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Abstract

The innate immune system comprises both a cellular and a humoral arm. Neutrophils are key
effector cells of the immune and inflammatory responses and have emerged as a major source of
humoral pattern recognition molecules (PRMs). These molecules, which include collectins,
ficolins, and pentraxins, are specialized in the discrimination of self versus non-self and modified-
self and share basic multifunctional properties including recognition and opsonisation of
pathogens and apoptotic cells, activation and regulation of the complement cascade and tuning of
inflammation. Neutrophils act as a reservoir of ready-made soluble PRMs, such as the long
pentraxin PTX3, the peptidoglycan recognition protein PGRP-S, properdin and M-ficolin, which
are stored in neutrophil granules and are involved in neutrophil effector functions. In addition,
other soluble PRMs, such as members of the collectin family, are not expressed in neutrophils but
can modulate neutrophil-dependent immune responses. Therefore, soluble PRMs are an essential
part of the innate immune response and retain antibody-like effector functions. Here, we will
review the expression and general function of soluble PRMs, focusing our attention on molecules
involved in neutrophil effector functions.
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1 Introduction

The immune system of mammalians is composed by innate and the adaptive arms. The

adaptive immune system is more recent in terms of evolution and its activation requires a set
of specific receptors encoded by genes undergoing rearrangement. This system provides the
basis for the immunological memory. The innate immune system constitutes the first line of
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defence against infections and is required for a correct activation of the adaptive immune
response. The innate immune system, which is composed by a cellular and a humoral arm,
uses a set of germline-encoded molecules involved in the discrimination of self versus non-
self and modified-self [1, 2].

The innate immunity receptors have been called pattern recognition molecules (PRMs) since
they recognize motifs expressed by microorganisms and called pathogen associated
molecular patterns (PAMP). In addition, PRMs can recognize a set of motifs expressed by
dying cells (i.e. apoptotic cell-associated motifs (ACAMP)) and a set of alarmins, such as
endogenous molecules released by necrotic cells (e.g. HMGBL1) [3]. Based on their
localisation, PRMs have been divided between cell-associated PRMs and soluble PRMs
(Fig. 1). Cell-associated PRMs include endocytic receptors, such as scavenger receptors, and
signalling receptors, which can be both membrane-associated (e.g. Toll like receptors
(TLRs)) or cytoplasmic molecules (e.g. RNA helicases, such as melanoma differentiation-
associated gene 5 (MDADS) and retinoic acid-inducible gene | (RIG-1), and nucleotide-
binding oligomerization domain (NOD)-like receptors (NLRs)) (Fig. 1) [3]. Fluid phase
PRMs are heterogeneous in terms of structure, expression and specificity and include
collectins, ficolins and pentraxins [1]. These molecules are essential in the activation,
regulation and effector functions of innate and adaptive immunity and are considered
functional ancestor of antibodies (Table 1) [1].

Neutrophils are essential innate immune cells and the life-threatening condition of people
with neutropenia or with abnormalities in neutrophil functions underlines their role in
immunity and defence against pathogens [4, 5]. In addition to their involvement during the
acute phase of inflammation and to eliminate pathogens, neutrophils can produce cytokines,
chemokines and express an important number of both cell-associated and soluble PRMs
implicated in the activation and regulation of the innate and adaptive immune responses [4,
6-9]. Cell-associated PRMs in neutrophils include receptors on the plasma membrane, in
particular all TLRs with the exception of TLRs 3 and 7 and receptors of the C-type lectin
family, such as Dectin-1, CLEC2 and CLECA4E, and receptors found in the cytoplasmic
compartment, in particular NOD-1, RIG1, MDAS and the DNA sensor interferon-inducible
protein 16 (IFI116) [8, 10, 11]. All these receptors are involved in the activation and
modulation of neutrophil effector functions (e.g. phagocytosis, expression of cytokines and
chemokines, production of antimicrobial peptides and reactive oxygen species, and
formation of neutrophil extracellular traps (NETS) [8, 11].

Here we will review key soluble PRMs produced by neutrophils, describing their expression,
their structures and their roles in immunity, inflammation and neutrophil-dependent
responses.

