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A B S T R A C T

Osteopontin (OPN) is a pleiotropic cytokine produced both by immune and non-immune cells and active on
different cellular targets. OPN production has been associated with several pathological conditions, including
autoimmune diseases (e.g. lupus, multiple sclerosis and rheumatoid arthritis) and cancer. Emerging evidence
suggests that the role of OPN has been underestimated, as it seems to be working at multiple levels of immune
regulation, such as the shaping of T cell effector responses, the regulation of the tumor microenvironment, and
the functional interaction with mesenchymal stromal cells. In this context, dendritic cells (DCs) play a crucial
role being both an important source and a cellular target for OPN action. DC family is composed by several cell
subsets endowed with specific immune functions. OPN exerts its biological functions through multiple receptors
and is produced in different intracellular and secreted forms. OPN production by DC subsets is emerging as a
crucial mechanism of regulation in normal and pathological conditions and starts to be exploited as a therapeutic
target. This review will focus on the role of DC-derived OPN in shaping immune response and on the complex
role of this cytokines in the regulation in immune response.

1. Introduction

Osteopontin (OPN), is a complex cytokine and adhesion protein that
contains an integrin-binding RGD (arginine-glycine-aspartic acid) se-
quence commonly found in extracellular matrix molecules. Major
functional domains of the protein are conserved among species im-
plying important shared activities [1]. OPN was originally identified as
a sialoprotein produced by osteoblasts and crucial, as the name implies,
in bone homeostasis [2]. Independently, it was also associated with
neoplastic transformation as a tumor-secreted phosphoprotein (SSP-1)
[3]. A role of secreted OPN (sOPN) in modulating the immune re-
sponses was established only a few years later when OPN turned out to
be the cytokine produced by activated lymphocytes and macrophages
and called early T-lymphocyte activation-1 (Eta-1) [4]. Since the initial
discovery, OPN has been shown to be present in various tissues and
body fluids (e.g. milk, urine and serum) and to control a wide range of
cellular processes such as motility, adhesion and survival [5]. The
functional heterogeneity can be explained in part by the OPN ability to
interact with multiple receptors, which include integrins (αvβ1, αvβ3,
αvβ5, αvβ6, α4β1, α5β1, α8β1, and α9β1) and CD44 variants [6,7].
Additionally, the existence of modified isoforms of sOPN as well as of
an intracellular form (iOPN) may also account for OPN pleiotropic

activities [8].
Physiological roles of OPN include regulation of developmental

processes, tissue remodeling, and immune functions. Importantly,
aberrant expression of OPN is closely associated with cardiovascular
and kidney diseases, cancer, and diabetes [7]. Moreover, the upregu-
lation of OPN expression by immune cells is associated with the ex-
acerbation of chronic inflammatory diseases such as Crohn's disease,
atherosclerosis, and autoimmune diseases (including lupus, multiple
sclerosis and rheumatoid arthritis) [5,6,9–11].

OPN is produced by several immune cells including macrophages, T
lymphocytes and dendritic cells (DCs) [6]. DCs are a heterogeneous
population of cells localized in different tissues and able to discriminate
between immunity and tolerance depending on their activation status.
A multiplicity of human and mouse DC subsets can be distinguished
based on their origins, anatomical locations, surface phenotype, mi-
gratory and functional properties [12–14]. Under steady state condi-
tions, DCs generally derive from bone marrow (BM) precursors and are
broadly categorized in conventional/classical (cDCs), traditionally re-
cognized as professional antigen presenting cells, and plasmacytoid DCs
(pDCs) known mainly for their ability to secrete type I IFN in response
to viral infections [15–17]. Under inflammatory conditions and in se-
lective tissues (e.g. lung, skin, intestine) also monocytes can
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differentiate in the so called monocyte-derived DCs (moDCs/in-
flammatory DCs). Additionally, Langerhans cells (LCs) represent a dis-
tinct epidermal DC subset that possesses embryonic origin and peculiar
life cycle [18]. DCs are equipped with various cell surface receptors to
recognize microbial and tissue damaged molecular profiles and induce
a wide range of T cell responses, including effector/helper Th1, Th2,
Th22 and Th17 polarization and the generation of regulatory T cells
(Treg) [19]. The diverse functions of DCs depend on the heterogeneity
of DC subsets, their maturation state and the type of cytokines secreted.
In steady state, immature DCs capture self-antigens or apoptotic cells
and migrate to secondary lymphoid organs contributing to the main-
tenance of tolerance. On the other hand, pathogen-primed mature DCs
are essential for the activation of effector T cells [19]. Emerging evi-
dence supports the role of tissue microenvironment in regulating the
function of DCs. For example, splenic stromal cells drive mature DCs to
acquire regulatory functions, while intestinal stromal cells enable DCs
to prime Th2 responses through the production of TSLP (thymic stromal
lymphopoietin). Mesenchymal stromal cells (MSCs) are also known to
modulate DC differentiation and functional properties [20]. Interest-
ingly, the crosstalk between distinct DC subsets such as pDCs and cDCs
has been demonstrated to be relevant in shaping immune response
[21,22].

Several studies have shown that DCs are both a source and a target
of OPN in normal and pathological responses. Early evidence pointed to
sOPN as an important player in DC maturation, migration, and polar-
ization [23–25]; however, the interest regarding the interplay between
OPN and DCs has grown remarkably with the recognition that both
sOPN and iOPN might influence DC subsets recruitment and cytokine
production, thus contributing to T cell polarization [8].

