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Summary
Humoral fluid phase pattern recognition molecules (PRMs) are a key component of the 
activation and regulation of innate immunity. Humoral PRMs are diverse. We focused 
on the long pentraxin PTX3 as a paradigmatic example of fluid phase PRMs. PTX3 acts 
as a functional ancestor of antibodies and plays a non- redundant role in resistance 
against selected microbes in mouse and man and in the regulation of inflammation. 
This molecule interacts with complement components, thus modulating complement 
activation. In particular, PTX3 regulates complement- driven macrophage- mediated 
tumor progression, acting as an extrinsic oncosuppressor in preclinical models and 
selected human tumors. Evidence collected over the years suggests that PTX3 is a bio-
marker and potential therapeutic agent in humans, and pave the way to translation of 
this molecule into the clinic.
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1  | INTRODUCTION

The innate immune response is the first line of defense to invading 
microbes and tissue damage and is activated upon sensing of microbes 
and tissue injury through humoral and cell- associated pattern recog-
nition molecules (PRMs). This response includes the production of 
inflammatory cytokines, the activation of the acute phase response, 
and leukocyte recruitment and polarization.1,2 Innate responses have 
the general significance of defense and orchestration of tissue repair, 
but are also potentially involved in the pathogenesis of certain diseases.

The humoral arm of innate immunity includes the classic short 
pentraxins C reactive protein (CRP) and serum amyloid P component 
(SAP), the long pentraxin PTX3, complement recognition molecules, 
such as C1q and ficolins, and collectins.3 Humoral PRMs are bio-
chemically heterogeneous, but share the common property to behave 
as antibody- like molecules, recognizing microbial moieties, having 
opsonic activity, and activating and regulating the complement cas-
cade.3,4 Furthermore, several humoral PRMs interact with extracellu-
lar matrix components and are involved in tissue remodeling.5 They 

are rapidly expressed in infectious or injury conditions in different 
cell types and tissues and with different kinetics. The liver is the main 
source of short pentraxins and sustains their presence in the systemic 
circulation. In contrast, macrophages, dendritic cells, and endothelial 
cells locally and rapidly transcribe and produce PTX3 upon inflamma-
tory stimulation,4 and neutrophils rapidly release it from intracellular 
granules at sites of tissue damage or microbial stimulation.6 The differ-
ent kinetics and cell origin of short pentraxins and PTX3 provide the 
continuous presence of these molecules in the systemic circulation as 
well as within tissues during inflammatory conditions.3

The pentraxin concentration in the circulation or in tissues rapidly 
increases in inflammatory conditions and in general correlates with the 
severity of the clinical condition inducing their expression. These results 
raised the question whether they are simple markers and innocent by-
standers, or players in the pathogenesis of the disease.7–9 CRP is a widely 
used biomarker of inflammation and tissue damage in humans, but the 
identification of its actual role in inflammation has been precluded by the 
low conservation between mouse and human and the lack of appropri-
ate gene- targeted animal models.10,11 In contrast, the high conservation 
between mouse and human PTX3 and Ptx3−/− mice have allowed de-
fining the functional role of PTX3 in innate immunity and inflammation.

From these studies, PTX3 emerges as a non- redundant humoral 
PRM involved in recognizing and opsonizing microbes for facilitated 
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phagocytosis, a regulator of inflammatory responses and a player of 
tissue remodeling.5,12–14 Studies in animal models of fungal, bacte-
rial, and viral infections and the evidence that human PTX3 genetic 
variants are linked to susceptibility to specific infections indicate that 
PTX3 plays a protective role in the resistance to microbes and in mod-
ulating inflammatory responses associated with tissue damage.14–17 
However, in specific contexts, PTX3 may contribute to the pathogen-
esis of the disease. In particular, PTX3 has been shown to increase 
inflammation and tissue damage,16,18,19 and its interaction with col-
lectins and ficolins may increase complement activation.20 In addition, 
PTX3 can be exploited by specific pathogens to enter the cell.21 By 
modulating complement- driven inflammation, PTX3 has been shown 
to act as an oncosuppressor gene in mice and selected human tu-
mors.12 By interacting with provisional matrix components, it has been 
shown to orchestrate wound- healing, fibrin- rich inflammatory matrix 
remodeling and tissue repair.5 Finally, PTX3 has complex effects on 
blood vessels, by modulating the effect of angiogenic growth factors 
of the FGF family and affecting tumor- associated angiogenesis,22,23 
and by regulating the vessel wall tone.24

These studies indicate that depending on the disease context, 
cellular source, and levels of protein released, PTX3 can exert dual 
roles in inflammation and infections, and may contribute to mecha-
nisms of pathogenesis of specific diseases. Here, we will summarize 
molecular and functional properties of PTX3 in microbial defense, 
regulation of inflammation, and tissue remodeling and repair, and we 
discuss its yin- yang role in immunopathology and potential use as 
disease marker and candidate prophylactic and therapeutic agent in 
infectious disorders.

2  | KEY STRUCTURAL FEATURES

The human PTX3 is a homo- multimeric glycoprotein, whose protomer 
subunits comprise 381 amino acids, including a 17 residue long leader 
peptide (Fig. 1A). The primary sequence of this long pentraxin is highly 
conserved among animal species (where the human and murine pro-
teins share 92% of conserved amino acids), suggesting a strong evo-
lutionary pressure to maintain its structure/function relationships. 
Analogous to other long pentraxins, the PTX3 protomer contains a 
unique N- terminal region (residues 18–178 of the preprotein) and a 
C- terminal domain (amino acids 179–381) that is homologous to the 
short pentraxins CRP and SAP.25

The N- terminal region has no sequence similarity to any protein of 
known structure. However, based on secondary structure predictions 
and circular dichroism analyses [(26) and Inforzato A, Day JA and Jowitt 
TA, unpublished], this portion of the protein most likely folds into four 
consecutive α- helices, three of which (amino acids 78–97, 109–135, 
and 144–170) are probably involved in the formation of coiled- coil su-
persecondary structures.23 Furthermore, in silico predictions point to 
the N- terminal end of this domain (amino acids 18–54) as an intrinsically 
disordered sequence; this region likely gains structure upon interaction 
of the PTX3 protein with its ligands, thus possibly contributing struc-
tural and functional versatility to this pentraxin (see below and Fig. 1B).

As anticipated above, the C- terminal domain of PTX3 is homolo-
gous to the short pentraxins, with up to 57% similarity.25 This allowed 
generating three- dimensional models of the C- terminal domain based 
on the crystallographic structures of CRP (PDBID:1b09) and SAP 
(PDBID:1sac).27–29 In particular, the CRP- derived model shows the C- 
terminal portion of PTX3 to adopt a β- jelly roll topology, similar to that 
found in legume lectins (Fig. 1C). This structure is stabilized by three 
disulfide bonds, as supported by biochemical evidences from our own 
work.30 Cys210 and Cys271 are involved in an intrachain bond that is 
highly conserved among pentraxins. An additional intrachain disulfide 
links together Cys179 and Cys357 at the N-  and C- ends of the pen-
traxin domain, thus limiting the flexibility of these terminal regions. The 
two remaining cysteine residues (i.e. Cys317 and Cys318) have been 
described to form both intra-  and inter- chain disulfide linkages that, 
along with inter- chain disulfide bonds made by cysteine residues of 
the N- terminal domain, support the quaternary structure of the PTX3 
protein (see below).31 Most importantly, the amino acid residues that 
line the calcium- binding pocket in both CRP and SAP are missing in 
the pentraxin domain of PTX3, which might explain some differences 
in the binding properties of these pentraxins. As an example, PTX3 
binds C1q in a calcium- independent fashion, as opposed to CRP and 
SAP that require this divalent cation for their interaction with C1q.27 
In addition, the pentraxin domain of PTX3 lacks the amino acids that 
form the inter- protomer interface in the CRP and SAP 5- mers and 10- 
mers. Indeed, recombinant constructs of the PTX3 C- terminal domain 
do not establish stable intermolecular interactions and are monomeric 
in solution.30

The modular nature of the PTX3 protomer provides this long 
pentraxin with the necessary structural versatility to support its in-
teraction with a number of diverse ligands, and in this way mediate 
its biological activities. For example, among the PTX3 ligands, fibro-
blast growth factor 2 (FGF2), inter- α- inhibitor (IαI), TNF- α–induced 
protein 6 (TNFAIP6 or TSG- 6), myeloid differentiation protein 2 (MD- 
2), and conidia of A. fumigatus each bind to the N- terminal region of 
the protein23,32–35; C1q and P- selectin interact with the pentraxin- like 
domain,25,36,37 whereas both domains have been implicated in the in-
teraction of PTX3 with complement Factor H38 (see below).

