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Abstract

Pentraxins act as soluble pattern recognition receptors with a wide range of functions in various pathophys-
iological conditions. The long-pentraxin PTX3 shares the C-terminal pentraxin-domain with short-pentraxins
C-reactive protein and serum amyloid P component and possesses an unique N-terminal domain. These
structural features suggest that PTX3 may have both overlapping and distinct biclogical/ligand recognition
properties when compared to short-pentraxins. PTX3 serves as a mechanism of amplification of inflamma-
tion and innate immunity. Indeed, vessel wall elements produce high amounts of PTX3 during inflammation
and the levels of circulating PTX3 increase in several pathological conditions affecting the cardiovascular sys-
tem. PTX3 exists as a free or extracellular matrix-associated melecule and it binds the complement fraction
C1g. PTX3 binds also apoptotic cells and selected pathogens, playing a role in innate immunity processes.
In endothelial cells and macrophages, PTX3 upregulates tissue factar expression, suggesting its action as a
regulator of endothelium during thrombogenesis and ischaemic vascular disease. Finally, PTX3 binds the
angiogenic fibroblast growth factor-2, thus inhibiting its biological activity. Taken together, these properties
point to a role for PTX3 during vascular damage, angiogenesis, atherosclerosis, and restenosis.

Keywords: angiogenesis = atherosclerosis = bacteria = complement = cytokines = extracellular matrix =
FGF = pentraxin = restenosis = vasculitis

Introduction

Pentraxins are a superfamily of evolutionarily con- organization characterized by a radial pentameric
served proteins originally named for their structural  structure. Pentraxing are divided into two subfamilies
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(short-pentraxing and long-pentraxins) sharing a
C-terminal pentraxin domain that contains the
HxCxS/TWxS pentraxin signature (where x is any
amino acid) [1]. Long-pentraxins differ from short-pen-
traxins for the presence of an unrelated N-terminal
domain coupled to the C-terminal domain [2] (Fig. 1).

C-reaclive protein (CRP) and serum amyloid P
component (SAFP) constilute the short-pentraxin arm
of the superfamily. These “classical® pentraxing are
acute phase proteins in man and mouse, respective-
ly, and are produced in liver in response to inflamma-
tory mediators, most prominently interleukin-g {IL-)
[3, 4]. They are involved in the innate resistance to
microbes and scavenging of cellular debris and
extracellular matrix {(ECM} components [1, 5-7].

Pentraxin 3 (PTX3, also called TSG-14) is the proto-
typic member of the long-pentraxin subfamily [8, 9] that
includes also guinea pig apexin, rat, human, and
murine neuronal pentraxins 1 (NP1 or NPTX1) and
NP2 (also called Marp or NPTX2), and the putative
integral membrane pentraxin NRP (see [1] for a recent
review). NP1 and Marp may form mixed pentraxin
assemblies that play a role in excitatory synaptic plas-
ticity in developing and adult brain [10]. Long-pentrax-
ins have been found in Xenopus (XL-PXN1) [2] and in
Drosophila melanogaster [11], Also, PTX3, NP1, NP2,
and NPR orthologs have been identified in zebrafish [1].

PTX3 is a soluble pattern recognition receptar with
unique non-redundant functions in various phys-
iopathological conditions [12], Unlike short-pentrax-
ins, PTX3 is synthesized locally at the inflammatory
site by mononuclear phagocytes [13], myeloid den-
drific cells [14], fibroblasts [9], adipocytes [15], gran-
ulosa cells [16], mesangial cells [17, 18], smooth
muscle cells (SMCs) [8] and endothelial cells [B].
PTX3 expression is upregulated in mice during
inflammation [19, 20] and the levels of circulating
PTX3 increase in several pathological conditions
affecting the cardiovascular system, including vas-
culitides [21], acute myocardial infarction [22],
rheumatoid arthritis [23], and systemic inflammatory
response syndrome/septic shock [24].

Like “classical" pentraxins, PTX3 binds the com-
plement component C1q, leading to activation of the
classical complement pathway [25]. PTX3 binds also
apoptotic cells, selected palhogens, ECM compo-
nents and angiogenic growth factors (Table 1), PTX3
transgenic mice show improved survival to endotox-
emia and sepsis [26]. Conversely, PTX3" mice show
defective resistance against selected pathogens
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[27]. Also, PTX3" mice show an alteration in seizure-
induced damage in the central nervous system [20]
and deficient women are sub-fertile [16]. Taken
together, the data indicate that PTX3 may serve as a
mechanism of amplification of inflammation and
innate immunity, tightly related to endothelial cell
functions (Fig. 2).

Here, the biochemical and biclogical properties of
PTX3 will be reviewed in the context of its role in vas-
cular biology.