This review will focus on DCs as producers and targets of OPN
summarizing recent findings on the regulation of OPN production
(Fig. 1) as well as the autocrine/paracrine effects of OPN on DC func-
tions (Table 1). Emphasis will be given to DC-derived OPN in the bal-
ance between regulatory and effector T cell responses and in the pa-
thogenesis of infections, autoimmunity, allergy, and cancer. In
addition, this review will highlight recent findings on the role of DC-
derived OPN on MSC functions and on the biological relevance of DC-
MSC interplay in steady state and inflammatory conditions.

2. OPN structure and receptors

OPN is encoded by a single copy gene located in the SIBLING (small
integrin-binding ligand, N-linked glycoproteins) cluster on the human
chromosome 4 and on mouse chromosome 5 [26]. Single nucleotide
polymorphisms in the OPN gene are associated with development and/
or disease activity of several autoimmune diseases [27]. The gene has 7
exons, 6 of which are translated in the full-length isoform (referred to as
OPN-a). In addition, two splice variants with deletion of exon 5 (OPN-b)
or exon 4 (OPN-c) have been described. Specific combinations of OPN
splice variants are associated with distinct malignancies and different
stages of cancer development and progression [11,28]. All three forms
contain several highly conserved elements including an aspartic rich
sequence at the N-terminal and, at the C-terminal, a calcium binding
site and a heparin binding domain which is involved in the interaction
with certain CD44 variants (v6 and/or v7). The central region of OPN
contains a core block of integrin-binding sites that includes an RGD
motif and a SLAYGLR domain (in rat and mouse OPN, SVVYGLR in
human), which is followed by a thrombin cleavage site. RGD interacts
with αvβ1-, αvβ3- and αvβ5-integrins while SLAYGLR, exposed by
thrombin cleavage, binds to α9β1-, α4β1-, α4β7-integrins [7,29]. In
addition to thrombin, other enzymes, such as matrix metalloproteinases
(MMPs), can cleave OPN at specific sites thus modulating OPN func-
tions and integrin binding properties. Increasing evidence suggests that
the N- and C- terminal fragments generated by OPN proteolytic-clea-
vage, present in plasma and milk, may have physiologically distinct
roles and acquire new functions compared to full-length isoform [6,30].
The thrombin-cleaved N-terminal fragment is the predominant form in
human bone marrow and, through its binding to α9β1 and α4β1 in-
tegrins, regulates hematopoietic progenitor cell homing and promotes
IFN-γ secretion in T cells [10,31]. The C-terminal fragment (OPN-CTF)
is chemotactic for macrophages and inhibits IL-10 secretion by selec-
tively interacting with CD44 isoforms [7,32]. On the other hand, the
MMP9-cleaved isoform was recently shown to mediate tumor immune
escape by inducing expansion of myeloid-derived suppressor cells
(MDSCs) [33]. In addition, the MMP3/7-cleaveage of mouse OPN
generates, in the C terminal site, a novel α9β1 integrin binding motif
(152LRSKSRSFQVSDEQY166) involved in the development of antibody-
induced arthritis [34]. Besides proteolytic processing, post-translational
modifications (such as phosphorylation, sulfation and glycosylation)

Fig. 1. Regulation of OPN production in DC subsets.
Positive and negative mechanisms of regulation of sOPN
and iOPN expression in DC subsets are summarized. iOpn
is upregulated upon TLR9 engagement in pDCs (in yellow,
left part of the Figure). Different pro- and anti-in-
flammatory stimuli are involved in the regulation of both
sOPN and iOPN in cDCs (in green, right part of the Figure).
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regulate many biological OPN functions [26].
The outcome of OPN signaling depends on many different condi-

tions, such as cell type, receptor engaged, homeostatic/inflammatory
environment that determines OPN cleavage and levels of receptor ex-
pression. Integrins and CD44 isoforms, recognized as OPN receptors,
are expressed by a wide array of both non-immune and immune cells,
including DCs. Different receptor combinations were described to
mediate OPN-induced DC functions, based on the activation context.
OPN was described to induce LC migration by interacting with CD44
and αvβ integrins [35]. On the contrary, no involvement of CD44 was
apparently required in OPN mediated cDC and pDC migration [36,37].

To add more complexity to OPN mechanism of action, mouse OPN
mRNA contains an alternative translational start site that allows the
generation of a shorter form of OPN. This form lacks the N-terminal
signal sequence and is retained intracellularly (iOPN), in the cytoplasm
or nucleus [8]. iOPN, originally identified in rat calvarial cells, plays a
role in the proliferation and motility of various cell types (e.g. fibro-
blasts, osteoclasts, macrophages) by interacting with the CD44-ERM-
(ezrin-radixin-moesin-) actin complexes [26,38]. Growing evidence
supports also a role of iOPN in immune responses. Indeed, iOPN reg-
ulates follicular T cell differentiation [39] and NK cell activation [40].
In murine macrophages, iOPN contributes to antifungal and antiviral
immunity by interacting with TLR2 and dectin-1 [41] and stabilizing
TRAF3 [42]. Alternatively, in pDCs, iOPN cooperates with MyD88 in
TLR9 signaling. Recent evidence also indicates that the coordinated
expression of sOPN and iOPN can shape emergency mouse hemato-
poiesis and regulate the functions of DC subsets [43]. Although iOPN
was detected in human cell lines by confocal microscopy [8,44], the
current understanding of iOPN expression and function in human cells
is still limited.

