is likelyp¢ responsible for the high levels of
this proteinin blood’2. ChemR23 is also broadly distributed. ChemR23 trgptschave
been found primarily in spleen, lymph nodes andyl{fh It have been also found in
cardiovascular system, brain, kidney, gastroimestiissues, and myeloid tissues (Fig.

2) ",
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Figure 2. Expression of human ChemR23 (A) and chema (B) (From Wittamer et

al, 2003}°

Chemerin is synthesized as a secreted 142 amingaealrsor of low biological

activity (prochemerin)which upon proteolytic cleavage of its C-terminandhin is

converted into a potent and highly specific agomiChemR23 (Fig. 3 and 5Y.

Chemerin lacking the last six (chemerin 157) oresefchemerinl56) aminoacids are
the sole bioactive forms @hemerin on ChemR23, the former being more acthiea t
the latter . Unlike chemerin, most chemokinese processed at their N-terminus.
However the proteins closest structurally to procéen: cathelicidins (antibacterial
peptides), cystatins (cysteine protease inhibifoed the bradykinin precursor

kininogen, are also activated by a C-terminal pseirey.”>"”
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mrrlliplalwlgavgvgvaELTEAQRRGLQVALEEFHKHPPVQW 45

AFQETSVESAVDTPFPAGIFVRLEFKLQOTSCRKRDWKKPECKVR 920

PNGRKRK&ZLAQIKLGSEDKVLGRLVH&P IETOVLREAEEHQE TQCI 145

LRVQRAGEDPHSEFYFPGQFAFSkalprs 163

chemerin-9 ]
cleavage site

Figure 3. Aminoacid sequence of human prochemerirThe signal peptide is in bold
lowercase italic characters and underlined, thaveld C-terminal peptide is in bold
lowercase italics and cysteins are in bold characfehe putative disulfide bonds are
indicated. (From Wittamer et al, 206%)

The production of chemerin is regulated both atdcaiptional and posttranslational
level. TIG2 (tazarotene-induced gene 2), chemarooding gene, has been found to be
overexpressed in nonlesional psoriatic skin andwaér levels in psoriatic lesions, and
to be up-regulated by the synthetic retinoid tazare in these lesior& " Induction of
this gene was also shown in the osteoclastogenicsenbone marrow stromal cell line
ST2 after stimulation by 1,25-dihydroxy-vitamin @Bd dexamethasorf& Therefore
the transcriptional regulation of chemerin appdarsary according to cell types and
tissue.

The clotting-associated serine proteases, factdla Znd Vlla, the fibrinolysis-
associated serine proteases plasmin and plasminaggrators, mast cell derived
tryptase ®°, serine proteasemleased from activated neutrophil azurophil gresul
(elastase (HLE) and cathepsin G (C&})® and Staphopain By cysteine protease
secreted byStaphylococcus aureu¥ are all potent activators of chemerin. The
activation of chemerin by different extracellulaofeases associated withimduced by
the clotting, fibrinolytic and inflammatory cascagdesupports a role of chemerin in the
recruitment of ChemR23+ cells to sites of tissuanaige, infection or allergic
inflammation to rapidly establish an appropriateriome respons®.

Chemerin is not only positively regulated at p@stscriptional level, there are also
proteolytic events that negatively control its clueactic activity. Proteinase 3 (PR3), a
serin protease known to be abundant in polymorptieau (PMN) granules, and mast

cell chymase are involved in the generation of gjgechemerin variants, which are
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inactive on ChemR23. PR3 specifically converts pemgerin into an inactive chemerin
form, lacking the last eight carboxy-terminal amawmds (chemerin-155), whereas mast
cell chymase converts active chemerin-157 andlésser extent, chemerin-156 (but not
prochemerin) into the inactive chemerin-154 f&fm

In addition to transcriptionakegulation, the post-translational processing by
proteases constitutes usual mechanism found also in the regulatioth@fbiological
activity ofchemokines involved in inflammatory processes. Ngteotease activity has
been shown to lead to the inactivatioh several chemokines e.g. the monocyte
chemotactic protein€CL2, 7, 8, and 13, and the general leukoeytiactant CXCL12
8 Proteolysis of CCL3/MIP-< by HLE, CG, and PR3 inhibits its chemoattractant
activity %,

Given its homology with cystatins and cathelicigmecursors, as well as the similar
organization of their genes, it is likely that clesim adopts the so-called cystatin fold
" This fold is presumably stabilized by two disdéibonds common to cystatins, and
an additional bond specific to chemerin, but confybatwith the cystatin fold. The C
terminus of the protein, located after the lastt@y® involved in the disulfide bond
constitute an unstructured flexible domain crud@ the biological activity of the
protein on ChemR23, with the aromatic residues 49rPhel50, Phel54 and Phel56,
as well as Gly152 playing a critical role in bothénR23 binding and activatidh

The fact that the same region (C terminal) of ch@mis involved in both, binding
and activation of ChemR23 (a one site model), grehtferentiates it from the family
of chemokines in the region involved and the wagytlinteract with their cognate
receptors. In most chemokines the flexible domailocated at the N-terminal domain
8 playing a similar role as C-terminus of cheméfinUnlike chemerin, the interaction
of chemokines with their receptors involves a twe-snodel: their binding involves
first a high affinity binding site between the carethe chemokine and the N terminus
and loops of the receptor, whereas activation efrdteptor usually requires a second
interaction between the flexible N terminus of tteemokine and the transmembrane
helix bundle of the receptét.

Chemerin and ChemR23 are relativelgll conserved between mammalian species
(Fig. 4). The sixcysteins presumably involved in disulfide bridgirge strictly
conserved in all specie. Importantly, the C-terrherad of chemerin (YFPGQFAFS),

which is essentidlor the activation of ChemR23, is particularly wethnserved It
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appears therefore that the chemerin-ChemBZ3em has been well conserved in

evolution, suggesting importaand stable functions all along the vertebrate tjeé4

Prochemerin ChemR23
Homo sapiens Rattus norvegicus 81%
Pongo pygmaeus 98% Mus musculus 80%
Canis familiaris 81% Homo sapiens
Bos taurus 74% Pongo pygmaeus  89%
Rattus norvegicus 62% Canis familiaris 85%
Mus musculus 59% Bos taurus 81%
Gallus gallus 33% Gallus gallus 57%
Xenopus tropicalis  28% Xenopus tropicalis 49%
Tafikugu rubripes 17% Tafikugu rubripes 40%
Danio rerio 14% Danio rerio 36%

Figure 4. Dendogram of ChemR23 and prochemerin frondifferent vertebrate

speciesFrom Luangsay et al, 200%)

Although chemerin was first described as a cherao&nt, recent observations
suggest that it can also display angiogenic andigfammatory properties that are
absolutely depending on proteolytic processingastdia ChemR23. Kaur et & have
reported that chemerin acts on EC through ChemR23 receptor is expressed in
human EC (micro (HMECs) and macro(HUVECs and EAZ®)9vascular human EC)
and upregulated by pro-inflammatory cytokines (T&§HL-1p and IL-6)), is able to
promote EC proliferation, migration and capillabé formation; and activation of
endothelial gelatinases (metalloproteinase (MMB).2/

Furthermore classically activated macrophages apalde of converting chemerin
into the potent anti-inflammatory peptide C15 (IMGEDPHGYFLPGQFA-154) (Fig.
5) % C-15 enhances macrophage phagocytosis of midnoditicles and apoptotic cells
(efferocytosis) in a nonphlogistic manner.This igported byin vivo studies where
C15 ameliorated zymosan-induced peritonresiucing leukocyte recruitment by up to
65%, with a concomitansuppression of inflammatory mediator expression and
quantifiable reduction in the level of apoptotidl€esuggesting a role in resolution of
inflammation®”.

In addition, in a mouse model of acute lung injomgmerin instillation increased the

mobilizationof airway macrophages via ChemR23 and inhibitedrophil recruitment
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and the release of inflammatory cytokines (IL-6, FF IL-1p) and chemokines
(KC/CXCL1)®®

Besides ChemR23, orphan receptor GPR1 (G proteipled receptor 1) and
CCRL2 have been identified as spare receptorshfemerin®* °> However, only GPR1
is capable to support chemerin-derived signal ttacison, therefore at least some of
the activities of chemerin may be mediated throGR1. CCRL2 functions as a not
signaling receptor for chemerin. It has been suggethat could act by concentrating

bioactive chemerin and facilitate its presentatmadjacent cells.

Pro-chemerin
HN = — COOH
B \ cr
C-ferminal processing j
by senne proteases
H,N— ?UUUH

> Further C-terminal processing
,:3 by cy=teine proleases -

H. N COOH
Chamerin 15

@ @

@

[ CCRLZ

| E;} (..:,T"'? m’]ﬂ\ a‘:’ {J.,..h .«"r

MH, NH.
& %,/ = %F““' oo
COOH GO0 1AL -
T B, i . a0 i
ChemR23 ChemR23 ChemR23

Figure 5. Regulation of the inflammatory response Y chemerin. Prochemerin is

processed by serin proteases at C-terminal regsmergting active chemerin, which
induced cell migration through engagement of Che&hR. Chemerin can binds also
to CCRL2 by its N-terminal domain being presentethis way to adjacent ChemR23+
cells (2) Cystein protease processing of chemeédnerates the anti-inflammatory
peptide chemerin 15 which acts via ChemR23 inmmbitithe generation of

proinflammatory mediators (From Yoshimura and Opyém, 20083

1.1.3. Chemotactic receptors

The recruitment of different types of leukocyte seiis to tissues is governed by the

regulated expression of chemotactic receptors. &g pathway of most
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chemoattractant receptors is mediated by sevensnrambrane domain GPCR.
However an exception is represented by cytokineb s IL-16 and stem cell factor,

which induce chemotaxis through CD4 and c-kit reipely ** %

1.1.3.1. Chemokine receptors

Chemokines induce cell migration and activation logding to specific seven
transmembrane domain GPCR on target cells. Ten CCR({-10), seven CXC
(CXCR1-7), one CX3C (CX3CR1) and one XCR (XCR1)emors have been
identified (Fig.6)>" > Receptor expression is a crucial determinanhefspectrum of
action of chemokines. The profile of chemokine-ptoe expression on an individual
cell is determined by its lineage, stage of diffiti@ion and microenvironmental
factors, such as chemokine concentration, the peesef inflammatory cytokines and
low oxygen tension.

Some receptors are restricted to certain cells @ R1 is predominantly restricted
to neutrophils); whereas others are more widelyesged (e.g. CCR2 is expressed on
monocytes, T cells, NK, DC and basophils). Morepwremokine receptors can be
constitutively expressed on some cells, whereascibte in others (e.g. CCR1 and
CCR2 are constitutively expressed on monocytes,abeitexpressed on lymphocytes
only after IL-2 stimulation); again, the expressmiisome chemokine receptors can be
restricted to a cell state of activation and défdration (e.g. CXCR3 is expressed on
activated T helper type 1 lymphocytes (Thl), whei@&R3 is preferentially expressed
on T helper type 2 lymphocytes (TH2)

Although initially studied on leukocytes, some clodine receptors are also
expressed in nonhematopoietic cells, including owsir astrocytes, epithelial and
endothelial cells. These observations suggesthieathemokine system has other roles
in addition to leukocyte chemotaxis.

As already pointed out for chemokines, the remdekdbature of the chemokine
receptor family is their promiscuity as far as tdabinding is concerned; however,
although relatively few receptors bind only oneatig, CC receptors bind only CC
chemokines and CXC receptors bind only CXC chenmexinThis ligand-receptor
restriction may be related to structural differenéetween CC and CXC chemokines,
which have similar primary, secondary and tertisinyictures but different quaternary

structures®.
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Figure. 6. Chemokine receptor family. Ligand specificity is represented, with

many receptors binding more than one single lig&fam Balkwill, 2004}°

1.1.3.1.1. Chemokine receptor signaling.

Although the details of the chemokine signallinghpaays appear to vary depending
on the cellular context, the general rule is th@pn chemokine binding, the G protein
activated by Guanosine-5'-triphosphd&TP) dissociates im and By subunits, the
latter activating the enzymes phospholipase C (PfCand phosphatidilinositol-3
kinasey (PI13Ky).

PLC catalyzes the cleavage of membrane bound phogplinositol 4,5
biphosphate (PIP2) yielding two second-messengdeasitol triphosphate (IP3) that
triggers the release of calcium from intracelldtores and diacylglycerol (DAG) that
activates several isoforms of protein kinase C (RRKZhile the rise in the concentration
of intracellular calcium has been widely used tt the responsiveness of chemokine
receptors to different chemokines, activation of(PkKoenzymes is stimulated by

Introduction 23



almost any surface receptor and therefore is netigpfor chemokine-induced signal
transduction. However, PKC activation by chemokinesntributes to receptor
phosphorylation which leads to desensitization eatibition of functional responses
100.

PI3Ky activation results in the generation of phosplyéihdsitol-3,4,5-triphosphate
(PIP3) that initiates the activation of protein &se B (PKB)'*’. PI3K, PKB and PIP3
translocate to the leading edge of the cell wh&® &ctivate the small GTPase Rac, and
all these mediators participate in local polymedraa of the contractile protein
filamentous actin (F actin), whereas the mediatorsactomyosin contraction are
recruited to the trailing edg® (Fig. 7). After chemotactic stimulation the phoafatse
PTEN (phosphatase and tensin homoloBJ2P phosphatase), which removes PIP3 by
converting it back to PIP2, rapidly localizes tce thell membrane. Contrary to the
former mediators PTEN localizes to the sides arat @ the cell, amplifying the
intracellular PIP3 gradient®. Another important player is also activated: Cdcd2
small GTPase, which is recruited to the leadingeedughere it is involved in PTEN
exclusion from the leading edge, being essentiadfectional cell migration®®1%
Thus, upon chemokine stimulation, PI3K localizetedarly, whereas PTEN localizes
posteriorly and this spatial and temporal regufataetermines the polarity of the

migrating cell*°.
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Figure 7. Signalling through chemokine receptorsDifferent signalling components

localize either in the leading edge or in the ingiledge, determining cell movement
(adapted from Tanaka et al, 208%)

There are increasing evidence that chemokine reremian also activate several

intracellular effectors downstream of G couplinggluding the low molecular weight

protein Ras and Rho and the mitogen-activated jprétease (MAPK) pathway® 1%

Moreover, it has been suggested that, like cytok&weptors, chemokine receptors are
also able to signal through the JAK-STAT pathwdy *** Upon ligand binding, the
receptor dimerizes and catalyses the phosphonlaifahe JAK kinases which in turn

phosphorylate the receptor itself; this event kming STAT molecule recruitment,

dimerization and translocation to the nucleus whierériggers the expression of

cytokine dependent genes.
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Chemokine receptor signalling is transient, and rdggid termination of receptor
activity is achieved by three mechanisms: recepiactivation, desensitization and
internalization. Receptor inactivation is mediabgdthe intrinsic GTPase activity of the
Ga subunit, which hydrolyzes GTP and reunites witfy Go return to the initial
conformation of inactive heterotrimer. Desensiimat is caused by receptor
phosphorilation, through G-protein-coupled recepdimases, among which PKC and
finally internalization is caused byB-arrestin or adaptin-2 mediated receptor
sequestration and internalization, through clatboated pits or caveolae. The speed of
response recovery is determined by the fate ofnateed receptors, either lysosomal
degradation or dephosphorylation and cell surfamyadling; the pathway leading to
either degradation or recycling following recepiaternalization are determined by the
guardians of all vesicular machinery, Rab GTPd3ésnd by the rate ofle novo
chemokine receptor synthesis.

Signal transduction downstream chemokine recejgaraich more complicated than
the one above described; indeed, a given recepibragtivate signalling pathways

influenced by those from other receptor systems.

1.1.3.2. Atypical chemokine receptors
Beside the conventional signalling chemokine remsptother chemokine binding
molecules with high structural similarity to chenmok receptors have been described,

113—115, D6 114-116 and

namely the Duffy antigen receptor for chemokinesART)
ChemoCentryx chemokine receptd€GX-CKR) **". These receptors do not elicit
migration or conventional cellular responses, hiiit bind chemokines with high
affinity. They are also referred to as “silent n@oes” and have been suggested to favor
transfer of chemokines across endothelial barréard/or to act as decoy receptors
which dampen inflammatory reactiod®’. Of note, sequence motifs critical for G
protein coupling and signaling functions of chenmekireceptors, namely the
DRYLAIV in the second intracellular loop and the FXmotif in the second
transmembrane domain, are not conserved in thesptos. It have been recently
reported that similar to silent receptors, CCRL2alde to bind chemerin without

inducing an intracellular signalifiy
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1.1.3.2.1. C-C chemokine receptor-like 2 (CCRL2)

CCRL2 (C-C chemokine receptor-like 2), also known_,aCCR (LPS-inducible CC
Chemokine Receptor), is a 7-transmembrane GPCRridedcas potential leukocyte
chemoattractant receptor. CCRL2 shares over 40%n@atid identity with CC-
chemokine receptors and clusters on chromosomenegp21-23 together with the
most other CC-chemokine receptors (in particulaRT and CCR5)*°. However
CCRL2 possesses an uncharacteristic intracellolap2 sequence in place of DRY
motif, similar to nonsignaling chemotactic receptothat makes it considered as a
candidate decoy recepttf’. CCRL2 was originally cloned from the macrophagé c
line RAW 264.7'?!. Real time polymerase chain reaction (RT-PCR) andbitu
hybridization experiments revealed CCRL2 mRNA egpien by microglia, astrocytes
and infiltrating macrophages in spinal cord andirbria a model of experimental
autoimmune encephalomyelitis (EABY®". The expression of CCRL2 on glial cells
resulted induced upon LPS stimulation bathvitro andin vivo 2 CCRL2 has been
reported to be expressed in lung tissue and uptgliin macrophages and bronchial
epithelium in a mouse model of ovalbumin (OVA) {ied airway inflammatior®®
Recent observation shows that CCRL2 is constitlytiezpressed in mouse mast cells
93.

Human CCRL2 counterpart is named H@Riman chemokine receptdff. Mouse
and human CCRL2 genes share 51% homology, whiclovis comparing to the
homology usually observed for other chemotacticepsars (usually > 80%). HCR
MRNA expression has been found in human liver,espldneart, lung, kidney, and
skeletal muscle leukocyté8>. In human blood and bone marrow CCRL2 is expressed
at varying levels in all myeloid cells (monocyte,aecnophages, PMN, and DC),
lymphoid cells, and CD34+ myeloid precursors, WRMN expressing the highest
levels. Unlike other lymphoid cells, B cells werstially reported to be negative for
CCRL2 *?°> However a recent work demonstrates that HCR ésrlyl expressed on
different B-cell types with a preferential expressin the early stages of differentiation
and lack of expression in immature bone marrow B @nd IgM+-expressing B-cell
lines*?®. Interestingly, it is upregulated in human T celfeerin vitro stimulation and in
DC stimulated with LPS, poly (I:C), IRNor CD40L*?. In addition, human neutrophils
constitutively express HCR®, and its expression is shown to be upregulated in
synovial neutrophils from rheumatoid arthritis patis*?" 12
CCRL2 is rapidly induced after LPS treatment: it irduced by 30 min. in
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RAW?264.7 cells, reaching a peak at 2h, and decsetimmeafter?’. Similarly, in an
OVA induced airway hyperesponsiveness model, CCRULBregulated in the lung as
early as 1-3 h after OVA challenge, returning tedddevels 6 h aftef 123

Recently it have been described the first bioldgicaction attributed to CCRL2 so
far. Zabel et al found that mouse mast cells canstely express CCRLZ®. Using
CCRL2-deficient mice, they showed that the abs@&ic@CRL2 did not affect the basic
mast cell phenotype and functionvitro or T cell-mediated contact hypersensitiviity
vivo. However, in a model of IgE-dependent passiveragas anaphylaxig vivo, in
which mast cells play a central role, they founat tG6CRL2-deficient mice had reduced
inflammatory responses when a relatively low sesion dose was used. The
defective response was attributed to CCRL2 exprassen mast cells, as mast cell-
deficient mice reconstituted with CCRL2-deficienbnie marrow progenitor cells
showed an impaired response compared to those stgcoed with WT (wild type)
cells”.

Due to its homology with CC chemokines receptor ilgmCCRL2 has been
considered a putative chemokine receptor and Seatteanpts have been performede to
identify the putative ligands. Recently Biber amdleagues reported that HEK 293 cells
transfected with mouse CCRL2 showed pertussis t@XirX) sensitive chemotaxis and
intracellular calcium signal in response to thensbkines CCL2, CCL5, CCL7 and
CCL8'%, suggesting that CCRL2 is a functional receptawklver these results remain
controversial because radioligand binding of thelsemokines to CCRL2-transfected
cells could not induce any detectable signals aedésults have never been confirmed
(discussed by?%. Recent reports suggest that CCRL2 is a non-sigpakceptor,
belonging to atypical silent/decoy receptors farily®®

Chemerin has been recently indicated as the nataraisignalling ligand for both
human and mouse CCRL2. The binding affinity of ceemfor CCRL2 is similar to, if
not slightly better than, chemerin binding to ChemR23Leick et al**® showed that
CCL19 binds to CCRL2 with an affinity similar it$assical receptor, CCR7, however
this binding did not elicit any classical chemokireceptor response like MAPK
phosphorylation, calcium mobilization or migraticmonfirming the ‘silent’ behavior of
CCRL2. In spite of its phylogenetic homology witrembers of the CC chemokine
receptor family, CCRL2 possesses an uncharacteirgtiacellular loop 2 sequence in
place of the DRYLAIV motif generally found in sidgiey chemokine receptors
(QRYLVFL in human and QRYRVSF in mouse), a chamastie that might account for

Introduction 28



its non-signaling characteristics after chemerirdbig**°. The presence of a glutamine
(Q) at position 127 instead of aspartic acid (@placing an acidic residue with a
neutral one rends coupling to the Gi protein higinjikely.

Reports about CCRL2 internalization are conflictidigbel et af* have reported that
CCRL2 show a low-level constitutive endocytosis dmak chemerin binding does not
trigger ligand internalization. On the other hareldk et al have found that CCRL2 is
constitutively recycled via clathrin-coated pitsdaquickly re-expressed at the cell
surface and is able to internalize CCL19 as wellaasi-CCRL2 antibodies®
However, even whether CCRL2 internalizes CCL19, ghecess is less efficient than
CCL19 internalization mediated by the scavengeeptr CCX-CKR. It is likely that
CCRL2 could act more as chemokine presenter (liR&kO) rather than a scavenger
(like D6). Zabel et al have proposed that CCRL2 ldobe able to bind the
chemoattractant and increase local concentratidnsioactive chemerin which then
become available for interaction with ChemR23 oja@eht cells, thus providing a link
between CCRL2 expression and inflammation via #lkesignalling chemerin receptor
ChemR23. A similar reasoning could be doing for @&L The identification of
chemerin as a non-signalling ligand for CCRL2 idtroes a novel functionality for
atypical  receptors:  concentration and  presentatiods opposed to
internalization/degradatio®®*. Chemerin binds directly to the N-terminal domain
CCRL2 by its N-terminal region. The orientationobfemerin binding to CCRL2 leaves
its critical cell-signaling C-terminus exposed, réfere available to bind to ChemR23
(Fig 8). In this regard, it is interesting to ndt@t the first 16 aminoacids of human and
mouse CCRL2 share 81% identity, compared with U&% shared identity in the
remaining 24 aminoacids of the N-terminal dom&ft In its role as a specialized
molecule for concentrating extracellular chemerl@CRL2 may operate like
glycosaminoglycans, which are thought to bind, eotiate, and present chemokines to
leukocytes and facilitate their chemotaxis.
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Figure 8. Presentation of chemerin by CCRL2.(A) Chemerin binds to CCRL2
leaving the C-terminal peptide sequence free wraat with adjacent ChemR23+ cells.
(B) Alternatively, CCRL2 may concentrate the ligafm proteolytic processing,
enhancing the local production of the active fornmick could then act as a

chemoattractant after release from the cell surfd@em Zabel et al, 200%)

1.1.4. Chemokines in physiology

The eponymous function of chemokines and theirptecs is to mobilize cells in a
gradient direction. This biological function is pemlarly important in leukocyte
recruitment at sites of inflammation, althoughsitnow well known that many different
cells express chemokine receptors and are therefble to respond to different
chemotactic stimuli. The trafficking of DC and lyhmgrytes through secondary
lymphoid organs is finely regulated by chemokineepgors. DC can take up antigens in
peripheral tissues and migrate to draining lympHesowhere they present antigen to
naive T cells, triggering the T cells to proliferadand differentiate. These activated T
cells can then migrate to the inflamed tissuesetdopm their effectors functions. The
movement of T cells and DC between lymph nodestlaageriphery may be controlled
by differential chemokine receptor expression**?