2 Soluble pattern recognition molecules in neutrophils

2.1 Collectins

2.1.1 Structure and expression—Collectins are oligomeric proteins where subunits
are composed by three identical polypeptide chains. The degree of multimerization varies
among collectins and can significantly affect protein functions [12]. The protomer of each
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molecule consists of a globular C-terminal carbohydrate recognition domain (CRD) linked
to a collagen-like region through an alpha-helical hydrophobic neck region composed by 24
to 28 amino acids and a N-terminal region composed by 7 to 28 amino acids [13]. The
collagen-like region is composed by n repetitions of the triplet Gly-Xaa-Yaa (Xaa and Yaa
are mostly proline or hydroxyproline) and is involved in the stability of the molecule and the
formation of triple helices, which is also stabilized by the neck region. Multimerization of
the triple polypeptide chains is supported by hydrophobic interactions and stabilized by
interchain disulphide bonds [1]. Mannose-binding lectin (MBL) and surfactant protein (SP)-
A are formed by octadecamers of six trimeric subunits and have a polarized bouquet-like
structure, whereas SP-D, conglutinin and collectin (CL)-46 are formed by dodecamers of
four trimeric subunits and have a cruciform-like structure [1, 12]. Based on structure and
function similarities, the complement component C1q was related to this family.

To date, six secreted collectins have been reported: in addition to the well-characterized
classical collectins MBL, SP-A and SP-D, CL-43 and CL-46 have been described only in
bovidae [12]. MBL is mainly produced by the liver and found in serum whereas SP-A and
SP-D are mainly expressed in the lungs by alveolar type 11 cells [14].

2.1.2 Role of collectins in innate immunity and in neutrophil-dependent
immunity—Collectins have the capacity to interact with carbohydrates and lipids exposed
on pathogen surfaces (i.e. bacteria, fungi, viruses and parasites). For instance, collectins
interact with bacterial PAMP, such as lipopolysaccharide (LPS) from gram-negative bacteria,
lipotechoic acid (LTA) from Bacillus subtilis and peptitoglycan from Staphylococcus aureus
[12, 15]. The recognition of pathogens by collectins was shown to be protective for the host
and to be associated with the induction of an appropriate immune response. For instance,
collectins have opsonic activity, enhancing phagocytosis of pathogens, and the capacity to
activate the lectin pathway of the complement system, leading to the formation of the
membrane attack complex on microbial surfaces [14, 16].

Despite that the expression of collectins has not been reported in neutrophils, these
molecules play a fundamental role in innate immunity and were involved in neutrophil-
dependent immune response. For instance, MBL, together with MBL-associated serine
proteases (MASP), activates the complement system and facilitates C3/C4-mediated
phagocytosis of yeasts by neutrophils [17]. Interestingly, the deposition of C3 and C4 and
opsonophagocytosis of Candida albicans by neutrophils mediated by MBL can be enhanced
by the presence of the long pentraxin PTX3, likely due to a MBL-pentraxin heterocomplex
on the pathogen surface and a cooperation between the lectin and classical complement
pathways [18]. In addition, recent data have suggested that MBL can also amplify the
phagocytosis of yeast by neutrophils in a mechanism coupled with a Dectin-1-triggered ROS
production [19]. SP-A and SP-D were also shown to increase neutrophil phagocytosis of
pathogens, through a mechanism that involved aggregation of microbes [20]. Interestingly,
proteases produced by Staphylococcus aureus can degrade SP-A, leading to the abolishment
of SP-A biological activity, including the promotion of S. aureus phagocytosis by
neutrophils [21]. Finally, it has been suggested that SP-D can promote neutrophil-
extracellular trap (NET)-mediated bacterial trapping [22]. NETs are an extracellular
fibrillary network released by activated neutrophils composed by DNA, histones and
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decorated by a set of proteins from neutrophil granules (e.g. myeloperoxidase (MPO),
neutrophil elastase (NE), PTX3) [8, 23]. These structures have the capacity to trap microbes
and to favour their elimination [8]. Interestingly, SP-D, which is not produced by
neutrophils, can bind simultaneously to carbohydrate ligands found on pathogen surfaces
and to NET DNA fragments, leading to efficient trapping of agglutinated bacteria [22].

2.2 Ficolins

2.2.1 Structure and expression—~Ficolins are lectin proteins identified in vertebrates
with a general structure resembling to that of collectins [1]. Ficolins are oligomeric proteins
assembled from a protomer with a collagen-like domain and a C-terminal fibrinogen-like
domain involved in the recognition of pathogens. The oligomeric structure is supported by
the crosslinking of three monomer subunits through hydrophobic interactions [24]. The
globular organization of the fibrinogen-like domain is similar to the CRD of collectins [1].
To date, three members have been identified in human. M-ficolin (also called Ficolin-1), L-
ficolin (also called Ficolin-2) and H-ficolin (also called Hakata antigen or Ficolin-3) [25]. L-
ficolin is a serum protein mainly produced in the liver and for which the proposed structure
is a dodecamers of 35-kDa subunits [26]. H-ficolin is also a serum protein mainly expressed
in the liver but also by ciliated bronchial epithelial cells and type Il alveolar epithelial cells
[27]. An octadecameric structure consisting of a hexamer of trimers was proposed for H-
ficolin [1]. M-ficolin was originally identified as a membrane protein on granulocytes and
circulating monocytes [28]. Subsequently, M-ficolin was identified as secreted protein
expressed in neutrophils, monocytes, macrophages and type 11 alveolar epithelial cells and
found in serum [29].