3. Regulation of OPN production in DCs

OPN mRNA and protein secretion are upregulated early during
differentiation of DC progenitors, such as CD14+ monocytes and BM
precursors [23], and immature DCs produce conspicuous amounts of
OPN [24]. Different stimuli were shown to potentiate the release of

OPN during DC differentiation. For example, 9cis-Retinoic acid strongly
enhances OPN secretion during the differentiation of murine DCs [45].
Likewise, hypoxia significantly increases the production of OPN in both
immature and mature DCs with obvious implications for the patho-
genesis of tumors, inflammatory and autoimmune diseases [46,47].

Maturation is a complex process that can confer distinct functional
properties to DCs. Pathogen associated molecular patterns (PAMPs) and
inflammatory stimuli (e.g. TNF-α, IL-1β, and type I and type II IFNs)
activate DCs to induce specific immune responses. However, under the
influence of anti-inflammatory soluble factors such as TGFβ, IL-10, IL-4,
PGE2, DCs acquire regulatory functions leading to Treg differentiation.
These different two classes of signals also regulate OPN expression.

3.1. PAMPS and inflammatory cytokines

To recognize pathogen signatures DCs express an array of pattern
recognition receptors, which includes toll-like receptors (TLRs). The
engagement of specific TLRs differentially impacts on OPN production.
TLR2 agonists, such as Staphylococcus aureus, are strong OPN inducers.
Conversely, TLR3 and TLR4 agonists, such as Poly I:C and LPS, do not
induce OPN production [24,48]. In general, OPN is preferentially in-
duced by TLRs that signal exclusively through MyD88 pathway [48].
TLR3 and TLR4 agonists, although inactive by themselves, negatively
regulate TLR2‐dependent OPN production possibly inducing a TRIF-
dependent pathway which interferes with MyD88-dependent OPN up-
regulation [48]. Pro-inflammatory cytokines, such as IL-1β, IL-1α and
TNF-α were also reported to upregulate OPN secretion [24].

Relevant aspects concerning the regulation of iOPN and sOPN by
TLR ligands have been described in mouse DC subsets [49]. Although
both mouse pDCs and cDCs express TLR9, CpG selectively stimulates
iOPN in pDCs, by a T-bet dependent mechanism. In these cells, iOPN co-
localizes with the TLR9-MyD88-associated signaling complex, leading
to IRF7 nuclear translocation and IFN-α gene transcription [49]. In a
complex interplay between pDCs and cDCs, it was shown that pDC-
derived IFN-α inhibits iOPN production by cDCs [50]. Similarly, IFN-γ,
long being considered as a proinflammatory cytokine, limits OPN ex-
pression in cDCs both in vitro and in vivo [51]. This inhibitory effect

Table 1
The autocrine/paracrine effects of OPN on DC functions.

OPN effects on DC Conditions and OPN type References

↑ DC differentiation, survival and maturation induced by LPS moDC; anti OPN Ab [23]
↑ migration and MHC II molecules LC in a skin explants model; rOPN [25]
↑ MHC class II, costimulatory, and adhesion molecules; TNFα and IL12 secretion; enhanced T-cell

allostimulatory capacity and IL12p70 secretion
moDC; rOPN [25]

Regulation of IL‐12p70 production LPS treated-BM-DC from OPN-/- and WT mice; rOPN [69]
↓DC maturation and cytokine production Human BDCA-1+ cells after HBV antigenic

stimulations; anti OPN Ab
[71]

↓DC maturation and function, IL12 secretion BM-DC from OPN-/- and WT mice after HBV antigenic
stimulations

[71]

↑ maturation of DCs BDCA-1+ cells from CHB patients after HBcAg
stimulation; rOPN

[71]

↑ IFNα upon TLR9 stimulation pDC in OPN-/- mice; iOPN [49]
↓ IL27 production cDC in OPN-/- mice; iOPN [50]
Emigration from epidermis LC in OPN-/- mice; CHS model [35]
↑ MHC II molecules
↑ OPN production, autocrine effect on migratory ability TNFα/IL1α stimulated BM-DC from OPN-/- and WT

mice
[24]

Different recruitment of DC subsets to regulate Th2 response pDC and cDC in AHR mouse model; anti OPN Ab [65]
↓ CCR5/CCR7 In vivo cDC during immunization with listerial antigen

and rOPN
[59]

↓ migration to inflammatory site
↑ CC chemokine-induced migration moDC and BM-DC from OPN-/- and WT mice; OPN

fragments
[36]

Thrombin cleaved fragment
↑ CCR7 pDC in mouse model of asthma; OPN SLAYGLR motif [37]
↑ IFNβ
↑ recruitment during tolerance induction

Abbreviations: rOPN, recombinant osteopontin; iOPN, intracellular OPN; BM-DC, Bone-Marrow DC; moDC, monocyte derived DC; HBcAg, Hepatitis B core Antigen;
pDC, plasmacytoid DC; cDC, conventional DC; CHB, chronic Hepatitis B; CHS model, Contact Hypersensitivity Syndrome model; AHR, airway hyperresponsiveness.
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supports the emerging view that IFN-γ, at the peak of inflammation,
may exert regulatory functions to control tissue damage. OPN regula-
tion by type I and type II IFNs may have important implications in the
development of Th17 cells in autoimmune inflammation.