PTX3 gene and expression

The human PTX3 gene has been identified using dif-
ferential screening of cDMA libraries constructed
from IL-1B-stimulated human umbilical vein endothe-
lial cells [8] and from transforming growth factora
(TGFw) and TMFa-simulated normal FS-4 fibroblasts
[28]. Unlike CRP and SAP genes that map on chro-
mosome 1, PTX3 gene is localized on chromosome
3, band g25. The PTX3 gene comprises three exons,
the first exon extending to nuclectide 197, the sec-
ond one covering nuclectides 198-599, and the third
one extending from nucleotide 600 to the 3'-termi-
nus, The first two exons encode for the signal peplide
and the N-terminal domain of PTX3 protein whereas
the third exon encodes for its C-terminal domain,
matching exactly the second exon of the short-pen-
traxin genes [8].

The complete nucleotide sequence of the PTX3
transcript consists of a 5-terminal untraslated region
of 68-bp. an open reading frame of 1143 bp with a
stop codon at position 1211, and a polyadenylation
signal at position 1802. In addition, the 3'-terminal
untranslated region contains two consensus
sequences for mRMA instability [8]. The proximal
1317-bp promoter of the human PTX3 gene is
responsive to TNFa and IL-1p but not to IL-6. Multiple
binding sites for various transcription factors have
been identified in this sequence, including NF-IL-6,
AP-1, Pul, PEA-3, Ets-1, and Sp1 sites. Also, NF-kB
sites are essential for induction by IL-1 and TMFu
[29, 30). No TATA or CAAT consensus sequences
have been identified.

As already mentioned, PTX3 is synthesized locally
at the inflammatory site by several cell types upon
exposure to different inflammatory signals. PTX3
expression in monocyles is stimulated by IL-1B,
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TMFw, bacterial lipopolysaccharide (LPS), and
lipoarabinomannans [13, 31]. The induction is rapid and
transient, with a peak at 4-6 hrs after stimulation.
Other cytokines. including IL-8, monocyte chemo-
attractant protein-1 (MCP-1), monocyte colony stim-
ulating factor {(M-CFS), and granulocyte/macrophage
colony stimulating factor (GM-CSF) do not induce
PTX3 gene expression despite their capacity lo
induce other biological responses in these cells [13].
In human monocytes, interferon-y (IFN~) strongly
inhibits PTX3 expression and protein secretion stim-
ulated by IL-13, TNFx, and LPS [32].

Human dendritic cells of myelomoanocytic origin
produce the highest amount of PTX3 in response to
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madulation of
mm:;n. Fig. 2 Cross-talk between
integrity of endothelium PTX23 and endothalium.
Different cell types produce
PTX3 (1) andlor cytokines
endothelium that stimulate PTX3 upregu-

lation in endothelium (2).
PTX2 may then stimulate
directly endathelial cells in a
paracring/autocring mannar
(3) or it can bind wvarious
endothalial effectors (4).
This will affect endothelial
cell functions and integrity.

microbial ligands engaging different members of the
Toll-like receptor (TLR) family [14]. Indeed, PTX3
production in these cells is induced by TLR and
CD40 ligands, IL-1p and IL-10, being instead sup-
pressed by dexamethasone, vitamin D3,
prostaglandin E2, IFN+, and IL-4 [33].

Recent data have shown that human synoviocytes
from type B ostecarthrilis produce PTX3 in response
to TNFwx, but not to IL-1B, whereas transforming
growth factor 3 (TGFR) partially inhibits TMFa-
dependent PTX3 upregulation. On the other hand,
synoviocytes from rheumatoid arthritis constitutively
express high levels of PTX3 and this expression is
not affected by anti-TNF« antibodies, IL-1 receplor
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Table 1 PTX3 ligands

Clg yes
Complement fractions e = — 251
L phosphorylcoline _ ne [25]
phosphoethanolamineg | no [25]
ShorpemaniiEy e High pyruvate agarose 2 no [25]
' histones YO8 v e [25, 44]
Isolated microbial zymosan - YA o 48]
components KpOmpA yes [51]
KB~ 75 hyaluronic acid ho [35]
TSG6 | yes [35]
|ECM components yhepannii s [RTRT e ety
type IV collagen no [25, 44]
fibronectin no [25, 44]
vitronectin ne [44]
mmlmmedmr o (82]
Eukariotic cell  AtypeK(+)channel yes [105]
surfaces/raceptors integrins no L
gangllosides no -
) HSPGs no .
FGF2 yes [44]
FGF1 no [44]
ST T T o A no DI
B¢ FGF8 weak [44]
VEGF weak [44]
NGF no [44]
M-CSF no [44)
Ly [ e i e et
m‘mi; B WL ? no [44]
IL-4 no [44]
IL-6 no [44]
IL-8 no [44]
IL-10 no e T WO T[4
] 2. g e, [44] X
MCP-1 no [44]
lymphotactin no [44] b |
* M, Ausnat, unpublished observations.
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antagonist, or by a combination of the two agenis
[23]. Similarly, a constitutive high expression of PTX3
is observed in human scleroderma fibroblasts that is
inhibited by IFNa and TGFR [34).