Circulating monocytes and immature DC can expressptors for chemoattractants
such as fMLP and Cb5a as well as chemokine recgptoluding CXCR4, CCR1, 2, 3,
4, 5 and 6% '3¥ Using these receptors, immature DC can migrateurds sites where

there is a high concentration of inflammatory chkmes such as CCL2, CCL3 and
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CCL5. Immature DC can also respond to constituivedpressed chemokines such as
CXCL12, and this may be important for localizing O€ tissues under normal
conditions. At sites of inflammation, immature DQe aactivated by inflammatory
cytokines such as TN&-and IL-1%° which results in DC maturation. This process
causes a switch in their chemokine receptor exmmesdMaturing DC lose their
responsiveness to CCL3, 4, 5, 7 and"%0"® '3/ but concomitantly upregulate CCR7
and gain responsiveness to CCL19 and CCL21 whielcanstitutively expressed in T
cell rich areas of secondary lymphoid organs inclgdymph nodes, spleen and tonsils.

Naive T cells can express CXCR4 and CCR7, which megount for their
localization in secondary lymphoid organs. Uporeiattion with antigen-presenting
DC, naive T cells are activated and alter theimublane receptor profile. Activated T
cells can express CXCR3, CXCR4, CCR1, 2, 3, 4, 3,d@nd 83" 138 Activated T cells
can polarize to Thl (expressing IFNand IL- 12) or Th2 (expressing IL-4, IL-5 and IL-
13) subsets, which differ in their cytokine prodantand function during an immune
response and also express different chemokine taesepCCR5 and CXCR3 are
preferentially expressed on Thl cells, while Thlscpreferentially express CCRS3,
CCR4 and CCR&®® *? although this differential chemokine receptor resgion is not
clear-cut. Finally, naive B cells can express CX@R8 CCR7 which direct them to the
follicles of secondary lymphoid organs, where igahds CXCL13, CCL19 and CCL21
are expressed. Upon maturation to plasma cell€lB down-regulate CXCR5'" and
CCR7, but have increased sensitivity to CXCL12 (thro@XCR4) which regulates
plasma cell positioning in the spleen and lodgemetite bone marrow.

Several evidences suggest that chemokines havdeairrahe development of
different biological responses that goes beyonbreetuitment. Chemokines have been
shown to play a direct role also in definition dfet cytokine milieu during both
inflammatory and immune responses as well as inortapt mechanisms such as
hematopoiesis. Thus, chemokines not only suppdigrdntial leukocyte recruitment,
but also directly affect target cell functions. ffiased gene expression profile analysis
in chemokine-activated monocytes revealed that @@&mokines induce specific
transcriptional programs in target cells, demotistgathat chemokine effects on target
cells include induction of transcriptional evetits

Chemokines not only attract T cells, but they miap &ave roles in regulating T

cell biology, influencing Th1/Th2 polarizatidf’. CCL2 can suppress Th1 responses
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and cause an increase in IL-4 (Th2 cytokine) prodocby activated and memory T
cellsin vitro *** % The addition of CCL2 to macrophages cultuireditro has been
shown to decrease IL-12 (Th1 cytokine) productith CCL2 may therefore promote
Th2 polarization both directly and indirectly bycreasing IL-4 and decreasing IL-12
production, respectively. In contrast, additiorC&L3 toin vitro cultures of activated T
cells promoted the development of H=Nroducing cells and hence Th1l differentiation.
Similarly, CCL3, 4 and 5 production by monocyteided DC can promote the
development of IFN-producing cell$*®. However, experiments in mice deficient in the
chemokines CCL2 and CCL3 and the chemokine rece@@R1 and CCR2 resulted
less conclusive, and in some instances gave oppossgults, depending on the
experimental protocols uséd’**° More work is required to further elucidate théero
of chemokines in the differentiation of T cellsdaaso the contribution of chemokines
produced by T cells themselves. This aspect ma hanplications for the use of
chemokine receptor antagonists in the treatmemtfla@immatory disease.

Chemokines play also an important role in hematgsi Stem cells and
hematopoietic progenitor cells in the bone marroe subjected to the influence of a
variety of different cytokines, resulting in eithestimulation or inhibition of
proliferation. Chemokine receptor expression by &@moietic progenitor cells may
regulate the homing of these cells within the bararow during differentiation and
maturation, and their mobilization into the cirdida. In particular, hematopoietic
progenitor cells express CXCR4 and can migratespanse to CXCL1%%; therefore,
this chemokine/receptor pair plays an importane fial the balance between retention
and mobilization of progenitor cells in the bone rroew and this function is
accomplished through a mechanism of receptor diézeti®on and downregulation,
with CXCL12 being constitutively produced in highmaunts in bone marrow.
Moreover, the CXCL12/CXCR4 axis can also be impartéor the retention of
hematopoietic progenitor cells in the bone marrdwijng B lymphopoiesis; retaining B
cell precursors in the bone marrow would enablér tregulated differentiation into
mature B cells'™® Beside hematopoiesis, CXCR4 and CXCL12 are inaporin
development and embryogenesis, as clearly demterstiay knockout micé>® 1
Both CXCR4 and CXCL12 deficient mice die in utemminting out their role in
development and embryogenesis; this may also explay CXCL12 is such a highly
conserved chemokine. These mice have severelyedduambers of B cell progenitors

and myeloid progenitor cells, suggesting that th&CC12/CXCR4 pair is responsible
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for B cell lymphopoiesis and bone marrow myelopsiesSurprisingly, T cell

lymphopoiesis is unaffected in these mice. They diave severe heart defects,
including defective cardiac ventricular septum fation and a disorganized
cerebellum. Evidences have been collected showlrag mice deficient in either
CXCR4 or CXCL12 have defective formation of thegkamblood vessels supplying the
gastrointestinal tract, possibly due to defectegutation of vascular branching and/or

remodeling processes in E&.

1.1.5. Chemokines in Pathology

Thein vivo functions of chemokines are not limited to immuyrahd inflammation;
given their broad spectrum activities, it is notising that they play a role in several
types of human pathologies, including asthma, oaedicular diseases, transplantation,
neuroinflammation, HIV (human immunodeficiency wWjtassociated diseases and
neoplasia.
Multiple sclerosis (MS) is a demyelinating autoinmeudisease mediated by CD4+ T
cells specific for one or more autoantigens exmedss the central nervous system,
where a variety of destructive inflammatory medist@re produced. Beside auto-
reactive T lymphocytes, MS lesions contain a vgrief cell types, including
monocytes/macrophages and T cells which are subs#yurecruited, activate
microglia and cerebrovascular endothelium. Durimgjva MS attacks, significantly
increased levels of CXCL9, CXCL10, and CCL5 areedid in cerebrospinal fluig®
and CCL2, CCL7 and CCL8 have been found immunotimically in MS lesions
16 various chemokine receptors are also expressédSresions: CCR2 and CCR5
are found expressed on macrophages, microglia aredl§, and CCR3 is also found on
reactive astrocytes®’. MS patients heterozygous or homozygous for theREI132
allele (which encodes a non-functional form of CECRbow delayed disease onset of
approximately 3 years compared with affected sifglitr® CXCR3 is expressed by
more than 90 % of CD3+ T cells in cerebrospinaldfltand >99 % of T cells in
perivascular accumulations in active lesidtis The presence of CXCL9 and CXCL10
in MS lesions may account for the recruitment of GR3 positive T celld*®. CCR5
and CXCR3 may represent a target for therapeutevantion in MS

Rheumatoid arthritis is characterized by the presesf a mixed inflammatory cell
infiltrate into synovium-lined joints, in responge autoantigens. The success of anti-
TNF-based therapy has indicated the critical rdéeygd by this cytokine in arthritis,
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presumably mediated by the induction of chemokiggsovial fluid from pathological
joints contains high levels of CCL2, CCL3, CCL5 a@XCL10 and both synovial-
lining cells and leukocytes are the source. Leutexyare also the target, expressing
CCR2, CCR5, CCR2 and CXCR¥ 1°*

Accumulating evidence indicates that chemokinesy pla central role in
cardiovascular disease and in particular in atleossis, a chronic inflammatory
disease of the blood vessel wall, characterizedheyaccumulation of mononuclear
cells. Atherosclerosis is a multifactorial diseasgth many risk factors including
smoking, hypertension, hypercholesterolemia, farhilstory and diabetes; however,
there is consensus on the origin of atherosclerplagjues from an inflammatory
response occurring in the arterial damage, eitleeabse of hypercholesterolemia or
shear stress. CCL2 has been found to be involvedisnpathology. CCL2 and CCR2
deficient mice show 60-85% less arterial lipid d&pon than WT mice, in
hypercholesterolemia models and this is consistétht the role of CCL2 in leukocyte
recruitment. Recent evidence demonstrate that adbrgpectrum CC-chemokine
blockade reduces atherosclerosis in an Apo-E -teri® ** Another important
chemokine in atherosclerosis is CX3CL1 (fractalkiriéhis chemokine is produced by
EC after inflammatory cytokine stimulation and caediate leukocyte adhesion and
infiltration into the vascular wall, as well as Ni€ll-mediated endothelium injury. High
levels of mMRNA for CX3CL1 and other 16g13-chromoselinked chemokines have
been observed in human arteries with advancedasitierotic lesion$®®. The ability to
recruit leukocytes and its expression in vascuddls strongly suggest a pivotal role for
fractalkine in the pathophysiology of atherosclesos

Chemokines and their receptors are also involvedrejection of allogeneic
transplants. In particular, after an early non Hmecelease of inflammatory
chemokines attracting neutrophils and monocytesCRX and CCR5 ligands appear,
several days after the transplants, consisting thi#ir orchestrating the movement of
cells involved in acute rejectioli®>. Moreover, it has been demonstrated that CX3CL1
expression is enhanced in rejecting cardiac alfegt& in addition, the treatment of
organ recipients with polyclonal anti-CX3CR1 blaufiantibodies markedly prolonged
survival of major histocompatibility complex (MH®@)ismatched heart allograft§®.
As far as bone marrow transplant is concerned, CK@Rd its ligand chemokine
CXCL12 are very important. As comprehensible gittegir role in the balance between

stem cell precursor retention and mobilizationhe bone marrow, CXCR4/CXCL12
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play a role in bone marrow engrafment of CD34+scahd this may have clinical
implications with regard to therapeutic stem aghsplantation.

CD4 is the primary cell surface receptor used by kil penetrate T lymphocytes
and macrophages. The chemokine receptors CXCRE&mb function as co-receptors
which, along with CD4, allow viral envelope fusiand entry. A range of chemokine
receptors have now been shown to have co-recegtioitya in vitro, including CCR1,
2,3,4,5,8,9, CXCR2, 4, 5, 6 and CX3CR] but so far only CXCR4 and CCR5
have been shown to act as co-recepitongvo, hence X4 tropic and R5 tropic viruses
are described. Since chemokine receptors act asceptors for HIV entry, endogenous
chemokine production can regulate HIV replication1995, Cocchi et al published that
CCL3, CCL4 and CCL5 have CD8+ T-cell-derived HIVhiibitory activity *°2
Moreover, individuals homozygous for the D32 allefeCCR5, who are deficient in the
cell surface expression of CCRS5, can remain uniatedespite exposure to HAP® 170
These observations suggest that chemokines andréoeiptors, which are involved in
HIV infection, are potential targets for the deymtoent of new drugs to treat HIV.

Chemokines have also an important role in asthntisease detailed described in

section 1.3

1.1.5.1 Chemerin/ChemR23 axis in pathology

Elevated levels of active chemerin have been fowitkin the active range (33—-358
ng/ml, corresponding to 2-23 nM) in ascitic fluidssulting from ovary and liver
cancer, from an ovary hyperstimulation syndromeyel as in a pool of synovial fluids
from arthritic patients.Therefore, it is likely that chemerin represents important
signal involved in the recruitment of ChemR23+ getluring inflammation and
autoimmune diseases, and at tumor Sftes

Zheng et att’

proposed a possible role for chemerin in the dgrekent of skin
squamous cell carcinoma (SCC). Various stressan se@ctivate prochemerin, which
is highly expressed in normal epiderniisin the early stages of SCC. The bioactive
chemerin could chemoattract antigen-presentings g&IC and macrophages) to the
target sites, resulting in immune responses andelbase of cytokines and chemokines,
which promote invasive tumors. Later, the trangiipof TIG2 (chemerin codifying
gene) is inhibited, resulting in the loss of chemer SCC.

On the other hand TIG2 has been reported as otine ohost differentially expressed

genes reported as deregulated (underexpressedjeénagortical carcinom&? *"*and
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has been shown to present excellent diagnostiaacyior distinguishing benign from
malignant adrenocortical tumof¥.

ChemR23 has been found expressed, by immunohistostng, in inflammatory
cells accumulating in the leptomeninges and invascdular cuffs of MS lesions
whereas chemerin was confined to vascular EC inntle@inges and white matter
lesions *">. Additionally, ChemR23 has shown an important dbation in the
pathogenesis of EAE, with potential involvementhe regulation of DC dynamics and

176 A role for

macrophage accumulation during central nervousesyshflammation
chemerin/ChemR23 axis has been suggested in thaitneent of inflammatory cells
into the central nervous system in MS probably bg toncerted action of other
chemokines.
Plasmacytoid DC (P-DC) are normally absent fromskia. However, they accumulate
in some inflammatory dermatoses, where they orgalizal immune responses. The
best characterized examples of these conditionguares erithematosus (LEY’ and
psoriasis-’®

Psoriasis is a type | IFN-driven T cell-mediatededise characterized by the
recruitment of P-DC into the skii® ”°. Prachemerin is expressed in all the layers of
normal epidermis where might maintain the normdfedentiation of epidermal
keratinocytes®. In the context of psoriasis activated neutrophilsl aast cells can
convert prochemerin into active chemerin throughriease of CG, HLE, and tryptase
contributing to P-DC influx to psoriatic skiff" **2 Albanesi et at®? have found that
chemerin expression characterizes the early phafsesolving skin psoriatic lesions
and is temporally strictly associated with P-DC,pmorting a role for the
chemerin/ChemR23 axis in the recruitment of P-DGhie early phases of psoriasis
development.

Parolini et af® found thatthemerin is expressed by inflamed EC lining bloedsels
in oral lichen planus (OLP), a pathologic conditeraracterized by the accumulation of
NK cells and DC. Additionally they observed that eGiR23 + myeloid and
plasmacytoid DC and NK cells colocalize in areasesghchemerin was detected,
suggesting a role for chemerin in NK cells and P4@C€uitment and colocalization in
OLP lesions.

LE is a complex disorder showing a broad spectrdntlinical manifestations,
ranging from pure cutaneous form to a severe andrpssive systemic disease. The

hallmark of LE pathogenesis is represented by tds®lerance to variable nuclear
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antigen which leads to tissue deposition of immaomplex followed by widespread
inflammation and tissue damage. Recent evidencies fwoa potential role of P-DC in
the pathogenesis of LE via production of type | JlN\key protein in the pathogenesis
of this disease'’” ¥31% p.DC blood content resulted decreased in systdrfic
patients; however, these cells have been foundfitirate extra-lymphoid lesional
tissues and to locally produce type | IFRF® Vermi et al™* have reported a
significant induction in chemerin expression in kkin biopsies (this positivity was
restricted to EC of dermal blood vessels and ingtanular layer keratinocytes) with
the concomitant presence in close proximity of CR@8+ P-DC. This finding sustains
the role of chemerin as cutaneous P-DC chemoaitrart LE.

1.2. Dendritic cells.

Dendritic cells (DC) are a heterogeneous populatioth unique properties in
antigen presentation, and play a crucial role d@uging T and B cell responses as well
as immune tolerancE®. DC are bone marrow derived and migrate throughbiiood
stream to peripheral tissues throughout the bodyerevthey reside as immature DC
with high ability to capture antigens. Immunolodies well as inflammatory danger
signals induce a functional maturation process @ transforming them from poor
immunostimulatory cells that function as sentir@lshe surrounding environment into
potent T cell stimulators. The current paradigmDBD€ immunobiology states that
maturation is associated with DC mobilization fradhe periphery to the T cell rich
areas of lymphoid orgart&’. There, DC present the processed antigens inoifiext of
MHC class | and class Il molecules and elicit sfiedi cell response$™ ! Recent
evidences indicate that migration of DC into thenpph nodes also occurs in normal
conditions and may serve to tolerize T cells agaiel and non-dangerous antigéeffs
However, the mechanisms involved in the mobilizatod DC in the steady-state need
to be better elucidated.

DC are very rare cells both in tissues and in Igiolal fluids, and this aspect has
made difficult the study of their functional propes, since the first description of this
cells by Steinman and Cohn in 19?%. However, in the last 15 years several
procedures have been developed to generate lamgéens of fully functional pure
human and mouse DC from circulating and bone marprecursors, including

peripheral blood CD14+ monocytes and CD34+ stents.célsing thesein vitro
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cytokine-driven populations, much work has beeruandated in the understanding of
DC immunobiology.

DC constitute a heterogeneous population in termisorgin, morphology,
phenotype, function and homing properti€d °* 1% Since the nomenclature of
circulating DC has become quite confusing becatiieeause of different antibodies for
their identification, very recently, a group of ex{s drafted a nomenclature proposal
under the auspices of the International Union ahlmological Societies and the World
Health Organization®. In blood a subdivision into 3 subsets is suggkstet is, P-DC
and 2 types of myeloid DC (M-DC).

P-DC in tissues were originally described as T-cisged plasma cells, plasmacytoid T
cells, or plasmacytoid monocytes. P-DC were foumdhdve the capacity to produce
high levels of interferorm (IFNa) in response to viruses, and these cells were diame
natural type 1 IFN-producing ceft€’. In human the CD68 marker can discriminate the
P-DC from the 2 types of M-DC, but this requiresntanation with additional markers
because CD68 is also strongly expressed on mors&t&Vhile CD123 expression is
only incrementally higher on P-DC compared with imoyies, CD303 is a marker with
good signal-to-noise ratio for the P-B&. In mice P-DC selectively express Siglec-H
(Sialic acid-binding immunoglobulin-like lectin H}° and bone marrow stromal antigen
(BST2)?°%, However, expression of the BST2 antigen on plasefia under steady state
conditions and on many other cells after inducbgrtype | IFN needs to be considered
19 p.DC are mainly found in blood in the steadyestétom where they can enter into
the lymph nodes upon inflammatory stimuli. P-DC amor antigen presenting cells
(APC) but upon activation they produce large amswftcytokines, particularly type |
IFN, that affect NK, B and T cell activity, and this way can regulate inflammation
and link innate and adaptive immunff.

In human blood, both the CD1c+ and CD141+ M-DC egprmyeloid markers
CD13 and CD33, suggesting their direct derivatioomf the myeloid lineage. For
proper identification of the CD1c+ DC in blood, CB¥CD20+B cells need to be
excluded, because the latter cells also show s&apgession of the CD1c molecule. A
fraction of the CD1c+ blood DC expresses low-le@&14 %>, No comparative data
between CD14+ and CD14- subsets are available, \ewen support to their
uniqueness functional studies have shown a speauafitern of chemokines production
in these cells. The CD141+DC represent a very mswbset of blood leukocytes.
Costaining with CD14 is recommended to exclude level signals from monocytes.
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These CLEC9A+CD141+ cells (but not CD1c+blood D€ also major producers of
IFN-B and cross-present antigen for CD8 class 1-restiricytotoxic T lymphocyte
responses in response to TLR-3/CD283 ligation. &hasd their other properties

24 0t is

suggest that they are homologous to the mouse aCB8DC subset
recommended that the CD1c+ and CD141+ blood D@eifieed separately and are not
addressed as one population of myeloid blood B€ Looking at M-DC the
CD11c+CD11b+CD45RA- cells identified in mouse blosdare features with the
splenic CD8- DC subséf® and they may be homologous to human CD1c+ myeloid
blood DC?®. The CLEC9A+ DC in mouse blood also stain for C24l may thus be
representative for the CD8+splenic DC subset. Beeaanti-CLEC9A also strongly
stains the human blood CD141+ céfté and because human CD141+ blood DC and
mouse CD8+ spleen DC share specific transcriptisighatures’®, the CLEC9A+
mouse blood DC are potential homologues of the mu@BAa141+CLEC9A+ myeloid
blood DC.

M-DC constitute discrete population in tissues tpéy specific functions and
express distinct markers depending on the anatdtaication. Langerhans cells (LC),
that were described more than a century ago and hatar on recognized as the DC of
the epidermis, express langerin and E-cadherinclwlare down-regulated during
maturation. However, LC do not express CDF%b **® Dermal DC localize at the
subepithelial tissues of the dermis and speciffoabpress CD13, and similar to the DC
of the epithelial mucosa and the interstitial DE@gant in the solid organs, they express
CD11b, mannose receptor and DC-SIGN All conventional DC express thgy
integrin CD11c and CD1a, and except LC, also expths other CD1 isoform&®
Furthermore, DC are also observed in the affenanphatic vessels, where are called
veiled cells. They represent DC emigrating fromigiegral organs into lymphoid
tissues™.

Splenic DC are the best studied lymphoid organ D&y are divided into different
subpopulations based on the expression of claggioghoid and myeloid markers. The
main population is represented by the @BBD11b+F4/80+DEC205-/low33D1+
cells, which are located mainly within the margirmne of the spleen, while the
CD80+CD11b-F4/80-DEC205+33D1- cells are located maimythe T cell-rich
paracortical areas of the spleen and are termedigttating DC'*°. Regardless of the
expression of myeloid or lymphoid surface markésth populations can arise from a
common precursor, revealing a high degree of gifgtinat is a peculiar characteristic
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of DC development*" #? Lymph nodes contain fairly similar DC populatioria
addition, a distinct subset with phenotypical maskef interstitial DC has been
described®*?'> This population most likely is represented by Bfigrated via the
afferent lymphatics from their associated periphgsaues. In fact, they display all the
characteristics of a mature phenotype. Apart frbis latter population, the majority of

DC in the spleen and lymph nodes are in an immattae”®

, a fact that apparently
contradicts the current paradigm which states B@tmigrate to secondary lymphoid
organs upon maturation. Moreover, they have thalwéfy to mature and acquire the
phenotypic features of mature D& %% Endovenous injection of LPS has been shown
to promote phenotypical as well as functional DQuretion in the spleen, as assessed
by down-regulation of antigen processing capacityd aup-regulation of
immunostimulatory properties, a process that isosganied with the migration of
most splenic DC from the marginal zone to the T eetas?!’. Unlike in vitro-
generated immature bone marrow-derived DC (BMD@)},ifblated from the spleen do
not respond to inflammatory CC chemokirfés Conversely, ex-vivo maturated DC
subsets express CCR7 and migrate to its ligandsl@@nd CCL2%°. There is still
not consensus about functional distinction of thes® subset$®°. Splenic CD&- DC
seem to be the most immature DC cell populatiothis organ’’. CD8&- DC have a
higher endocytic and phagocytic capacity than @b®C, which correlates with its
preferential localization at the marginal zone dhe subepithelial dome, which are
typical antigen-uptake zones . On the other hao3 DC are uniquely able to cross-
present antigens associated to MH&? Duringin vivo T-cell responses, CB8 DC
mainly induce Th2 cell responses, whereas €b®DC strongly elicit Thl cell
response$®>2%® However,in vitro studies andn vitro stimulation followed byin vivo
transfer experiments have demonstrated that urg@opriate conditions both subsets
can mediate all DC effector functions with the saffeciency??” ?*® At present it is
not known if this functional plasticity exisis vivo?%°.

The above findings suggest a fundamental simildogyween resident lymphoid
organ DC and peripheral tissue interstitial DC. latme DC in lymphoid organs may
also act as sentinels for soluble or shed antigenging via the blood or the lymph.
The latter is further supported by the recent attargation of the conduit system that
transports soluble antigens from the afferent lynptihe resident DC in the lymph

229

nodes“~. Alternatively, lymphoid DC could receive antigecarried on by migratory
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DC from the periphery resulting in amplification tife responsé®’. Moreover, they

may contribute to peripheral tolerance #*2 Their unresponsiveness to inflammatory
chemokines, although requiring further confirmaterd extension of the studies to the
known immature DC chemoattractants, may indicat¢ they have already achieved

the proper tissue localization for these functions.

1.2.1. Dendritic cell activation

Maturation is a complex process that leads to diffeation of DC, by reducing their
antigen uptake capability and transforming theno ipbtent T cell stimulators. DC
prime T cell responses in secondary lymphoid orgarch as lymph nodes, spleen and
mucosal-associated lymphoid tissues, where naiveells continuously recirculate
seeking their cognate antigens. Functional matuwmatulminates with DC localization
in T cell-rich areas of lymphoid tissues, where p@sent peptide antigens acquired in
the periphery in the context of MHC to circulatifigcells. So, in order to mount an
effective immune response, a coordinated regulatioDC migratory and functional
properties must occur.

Maturation is induced by microbial, tissue damagenall as immune signals. DC
express a large array of receptors for pathogeveaged molecular patters (PAMPS)
and damage- associated molecules patterns (DAMPRMMES include heat shock
proteins (HSP), high mobility group box 1 (HMGBIiptein, uric acid and adenosine
triphosphate (ATP), all mediators released uponadpnio the tissues by pathogens,
trauma, vascular damage, or necr6&is*

The nature of an antigen can instruct the DC tluénfce the polarization of T cells
by triggering specific receptors during uptake *° DC recognize a wide array of
inhaled antigens through expression of ancienepatiecognition receptors (PRR) such
as toll like receptors (TLR), NOD-like receptorsLR), and C-type lectin receptors that
recognize motifs on virtually any inhaled pathogetiergen, or substancd’. TLR
ligands comprise a variety of microorganism-derivadlecular structures, such as
bacterial lipopolysaccharide (LPS), unmethylatetbsyne-phosphate-guanosine (CpG)
motifs in bacterial and viraleoxyribonucleic acid¥NA), and viral double-stranded
ribonucleic acid RNA). On the other hand, the binding of endogeni@eands such as
heparan sulfate, hyaluronic acid and heat-shoctepr&0 by TLR has been reported to

be a signal of damage in case of abnormal releas@e@umulation of those products in
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tissues 28,

Distinct TLR ligands provide distinct activatiostatus and cytokine
production patterns, resulting in the inductiordidferential immune responses.