Two ficolins (i.e. M-ficolin and L-ficolin) have been identified in mouse and pig and one
ficolin has been identified in the horseshoe crab 7achypleus tridentatus [29].

2.2.2 Role of ficolins in innate immunity and in neutrophil-dependent
immunity—Ficolins recognize carbohydrates through their fibrinogen-like domain. For
instance, GICNAc is recognized by L-ficolin, H-ficolin, M-ficolin and GalNAc is recognized
by H-ficolin, and M-ficolin. Other microbial ligands interact with ficolins, such as
lipoteichoic acid and B-(1,3)-D-glucan with L-ficolin and lipopolysaccharide with H-ficolin
[27, 30, 31].

Ficolins belong to the humoral arm of innate immunity, playing a role in innate defence
against invading pathogens, via mechanisms of opsonophagocytosis and the activation of the
complement lectin pathway [27, 29]. For instance, L-ficolin interacts with fungi (e.g.
Aspergillus fumigatus), gram-negative bacteria (e.g. Salmonella typhimurium and
Pseudomonas aeruginosd), and gram-positive bacteria (e.g. S. aureus), leading to increased
clearance of pathogens by phagocytes, including neutrophils [29, 32, 33]. L-ficolin was
shown to interact also with Mycobacterium tuberculosis, reduce the infectivity in human
lung cells and increase the elimination of the pathogen by opsonophagocytosis [34]. M-
ficolin and H-ficolin can also interact with gram-negative bacteria (e.g. Salmonella
minnesota, Escherichia spp) and gram-positive bacteria (e.g. S. aureus for M-ficolin and
Aerococcus viridans for H-ficolin) [29]. In addition to bacteria, ficolins interact with viruses
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and can have anti-viral effects (e.g. inhibition of viral infectivity and hemagglutination) [29,
35, 36].

Neutrophil precursors (myelocytes, metamyelocytes, and band cells) express the mRNA for
M-ficolin and, in accordance with the targeting-by-timing hypothesis (i.e. the time of
biosynthesis determines the protein content into distinct neutrophil granules), the protein
was found in gelatinase granules and in highly mobilizable gelatinase-poor granules [37,
38]. Therefore, M-ficolin is secreted by neutrophils after stimulation with PMA or fMLF
and detected on the surface membrane [37, 39]. In addition, M-ficolin was identified in the
phagosome skeleton of neutrophils [40]. Subsequently, the mechanism of binding of M-
ficolin to the neutrophil surface has been related to its capacity to interact with the main
membrane sialoprotein of neutrophils, leukosialin, also called CD43 [41]. Interestingly, the
binding of M-ficolin to resting neutrophils was shown to trigger cell functions described
with an anti-CD43 monoclonal antibody (i.e. cell polarization, aggregation and adhesion)
and to induce the activation of complement, likely through the lectin pathway, resulting in
C3d deposition on the cell membrane [41]. Mouse M-ficolin is also expressed and stored in
immature granulocytes [42, 43]. Interestingly, native mouse M-ficolin isolated from
neutrophil lysates or supernatants activates the complement lectin pathway [42]. As
observed for the human orthologue, mouse L-ficolin interacts with A. fumigatus, leading to
increased pathogen phagocytosis by neutrophils and modulation of neutrophil-associated
inflammatory response [44].

2.3 Properdin

2.3.1 Structure and expression—~Properdin is a highly positively charged
glycoprotein found in the plasma. The molecule exists as dimers, trimers and tetramers,
which are formed by a head-to-tail interaction of monomers [45, 46]. Each monomer is
composed by 442 amino acids and contains a repetition of seven thrombospondin type |
repeats involved in the stabilization of the interaction between properdin and ligands [47].

Properdin is a protein of the complement system. In contrast with most other complement
molecules, which are produced in the liver, properdin has different production sites. For
instance, primary monocytes, dendritic cells, T cells, mast cells, endothelial cells and
adipocytes were shown to constitutively produce properdin [47, 48]. In addition, properdin is
stored in neutrophil secondary granules and released upon stimulation by chemotactic and
inflammatory agonists, such as TNF-a, C5a, CXCL8 or fMLF [49].