In ditferentiating murine adipocytes, but not in fully
differentiated cells, TNFa induces a transient PTX3
mRNA upregulation, Also, in respect to control mice,
genetically obese mice show an increased PTX3
expression in adipose lissue, even though the rela-
tive contribution of stromal vascular cells and
adipocytes to PTX3 expression in this tissue remains
unclear [15].

PTX3 expression is regulated by the growth dii-
ferentiation factor-8 in murine granulosa cells of
preovulatory follicles. Accordingly, PTX3 is pro-
duced in vivo by murine cumulus cells during cumu-
lus expansion [16, 35].

Cultured human mesangial cells synthesize PTX3
when stimulated with TNFu or IgA. Interestingly, the
specific binding of recombinant PTX3 to these cells
has been reported, indicating that mesanglial cells
may be both a source of and a target for PTX3 [17].
In addition, stimulation of human proximal renal tubu-
lar epithelial cells with IL-17 and CDA40 ligands, but
not with IL-6 or IL-4, results in a strong increase in
PTX3 production [18]. Finally, IL-15 and TNF« induce
PTX3 expression in human lung epithelial cells via
the JNK pathway [36, 37].

Vascular endothelial cells and SMCs produce
abundant amounts of PTX3 in response to inflamma-
tory signals. Beside IL-1p and LPS, oxidized and
enzymatically degraded low density lipoproteins
(LDL) promote PTX3 production by human primary
vascular SMCs [38, 39] (see below for further details
about PTX3 expression in atherosclerosis). Statins
inhibit PTX3 gene expression in human umbilical
vein endothelial cells and SMCs, but not in hepato-
carcinoma cells [40]. Since PTX3 plays a pivotal role
in thrombogenesis and ischaemic vascular disease
(see below), PTX3 down-regulation may contribute
to the reduction of the risk of cardiovascular diseases
by statins [40, 41].

In vivo, PTX3 gene expression is induced by LPS
in a variety of organs in mice. In particular, PTX3 is
produced by the vascular endothelium of skeletal
and cardiac muscle. Unlike neuronal long-pentrax-
ins, PTX3 is not constitutively expressed by the
central nervous system. However, injection into the
cerebral ventricles of LPS, IL-1§ and TNF« induces
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local expression of PTX3. Interestingly, LPS and IL-
1B also induce high levels of PTX3 expression in
the heart [19]. Finally, intratracheal instillation of
LPS, that induces acute lung injury in mice, is asso-
ciated with a significant increase of PTX3 expres-
sian in the bronchoalveolar lavage fluid and in the
lung tissue [37].

PTX3 protein structure

The human PTX3 protomer is a 381 amino acid gly-
coprotein, including a 17 amino acid signal peptide
for secretion. PTX3 primary sequence is highly con-
served among animal species (human and murine
PTX3 sharing 92% of conserved amino acid
residues), suggesting a strong evolutionary pressure
to maintain its structure-furnction relationships [1]. As
the other members of the long-pentraxin subfamily,
PTX3 is composed of an unique N-terminal domain
(spanning amino acid residues 1-178) and of a C-
terminal 203 amino acid domain highly homologous
among the various members of the pentraxin family
(57% of conserved amino acids with short-pentraxing
CRP and SAP).

No crystallographic data are available for the M-
terminal portion of long-pentraxins. We performed
consensus secondary structure prediction of PTX3
N-terminus [42). Four a-helix regions connected by
short loops have been identified that span amino
acid residues 55-75 (af), 7897 (uB), 109-135
(«C), and 144-170 (aD) (Fig. 3A). Moreover, oB
contains the structural heptad repeat motif (abedefg)
spanning amino acid residues 85-91, where a and d
are hydrophobic residues and e and g represent
charged residues [43]. Also, hydrophobic residues
repeated with a period of cne each three or six amino
acids are present within the primary sequence of «C
and aD. Thus, aB, aC, and «D helices of the N-ter-
minal PTX3 domain have propensity to be in a
coiled-coil conformation (as predicted by Coils2;
http:/fwww.ch.embnet.org/software/COILS form.htm
). Moreover, the occurrence of short loops between
w-helices suggests an up-down topological distri-
bution (Fig. 3B).

As described below, PTX3 binds with high affinity
the angiogenic polypeptide fibroblast growth factor-2
(FGF2) [44]. The putative minimal linear FGF2 binding
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Fig.3 PTX3 protein structure. (A) - Amino acid sequence
(single letter code) and prediction of the secondary struc-
ture of the PTX3 M-terminus (residues 1-178): h = « helix;
e = [i-sheet; ¢ = mndom coil; t = B-turn. Goiled-coil regions
are underlined and the signal sequence is in italics. (B) -
Topological representation of PTX3 N-terminus; cysteine
residues are highlighted. (C) - Model of the PTX3 C-termi-
nus obtained by homology madelling with the cnrstaln-
graphic structure of CRP. Residue and the Cys®""-

Cys""! disulphide bridge are represented by sticks. The a-
helix is shown in red.

region in PTX3 comprises amino acid residues
87-110 [42]. This binding domain is predicted in an
exposed lr::-op re-gmn that comprises the end of the
ctB-helix {Glu }, a p-turn on residues Ala' % _prg'®

aa

Gly'™ -Ala"", and the first two residues of the «C-
helix (Ala'™-Glu' %) [42].