In vitro-generated immature DC also express the inhibifdiR family member
SIGIRR (single immunoglobulin IL-1R)/TIR8, which is downgelated during

maturation 2,

Bone marrow-derived DC from TIR8-/- mice show reesed
responsiveness in terms of cytokine productiondmes but not all TLR agonists. It
would be interesting to evaluate if DC subpopuladion vivo differentially express
TIR8 or if its expression is related to the locaicmenvironment where they are
located. It could be hypothesized that immature @€sent in mucosal tissues like the
lung or the intestine, which are exposed to harslastigens, would profit from
inhibitory receptor expression that are turn oft@mhe cells are activated by pathogens
or inflammatory stimuli.

Host-derived inflammatory stimuli able to induce D@turation include molecules
such as TNFy, IL-1, IL-6, INF type | and I, and the T cell bpds CD40L and
Receptor Activator for Nuclear FactarB Ligand (RANKL)>>®° Multiple activating
signals coexisin vivo, and their effects on DC activation and functioa aot merely
additive. In this regard, TLR triggering and CD4D4DL engagement have been
reported to be necessary for fully DC capabilityetizit effective T cell responsé&”
241 Simultaneous triggering of TLR can have syneigistfects. In addition, recent
evidences suggest that non-TLR pattern-recognitemeptors can also cooperate to
optimize the outcome of the maturation process. IIGN is a DC-specific C-type
lectin that binds a broad panel of pathogens, tholyviruses, bacteria ar®thistosoma
mansoniparasite®***** and endogenous molecules like tumor glycoprot&nsDC-
SIGN engagement of some pathogens, likycobacterium tuberculosisand
Helicobacter pilori appears to inhibit DC maturation as a strategfawour pathogen
survival**® ?*” |mportantly, DC-SIGN is able to mediate celluéathesion between DC
and activated neutrophils through the specific ingdo Mac-1, which would allow
neutrophils to induce DC maturation through theapane production of pro-
inflammatory cytokines®®. Dectin-1 is a C-type lectin specific f@eglucan that is
highly expressed on DC and macrophages. In additiqggromote$-glucan-containing
microbes phagocytosis, it synergizes with TLR2 todpce TNFe, IL-12 and reactive
oxygen species. Conversely, engagement of the gtidomannose receptor by a
specific mAb (monoclonal antibody) and by some ratligands is able to elicit an

anti-inflammatory secretory program characterizgdhigh production of IL-10, IL-
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1Ra, IL-1R type II, and low level of IL-12** #*° |t has been recently shown that
scavenger receptors SREC-I (scavenger receptoessgnt by EC) and LOX-1 (lectin-
like oxidized LDL receptor-1kollaborate with TLR2 in cell responsiveness toeout
membrane protein(OmpA), a major component of the outer membrane of
Enterobacteriacea®. SREC-I and LOX-1 bind OmpA while TLR2 transdudbe
signal. This mechanism may be functional in DC siribey express LOX-I and
probably SREC-F**., TLR2-activated functional program includes thedurction of
pentraxin 3 (PTX3), a soluble pattern recognitieceptor that in turn binds OmpA and
amplify the inflammatory responsg®#*®, DC produce high amounts of PTX3 upon
activation by different TLR agonists, which is tuet enhanced by IL-10 and INF type |
and inhibited by INF and the anti-inflammatory agents dexamethasonemiin D;
and prostaglandin E2 (PGE>.

DC share most features of antigen processing aeseptation with other APE*.
Exogenous protein antigens are processed in endgssono peptides and loaded onto
MHC class Il that are displayed on the cell surfaeaecognition by antigen-specific T
cells. Mature DC are ideally suited for presentatid the antigen they have captured at
the time of activation. This is possible becauséunaéion triggers the up-regulation of
MHC ll-complexes expression at cell membrane levigle the overall antigen uptake
capacity is inhibited, precluding the processinganfigens encountered after on. This
property ensures that the antigens presented byatren DC match with the
environmental situation that triggers its matunati@and therefore is crucial for the
effective transduction of information that DC urtd&e from the periphery to the
lymphoid organs. Immature DC express significamele of MHC Il with a short half-
life. Maturation down-regulates MHC 1l endocytosiad, after a transient increase,
down-regulates MHC Il synthesis, thereby preventingover of MHC II- peptide
complexes and promoting their stable expressidneatell surfacé® 2> 2°¢

DC also express significant quantities of MHC Ittiefurther up-regulated upon
maturation®®’ and therefore can present their own endogenoigeastafter they have
been degraded into peptides in the cytosol by ttidepsome system. In addition,
certain exogenous protein antigens may also beepsed by DC in the context of MHC
I, a unique DC process known as cross-presentatian,allows DC to cross-present
antigens to cytotoxic CD8+ T celfd®?*° Moreover, DC can present in the surface lipid
moieties associated with CD1 molecules, a familyegkeptors structurally related with
MHC 1 2%,
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In addition to MHC, mature DC strongly up regul#ite expression of adhesion as
well as co-stimulatory molecules that are involvad the formation of the
immunological synapse, an area encompassing gimmtact between DC and T cells.
Up-regulated molecules include the B7 family mersb@D80 and CD86, CD40 and
OXA40L, 13> 189.262, 28355 mentioned before, maturation induces DC toete@ distinct
set of cytokines that help to determine the typersfuing immune response, depending
on the type of maturation stimuld®" 2> In addition, TLR-agonist-, but not CD40L-
activated DC produce reactive oxygen radicals #rat important for intracellular
microbe killing®®®. Accumulating evidences indicate that the pheriotgpd functional
changes undergone by maturing DC are also assoaiate the specific population of
activated DC®" %8

P-DC express MHC Il and the costimulatory molec@&s80 and CD86 and are able
to present antigens to CD4+ T cells and cross-pteaatigens to CD8+ T cells,
although less efficiently than classical B€. Besides producing type | IFNs, P-DC
also secrete IL-12, IL-6, TNR; and inflammatory chemokines. Through secretion of
these cytokines and type | IFNs, P-DC may influelnath innate and adaptive immune
responses. Type | IFN and IL-12 promote multiple€ll-functions including long-term
T-cell survival and memor§’® ?’* Thi polarization of CD4+ T celfs?, CD8+ T-cell
cytolytic activity, and IFNv production®’*. Moreover, type | IFN and IL-12 increase
NK cell-mediated cytotoxicity and IFN-productionin vitro andin vivo®"® IFN- and
IFN-B also promote the differentiation and maturation @E allowing them to
effectively present and cross-present antigen igeniB cells>’* By producing IL-6 and
type | IFN, P-DC can also induce the differentiatiof B cells into immunoglobulin-
secreting plasma celf$® and instruct plasma cells to preferentially secigG rather
than IgM. By producing chemokines such as CXCL9GMICXCL10 (IP-10), CCL3
(MIP-1z), CCL4 (MIP-18), and CCL5 (RANTESY’® mouse and human P-DC can
attract activated CD4+ and CD8+ T cells to sitemfsfction.

1.2.2. Dendritic cell recruitment to peripheral tissues

Classical DC are present in non-lymphoid periphésslues in an immature state.
Immature DC are the immunological sentries of gesipl tissues and their recruitment
at sites of inflammation in response to chemotastimuli is critical for optimal
immune response. The expression and regulatiomraftibnal chemotactic receptors

account for the different distribution of DC sulssiet vivo. Immature DC express a
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unique repertoire of inflammatory chemokine recept(e.g. CCR1, CCR2, CCRS5,
CCR®6) 3% 277219 These receptors bind a pattern of “inflammatocyiemokines,
including CCL2, CCL3, CCL4, CCL5, and CCL20 that @roduced at peripheral sites
of infection and immune reaction. In addition, imora DC also express functional
CXCR4 ?® Since CXCL12, the CXCR4 ligand, is constitutivedypressed in both
lymphoid and non-lymphoid tissues, this chemokireymlay a role in the recruitment
of DC in such tissues. Similarly, myeloid blood @&n migrate in response to a wide
array of inflammatory chemotactic agoni&ts 22

It is generally believed that DC precursors in fyexipheral blood migrate into
peripheral tissues and differentiate to become itareaDC. Although it is conceivable
that the same classes of molecules that regulate nid@ation in inflammatory
situations also direct the migration of these cafider normal conditions (e.g. adhesion
molecules and chemoattractants), the mechanismgdgalate the homing of DC or
their precursors, in steady-state conditions neetbet better elucidate®® 23 The
relevance of chemotactic receptors in DC traveliimgivo has been clearly documented
in mice lacking PI3K. PI3Ky is located downstream seven-transmembrane chetigotac
receptors and plays a non-redundant role in cejfration in response to chemotactic
agonists®®*. DC generated from PI3Knull mice show a profound defect in the
migration in response to both inflammatory and tituisve chemokines. A defect of
DC migration was also observad vivo in PI3Ky-/- and most importantly, this defect
was associated with a defective ability of P¥3Kmice to generate a specific immune
response®®. Therefore, PI3KK may represent a new valuable target to control
inappropriate activation of specific immune resgms

A number of studies have established a role for £Za@Rthe localization of LC
precursors. It is of note that transgenic mice expressing CCL2, under the keratin
promoter, have local accumulation of cells with D@©rphology in the basal layer of
the epidermis?®. However, LC in the skin of CCR2-/- mice is nornaid CCL2
expression has only been demonstrated in inflarkied imdicating that it may not play
a role in steady-state conditions. Following d#éfetiation, LC precursors start to
express CCR6 and respond to the cognate ligand G&2*® Since CCR6-/- mice
have a normal numbers of skin D€ and CCL20 is principally up-regulated in
inflammation, it is likely that the CCR6/CCL20 axiglays a role mainly in
inflammatory skin disorders that are characteribgdthe expression of CCL20 by

inflamed keratinocytes. CCL20 plays also a role ttee homing of DC to mucosal

Introduction 45



surfaces. In particular, CCL20 is constitutivelypeessed in murine intestinal Peyer’'s
patches, and CCR6-/- mice lack for DC in the subepal dome of Peyer’'s patches
within the intestinal mucosa, which correlates wéahdefect in humoral immune
response to oral antigens in these nfite®®* Recently, Shaerli and colleagues have
proposed that CXCL14, may be involved in the hortesis of CD14+.C precursors
292 CXCL14 is expressed in the superficial dermakpteas well as within epidermis in
normal human skin. It vitro, CXCL14 has a restiictehemoattractant ability for
CD14+ DC precursors and not other myeloid or lymgloell subpopulations. Using an
artificial epidermal model that closely resemblesmmal human skin and spontaneously
expresses CXCL14 , they demonstrated that CD14+pB¥Cursors migrate into the
suprabasal layer of keratinocytes, where they itdaequired LC phenotype and
function **2 Further work with gene deficient mice is neededniechanistically
demonstrate its involvement in the recruitment Gf frecursors. It had been previously
reported that CXCL14 is chemotactic for monocyt€sand immature DE*. CXCL14
is also express in other epithelial tissues, sscimt@stinal tract and the airwa§s: 2°°
suggesting a broader role for this chemokine inasaktDC homeostasis

Under inflammatory conditions an array of chemokirsge expressed by resident
cells and presented by activated EC, these indi@e2, CCL5, CCL7 CCL13, CCL20
and CCL22" 2% DC near the site of immune reaction represend als important
source of inflammatory chemokines. Pro-inflammatorgdiators, such as TNE-and
IL-1 produced by tissue macrophages further couteilio the expression of inducible
chemokines by virtually all cells resident in theea As previously mentioned,
immature DC express a repertoire of chemokine tecgpthat can interact with
inflammatory chemokines. Interestingly, immature [RGnstitutively produce high
levels and respond to the orphan human chemokinel8&’. CCL18 levels are high
in human plasma and may contribute to the physicéddroming of DC. In addition,
CCL18 production has been demonstrated in sevessasks, including various
malignancies and inflammatory disorders, and mayeha role in immature DC
retention at the tissues in these conditiofis

Immature DC express a wide variety of receptorscf@motactic agonists different
from chemokines. These chemotactic stimuli aredtggoroduced (within minutes) at
the site of inflammation and represent an earlpaidor the recruitment of DC or their
precursors, that can precede chemokines actioty #&ark documented that myeloid

immature DC, but not mature DC, express functioredeptors for fMLP and
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chemotactic components of the complement cascade ¢8a)'*>. The expression of
C5a receptors was also confirmiadvivoin LC ?*°. The formyl peptide receptor family
includes multiple proteins, two of them FPR and BR¥ere found to be expressed by
immature DC3%°. FPR is the fMLP receptor, whereas FPR3 is aaildvy the
WKYMVM hexapeptide originally identified from a cdymatorial peptide library for
its ability to stimulate phophoinositide hydrolysislymphocytes’®. Recently, F2L an
endogenous high affinity ligand for FPR3 was isedatrom porcine spleeft” F2L is a
highly conserved acetylated 21-aminoacid peptidevee from the cleavage of the N-
terminus of the intracellular heme-binding proteirat activates FPR3 in the low
nanomolar range. The acetylation of the N-termmathionine of F2L is a modification
that is reminiscent of the formylated methioninéatterial and mitochondrial peptides
active on FPR. F2L is able to induce calcium mahtion and chemotaxis of
monocytes and immature DC. Therefore, F2L coulthielved in the response of these
cells to infection, inflammation or cell death. Rat evidences indicate that DC are
attracted by dead or dying ceff§. The first self-molecules shown to represent dange
signals were the HSP gp96 or hsp70. These prateeeeleased from necrotic cells and
are able to potently activate antigen-presentintis c&*. Intracellular nucleotides
released under conditions of hypoxia, ischemidaimimation or mechanical stress, and
crystalline uric acid derived from dead cells, walgo shown to stimulate D& 3%

Human and mouse DC express functional receptorslitelet activating factor
(PAF) ® % Since PAF is synthesized at the site of inflamiomafollowing PLA2
activity, it is conceivable that it functions tccrait DC to the pathological site. Using a
FITC (fluorescein isothiocyanate) skin paintingaass was recently reported that the
migration of LC to skin draining lymph nodes isreased in PAFR-/- mice and in WT
animals administered with a PAFR antagonist. Siiyilathe PAFR antagonist
promoted the egression of LC from human skin explan vitro 3°”. These results
suggest that PAF normally acts as a negative regguddé DC mobilization from skin to
lymph nodes. The retention ability of PAF into jpéeral tissues may be relevant in the
retention of DC at pathological sites, such asragwerotic plaque¥”.

One of the effector's mechanisms of innate immuméles on the generation of
antimicrobial substances; these include inorgagtotoxic molecules (e.g. hydrogen
peroxide and nitric oxide) and antimicrobial pepsidlike defensins and cathelicidins.
The latter, in addition to their antimicrobial fuimn, possess chemotactic activity for

immature DC. Humam-defensins an@-defensins are chemotactic for immature, but
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not mature DC3*® The chemotactic activity op-defensins is mediated by the
interaction with CCR6, the receptor for CCL20. Altilyh the migration in response to
a-defensins is inhibited by PTX, the identity of trexeptor for these proteins has not
yet been identified®®. Sharing a receptor with chemotactic factors isumique top-
defensins, because LL-37, an antimicrobial peptmemotes the migration of human
neutrophils, monocytes and T lymphocytes through ititeraction with FPRLE.
Eosinophil-derived neurotoxin (EDN), a protein bejong to the ribonuclease A
superfamily was found to be a selective chemotaatjonist for DC. Its effect is
sensitive to the action of PTX; however, the natfrthe chemotactic receptor engaged
on DC membrane is still unknow.

P-DC are confined to primary and secondary lymphmigans, a characteristic
consistent with the fact that P-DC from human bl@xgress an extensive profile of
chemotatic receptors, however, with the exceptibnCXCR4 these receptors are
apparently non functiona®. Although unable to directly induce P-DC migration
CXCR3 ligands increase P-DC chemotactic respons€X€L12 3% Furthermore,
CXCR3 ligands are fully competent in inducing P-@@hesion and migration when
immobilized on heparan sulphates expressed b§*EQ@wo recent reports showed that
P-DC purified from patients with chronic hepatis or exposedn vitro to IFN-u,
acquire the ability to respond to CCR2, CCR5 andC&X ligands™® 34 These results
suggest that under appropriate stimulatory conatiadditional chemokine receptors
may be involved in human P-DC recruitment. P-DCltnate have been found in
peripheral tissues associated with diverse patiedoguch as autoimmune diseases (e.g.

315-317318

LE disease, psoriasis and rheumatoid arthriti$) , allergic diseases (e. g.

contact dermatitis and nasal mucosa polyfsand tumors™®: 32

In addition to chemokines, adenosine and F2L hheeability to induce P-DC
migration through the engagement of the adenosiceptor A1 and FPR3 (the formyl
peptide receptor formerly known as FPRL2), respebti**" *%? |t was also reported
that like M-DC, P-DC have functional receptors tiee anaphylatoxins C3a and C5a
Finally, IL-18 induces the migration of P-D&". All these data suggest that, in addition
to chemotactic cytokines, signals associated wtlainmation and tissue damage may

contribute to recruitment of P-DC to pathologidgasties.
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1.2.3. Dendritic cell recruitment to secondary lympoid organs

In order to activate T lymphocytes, maturing DC raig from the peripheral tissues
to the draining lymphoid organs. As discussed lefmflammatory chemokines, acting
through chemokine receptors such as CCR1, CCR2C&H5, function as signals to
localize immature DC in inflammatory sites. Matimat is associated with
downregulation of receptors for inflammatory cheimek andde novoexpression of
the chemokine receptor CCR7 that renders the misonsive to CCL19 and CCL21,
two chemokines that are expressed at the lumidal @i high EC and in the T cell rich
areas of secondary lymphoid organs, like tonsieen and lymph nod€€>32” Within
the T cell area, CCL19 is expressed by maturedigiating DC, whereas CCL21 is
expressed by stromal celf® The “DC-chemokine receptor switch” paradigm is
thought to be responsible for the migration of D@ni the periphery to the draining
lymph nodes. Crucially, the same signals that ptenixC maturation virtually trigger
the chemokine receptor switch, such as IL-1, TN& BRS3* 327 329 3%Remarkably,
CCRY7 can also bee induced in partially-matured Iix€,DC exposed to apoptotic cells,
or even in steady-state conditions, as demondtfate skin DC; this mechanism is
thought to be important to allow DC to carry onf-sgitigens to the lymphoid organs for
tolerance inductiof® %

In vitro exposure of DC to LPS, IL-1, TNF, and CD40 ligamdluce a rapid (< 1 h)
inhibition of chemotactic response to CCL3, CCL&LLG, CCL7, C5a and fMLB*"
321,329,333, 334paceptor desensitization by endogenously prodabechokines is likely
to be responsible for this effect, however, theortgdl desensitization to C5a and fMLP,
two chemotactic factors that are not produced hwaed DC, implicates additional
agonist-independent mechanisis **? As previously observed in phagocytic céfls
3¢ during maturation inhibition of chemotaxis isléaled, with a slower kinetics, by
the reduction of membrane receptors and by the degulation of mMRNA receptor
expressiort?” *?° Concomitantly, the expression of CCR7 and theratiign to CCL19
and CCL21 is strongly upregulated, with a maxinisdat at 24 h.

CCR7 expression by DC was shown to be requiredtlier entry of DC into
lymphatic vessels at peripheral sites both in stesidte and inflammatory conditions
331 337 CCR7-/- mice are characterized by the absenc€Rif1c+MHCIM"" DC, a
subpopulation of DC that is postulated to migrateaisemimature state of activation,
from the skin to the draining Lymph nodes to mamttlerance under steady-state

conditions®*%. During inflammation, the entry of DC into lymphatessels is boosted
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by the up-regulation of CCL21 on lymphatic EC. Téfere, inflammatory stimuli not
only promote the recruitment of immature DC intgsties but also initiate their
maturation process and boost the recruitment ofirimgt DC into lymphaticg®’.

The migration pathway that leads DC from periphtergecondary lymphoid organs
is still poorly understood and may involve multiglignals in addition to CCRY7. It has
been reported that LC up-regulate CD44 and theyiimex, (33 which are receptors for
osteopontin, an important factor in LC migrationdmining lymph nodes®. More
recently it was proposed that CCR8 and its coghgasd CCL1 are involved in the
migration of mouse monocyte-derived DC out of thén s°. In vitro, the reverse
transmigration of human monocyte-derived DC wasiiigantly inhibited by the
presence of blocking CCR8 antibodies. Since CCLéxpressed in the subcapsule of
the lymph nodes, it is possible that CCL1/CCRS8 ruegction downstream the entry of
DC into the lymphatics by regulating the entry bé tafferent DC in the subcapsular
sinus of the lymph node¥® Mature DC are also known to express chemotactic
receptors other than CCR7, although their bioldgiebevance is still unclear. Earlier
studies have shown that the expression of CXCRa,GKCL12 receptor, is retained
during DC maturation and mature monocyte-derived €&e shown to migrate in
response to CXCL12%" 34 However, blood DC matureid vitro apparently do not
express functional CXCR#%*

Mice defective i32 ora6 integrin have showed a reduced ability in theratign of
cutaneous DC to the draining lymph nodes, whef&asntegrins appear to be not
important *** 3** Similarly, cutaneous DC from CDA47 (integrin-asated protein)-
deficient mice show an impaired migration to dragnlymph nodes*? In vitro, mature
BM-DC from these mice showed impaired migration @&CL19 despite normal
expression of CCR7. CD47 is an ubiquitous G pretempled 5 transmembrane
receptor that interacts icis with p1 andB3 integrins and promotes cell activatitti
CD47 is also a ligand of SIRRsignal regulatory protein), a glycoprotein expressed
in certain DC subsets. Interestingly, StRékeficient mice showed reduced migration of
LC to the draining lymph nodé4*. Conversely, DC generated from mice defective for
JAM-A, showed a selective increase in their capatcittransmigrate across lymphatic
EC monolayersn vitro. In vivo, JAM-A-/- mice have an enhanced migration of skin
DC to lymph nodes and an increased response intaatchypersensitivity modéf>. In
the same wayin vivo DC migration was increased in SPARC (secretedeprptcidic

and rich in cysteine) null micé”®. SPARC is a calcium-binding matricellular
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glycoprotein that binds a range of extracellulartrracomponents. The facilitated
migration of DC in SPARC mice was associated to an increased ability tonnan
antigen specific immune respon¥8& Consistently with the notion that the interaction
with extracellular matrix components may represamtobstacle for the migration of
DC, MMP-9 and -2 are required for the migratiorskin DCin vivo. MMP-9-/- mice
present a severe defect in the egression of LC fikimex-vivo andn vivo**’, and for
the recruitment of DC into the airways of antigemsitized mice®*® CD44 is a
heterogeneous multifunctional protein that funddi@s a major cell surface receptor for
hyaluronate, an extracellular matrix component. €0d4oforms are differentially
modulated during DC maturation and participatehigirt migration out of the skin and
in the induction of the sensitization phase of aohhypersensitivity respon3&.

Overall these findings provide a model for DC fticking in which activation of
inflammatory chemokine receptors and the regulatdnadhesion molecules and
protease secretion, function as signals to localrmmature DC or their precursors to
peripheral tissues. After antigen uptake, immutiainmatory stimuli induce DC
maturation and the loss of responsiveness to ibtkicihemokines locally produced.
This unresponsiveness plays a permissive role fOr tD leave peripheral tissues.
Meanwhile the slower up-regulation of CCR7, and sgag other chemotactic
receptors, prepare DC to respond to chemokinessged in lymphoid organs, where
priming of T lymphocytes takes place.

In homeostatic conditions P-DC are not presentanpperal tissues, been present
mainly in secondary lymphoid organs, where migradieectly from the blood
compartment, across HE¥’. Indeed, P-DC express lymph node homing molecules
such as L-selectin and PSGL1, the counter-ligan\-aind E-selecting? In addition,
P-DC express CXCRA4, the receptor for CXCL12, whiklta homeostatic chemokine
expressed by HEWP® **! | -selectin and CXCL12 are apparently centrahiduicing P-
DC migration, as shown by the reduced number of(PHD the secondary lymphoid
organs of mice defective for L-selectin and DOCKddicator of cytokiesig, a
molecule involved in CXCR4 signalling in P-D&?2 Under reactive conditions,
additional molecules are involved in mouse P-DC imgnto lymph nodes, such as E-
selectin and the chemokine receptors CCR5 and CXCR%3? Consistent within vivo
data, mouse P-DC migraite vitro in response to CCL3 and CCL5, and to CXCL9 and
CXCL10, the respective CCR5 and CXCR3 ligands. C@Ridpregulated following
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activation, and it’s likely to be involved in mag&uP-DC migration through CCL19 and
CCL21 presented by HEV.