2.3.2 Role of Properdin in innate immunity and in neutrophil-dependent
immunity—When discovered, properdin was first proposed to be an initiator of the
alternative pathway of the complement system [50]. In contrast with the classical and lectin
pathways, which are initiated following the recognition of structures by antibodies or
specialised receptors, the alternative pathway is initiated in the fluid-phase by spontaneous
hydrolysis of the central protein of the complement system, C3 to C3(H,0) [51, 52]. Then,
C3(H,0) binds to factor B, leading to the formation of an unstable fluid phase C3 convertase
C3(H,0)Bb which cleaves C3 into C3a and C3b and propagates further complement
activation [52]. Properdin interacts with the formal C3 convertase C3bBb and extends
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considerably its half-life (5 to 10 fold), leading to an amplification loop of C3b formation
and deposition on surfaces [47].

Properdin can bind to a variety of cell surfaces and acts as a pattern recognition molecule
activating the complement system. Indeed, the binding of properdin to Bioacore sensor chips
provides a focal point for the association of C3b with factor B on a surface and the
formation of C3bBb [53]. In addition, another model proposed that properdin can serve as a
stabilizer of preformed C3 convertase by interaction with C3b on target surfaces [52].
However, the presence of properdin might be not necessary for the activation of the
alternative pathway on specific surfaces [52].

Properdin was proposed to interact with non-self ligands, such as zymosan, Neisseria
gonorrhoeae, rabbit erythrocytes and some strains of £. coli, and modified-self ligands, such
as apoptotic cells and necrotic cells [54, 55]. In line with the mechanisms described above,
properdin might serve as a focal point for local amplification of the alternative pathway on
microbes [47, 54, 55] or might be recruited on initially deposited C3b [56].

In human, properdin deficiency was associated with increased susceptibility to
meningococcal disease [57]. Interestingly, administration of recombinant properdin in mice
showed therapeutic activity against Streptococcus pneumoniae and Neisseria meningitidis
infections, suggesting new opportunities for fighting infections caused by multidrug-
resistant strains. [58]. It is important to note that properdin was also involved in
complement-dependent autoimmune disorders [52]. For instance, properdin deficiency was
associated with a protective effect in models of arthritis induced by K/BxN serum transfer
and zymosan [59, 60].

As mentioned above, properdin is stored in neutrophil granules and released upon
stimulation [49]. Interestingly, a tissue-specific deletion of properdin gene in myeloid
lineage cells showed more than 95% reduction of properdin in plasma, suggesting that
neutrophils might be the major source of circulating properdin [61]. Besides its role in
protecting the host against infections, the expression of properdin by neutrophils was also
related to neutrophil-mediated diseases (e.g. anti-neutrophil cytoplasmic antibody (ANCA)-
mediated glomerulonephritis). In human, the binding of ANCA on neutrophils was
speculated to induce the release of properdin and the amplification of the complement
activation [62]. Consistently, neutrophil-secreted properdin can bind to activated neutrophils,
leading to the stabilization of C3 convertase on neutrophil surface and the subsequent
formation of C5 convertase [63]. Therefore, this mechanism allows the formation of C5a,
which, in turn, induces further activation of neutrophils, creating an amplification loop of the
inflammatory response [63]. Recently, properdin was also found on neutrophil-extracellular
traps (NETS) induced by ANCA, suggesting that properdin might activate the alternative
complement pathway on NETS and participate in the pathogenesis of ANCA-associated
vasculitis [64].

2.4 Pentraxins

2.4.1 Structure and expression—Pentraxins constitute a superfamily of conserved
multimeric proteins, characterized by the presence of a “pentraxin domain” in their carboxy-
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terminal, which is a conserved 8-amino acid long-sequence (HXCxS/TWxS, where X is any
amino acid). Based on the primary structure of the protomer, pentraxins were divided in
short pentraxins, that include C reactive protein (CRP) and serum amyloid P (SAP), and
long pentraxins, that include the prototype long pentraxin PTX3 identified during the early
1990s [65-67]. Subsequently, other long pentraxins, including guinea pig apexin, neuronal
pentraxin (NP) 1, NP2, neuronal pentraxin receptor (NPR), and PTX4 have been identified
[68].

CRP and SAP are about 25-kDa proteins organized in five identical subunits arranged in a
pentameric radial symmetry [1, 67]. CRP and SAP are produced by hepatocytes and
constitute the main acute phase proteins in human and mouse, respectively [1]. CRP and
SAP share functional properties, such as regulation of the complement system, recognition
of pathogens, and interaction with Fcy receptors (FcyR) resulting in phagocytosis of
microorganisms and cytokine secretion [69].