A single N- glycosylation site has been identified in the C- terminal 
domain of PTX3 at Asn220. This is fully occupied by complex type 
oligosaccharides, mainly fucosylated and sialylated biantennary sug-
ars with a minor fraction of tri-  and tetraantennary glycans. Based 
on three- dimensional models of the glycosylated C- terminal domain, 
we have proposed that the PTX3 oligosaccharides make contacts to 
polar and basic amino acids at the protein surface (i.e. Lys214, Glu252, 
Lys255, and Arg332) mainly through terminal sialic acid residues 
(Fig. 1C). These interactions are lost when sialic acid is removed. In ad-
dition, upon desialylation, protein sites potentially relevant to ligands 
recognition become accessible and might be involved in local modifi-
cations of the PTX3 tertiary/quaternary structure.28 Interestingly, we 
have found that the relative content of bi- , tri- , and tetraantennary oli-
gosaccharides and the level of sialylation vary to a great extent among 
PTX3 isolates from different cellular sources. This suggests that the 
glycosylation pattern of this long pentraxin might change depending 
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on cell type and inducing stimuli.28 This might have important func-
tional implications given that the glycosidic moiety of PTX3 has been 
implicated in a number of biological activities. In this regard, we have 
reported that the glycosylation status of PTX3 modulates the protein 
interaction with C1q and factor H, recognition component of the clas-
sical complement pathway, and major soluble inhibitor of the comple-
ment system, respectively.28,38 In addition, the sialylated glycans of 
PTX3 act as major determinants in the interaction of PTX3 with se-
lected influenza A virus strains. PTX3 could thus inhibit virus- induced 
hemagglutination and neutralize virus infectivity.39 Most importantly, 
the N- linked glycosidic moiety of PTX3 is essential for its binding to 
P- selectin. Thereby, PTX3 inhibits leukocyte rolling and extravasation 

in animal models of acute lung injury and pleurisy.36 PTX3 can, there-
fore, communicate with a range of diverse ligands through a common 
glycan code, and changes in the glycosylation status of the protein 
might represent a strategy to fine tune the biological activities of this 
long pentraxin.40

In addition to the multidomain organization, the human PTX3 pro-
tein shows a complex quaternary structure with protomer subunits 
assembled into high- order oligomers stabilized by disulfide bonds 
[Fig. 1B and (25)]. Mass spectrometry and site- directed mutagenesis 
analysis of the recombinant human protein indicate that PTX3 is made 
of covalent octamers (i.e. with a molecular mass of 340 kDa), where 
cysteine residues at positions 47, 49, and 103 in the N- terminal region 

F IGURE  1 Model of the PTX3 protein. A, schematic representation of the human PTX3 protomer: the leader peptide is in gray, and the 
N-  and C- terminal domains are in yellow and red, respectively. Shown is the relative position of Cys residues, the N- glycosylation site at 
Asn220, and the pentraxin signature motif. B, the mature protein is composed of eight protomer subunits held together by disulfide bonds. 
The N- terminal domain (in yellow) comprises an intrinsically disordered N- terminal segment (here represented by ovals) followed by three α- 
helices, which are predicted to form coiled coils, and is believed to adopt two different conformations, either extended tetramers (green box) 
or compact dimers (black box). These are brought together by disulfide bonds formed by cysteine residues of the C- terminal domain (in red). 
Cysteines forming inter- chain disulfide bonds are indicated. C, The protein folds into asymmetric octamers with two differently sized domains 
linked by a short stalk. A SAXS model of PTX3 is shown, that is compared with a schematic drawing of the protein. The C- terminal domain of 
PTX3 (a 3D model of which that is based on the crystal structure of CRP is shown in the blow- up) is N- linked to complex type oligosaccharides, 
here represented by a core monofucosylated and disialylated biantennary glycan. Molecular dynamics indicates that glycans have different 
conformations (orange, green, and purple) and contact amino acids at the protein surface (ball- and- stick) through terminal sialic acid residues
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form three inter- chain disulfides holding four protein subunits into a 
tetrameric arrangement. Two tetramers are linked together to form 
an octamer by additional inter- chain bridges involving the C- terminal 
residues Cys317 and Cys318 [see above and (31)]. A low- resolution 
model of the wildtype full- length PTX3 molecule has been generated 
based on data from electron microscopy (EM) and small angle x- ray 
scattering (SAXS). According to the model, eight subunits of the pro-
tein fold into an elongated structure with a large and a small domain 
interconnected by a stalk region [Fig. 1C and (30)]. This oligomeri-
zation state and the asymmetric shape of the molecule make PTX3 
unique among pentraxins. Indeed, it displays pseudo fourfold sym-
metry along its longitudinal axis, in sharp contrast to the typical pen-
tameric arrangement of the classical short pentraxins. The only other 
pentraxin that forms an octamer is SAP from Limulus polyphemus, 
which, however, has been reported to fold into a doubly stacked oct-
americ ring.41

Protein quaternary structure has different roles in the ligand binding 
properties of PTX3. For instance, we have shown that the PTX3 oct-
amer contains two FGF2 binding sites, and tetramers of its N- terminal 
domain act as the functional units in recognition and inhibition of this 
angiogenic factor.30 However, we have also reported that it is the di-
mers of the N- terminal domain that mediate the binding of PTX3 to 
both IαI and TSG- 6. Based on these evidences, we have suggested that 
the octameric structure of PTX3 provides multiple binding sites for each 
of these ligands, thus acting as a nodal molecule in cross- linking hyal-
uronic acid in the extracellular matrix.42,43 Therefore, structural com-
plexity and modular nature of the PTX3 protein probably explain the 

rather broad spectrum of ligands of this long pentraxin and the diversity 
of its biological functions as compared with the short pentraxins.

3  | MECHANISMS OF ANTI- 
MICROBIAL RESISTANCE

A major function of PTX3 is in anti- microbial resistance. PTX3 exerts 
its anti- microbial effects through different mechanisms, including 
opsonization and promotion of phagocytosis, regulation of comple-
ment activity, and interaction with anti- microbial proteins.