1.2.4. Regulation of dendritic cell migration

Multiple evidences have shown that chemokine rexegtpression is not predictive
of DC migration suggesting that the coupling of ralokine receptors to chemotaxis is
also regulated at the signalling levét * For instance, the simultaneous exposure of
DC to maturation factors and anti-inflammatory éyt@s (e.g. IL-10) uncouples
inflammatory chemokine receptors from chemotaxid eonverts them in scavenging
chemokine receptor$*. Recent findings revealed that eicosanoids, sschyateinyl
leukotrienes (cysLT) and PGEegulate CCR7-dependent migration of DC to lymph
nodes®>* 3*° Experimental evidence on the role of cysLTs in B{@ration emerged
from studies in mice lacking the lipid transpomeultidrug resistance protein 1 (MRP1)
and by the use of MRP1 blocking antibodi8 % In the absence of MRP1 the
migration of epidermal DC to the draining Ilymphdes was impaired and the
exogenous administration of LTC4 or LTD4 could res¢he defect. DC express the
cysLT receptor CysLT1, and vitro, cysLT promoted DC migration in response to the
CCR7-ligands CCL19 and CCL21. Therefore, the MPRtlisied efflux of cysLT and
the autocrine or paracrine activation of cysLTRmpote the migration of maturing DC.
More recently, two studies have addressed the @bleysLT on DC functions, in
particular the modulation of the cytokine profiledathe antigen presentation capacity
of DC *? 3% They have shown that inhibition of cysLT signajlisuppresses antigen-
inhalation-induced eosinophilic lung inflammatiout laid not explore the lymph nodes
homing capacity of lung DC. However, Randolph Gd eolleagues have reported that
airway DC migration to the mediastinal lymph nodssnot modulated in MRP1-
deficient mice, suggesting a tissue-specific retipra®”.

FTY720 is a synthetic derivative from ISP-1 (splusige-like immunosuppressant
1), a compound from traditional chinese medicin€YF20 was recently shown to
prolong allograft survival by increasing the migoat of T lymphocytes to CCR7
ligands and by promoting their sequestration inoedary lymphoid organd® 363
FTY720 is phosphorylatenh vivo to its active metabolite FTY720-P that is analagou
to S1P and acts through the S1P (1-5) recepf8rsSP1 was shown to induce the
selective migration of human immature D& and to inhibit the production of Thl

cytokines®®® %7 Conversely, in the mouse system, both immatudenaature DC were
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reported to migrate to ST while in another study only mature DC were respom
39 However, more systematic studies are needednmuigtrate that these differences
are not simply due to the DC tissue origin or a@tconditions

PGE: modulates multiple aspects of DC biology, suchnaturation, cytokine
production, T cell activation and apoptost¥. Furthermore, PGE promotes the
migration of mature human monocyte-derived DC te @CR7 ligands CCL19 and
CCL213%° 3" The effect of PGEon these cells is mediated by two of the four PGE
receptors, namely prostaglandin E receptor (EP)n@ 4 and the cAMP(cyclic
adenosine monophosphate) pathway. InterestingbgdoM-DC, maturedn vitro, did
not require PGEfor an optimal migration in response to CCR7 ligmi’". These
results suggest that the coupling of CCR7 to cheristis regulated by the state of
activation/maturation of DC. The importance of RGlr DC migration has been
highlightenedn vivo by the use of mice that are genetically defediveEP4*"2 EP 4 -

/- mice displayed a reduced migration of skin LOr¢gional lymph nodes after FITC
sensitization,in vivo, and a reduced spontaneous emigration from skphaets, ex-
vivo. The nonredundant role of EP4 in LC migratwas further confirmed in WT mice
by the use of an EP4 antagonist, and correlated avitimpaired induction of contact-
type hypersensitivity responsé¥. PGE is secreted by monocytes, macrophages,
fibroblasts activated by inflammatory stimdlf. This suggests that immature DC are
exposed to PGHn situ at the site of inflammation. Recentlyhés been reported that
nitric oxide can also give a second signal to primoature DC migration to the CCR7
chemokine CCL1§".

PGD; is released by mast cells during allergic respoimsg interact with two
different receptors, the D prostanoid receptor d 21> Opposite to PGE PGD, was
shown to inhibit LC migration to the skin drainihgmph nodes during percutaneous
infection with the helminth parasifchistosoma mansotfi° and the migration of lung
DCin vivo®"®,

New anti-inflammatory lipid mediators were recentgntified during the resolution
of inflammation and following aspirin treatmetf. These compounds were shown to
inhibit leukocyte migration by interacting with ahetactic receptors. Among them,
lipoxin A4, an autacoid generated from arachidoaod, was found to inhibit DC
mobilization in the spleen through the interactisith FPRL1 3" Similarly, resolvin
E1l, a new bioactive oxygenated product of eicosaesimic acid, a component of fish

oils, reduced dermal inflammation, IL-12 productiand DC migration through the
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interaction with ChemR23, the chemerin recepfoiTherefore, the engagement of the
same receptor by alternative ligands may reswhiopposite biological output.

CD38 is an ectoenzyme that catalyses the syntlaégigclic adenosine biphospate
ribose, a potent second messenger for calciumseles well as a receptor that initiates
transmembrane signalling upon engagement withotisiter-receptor CD31. CD38 was
found to be upregulated during DC maturation angbriamote a DC membrane and
functional phenotypén vitro 3’°. CD38 apparently controls DC migration, since mice
lacking CD38 have a defect in the recruitment of p€cursors to peripheral tissues
and in DC mobilization of mature DC to the drainibhgnph nodes®®. In human
monocyte-derived DC, CD38 is closely associatechvitD11lb and CCR7 at the
membrane, and its engagement is necessary foreetfin vitro chemotaxis and trans-
endothelial migration to CCL2**

The lipid mediator LTB4 is involved in the regutati of DC traffic, attracting immature
and maturing DC to the sites of inflammation andhe draining lymph node via the
LTB4 receptor BLT1. It controls DC traffic also imectly by inducing CCR7

expression and functiofi?

1.3. Asthma. General characteristics

Asthma is a chronic inflammatory disorder of thevays arising as a result result of
a dysregulated immune response to commonly enc@ehtantigens in genetically
predisposed individuals. It is characterized by thaic pathologic symptoms of
intermittent and reversible airway obstructionaekis of wheezing and breathless due to
broncocostriction, mucus hypersecretion, infilwatof Th2 cells, eosinophils and mast
cells in the airway wall, airway hyperresponsiven@HR) to non specific stimuli and
thickening of submucosa, eventually leading to imgzhepithelial repair and airway
remodelling®®

Under physiological conditions, activated Th2 celte able to induce an immune
response against extracellular or parasitic ind@sti In allergic asthma, genetically
susceptible individuals mount a chronic Th2 cefleyimmune response to common
allergens, like house dust mite (HDM), plant pollenolds and animal dander by
secreting cytokines like IL-4, IL-5, IL-9, IL-10L413 and granulocyte macrophage-
colony stimulating factor (GM-CSF), whereas mastlsceand eosinophils exert

important effector functions® (Fig. 9). Individually, these cytokines can alrgad
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explain many of the salient features of asthmaksslynthesis, growth and activation of
eosinophils and mast cells and expression of E@sidh moleculed™.

IL-4 and IL-13 induce the expression of cell adbesimolecules on inflamed
endothelium and epithelial production of chemokjnlesding to the recruitment of
inflammatory cells, and act on epithelia inducirngbgt cell metaplasia. IL-4 stimulate
the production of IgE by B cells and IL-13 acts loronchial smooth muscle cells
causing bronchial hyper-reactivity (BHR). IL-5 ignportant for the growth,
differentiation and activation of tissue eosinophilhile IL-9 is important for mast cell
growth and activation. GM-CSF stimulates the growftieosinophils and the activation
of APCs*¥® Moreover, cytokines produced by Th2 cells andamfnatory cells can
affect the airway epithelium, subepithelial (myfibroblasts and smooth muscle cells
in the lungs, thus leading to structural abnorresit>.

Mast cells play a key role in asthma through thdease of several
bronchoconstrictors, including histamine, whichpreformed and stored in granules,
and the lipid mediators leukotrieng,@eukotriene B, leukotriene Eand prostaglandin
D, (PGD,}, which are synthesized following mast-cell aciivat The release of these
mediators may account for the variable bronchocmtisin observed in asthma, as
these mediators are released by various envirorangiggers, such as allergens, and
an increase in plasma osmolality as a result ofeased ventilation during exercise.
Mucosal mast cells are recruited to the surfacthefairways by stem-cell factor (SCF;
also known as KIT ligand}eleased from epithelial cells, which acts on K&Eeptors
expressed by the mast cefff. Mast cells also release cytokines that are linted
allergic inflammation, including interleukin IL- 4L.- 5 and IL- 13%8

The inflammation that occurs in asthma is oftencdbsed as eosinophilic. The
functional role of eosinophils in asthma is notacland the evidence that links their
presence to airway hyper-responsiveness has besstianed by the finding that the
administration of IL-5-specific blocking antibodigsat markedly reduce the number of
eosinophils in the blood and sputum does not redilveay hyper-responsiveness or
asthma symptoms®®. Eosinophilic bronchitis is not associated with RHbut
subepithelial fibrosis does occur, which suggestsola for eosinophils in airway
fibrosis. Interestingly, the presence of eosingpbhéems to be a good marker of steroid
responsiveness’.

B cells have an important role in asthma, throughrelease of allergen-specific IgE

which binds to high-affinity Fc receptors for IgEc(RI) expressed by mast cells and
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basophils, and to low-affinity Fc receptors for IJEcRII) expressed by other
inflammatory cells, including B cells, macrophagesl possibly eosinophif§’. The
Th2-type cytokines IL-4 and IL-13 induce B cells uadergo immunoglobulin class
switching to produce IgE.

Th2 cells do not react directly to inhaled antigess their T cell receptor can only
recognize antigens that are processed into peptategresentation in the context of
MHC molecules®? Like in other epithelia and skin, the lung is igged with an
elaborate network of DC that can be found throughba conducting airways, lung

interstitium, lung vasculature, pleura, and broathimph nodes®® %
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epithelium and endothelium, resulting in severahplgic characteristics of asthma.

(From Van Rijt and Lambrecht, 2005y
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1.3.1. Chemokines in asthma

Chemokines are key players in asthma because tbeyope the recruitment of both
immune and structural cells to the lung and dispeicific cell populations into different
compartments within the lung tissue and controkdeyte activation®>® %" Cellular
sources of chemokines within the asthmatic airwagiude nflammatory cells and
structural cells like epithelial cells, fibroblassd EC*®

Local Th2-cell dominance during allergic asthmanaintained, to a large degree,
through production of the Th2 chemokines CCL17 &@@L22 3% although the
mechanism initiating expression of these CCRA4-bigdthemokines is not yet fully
understood*®. CCL17 is constitutively expressed in epithelial fzbial cells from
healthy donors, but is overexpressed in subjects asthma*®*. Regarding CCL22,
some studies report a weak constitutive expressidrealthy donors, with no evidence
of its regulation in patients with asthm@&? while other demonstrate a high
concentration of CCL22 in broncheoalveolar lavagALl) from individuals with
asthma®. After activation and differentiation Th2 cellsopuce CCL1 and CCL2%Z,
both chemoattractants for Th2 cells, favoring a €h2ironment by a positive loop.

Degranulated eosinophils release CCL5, CCL7, CCirid CCL13. Eosinophils are
mainly recruited through the CCR3 receptor whosenegs: CCI1, CCL5, CCL7 and
CCL13 present at high levels in asthma. This concentragggression might
preferentially target eosinophils to the airway.wéwver other non-CCR3-binding
chemokines can cause the migration and activatibneasinophils. CCL3, a
CCR1/CCR5ligand and CCL22, a CCR4 ligand, could induce chemxie of

405

eosinophils through a CCR3 independent mechaff§ni® An increase in CCL3

4% and in the nasal

production has been observed in the lungs of patieith asthm
secretions of subjects with allergic rhinitis af@ltergen challengé®’. Blocking of
CCL3 in several animal models suggests a rolehigr¢hemokine in mild eosinophils
mobilization during the first stage of airways &ffie and in BHR-associated dised%e
Mast cells release CCL2, CCL3 and CCL11, all ofckhare involved in leukocyte
attraction during inflammation, thus connecting tnaal secretion with the late phase
response in asthm®” *¢ CCL11 binding to CCR3 expressed on mast cell§aser
after Fc-receptor for IgE crosslinkage, provide a secsigdal, leading to amplification
of Fc-receptor for IgE-dependent IL-13 productith CCL2 is able to recruit and
activate mast cells. Instillation of CCL2 into thieways induces marked and prolonged

airway hyper-response in mice, which is associafiéid mast cell degradatich?
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Macrophages in the lung insterstitium produce CGLGL7 and CCL22 that address
eosinophil migration out of the blood vessels ami ithe lung tissué®, while DC
produce the CCR4 ligands CCL17 and CCL22, sugggshiat these cells are capable
of selectively recruit Th2 cells and/or CD4+ CD2fgulatory cells (Treg) at sites of
inflammation®,

CXCL12 expressed in HEV contributes to the migratod naive T cell to draining
lymph nodes via CXCR4oshino et al. suggested that CXCL12 could plagla n
airway remodelling by promoting angiogene®fs

The two IFN-inducible chemokines, CXCL10 (IP-10)da@XCL9, have a role in
modulating allergy phenotyp&> *'® Expression of CXCL9 is localized primarily to
airway epithelial cells and functions by simultangly diminishing IL-4 and enhancing
IL-12 levels, suggesting that CXCL9 is able to diractivated T cells toward a Th1-cell
phenotype significantly reducing AHR and eosinophdcumulation in allergen-
sensitized and challenged mié¥. CXCL10 has be shown to largely induce the
opposite effect’>. CXCL10 can induce a degree of eosinophil chenistéxough
CXCR3, however CXCL9 has no chemotactic effect antlially exerts a blocking
effect on eosinophil migration toward potent chemstit stimuli such as CCL1%1*
Both CXCL9 and CXCL10 bind to CXCRS3, been capaliditferentially regulating
allergic asthmatic responses through a single tecepdicating a mechanism by which
Th1l and Th2 cytokine regulation can be implicatethis CXCL9/CXCL10 axis.

There is little information on the role of CXCL18 mirways. Overexpression of
CXCL3 has been detected by microarrays in an asthmoase model*® and in
bronchial biopsies of patients with asthifd Neutralization of CXCL13 employing
specific antibodies decreased the number of iafilig cells, including lymphocytes,
macrophages, eosinophils, and neutrophils, asasethe formation of cells surrounding
inducible bronchus-associated lymphoid tissue sstggg some role in migration of
leukocytes associated with asthina**®

As discussed above, the structural cells of thg lght be a significant source of
chemokine mediators, allowing localization of sfiedieukocyte populations into and
around the airwayEpithelial cells of asthmatic people strongly update CCL5,
CCL11 and CCL13%" **! cCL11is beside the most potent degranulator agent. This
concentrated expression might preferentially targesinophils to the airway. In
addition to recruiting and activating eosinophilee same chemokines can affect other

asthma-related leukocyte populations, such as bisognd Th2 cells$3® 3 Airway
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EC are also a source of chemokines that contrifoutiee recruitment and the activation
of basophils, eosinophils and lymphocytes into #hewvays during inflammatory
responses. For instance, a combination of TiN&Rd IFNy induced the production of
CCL5 from EC isolated from nasal mucosa of subjesith allergic rhinitis.
Interestingly, this cytokine-induced CCL5 produatiwas higher in nasal mucosal EC
recovered from atopic subjects as compared to tmieacontrols*?% In parallel with
observations in epithelium, cytokines, generatedrésponse to respiratory virus
infection, which is frequently associated with as#h exacerbation, can increase
vascular permeability and might provide a mechanisynwhich respiratory viral
infection can lead to leukocyte migration out ot thirculation, leading to airway
inflammation and immune modulation in the luffd.. The production of CX3CL1
(fractalkine) by EC during inflammation also remets as a potential important
initiator of CD4+ T-cell recruitment during allemgyasthma. CX3CL1 is constitutively
expressed by pulmonary EC of allergic asthmatiakiarbronchoalveolar lavage after
segmental allergen challenge accompanied by areaserin CX3CR1 function by
CDAT cells in the peripheral blood in a manner tleatrelates positively with
infiltrating cell number$.

Beside to contribute to the integrity of the lumgstie and the repair process during
inflammation, lung fibroblasts participate in tfeedl immune response by secreting an
array of inflammatory cytokines and chemokines. igtance, after stimulation with
TNF-a in vitro, fibroblasts stimulated the migration of eosindphiy the release of
CCL5 and CCL11**. In addition, both IL-4 and IL-13, strongly inveld in allergic
asthma, have been shown to upregulate C&f2which recruits macrophages and
basophils, hereby contributing to the asthmaticnphge. Moreover, during airway
inflammation, structural cells can also be actidabg certain chemokines, which may
contribute to the airway remodelling observed itham; e.g. chemokines might play a
role in the peribronchial smooth muscle hypertromihserved in asthmatics, as is
illustrated by CCL1, which directly induces smoatiuscle cell activatiorn vitro **/

and CCL2, a competence factor for fibroblast aiive'.

1.3.2. Dendritic cells in asthma
The mouse lung is grossly divided into large comidigc airways and lung
interstitium containing alveloar septa and cap#lamwhere gas exchange is taking place

429 Like in other epithelia and skin, the lung is ipped with an elaborate network of
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DC that can be found throughout the conducting aysy lung interstitium, lung
vasculature, pleura, and bronchial lymph nodesleast five different subsets of DC
can be found in the lungs (Fig. 18 “* In steady-state conditions, the conducting
airways are lined with an intraepithelial highly ndeeitic network of
MHCIIM"CD11&"9" cells that are mostly CD11b- and, at least in nimuse and rat,
express langerin and the mucosal integrin CD1@8p7). These cells have the
propensity to extend dendrites into the airway lanterough formation of tight
junctions with bronchial epithelial cel®* ****33 |Immediately below, the lamina
propria of the conducting airways contains MHEICD11d"" cells that are highly
expressing CD11b and are a rich source of proinflatory chemokine§®* **% The
CD11b+CD103- subset also expresses the &liRBlecule, a binding partner to CD47
involved in DC migratiorf>. A similar broad division into CD11b+ and CD11tanc
also be applied to lung interstitial CD11c+ D& **¢ Both CD11b+ and CD11b-
subsets express high amounts of CD1llc, so they bemt be denominated as
conventional DC, to contrast this with another dapon of CD11&" P-DC that express
Siglec-H, and BST1 and some markers shared withugpaytes and B cell&> 39 437
The exact anatomical location of lung P-DC is uaclalthough they can be found to
line alveolar septan situ and have been recovered from digests of large uaxtima
airways?** “?° The alveolar space also contains CO'AHCII"" DC. At least in the
rat and man, alveolar DC are highly enriched in GBH subsets that resemble LC in
man. Under inflammatory conditions, such as vin&ction, allergen challenge, or LPS
administration, there is recruitment of additiorabsets of CD11b+ monocyte-derived
DC that rapidly upregulate CD11c and retain expoesef Ly6c as a remnant of their

monocytic descent, and are easily confused witldeas CD11b+ conventional D&*
438, 439
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STEADY STATE INFLAMMATION
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Figure 10. Lung DC subsetsin steady-state conditions, conventional DC (CD11b+
and CD11b- subsets) line the conducting airwaysyTdre also found in the interstitial
compartments. P-DC are found in both compartmeiits aslight preference for the
interstitial compartment. The alveolar space costddC, autofluorescence has to be
considered to differentiate them from macrophadg#ésder inflammatory conditions,
there is recruitment of CD11lb+ monocytes that dgpliecome DC. During viral
infections as well as in some cancers, there © @sruitment of IFN-producing killer
DC, a subset of NK cells CD11c+B220+, can occur.distinguish them from P-DC
staining for NK1.1 is needed (From Lambrecht anchhted, 2009%*
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Based on the anatomical distribution of even thetnexposed DC, it is clear that
DC are basically always covered by a layer of eighcells that seal off the inhaled air
by formation of tight junctions*®. Nevertheless, DC are able to sample the epitheliu
for inhaled antigens by forming long extensiontighout the epithelium to the airway
lumen while maintaining the epithelial barrier ftino intact “** ** Recently,
published results suggest that an activating sigeaheeded for the extension of
dendrites by DC across epithelial barriéfs Hammad et af* have identified airway
epithelial cells as instructive in causing such §#dtinel behavior and activation in the
lungs. Which epithelial signals are able to program tluansiing response are largely
unknown, but one possibility is the regulated egpi@n or display of chemokines along
the extracellular matrix of epithelial cells, foled by the secretion of DC-activating
cytokines. Additionally, some clinically relevaniiemgens have the potential to cross
the lung epithelium and gain access to B€ For example Derp1, a major allergen of
HDM has been shown to increase the permeabilitghef bronchial epithelium by
cleaving the tight junctional proteins laudin armtladin**>.

Mucosal DC show an immature phenotype, meaning tivey have exceptional
allergen uptake and processing capability, but thekpower to stimulate naive T cells
444 Local conditions contribute to maintain DC inwls immature state. After antigen
uptake in the presence of a danger signal airwaynid@ate to the T cell rich area of
the draining mediastinal lymph nodes where nailgmiphocytes continuously pass by
445 0On their way to the mediastinal lymph nodes, D6cpss these captured antigens,
display them as peptides in the context of MHC <ldhsmolecules and subsequently
present them to naive CD4 Th cells in the pararasfethe draining nodé®. During
this process, DC acquire a mature phenotype, megatiat they upregulate their
expression of costimulatory molecules and chemakimecessary for optimal naive T
cell activation, and they acquire the capacitytimslate an effector respon$&. Upon
encountering specific T cells, DC undergo a staiplieraction with these cells,
ultimately leading to the formation of an immunadkaj synapse and T cell activation,
division and differentiatio*’.

The DC therefore become a reporter of their eanimroenvironment and have the
potential to influence polarization of T cells bpesific expression and secretion
cytokine pattern depending on their lineatf their maturation status and the

consequent costimulatory molecule pattéfrand the environment they are*fi as the
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type of antigen captured, the presence of micropaterns or endogenous danger
signals or the route of exposure and the genetikgraund of the hodt® **

Airway is continuously exposed to airborne antigetrs order to prevent the
continual induction of immune responses and stittalaof memory effector cells,
which would support chronic inflammation in thevearys and damage to the epithelial
barrier and would impair gaseous exchange, a nundferspecialized control
mechanisms exist. An absolute requirement is thaséd mechanisms discriminate
harmless airborne antigens entering via the ainflays pathogen®* **3 Given these
risks, it is not surprising that multiple interawts between leukocytes and cells of the
lung stroma are central to this process of hom&osfalmonary regulation. The
epithelium plays a central role via the productioh molecules such as mucins,
surfactants, complement products, and antimicropegtides. In addition, a unique
population of macrophages termed alveolar macrogdaghich reside outside the body
in the airway spaces, are likely to play an impartaole. These cells exhibit
immunosuppressive properties, dampening down I&&land T cell activation by
secreting different products (e.g. nitric oxideattltontribute to keep lung DC in an
immature antigen-capturing mode (reviewed by Hokle2008§>,

Most inhaled particles do not have any intrinsitvating properties, and therefore
the default immune response to the inhalation eftiantigens is tolerance (Fig. 11).
Unresponsiveness to immunological inert antigemegsilated at different levels.

In contrast with the gut mucosal immune system, reshetestinal mucosa-derived
DC continuously sample antigens and migrate inferaft lymphatics even in the
steady state, conducting airway DC show very littligration to mediastinal lymph
nodes. This difference might result from the fdwttthe gut is heavily colonized by
microbes, whereas the (deeper) lung of unmanipdilatémals is a relatively sterile
environment. It follows that most of the lung DCgmation to the mediastinal lymph
nodes results from some form of insult to the Iumgjt microbial, physical, or toxic in

nature®®,
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Figure 11. Immune regulation by DC in the lung. Under steady-state conditions
(top), in the absence of danger signals, inhalédems are picked up by M-DC and P-
DC, which take the antigen to the mediastinal lynmplkles. Here partially mature M-
DC stimulate specific T cells, but these T celistfadifferentiate into effector cells and
die. Some T cells might also differentiate intodgeP-DC in the draining lymph nodes
give negative signals (IDO (indoleamine 2,3-dioxyage) and PDL (programmed death
ligand)-1)) to T cells and M-DC. At the same tintleey also generate Tregs. Under
inflammatory conditions (bottom), M-DC arrive inetldraining node as fully mature
cells. Antigen-specific T cells undergo prolifecatj this time generating effector cells.
On the other hand, P-DC also acquire a mature pyye@@nd prime antigen-specific T

cells to become effector cells as well. (From Hamraad Lambrecht, 200865.

Introduction 65



In the absence of inflammatory triggers, DC th&etap these immunologically inert
antigens do not properly express costimulatory mdés, and consequently fail to
reach the threshold necessary to induce T celfaain (leading to anergic T cells or T
cells that are not able to survive) inducing anrébe T cell responsé>*. Partially
mature DC could stimulate the induction of IL-1@d#or transforming growth factdy-
(TGF{) producing Tregs in an IL-10 and/or inducible Tl ceostimulator ligand
(ICOSL)-dependent manné&r.