The human and murine genes coding for PTX3 are localized on chromosome 3 and are
organized in three exons coding for the leader signal peptide, the N-terminal domain and the
C-terminal pentraxin domain, respectively [67]. Human and murine P7.X3 gene promoters
have potential binding sites for many inflammatory transcription factors, including Pul,
AP-1, NF-xB, Sp-1 and NF-IL-6 [70]. In addition, the PI3K/Akt axis and JNK were
involved in PTX3 transcription [70]. Recently, it has been shown that PTX3 expression is
regulated by an enhancer located in a region spanning the second exon and that methylation
of this region is responsible of PTX3 silencing in cancer cells [71].

Inflammatory cytokines (e.g. TNF-a, IL-1B), TLR agonists (e.g. LPS), microbial moieties
(e.g. KpOmpA) or pathogens (e.g. UPEC, A. fumigatus) induce the expression of PTX3 in
various cell types, including dendritic cells, monocytes, macrophages, epithelial cells,
endothelial cells, fibroblasts and adipocytes (Fig. 2) [70-74]. Neutrophils are a peculiar
PTX3 producing cell type, since only myeloid precursors (promyelocytes and myelocytes/
metamyelocytes) transcribe and synthetize PTX3, whereas mature cells store PTX3 in
specific granules in a ready-to-use form, and do not express PTX3 mRNA [75]. In response
to microorganisms or TLR agonists, or in conditions of tissue damage such as acute
myocardial infarction [76], neutrophils rapidly release preformed PTX3, which in part
associates to neutrophil extracellular traps (NETS) [75].

The protein sequence is conserved among species with 82% identical amino acids in human
and mouse. The protomer consists of 381 amino acids including a 17 amino acid-long signal
peptide, a N-terminal domain unrelated to any known protein and a C-terminal pentraxin
domain homologous to the short pentraxins CRP and SAP. The multimer has a complex
quaternary structure characterized by two tetramers linked together by interchain bridges to
form an octamer of 340 kDa folding into an elongated structure with a large and a small
domain interconnected by a stalk region [77]. In addition, PTX3 has a single N-
glycosylation site localized in the C-terminal domain at Asn220 and occupied by core-
fucosylated and sialylated complex type oligosaccharides [78]. This glycosidic moiety
modulates the interaction of PTX3 with other soluble PRMs, including C1q [78], factor H
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[79] and ficolin-1 [80], and is required for recognition of influenza virus [81] and
engagement of P-selectin [82].

2.4.2 Role of PTX3 in innate immunity and in neutrophil-dependent immunity
—PTX3 binds to a wide range of microorganisms, including fungi (e.g. A. fumigatus
conidia, Paracoccidioides brasiliensis), bacteria (e.g. P. aeruginosa, Klebsiella pneumoniae,
uropathogenic E. coli, Neisseria meningitides) and viruses (e.g. human and murine
cytomegalovirus (CMV) and selected strains of influenza virus) [70]. Microbial ligands
involved in these interactions are still poorly defined and only Outer membrane protein A of
K. pneumoniae (KpOmpA) [83], selected meningococcal antigens of the outer membrane
vesicles of N. meningitidis and viral hemagglutinin (HA) glycoprotein of influenza A virus
have been identified so far [81, 84]. PTX3-deficient mice showed increased susceptibility to
several fungal and bacterial infections, demonstrating the protective role of PTX3 in innate
resistance to infections. For instance, PTX3-deficient mice were more susceptible to invasive
pulmonary aspergillosis, and PTX3-deficient phagocytes showed defective phagocytosis and
clearance of A. fumigatus conidia [75, 85, 86]. Neutrophil-associated PTX3 was essential
for resistance against this pathogen, since adoptive transfer of PTX3 competent neutrophils
was sufficient to rescue PTX3-deficient mice from the infection [75, 85, 86]. In humans,
PTX3 allelic variants were associated with susceptibility to develop A. fumigatus infections
in patients undergoing hematopoietic stem cell transplantation [87], or fungal infections in
solid organ transplanted patients [88].