The N-terminal sequence of PTX3 contains three
cysteine residues in positions 47, 49, and 103. Three
cysteine residues are present also in the N-terminal
coiled-coil «-helices of the human long-pentraxins
NP1 and NP2 in the positions 16, 26, 73 and 14, 26,
79, respectively [10]. These residues are engaged in
inter-chain disulphide bonds, thus providing stability
to the multimeric status of NP1 and NP2 [10]. The
similar distribution of M-terminal cysteine residues in
NP1, NP2, and PTX3 in terms of relative distances
suggests that Cys*” ** 1% within the PTX3 N-termi-
nus may exert an analogous structural role. In spite
of no abvious primary sequence similarity between
PTX3 M-terminus and other known proteins, the
accurrence of o-helices in coiled-coil conformation
and the likelihood of cysteine residues engaged in
inter-chain disulphide bonds suggest a structural
similarity between the N-terminal region of PTX3 and
the N-terminal domain of the members of the caol-
lectin family, including the mannose-binding protein
{MBP) and the surfactant proteins A and D (SP-A
and SP-D) [45]. This structural similarity well match-
es with the role of these collectins and of PTX3 as
humoral components of the innate immune systemn [45].

The high similarity of the primary sequence of the
PTX3 C-terminus with short-pentraxins allowed to
produce a predicted structure for the C-terminal
PTX3 region (residues 175-381) using the crystallo-
graphic structure of CRP as template (PDB code:
1B09). The model of PTX3 C-terminus presents a
hydrophobic core composed by two anti-parallel
p-sheets organised in a typical p-jelly roll topology
{Fig. 3C). A similar model was described when PTX3
was modelled on the tertiary structure of SAP [46]. A
single «-helix spanning amino acid residues
344—351 is Iocated on the protein surface, whereas
G',rs and C-,rs are located on opposite siles of
the two anti-parallel p-sheets. These cysteine
residues are conserved among pentraxins and since
they establish a disulphide bond in CRP and SAR
thay were imposed also in the C-terminal model of
PTX3 as ccwalenﬂy linked. The proximity of Cys'™
and Cys 7 within the model suggests that they are
reciprocally engaged in another disulphide bond,
thus potentially linking the N-terminal end of PTX3 to
the tail of the C-terminal domain [46].

F'TJ{:! contains a unigue M-glycosylation site at
Asn®®” which is located on an exposed loop of the
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C-terminal domain [47]. The PTX3 protein is conju-
gated with complex-type oligosaccharides, mainly
biantennary fucosylated and terminally sialylated
structures [47]. It has been proposed that the nega-
tively charged sialic acid residues may establish ionic
interactions with polar and basic amino acids located
far from the Asn®" N-glycosylation site [47). As
detailed below, the glycosidic moiety is invelved in a
fine tuning of the interaction of PTX3 with the com-
plement fraction Ciq [47].

PTX3 protomers form higher ordered multimeric
structures that, at variance with classical pentraxins
CRP and SAP, are stabilized by a network of inter-
chain disulphide bonds [25]. Gel electrophoresis
under native conditions has shown that PTX3 sub-
units form multimers with an apparent molecular
weight of 440 kDa. However, PTX3 behaves anom-
alously in size exclusion chromatography being elut-
ed as a 900 kDa protein [25]. No data are available
to discriminate whether this chromatographic behav-
iour reflects the ability of PTX3 to form larger multi-
meric¢ structures or whether PTX3 multimers have a
high hydrodynamic volume.

Attempts to predict the quaternary structure of
PTX3 were performed by replacing one of the sub-
units of the pentameric ring of SAP with the model of
the PTX3 C-terminus [2]. The residue substitution
pattern and primary sequence analysis of the mod-
glled interfaces indicates the presence of several
non-conservative substitutions. Thus, the quaternary
structure of PTX3 may not be easily fraced from the
known structure of the other pentraxins. This limita-
tion, together with the lack of information about the
relative organization of the N-terminal and C-terminal
domains, do not allow us to draw any ultimate con-
clusion about the quaternary structure of PTX3.

PTX3 ligands

Pentraxing act as soluble pattern recognition recep-
tors with a wide range of functions in various patho-
physiological conditions. As described above, FTX3
shares with short-pentraxins the C-terminal pentrax-
in-domain and possesses an unique N-terminal
domain. These structural features suggest that PTX3
may have both overlapping and distinct biclogicalflig-
and recognition properties when compared to CRP
and SAP (Table 1). Also, the simultaneous presence

@ 2007 The Authors
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of multiple ligands may mutually affect their capacity
to bind to PTX3 multimers with possible different con-
sequences for the biology of blood vessels.