3.2. Anti-inflammatory mediators

The Th2 cytokines IL-4 and IL-13, known for their negative reg-
ulation of DC functions, were reported to inhibit OPN secretion in
monocyte-derived DCs [52]. OPN was otherwise induced by IL-10 both
in DCs [52] and in macrophages where it was associated with cardiac
fibrosis [53].

Eicosanoids, including PGE2, may also differently affect DC func-
tions depending on the nature of maturation signals and tissue locali-
zation. PGE2 exerts immunosuppressive activity by upregulating IL-10
production and dampening the secretion of pro-inflammatory cytokines
and chemokines (e.g. IL-12, TNF-α, CCL3, and CCL4) [54,55]. Similarly,
PGE2 and MSC-derived PGE2 suppress OPN production by DCs [56].

4. Autocrine/paracrine effects of DC-derived OPN: role in shaping
immunity

4.1. Effects of OPN on DC migration

DC migration is a crucial process implicated in induction and reg-
ulation of immune responses both in steady-state and pathological
conditions. OPN was described to regulate DC migration at multiple
levels [57,58]. Initial evidence reported that OPN regulates the mi-
gration of LCs to draining cutaneous lymph nodes during the sensiti-
zation phase of contact hypersensitivity [35]. As a result, OPN deficient
mice were defective in LC migration and in mounting delayed-type
hypersensitivity responses. The chemotactic effect of OPN was medi-
ated by the OPN receptors CD44 and αvβ3 expressed by DCs [35].

OPN may regulate DC migration also by an autocrine mechanism.
Indeed, the induction of OPN by different stimuli, such as TNF-α,
CCL19 or OPN itself was able to improve DC motility.On the other
hand, reduction of DC migration was observed upon LPS stimulation, a
condition known to down-regulate OPN expression [24]. The me-
chanism by which endogenous OPN expression promotes DC migration
is still unclear and it might involve iOPN contribution. Most of the
studies on OPN chemotactic activity were performed with the full-
length OPN, that contains several cellular binding domains responsible
for cell adhesion, spreading, and migration. The OPN fragments, gen-
erated by thrombin and carboxypeptidase cleavage, although not di-
rectly chemotactic, were shown to potentiate DC migration driven by
CCL21 and CCL19 through RGD domain and the exposure of a new pro-
chemotactic sequence [36]. These results candidate OPN as a mod-
ulator of DC migration in inflammatory conditions.

Although the pro-migratory activity of OPN is largely demonstrated,
evidence of an inhibitory effect of OPN on DC migration was also re-
ported in a model of immunization with listerial antigens. Exogenous
OPN was found to suppress migration of cDCs in vivo, from the site of
bacteria inoculation to draining lymph nodes, through the down-reg-
ulation of the chemokine receptors CCR5 and CCR7 [59]. CCR5 is the
main chemokine receptor that regulates the migration of immature DC
into tissues under inflammatory conditions, whereas CCR7 directs ac-
tivated DCs to lymph nodes to activate specific immune responses [60].
The modulation of chemokine receptors is a recognized mechanism of
regulation for DC trafficking [57] and OPN is emerging as a new mo-
lecule involved in this complex signal network. By differentially pro-
moting the migration of DC subsets OPN may regulate Th2 responses
[61]. During allergic airways responses, pDCs play a tolerogenic role
through the production of type I interferon and the induction of Treg
cells. Conversely, cDCs promote Th2 responses and airway inflamma-
tion [62–64]. In a model of ovalbumin-induced airway hyperespon-
siveness, sOPN was shown to exert opposite effects by the differential

recruitment of pDCs and cDCs to the site of antigen response [65]. In
primary systemic immunization, sOPN neutralization was associated
with enhanced recruitment of tolerogenic pDCs into the draining lymph
nodes and reduction of Th2 allergic response [65]. On the contrary, the
neutralization of sOPN during secondary antigen challenge, promoted
the recruitment of cDCs leading to the alteration of the cDC/pDC ratio
and the exacerbation of the phenotype [65]. The intranasal adminis-
tration of recombinant OPN during antigen challenge reversed the
phenotype and protected from allergic inflammation, suggesting a
therapeutic potential of recombinant OPN in allergic airway in-
flammation [66].

An additional evidence for the role of OPN in DC migration was
recently reported in tolerance induction [37]. The injection of OPN
along with endotoxin-free antigen, prior to the sensitization phase of an
asthma model, generated an immunoregulatory microenvironment in
the draining lymph node, through the accumulation of Foxp3+ Treg
cells. Foxp3+ depletion abolished OPN-induced tolerance. Moreover,
pDC depletion hampered OPN-mediated increase of Foxp3+ Treg cells
in mediastinal lymph nodes, suggesting that the tolerogenic action of
OPN is mediated by pDC accumulation [37]. OPN-induced recruitment
of pDCs during the tolerance phase is mediated by the upregulation of
CCR7 and the increased transcription of the CCR7 ligands CCL19 and
CCL21 in regional lymph nodes. The thrombin-cleaved SLAYGLR motif
was identified as responsible for the recruitment of tolerogenic pDCs.
However, the integrin expressed by pDC, responsible for the interaction
of OPN with the SLAYGLR motif, still needs to be characterized [7].

These results suggest that sOPN can regulate the immune response
in asthma by selectively affecting the recruitment of cDC and/or pDC
subsets at different phases of the allergic reaction and candidate OPN
for future development of targeted immunotherapies (Fig. 2).