3.1 | PTX3 as an opsonin

PTX3 retains the opsonic properties of pentraxins, being able to bind 
to selected microbes and to enhance the phagocytic activity of mac-
rophages and neutrophils (Fig. 2). The first evidence of PTX3 opsonic 
activity has been reported by Garlanda et al.,44 who demonstrated 
PTX3- assisted phagocytosis of conidia from Aspergillus fumigatus by 
murine alveolar macrophages. PTX3 binds to conidia directly, and 
PTX3- opsonized conidia are ingested by alveolar macrophages more 
efficiently than non- opsonized conidia. In addition, macrophages 
from ptx3−/− mice show a weaker phagocytic ability compared with 
macrophages from wildtype mice, a defect rescued by the adminis-
tration of exogenous PTX3. In agreement, a higher in vivo suscepti-
bility to invasive pulmonary aspergillosis (IPA) has been observed in 
ptx3−/− mice.44

F IGURE  2 Opsonic activity of PTX3 with various pathways. PTX3 binds to several microbes, including A. fumigatus, P. aeruginosa, UPEC, 
K. pneumoniae and zymosan. Upon binding, neutrophils or macrophages display enhanced phagocytosis through several pathways. (A) 
Phagocytosis of PTX3- opsonized A. fumigatus and P. aeruginosa is exerted through FcγRIIa/CD32 and CD11b/CD18, together with alternative 
complement components. PTX3 opsonization also increases the recruitment of CD32 and CD18 in the phagocytic cup. (B) PTX3 opsonization 
facilitates the early phase of the phagocytosis of UPEC and K. pneumoniae through unknown mechanisms. (C) PTX3- opsonized zymosan is 
phagocyted through dectin- 1. PTX3 itself has the ability to increase dectin- 1 expression through unknown pathway, which creates a feedback 
loop in the dectin- 1- mediated phagocytosis. B: Factor B, FH: Factor H, D: Factor D, I: Factor I
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The enhancement of phagocytic activity by PTX3 is abolished 
when heat- inactivated serum is used and is not affected by IgG- 
depletion, suggesting the involvement of complement components in 
the process. To characterize the involvement of complement in PTX3- 
mediated amplification of phagocytosis, a series of experiments were 
conducted with commercially available sera depleted of specific com-
plement components.34 Lack of C1q, the first component of the classi-
cal pathway of complement activation, or of C4, which is implicated in 
both the classical and the lectin pathways, did not affect PTX3 amplifi-
cation. On the contrary, PTX3- mediated amplification of phagocytosis 
was completely abrogated in the presence of Factor B-  or complement 
Factor 3 (C3)- depleted serum,34 revealing the main involvement of 
the alternative complement pathway in the pro- phagocytic activity 
exerted by PTX3. More significantly, reconstitution of the alternative 
complement pathway with purified complement components (C3, 
Factor B, Factor H, Factor D, Factor I) is sufficient to promote the op-
sonophagocytic effect of PTX3 (Fig. 2A).

Fcγ receptor (FcγR) IIa (CD32) and complement receptor 3 
(CD11b/CD18) are required for the PTX3- mediated phagocytic 
activity.34 Experiments with integrin- blocking antibodies, using 
FACS and confocal analysis, indicate that activation, internalization, 
and recruitment to the phagocytic cup of CD11b/CD18, as well as 
CD11b- dependent phagocytosis, are increased in the presence of 
PTX3- opsonized conidia. Confocal studies also reveal that conidia op-
sonization by PTX3 enhances co- localization of CD11b and CD32 in 
the phagocytic cup as compared with non- opsonized conidia. Along 
the same line, CD11b recruitment to the phagocytic cup is defective 
in ptx3−/− mice. These results suggest that PTX3 facilitates the inter-
nalization of conidia through recruitment and activation of CD11b and 
CD32 in the phagocytic cup (Fig. 2A). PTX3 has been also reported to 
interact with CD32, which has been proposed as a potential cellular 
receptor for this pentraxin.45

Neutrophils, with their storage of preformed PTX3 that can be 
promptly released upon microbial stimulation, are major players in the 
PTX3 opsonic activity.6 In this regard, neutrophils from ptx3−/− mice 
exhibited lower opsonic activity and less recruitment of CD11b to the 
phagocytic cup than wildtype neutrophils. In vivo studies revealed that 
the PTX3- mediated opsonic enhancement in neutrophils was lost in 
C3-  and Fcγ- deficient mice.34

A similar opsonic effect of PTX3 has been reported for other 
microbes and microbial moieties, such as Paracoccidioides brasilien-
sis, Pseudomonas aeruginosa, Klebsiella pneumoniae, uropathogenic 
Escherichia coli (UPEC) and Saccharomyces cerevisiae [Zymosan (14, 18, 
46, 47)]. PTX3 exerts a protective role in a murine model of P. aerugi-
nosa infection, as shown by an increased susceptibility of ptx3−/− mice 
to Pseudomonas infection.44 In the course of assessing the therapeutic 
potential of PTX3 in chronic lung infections by P. aeruginosa, Moalli 
et al.47 showed that PTX3 directly bound to P. aeruginosa, acting as 
an opsonin and promoting phagocytosis of the opsonized bacteria. 
Similarly to what was described for conidia, this process was C3 and 
FcγRIIa dependent and C1q independent (Fig. 2A). Opsonization by 
PTX3 also facilitates the phagocytosis process in other microbial in-
fections. PTX3 exerts a protective role against urinary tract infections 

(UTI) caused by UPEC. Jaillon et al.14 showed that PTX3 directly binds 
to UPEC and enhances UPEC phagocytosis leading to accelerated 
phagosome maturation by neutrophils (Fig. 2B).

Soares et al.18 analyzed the role of PTX3 in infections caused by 
K. pneumoniae taking advantage of transgenic mice overexpressing the 
PTX3 protein. In contrast to what has been described until now, a det-
rimental or protective role of PTX3 was observed, depending on the 
microbial burden. In the case of a lower inoculum, PTX3- transgenic 
mice are protected from K. pneumoniae infection. Under such condi-
tion, neutrophils from PTX3- transgenic mice show faster phagocytic 
process (Fig. 2B). On the contrary, in the case of a high inoculum, 
PTX3 overexpression was associated with higher production of proin-
flammatory mediators (i.e. nitric oxide and TNF- α), leading to faster 
lethality and inability of the murine host to deal with the pulmonary 
infection.

Macrophages from PTX3- transgenic mice display a higher phago-
cytic activity for both zymosan and P. brasiliensis, irrespective of 
opsonization, while the addition of exogenous PTX3 enhances the 
phagocytic ability of macrophages from wildtype mice.46 Macrophages 
from PTX3- transgenic mice express consistently higher levels of dec-
tin- 1, a main receptor of β- glucan, in response to zymosan. Blockade 
of dectin- 1 results in the inhibition of zymosan phagocytosis. These 
data suggest the existence of a PTX3- dectin- 1 feedback loop involved 
in the phagocytosis of zymosan (Fig. 2C). Also in this case, a direct 
binding of PTX3 to both zymosan and P. brasiliensis was confirmed.

Thus, PTX3, by controlling the production of proinflammatory 
mediators and acting both as an opsonin and an inducer of dectin- 1 
expression, may favor or disfavor handling by the murine host of differ-
ent infectious agents.

3.2 | Regulation of complement activation

The pentraxins CRP, PTX3, and SAP have all been found to interact 
with molecules of the complement system, indicating that they can 
use complement for their effector functions (Fig. 3). The interaction 
of CRP with complement has been investigated more extensively than 
that of PTX3. Therefore, here CRP will also be analyzed as a reference 
molecule in the family.

In the acute phase response, the levels of CRP can increase from 
levels below 1 μg/mL up to 500 μg/mL.48 No complement protein in-
creases its levels during the acute phase response in a similar way, al-
though levels of, for example, C3 can increase by about 50%. Therefore, 
the complement system can dynamically use CRP for directing com-
plement activity into areas of tissue damage or against infectious 
agents when needed. This activity, indeed, is similar to antibodies, ex-
cept that, for new antibodies to develop, much more time is needed in 
a de novo situation. CRP levels reach their maximum at 24–48 hours, 
whereas antibody development takes 1–2 weeks. Preexisting antibod-
ies or natural antibodies of IgM class, however, can be recruited much 
faster. Natural antibodies often have similar specificities as pentraxins. 
As an example, they can bind to certain phospholipids, like phospha-
tidylcholine or phosphatidylethanolamine. The difference is that CRP 
needs calcium for the interaction, while the pentameric IgM does not. 
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Common to both is that they use multiple binding sites to increase the 
avidity toward target particles.