In another hand, it have been proposed a roleDERA respiratory tolerancg> 4
The negative signal that is delivered by P-DC igieted through programmed death
(PD)-1-PD ligand 1 interaction&®’ delivering a negative signal to T cells or to M-DC
directly ?** **7 Additionally, P-DC can produce the tryptophan-abelizing enzyme
IDO, which has a strong inhibitory activity on THceroliferation *°® and inhibits
inflammatory airway diseas&®. In addition to IDO, the expression of transcopti
factors such as glucocorticoid-induced leucine eipprotein (TSC22 domain family
protein 3, TSC-22R) is also considered a featuretaddrogenic DC. TSC-22R
expression in DC, which is induced by glucocortiisosuch as dexamethasone, leads to
a decreased expression of costimulatory molecules as CD80, CD83 and CD86,
while the expression of “coinhibitory” moleculescbuas immunoglobulinlike transcript
3 (ILT-3) and PD-L1 is increaséd’. TSC-22R expressing DC produce IL-10 and elicit
the development of Tred§'. Another explanation for the tolerogenic propertid P-
DC is related to their immature phenotyp& **°

It seems probable that primary functions of Trellsda the airways are to limit the
inflammatory consequences of infection and to na@&mntolerance to harmless, inhaled
aeroallergens. Treg cells represent a major meshmaof peripheral tolerance to “self”
and in the regulation of the immune response tectidus organisms, both pathogens
and commensals. Furthermore, Treg cells represemtaj@r pathway proposed to
contribute to the maintenance of immune homeostadise airways'®* 4% A number
of different mechanisms by which antigen-specifired cells inhibit the function of
effector T cells, antigen-presenting cells, andatercells have been described (reviewed
in Vignali et al. “®%. A prominent inhibitory mechanism appears to he the
production of anti-inflammatory cytokines such ds1D and TGFB “®> “®° put
inhibitory molecules such as Cytotoxic T-Lymphocyetigen 4 (CTLA-4) and PD1

64

are also likely to contributé® IL-10 has broad immunosuppressive and anti-

Introduction 66



inflammatory actions relevant to the inhibition asthma patholog{?®. It is a potent
inhibitor of proinflammatory cytokine productionéacts on antigen-presenting cells to
dampen T cell activation, including Th2 cells. Tioée of the cytokine TGIB-is more
complex, with evidence for immune suppression amdadelling in the airways. Some
of the functions of TGE- that contribute to subepithelial fibrosis incluai@plification

of fibroblast proliferation and differentiation agell as induction of the expression of
collagen and other extracellular matrix protelfis TGF$ induces apoptosis of airway
epithelial cells and is potentially involved in tregulation of the adhesion properties of
epithelial cells leading to damage of the epithétiger. TGFB has been shown to play
a role in enhancement of goblet cell proliferatamd mucus secretioff” *°® It also
causes airway smooth muscle proliferation and dmrtes to increased airway smooth
muscle cell mas¥”.

During generation of an efficient effector immunesponse, lung DC have to
overcome suppression by Tregs, and the dominantinvélyey seem to do this is by
producing the cytokine IL-6, which counteracts shuppression by naturally occurring
CD41CD25 Tregs. Resistance to allergen- driven AlRnediated in part by Treg
suppression of DC activation and the absence sfrédgulatory pathway contributes to
susceptibility*®®. In human subjects with allergy, there is a reductiothe number and
possibly function of Treg&®but it is unclear at present whether this would ésd to
altered function of DC in these patients.

For immunological inert antigens additional signitem environmental exposures
(e.g. respiratory viruses, air pollution or cigégetmoke) or endogenous danger patterns
might pull the trigger on DC activatidf® 2

DC will only start a T helper response if theres@ne sort of adjuvant activity on
board at the time of exposure to the allergen. abtisvity is provided by the presence
of PAMPs, DAMPs and cytokines released upon cdllvation, necrosis or oxidative
stress (e.g. cigarette smoking, ozone exposursgldparticles). This adjuvant signal
can also be found in the allergen itself. Indeedyp®, cockroach and many other
allergens have proteolytic enzymes that can dyemttivate DC to promote Th2 cell
responses through effects on polarizing cytokimestimulatory molecules, and cell
surface receptofg® 473 474

Additionally, lung DC express numerous receptons R&AMPs and DAMPs. DC
express protease-activated receptors (PAR) whiehaativated by proteolytic proteins

like tryptase and thrombiff>. Shortly after insult to the vascular compartmenafter
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pathogen entry in the mucosa, complement activatimours, and lung DC can sense
this “acute alert” through expression of the Céad C3a anaphylatoxin receptdrs
They also express neuropeptide receptor that cgponel to neurotransmittors released
in response to axon reflexes or efferent neurgaeses, supported by the fact that lung
DC synapse with unmyelinated nerve endings in askath the airway mucosa and
produce neurotransmittof§>. Lung DC express receptors for prostaglandinsthase
acutely released inflammatory mediators can pradbuimpact on the migration and
maturation of the celf’® Endogenously released metabolites like extraeellATP
trigger purinergic receptors on lung DC and in tiay relay information about
allergen-induced platelet aggregation or metalm#it stress to the cells of the immune
system through widely expressed purinergic receptdr?** Eosinophil and mast cell
degranulation can lead to the release of EDN asthmine that can feed back on DC
and promotes further Th2 cell respon$€s Triggering of these receptors activates an
intracellular signalling cascade that influences phenotype and functions of D& 47
and lead to an inflammatory respofi&&*

Completely active DC upregulate the expressionostimulatory molecules (CD80
and CD86, CD40 and PD-L1, and PD-L2) and produeeimftammatory cytokines
involved in Th2 polarization (TNfg; IL-1, IL-6, IL-10) ****3* The up-regulation of
PDL-1 can have pro-inflammatory effects providingastimulatory signal to T cells
“85 |L-6 produced by pulmonary DC blocks the develeptrof Tregs. In addition IL-6
downregulate IL-12 and thus polarize naive celle mTh2 phenotype in the lung.
The presence of IL-10 at the site of T cell diffgration diminishes the secretion of IL-
12, thereby indirectly attenuating the differentat of Thl cells driving the
differentiation of naive T cells toward a Th2 phigpe 22 487

It is less clear whether airway DC are also requicg the presentation of allergen to
resting memory Th2 and/or effector Th2 cells durngecondary immune response but
there are increasing findings that support a predam role for DC in secondary
immune responses in asthma. In favor of DC, it mwn that the number and
maturation state (expression of essential costitorylanolecules CD80, CD40, ICAM-
1, PDL-1, PDL-2) of CD11b+ inflammatory DC is inased in the conducting airways
and lung interstitium of sensitized and challengade during the acute phase of the
response, where they are seen to form clusters prithed CD4 T cells, at areas of
nerve endingd’™ “*®® This accumulation of DC in the lung is supportsdan almost

threefold expansion of myeloid CD®¥' Ly-6c- haematopoietic precursor cells in the
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bone marrow. Hu et df** have hypothesized that contact with primed T cellms
immature mucosal DC from an antigen uptake to digem presenting mode, leading to
local antigen presentation to mucosal T cells. C@Rthe predominant receptor for
attracting Th2-cell-inducing DC to the lungs of miafter allergen exposuf®&. CCR2+
monocytes are recruited to the lung, followed bpidadifferentiation to monocyte-
derived inflammatory DC. Epithelial cells rapidlypnegulate the expression of the
CCR2 ligand CCL-2 (MCP-1) after challenge contribgtto monocyte recruitment to
the lung**®

Many inflammatory cell types such as mast cellssophails and eosinophils are
recruited to the airways in chronic asthma. Thesks celease many mediators such as
cytokines, neuropeptides, enzymes and lipid mediatbat may also profoundly
influence DC function and in this way might perggiongoing inflammatiof™. As
only one example, it is known that histamine andDR@oth released by mast cells
upon cross-linking, reduce the potential of DC taduce bioactive IL-12, and
contribute to Th2 polarization in this way 3"

The presence of allergen specific IgE bound to high-affinity receptor for IgE
(Fc3RI) on DC can lead to a 1000-fold lowering ¢ie tthreshold for allergen
recognition and in this way IgE might sustain Tlel cesponses via effects on &
492.

Although M-DC preferentially induce a Th2 sensitiaa to inhaled harmless
antigens leading to asthmatic featuf&s**> “*2M-DC are equally able to induce a Thl
response, under conditions of intense immune sétimrl such as bacterial or viral
infection 9% 494
12495'

Whereas the epithelium was initially considereagoas a physical barrier, it is now

or under environmental instruction by the presesfagytokines like IL-

seen as a central player in controlling the fumctié lung DC through release of Th2
cell-promoting cytokines. This situation by whictnosnal cells instruct the functional
behavior of DC seems to be quite specific to theasal environment.

Chemokines produced by airway epithelium afterrga exposure, promote the
recruitment of specific inflammatory cell typestte airways probably contributing to
Th2 sensitization Exin vitro andin vivo studies have shown that exposure of airway
epithelium to HDM resulted in the rapid secretidrC&L20, a chemokine attractant for
immature DC*%®. Moreover, HDM exposure is also accompanied byirameased

production of CCL2, a chemoattractant for monocyties precursors for inflammatory
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DC ** Epithelial cells also secrete a variety of cytes like GM-CSF, IL-33, Thymic
stromal lymphopoietin (TSLP), and IL-25 that actas®C, mast cells and basopHif&

GM-CSF has been shown to promote DC differentiadiod maturation and to break
inhalation tolerancd®’. IL-33 inducess Th2 cell differentiation by progmaing the
function of DC and goblet cell hyperpladi® TSLP is a 140 amino acid IL-7-like 4-
helix-bundle cytokine that has potent DC-modulatagacities, by binding its receptor
complex, composed of the IL-7 receptor (IL-7R) dhel TSLP receptor (TSLPRJ &
499 Epithelia cells, mast cells and basophils secfé&&P upon allergen challenge.
TSLP can directly activate DC to prime naive CD4+célls to differentiate into
proinflammatory Th2 cells bynducing the Th2 cell-prone costimulatory molecule
OX40L **° and the production of the Th2 cell-attractive cb&imes CCL17 and
CCL22 by DC* " |n addition, TSLP might promote the productionld® cytokines
by lymphocytes directly. The polarization of Th2lgénduced by TSLP-matured DC is
further enhanced by IL-25, which is produced bytregial cells, basophils, and
eosinophils®® Interestingly, TSLP also induces DC maturatiothawit production of
IL-12 (an important regulator oThl cell development]® in contrast to most of the
molecules known to cause DC maturatith In addition to its effects on DC, TSLP can
also activate human mast cells to produce Th2assbciated effector cytokines in the
absence of T cells or IgE crosslinking’. Strikingly, IL-13 was shown to induce
expression of TSLP, pointing out to an importargedieack- loop acting via DC to
enhance Th2 cell immunity*.

Most known environmental risk factors that are asged with development of
allergy like cigarette smoking, exposure to ambigatticulate matter like diesel
exhaust, exposure to high ozone concentrationsexposure to RSV (respiratory
syncytial virus) have the potential to interfereithmhe epithelial-DC crosstalk. For
example, cigarette smoking enhances epithelial gahbitity and induces the production
of TSLP by airway epithelial cells (reviewed in Rg et al, 2008§> °® whereas the
Th2 cell adjuvant effects of diesel depend on etithproduction of GM-CSE”",

Epithelial-DC interactions are necessary for préwgnovert Th2 cell responses.
Epithelial cells modulate local DC differentiatigimstruct DC to produce IL-12, IL-6,
IL-10, and TNFe), optimize antimicrobial defences in the airwaysl an the process
downmodulate capacity for expression of potentidéynaging Th2 cell immunit}?®
09 A defective innate immune response of epithalills might therefore be at the

heart of allergic sensitization.
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Many of the Th2 cell effector pathways of allergrdlammation maintain the DC
network in an activated state. Allergen challeregads to enhanced production of tumor
necrosis factor-related apoptosis-inducing ligalRAIL) in epithelial cells. Expression
of TRAIL subsequently leads to enhanced produatib@CL20, in this way attracting
inflammatory CCR6+ DC and Th2 cells and perpetgpitiergic inflammation®.
Prototypical Th2 cytokines like IL-4 and IL-13 aléeed back on the function of the
airway DC and epithelial cells to directly or inglitly (via DC-activating cytokines like
TSLP) stimulate DC in a STAT- 6-dependent way % ! These feedback loops
might be important in understanding the chronicity allergic inflammation.
Remodelling is a dynamic process that involvesldlgagng down of extracellular matrix
structures, which are also broken down by the aatidissue-degrading enzymes. How
exactly collagen or extracellular disposition of tma degradation products might

influence DC function in remodelled airways is ety mainly unknown.

1.3.3. Dendritic cell recruitment to the airways

DC constantly migrate from the blood to the lungd &om the lungs to the draining
lymph nodes. The migratory patterns of pulmonary &€ highly dependent upon
inflammatory conditions in the lung. In steady-stadbr non-inflammatory conditions,
pulmonary DC undergo slow but constitutive migratio draining lymph nodes, where
they remain for several days and confer antigeripdolerance. In the presence of
inflammatory signals, airway DC trafficking incressdramatically, and these cells
rapidly accumulate within draining lymph nodes. Hwer, within a few days, the
number of airway-derived DC in lymph nodes stabgior declines, even in the face of
ongoing pulmonary inflammation. An important questifor the understanding of
airway DC biology is how DC populate the lung ire thbsence of inflammation, and
how they are recruited there during inflammatiohe Tunderstanding of the relative
contribution of particular chemokines to the selecaccumulation of leukocyte subsets
to an organ site is made difficult by the simulaume presence of multiple chemokines
with partially overlapping functions as well as the finding that chemokines often
bind more than one receptdr>*?

It is not clear yet whether lung DC are recruiteahf the blood in a differentiated
form or as early precursors. It is important toenthtat GM-CSF, a key growth factor for
“DC-poiesis,” is expressed in significant amountghe lung. GM-CSF production in

the airways is increased in an inflammatory confexg., respiratory viral infection or
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exposure to environmental pollutants). DC can pagguthe lung through different
mechanisms. DC present in the blood circulationdte directly recruited by means
of appropriate pulmonary chemokine signals. Altaéuedy, monocytic DC precursors
could first be chemoattracted from the blood intee tlung and subsequently
differentiate into DC under the influence of cytods secreted by resident pulmonary
cells (e.g., GM-CSF produced by respiratory epitime). In addition, a hypothetical
mechanism for maintaining lung DC homeostasis mightproliferation of putative
intrapulmonary DC progenitors, induced by growtlttdas secreted by resident
pulmonary cells (GM-CSF or FIt3L). Finally, inditeevidence points to the possibility
of transdifferentation of pulmonary macrophages iDC under the influence of GM-
CSF513, 514

In the absence of inflammatory signals, DC andrtpegcursors are recruited from
the bloodstream into the lung where they have & xegoid turnover of about 2—3 days
1> Under steady-state conditions, there are at lemstpathways to recruit DC
precursors: one that depends on C@Rd/or CCR5, and one that does mtf. It is
possible that thiatter mechanism involves the chemokine receptd8CR1, areceptor
highly expressed on a population of monocytesatatecruited to noninflamed tissues,
including the lung’*’. Becausenonocytes can differentiate into DC, CX3CR1-dirdcte
monocyterecruitment might be important in maintaining DQOrepstasisinder steady-
state conditions. Steady state recruitment of D® iirway relies on constitutive
chemokine production within the epithelium by onensore cell types which may
include the resident DE®

In the presence of inflammatory signals, DC can beurtsd very rapidly to the
lungs as a response to the increased requiremerdufoeillance at the local site.
Studies in allergic asthmatics have shown thautatong M-DC are reduced between 4
and 24 h after allergen inhalatioif, and start appearing in the airways 5-6 h after
allergen®®. Because the wave of DC arrives in the airwaysteefhe neutrophils and
other mononuclear cells, DC contribute to the \easgly phase of the immune responses
in the airways. DC are also found in increased remlin the lung during secondary
immune responses. Indeed, the number of airway CBTD11b+ M-DC is strongly
increased within the airway epithelium followinglemgen challenge in sensitized
animals®'® This increase in the number of airway DC is aqeanied with an increase
in CD11c— CD11b+ MHCII+ monocytes that could beruged to the airways and
probably further differentiate into DG°.
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During bacteria-induced inflammation the rate of @Ccumulation in the lung
increases markediy#%. Unlike a wave of incoming neutrophils, which migi moves
into the airway lumen, the DC precursors remairnivithe epithelium during the acute
inflammatory response and assume the dendritic fewnphology typical of mature
airway DC. During the 48 h. period after bacteciadllenge, many of these DC migrate
to draining lymph nodes. As in steady state cood#j CCR1/CCRS5 are involved in DC
recruitment in this inflammatory conditions. It it excluded a function for other
chemokine receptors in recruiting DC precursorthéolung. DC precursor recruitment
during allergen challenge depends on CCR2/CCRErai§ mechanistically from the
recruitmengfter a bacterial stimulué?

CCL20, the chemokine that acts on CCRG6, is poontpressed by bronchial
epithelial cells and primary alveolar type 2 caéfissteady state conditions; however is
abundantly released in inflammatory conditicfis °** Pichavant el al*®> have shown
that bronchial epithelial cells of asthmatic patsestimulated with Derpl showed an
increased production of CCL20. CCL2 and CCL7 (twathee known murine CCR2
ligands) expression increases rapidly in lungsradtgigen challenge in a antigen —
induced lung inflammation modé&f% Hence ligands for both CCR2 and CCR6 are
present in the lungs and could contribute to réraint of DC. CCR2 ligands CCL2 and
CCL7 are rapidly increase (peak at 1 day) aftergant stimulation, while CCL20
production is delayed. Chemokine expression isi@pasegregated in resected human
tonsils, since a CCR2 ligand localize to vasculadaghelium, whereas CCL20
expression is restricted to epithelial cells boirtpthe exterior®. Osterhoelzer et af?
suggest that an identical temporal and spatiakpatbccur during antigen-driven lung
inflammation with CCR2 mediating early DC precussoecruitment from the blood
into lung interstitium, whereas CCR6 more centrallyves the later transit across
epithelia into the airways (to enter the alvedtie tsite where inhaled antigens first
deposit).

It is possible therefore, that during secondary imenresponses in the lung, CCR2
and CCR6 are important for DC recruitment, wher€&R1 and CCR5 fulfil this
function under steady-state conditions and afteat@ immune stimuli. Some of this
difference might be due to the presence of antgpeeific T cells in the lung that can
modify the responses of DC to antigen. During ssetondary immune responses, the
number of mature DC in the lungrrelates with levels of inflammation, and withéés

of variouschemokines and cytokine¥® *?7 However, it is difficultto determine
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whether increased levels of pulmonary DC leathtoeased inflammation or whether
the converse is true.

Monocyte chemokine-like protein, a new chemokinestitutively expressed in the
lung, specifically attracts monocytes and iQvitro; however, whether it has the same
rolein vivoremains to be elucidat&tf.

Besides chemokines, other molecules can also fab@umigration of DC into the
lungs. The airway epithelium can attract DC by nseahdefensins, cationic peptides
with bactericidal activity engaging CCR6 on immatiyC°* °?° In this way, defensins
may promote adaptive immune responses by recrulfi@gto the site of microbial
invasion. During inflammation, MMP-9-/- mice havedm shown to have an impaired
recruitment of DC into the airways, whereas theratign of DC to the draining lymph
nodes was unaffecte® In summary, DC are recruited to the lungs videdint
mechanisms, and it seems very likely that thesenokectic agents may act sequentially
to attract recently transmigrated DC, and positiem at the inflamed site.

Whereas E- and P-selectin, VCAM-1, and L-seledtiarilds have been extensively
described in the transendothelial migration of skKi€, their involvement in the
recruitment of precursors or DC to the lung hasené&een proven.

P-DC can also be recruited to nonlymphoid organsflammatory conditions. In
asthma, there is an increased expression of peaphede addressin (PNAd), ICAM-1,
and VCAM on the vessels of affected tissues. lotevas with these adhesion
molecules are likely to be involved in DC migratimro this site, as circulating P-DC
express the appropriate ligands, namely CD6#,,anda4 integrins, respectively?®
%30 Moreover, P-DC express CXCRS3, the receptor foilCCX0, which is upregulated
under inflammatory conditions in the lufig.

DC not only are responsive to the action of chemexi but they also produce a wide
range of chemokines in order to direct their envinent. Depending on the stimulus,
human DC are able to produce CCL2, CCL3, CCL4, CGIACL22 and CXCL&®.
Interestingly, production of CCR4 ligands (CCL17CI22) by M-DC cells suggests
that these cells are capable of selectively redrof cells and/or Treg cells at sites of
inflammation 3. This latter scenario may be especially importdating chronic
asthmatic responses that depend upon Th2 typeingtk
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1.3.4. Migration of airway dendritic cells to draining lymph nodes

It has been proposed that under steady-state camglit M-DC slowly but
continuously migrate to draining lymph nodes anelspnt either (self)-auto antigens or
harmless antigen in a tolerogenic fotth The mechanisms involved in the steady-state
migration of airway DC to the mediastinal lymph eedare unclear. Studies performed
on skin DC suggest that semimature DC, which areatare DC with an intermediate
phenotype, might use CCR7 to continuously migratthé lymph nodes in the absence
of inflammatory signalg®" >*? It is not clear whether this would also happethialung
as some studies have reported the absence of dnattCCR7 expression by DC at
mucosal surface®®

The presence of “danger” signals in organs expdseantigens is a strong stimulus
for the migration of antigen-bearing DC toward Iympodes. In a mouse model of
allergic inflammation, ongoing airway inflammatiaras shown to cause a massive and
accelerated flux of allergen-loaded DC from theway mucosa to the mediastinal
lymph nodes*** >** The mechanisms behind this increased migratiothéolymph
nodes are not clear, but some likely mechanismdeseribed.

Factors driving DC migration from peripheral tissue the T cell area of lymph
nodes under inflammatory conditions is well docutaednin skin DC migratior?>>.
However very little is known regarding the involvemb of this molecule in the
trafficking of lung DC. CCR7 expression has beescdeed on a subset of lung D&
and a series of experiments suggest that lung landD>xC use similar mechanism for
their migration to the lymph nodes (eig. vivo neutralization of CCL21 prevents
human DC migration to mediastinal lymph nodes ofmhnized severe combined
immunodeficient (SCID) mice and the subsequent ldgveent of asthma featuré¥.
Moreover, the intranasal injection of latex beadt® imice led to a CCR7-dependent
accumulation of DC in the mediastinal lymph nod®s DC migration from lung to
lymph nodes is not only CCR7-dependent, but alsmlies another chemokine
receptors, namely CCR8 which acts in concert wi@RZ ***. CCL1, the chemokine
that acts on CCR8 has been observed in the skinimydymph nodes subcapsule. It is
not known whether emigration of cells into the Iympodes via afferent lymphatics
requires chemokine signals to specifically enter shbcapsular sinus. If so, CCL1 is
positioned to play a role at this point of entryidg mobilization®3%°*

CCR7 requires additional extracellular signals ézdime functionally coupletf®.
The responsiveness of CCR7 to CCL19 and CCL21 lamatonsequent lymph nodes
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migration of DC is controlled by lipid mediatorsuch as the leukotrienes and
prostaglandins. PGEproduced by epithelial cells after antigen exposiae stimulate
DC emigration toward draining lymph nod®$ >3 The latter response is dependent on
the EP4 receptot’ ™ 372 °3% %% contrast, PGPexerts an opposite effect: through the
ligation of DP1, a receptor expressed by lung D@ihits the emigration of airway DC
toward mediastinal lymph nodes and consequentlyemts the induction of a primary
immune response and of eosinophilic airway inflanioma®’®. A stable analogue of
PGb, lloprost, could inhibit the migration of lung the mediastinal lymph nodes,
thereby abolishing the induction of an allergencifiieTh2 response in these nodés
The same effect was obtained with pharmacologicnists of the peroxisome
proliferator-activated receptar-(PPARy), an important intracellular mediator of
prostaglandin signalling*’. S1P, can modulate many different functions inicigd
migration, cytokine, and chemokine reled$e>** Inhalation of FTY720, a structural
homologue of S1P, reduced the number of migratirRD®™in mediastinal lymph nodes

of naive and allergen challenged mice and redustura features'™.
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Aim of the Thesis

CCRL2, is an orphan heptahelic serpentine recapttrshares high homology with
the inflammatory chemokine receptors CCR5 and CER1t is rapidly induced during
mouse DC maturation with a kinetics that preced&RT induction®*. In order to
evaluate the relevance of this receptor in DC IlyjpJolCCRL2 deficient micé?! %
have been used in an established model of allarghreced airway inflammation in
which DC are known to play a crucial rof€.

Chemerin has been identified as a natural non-Bignarotein ligand for CCRL2.
CCRL2 is able only to bind the chemoattractant arwease local concentrations of
bioactive chemerin which then is available for ratgion with ChemR23, the functional
chemerin receptor expressed on adjacent C&lli€hemR23 isexpressed by human
professional APC (monocyte/macrophages and BCand NK ®°. DC positive for
ChemR23 have been found in close proximity of chémgositive human EC?,
suggesting a key role of the ChemR23/chemerin axislirecting DC trafficking.
However limited information are presently available chemerin/ChemR23 system in
mouse, especially in DC-EC interactions.