4.2. Effects of DC-derived OPN on Th1 and Th2

OPN was initially identified as a T cell factor playing a central role
in the induction of Th1-mediated responses and the inhibition of Th2-
associated cytokine expression. OPN deficient mice have severely im-
paired type-1 immunity to viral and bacterial infections and develop
sarcoid-type granulomas [4]. Dysregulated OPN overexpression was
instead correlated with Th1-related disorders, such as EAE/Multiple
Sclerosis, rheumatoid arthritis and Crohn's disease [6,9,67]. OPN pro-
motes Th1 polarization mainly through an effect on DCs. Indeed, by
acting in an autocrine/paracrine manner, OPN contributes to DC ma-
turation and survival [23]. OPN also triggers TNF-α and IL-12 pro-
duction and DC shaping toward a Th1-polarized phenotype. These ob-
servations make OPN a central player in DC recruitment and activation
during the sensitization phase in Th1-driven contact hypersensitivity
reactions [25]. OPN, highly secreted by effector T cells and keratino-
cytes, may also contribute to chronification of contact hypersensitivity
reactions perpetuating Th1 response, attracting inflammatory cells and
sustaining IL-12 production by DCs and macrophages [68]. DC-derived
OPN might also regulate the Th1/Th2 balance and limit the extent of
the Th2 and IgE response as shown in a mouse model of systemic al-
lergen sensitization [69]. A role of OPN in promoting a protective Th1
response and in the generation of Treg cells was also proposed in pa-
tients undergoing allergen immunotherapies (e.g. venom im-
munotherapy) [70].

DC-derived OPN plays also a protective role in viral infections.
Exposure of DCs to HBV antigens induces high levels of OPN and pro-
motes DC maturation, IL-12 secretion and Th1 response. In agreement
with this result is the observation that DCs from patients with chronic
hepatitis B, that secrete lower levels of OPN compared to normal con-
trols, have a defect in Th1 response to HBV antigens. This finding is
further supported by the evidence that DCs obtained from OPN defi-
cient mice exposed to HBV antigens mount reduced inflammatory and
IFN-γ responses [71]. However, during viral infections, also pDCs can
contribute to Th1 responses through the production of IFN-α and IFN-γ
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induction in T cells [72,73]. In this context, iOPN might be critical for
TLR9-mediate IFN-α stimulation, whereas sOPN is apparently dis-
pensable [49].

A number of studies have also recognized an important role of OPN
in Th2-associated diseases. Increased OPN levels were detected in the
airways, serum and biological fluids of patients with asthma [74], al-
lergic ocular diseases [75] and rhinosinusitis [76]. Nevertheless, the
contribution of OPN in Th2 immunity remains to be fully elucidated as
OPN effect varies depending on the type and phase of allergic contact
dermatitis and allergic disease. For instance, in animal models, the use
of an OPN neutralizing antibody before the sensitization phase (or the
secondary challenge), promotes a Th2 response during allergen-sensi-
tization, while it inhibits Th2 response during allergen challenge [65].
In addition, discrepancies were described between results obtained with
the use of blocking antibodies and OPN deficient mice suggesting that
timing in measuring IgE levels, strain of mice and specific functions of
iOPN vs. sOPN might be relevant for the response [66,69,74]. Finally,
when considering the role of OPN in Th2 response, it is critical to
consider that DCs, although fundamental, need to be supported by other
cell types, such as epithelial cells, basophils and mast cells for the in-
duction of Th2 responses [77,78]. Some of these cells also produce OPN
and can contribute in shaping the immune response to allergens. For
example, epithelial cells triggered by allergens were shown to produce
OPN and Th2-promoting cytokines such as IL-33, thymic stromal lym-
phopoietin (TSLP) and IL-25. Of note, OPN is produced by mast cells
and promotes mast cell migration and IgE-mediated degranulation
[79].

4.3. Effects of DC-derived OPN on Th1/Th17

Th17 cells mediate antimicrobial inflammatory responses against
extracellular bacteria, particularly those that colonize airways, skin,
and intestinal lumen through activities on immune and nonimmune
cells [80]. in vitro experiments have shown that OPN produced by S.
aureus-treated DCs promotes IL-17 production by CD4+T cells [81].
Accordingly, a connection between TLR2 and a robust Th17 activation

by gram-positive bacteria was found in the response to M. tuberculosis
infection [82] and Th17 cells seem to be essential in the clearance of
both S. pneumoniae and S. aureus [83,84]. However, specific expression
of the two OPN isoforms by DC-subsets appears to be fundamental in
Th1/Th17 development in the context of inflammatory/autoimmune
diseases [8].

4.3.1. EAE/MS
A role for DC-derived OPN in IL-17 production was demonstrated in

both EAE and MS. Furthermore, OPN receptors were upregulated in T
cells during the development of the disease [85]. Studies in experi-
mental models, provided evidence on the role of iOPN expression by
cDCs (and microglia) in Th17 commitment in vitro and in vivo and in the
regulation of EAE onset and severity [50]. Expression of iOPN by cDCs
inhibits IL-27 production and promotes the response of Th17 cells.
Consistent with these results, a delay in EAE onset was observed in
OPN-deficient mice and this phenotype is associated with an increase in
IL-27 expression. In addition, IFNAR signaling can suppress Th17 dif-
ferentiation by inhibiting iOPN, thus providing insights into the ther-
apeutic impact of type I IFN treatment of MS and other Th17-driven
diseases. Since OPN expression is induced by TLR engagement in pDCs
but not cDCs [49], it is possible that the IFN-α produced by pDCs may
negatively regulate Th17 generation through engagement of IFNAR
expressed by cDCs.