PTX3 hinds selected pathogens, including
Aspergillus fumigatus, Pseudomonas aeruginosa,
Salmoenella typhimurium, Paracoccidioides brasilien-
sis, Klebsiella pneumoniae, but not Escherichia coli,
Burkholderia cepacia, Listeria monocyfogenes, and
Candida albicans [27]. The molecular determinants
of these interactions have not been fully elucidated.
Unlike CRP and SAP, PTX3 does not bind the clas-
sic short-pentraxin ligands phosphorylcoline, phos-
phoethanclamine, and high pyruvate agarose (see
Table 1). However, PTX3 interaction with A. fumiga-
tus is competed by galactormannan [27]. This is con-
sistent wilh the capacity of PTX3 to interact with
zymosan [48], a complex carbohydrate of the yeast
cell wall composed mainly by mannan and p-glucan.
Zymosan induces inflammatory signals in
macrophages following recognition by dectin-1 and
the Toll-like receptors TLR2 and TLRG6 [49]. FTX3
interaction increases the clearance of zymasan
particles by macrophages in a dectin-1-dependent
manner [48]. Accordingly, PTX3 functions as an
opsonin for the yeast cell form of the fungal pathogen
Paracoccidioides brasiliensis [48]. Zymosan is known
also to affect endothelial permeability in a comple-
ment-independent manner [50]. Thus, besides its
role as a mediator of the innate immune response
during fungal infection, PTX3 may modulate blood
vessel permeability by regulating zymosan bicavail-
ability. Recently, the bacterial outer membrane pro-
tein A of Klebsiella pneumoniae (KpOmpA) has been
identified as a high affinity binder of PTX3 [51].
PTX3/KpOmpA interaction occurs in wvitro with an
association rate (Kon) equalto 177 x 10°M ' s7', a
dissociation rate (Kox) equalto 857 x 10~ s™', and a
dissociation constant (Kg) equal to 5.0 x 10°% M 511
As a consequence of this interaction, PTX3 may
modulate the proinflammatory program triggered by
K. pneumoniae in endothelial cells [52].

The complement fraction C1q was the first charac-
terized PTX3 ligand [25]. More recently, the interac-
tion of PTX3 with the whole G1 complex, but not with
the fraction C1s [25], has been reported [53].
PTX3/C1q interaction requires multimer formation
and occurs in vitro with a Kon equal to 2.4 x 10° M’
s, a Kgif equal to 4.0 x 107 57, and a Kg equal to
7.4 x 107 M. As anticipated, C1q binds the C-termi-
nal pentraxin domain of PTX3 [25]. Conversely, the
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PTX3-binding domain has been localized in the glob-
ular head region of C1g [53, 54]. At variance with
short-pentraxins, the interaction of FTX3 with Ciq
does not require calcium [25], but it is significantly
affected by the glycosilation status of PTX3 [47].
Indeed, removal of the sialic acid residues or of the
entire glycosidic moiety from the PTX3 glycoprotein
enhances C1q binding and activation of the classical
complement pathway [47].

At the functional level, the binding of C1q to sub-
stratum-immobilized PTX3 induces the activation of
the classical complement pathway on the surface of
apoptotic cells [53]. In contrast, the binding of Cig to
PTX3 in the fluid phase prevents the formation of
C1gfimmunoglobulin complexes, complement activa-
tion, and hemolytic activity [53, 55]. Since a cross-
talk exists between the complement system and
endothelial cells in different physiclogical conditions
and in vascular diseases [56], these observations
suggest that PTX3 may differently regulate endothe-
lial cell functions depending upan its free or immobi-
lized status. Indeed, besides its presence in blood as
a circulating protein, PTX3 can be detected in the
ECM [35, 39], raising the question of the ECM com-
panent{s) binding to PTX3.

PTX32 does not bind type IV collagen, fibronectin,
and gelatin, all ECM ligands for short-pentraxins [25].
In contrast, PTX3 binds the TNFa-induced protein 6
(TMNFAIP6 or TSGE) that, in turn, binds hyaluronic
acid (HA). This leads to the formation of multimolec-
ular PTX3/TSG6/MHA complexes, even though no
direct interaction occurs between PTX3 and HA [35].
Through this mechanism, PTX3 plays a key role in
the assembly of the ECM of the cumulus oophorus,
essential for female fertility [35]. Interestingly, HA and
TSGE are also present in the endothelial microenvi-
ronment where they regulate different aspects of
endothelial call biclogy [57-59]. On the other hand,
PTX3 is found in the subendothelial matrix of athero-
scleratic plagues (see below). Further experiments
are required to evaluate the presence of
PTX3/TSGBMA complexes in the subendothelial
matrix and to assess their potential significance for
blood vessel function and integrity.