Here we investigated the expression of functionfa@R23 in mouse bone marrow
derived myeloid and plasmacytoid DC and its regoatiuring maturation. Moreover,
since DC do transmigration and reverse-transmmmat cross the wall of vascular and
lymphatic vessels, we investigated the possiblesggree and modulation of the
ChemR23 functional ligand, chemerin, on lymphatiod avascular EC, taking

advantages of specific cell mouse cell lines geardren the laboratory in the past.
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2. Materials and Methods

2.1. Reagents

DMEM (high glucose), RPMI 1640 medium, heat-inaated fetal bovine serum
(FBS), ultraglutamine I, penicillin/streptomycingm essential amino acids (NEAA) and
sodium pyruvate were from Lonza (Verviers, Belgiurh),25 dihydroxyvitamin D3
(calcitriol), all trans retinoic acid (RA), bovirgerum albumin (BSA, low endotoxin),
gelatine from bovine skin, type B, aluminium hydd gel (alum), OVA; grade V,
LPS and heparin were from Sigma (St. Louis, MO. YS&w-LPS OVA lots were
used. Recombinant mouse chemerin was from R&D Bys(®linneapolis, MN. USA),
endothelial cell growth supplement (ECGS) from Bamhecal Technologies, 2-
Bmercaptoetanol from Gibco (Scotland, UK), CpG fromivoGen (San Diego, USA),
MTNF-o, FMS-like tyrosine kinase 3 ligand (FIt3L), GM-CSECI3, CCL5, CCL19,
CXCL12 from Peprotech (Rocky Hill, NJ. USA). Sodiwhromate Cr-51°{Cr ) was

from PerkinElmer.

2.2. Cell preparations
2.2.1. Isolation of mouse primary cells

Mediastinal lymph nodes cells were smashed to@esitell suspension. Lung tissue
cell suspension was obtained by incubation withglnah collagenase (type D; Sigma,
St. Louis, MO. USA) and 2(g/ml DNase (type I; Roche, Mannheim, Germany) for 1
at 37°C. For flow cytometric analysis lung cellsrevdepleted of red blood cells.

2.2.2. Endothelial cells

The mouse lung capillary endothelial cell line 1G*% was grown in DMEM
medium with 20% FBS, 1% NEAA, 1 mM Na pyruvate, élin (100 U/ml) and
streptomycin (100ug /ml), 1 mM ultraglutamine I, ECGS and heparin Q4&/ml
each).

The mouse lymphatic endothelial cell line (MELEY was cultured in DMEM
medium with 10% FBS, NEAA, sodium pyruvate, pefiigjlstreptomycin, heparin and
ECGS as above, and 10% supernatant from sarcomeell80

In all cases cells at"620" passage, grown to confluence on tissue culturstipla
coated with 1% gelatine at 37°C in a humidified esphere with 5% C)were used.
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2.2.3. Bone marrow derived (BM-DC) and peripheral bbod dendritic cells

Murine DC were generated from CD34+ bone marrousdedm C57BI/6J, CCRL2-
/- and ChemR23-/- mice (Charles River Laboratora&sprevious describéd CD34+
cells were isolated from total bone marrow by pesiimmunoselection using the rat
mAb MEC14.7 to mouse CD34 as a selecting agent.42D&lls were cultured in
RPMI 1640 medium with penicillin/streptomycin, 5 #BS and ZZmercaptoetanol
(5x10°M). To generate M-DC 2xPtml CD34+ cells were grown in medium with
mGM-CSF (40 ng/ml) and FIt3L (100 ng/ml), whilegenerate P-DC 3x0nl CD34+
cells were grown in medium with FIt3L (200ng/ml)elS were diluted 1:2-1:3 every 2
or 3 days and collected at day 8 (M-DC) or 9 (P-D@Y were matured by incubation
with TNF-o (20ng/ml) or LPS (100 ng/ml) (M-DC) or CpG (2ugin{P-DC) for
different times depending on the protocol.

Peripheral blood mononuclear cells were isolatethfbuffy coats of normal donors
by Ficoll gradient (Ficoll-Paque™ PREMIUM, GE Hdwulare, Life Sciences) and were
magnetically sorted with blood DC antigen BDCA-1-\C) and BDCA-4 (P-DC) cell

isolation kits (Miltenyi Biotec), as described pi@ysly ***

2.3. Generation of monoclonal antibody to CCRL2

10" X-rayed CCRL2/L1.2 cells in PBS (phosphate buffesaline) were injected
intraperitoneally (i.p) every other week for 6 weekto CCRL2-deficient mice. Three
days after the last challenge, spleen cells weseddollowing conventional protocols.
Hybridomas recognizing CCRL2/CHO-K and CCRL2/L1.tansfectants but not
parental cells were cloned and tested for spetifion CCRL2, CCRs and CXCRs
transfectants. One hybridoma (hybr 4, IgG2a) wéscted for these studies, purified
and biotinylated.

2.4. Fluorescence activated cell sorting (FACS) alyais

BM-DC, BAL, mediastinal lymph nodes and lung celspensions were obtained as
indicated aboveCells were incubated with rat anti-mouse CD16/32 bmA4G2
hybridoma supernatant for 30 min. on ice to prévemspecific binding of antibodies
to Fc receptors. For CCRL2 staining cells were tmmubated with biotinylated anti
CCRL2 mAb (3pug/ml) in PBS buffer containing 1% FBS for 30 mim we. After

washing, cells were incubated with streptavidin®lér -PE (BD Pharmingen). For
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analysis of cell subpopulations, cells were stawéd directly conjugated Abs to CD3e
(145-2C11), CD4 (A15.1.17), Cb8(53-6.7), CD11b (M1/70), Gr-1 (RB6-8C5), I-Ab
(2G9), CD11c (HL3), CD 80 (16-10A1x;D86 (GL1) from BD (Franklin Lakes, NJ,
USA), CD103 (2E7), ST2 (DJ8) and Siglec H (4400nireBioscience (San Diego, CA,
USA), PDCA-1 (JF05-1C2.4.1) from Miltenyi (Bergis¢bladbach, Germany) and DEC
205 (hybridoma supernatant kindly provided by Dvécchi)

Staining was analyzed by a FACS Canto flow cytoméB® Biosciences). Live
cells were gated based on forward and side-saiténo staining for propidium iodide.
Flow cytometry analysis of lung single cell suspens was performed as described by
Jakubzick and Randolpti®. To obtain absolute numbers of each leukocyteypebin
BAL and lung tissue, percentages were multipliedtiy total number of cells. Cell
number in lung are referred to cell number/mg s$ue. All differential counts were

performed in random order by the same observer

2.5. Quantification of gene expression by Real-TimeCR (RT-PCR)

Mouse EC lines (MELC and 1G11) were grown in 6 wllture plates (Becton
Dickinson Labware) precoated with 1% gelatin. Whemfluent, serum and growth
factors (ECGS, heparin, S180) supplemented medias keplaced by 0.2% BSA
culture medium. Cells were stimulated with RAub!, 10,25 dihydroxyvitamin D3
(Calcitriol, 1 uM), mTNF-a (20 ng/ml) and LPS (100 ng/ml), for the times oaded in
each experiment. Supernatants of culture were atetle centrifuged and stored at -
20°C until ELISA assays. The cells were used temeine the expression of different
genes.

Dendritic and EC total RNA was isolated using Tkg®agent (Invitrogen)
according to the manufacturer’s specifications. feal time PCR (RT- PCR) analysis,
total RNA samples were treated with DNAse | (Invgen) in order to remove
contaminating genomic DNA. Total RNA (1 pg) waseme-transcribed using a High
capacity cDNA (complementary DNA) reverse trandaip kit from Applied
Biosystems, following manufacturer’s instructiofS[-PCR was performed on cDNA
samples using a 7900HT Fast Real-Time PCR Systerohine according to
manufacturer's guidelines (Applied Biosystems). Themers/fluorogenic (FAM)
probes sets Mm 00503581 gH and Hs 99999901 sl Applied Biosystems were
used to amplify chemerin and 18S respectively Ta@Man gene expression assay. The

other genes were amplified using a SYBR Green P@Bten mix (Applied Biosystems,
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Warrington, UK) and specific primers (Table 2). Huml18 S ribosomal and moue
actin and GAPDH (glyceraldehyde 3-phosphate delggirase) gene were used to

normalize PCR results.
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Gene Forward (5-3) Reverse (5'-3’)
product
CCRL2 TGTGTTTCCTGCTTCCCCTG CGAGGAGTGGAGTCCGACAA
ChemR23| CCATGTGCAAGATCAGCAAC GCAGGAAGACGCTGGTGTA
CCR1 CTGCCCCCCCTGTATTCTCT GACATTGCCCACCACTCCA
CCR2 CTACGATGATGGTGAGCCTTGT | AGCTCCAATTTGCTTCACACTG
C
CCR3 AGTGGGCACCACCCTGTG GCCATGACCCCAGCTCTTT
CCR4 ACGAAAGCATGCCAAAGCC CCCCAAATGCCTTGATACCTT
CCR5 TCAGCACCCTGCCAAAAAAT CAGGAGCTGAGCCGCAAT
CCR6 GGCCTGTATCAGCATGGACC | GATTTGGTTGCCTGGACGAT
CCR7 TGGTGGTGGCTCTCCTTGTC CCTCATCTTGGCAGAGAAGCACA
CCRS8 ACCCTGATTTCTTCACCGCC TGCCCCTGAGGAGGAACTCT
CCR9 TGATGCCCACAGAACTCACAA | TGAAGTCATCAAACATGCCAGG
CXCR1 TCCTGAGGTGACTTTGAGAAAG | GGCAGCATTCCCGTGATATTT
CXCR2 GTCATCTTCGCTGTCGTCCTT | GTTGTAGGGCAGCCAGCAG
CXCR3 TGGAAAACAGCACCTCTCCC AGAAGTCGCTCTCGTTTTCCC
CXCR4 CCTGCTTCCGGGATGAAAA TGGTGGGCAGGAAGATCCTAT
CXCR5 ACTCGGAGCTCAACCGAGAC | AAGGTCGGCTACTGCGAGG
CXCR6 TACGATGGGCACTACGAGGG | ATCACTGGAATTGTTGAAGAGCC
CXCR7 TGTAACAGCAGCGACTGCATT | CATGGTGGGACACTGCACAG
CX3CR CTGTCCGTCTTCTACGCCCT CAGATTTCCCACCAGACCGA
XCR1 TCTTCACCGTCGTGGTAGCA TGAGGTTGTAGGGAGCCCAG
CCL3 CATATGGAGCTGACACCCCG | TCTTCCGGCTGTAGGAGAAGC
CCL4 GCCCTCTCTCTCCTCTTGCT GAGGGTCAGAGCCCATTG
CCL5 TGCTCCAATCTTGCAGTCGT ACACACTTGGCGGTTCCTTC
CXCL10 | CAACTGCATCCATATCGATGAC | TTCATCGTGGCAATGATCTC
CXCL12 | CTGTGCCCTTCAGATTGTTG TAATTTCGGGTCAATGCACA
B-Actin TCACCCACACTGTGCCCATCTA | CAGCGGAACCGCTCATTGCCAATGG
CGA
GAPDH | CGTGTTCCTACCCCCAATGT TGTCATCATACTTGGCAGGTTTCT

Table 2. Set of primers used for quantitative RT-P®R
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2.6. ELISA

Cytokines and chemokines were measured in 4x ctorated BAL fluids, lung
homogenates and lymph nodes culture supernatatasnet as explained before by
standard sandwich ELISA assays. Specific captudedatecting antibodies were from
Pharmingen (IL-4, IL-5, INRd and R&D (IL-13, IL-2, MCP-1/CCL2,
CCL5/RANTES, eotaxin/CCL11, TARC/CCL17 and MDC/C@)2 and were used
accordingo the manufacturer's protocol.

Lung tissue was homogenized at 50 mg/ml in HBSSikidaBalanced Salt Solution)
(Invitrogen), centrifuged at 80@ for 10 min. and the supernatamfis collected.
Mediastinal lymph nodes were cultured in the coodg indicated in each experiment
and the supernatants were collected at the indicatess.

Total and OVA-specific IgE were detected in serdratal IgE were measured by
standard sandwich ELISA from Pharmingen. OVA-speciige were measured
according to following protocol. Microtiter plastlates were coated with anti-mouse
IgE mAb (capture antibody) (Pharmingenp@ml) O.N at 4°C, and afterward blocked
with 3% BSA in PBS. Serum samples were dilutedBsPB% FBS and then incubated
O.N at 4°C. After washing with PBS-Tween 0.1%,ug@/ml of biotinylated OVA
(detection reagent) was added to the wells forhldd room temperature (RT). Biotin
was conjugated to OVA with the EZ-Link Sulfo-NHS-iEiotinylation Kit (Pierce
Rockford, IL, USA), following manufacturer’s insttions. Plates were washed and,
following the addition of streptavidin-HRP (horseish peroxidase) (Pharmingen),
incubated for 1 h at RT. OVA-specific IgE were d¢tel by adding peroxidase
substrate solution (colorimetric substrate) anddirgp in a microplate reader
(VersaMax. Molecular Devices, Sunnyvale, CA. USAX50 nm.

For chemerin determination EC supernatants wereerdrated 10 times using a
vivaspin concentrator unit (3000 MWCO (molecularigi® cutoff) , Sartorius Stedim
Biotech) and examined by ELISA according to mantufaes’ instructions (Mouse
Chemerin Quantikine ELISA kit, R&D Systems).

2.7. FITC-dextran uptake

Endocytosis was measured as the cellular uptakdT@-dextran (Sigma Chemical

Co.) as described®. Approximately 2x10 cells/sample were incubated in media
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containing FITC-dextran (1 mg/ml) for 60 min. Ukeaof the label was determined by
flow cytometry

2.8. In vitro cell migration assays

2.8.1. Chemotaxis

Migration of BM-DC in response to different chentoattants was evaluated using a
chemotaxis chamber (Neuroprobe, Pleasanton, CApalyd¢arbonate filter (im pore
size, Neuroprobe) as previously describ&>! 50 pl of 1.5 x 10cell suspension were
applied to the top wells and allowed to migrateagmnists for 90 min. at 3. Cells
that migrated onto the underside of the filter wetaned using Diff-Quik and counted

in an average of 5 high-power fields. Each datatpeas performed in triplicate.

2.8.2. Transendothelial migration assay

EC were grown to confluence on 0.1% gelatine coataaswell inserts in 24-well
costar chambers (5um pore size, Corning Costarb@dge, MA). When indicated the
EC were stimulated with RA (®/1) 18 h before the transmigration assays. For the
transmigration assay, 100 pl of DC (0.5%tells/ml of>*Cr labelled mouse DC; 2x10
cells/ml of human DC) were placed in the upper dhamand 600 pl of chemoattractant
or control medium were added to the lower chambé€r.were allowed to migrate for
90 min. (mouse DC) or 4 h (human DC) at 37 °C 8%@CQ atmosphere. Serum free
medium with 0.2% BSA (chemotaxis medium) was usedli migration experiments
performed with chemerin.

Mouse DC migration was evaluated as the percerdgdgadioactivity recovered in
the lower compartment relative to input. Values axpressed as net migration (%
radioactivity sample - % radioactivity control).

Human DC were collected in the lower chamber anchtaxl at microscopy using a
Burker chamber. The results were expressed aseticenqtage of cell input.

In some experiments, human P-DC were preincub&@drin. at 4°C) with anti-
ChemR23 mAb (clone 1H2 (IgG2a, 3 pg/rfilland then added to the upper chamber.
Chemerin (300 pM) added to EC for 90 min. at 37A @e upper chamber was used as
a control. Before addition of P-DC chemerin was oeed, in order to eliminate the

excess and leaving only chemerin bound to EC.
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2.9.1n vivo migration of murine dendritic cells

2.9.1. FITC skin painting

FITC (fluorescein isothiocyanate isomer |, SigmialL&uis, MO) was dissolved in a
50:50 (vol/vol) acetone—dibutylphthalate (BDH) nure just before application. Mice
were painted on the shaved abdomen with 0.2 mI/BningITC. After 24 h, inguinal
lymph nodes were disaggregated and treated withgarlase A/DNase mixture for 30
min. CD11c+FITC+ cells were analysed by FACS asilesd by>*2

2.9.2. Migration of lung dendritic cells and dendriic cell adoptive transfer

To address the migration of lung DC to mediastiy@hph nodes, mice were
sensitized with OVA (day 0 and 11) and gDof FITC-OVA 10 mg/ml (Sigma, St
Louis, MO) was administered intratracheally at d8y under direct vision, using a 18-
gauge polyurethane catheter connected to the aftlatmicropipette. CD11c+FITC+
DC were FACS counted in mediastinal lymph nodeslescribed by Jakubzick and
Randolph®*°. Mediastinal lymph nodes were sampled 8, 24, 48 &hh after FITC-
OVA administration

For adoptive transfer of bone-marrow-derived Dd|scat the end of the culture
were pulsed overnight (O.N) with 1Q@/ml OVA, washed and instilled intratracheally

(10°mouse) as described above.

2.10. Experimental protocol for induction of allergc airway inflammation

WT and CCRL2-/- mice were sensitized with OVA (LB&pleted by centrifugation
using a centricom with cutoff of 100000 KDa), atancentration of 0.01 mg/mouse i.p
in 0.2 ml alum on day 0 and 11. Control mice reedithe same volume of PBS in
alum. All groups were challenged daily with 5% O\A&rosol (for 20 min.) from day
18 to 23 (Fig. 12). The aerosol was generated BRI Master Nebulizer (Sapio Life)
connected to the Plexiglas chamber. Mice were fe@li by exsanguination under

terminal anaesthesia at 24 h after the last aerosol
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Figure 12. Allergic airway hyperresponsiveness modleprotocol. Mice were
sensitized with an intraperitoneal application &3-depleted OVA (0.01mg/ mouse in
0.2 ml alum) at day 0 and 11, and then challeng#ld %26 aerosolized OVA for 6
consecutive days from day 18. Controls were treatgd PBS during sensitization.
Lung inflammation and clinical manifestations as Rknd mucus production were

assessed at different times after the final alleidellenge.

Sera were prepared by centrifugation and snap4frdae-20°C until further use.
Airways were washed three times with 1 ml of PB& aitracheal cannula to obtain
broncheoalveolar lavage (BAL). BAL was centrifug@D0 g, 5 min., 4°C and then
concentrated by using Vivaspin 2 concentrators @300WCO, Sartorius Stedim
Biotech), and stored at -0 for further analysis.

BAL cells were counted, then pelleted onto glaiteslby cytocentrifugation (5x10
cells/slide). Differential cell counts were perfagdhon Diff-Quik (Median Diagnostics
AG, Bonnstrasse, Germany) stained cytospins. Peges of eosinophils,
lymphocyte/mononuclear cells, neutrophils and maltages were determined by
classifying at least 400 cells per slide under tlighicroscopy visualization using
standard morphological criteria. To obtain absohuienbers of each leukocyte subtype
percentages were multiplied by the total numberetis obtained in the BAL fluid. All
differential counts were performed in random oiojethe same observer.

Lung tissue cell suspension was prepared as imdicéiefore. Cytocentrifuge
preparations were prepared and Wright-Giestsined, and differential counts were

performed as for BAL.
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For lung tissue histopathology, lungs were fixed @ normal buffed formalin. 4-
um paraffin-embeddedections were stained with haematoxylin and eosior.

immunohistochemistry samples were snap frozenyinagrand stored at -80

2.11. Measurement of airway hyperresponsiveness (At}

AHR was measured in mice 24 h after the final OWaltenge by recording
respiratory pressure curves by whole body plethggaphy (Buxco Technologies) in
response to inhaled methacholine (Sigma) at coratésrs of 30 mg/ml for 1 mirt® as
previous describetf*. Results are shown for Penh after allergen chgéleRenh results
were confirmed by direct measurements of lung t@sce and dynamic compliance in
anaesthetized and tracheotomized mice in respoaséntaled methacholine at
concentrations of 30 mg/ml in a Buxco system (BuXa@xhnologies) as previous
described™?,

2.12. Assessment of mucus production

After removal from the animal, one lobe of lung waltated with PBS. Lungs were
fixed in 10% normal buffered formalin. Paraffin eaddled sections (¢n) were stained
with Periodic Acid-Schiff (PAS). Globet cells weoeunted on PAS-stained sections
and scored as previously describéd Briefly, the lungs were scored in the following
way: score 0: 5% goblet cells; score 1: 5 to 25ebres 2: 25 to 50%; score 3: 50 to
75%; score 4: more than 75%. The sum of the airga@yres from each lung was
divided by the number of airways examined for thstdhogic goblet cell score

(expressed as arbitrary units)

2.13. Immunostaining of lungs

For immunohistochemistry, sections were obtaineanfrfrozen lungs from three
mice/experimental group. Immunostain was perforimgdising anti-CD11c (BD Franklin
Lakes, NJ, USA), anti-Siglec H (rat anti-mouse,dknprovided by Prof. M. Colonna,
Washington University, STL, MO, USA) and anti CD1@Bioscience, San Diego, CA,
USA). Primary antibodies were revealed using anti-hanwstanti-rat biotin-conjugated
secondary antibodies (Vector, Burlingame, CA, US3dljowed by HRP (for CD11c
and Siglec H) or streptavidin-alkaline phosphatake CD103) and 3,3’

Diaminobenzidine (all from Dako, Denmark) or Feraijue (Biocare Medical,
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Concord, CA, USA). As a negative control, primamtildodies were omitted or
replaced with an irrelevant isotype-matched mADb.

2.14.1n vitro re-stimulation of draining lymph nodes

Mediastinal lymph nodes cell suspension was prepa® previously described.
5x10 cells in 200ul were seeded in U-bottomed plastic plates and Q¥4 added at
varying concentrations. Plates were incubated fdrh9at 37°C. Supernatants were

harvested and used to measure cytokine levels.

2.15. Dendritic cell-induced T cell proliferation

For alloantigen T cell proliferation, CD4+ T celgere purified from spleens of
Balb/c mice (Charles River laboratories) using Cib¥munoconjugated microbeads
(Miltenyi Biotech). Isolated T cells were labelledth 5 uM CFSE (Carboxyfluorescein
diacetate succi- nimidyl ester) in RPMI containiigp FBS for 20 min., washed and
seeded at 2xPells per well in U-bottom 96-well plates in RPW640 supplemented
with 2 mM L-glutamine, 10% FBS and 10 mM Hepes p#l &nd antibiotics. DC from
WT or CCRL2-/- mice were matured with 20 ng/ml dfiF-a for 24 h, washed and
added to T cells at different ratios, ranging frorh to 10 % relative to T cells quantity.
After 72 h of co-culture cells were stained witikB4 antibody and T cell proliferation
was monitored by FACS in terms of CFSE dilutioncdlls with CFSE content lower
than T cells cultured in the absence of DC (andcéafid not dilute the CFSE) were
considered as proliferated cells. Antigen-specificell proliferation was tested with a
similar protocol, by using CD4+ T cells purifiecbin spleens of OT-Il mice and by
pulsing DC with 10Qug/ml OVA during maturation. Supernatants were froaed the

secreted cytokines were measured by ELISA in baties.
2.16. Statistics

Statistic significance was calculated by Studertedt, Mann-WhitneyJ test and

one-way ANOVA as appropriate. Differences were aered significant at p< 0.05.
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3. Results

3.1. Role of CCRL2 in lung leukocyte traffic

3.1.1. CCRL2 participates to inflammatory infiltrate/Th2 cytokine production
evaluated in broncheoalveolar lavages (BAL) in a ndel of airway
hyperresponsiveness

CCRL2 expression has been described during matarafimurine DC with kinetics
that precedes CCR7 expression. To investigateelegance of CCRL2 in DC biology,
CCRL2 deficient mice (CCRL2-/-3*® were used in an established model of allergen
induced airway inflammation in which DC are knowm filay a crucial role in the
transport of antigens to mediastinal lymph notfésOVA-immunized CCRL2-/- mice,
challenged by aerosol for six consecutive dayswshloa dramatic reduction in the total
number of leukocytes and in particular of eosintgplaind lymphocyte/mononuclear
cells, with respect to WT animals (Fig. 13).

PBS/OVA WT
0 OVA/IOVA WT

" 2407 #x I PBS/OVA KO 40
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Figure 13. Leukocyte population is reduced in BAL fom CCRL2-/- mice. Mice
were sensitized and challenged with OVA by aerdBAL was collected 24 h after the
last aerosol; total cell numbers were counted affdrential cell counts performed.
Data are mean + SEM of one representative expetiofehe five performed with 6 to
12 mice per group; *P<0.05; **P<0.01
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T cell population is composed by different subsdath different patterns of cytokine
production to drive different types of immune respes®>* > To determine whether
there was a selective deficiency of T subsets in.Beells were analyzed by FACS,
using CD3 as a marker for T cell lineage in comtiamawith CD4 (T helper cells) and
CD8 (cytotoxic T cells). Since allergic asthma sKacterized by a chronic immune
response sustained by Th2 type cells, CD4+ST2+ Stlizype was also evaluated. A
significant decrease in T cells was observed forthake subsets in CCRL2-/- mice

compared to control ones (Fig. 14).
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Figure 14. CCRL2 deficiency is associated with a deiction in T cell subsets in

BAL. Mice were sensitized as reported in Fig.13, chgheihand sacrificed. T cell
subsets (CD3+CD4+: T helper cells, CD4+ST2+: THi@nd CD3+CD8+: cytotoxic
T cells,) were determined by FACS. Data are meaSEM of one representative

experiment of the three performed with 6 to 12 npieegroup; *P<0.05.