PTX3 was also involved in defence against £ aeruginosa and uropathogenic £. coli, playing
a non-redundant role both in animal models and in humans [70]. Indeed, recombinant PTX3
had a potential therapeutic effect in a model of 2. aeruginosa chronic lung infection that
mimics the infection in cystic fibrosis patients by reducing lung colonization,
proinflammatory cytokine levels and leukocyte recruitment in the airways [89]. The
therapeutic effect was mediated by facilitated recognition and phagocytosis of pathogens by
neutrophils through the interplay between complement and FcyRs [85, 89]. In the case of
urinary tract infections, PTX3 produced by the uroepithelium and infiltrating
myelomonocytic cells facilitated the phagocytosis of £. coli microbes by neutrophils,
protecting mice from inflammatory responses and tissue damage [70]. PTX3 can also
interact with M-ficolin, L-ficolin and MBL, and PTX3/L-ficolin and PTX3/MBL
heterocomplexes promote the deposition of complement on the surface of pathogens [18,
90]. The relevance in humans of these data obtained in mice is supported by results showing
that a specific PTX3 haplotype was associated with protection from £ aeruginosa
colonization of cystic fibrosis patients [91] and PTX3 allelic variants were associated to the
frequency of pyelonephritis [74]. In these infectious conditions, PTX3 contributed to
dampen the inflammatory response reasonably by facilitating the elimination of microbes by
phagocytes and controlling the microbial burden.

PTX3 also played a protective role in a model of meningococcal meningitis by amplifying
the humoral responses to N. meningitides [84] and against certain strains of influenza A
viruses (HIN1, H3N2, and H7N9) by neutralizing the virus [81, 92, 93]. In contrast, the
interaction with arthritogenic alphaviruses (chikungunya virus and Ross River virus) through
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the PTX3 N-terminal domain facilitated viral entry and replication enhancing viral
infectivity and prolonged disease [16].

In different models of sterile inflammatory responses, PTX3 was shown to play a protective
role by limiting inflammation, including neutrophil infiltration. One of the mechanism
underlying this effect is based on the binding of PTX3 to P-selectin and on the competition
with the interaction between P-selectin and P-selectin glycoprotein ligand-1 (PSGL-1),
leading to tuning of P-selectin-dependent neutrophil recruitment [82, 94, 95]. Thus, PTX3
rapidly released by neutrophils in inflammatory conditions activates a negative feed back
loop, which prevents excessive neutrophil recruitment in tissues. A second mechanism
depends on the common property of PTX3 and short pentraxins, to interact with different
complement components (i.e C1q, Factor H, Factor H-related protein 5 (FHR-5), C4b-
binding protein (C4BP)) and regulate the activation of the complement system acting at
multiple levels [70]. For instance, the interaction between PTX3 and Factor H, FHR-5 and
C4BP can favour the deposition of these negative complement regulators on PTX3-coated
surfaces, such as apoptotic cells and extracellular matrix, limiting complement activation
[79, 96, 97]. Moreover, PTX3 facilitates the deposition of M-ficolin on late apoptotic cells
and their phagocytosis by macrophages [98]. More recently, it has been shown that PTX3
acted as an oncosuppressor by regulating tumor promoting complement-dependent cancer
related inflammation and had a non-redundant role in tissue repair and remodelling, through
the interaction with fibrin and plasminogen, facilitating plasminogen-dependent pericellular
fibrinolysis [71, 73].

Neutrophil-derived PTX3 has finally a role in the safe removal of apoptotic cells, and in
particular of apoptotic neutrophils. Indeed, it has been shown that PTX3 actively
translocates from granules to the cell membrane and accumulates in blebs at the surface of
apoptotic neutrophils, favouring the capture of late apoptotic neutrophils by macrophages
[99]. However, PTX3 emerges as a novel antineutrophil cytoplasmic antibodies (ANCA)
antigen, since anti-PTX3 autoantibodies were detected in the sera of ANCA-associated
vasculitis patients [100].

2.5 Peptidoglycan recognition proteins

2.5.1 Structure and expression—Peptidoglycan recognition proteins (PGRPs) were
originally discovered in haemolymph of Bombyx mori as peptidoglycan recognition
molecules leading to the activation of an antibacterial host defence response [101]. PGRPs
genes were subsequently found in other invertebrates, insects, and mammals [102]. In
mammals, a family of four proteins was identified and called on the basis of transcript
lengths (i.e. PGRP-S for short, PGRP-L for long and PGRP-la. and PGRP-If for
intermadiate). Subsequently, the Human Genome Organization Gene Nomenclature
Committee modified their names to PGLYRP (peptidoglycan recognition proteins)-1, 2, 3
and 4 [103]. The peptidoglycan recognition domain present on all PGLYRP is composed by
~165 amino acids and is homologous to bacterial type 2 amidases, which catalyse the
hydrolysis of amide bonds [102]. The short PGLYRP-1 is 196 and 182 amino acid long in
human and mice, respectively and mostly composed by the peptidoglycan recognition
domain [103]. Intermediate (i.e. PGLYRP-3 and PGLYRP-4) molecules have two
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peptidoglycan recognition domains and the long molecule PGLYRP-2 is composed by a C-
terminal peptidoglycan recognition domain coupled to a non-conserved amino terminal
sequence [102]. All mammalian PGRPs are secreted molecules and form homodimers. In
addition, PGLYRP-3 and PGLYRP-4 can form disulphide-linked heterodimers [104, 105].