The complement system can thus use pentraxins as one group 
of sensor molecules for rapid recognition of patterns on targets that 
need to be cleared away before healing can start. Antibodies are an-
other group and collectins yet another one to initiate complement 
activation. Also collectins exploit multiple binding sites to increase 
their overall binding avidities to physiologically meaningful levels.49 
Pentraxins have five plate- like binding subunits in the pentraxin do-
mains.50 The short pentraxins CRP and SAP are composed exclusively 
of the pentameric plates, whereas PTX3 and the other long pentraxins 
can have different quaternary conformations (Fig. 1). CRP can use all 
different parts of the molecule for its interactions. The bottom part of 
the plate binds in a calcium- dependent manner to surface phospholip-
ids, while the top part and the sides are used for interactions with the 
complement proteins (see below).51

Functionally the interactions of pentraxins with targets and with 
complement lead to opsonization of foreign microbes or endogenous 
waste products. Bound molecules, mostly C1q and iC3b in the com-
plement system, are recognized by specific receptors of phagocytes, 
macrophages, dendritic cells, and neutrophils. These usually ingest 
the target particles in a relatively silent, non- inflammatory fashion. 

Recognition of iC3b- coated particles by macrophages via the integ-
rin receptor CD11b/CD18 leads to synthesis of immunosuppressive 
IL- 10 and TGF- beta cytokines.52 Upon contact with a larger number 
of microbes or in a more threatening situation, the level of comple-
ment activation is stronger and alarms a wider inflammatory response 
via the generation of the C5a anaphylatoxin and cell activation by 
the membrane attack complex of complement (MAC). MAC can lyse 
many Gram- negative bacteria. Especially for protection against me-
ningococcal and gonococcal infections (Gram- negative Neisserias), 
complement lysis is essential. In alternative and terminal pathway 
complement deficiencies, the risk for neisserial infections can increase 
up to 1000- fold.53

Following binding to their target, pentraxins can recruit the first 
component of complement C1q to the same site. The ability to bind 
C1q and activate the classical pathway has been described for CRP,54 
SAP,55 and PTX3.56 Since at least two different kinds of receptors exist 
for C1q, one for the globular domain and another for the collagenous 
part, the interactions can signal the opsonic event and lead to phago-
cytosis. C1q is not the only ligand for C1q receptors. Also many other 
collectins, such as mannan- binding lectin (MBL) and ficolins 1- 3, can 
bind to the C1q receptors.57 Collectins are so called because the sub-
units of the molecules contain a collagen- like triple- helical trunk and 

F IGURE  3 Schematic representation of pentraxins involvement in regulation of complement activity. PTX3, CRP, and SAP have been found 
to interact with molecules of the complement system. Complement activation is triggered by the interaction of microbes with recognition 
molecules. The lectin pathway (LP) is activated by interaction of MBL and ficolines with carbohydrates on microbial surface. Specific antibodies 
can bind to microorganisms forming binding sites for C1q and activate the classical complement pathway (CP). Finally, C3 and properdin, once 
immobilized on a surface such as a microbial cell wall, can activate the alternative pathway (AP). Activation of all the three pathways lead to a 
cascade of events resulting in opsonization, leukocyte recruitment, and cell lysis, activities essential for microbial removal. The first step is the 
formation of the C3 convertase (C4b2a for CP and LP and C3bBb for AP) that triggers hydrolysis of C3 with formation of C3a, C3b, and C5a, 
and with subsequent formation of C5b- 9, the membrane attack complex leading to cell lysis. PTX3, CRP, and SAP they all bind C1q, regulating 
the classical complement pathway. PTX3 and CRP also participate to the regulation of the lectin pathway through interaction with MBL and 
ficolines. In addition, pentraxins can recognize regulators of complement activation, in particular FH, the most important regulator of the 
alternative pathway, and C4bp, involved in the regulation of the C3 convertase C4b2a, common to the classical and lectin pathways
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often a sugar binding globular lectin domain. Some of the collectins 
have been shown to bind PTX3.58,59 Direct interaction with FcγR, as 
described above, has also been reported for PTX3 and CRP.45,60 By 
binding via collectins to the C1q receptors, pentraxins could act as 
“clean- up” molecules to assist in the removal of materials from injured 
or apoptotic cells. C1q can bind to many components of injured tissue 
itself, as well. Since specificity differences between C1q and pentrax-
ins exist, the overall pattern recognition repertoire is wide. While C1q 
binding has broad specificity, that of pentraxins is more limited and 
often dependent on divalent cations, mostly Ca2+ ions.

In systemic lupus erythematosus (SLE), which is a disease char-
acterized by a clearance problem and secondary autoimmunity, the 
CRP response is often compromised.61 Also, deficiencies of C1q and 
subsequent classical pathway complement components predispose 
to SLE.62 In rare cases of C1q deficiency, SLE is always severe and 
involves dysfunction of kidneys. In mice, SAP has been suggested to 
adopt the role equivalent to human CRP.63 SAP binds to chromatin 
in a calcium- dependent manner and prevents anti- DNA autoantibody 
formation. In SAP knock- out mice, accordingly, increased levels of an-
tibodies against DNA have been detected.64 PTX3 also plays a role in 
SLE, as suggested by the results obtained crossing the autoimmune 
mouse strain B6lpr with ptx3−/− mice.65 In fact, besides an impaired 
clearance of apoptotic cells by ptx3−/− peritoneal macrophages, lack of 
PTX3 in B6lpr mice aggravated autoimmune lung disease.65 A common 
property of pentraxins thus appears to participate in the clearance of 
intra-  or extracellular chromatin. This function is assisted by the inter-
action with the complement system.

Pentraxins can activate the classical pathway of the complement 
cascade. Each triplet of the globular domains of C1q binds into the 
center of the upper side of a pentraxin pentamer.66 It is thus likely, 
as with antibodies, that the C1q binding is strong enough to promote 
complement activation, once pentraxins are bound to targets with a 
sufficient density. Thus, for example, CRP pentamers would bind in a 
calcium- dependent manner to a surface with phospholipids exposed 
from the inner membrane leaflet and recruit C1q molecules. This could 
occur, for example, to apoptotic cells or to non- viable cells in an isch-
emic lesion, but not to neighboring sufficiently viable cells. Thereby, 
the target area would become demarcated and labeled for later re-
moval by opsonophagocytosis. Importantly, following recruitment of 
C1q or of other collectins, the phagocytes can directly recognize the 
bound ligands with C1q receptors.

In the classical pathway, after binding and a conformational change 
in C1q, the serine esterases C1r and C1s in the C1 complex (C1qr2s2) 
become activated by proteolytic cleavage. Activated C1s cleaves C4 
and C2 to generate the classical pathway C3 convertase C4b2a. The 
C4b2a convertase formation and stability are controlled by the classi-
cal pathway inhibitor C4b binding protein, C4bp. The pentraxins CRP,67 
PTX3,68 (Deban L, Bottazzi B, Inforzato A and Seppo M, unpublished) 
and SAP69 all have been shown to bind C4bp, suggesting an important 
point of control in classical pathway complement activation. For ex-
ample, in alcohol- induced liver damage, the productions of both SAP 
and C4bp were reduced, whereas those of the classical pathway com-
ponents were increased. This suggests an alcohol- induced decreased 

ability of tissue clearance and role for SAP and complement in the de-
velopment of liver cirrhosis.70 A delicate balance thus exists between 
activities favoring complement activation and control at sites of tissue 
damage. This is understandable, because at the same time as the tar-
gets are being recognized and prepared for clearance, the neighboring 
normal tissue needs to be protected. By promoting cleavage of C4b by 
Factor I (C4b/C3b inactivator), the pentraxin- bound C4bp can irrevers-
ibly inactivate the C4b2a convertase. The binding of other collectins, 
like ficolins or MBL, to pentraxins may lead to similar consequences 
as binding to C1q. This is because complement activation via the clas-
sical and lectin pathways converges into the same C4b2a convertase 
and involves the same downstream molecules. Indeed, both pathways 
ultimately lead to C3 conversion, which can launch the amplification 
cascade of the alternative complement pathway.