When assessed for the capacity to interact with
a variety of extracellular signaling polypeptides
(Table 1), PTX3 was found to bind the angiogenic
polypeptide FGF2 with high specificity [44]. Indeed,
under the same experimental conditions, PTX3
does not bind to a wide panel of cytokines,

T30

chemokines, and growth factors representative of
different classes of soluble polypeptide mediators,
showing only a limited interaction with FGF8 (but
not with FGF1 or FGF4, all members of ihe FGFs
family) and with the angiogenic vascular endothe-
lial growth factor (VEGF) [44]. PTX3/FGF2 interac-
tion occurs with high affinity, with a Kgn equal to
02x10° s M, a Kot equal to 6.0x 107 s~ and &
Ka value ranging between 3.0 x 1077 and 3.0 x 107
M depending upon the experimental maodel
adopted [42, 44].

In agreement with the incapacity of short-pentrax-
ins to bind FGF2 [44], the FGF2-binding domain of
PTX3 has heen located in ils N-terminal region [42].
Acecordingly, C1q does not compete for FGF2 binding
to PTX3 [7]. Also, glycosilation of PTX3, which is
involved in PTX3/C1q interaction (see above), does
not affect PTX3/FGF2 interaction (M. Camozzi,
unpublished observations). An integrated approach
that utilized PTX3-related synthetic peptides, mono-
clonal antibodies, and surface plasmaon resonance
analysis has identified the FGF2-binding domain in
the PTX3(27—-110) amino acid sequence within the
PTX3 N-terminus (see above) [42]. These observa-
tions point to a novel unanticipated function for the N-
terminal extension of PTX3.

At the functional level, PTX3/FGF2 interaction pre-
vents the binding of the growth factor to its cell sur-
face receptors, thus inhibiting its biological activity in
target cells. Accordingly, PTX3, but not short-pen-
traxins, suppresses the pro-angiogenic and pro-
restenofic activity exerted by FGF2 on endothelial
cells and SMCs, respectively (see below).

It has been demonstrated that PTX3 can direcily
stimulate endothelial cells and macrophages [41,
0], pointing to the presence of putative PTX3
receptors on the surface of these cells. Preliminary
experiments have ruled out the possibility that inte-
grins, gangliosides, heparin/heparan sulfate proteo-
glycans (HSPGs) may act as PTX3 receplors or
co-receptors (M. Rusnati, unpublished observa-
tions), despite the role of these cell surface compo-
nents in the interaction with a variety of extracellular
molecules, including ECM components, growth fac-
tors, and proteases [61].

Taken together, experimental evidences indicate
that PTX3 is a modular protein able to interact with
various ligands via its N-terminal or C-terminal
domains. Module exchange has played a major role
during protein evolution in eukaryotic cells [62] and
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the identification of such modules in a given protein
may give clues about its functional properties [63]. A
significant module homolegy has been observed
among short-pentraxins, laminin, and throm-
bospondin (TSP) [63]. Relevant to this point, PTX3
and TSP share the capacity to exist either as circu-
lating or ECM-asscciated proteins and are both
involved in the regulation of endothelial cell integrity
and angiogenesis. Accordingly, they bind FGF2 and
inhibit its biological activity with similar affinity and
mechanism of action [64, 65]. Further studies are
awaited to map the binding regions in the PTX3
molecule responsible for the interaction with its
various ligands.

PTX3 in vascular pathology

PTX3 as a marker of vascular damage

Vessel wall elements produce high levels of PTX3
during inflammation. Thus, when compared to the
liver-produced short-pentraxin CRP, PTX3 may rep-
resent a rapid marker for primary local activation of
inflammation as well as of innate immunity. Indeed,
blood levels of PTX3 rise dramatically in inflammato-
ry conditions from <2 ng/ml up to 200-800 ng/ml
during active disease [1]. This occurs very rapidly when
compared to the increase of CRP |evels, consistent
with the original identification of PTX3 as an immediate
early gene [22].

Increased levels of PTX3 have been observed in
diverse infectious disorders, including sepsis, A.
fumigatus infections, tuberculosis, and dengue [24,
27], in the synovial fluid in rheumatoid arthritis [23],
and in plasma of untreated psoriatic patients [66]. In
some of these conditions, PTX3 levels comelate with
disease activity or severity. PTX3 levels increase also
in preeclampsia, possibly as a consequence of the
endothelial dysfunction that characterizes this syn-
drome |67, 68]. PTX3 levels peak in plasma early
after myocardial infarction (approximately after 6-8
hrs) [22], thus representing an independent predictor
of mortality when measured within the first day
from the onset of symptoms [68]. The presence of
PTX3 in infarcted hearts and the higher degree of
ischaemic injury in hearts of PTX3" mice support a
pathophysiologic role of the protein in myocardial
damage and repair [63].
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Small-vessel vasculitides represent a group of dis-
orders characterized by inflammatory damage of the
vessal wall consequent to immunapathogenic mech-
anisms and primary inflammatory cytokines [70].
PTX3 is abundantly present in endothelial cells of
skin biopsies from patients with active vasculitis [21].
Also, in keeping with the inhibitory effect exerted by
PTX3 on the phagocytosis of late apoptotic polymor-
phonuclear leukocytes by macraphages [71], PTX3
is overexpressed at sites of leukocytoclastic vasculi-
tis lesions [72]. Patients with active vasculitis have
serum concentrations of PTX3 significantly higher
than those of patients with quiescent disease or of
healthy individuals [21]. Interestingly, PTX3 levels are
decreased in patients who undergo immunosuppressive
treatment. Taken together, these observations suggest
that PTX3 may serve as an independent indicator of
disease activity in small-vessel vasculitides.

