
biomedicines

Review

Both Full-Length and Protease-Cleaved Products of
Osteopontin Are Elevated in Infectious Diseases

Toshio Hattori 1,* , Hiroko Iwasaki-Hozumi 1 , Gaowa Bai 1 , Haorile Chagan-Yasutan 1,2, Ashwnini Shete 3 ,
Elizabeth Freda Telan 4, Atsushi Takahashi 1, Yugo Ashino 5 and Takashi Matsuba 6

����������
�������

Citation: Hattori, T.;

Iwasaki-Hozumi, H.; Bai, G.;

Chagan-Yasutan, H.; Shete, A.; Telan,

E.F.; Takahashi, A.; Ashino, Y.;

Matsuba, T. Both Full-Length and

Protease-Cleaved Products of

Osteopontin Are Elevated in

Infectious Diseases. Biomedicines 2021,

9, 1006. https://doi.org/

10.3390/biomedicines9081006

Academic Editor:

Giuseppe Cappellano

Received: 2 July 2021

Accepted: 9 August 2021

Published: 13 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Research Institute of Health and Welfare, Kibi International University, Takahashi 716-8508, Japan;
hiro_ihz@kiui.ac.jp (H.I.-H.); gaowabai@kiui.ac.jp (G.B.); haorile@gjmyemail.gjmyy.cn (H.C.-Y.);
atakah7@kiui.ac.jp (A.T.)

2 Mongolian Psychosomatic Medicine Department, International Mongolian Medicine Hospital of
Inner Mongolia, Hohhot 010065, China

3 ICMR-National AIDS Research Institute, 73 G-Block, MIDC, Bhosari, Pune 411026, India;
ashete@nariindia.org

4 STD AIDS Cooperative Central Laboratory, San Lazaro Hospital, Manila 1003, Philippines;
betelan@yahoo.com

5 Department of Respiratory Medicine, Sendai City Hospital, Sendai 982-8502, Japan;
ashino-yug@hospital.city.sendai.jp

6 Department of Animal Pharmaceutical Science, School of Pharmaceutical Science, Kyusyu University of
Health and Welfare, Nobeoka 882-8508, Japan; matsubat@phoenix.ac.jp

* Correspondence: hattorit@kiui.ac.jp; Tel./Fax: +81-866-22-9469

Abstract: Circulating full-length osteopontin (FL-OPN) is elevated in plasma from patients with
various infectious diseases, such as adult T-cell leukemia, Mycobacterium tuberculosis (TB), hepatitis
virus infection, leptospirosis, acquired immune deficiency syndrome (AIDS), AIDS/TB, and coron-
avirus disease 2019 (COVID-19). Proteolysis of OPN by thrombin, matrix metalloproteases, caspase
8/3, cathepsin D, plasmin, and enterokinase generates various cleaved OPNs with a variety of
bioactivities by binding to different target cells. Moreover, OPN is susceptible to gradual proteolysis.
During inflammation, one of the cleaved fragments, N-terminal thrombin-cleaved OPN (trOPN or
OPN-Arg168 [OPN-R]), induces dendritic cell (DC) adhesion. Further cleavage by carboxypeptidase
B2 or carboxypeptidase N removes Arg168 from OPN-R to OPN-Leu167 (OPN-L). Consequently,
OPN-L decreases DC adhesion. In particular, the differences in plasma level over time are observed
between FL-OPN and its cleaved OPNs during inflammation. We found that the undefined OPN
levels (mixture of FL-OPN and cleaved OPN) were elevated in plasma and reflected the pathology
of TB and COVID-19 rather than FL-OPN. These infections are associated with elevated levels of
various proteases. Inhibition of the cleavage or the activities of cleaved products may improve the
outcome of the therapy. Research on the metabolism of OPN is expected to create new therapies
against infectious diseases.