PGLYRP-1 is mainly expressed in bone marrow and stored in neutrophil granules and
PGLYRP-3 and PGLYRP-4 are expressed in skin and mucous membrane, in particular in the
mouth, throat, salivary glands, small and large intestines and stomach [106-108].
PGLYRP-2 is constitutively produced by the liver and secreted into the circulation [102,
109]. In addition, the expression of PGLYRP-2 was induced in keratinocytes and oral
epithelial cells after stimulation by bacteria and cytokines [110, 111].

2.5.2 Role of PGRPs in innate immunity and in neutrophil-dependent
immunity—AIll mammalian PGRPs have a bactericidal activity against non-pathogenic and
pathogenic bacteria [106]. In addition to its bactericidal activity, PGLYRP-2 has an amidase
activity that hydrolyses bacterial peptidoglycan [112, 113]. All mammalian PGRPs were
involved in maintaining normal intestinal microflora and deficiencies in individual PGRP
induced gastrointestinal dysbiosis [108, 114]. Therefore, mice deficient for PGLYRP-1,
PGLYRP-2, PGLYRP-3 or PGLYRP-4 had increased susceptibility to experimental colitis
induced by dextran sulphate sodium (DSS) [102, 108, 114]. PGRPs bind to peptidoglycan of
Gram-positive bacteria cell wall, near the site of daughter cell separation, and bind to
peptidoglyan of the outer cell membrane of Gram-negative bacteria [115]. PGRPs kill
bacteria by mechanisms leading to arrest of the major biosynthetic processes, depolarization
of the bacterial membrane and release of toxic hydroxyl radicals [115, 116].

As mentioned above, PGLYRP-1 is stored in neutrophil granules. In particular, PGLYRP-
was identified in bovine, murine and human neutrophils. Interestingly, neutrophils isolated
from PGLYRP-1 deficient mice are defective in intracellular killing of bacteria but not in
phagocytosis, suggesting that PGLYRP-1 supports the antimicrobial activity of neutrophils.
The defective killing activity was related to a low induction of oxidative burst in response to
bacteria [117]. In addition, PGLYRP-1 has an additive and synergistic antimicrobial effect
with lysozyme, an antimicrobial protein stored in neutrophil granules, and both molecules
localize in NETs [118]. Most recently, PGLYRP-1 was proposed as a ligand for triggering
receptor expressed on myeloid cells (TREM)-1, an orphan receptor expressed on monocytes,
macrophages and neutrophils and involved in the proinflammatory response [119]. Soluble
PGLYRP-1 secreted by stimulated-neutrophils binds to peptidoglycan and forms functional
ligand complexes capable of activating adjacent TREM-1-expressing myeloid cells, creating
an amplification loop of the response [119]. In addition multimeric presentation of
PGLYRP-1 is sufficient to activate neutrophils, inducing the production of CXCL8 and the
generation of superoxide radicals [119]. It is important to underline that other cells than
neutrophils can express PGLYRP-1, such as eosinophils, and that its expression was induced
in macrophages and epithelial cells upon stimulation [102, 120]. For instance, in a model of
experimental asthma induced by intranasal instillation of house dust mite, the expression of
PGLYRP-1 was induced in lung epithelial cells and macrophages. Therefore, the relevance
of neutrophil-associated PGLYRP-1 in this model remains unknown [120].
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3 Conclusion

Soluble PRMs belong to the humoral arm of innate immunity and share fundamental
effector mechanisms, such as activation and regulation of the classical, alternative and lectin
pathways of the complement system, opsonisation of pathogens, aggregation and
neutralisation of viral particles and recognition of apoptotic cells. Consistently, PRMs
participate in the fine-tuning of immune and inflammatory responses through the
discrimination of self versus non-self and modified-self (Table 1). Evidence suggests that
some fluid phase PRMs interact and act synergistically. For instance, the interaction of the
long pentraxin PTX3 with MBL, M-ficolin and L-ficolin leads to the formation of
heterocomplexes, which amplifies the recognition potential of non-self and modified-self,
and the functional consequences [18, 90, 98].