The alternative pathway of complement can become activated 
directly upon contact with a foreign, non- self surface, or following 
activation by any other means, including the classical and lectin path-
ways. After covalent binding of C3b to the target surface, Factor B 
will bind to it and generate the alternative pathway C3 convertase 
C3bBb, where B is cleaved to Bb by another serine esterase, Factor 
D.71 Alternative pathway can amplify efficiently its own activation be-
cause the C3bBb convertase will activate more C3 molecules to C3b, 
and these will in turn become subunits of new C3bBb convertases. By 
this, the alternative pathway amplification system can coat the whole 
target, for example, bacteria or yeast, with C3b molecules very fast, 
within minutes. The “explosive potential” of complement activation 
poses a risk to healthy normal tissues both at the constitutive and at 
an induced level.

Our own cell surfaces are, under normal circumstances, well pro-
tected against complement attack by specific membrane regulators, 
such as CD35 (C3b/C4b receptor or complement receptor type 1, 
CR1), CD46 (membrane cofactor protein, MCP), CD55 (decay acceler-
ating factor, DAF), and CD59 (protectin).72 In addition, the alternative 
pathway can in a robust manner discriminate between self and non- 
self structures by using only 2 molecules, C3b and Factor H.73 After an 
initial random deposition of C3b to a surface, Factor H will bind to it 
if the surface is coated with sialic acid, glycosaminoglycans, or other 
polyanions.74 Factor H bound to the C3b–polyanion complex acts as 
a cofactor for the C4b/C3b inactivator enzyme, Factor I. Thereby, the 
C3b molecules become inactivated by Factor I and can no longer par-
ticipate in the formation of the C3bBb convertase enzymes. The im-
portance of Factor H activities in protecting self surfaces is illustrated 
by the severe diseases that follow if recognition fails.75 The first exam-
ple is atypical hemolytic uremic syndrome (aHUS), where mutations 
in Factor H fail to recognize host cell surface- associated sialic acid.76

During acute tissue damage or upon infection, the need to care-
fully target complement activation and to regulate excessive activa-
tion locally needs to be organized at an “ad hoc” basis. This is where 
the pentraxins are in charge. Most importantly, viable tissues at 
local sites need to be protected from potentially detrimental effects 
of the amplification cascade. The need for protection and regulated 
activity extends also to the coagulation cascade, because often con-
ditions related to tissue injury increase the pro- coagulant activity of 
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vascular endothelial cells, platelets, and blood cells. The increased 
pro- complement and pro- coagulant activities are typical for aHUS and 
other so- called thrombotic microangiopathies.77 As a matter of fact, 
PTX3 is produced by both endothelial cells and blood leukocytes.

While the pentraxins are able to activate the classical or lectin 
pathways of complement, their role in the alternative pathway ap-
pears to limit activation and target it to only sites where needed. Both 
CRP and PTX3 have been found to bind Factor H.38,78 Binding of the 
elongated Factor H molecule to CRP seems to occur to areas distinct 
from the surface interaction sites (at the bottom side of CRP) and C1q 
binding site (in the middle of CRP pentamer). Thus, the likeliest inter-
action area is at the external sides of CRP monomers.79,80 CRP has 
multiple binding sites on Factor H, a well characterized site on domain 
7,78 a secondary site on domains 8–11,78 and a site at the most C- 
terminal domains,80 where also important sites for C3d/C3b and the 
surface polyanions exist.81–84 Also PTX3 binds to the two “hot spot” 
domains 7 and 19- 20 of Factor H.38 Interestingly, a common polymor-
phic amino acid variant in domain 7 (Tyr402His) has been found to 
influence binding of CRP 79,85 but not of PTX3 to Factor H.38 This find-
ing may be relevant for the pathogenesis of the most common cause 
of blindness in the Western world, age- related macular degeneration 
(AMD). AMD is linked to the Tyr402His polymorphism in Factor H,86,87 
with a risk factor up to 9 in case the person is homozygous for the 
variant.88 In addition to CRP binding, the Tyr402His variant has been 
found to influence glycosaminoglycan binding locally in the retina.89

All the pentraxins CRP, PTX3, and SAP interact with both activat-
ing (C1q) and regulating (Factor H, C4bp) complement components 
(Fig. 3). But, how could these activities be viewed from a physiological 
point of view? The pentraxins, despite differences among themselves, 
seem all to be involved in the acute phase response or response to 
injury. Therefore, they could be considered as a task force or an acting 
arm for the complement system in emergent situations. Once tissue 
injury takes place, for example, because of trauma or infection, the 
synthesis of acute phase proteins increases remarkably in response 
to cytokines, IL- 1β and IL- 6. CRP, PTX3, and SAP can bind to injured 
cells. Initial binding may be diffuse and follow a gradient toward the 
center of an ischemic or necrotic area. However, at the end, a demar-
cation line needs to be created between cells to be cleared away and 
cells to be saved. The activation of complement via C1q binding will 
generate an initial level of inflammation and stimulate formation of 
C3 convertase enzymes. Activation, however, needs to be limited in 
area and in time. Upon binding of C4bp, and especially of Factor H, the 
amplification of complement remains controlled. Binding of Factor H 
can help in a sharper demarcation between non- viable and viable cells 
or tissue structures by preventing activation by normal cells. At sites, 
where CRP or PTX3 have become bound, Factor H is recruited to limit 
excess complement activation, C5a production, and MAC formation. 
Pentraxin- directed binding of Factor H promotes inactivation of C3b 
to iC3b, thereby generating high- affinity ligands for the macrophage, 
dendritic cell, and neutrophil receptor CD11b/CD18, which is an inte-
grin, complement receptor type 3 (CR3). This will aid the phagocytosis 
of opsonized targets, non- viable cells, or remnants of cells (membrane 
fragments, cytoskeletal structures, nuclei, and other intracellular 

organelles) in a directed fashion. The general role of pentraxins to-
gether with complement would thus be a directed removal of tissue 
debris and other waste in a non- inflammatory fashion. In clinical situ-
ations, cooperation between pentraxins and complement may occur, 
for example, in rheumatoid arthritis, reactive arthritis, atherosclerosis, 
and ischemic heart disease.

The targets for pentraxins would not only be endogenous tissue 
components but selected microbes, as well. PTX3 has been found 
to bind to the fungus A. fumigatus and the Gram- negative bacteria 
P. aeruginosa and K. pneumoniae. CRP was originally described as a 
protein that binds to pneumococci.90 Thus, pentraxins could partici-
pate in the recognition of invading microbes and their removal by di-
rect or complement- mediated phagocytosis.

Many pathogenic microbes efficiently use Factor H for their own 
protection against complement- mediated opsonophagocytosis.91 This 
is possible by the expression of microbial Factor H- binding proteins 
that seem to be specific for each pathogen. It has, for example, been 
shown that many types of pneumococci express PspC- family proteins 
that bind Factor H.92 Interestingly, those pneumococci that lack Factor 
H- binding proteins can recruit Factor H to their surfaces with the help 
of CRP.92,93 Direct interactions between PTX3 and pneumococci have 
not yet been thoroughly addressed, but it has been observed that 
high levels of PTX3 associated with a fatal disease in bacteremic pa-
tients.94 This could indicate misuse of PTX3 by the bacteria, as well. 
Clinically, it indicates that, like CRP, also PTX3 can potentially be used 
as a marker for serious bacterial infections. Thus, while we have devel-
oped efficient means to combat bacterial infections with pentraxins 
and complement, the microbes also have devised ways to counteract 
the attack.