However, a possible direct role for CCRL2 in thero#gment of eosinophils and T
cells into the airways was ruled out by the laclerpression of CCRL2 in these two
cell types; conversely BAL MHCII+ cells (macrophagend DC) expressed CCRL2
(Fig. 15).
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Figure 15 CCRL2 membrane expression on BAL leukocytes by FAC&nalysis
MHCII+ cells (macrophages and DC), eosinophils {rand T lymphocytes (CD3)
were analyzed. Histograms represent staining dé debm WT (open curves) and
CCRL2-/- mice (filled curves) with anti-CCRL2 mABhe data shown correspond to a

representative experiment out of three performeld &ito 12 mice per group

In allergic asthma, genetically susceptible indists mount a chronic Th2 cell type
immune response to common allergens, by secreyfiagioes like IL-4, IL-5, IL-9, IL-
10, 1L-13 and GM-CSE®* Individually, these cytokines can already explaiany of
the salient features of asthma as IgE synthesisytrand activation of eosinophils and
mast cells and expression of cytokines and EC-aathesolecules®®.

In parallel, Th2 and Th1 cytokines were measureBAhL from WT and CCRL2-/-
mice. BAL of CCRL2-/- mice contained lower levellstbe Th2 cytokines IL-4 and IL-
5, and similar levels of IL-13 and of the Thl cytek IFNy (Fig. 16A). Of note,

although Th2 cells and eosinophils represent amitapt source for Th2 cytokines, IL-
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13 can also be secreted by lung smooth muscle*c&Iishis may explain the different

regulation of IL-13 versus IL-4 and IL-5 here ohssst.
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Figure 16. Cytokine and chemokine levels in BAL. (A) Cytokines and (B)

chemokines, were measured in BAL. Data are mearEM ®f one representative

experiment of three performed with 6 to 12 micegreup; *P<0.05; **P<0.01

The development and maintenance of asthma corselaith the coordinated

production of chemokines which guide leukocyte wdnorent to different lung

compartments”’. To further examine the mechanisms associated thithdefective

leukocyte recruitment observed in CCRL2-/- micege tlevels of some relevant

chemokines in allergic lung inflammation were ewdfd. The eosinophil-attracting
chemokine CCL11/eotaxin and the Th2-attracting abiene CCL17/TARC levels
were significantly decreased in BAL, while thererevao differences for CCL22, CCL2
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and CCL5 (Fig. 16B). This finding is consistent lwithe decreased number of
eosinophils and Th2 cells observed in the airwaydn.

3.1.2. Minor role of CCRL2 in lung parenchyma inflammation.

The alterations observed in the BAL from CCRL2-icenwere not paralleled by
changes in the lung parenchyma, where normal degremfiltrating leukocytes (Fig.
17A) and Th cells (Fig. 17B) were detected.
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Figure 17. Leukocyte composition of lung parenchymaWT and CCRL2-/- mice
were sensitized and challenged with OVA by aerdsahgs were collected twenty-four
h after the last aerosol and a cell suspension el#ained after treatment with
collagenase/DNase. (A) Differential cell count wearied out. (B) T cell subsets
(CD3+CD8+: cytotoxic T cells, CD3+CD4+: T helpeidlseand CD4+ST2+: Th2 cells)
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were determined by FACS. Data are mean + SEM ofrepeesentative experiment of
two performed with 12 mice per group.

The levels of cytokines, IL-4, IL-5, IL-13 and IffNmeasured in the BAL and
expressed as pg/ml, resulted similar in CCRL2-ar@ompared to control ones (Fig.
18A). Similarly, no difference was observed in #ression of CCL11, CCL17 and
CCL22 chemokines between CCRL2-/- and WT mice, evliCL2 and CCLS5 levels
were decreased in CCRL2-/- mice (Fig. 18B). The fhat the levels of chemokines
recruiting eosinophils and Th2 cells are similaWil and CCRL2-/- mice is consistent
with the equal amounts of infiltrating leukocytelsserved in the lung parenchyma of
WT and CCRL2-/- mice.
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Figure 18 Cytokine and chemokine levels in lung parenchymgA) Cytokines and
(B) chemokines were measured in lung parenchyma Re¢ mean £+ SEM of one

representative experiment of two performed withrii@e per group; *P<0.05
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3.1.3. CCRL2 does not modify typical features of #sma

Asthma is characterized by allergen specific IgBdpction by B cells**. To
determine whether CCRL2 deficiency was associatila avdefective Th2 dependent
humoral response, circulating levels of total andAGspecific IgE were determined in
serum. OVA-sensitized CCRL2-/- mice showed norneakls of circulating total and
OVA-specific IgE (Fig. 19). This finding is consgsit with the ability of CCRL2-/-
mice to mount a normal primary and secondary humogsponse following i.p.

immunization with OVA/Alum or OVA/complete Freunddsljuvant (data not shown).
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Figure 19. Total and OVA specific IgE in serum.Total IgE and OVA specific IgE
were measured in serum of WT and CCRL2-/- micealat mean + SEM of one

representative experiment of three performed withh 52 mice per group.

Finally, the typical features of asthma, namely AlRI mucus hypersecretion were
assessed in OVA-sensitized CCRL2-/- and WT micehBtrains showed a significant
increase in methacholine responsiveness evaluatkag resistance (Fig. 20A, B) and
dynamic compliance (Fig. 20C), that was howeverilaimn the two mouse strains.
Similarly, OVA-sensitized CCRL2-/- and WT mice daped a comparable number of
goblet cells (Fig. 20D).
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Figure 20. Functional parameters measured in CCRL2-/- mice sybct to an OVA-
induced airway inflammation model (A) Penh (B) Resistance (C) Compliance and
(D) mucus production. This last parameter was detexd by scoring the samples
according to the number of globet cells as desdribe Data are mean + SEM of one

representative experiment of three performed withh 52 mice per group.

3.1.4. CCRL2 dos not modify lung DC infiltrate afte allergen challenge

The migration of lung DC from periphery to regiomahph nodes is a key step for
the induction of immune response and tolerafte >*'" >°! Therefore, lung DC
trafficking was investigated in OVA-challenged CCRI- mice. Mice were sensitized
with OVA at 0 and 11 day and then challenged with one 5% OVA aerosolagt18.
Lung tissue was collected at different time poimtf$er aerosol and tissue cell
suspension was prepared as indicated in “Maternald Methods”. Lung DC were
identified by FACS as CD11c+MHCII+ cells. The allerospace is rich in macrophages
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that can be confused with alveolar DC for theirhhexpression of CD11c, however,
unlike DC, alveolar macrophages show high auto#scence, that lets discriminate
them from DC populatio®. In agreement with previous repofts" *** Figure 21
shows that the influx of DC into the lung was athgaletectable after 2 h of OVA
challenge and reached peak levels at 24 h. Nofigni difference in the absolute
number of DC (Fig. 21), neither in their activatiphenotype (evaluated as CDB8O0,
CD86, CD40 and MHCII surface expression, data ruwiws) was found between
CCRL2-/- and WT mice at any of the time points stgated.
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Figure 21. Lung DC number after allergen challengelLung tissue and trachea were
isolated from sensitized mice after one OVA-aeroschallenge. DC
(CD11c+MHCII+®"Y autofluorescence cells) were quantified by FACSQlysis at
different times points after aerosol Results arpressed as total number of DC per

mouse. Data are mean + SEM of one representatperiexent of three performed with
6 mice per group.

Different subsets of DC can be found in the luniys.steady-state conditions,
conventional DC (CD11€"MHCII" are found lining the conducting airways and in
the deeper interstitial compartments, subdivided i@D11b+ and CD11b- subsets.
CD11b- express langerin and the mucosal integrid@XaEb7) at least in mouse and

rat** P-DC are found in both compartments with a sligieference for the interstitial
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compartment. P-DC are CDI*cand express Siglec-H, and BST-2 (recognized by
PDCAL antibody) and some markers shared with gomytgs and B cel& **” Under
inflammatory conditions, additional CD11b+ monocytare recruited to the lungs
where they rapidly become DC (CD11c+CD11b+) and easily be confused with
resident CD11b+ conventional D€ ' 1% DC subsets show distinctive functions,
thus an analysis of the subsets could be usefuhtunderstanding of the differences
seen between WT and CCRL2 -/- mice. Lungs of semsitmice challenged by one
OVA aerosol were thus analyzed by FACS Similarlyttie results observed for total
DC population in lung, no difference was observedhe relative proportion of the
three major lung DC subsets, namely, myeloid CD188d¢ CD11b+ DC and P-DC
(Fig. 22).
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Figure 22. Lung DC subset composition after allerge challenge. Lung cell
suspensions from OVA sensitized mice were obtainédh after one OVA-aerosol
challenge. CD11c+MHCII+ cells, representing a migtof lung macrophages and DC
were initially gated. A further gate for the lowtafluorescence population was drawn
for pulmonary DC (left panel; results are expresasdthe percentage of CD+/low
autofluorescence DC in total lung CD11lc+MHCII+ sglland exclude lung
macrophages. The three main pulmonary DC subsé&4(q®&+, CD11b+, and Siglec
H+/PDCA1+ P-DC ) were discriminated inside the D@pplation (right panel). Data

are mean + SEM of one representative experimetitrek performed with 6 mice per

group.
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Furthermore, thein vivo distribution of DC subsets was investigated by
immunohistochemistry of lung frozen tissue sectio@®103+ cells were mainly
identified in the peri-bronchiolar space lining tbenducting airways. Siglec H+ and
CD11c+ cells were localized in the peri-bronchiodgace admixed to other immune
cells as well as in the interstitial space of tiwegl parenchyma. CD11c stain was also
observed in large cells located in the alveolarcepigkely reflecting expression by
alveolar macrophages. However, no difference wasmied between WT and CCRL2-
/- mice in the distribution of these DC subsetseither resting or OVA-stimulated

conditions (Fig. 23).
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Figure 23. Localization of lung DC CCRL2-/- and WT mice were sensitized with
OVA and subsequently challenged with one OVA adrdamg tissue was isolated 24h
after aerosol. Representative sections are frormefromouse lungs. Experimental
conditions and antibody used are in the panels. @@BBlcells are regularly found

observed in the peribronchiolar space (a-d). Raomalal Siglec H+ and CD11c+ cells
increase significantly in number upon OVA stimwatiin both WT and KO and are
located either in the peribronchiolar space as wasllin the interstitium of lung

parenchyma. Scale bars: 100 micron.
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3.1.5. CCRL2 affects the DC traffic to regional lynph nodes

Migration of pulmonary DC to draining lymph nodassai key step in the initiation of
the allergic response in the luiy. In order to study the migration of airway DC,
OVA-sensitized animals were instilled intratraclhealith a single administration of
OVA conjugated with the fluorescent dye FITC. Tiiesatment is known to induce lung
DC maturation and mobilizatioft®. Mice were sacrificed 0, 8, 24, 48 or 72 h lated a
CD11c+FITC+ DC were enumerated in mediastinal dingilymph nodes.

Figure 24A reports that the migration of FITC+ D@saalready detectable after 8 h
stimulation and reached a peak at 24 h, as prdyioeported?*®>. CCRL2-/- mice
showed a statistical significant reduction in FITDE trafficking to lymph nodes at 48
and 72 h after antigen administration. Of noteway~derived FITC+ DC expressed
CCRL2, while FITC- DC, which correspond to residemtdiastinal lymph nodes DC,
did not (Fig. 24B). These results highlight a caliciole of CCRL2 in directing
pulmonary DC migration to draining lymph nodes.
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Figure 24. Lung DC migration to mediastinal lymph rodes OVA-sensitized mice

received i.t. 80Qug OVA FITC. (A) Representative FACS analysis of \&fd CCRL2-

/- mediastinal lymph nodes cells obtained 48 hrafi@ C-OVA administration. (B)

Kinetics of FITC+ DC in lymph nodes. (C) Surfacepsssion of CCRL2 in lymph
node FITC+ and FITC- WT DC after OVA-FITC admingion. Data are mean + SEM
of three (B) or two (C) representative experimenith 4 to 15 mice per group; * P
<0.05.

3.1.6. CCRL2 does not affect generation and functis of bone-marrow in vitro
derived DC.

In order to investigate the molecular basis for dieéective migration of lung DC,
experiments were performed using BM-O@ vitro, DC generated from CCRL2-/- and

WT bone marrow progenitors were similar in termgell yield (humber of harvested
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DC/number of seeded CD34+ progenitor cells), exgioes of membrane markers
(CD11c, CD11b, MHCII, DEC205) and costimulatory emile (CD80, CD86) (Fig
25A), and in their ability to take up antigens (F&pB). These results postulate that
CCRL2 deficiency does not interfere with DC devehgmt and maturation in vitro.
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Figure 25. Characterization of CCRL2-/- bone marrow derived DC (BM-DC).

Immature DC and mature DC (20ng/ml of TNHer 24 h) were generated from WT
and CCRL2-/- mice.(A) Expression level of six drifat cell surface markers was
determined by FACS. (B) Antigen uptake capacity waaluated by pinocytosis of

FITC-dextran. Data are representative of at ldasttindependent DC cultures.

Considering the importance of chemokine/chemokeweptors in DC traffic and
its consequent effect in the development of astlbd@ from CCRL2-/- mice were
also tested for the expression and function of ateaaotic receptors.

When evaluated at the mRNA level, CCRL2-/-DC showedormal expression of
the chemokine receptors CCR1, CCR2, CCR5, CXCR4 @&€R6 and CCR7
(Fig.26). Expression of CCR-3, -4, -6, -8, -9, CXER -2, -3, -5, -7, CX3CR1 and
XCR1 was low in both WT and CCRL2-/- DC (less &9 mRNA molecules per 10

B-actin molecules) and was not modulated during raéittn (data not shown).
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Figure 26. Expression of chemokine receptors by CAR-/- BM-DC. Bone marrow
derived immature DC and mature DC (20ng/ml of TéNfer 24 h) from CCRL2-/- and
WT mice were evaluated for the expression of chenekeceptors by RT-PCR. Levels
of B actin mRNA were used to normalize the measurem@ata are representative of

at least three independent DC cultures.

When tested in chemotaxis assays, immature CCR22-5howed a normah vitro
migration to CCL5 and chemerin, and a slightly @l response to CCL3 and

CXCL12, a chemokine constitutively expressed in yngéissues®>®

, although it is
preferentially expressed in lymph nodes, lung, rlivend bone marrow®. Mature

CCRL2-/- DC were competent in migrating to CCL1€;@R7 ligand (Fig. 27)
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Figure 27. Chemotaxis of bone marrow-derived DC One experiment representative
of six, each one performed with independent DCuce$f. CCL3, CCL5, CXCL12 and
chemerin migration are shown for immature DC. CChii§ration is shown for mature
DC (20 ng/ml). Results are at the net of basal atign (10+3 and 8%2 cells
respectively). Data are mean + SEM of one experimgpresentative of six, each one

performed with independent cell cultures, * P <0.05

Finally, CCRL2-/- mice DC were also evaluated foeit ability to migratdan vivo.
Skin painting experiments did not reveal any atterain thein vivo migration ability
of endogenous CCRL2-/- DC (Fig. 28). Altogetheedih results exclude the possibility
that CCRL2 deletion may be associated to a majeratlon in the expression and

function of DC chemotactic receptors.
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Figure 28.1n vivo migration of CCLR-/- DC. WT and CCRL2-/- mice were sensitized
with FITC on their shaved abdominal skin. NumbeF6fFC+/CD11c+ DC in draining

lymph nodes following FITC skin painting was detered by FACS at different times.
Data are mean £ SEM of one representative expetsuwdrthree performed with 5 mice

per group.

3.1.7. Defective lymphocyte priming in mediastinalymph node of CCRL2-/- mice
The anti-OVA specific immune response was evaluatgdg cells collected from
lung draining lymph nodes. For this purpose, lynmades from sensitized mice and
challenged by treatment for 6 consecutively dayth werosolized OVA were collected
24 h after the last aerosol challenge, homogeniaed, cell suspensions analyzed.
Consistently with the reduced migration of antijemded DC, mediastinal lymph
nodes from CCRL2-/- mice showed a 2-fold reductiototal cellularity (Fig. 29A) and

a significant reduction in the percentage of CDMEKII+ cells (Fig. 29B).
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Figure 29. Impaired migration of CCRL2-/- DC to medastinal lymph nodes.WT
and CCRL2-/- mice were sensitized and challengedrdégtment for 6 consecutively
days with aerosolized OVA. Mediastinal lymph nodesge collected 24 h after the last
aerosol. (A) Total cell and (B) Percentage of DO{@c+MHCII+) were determined.
Data are mean = SEM of 10 to 20 mice/group frone@asate experiments. *, P <0.05;
** P <0.01.

In allergic asthma, activated DC produce pro-infiaatory cytokines as TNE; IL-

1, IL-6, 1L-10 #8484 8lthat drive to differentiation of naive CD4 Th eelh the
paracortex of the draining node toward a Th2 phgret’. The ability to prime naive
CD4+ T cells constitutes a unique and critical tiorc of DC. The quality of T cell
priming by DC is critical in asthma developmentcginTh2 primed cells will secrete
cytokines that will explain many of the salienttigas of asthm&®. We then asked
whether deficient CCRL2-/- DC migration to mediaatilymph node has an impact on
local type-2 cytokine production by T cells. Mediaal lymph node cell suspensions
were restimulated with OVA and Th1l/Th2 cytokine div assessed in culture
supernatants. As shown in Figure 30, at the erddzy culture, WT cells secreted IL-5
and IL-13 at levels that were significantly highiban those detected using cells from
CCRL2-/- lymph nodes. In the same experiments, Hnrd IFN levels were below the

assay detection limit.
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Figure 30. Impaired cytokine production by restimulated lymph nodes from
CCRL2-/- mice. WT and CCRL2-/- mice were treated as explaineBig 29. Lymph
node cell suspension was obtained 24 h after kasoaol exposure and cells were
restimulated x vivowith OVA for 96 h. Expression of Th1/Th2 cytokiness assessed
by ELISA. Data are mean + SEM of 10 to 20 mice/grinom 3 separate experiments.

* P <0.05; #: undetectable levels.

To investigate the specific role of CCRL2 in eltibn of the Th2 response vivo,
WT mice were sensitized with OVA at days 0 anddrid at days 18 and 20 received
the i.t. injection of OVA-pulsed DC generated freither WT or CCRL2-/- mice. 48 h
after the last DC instillation, mediastinal lympbde cells were collected and cultured
in vitro in the presence of OVA for 96 h. As shown in Fig@8de cells obtained from
mice that had received WT DC showed a strong Th@amse in terms of IL-5 and IL-
13 production that was not further stimulated byithvitro addition of OVA. The lack
of response to OVAnN vitro is possibly due to the high concentration of thégam
used to load DC before adoptive transfer. On thetraoy, lymph nodes cells from mice
that had received CCRL2-/- DC showed very modesgiorse, that could be elicited in
a dose-dependent manner by thevitro addition of OVA. Cells from lymph nodes of
mice instilled with unpulsed WT or CCRL2-/- DC dmbt produce IL-5 or IL-13 both
under basal conditions and in response to OVA (datahown).
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Figure 31. Impaired cytokine production by adoptedtransfer CCRL2-/- OVA-
pulsed DC WT or CCRL2-/- OVA-pulsed bone marrow DC were eitted
intratracheally to WT-OVA sensitized mice at daysahd 20. 48 h later, lymph nodes
were excised and cytokine production determineer aft vivostimulation with OVA.
Data are mean = SEM of 10 to 20 mice/group frone@asate experiments. *, P <0.05;

** P <0.01.

3.1.8. CCRL2 does not affect DC priming ability
The defective ability of CCRL2-/- DC to prime a Th&sponse could not be ascribed

to an intrinsic defect of CCRL2-/- DC, since thegre fully active when tested for their
allostimulatory capacity in mixed leukocyte rean8qMLR). Indeed, similar levels of

CFSE-labelled CD4+ cell proliferation was obserwdten CD4+ T cells were cultured
with either allogenic WT or CCRL2-/- DC (Fig 32A).
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Figure 32. Induction of T cell proliferation by DC from WT and CCRL2-/- mice.
BM-DC were maturated by incubation with 20 ng/ml H-M. CD4+ T cells were
purified from naive Balb/c mice. (A) CD4+T cells geCFSE-labelled and cultured
with different ratios of DC for 72 h. The mean ftascence intensity (MFI) and % of
proliferative cells were analyzed by FACS as ingidan “Materials and Methods”. (B)
Th1/Th2 cytokines measurement in MLR supernataDtta are mean + SEM of 5

mice/group from 2 separate experiments (two indépenDC cultures).

Similarly, CCRL2-/- DC induced a normal degree of-0 OVA-specific TCR
transgenic CD4+ T cell proliferationn vitro (Fig. 33A). In agreement with these
results, similar levels of cytokines (IL-2, IL-4 &nlFN-y) were detected in the
supernatants of T cell cultures performed with Wil £ CRL2-/- DC (Fig. 32B and
33B).
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These results demonstrate that the defective aliCCRL2-/- DC to prime a Th2

response could not be ascribed to an intrinsicalefe CCRL2-/- DC since they were

fully able to induce T cell proliferation and cytok production.

£ 307 100+
3 @
- S
- | ° 751
T _ 20 -
M2 P
2% § 50
a 107 owr £ o5
° ® KO 5
L__I_ ('-.55:
= D T T T 1 i l:' T T T 1

0.1 1 3 10 0.1 1 3 10

% of BM-DC % of BM-DC
° 8 IL-2 4] IFNy
OWT
W KO
0.4 0.2+
IS f—i | 0 i .
1 3 10 3 10
% of BM-DC % of BM-DC

Figure 33. Induction of OVA specific T cell prolifeation by DC from WT and
CCRL2-/- mice. BM-DC were maturated by incubation with 20 ng/mNFra. CD4+ T
cells were prurified from naive OT-1l mice. (A) CB% cells were CFSE-labelled and

cultured with different ratios of DC for 72 h. TMFI and % of proliferative cells were
analyzed by FACS as indicated in “Materials and ids”. (B) Th1/Th2 cytokines
measurement in MLR supernatants. IL-4 levels wetev the detection limit. Data are

mean = SEM of 5 mice/group from 2 separate experimétwo independent DC

cultures).
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3.2. Role of a putative non-signalling ligand of CRL2 in DC migration

Chemerin has been identified as a natural non-Bignarotein ligand for CCRL2.
Chemerin binding does not trigger ligand interratian, rather, CCRL2 is able to bind
the chemoattractant and increase local concentsabbbioactive chemerin which then
is available for interaction with ChemR23 on adjaazells®®,

Chemerin is active as chemotactic factor when ndsi its specific receptor
ChemR23, a chemotactic receptor expressed by humpesfessional APC
(monocyte/macrophages and DE€)and NK*®°. DC positive for ChemR23 have been
found in close proximity of chemerin-positive hum@ "*. This evidence suggests a
key role of the ChemR23/chemerin axis in directi?@ trafficking. However limited
information are presently available on chemerinf@R23 system in mouse, especially
in DC-EC interactions.

Here we investigated the expression of functiona€@R23 in immature mouse
bone marrow derived myeloid and P-DC and its reaguraduring DC maturation.
Moreover, since DC do transmigration and reveraesimigration to cross the wall of
vascular and lymphatic vessels, we investigatedptissible presence and modulation
of the ChemR23 functional ligand, chemerin, on Ijac and vascular EC, taking

advantages of specific cell mouse cell lines gardrim the laboratory in the past.

3.2.1. Expression of functional ChemR23 by mouse DC

ChemR23 has been reported to be expressed by HirzHD and P-DC’, while its
presence in mouse DC is still controver&falThus its expression was first investigated
in mouse BM-DC (M-DC and P-DC) by RT-PCR.

ChemR23 transcripts were found in immature M-DC amile downmodulated by
O.N incubation with TNFe or LPS (Fig. 34A). LPS induced a higher downretjola
of ChemR23 than that caused by ThRAviaturation markers (downregulation of CCR1
and CCR2, and upregulation of CCR7) measured iallphxvere strongly regulated by
LPS treatment (Fig. 34). It is not surprising th@hemR23 is only partially
downregulated by TNIe; since TNFee has been reported to induce a partial DC
maturation (high expression of MHCII and costimatstmolecules, but low capacity to
produce proinflammatory chemokines), while complegturation is achieved only by
strong stimuli, such as LP&

To better understand the ChemR23 pattern of expresa M-DC, cells were

exposed to the stimuli from 1 to 48 h. ChemR23 eggion decreased progressively
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during DC maturation, the lowest value being obsérat 24 h. No further decrease was
seen at 48 h (Fig. 34B).
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Figure 34. Expression of ChemR23 by mouse myeloidMBDC. Mouse M-DC were

48 t(h)

generated from CD34+ bone marrow precursors ascateti in “Materials and
Methods”. (A) M-DCs were maturated by incubationthwviNF-a (20 ng/ml) or LPS
(100 ng/ml). CCR1, CCR2 and CCR7 expression wassuned as control of
maturation. Data are representative of two indepeh@®C cultures. (B) Time-course
expression of ChemR23 in M-DC stimulated with TMR20 ng/ml) or LPS (100
ng/ml). Data are mean + SEM & experiments. ChemR23 and CCRs expression was
determined by RT-PCR. Levels diactin mRNA were used to normalize the

measurements.
ChemR23 mRNA was also found in immature P-DC. Imtast with M-DC,

ChemR23 expression in P-DC was not affected by @up@Geed maturation (Fig. 35),
while DC maturation markers (CCR1, CCR2 and CCR&ewnodulated as expected.