Importantly, the kinetic and source of production of PRMs ensure the continuous presence
of these molecules both in the systemic circulation and tissues in response to infection and
tissue damage. Indeed, epithelial tissues, including the liver or lung, support the expression
of humoral PRMs and their presence in the systemic circulation (e.g. short pentraxins,
ficolins) and in tissues (e.g. collectins in the lungs). Other cell types and in particular
macrophages and dendritic cells produce PTX3, properdin, and M-ficolin, sustaining a rapid
expression of these PRMs in a gene expression—dependent fashion. Finally, neutrophils act
as a reservoir of ready-made PRMs (i.e. PTX3, M-ficolin, PGLYRP-1 and properdin) for
rapid release in minutes in sites of tissue damage or microbial stimulation and represent the
first source of soluble PRMs, thus providing an immediate availability of diverse
antimicrobial and immunomodulatory molecules (Fig. 3).
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ANCA anti-neutrophil cytoplasmic antibody

C4BP C4b-binding protein

CL collectin

CRD C-terminal carbohydrate recognition domain
CRP C reactive protein

FHR-5 Factor H-related protein 5

LPS lipopolysaccharide
LTA lipotechoic acid
MBL mannose-binding lectin
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MDAJ5 melanoma differentiation-associated gene 5
MPO myeloperoxidase
NETSs neutrophil extracellular traps
NLR NOD-like receptors
NOD nucleotide-binding oligomerization domain
PAMP pathogen associated molecular patterns

PGLYRP peptidoglycan recognition proteins

PGRPs peptidoglycan recognition proteins

PRMs pattern recognition molecules
PTX3 pentraxin 3

RIG-I retinoic acid-inducible gene |
SAP serum amyloid P

SP surfactant protein

TLRs Toll like receptors.
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Highlights

. Soluble pattern recognition molecules belong to the humoral arm of innate
immunity

. Soluble pattern recognition molecules share effector mechanisms

. Neutrophils are a reservoir of ready-made soluble pattern recognition
molecules

. Soluble pattern recognition molecules are involved in neutrophil effector
functions
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Figure 1. Cell-associated and soluble pattern recognition molecules
Cell associated PRMs include endocytic receptors (e.g. scavenger receptors) and signalling

receptors (TLRs) and can be found on the plasma membrane (e.g. TLRs, scavenger
receptors, lectin receptors), in the cytoplasm (e.g. NOD-like receptors and RIG-like
receptors) or in the endosomes (e.g. TLRs). TLRs recognize microbial moieties, RIG-like
receptors recognize viral double-stranded RNA and NOD-like receptors recognize muramyl
dipeptide (MDP), a subunit of bacterial peptidoglycan also recognized by the component of
the inflammasome NALP3. Signalling receptors induce the activation of transcription
factors, including NF-xB and IRFs. Soluble PRMs include collectins (MBL, SP-A, SP-D),
ficolins, pentraxins (CRP, SAP, PTX3) and properdin.
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Figure 2. Expression, protein structure and roles of PTX3
Inflammatory cytokines, TLR agonists and microbial moieties induce the expression of

PTX3 in various cell types (i.e. dendritic cells, monocytes, macrophages, epithelial cells,
endothelial cells, fibroblasts and adipocytes). Neutrophils store PTX3 in specific granules in
a ready-to-use form. The gene coding for PTX3 is organized in three exons. The first two
exons code for the signal peptide (SP) and the N-terminal domain of the protein (NTD),
respectively, and the third exon codes for the pentraxin domain (PTX) containing the PTX
signature. PTX3 has a quaternary structure with eight subunits, associated together to form
an octamer by a network of disulfide bonds. The three-dimensional model of the pentraxin
domain has been generated based on the crystallographic structures of CRP and SAP,
showing that the pentraxin domain of PTX3 adopts a B-jelly roll topology. PTX3 plays a role
in complement activation and regulation, pathogen recognition, leukocyte recruitment,
recognition of apoptotic cells, angiogenesis, extracellular matrix (ECM) remodelling and
wound healing.
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Figure 3. Integration of the humoral innate immunity in the innate response
The activation of innate immunity by cell-associated receptors induces the production of

regulatory molecules (i.e cytokines) and soluble pattern recognition molecules. Soluble
PRMs are expressed and secreted by a variety of cells, including myeloid cells, epithelial
cells and endothelial cells, allowing the production of PRMs over time. These molecules
share effector mechanisms, including complement activation and pathogen recognition. A
cross-talk between the humoral and cellular arms of innate immunity participates in the
regulation of the innate response.
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