3.3 | Interaction with anti- microbial proteins

As already outlined in this review, the capacity of PTX3 to interact 
with several ligands supports the multi- functionality of this long 
pentraxin.3 Proteomic analysis of PTX3 complexes from the blood 
of septic patients confirmed the interaction of PTX3 with a series of 
complement components and extracellular matrix proteins.95 This 
analysis also revealed that PTX3 forms complexes with some of the 
bactericidal proteins associated with neutrophil extracellular traps 
(NETs), namely azurocidin 1 (AZU1) and myeloperoxidase (MPO). A 
calcium- dependent and high- affinity binding (Kd 22±7.6 nM) has been 
confirmed between AZU1 and PTX3, which involves in particular the 
N- terminal PTX3 domain. NETs are mesh- like structures, composed 
of DNA, histones, and microbicidal proteins, produced by neutrophils 
through a distinct apoptosis pathway called NETosis.96–98 Taking into 
account the fact that PTX3 is one of the NETs components,6,99 this 
observation implies that the interplay of PTX3 and NETs proteins 
might have some host- protective roles against sepsis. Co- localization 
of AZU1- PTX3 and MPO- PTX3 in NETs has been observed.95,100 
AZU1 has broad bactericidal activity toward Gram- positive and Gram- 
negative bacteria and Candida albicans, likely due to its cationic and 
hydrophobic nature.101,102 The major bactericidal activity of MPO is 
to catalyze the production of hypochlorous acid (HOCl), which is toxic 
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to microbes, in the presence of hydrogen peroxide (H2O2) and chlo-
ride ions.103 This evidence strongly suggests an involvement of PTX3 
in these bactericidal activities. It is, however, yet to be understood 
whether and how PTX3 modulates AZU1-  and/or MPO- mediated 
bacterial killing.

Extracellular histones have emerged as new players that affect 
mortality for sepsis.104 In addition to cytotoxicity on endothelial cells, 
in vivo analysis revealed that they help the recruitment of neutrophils 
and contribute to intra- alveolar hemorrhage, vascular thrombosis, 
platelet aggregation, and thrombocytopenia.104,105 Thus, they are re-
garded as new targets for both diagnosis and treatment of sepsis. The 
proteomic analysis described above identified extracellular histones as 
new ligands of PTX3,95 and a direct interaction between PTX3 and 
histone H1 has been reported.25,26 In addition, the PTX3–histones in-
teraction has novel functional implication in the fatal sepsis.26 In this 
respect, in vitro studies showed that PTX3 suppresses the extracellular 
histones- mediated cytotoxicity on endothelial cells. Of note, PTX3–
histones interaction induced their aggregation through the loss of sec-
ondary structure. In vivo studies revealed that the administration of 
PTX3 suppresses the mortality caused by histones infusion in a murine 
model of sepsis. The N- terminal domain of PTX3 recapitulates the full 
length protein’s activity both in vitro and in vivo. Taken together, this 
study indicates that PTX3 might participate in the dampening of ex-
tracellular histones- mediated cytotoxicity in sepsis. Therefore, circu-
lating levels of PTX3- histone complexes might reflect the severity of 
sepsis. Thus, an understanding of the molecular mechanism underlying 
PTX3- histones aggregation might pave the ground to new therapeutic 
strategies for sepsis targeting extracellular histones.

4  | EXPLOITATION BY MICROBES

Although the results presented above demonstrated the protective 
role of PTX3 during microbial invasion, in specific contexts, PTX3 
may promote immunopathology. As already mentioned, in a model 
of K. pneumoniae infection, PTX3 overexpression played a dual role 
depending on the bacterial load. PTX3 overexpressing transgenic mice 
showed increased mortality, reduced neutrophil infiltration in lungs, 
and increased bacterial dissemination compared with wildtype ani-
mals upon infection with high bacterial load.18 In contrast, PTX3 over-
expression conferred protection to lower K. pneumoniae pulmonary 
inocula, by favoring a moderately increased inflammatory response in 
the lungs and bacterial phagocytosis.18 Accordingly, PTX3 was shown 
to interact with the outer membrane protein A of K. pneumoniae 
(KpOmpA) and amplify the TLR2- dependent inflammatory response 
induced upon KpOmpA recognition by scavenger receptors LOX- 1 
and SREC- I.106 These results highlight the importance of balanced 
inflammatory responses in innate resistance to K. pneumoniae and in 
the prevention of immunopathology (Fig. 2).

PTX3 has been proposed to play a role in defense against some 
viruses, such as human and murine cytomegalovirus (CMV) and influ-
enza A virus [IAV (39, 107)]. The protective role of PTX3 was due to 
the binding to human and murine CMV, which reduced viral entry into 

DCs and played a protective role against primary CMV infection and 
reactivation in mice.107 PTX3 also recognized specific strains of the 
H3N2 subtype IAV via the interaction between the sialic acid residue 
on its glycosidic moiety and hemagglutinin (HA) and neuraminidase 
glycoproteins present on the viral envelope, acting as a “receptor 
decoy” for the virus and preventing viral spread and infection by spe-
cific IAV strains.39 In contrast, PTX3 did not show anti- viral activities 
toward seasonal or pandemic H1N1 IAV or other H3N2 strains due to 
amino acid substitutions in the viral HA sequence, which abolished the 
interaction with PTX3 and its viral neutralizing activity.108,109

In contrast with these data, the interaction of PTX3 with arthri-
togenic alphaviruses, namely with chikungunya virus and Ross River 
virus (RRV), was shown to promote the early viral entry and replica-
tion in host cells.21,110 During the acute phase of alphavirus infection, 
the expression of PTX3 increased both in patients and experimental 
animals and was associated with an enhanced viral load and severity 
of the disease. Furthermore, PTX3 deficiency was associated with de-
layed disease progression and fast recovery, reduced inflammatory re-
sponses, and viral replication.21 Even if the cellular receptors involved 
in the entrance of alphaviruses are still poorly defined, the aggregates 
formed between RRV and PTX3 may promote more efficient multiva-
lent binding to cell surface receptor/s for RRV, thereby promoting en-
hanced receptor- mediated endocytosis and viral entry. Alternatively, 
PTX3 may opsonize RRV and promote its uptake via putative cell sur-
face receptors for PTX3. The role of PTX3 in the pathogenesis of these 
viral infections is in line with recent evidence showing that alphavirus- 
induced diseases can be exacerbated by overexpression of C3 and 
MBL.111 It also highlights the potential contribution of humoral innate 
immunity and complement in the pathogenesis of alphaviral disease.

5  | REGULATION OF INFLAMMATION AND 
TISSUE DAMAGE

Given the production of PTX3 by myeloid cells in response to primary 
inflammatory cytokines, it is expected that the protein, similarly to 
the other members of the pentraxin family, plays a role in the regula-
tion of inflammation. As outlined above, PTX3 regulates complement 
activation and, in some context, it can directly affect the production 
of proinflammatory mediators, as shown for instance in the model of 
infection with K. pneumoniae in PTX3- overexpressing mice. In addi-
tion, PTX3 amplification of the proinflammatory response induced by 
KpOmpA is complement dependent and is abrogated by treatment 
with complement inhibitors.112

PTX3 can affect cell recruitment at inflamed sites through the in-
teraction with the adhesion molecule P- selectin. A dose- dependent 
and saturable binding of PTX3 to P- selectin, but not to E-  and L- 
selectin, has been observed, an interaction essentially mediated by 
the sialylated N- linked glycosidic moiety of PTX3.36 Intra- vital mi-
croscopy of thrombin- stimulated mesenteric venules, a model of P- 
selectin- dependent rolling, shows that ptx3−/− mice had significantly 
more rolling interactions than wildtype mice, and PTX3 administra-
tion to wildtype vessels significantly and consistently attenuated 
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the frequency of rolling interactions. This suggests that through the 
binding with P- selectin, PTX3 limits early neutrophil recruitment in 
response to inflammatory stimuli. In agreement, ptx3−/− mice show 
greater neutrophil recruitment in a model of pleurisy, in acute lung in-
jury, and in ischemia/reperfusion- induced kidney damage.36,113 Based 
on these data, PTX3 has been proposed as a negative feedback mech-
anism regulating PMN recruitment in inflamed tissues.