4.3.2. Psoriasis
Both cDC- and pDC-derived OPN can contribute to the pathogenesis

of Th1/Th17-mediated psoriatic disease [86]. In human psoriatic skin,
an overall increase of DCs is found both in the epidermis and in the
dermis [87]. Dermal DCs may be involved in the early phase of psoriasis
via production of IL-23 that mediates expansion of Th17 and Th22 cells
[88]. In addition, pDCs are an important initiator of the psoriatic pro-
cess through the production of IFN-α [87,89]. Immunohistochemical
staining of psoriatic plaque biopsies revealed that OPN is highly ex-
pressed by keratinocytes, endothelial cells and immune infiltrating
cells, including CD1a+ DC and effector T lymphocytes [86]. Moreover,

Fig. 2. Role of OPN on pDC/cDC balance and T
cell polarization in allergic airway disease.
During antigenic tolerance induction (in the
left), prior to sensitization phase, the injection
of OPN, along with endotoxin free antigen,
induces immune suppressive microenviron-
ment in the draining lymph node through the
accumulation of Treg, which is mediated by
pDC recruitment. OPN induces upregulation of
CCR7 on pDCs and increases transcription le-
vels of the CCR7 ligands CCL19 e CCL21 in
regional lymph node [37]. During the sensiti-
zation phase (in the center), OPN plays a
proinflammatory role through the inhibition of
tolerogenic pDCs in the regional lymph node
and enhances inflammatory AHR responses.
During secondary antigenic challenge (in the
right), OPN inhibits the migration of cDCs into
draining lymph node, alters the cDCs:pDCs
balance and reduces Th2 responses and AHR
reactions [65].
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increased OPN plasma levels was found associated with psoriasis [90].
Based on this evidence, it was proposed that, in genetic susceptibility
conditions, the expression of OPN, triggered by bacteria or trauma, may
enhance DC/LC migration and Th1 polarization. pDCs can be recruited
to the inflammatory site upon TLR activation and contribute to Th1
responses through iOPN overexpression and IFN-α production. On the
other hands, iOPN expressed by activated cDCs could drive Th17 po-
larization by the inhibition of IL-27 expression [50]. In this context,
OPN might directly influence the production of IL-17 by CD4+ T cells.
The chronic psoriatic inflammation is additionally sustained by the pro-
survival activity of OPN on keratinocytes and by the OPN-mediated pro-
angiogenic effects, which promote new vessel formation and recruit-
ment of immune cells. Therefore, OPN is part of the complex cytokine
network that stimulates inflammatory response in psoriasis and may
represent a new therapeutic target in this disease.

4.3.3. COPD/IBD
Chronic obstructive pulmonary disease (COPD) and inflammatory

bowel diseases (IBD) are chronic inflammatory diseases of mucosal
tissues that affect the respiratory and gastrointestinal tracts, respec-
tively. COPD and IBD share many epidemiological and clinical simila-
rities [91] and represent systemic inflammatory diseases in which OPN
and Th1/Th17 may contribute to pathogenesis. Recently, it was re-
ported that, during intestinal inflammation, elevated levels of OPN are
secreted by CD103−DCs and contribute to their capacity to secrete pro-
inflammatory cytokines and induce Th1/Th17 responses. This effect
was shown to be mediated by the interaction of the thrombin exposed-
SLAYGLR OPN domain with α9 integrin expressed on CD103−DC [92].

The presence of Th1/Th17 biased T cells is important in the de-
velopment and progression of airway inflammation and COPD. OPN
deficient mice were protected against cigarette smoke–induced disease
and their lung DCs failed to promote Th1 or Th17 cell differentiation in
vitro [93]. The transcriptome analysis of lung DCs from OPN deficient
mice exposed to cigarette smoke showed that several IFN-stimulated
genes, including Irf7, were up-regulated in the absence of OPN, sug-
gesting that OPN plays its effect at least in part through the inhibition of
Irf7 expression, a transcription factor critical for limiting pro-in-
flammatory cytokine production. Accordingly, reduction of Irf7 ex-
pression restored the functions of OPN deficient lung DCs required for
Th17 cell differentiation [93].

4.4. Effects of DC-derived OPN on Treg cells

DC-derived OPN plays an important role in Treg differentiation and
accumulation. Evidence shows that the enhanced secretion of OPN by
DCs differentiated in the presence of 9-cis retinoic acid (9cisRA-DC) is
important for the conversion of naïve T cells into Tregs [45]. 9cisRA-DC
(CD103−CD207−) expressed low levels of MHC II and costimulatory
molecules but high levels of the inhibitory molecule PD1-L and effi-
ciently induced Tregs. 9cisRA-DCs from OPN deficient mice were
compromised in the ability to induce Treg cells and this defect could be
restored by recombinant OPN, in vitro. In vivo injection of antigen-
pulsed 9cisRA-differentiated DCs inhibited CHS response, thus con-
firming their tolerogenic potential. This result suggests that the in-
duction of Treg cells by DC-derived OPN might contribute to the ther-
apeutic effects of 9cisRA, a recent option for the treatment of immune
mediated skin diseases [94].