Atherosclerosis

An increasing body of evidence point to the inflam-
matory nature of the atherosclerotic process [73].
Plasma levels of the classical short-pentraxin CRP
correlate with increased risk of cardiovascular dis-
ease [74] and subendothelial deposition of CRP has
been detected in atherosclerotic lesions, possibly as
the conseqguence of its passive transudation from
circulation to the extravascular space [75). As stated
above, two of the major cellular components of the
atherosclerotic lesion, namely endothelial cells and
macrophages, are potent producers of PTX3 in
response to inflammatory stimuli, Accordingly,
immunoistochemical staining has revealed a strong
expression of PTX3 in advanced atherosclerotic
lesions [39]. PTX3 immunoreactivity was observed
in ECM, in endothelial cells and macrophages with-
in the lesion, as well as in subendothelial SMCs and
in foam cells within lipid-rich areas of the plague. In
keeping with these observations, IL-1 and LPS
induce PTX3 production in culiured human SMCs
[39]. As already mentioned, enzymatically degraded
and oxidized LDL, but not native LDL, induce PTX3
upregulation in cholesterol-loaded human primary
SMCs [38]. Relevant to this point, atherogenic
lipoproteins may induce the local production of
proinflammatory cytokines, including IL-1 and IL-6
[76, 77, that, in turn, will upregulate PTX3 expression
by infilirating monocytes, endothealium, and SMCs.

3
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Adipocytokines, bioactive proteins produced by
the adipose tissue, may play an important role in ath-
erosclerosis among patients with insulin resistance
[78]. Recent observations have shown that resistin,
an adipocytokine whose expression tightly correlates
with insulin resistance, triggers a potent NF-xB-
mediated proinflammatory response in endothelial
cells, including PTX3 upregulation [79]. Interestingly,
this response is inhibited by the anti-atherosclerotic
adipocytokine adiponectin and by the vascular pro-
tective pitavastatin [79].

PTX3 deposition in the atherosclerotic lesion may
lead to an in situ vascular acute-response by binding
C1q and triggering complement activation wvia the
classical pathway (see above). On the other hand,
due do its FGF2 antagonist activity (see below),
PTX2 may inhibit SMC migration and proliferation
triggered by FGF2 produced by SMCs themselves
[80] or by T lymphocytes that infilirate the atheroscle-
rotic plague [81]. Also, PTX3-mediated opsonization
of apoptotic cells may contribute to the clearance of
lipid-loaded macrophages and foam cells by dendrit-
ic cells [82]. Finally, PTX3 may play a role in the pro-
gression of the advanced atherosclerotic lesions by
stimulating the production of tissue factor by
endothelium [60] and activated monocytes [41],
thus favoring clotting activation and thrombogenesis
(Fig. 2). More data are required to define the role of
PTX3 in the modulation of the atherosclerosis
dizease process.

Angiogenesis

Angiogenesis is the process of generating new cap-
illary blood vessels. Uncontrolled neovascularization
occurs during tumor growth and atherosclerosis
and plays a pivotal role in inflammation [B3].
Angicgenesis is controlled by the balance between
pro- and anti-angiogenic factors [84].

FGF2 is a prototypic heparin-binding angiogenic
growth factor that induces cell proliferation, chemo-
taxis, and protease production in cultured endothelial
cells by interacting with high affinity tyrosine-kinase
receptors (FGFRs) [85). FGF2 induces angiogenesis
in vivo and modulates neovascularization during
tumor growth, wound healing, inflammation, and ath-
erosclerosis [BE]. FGF2 is produced by various tumor
and normal cell types, including cells involved in inflam-
mation and immunity like mononuclear phagocytes
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[87], T lymphocytes [81), and endothelial cells [88].
Also, FGF2 production and release is modulated by
inflammatory mediators (e.g. IL-2 [89] and nitric oxide
[90]), hypoxia [87], and cell damage [91]. Thus,
endothelial cells and other cell types of the vessel
wall can express both FGF2 and PTX3 under inflam-
matory conditions.