Recent observations demonstrate that PTX3 plays a non- 
redundant role in the normal wound- healing processes.5 Different 
models of tissue damage were analyzed in ptx3−/− mice, including skin 
wound healing, sterile liver and lung injury, and arterial thrombosis. In 
all cases, lack of PTX3 is associated with increased fibrin deposition 
and persistence, and higher clot formation. Ptx3−/− macrophages show 
a defective pericellular fibrinolysis in vitro and defective directional 
migration in the provisional fibrin- rich inflammatory matrix in vivo. 
The phenotype of ptx3−/− mice is attributed to the interaction of PTX3 
with fibrin and plasminogen at acidic pH, an interaction essentially 
mediated by the PTX3 N- terminal domain. Administration of inhibi-
tors of fibrin deposition and platelet activation rescued the phenotype 
of ptx3−/− mice, thus demonstrating that alteration in the fibrinolytic 
response to injury is responsible for the defective wound healing. The 
results obtained so far suggest that, by interacting with the provisional 
matrix protein fibrin, PTX3 contributes to the orchestration of tissue 
repair and remodeling. The acidic pH, which occurs during tissue injury 
and repair,114 is likely to act as a switch on signal that set PTX3 in a 
tissue repair mode and the pH dependency of PTX3 binding to fibrin 
and plasminogen ensures that the interaction does not occur in the 
circulation but rather at sites of tissue repair.

A role for PTX3 is described in different models of ischemia and 
reperfusion. In a model of postischemic renal injury, ptx3−/− mice 
showed increased tissue damage and administration of recombinant 
protein exerted a protective effect, with enhanced recovery, suppres-
sion of glomerulal sclerosis, and inhibition of interstitial fibrosis.113,115 
Interaction between PTX3 and P- selectin also plays a role in this 
model. In fact, the increased postischemic leukocyte recruitment ob-
served after renal injury in ptx3−/− mice was completely abrogated by 
treatment with a neutralizing antibody against P- selectin.113 On the 
contrary, in a model of intestinal ischemia and reperfusion, the ab-
sence of PTX3 was associated with lower inflammation and lethality.19

PTX3 is also associated with inflammation in acute myocardial 
infarction (AMI). In humans as well as in mice, PTX3 is rapidly pro-
duced during acute myocardial ischemia and ptx3−/− mice have higher 
no- reflow area, increased neutrophil infiltration, decreased number 
of capillaries, and increased number of apoptotic cardiomyocytes. 
In addition, higher C3 deposition was observed in lesional tissue.116 
Higher aortic lesions and a more pronounced inflammatory profile are 
observed in a model of atherosclerosis in mice deficient for apolipo-
protein E and PTX3.117 In addition, in a murine model of myocarditis, 
induced by infection with coxsackievirus B3, PTX3 deficiency is as-
sociated with increased heart injury and cardiomyocyte apoptosis.118 
The mechanisms of the protective role exerted by PTX3 are still de-
bated, it is known that PTX3 does not exert a direct antiviral effect, 
but rather could facilitate the clearance of dead or dying cells. As a 

matter of fact, PTX3 binds apoptotic cells, enhancing C1q binding 
and complement- mediated clearance of the apoptotic debris.37,119 
In a murine model of seizure- induced degeneration, a reduced num-
ber of dying neurons (apoptotic and/or necrotic) was observed in 
wildtype compared with ptx3−/− mice, suggesting that PTX3, through 
the binding with apoptotic cells, could exert a protective role in dam-
aged tissues.120 Several studies have shown that efficient apoptosis 
inhibits the inflammatory response and reduces the development of 
atherosclerosis; therefore, the capacity of PTX3 to affect engulfment 
of apoptotic cells could likely represent an additional mechanism of 
regulation of inflammation.

In a model of cerebral ischemia induced by transient middle cerebral 
artery occlusion, PTX3 deficiency was associated with impaired glial 
scar formation and alterations in scar- associated extracellular matrix 
production. Ptx3−/− mice also have defective resolution of brain edema, 
suggesting that PTX3 might support integrity of the brain–blood bar-
rier.121 Other examples of dual functions of PTX3 emerged recently. 
In a model of ventilator- induced lung injury,122 PTX3 overexpression 
resulted in increased inflammatory response and PTX3 has been found 
able to induce endothelial dysfunction inhibiting vasorelaxation induced 
by acetylcholine. Overall, it emerged that PTX3 can affect vascular re-
sistance, inducing morphological changes in endothelial cells.24 Thus, in 
the context of reperfusion and injury, PTX3 could exert dual opposite 
roles, being protective or deleterious depending on tissue district.

It is generally accepted that inflammation, whether sustained 
by infections or inflammatory conditions of diverse origins, plays an 
essential role in tumor development. Thus, it is expected that PTX3, 
as regulator if inflammation, could play a role in cancer. The role of 
PTX3 in tumor development was analyzed taking advantage of ptx3−/− 
mice in different models of chemical carcinogenesis. PTX3 deficiency 
causes increased susceptibility to mesenchymal and epithelial car-
cinogenesis in the models of 3- Methylcholanthrene (3- MCA)- induced 
carcinogenesis and 7,12- dimethylbenz [α] anthracene/terephtalic 
acid (DMBA/TPA)- induced skin carcinogenesis.12 PTX3- deficiency 
is associated with an exacerbated inflammation, as revealed by en-
hanced levels of tumor- associated macrophages, higher production 
of pro- inflammatory cytokines, increased DNA damage, higher angio-
genesis, and C3 deposition. In this context, increased inflammation is 
potentially a cause of genetic instability, as suggested by increased 
Trp53 mutations and oxidative DNA damage.123 PTX3 regulation of 
C3 deposition on tumor cells occurs through recruitment of the nega-
tive complement regulator FH, suggesting that unleashed complement 
activation observed in Ptx3−/− mice plays a crucial role in promotion of 
an inflammatory, pro- tumoral microenvironment.

In humans, PTX3 expression is increased in different cancers, includ-
ing glioma, lung cancer, liposarcoma, prostate and pancreatic carcinoma, 
and breast cancer.124–128 PTX3 gene polymorphisms are associated 
with circulating levels of the protein and risk to develop hepatocellular 
carcinoma in subjects infected with hepatitis C virus.129 In a cohort of 
ovarian cancer patients, gene expression profile evidences PTX3 gene 
expression in a stromal signature associated to poor prognosis.130

Epigenetic regulation of PTX3 expression has been characterized in 
human cancer. In esophageal squamous cell carcinoma, PTX3 promoter 
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is hypermethylated, with consequent reduction of PTX3 expression.131 
A similar hypermethylation of PTX3 promoter is reported for colorec-
tal cancer (CRC; File: GSM801957 in the Epigenomics database http://
www.ncbi.nlm.nih.gov/epigenomics). In a series of mesenchymal and 
epithelial cancers, as leyomiosarcomas, desmoid tumors, CRC, the 
PTX3 promoter and a regulatory region are highly methylated, in con-
trast with normal mesenchymal or epithelial tissues.12 The analysis of 
these regulatory regions of PTX3 gene indicates that methylation pro-
gressively increases from normal colon epithelium, to adenomas and to 
CRC, inducing in parallel PTX3 gene silencing.12 Taken together these 
data suggest that PTX3 acts as an extrinsic oncosuppressor gene in 
mouse and man, representing an example of the connection between 
inflammation and cancer perceived in the last years.132–135

Beside the role as oncosuppressor, few reports outline a pro- 
tumoral role of PTX3. In gastric cancer and head and neck tumors, 
PTX3 promotes tumor cell migration and invasion,136–138 while in 
human glioma, the protein sustains tumor cell proliferation.139 In ad-
dition, in gastric cancer, PTX3 silencing suppresses cancer- related in-
flammation. These contrasting results suggest that further studies will 
be necessary to define the real significance of PTX3 in the regulation 
of tumor- associated inflammation.