Moreover, retinoic acid is crucial for several of the functions
mediated by the intestinal immune system where DCs play a crucial role
in the maintenance of tolerance to commensal bacteria and food anti-
gens [95]. Further studies will clarify the influence of OPN in the Treg/
T effector cell balance and in oral tolerance [96]. A role for OPN as a
tolerance enhancer was recently reported in allergic airway disease,
where, OPN is responsible for the accumulation of Foxp3+ Treg lym-
phocytes, through the recruitment of anti-inflammatory CCR7 expres-
sing pDCs [37].

5. DC-derived OPN in tumor progression

OPN represents one of the best characterized matricellular proteins
related to tumor metastasis and proliferation [10,11]. High levels of
OPN, in blood and in tumors of cancer patients, correlated with a poor
prognosis. These observations suggest that OPN may represent an im-
portant diagnostic and prognostic marker in different tumor histotypes
[29]. From a pathogenic/mechanistic point of view, OPN is involved in
several steps of tumor biology and progression, such as proliferation,
survival, angiogenesis, and invasion (such as in breast, lung, prostate,
colorectal, hepatic cancers, melanoma and mesothelioma) [10,97–99].

In the tumor microenvironment OPN can be produced by neoplastic
cells as well as by infiltrating immune cells, including DCs, tumor-as-
sociated macrophages (TAMs) and Myeloid-Derived Suppressor Cells
(MDSCs) [100–102]. Several studies show that OPN creates a protu-
morigenic microenvironment by different mechanisms. For example,
TAMs interacting with colorectal cancer stem cells by secreting OPN,
promote tumorigenicity and clonogenicity [103]. OPN has also a role of
in the expansion and activitiy of MDSCs [104,105]. In a mouse model of
metastatic breast cancer, both tumor- and myeloid-derived OPN con-
tribute to metastatic progression. Tumor cells express s OPN that pro-
motes survival and support the production of VEGF and IL-6, which, in
turn, can increase their suppressive activity of MDSCs sustaining the
expression of Arg1 and Nos2 [106]. On the other hand, M-MDSCs ex-
press mainly iOPN that is involved in the maintenance of their sup-
pressive activity. OPN expressed by MDSCs and tumor cells was de-
monstrated to suppress the activity of cytotoxic CD8+ T lymphocytes
by binding to CD44, thereby contributing to tumor progression. OPN
expression is suppressed by the binding of interferon regulatory factor 8
(IRF8) to the Spp1 promoter. Accordingly, IRF8 silencing in MDSCs
during cell transformation is associated with OPN upregulation [107].
This study provides a perspective on OPN/CD44 interaction as an ad-
ditional immune checkpoint that can be exploited to enhance immune
responses against tumors.

DCs have been long considered as a critical component of antitumor
immunity, in particular, by their capacity to cross-present self-tumor
antigens to CD8+ T cells. However, in the tumor context, DCs can be
severely limited in their differentiation and activation and are poor
stimulators of immune responses [108,109]. Among the mechanisms of
negative regulation of DC functions, hypoxia, which characterizes the
tumor microenvironment, impairs DC maturation and induces their
transcriptional reprogramming [46,110]. OPN was identified as one of
the most hypoxia-regulated gene [46] and hypoxic DCs produce in-
creased OPN levels, which play an important role in enhancing tumor
cell migration [47].

These results suggest that in the tumor microenvironment OPN has
different functions in relation to producer cell types and emphasize the
role of DC-derived OPN in the metastatic phenotype of cancer cells.

6. Role of OPN in MSC/DC functional interaction

Mesenchymal Stem Cells (MSCs) were first characterized in bone
marrow (BM), where they are involved in the maintenance of the BM
niche by inhibiting the differentiation of hematopoietic stem cells
(HSCs) by cell-to-cell contact and the release of soluble factors, in-
cluding angiopoietin-1, thrombospondin-1 and 2 and OPN. Moreover,
for their ability to differentiate into diverse cell lineages, MSCs have
long been proposed to be the in vivo precursors of some non-hemato-
poietic components of the BM, such as osteoblasts, adipocytes and fi-
broblastic reticular cells. BM-resident MSCs are positioned in perivas-
cular areas of BM microenvironment, where they can be in close contact
with immune cells, including B cells, T cells and DCs [111].

A number of in vitro studies have described the effect of MSC/DC
interaction [20,112–114]. Recent evidence demonstrates that DCs in-
fluence MSC behavior and that DC-derived OPN contributes to the
biological relevance of DC/MSC cross-talk [56]. Resting MSCs promote
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OPN production by DCs and DC-conditioned medium enhances osteo-
genic differentiation of MSCs. This process is associated with the up-
regulation of the osteogenic markers alkaline phosphatase, RUNX2, and
the expression of the bone-anabolic chemokine CCL5. In contrast, OPN
may play an inhibitory role in adipogenic differentiation as indicated by
the downregulation of PPARγ, adiponectin, and FABP4. These effects
can be reduced by the presence of RGD peptides or antibodies against
integrin β1, unveiling a role for DC-derived OPN in the regulation of
MSC differentiation [56]. The capacity of OPN to interfere with adi-
pocyte/osteoblast development and functions is also supported by the
findings that OPN deficiency causes delayed bone formation by MSCs
and promotes adipogenesis in vivo [115]. In addition, DC-derived ex-
tracellular vesicles containing OPN were reported to mediate MSC re-
cruitment [116], suggesting a more complex role for DC-derived OPN as
a chemoattractant and modulator of MSC differentiation. Accordingly,
OPN was shown to regulate MSC migration and differentiation in
multiple cell types during skin wound healing [117].