Recent observations have shown that PTX3 binds
FGF2 (see above). Accordingly, PTX3 inhibits FGF2-
dependent endothelial cell proliferation in vitro and
angiogenesis in vivo [44] at doses comparable to
those measured in the blood of patients affected by
inflammatory diseases [21, 22]. Moreover, due to its
capacity to accumulate in the ECM, the local concen-
tration of PTX3 at the site of inflammation can be sig-
nificantly higher than that measured in the blood
stream, supporting the possibility that PTX3/FGF2
interaction may occur and be biologically relevant in
vivo. Thus, PTX3 produced by inflammatory and
endothelial cells may affect the autocrine and
paracrine activity exerted by FGF2 on endothelium.
This should allow a fine tuning of the neovasculariza-
tion process via the production of both angiogenesis
inhibitors and stimulators.

To this respect, it is interesting to note that PTX3
is produced by poorly-angiogenic LPS-activated
myeloid dendritic cells [14] whereas myeloid dendrit-
ic cells alternatively matured in the presence of the
anti-inflammatory molecules calcitriol  or
prostaglandin E2 produce the potent angiogenic
polypeptide VEGF and are highly angiogenic in vivo
[92]. Thus, depending upon the activation slatus and
the cytokine milieu, PTX3 may contribute to the dif-
ferent impact on the VEGF-dependent neovascular-
ization process exerted by different populations of
dendritic cells,

Restenosis

Percutaneous transluminal coronary angioplasty is
commonly used to repair occluded atherosclerotic
blood vessels, but its long-term efficacy is limited by
restenosis [93] that leads to recurrent acute coronary
events and even death [94].

The process of restenosis starts with the disrup-
tion of the endothelial layer followed by SMC migra-
tion and proliferation [95]. The FGF/FGFR system
plays an important role in SMC activation in vitro
and in vivo following arterial injury. Indeed, FGF2
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promotes survival, proliferation, and migration of
SMCs [96—99] that express FGFRs [100]. FGFs are
expressed in injured arteries and contribute to intimal
thickening [101, 102]. Accordingly, arterial injury
leads to FGFR upregulation in SMCs [101, 103].
PTX3 inhibits the biological activity exerted by FGF2
on SMCs in vitro and in vive [104). Indeed, PTX3 pre-
vents the binding of FGF2 to FGFRs in human coro-
nary artery SMCs (HCASMCs), This leads to inhibi-
tion of endogenous FGF2-dependent proliferation in
HCASMCs and fully suppresses the mitogenic and
chemotactic activity exerted by exogenous FGF2 on
these cells. Accordingly, PTX3 overexpression follow-
ing recombinant adeno-associated virus (rAAV)-
PTX3 gene transfer fully inhibits HCASMC prolifera-
tion exerted by endogenous and exogenous FGF2.
Consistently, a single local endovascular injection of
AAV-PTX3 inhibits intimal thickening after balloon
injury in rat carotid arteries [104). Thus, experimental
evidences indicate that PTX3 may represent a potent
inhibitor of the autocrine and paracrine stimulation
exerted by FGF2 on SMCs and point to a novel ther-
apeutic role of PTX3 in the treatment of restenosis
after angioplasty.

Concluding remarks

Experimental evidence demonstrates that PTX3
exerts both overlapping and distinct biologicalligand
recognition properties when compared to short-pen-
traxins. PTX3 may serve as a mechanism of amplifi-
cation of inflammation and innate immunity, tightly
related to endothelial cell functions. Vessel wall ele-
ments produce high amounts of PTX3 during inflam-
mation and the levels of circulating PTX3 increase in
several pathological conditions affecting the cardic-
vascular system. The capacity to interact with various
ligands, including microbial components, the caomple-
ment fraction Clq, apoptotic cells, ECM compo-
nents, and angiogenic growth factors, points to a role
for PTX3 during vascular damage, angiogenesis,
atherosclerosis, and restenosis (Fig. 2).

Besides its presence in blood as a circulating pro-
tein, PTX3 can be detected in the ECM. Thus, PTX3
may differently regulate endothelial cell functions
depending upon its free or immobilized status. Also,
the capacity of PTX3 to directly stimulate endothelial
cells and macrophages points to the presence of
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putative PTX3 receptors on the surface of these
cells. The identification of ECM and cell surface
PTX3 ligands is of pivotal importance for a better
understanding of the biology, bioavailability, and bio-
logical functions of this long-pentraxin.

Endothelial and inflammatory cells play an impaor-
tant role in tumor growth and metastasis by affecting
tumor microenvironment. It is therefore conceivable
that PTX3 may be implicated in these processes.
Preliminary observations from our laboratory indicate
that PTX3 overexpression may affect tumor-growth
via angiogenesis-dependent and independent mech-
anisms of action. Further experiments are required to
clarify the impact of PTX3 on tumor progression and
the possibility to design PTX3-derived anti-neoplastic
and/or anti-angiogenic agents.
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