More in general, PTX3 could exert opposite roles in different con-
texts, being essentially protective against bacterial infections, where it 
exerts antibody- like functions, promoting complement activation and 
opsonization. On the contrary, following tissue damage, protective or 
deleterious roles are described, depending on the tissue district and 
the overall inflammation.

6  | PTX3 AS DIAGNOSTIC/PROGNOSTIC 
MARKER DURING INFLAMMATION AND 
INFECTION

PTX3 is an acute phase protein and its plasmatic levels increase rap-
idly (peak at 6–8 hours) from a basal value of approximately 2 ng/mL 
in healthy subjects, to as much as hundreds of nanograms in inflam-
matory conditions. The production of PTX3 by different cell types 
guarantees a local effect of the molecule, this representing a main dif-
ference with the cognate protein CRP, produced essentially systemi-
cally by the liver. Led by the production induced by pro- inflammatory 
cytokines and TLR engagement, ongoing efforts have the purpose to 
investigate whether PTX3 could represent a novel marker of infec-
tious or inflammatory diseases, complementary to CRP.

A first study published in 2000 reported a rapid increase of PTX3 
plasma levels in patients with AMI and described for the first time the 
correlation between PTX3 levels and severity of disease, proposing 
that PTX3 could be a predictor of mortality.140 This initial observation 
was extended in a large cohort of patients with AMI, where it emerged 
as the only independent predictor of mortality within 3 months from 
the acute event.141 In addition, PTX3 levels were associated with 
adverse cardiovascular outcomes and risk of cardiac events in pa-
tients with heart failure.142–145 In addition, multiple studies have re-
ported increased PTX3 plasma levels in chronic kidney disease and 

hemodialysis patients, where it appears to be a promising biomarker of 
disease.146–151 From the analysis of large cohorts of patients emerged 
that high systemic PTX3 levels are associated with increased risk of 
cardiovascular morbidity and mortality,147,148,152–154 providing further 
insights into the role of inflammation in these pathological conditions.

In the context of infections, similar results on PTX3 association 
with disease severity are reported. In a small cohort of 101 consecu-
tive critically ill patients admitted to the intensive care unit (ICU) with 
systemic inflammatory response syndrome (SIRS), sepsis, or septic 
shock, PTX3 plasma levels were elevated, with a gradient from SIRS to 
septic shock, reflecting the severity of disease and acting as predictor 
of mortality.155 Several studies confirmed this original observation. A 
Danish study on 261 consecutive patients admitted to ICU for SIRS re-
ported higher levels of PTX3 associated with the development of sep-
sis, severe sepsis, and septic shock. Higher PTX3 levels correlated with 
SAPS2 score and patients with high PTX3 levels at admission have 
higher 90- day mortality than patients with lower levels.156 In addition, 
a study on more than 500 patients demonstrates that a high PTX3 
level on hospital admission predicts severe sepsis and case fatality in 
patients with suspected infection.157 In 132 adult patients admitted 
to ICU with positive blood culture for the most common causative 
organisms in community- acquired bacteremia (Staphylococcus aureus, 
Streptococcus pneumoniae, b- hemolytic streptococci, or E. coli), maxi-
mum PTX3 values on days 1–4 were observed in non- survivors, while 
in this cohort CRP levels were not predictive of mortality.94 In a pro-
spective study on 90 patients admitted to three general ICUs for se-
vere sepsis or septic shock, persisting high levels of circulating PTX3 
over the first days from sepsis onset are associated with mortality.158 
A “sepsis- like” syndrome is observed in the absence of infections after 
cardiopulmonary resuscitation. The systemic inflammatory response 
observed after a condition of total body ischemia and reperfusion is 
characterized by deregulated cytokines production, presence of endo-
toxin in plasma and coagulation abnormalities. In these patients, PTX3 
plasma levels are markedly elevated and are associated with higher 
risk of multiple organ dysfunction syndrome.159 Overall, these data 
indicate that measurement of PTX3 in the course of a systemic in-
flammatory response may improve patient risk assessment and thus 
be useful in guiding subsequent therapeutic interventions.

Several studies address the role of PTX3 as marker in infections. 
PTX3 plasma levels were investigated in patients with Dengue virus in-
fections, pulmonary tuberculosis (TB), leptospirosis, and meningococ-
cal disease.160–163 In patients suffering from Dengue shock syndrome, 
PTX3 levels were higher compared to levels found in patients with 
Dengue fever and Dengue hemorrhagic fever, indicating that PTX3 is 
a marker of infection better than CRP, that is not associated to disease 
severity.161 In a group of 220 newly diagnosed TB patients, PTX3 levels 
were higher than levels in healthy household controls and community 
controls. At the end of the therapeutic protocol, subject responsive 
to therapy presented a significant reduction of PTX3 levels, while in 
patients with treatment failure, PTX3 levels increased further. In addi-
tion, plasma PTX3 levels increased in five previously healthy controls 
developing TB during the follow- up,160 suggesting that measurement 
of this protein may help the monitoring of disease activity and efficacy 
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of therapy. High levels of PTX3 are associated to severity of disease 
and mortality in patients with severe leptospirosis.163 The list of infec-
tions showing an increase in PTX3 levels includes pulmonary asper-
gillosis, where levels in pediatric patients can monitor the response to 
antifungal therapy.164 Local production of PTX3 can be measured in 
bronchoalveolar lavage (BAL) where it predicts pneumonia in critically 
ill, intubated patients165, and in urine of patients with urinary tract in-
fections caused by UPEC,14 where it correlates with disease severity. 
High PTX3 levels observed in patients with necrotizing soft tissue in-
fections (NSTI) at time of admission were associated with septic shock, 
renal replacement therapy, amputation, and risk of death.166

Several studies have analyzed single- nucleotide polymorphisms 
(SNPs) in the PTX3 gene. Among the 22 SNPs spanning approximately 
25 kb on chromosome 3, three SNPs resulted to be associated with sus-
ceptibility to infections. Two of the three SNPs are located in the non- 
coding region and one, exonic, causes a single amino acid substitution in 
position 48 (D/A). A first study by Olesen et al.167 reported the associa-
tion of a particular PTX3 haplotype with the risk of TB in West Africa. In 
cystic fibrosis patients, PTX3 haplotype frequencies were significantly 
different between subjects with P. aeruginosa colonization, as compared 
with non- colonized patients.168 PTX3 variants are associated with 
susceptibility to invasive aspergillosis in patients undergoing hemato-
poietic stem- cell transplantation,17 to fungal infections in solid organ 
transplanted patients,169 to urinary tract infections,14 to meningococ-
cal disease (Sprong T, Barbati E and Bottazzi B, unpublished). Analysis 
of the molecular consequences of the different haplotypes suggested 
that the one determining higher susceptibility to invasive aspergillosis is 
associated with lower stability of PTX3 mRNA, thus determining lower 
levels of the protein.17,170 This observation pave the way to a possible 
prophylactic and therapeutic use of PTX3 in infectious disorders.

7  | CONCLUDING REMARKS

The humoral arm of innate immunity is generally depicted as a col-
lection of weird molecules belonging to different molecular classes 
(ficolins; collectins; complement components).3 Pentraxins and PTX3, 
in particular, are part of this complex system of fluid phase PRMs. 
Fluid phase PRMs interact and synergize in microbial recognition 
and disposal as illustrated by PTX3 and ficolins and MBL.59,171,172 
In general, one can view fluid phase PRMs as evolutionarily ancient, 
antibody- like molecules. As antibodies do, PTX3 and in general fluid 
phase PRMs have a regulatory function on inflammation. Given the 
recent discovery that PTX3 acts as an extrinsic oncosuppressor in 
murine and selected human tumors, the role of humoral innate immu-
nity in tumor progression needs to be investigated. The new vistas on 
humoral innate immunity, and PTX3 in particular, may pave the way to 
diagnostic and therapeutic translational efforts.17,173,174
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