The discovery of the immunomodulatory properties of MSCs [118]
has generated growing interest for these cells as a new potential ther-
apeutic strategy in chronic inflammation and autoimmune disorders
[119]. MSCs home to active inflammatory sites [120] where they
suppress the differentiation/maturation of DCs, the proliferation of T
cells and the release of cytokines by both cell contact-dependent and
-independent mechanisms [121]. The activation of MSCs with proin-
flammatory cytokines (i.e., TNF-α, IL-6, and IL-1β) in vitro, was shown
to suppress the production of DC-derived OPN with PGE2 being the
main soluble factor responsible for this inhibition [56]. The ability of
PGE2 to reduce OPN levels was implicated in vivo in the protection
provided by PGE2 in allergic asthma. In mice, intranasal PGE2 admin-
istration prevented hyperresponsiveness to aeroallergen through re-
duction of OPN that likely allows the recruitment of tolerogenic pDCs
[122]. Based on these observations, the regulation of OPN levels might
represent one of the mechanisms underlying the beneficial effects of
MSC in airway inflammation and other inflammatory diseases [123].
These results suggest that, in physiological conditions, or at the be-
ginning of an inflammatory response, MSCs could potentially stimulate
resident DCs to produce OPN, responsible for the recruitment of addi-
tional immune cells. OPN can also promote the recruitment of MSCs
through the upregulation of CCL5. On the contrary, at later stages of
inflammation, activated MSCs, through the production of PGE2,
downregulate OPN secretion and limit inflammatory events (Fig. 3).

7. Concluding remarks

OPN is a pleiotropic cytokine, highly conserved in evolution [1],
that acts through the activation of multiple receptors, expressed by
different cell types. For these reasons, OPN is associated with a complex
variety of biological functions and is involved in several biological as-
pects, ranging from regulation of normal immune responses, in-
flammation, infections, autoimmune diseases and cancer, and its
function is influenced by tissue and context of action. OPN has also
been recently proposed as a therapeutic target to control tumor growth,
asthma and autoimmune diseases, as well as a promising modulator of
immune ontogeny in infancy. OPN neutralization for the treatment of
autoimmune disorders has been pursued in several preclinical studies as
well as in clinical trials. In addition, OPN single nucleotide poly-
morphisms (SNPs) and OPN variants are explored as a diagnostic target
to monitor several immune mediated conditions. Interestingly, recent
data show that the production of anti-OPN autoAbs may favour re-
mission in both MS and EAE, which leads to novel strategies, such as
vaccination or passive immunization, to boost their levels
[11,28,124–127].

DCs represent an important source as well as a target of OPN action
being regulated in several aspects of DC biology, including migration,
maturation and cytokine secretion. An important aspect of DC-OPN
interplay is related to the heterogeneity of DC subsets and functions.
Similarly, the existence of different OPN isoforms and cleavage pro-
ducts introduces further levels of regulations and plasticity in the cross-
talk between DCs and OPN. A still unresolved aspect is related to the
understanding of OPN regulation of human responses in relation to the
different roles played by sOPN vs. iOPN, an aspect so far documented
only in the mouse system. A major interest for the role of OPN in
shaping immune response is the ability to regulate cytokine production
by DCs, thus influencing T cell polarized responses. In addition, OPN
released by DC can mediate tumor progression acting directly on tumor
cell proliferation, survival and dissemination or indirectly contributing
to the generation of a permissive microenvironment through the re-
cruitment of myeloid-derived suppressive cells.

Finally, an emerging role of OPN in inflammation has been recently
proposed on the basis of the bidirectional role of this cytokine in DC/
MSC interaction, both in the bone marrow and the inflammatory sites.
MSCs are in the limelight of cell-therapy for their potential im-
munomodulatory function in immune-mediated degenerative patholo-
gies, such as rheumatoid arthritis, osteoarthritis, multiple sclerosis, and
for the control of graft-versus-host diseases following bone marrow
transplantation [112,128]. Evidence suggests that MSC participate to

Fig. 3. Role of OPN in DC/MSC interaction.
A schematic representation of the interaction
between DCs and MSCs during inflammatory
conditions. During early phase of inflammation
(I stage, left part of the Figure), the interplay
between DCs and MSCs at the injury site may
contribute to the upregulation of OPN pro-
duction that supports further attraction of
MSCs and DCs from peripheral circulation.
Simultaneous increase of CCL5 promotes the
recruitment of inflammatory cells. While the
inflammatory response evolves (II stage, right
part of the Figure), MSCs, exposed to sufficient
levels of proinflammatory cytokines, adopt an
immune-suppressive phenotype and release
PGE2 that inhibits OPN and CCL5 production
by DCs.
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the regulation of inflammation in peripheral tissues [129]. In this re-
gard, OPN may either directly promote MSC recruitment to injured sites
where these cells may exert anti-inflammatory potential through the
production of soluble mediators, such as PGE2, or can support further
attraction of DCs from peripheral circulation [56]. A note of concern
however comes from recent studies suggesting that MSCs may also
contribute to tumor pathogenesis [130]. The relevance of DC/OPN
crosstalk still needs to be better elucidated before being exploited and
tested for new therapeutic strategies. Finally, the role of DC-derived
OPN in the osteogenic versus adipogenic differentiation of MSCs might
deserve to be investigated in the context of regenerative medicine
[115]. All in all, OPN should be considered as a relevant DC effector
cytokine involved in the plasticity that characterizes DCs behaviour in
homeostatic and pathological immune responses.
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