Results 112



M iF-DC

)

%, 1000000 L CpG
< —
&
£ 100000 -
=
5]
<
% 100004
=
o
£
& 1000
o
£
[i6]
N =
2 100
mChemR23 CCR1 CCR2 CCR7

Figure 35. Expression of ChemR23 by mouse plasmacyd BM-DC. Mouse P-DC

were generated from CD34+ bone marrow precursornsidisated in “Materials and
Methods”. P-DC were maturated by O.N incubationhw@pG (2pg/ml). ChemR23
expression was determined by RT-PCR. Levels ohanfRNA were used to normalize

the measurementBata are representative of one experiment of twibpaed.

To evaluated whether ChemR23 was functional, chienvesis used as chemotactic
factor for mouse BM-DC. As shown in figure 36A aB@B mouse chemerin promoted
a dose-dependent migration of immature M-DC (F@ABand P-DC (Fig. 36B) with
an optimal dose of 100 pM for both DC subsets. PdixC not migrate to chemerin
when used bare filters (data not shown), howeweiirtteraction with an EC monolayer
(MELC) favoured their migration. Mature DC did natigrated to chemerin but
normally migrated in response to CCL19. The fachttimature mouse DC are
unresponsive to chemerin, but still express somen@®23 mRNA, might suggest that
maturation provokes the uncoupling of ChemR23 frams signalling pathway.
Alternatively, or in addition, M-DC might expresa the membrane too few molecules
of the receptor to bind enough chemerin to causeffact. The percentage of M-DC
migrated in response to chemerin was similar tb dbaerved in response to an optimal
concentration of CCL3, whereas for P-DC migratioaswhalf of that induced by
CXCL12 (chemokines used as positive controls). Girem being active in the pM
range, showed a potency approximately 100 foldadrighan that of most chemokines,
which usually peak in the nM order. These resuitsbuse cells are in agreement with
those described for human céllsindicating that also in the mouse chemerin rets

a chemotactic factor for immature DC.
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Figure 36. Mouse DC migration to chemerin (A) M-DC and (B) P-DC were tested
for their ability to migrate to recombinant moudeemerin. Migration to an optimal
concentration of CCL3 (immature M-DC), CXCL12 (immee P-DC) or CCL19
(mature DC) (100 ng/ml) was evaluated as a positivatrol of the experimentCr
labelled DC were allowed to migrate for 90 min. ngsitranswell inserts. P-DC
migration was assayed across a MELC monolayer. egalare expressed as net
migration (% radioactivity sample - % radioactivigntrol). Data are mean + SEM of 3
(A) or 2 (B) separate experimentadependent DC cultures). *, P <0.05; **, P <0.01.
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To verify the role of ChemR23 in mouse DC migrati@&M-DC from ChemR23-/-
mice were generated. These DC failed to migrateesponse to chemerin, but not to
CCL3 (M-DC) and CXCL12 (P-DC) (data not shown), gesfting that the chemerin
effect on DC migration is exclusively mediated byethR23.

3.2.2. Expression of chemerin by mouse haematic (1) and lymphatic (MELC)
EC

Chemerin was found by immunohistochemistry in titerfollicular compartment of
human secondary lymphoid organs close to HEV arskim biopsies of LE patients on
the EC lining dermal blood vessels Some chemokines detected on the surface of
HEVs are produced by cells different from HEV cdlésg., CCL19, CXCL12, and
CCL2) and subsequently transported through thelilastic reticular cell network to
HEVs °%* °% |n vitro, human EC of different origin (e.g., cord blooermiis, iliac
artery, and bone marrow) did not show any prodactibchemerin in basal conditions
and after cytokine stimulation (TNd- IL-1, LPS, IFNy, IFNy and combinations of
these agonists). Therefore it is unknown at the moment whethemnurén production
Is a characteristic of a specialized endotheliunarmfanatomical compartment or if is
produced by nearby cells and afterward transpdaaétC

Using two mouse EC lines, MELC (a lymphatic EC Jiaed 1G11 (a lung capillary
vascular EC line), a basal expression was obsat/BiNA level (data not shown). This
result was confirmed at protein level by measuthmgamount of chemerin in cell line
supernatants by ELISA (Fig. 37C and 37D). 1G11scsflowed a basal production of
chemerin higher than that produced by MELC.

Chemerin has been reported as a transcriptionagulated gene, induced by
calcitriol and dexamethasone in the bone stromialine ST2 2 in psoriatic epidermis
after topical application of tazarotene, an antijsiz synthetic retinoid’®, and in
cultured fibroblasts by calcitriocf2. Regulation of chemerin production by mouse EC
was investigated at RNA level. Both cell lines wstenulated with RA and calcitriol
and with different inflammatory stimuli (TNE; LPS, IFN,, II-1p)for different times
(from 8 to 36 h). Maximal expression of chemerin MfRwas observed at 18 h (data
not shown), therefore this time was used for ddssguent experiments.

As shown in figures 37A and 37B an up-regulatiocltEmerirRNA was observed

in both cell lines after 18 h of stimulation withARThe up-regulation of chemerin
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MRNA was paralleled by an increase of the protetected in cell supernatants (Figs
37C and 37D). All the other stimuli assayed did modulate chemerin production.
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Figure 37. Expression of chemerin by mouse lymphaiMELC and haematic 1G11
EC. Confluent mouse EC, cultured as described in &vat and Methods”, were
stimulated with &,25 dihydroxycholecalciferol (calcitriol, 1uM), RA5SuM) and
MTNF-o (20 ng/ml) in serum free medium, supplemented With % BSA for 18 h.
MELC (A) and 1G11 (B) chemerin mRNA levels were leaéed by RT-PCR. 18S
MRNA gene was used to normalize the data. Valuesegorted as folds of induction
over unstimulated cell levels (MELC:4,035x%1,01; 1G11:113,80x1%8,88).
MELC (C) and 1G11(D) mouse chemerin secretion engihpernatants was analyzed by
ELISA. Data are mean £ SEM of 4 separate experimé&nt? <0.05; **, P <0.01.
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3.2.3. Chemerin is involved in DC migration acros&C

The presence of DC positive for ChemR23 in closeipnity of chemerin positive
EC, as reported', suggests a key role of the ChemR23/chemerinimxdsrecting DC
trafficking across HEV under steady-state condgicand to peripheral tissues in
inflammatory conditiong™.

To verify this hypothesis the ability of EC-derivedemerin to induce DC migration
was evaluatedn vitro in transmigration experiments. MELC and 1G11 ECrewe
induced to produce chemerin by stimulation with RA18 h. Afterward, the stimulus
was removed and BM-DC (M-DC and P-DC) migrationcimeemotaxis medium was
assayed. Figures 38A-D show that unlike immature,Dfature M-DC and P-DC were
not able to migrate across RA stimulated EC line®a@hemerin, suggesting a specific
role of chemerin in DC transmigration after EC esqp@ to RA. In line with this
hypohtesis, DC from ChemR23-/- mice did not migratethe same experimental

conditions (Data not shown).
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Figure 38. Transmigration of myeloid and plasmacyta BM-DC across retinoic

acid-activated EC Panels (A) and (B) show M-DC migration across olayers of
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MELC (A) and 1G11 (B), stimulated with RA (5 puM)rf@8 h. Migration in response to
recombinant mouse chemerin (30 and 100 pM) or toimal concentration of CCL3
(immature DCs), CCL19 (mature DCs) (100 ng/ml) waaluated as a positive control.
Panels (C) and (D) show mouse P-DC migration adr#sstimulated MELC (C) and
1G11 (D) monolayers. Migration in response to relsm@nt chemerin (10 and 100 pM)
or to an optimal concentration of CXCL12 (immatib€s) or CCL19 (mature DCs)
(100 ng/ml) was evaluated as a positive contttdr labelled DC were allowed to
migrate across EC for 90 min. using transwell itsseValues are expressed as net
migration (% radioactivity sample - % radioactivigntrol). Data are mean + SEM of 2

experiments. P <0.05versus immature DC.

To exclude that BM-DC could have migrated in reggorio other chemokines
produced by stimulated EC, chemokines known to melved in immature DC
migration (CCL3, CCL4, CCL5, CXCL10 and CXCL12) wemneasured by RT-PCR in
RA stimulated 1G11 and MELC. No up-regulation ot tmRNA for any of the

chemokine tested was found (Fig. 39).
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Figure 39. Chemokine expression by RA stimulated EGConfluent mouse EC were
stimulated for 18 h with RA (5uM) in serum free med, supplemented with 0.2 %
BSA. (A) MELC and (B) 1G11 mRNA levels for differe®C attracting chemokines
were evaluated by RT-PCR. GAPDH mRNA gene was tsedrmalize the dat®ata

are mean + SEM of 2 independent experiments.
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To definitively probe that DC migration to RA stitated EC was mediated by
ChemR23/chemerin system, migration using an antirtfR23 mAb was assayed. No
blocking antibodies are available for mouse ChemR&3s human DC were used in
this part of the study. Human DC from peripherabdad (M-DC and P-DC)
preincubated with the anti-human ChemR23 mAb 1H&vessayed for their migratory
capacity across a monolayer of RA stimulated ECLIGAs shown in figures 40A and
40B, transmigration of both M-DC and P-DC across-®Ritnulated endothelium was
completely inhibited in the presence of antibodgiagt ChemR23 (irrelevant antibody
did not has such inhibitory effect) without affexi transmigration to CXCL12,
demonstrating the specificity of ChemR23 in RA ef§e Migration in response to
chemerin pre-exposed 1G11 cells or to CXCL12, perénl as controls, was also
blocked by the antiChemR23 mAb (Fig. 40A and 40B).
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Figure 40. Transmigration of myeloid and plasmacyt@ human DC across retinoic
acid-activated EC is ChemR23 dependentBlood DC subsets were isolated as
described in “Materials and Methods”. Migration(@&f) M-DC and (B) P-DC across a
monolayer of EC (1G11) stimulated with RA (5 pMY) 8 h was inhibited by the
preincubation of DC with 3ig/ml of the 1H2 anti-ChemR23 mAb for 30 min. at 4°C
Cells stimulation and transmigration were performed serum free medium,
supplemented with BSA 0.2%. Transmigration was waald after 4 h incubation in
transwell inserts. Cells in the lower compartmehthe transwell were recovered and
microscopically counted. Migration in response hemerin (300 pM) added to EC for
90 min. at 37 °C in the upper chamber and to amaptconcentration (100 ng/ml) of
CXCL12 was used as positive controls. Before DCitamtg chemerin was removed,
leaving only chemerin bound to EC. Results are megoas the net of basal migration:
98491649 and 50621919 for M-DC and P-DC respegtivieata are mean + SEM of 2
experiments for M-DC and 4 separate experiment®fDC *, P <0.05; **, P <0.01.

Altogether, these data suggest that EC releasedially active chemerin, that
remains partially membrane-bound, promoting DC atign in a chemerin/ChemR23
dependent manner.

Since chemerin has been indicated as the naturaigrmling ligand for CCRL2,
CCRL2 expression at basal level and after RA sttmh for 18h was determined both
in MELC and in 1G11 EC by RT-PCR (Fig. 41).
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Figure 41. CCRL2 expression by mouse haematic (1GLand lymphatic (MELC)

EC stimulated in vitro with RA. Confluent mouse EC were exposed for 18 h to RA
(5uM) in serum free medium, supplemented with 0.BSA. MELC and 1G11 CCRL2
MRNA levels were evaluated by RT-PCR. Actin mRNAg@evas used to normalize the

data.Data are mean + SEM of 2 separate experiments.

Both cell lines showed a basal expression of CCRilthough 1G11 presented
higher level. After stimulation with RA, CCRL2 exgssion increased two folds in both
cases. The expression of CCRL2 in the same condiiio which chemerin is induced
suggests a possible role of this receptor in chienpeesentation by EC.

To determine wether a reduced chemerin productidynmnph nodes was the cause of
the reduced CCRL2-/- DC migration observed, chemexpression was determined in
mediastinal lymph nodes of WT and CCRL2-/- miceeafOVA immunization and

challenge (Fig. 42). Chemerin expression was natutated, excluding this possibility.
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Figure 42. Chemerin expression in mouse mediastingfmph nodes.CCRLZ" and
WT mice were subjected to the OVA-induced allergiovay inflammation model.
Lymph nodes were obtained 24 h after tfearosol challenge. Chemerin mRNA
levels were evaluated by RT-PCR. 18S mRNA gene wgasl to normalize the data.
Data are mean + SEM of one representative expetimie® performed with 6 mice per

group.
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4. Discussion

The migration of lung DC from periphery to mediaatilymph nodes is a key step in
the development of airway allergy and inflammatiorcluding asthmag®h 392 39%. 513
DC rapidly induce CCRL2 during maturation with addic that precedes the expression of
CCR7, the main lymph nodes homing chemokine recéftoTo investigate the potential
role of CCRL2 in DC biology CCRL2-deficient mice meused in an established Th2
model of OVA-induced airway inflammation in whichCDmigration was shown to play a
prominent role’®% 7

In this experimental model antigen-loaded DC resahn impaired capacity to
traffic to regional lymph nodes and this defect vessociated with reduced T cell
priming. CCL11 and CCL17 were also significantlgueed in the airways of CCRL2
deficient mice. CCL11 has been shown to be an impbrchemoattractant for
eosinophils and Th2 cells whereas CCL17 is a chémacgant for Th2 cells®.
Therefore the decreased production of these twokows likely accounts for the
reduced number of these two cell types in the agirwenen of CCRL2-/- mice. Indeed,
lung eosinophils and T cells do not express CCRufg out a direct involvement of
this receptor in their recruitment. In the lung, IQC and CCL17 are produced by
epithelial and EC, whereas smooth muscle cells ahgolar macrophages are
responsible for the production of other chemokisesh as CCL2, CCL12 and CCL22
398, 566 CCRL2 is expressed by bronchial epithelial cellsd lung macrophages
following OVA challenge™®®. Therefore it is possible that CCRL2 deficiencythiese
additional cell types might also contribute to teduced airway inflammation observed
in CCRL2-/- mice. On the contrary, the degree akteyte infiltration and the levels of
CCL11 and CCL17 in lung tissue were not altered.

The levels of the Th2 cytokines IL-4 and IL-5 weeeluced in both the airway lumen
and the lung interstitium, highlighting a defect @®CRL2-/-mice in generating Th2
responses. Consistently with these results, T prething in mediastinal lymph nodes
was almost abolished in CCRL2-/- mice. Since luntiggn-specific T cell response is
initiated in the lymph nodes, these results suggestitical role for CCRL2 in the
generation of local primary immune responses. lddadoptive transfer experiments of
antigen-loaded CCRL2-/- DC into WT animals suppbg concept that the defective
Th2 priming in mediastinal lymph nodes was striclgsociated to a defect in DC
trafficking. On the other hand, the recruitmentw€ulating DC to the lung of CCRL2-
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/- mice exposed to OVA was not different from th&WT animals. This result suggests
that this receptor is not involved in the tissueruément of peripheral DC. BM-DC
generated from CCRL2-/- mice were indistinguishafsten WT mice in terms of
antigen uptake, membrane phenotype and antigeerieg®n capacity. Furthermore,
CCRL2-/-DC expressed normal mRNA levels of all tlkeemokine receptors
investigated and normah vitro and in vivo migration properties, excluding the
possibility that CCRL2 deletion might be associai®é more general alteration of the
chemotactic receptor functions. Finally, it shobkl noted thain vitro, DC obtained
from CCRL2-/-mice were fully competent in promotitige proliferation of allogeneic
or syngeneic OT-Il cells and in inducing Th2 cytws production. Taking together,
these results exclude an intrinsic defect of CCRLRC to promote T cell activation
and support a role for CCRL2 in lung DC migratiow dunction.

In spite of the reduced cell recruitment in BAL aofdthe reduced Th2 priming in
lymph nodes, lung function, assessed as methaehasponsiveness, was only slightly
decreased. These findings suggest that, in thissméuhg function correlates better
with the leukocyte content of lung parenchyma nathan the airway lumen. Indeed,
previous studies have shown that blocking CCL12G&L22 reduces leukocyte
recruitment to the lung interstitium but not to theway lumen; this defect was
associated to a decrease in AHR and mucus proddétic®’

In the past few years, it has been proposed thaPCCCL5, CCL7 and CCL8 could
bind and activate CCRLZ®. However, we (data not shown) and othHEr$®’ have not
been able to confirm these data. Of note, it haaenbreported that maturation of mouse
DC in vitro causes a marked decrease in the chemotactic sespawards CCL2 and
CCL5 *° whereas CCRL2 is induced during maturati¢hh CCRL2 presents a non-
canonical DRYLAIV motif and the ability of this reptor to signal is still a matter of
debate. It was recently shown that CCRL2 binds @edents chemerin in the absence
of receptor internalization and signallify Chemerin is a chemotactic protein that has
been recently purified and characterized as then&23 ligand’® 2 This study reports
that chemerin induces thie vitro migration of WT and CCRL2-/- M-DC and does not
modify the migration to CCR7 ligands (data not shhw

The migration of DC from peripheral tissues to dirgg lymph nodes relies on the
functional expression of CCR7 and CCRE& *" °%® However, CCR7 proper
functioning requires accessory signals. In pargiguit was reported that CysLT and

their transporter protein MRP1 were required forRIGactivity>*®. It has been recently
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reported that also LTB4, through the activationitsf high affinity receptor BLT1,
promotes CCR7 expression and function in migrabd@*®2. Recent work has proposed
that DC trafficking from peripheral tissues is aofied in a tissue-specific manner,
with lung DC egression being independent of theresgion of MRPE® In this work
we show that lung DC migration is impaired in CCRd&ficient mice. However, we
did not observe any defect in the migration of & in a model of FITC-skin painting
and using CCRL2/- bone marrow-derived DC injectethe footpad of WT mice (data
not shown). Therefore, we propose that MRP1-indéeenlung DC trafficking to
lymph nodes may require a still unknown accessignyas provided by CCRL2.

Our studies on the expression and function of thecific chemerin receptor
ChemR23 in mouse immature DC and its downreguladioing maturation suggest a
prominent role of ChemR23 in homeostatic conditioda the other hand this study
reports that CCRL2 is rapidly induced during DC unation, suggesting a role for this
receptor in inflammation. Since CCRL2 was repottedind and present chemerin to
ChemR23 expressing cefl§ we can hypothesize a function in DC — EC intéoast,
favouring the processes that lead to DC transmidgradcross the endothelia. Our
vitro data on the basal and inducible expression of ehierby lymphatic and blood EC
are in favour of this hypothesis. Chemerin expoessn mediastinal lymph nodes was
not modulatedn vivo by OVA immunization and challenge, excluding ttreg reduced
migration of CCRL2-/- DC was the consequence aduced production of chemerin in
lymph node. These results are in agreement witthypethesis that the interaction with
chemerin on EC is a relevant step for DC entryyimghatic vessels. It has been
recently reported® that, in addition to gut DC, also lung DC expréiss aldehyde
dehydrogenase enzyme, that converts retinal toéRpecially when they are migrating
DC. The fact that mouse EC lines exposed in viar®A increase the production of the
mature active form of chemerin also fits with thgpdthesis of the relevance of
chemerin in lung DC-EC interactions.

In summary, this study reports that CCRL2 playsoaredundant role in lung DC
migration to peripheral lymph nodes and that tlafedtive DC migration is responsible
for the reduced Th2 response observed in CCRLZege.nOur results on the expression
and regulation of ChemR23 and chemerin in DC and d$t@gest one possible
mechanism, probably among others, of the defeativgration of CCRL2-/- DC.
Therefore, CCRL2 may represent a new target forctharol of lung inflammatory

responses.
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Alum
APC
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ChemR23
CpG
CTLA-4
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Airway hyperresponsiveness
Aluminium hydroxide gel

Antigen presenting cell
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Bone marrow stromal antigen
Cyclic adenosine monophosphate
Chemokine CC motif receptor like 2
Chemo Centrix chemokine receptor
Complementary DNA
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Cathepsin G

Chemerin receptor

Unmethylated cytosine-phosphate-guanosine
Cytotoxic T-Lymphocyte Antigen 4

Cysteinyl leukotriene
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Damage associated molecular patterns

Duffy antigen receptor for chemokines
Dendritic cell
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Experimental autoimmune encephalomyelitis
Endothelial cell
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Eosinophil derived neurotoxin

129



ELR
Eos
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FMS-like tyrosine kinase 3 ligand
N-formilmetionil-leucil-fenilalanina

Formyl peptide receptor

Glyceraldehyde 3-phosphate dehydrogenase
Glycine

Granulocyte macrophage-colony stimulatirgyda

G protein coupled receptor

G protein-coupled receptor 1
Guanosine-5'-triphosphate
Hour

Hanks' Balanced Salt Solution
Human chemokine receptor
House dust mite

High endothelial venule
Human immunodeficiency virus
Human leukocyte elastase
High mobility group box 1
Horseradish peroxidase

Heat shock proteins
Intraperitioneal

Intercellular adhesion molecule
Inducible costimulator ligand
Indoleamine 2,3-dioxygenase

Interferon
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ILT-3
IP3
ISP-1
JAM
LC

LE
LFA-1
LOX-1
LPS
LTB4
Lymph
LYVE-1
mADb
Macr
MAPK
M-DC
MELC
MFI
MHC
Min.
MLR
MMP
MRNA
MRP1
MS
MWCO
NEAA
NK
NLR
O.N
OLP
OmPA
OVA
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Immunoglonulinlike transcript 3

Inositol triphosphate

Sphingosine-like immunosuppressant 1

Junctional adhesion molecule
Langerhans cells

Lupus erythematosus
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Lectin-like oxidized LDL receptor-1

Lipopolysaccharide
Leukotriene B4

Lymphocytes

Lymphatic vessel endothelial receptor 1

Monoclonal antibody
Macrophages

Mitogen activated protein kinase
Myeloid dendritic cell

Mouse lymphatic endothelial cell
Mean fluorescence intensity
Major histocompatibility complex
Minute

Mixed leukocyte reaction

Matrix metalloproteinase
Messenger RNA

Multidrug resistance protein 1
Multiple sclerosis

Molecular weight cutoff

Non essential aminoacids
Natural killer

NOD like receptor

Overnight

Oral lichen planus

Outer membrane protein

Ovalbumin

131



PAF
PAMP
PAR
PAS
PBS
P-DC
PDL
PGD,
PGE
Phe
PI3Ky
PIP2
PIP3
PKC/B
PLC
PMN
PNAd
PPARy
PR3
PRR
PSGL1
PTEN
PTX
PTX3
R.T

RA
RANKL
RNA
RSV
RT-PCR
S1P
SCC
SCID

List of Abbreviations

Platelet activating factor

Pathogen associated molecular pattern
Protease activated receptor

Periodic acid Schiff

Phosphate buffered saline

Plasmacytoid dendritic cell
Programmed death ligand
Prostaglandin D2

Prostaglandin E2

Phenylalanine

Phosphatidilinositol-3 kinase
Phosphatydilinositol 4,5 biphosphate
Phosphatydilinositol 3,4,5 triphosphate
Protein kinase C/B

Phospholipase C

Polymorphonuclear

peripheral node addressin

Peroxisome proliferator-activated receptor
Proteinase 3

Pattern-recognition receptor

P-selectin glycoprotein ligand-1
phosphatase and tensin homolog
Pertussis toxin

Pentraxin 3

Room temperature

Retinoic acid
Receptor Activator for Nuclear FacterB Ligand
Ribonucleic acid

Respiratory syncytial virus

Real time polymerase chain reaction
Sphingosine-1-phosphate

Skin squamous cell carcinoma

Severe Combined Immunodeficiency
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SIGIRR Single immunoglobulin IL-1 receptor

SIGLEC Sialic acid-binding immunoglobulin-like lect
SIRRy Signal-regulatory protein

SPARC Secreted protein, acidic and rich in cysteine
SREC-I Scavenger receptor expressed by EC
TGF Transforming growth factds

Thl T helper type 1 cell

Th2 T helper type 2 cell

TIG 2 Tazarotene-induced gene 2

TLR Toll like receptor

TNF Tumor necrosis factor

TRAIL Tumor necrosis factor-related apoptosis indgdigand
Tregs Regulatory T cell

TSLP Thymic stromal lymphopoietin

TSLPR TSLP receptor

Tyr Tyrosine

VCAM-1 Vascular cell adhesion molecule

VLA-4 Very late antigen 4

WT wild type
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