Keywords: osteopontin; infectious disease; tuberculosis; adult T-cell leukemia; human immunodefi-
ciency virus; dengue virus; hepatitis C virus; leptospirosis; proteases; matrix metalloproteinase

1. Introduction

Osteopontin (OPN) is a phosphoprotein and is secreted by transformed cell lines from
several mammalian species in the 58,000-Da molecular-weight range [1]. Subsequently,
OPN was shown to be secreted by activated macrophages and T-lymphocytes abundantly.
Furthermore, a cleaved 45 kDa product and a 70 kDa species secreted from T cells were
identified [2]. It was also found that OPN belongs to matricellular proteins characterized
by the direct binding to other matrix proteins, triggering of their specific surface receptors,
and binding to proteases, growth factors, and cytokines (which modulates their activities).
OPN also modulates several processes, like cell adhesion and migration, extracellular
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matrix (ECM) deposition, cell survival, and proliferation [3,4]. Detection of various forms
of OPN influencing these functions was sought by an enzyme-linked immunosorbent
assay (ELISA) system using antibodies against synthetic peptides [5]. OPN is known to
be cleaved by various proteases, and, among them, thrombin cleavage maybe important,
because they localize together in various inflammations (Figure 1) [6,7]. The cleaved
fragments maintain OPN adhesive function and expose new active domains that may
impart new activities. Thrombin cleavage leads to exposure of the SVVYGLR cryptic
domain that induces cell adhesion and migration by binding to integrins α4 and α9
in vitro [8]. Using the combination of antibodies, namely, O-17 specific to the N-terminus of
OPN (Ile17–Gln31) and 34E3 specific to N-terminal thrombin-cleaved OPN (trOPN) epitope
(Ser162–Arg168), exposed by thrombin digestion, it was possible to measure trOPN [9].
Thereafter, plasma full-length OPN (FL-OPN) and trOPN levels were measured using a
commercial ELISA kit (Immuno-Biological Laboratories, Gunma, Japan) and another kit
(R&D Systems, Minneapolis, MN, USA) that detect both FL-OPN and the cleaved products,
though their epitopes were undefined (Ud-OPN) (Figure 1) [10,11].
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Figure 1. ELISA system employed to measure osteopontin (OPN). (A). Amino acid sequence of the epitope of the antibodies
used for the assay. (B). Antibodies used for the ELISA kits. Abbreviations are FL-OPN, full-length OPN; trOPN, thrombin-
cleaved OPN; and Ud-OPN, undefined OPN.

These studies enabled the development of new treatment based on metabolism of OPN.
It was proposed that antibody against thrombin cryptic epitope of OPN inhibits metastasis
as well as tumor growth in a mouse model of adult T-cell leukemia (ATL) [12] and attenuates
liver inflammation in a non-alcoholic steatohepatitis mouse model [13]. Furthermore, new
derivatives of brefelamide, aromatic amide isolated from the Dictyostelium cellular slime
model, were reported to inhibit OPN synthesis in THP-1 cells [14]. In this review, we
mention the biological activities of FL-OPN and its cleaved products and the summary of
clinical studies measuring them and implicated novel roles of OPN in infectious diseases.

2. OPN Proteolysis and Bioactivities of Cleaved OPNs

OPN undergoes numerous posttranslational modifications, such as serine/threonine
phosphorylation, sulfation, glycosylation, glutamination, and proteolytic processing, which
significantly contribute to the functions of OPN. Proteolytic processing either increases or
reduces the ability of OPN to bind to target receptors. Thus, small differences in the cleavage
pattern result in a substantial effect on the functions of OPN. To date, thrombin [15–17],
matrix metalloproteinases (MMPs) [18–20], caspase-8/3 [21], plasmin [22], cathepsin D [22],
and enterokinase [23] have been identified as proteases that cleave OPN (Figure 2). The
fragments generated by their cleavage have a variety of bioactivities.
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Figure 2. Identified protease cleavage sites in human FL-OPN (A,B). Schematic representation of cleavage sites of thrombin,
MMPs, caspases, cathepsin D, and plasmin are separately indicated by black arrows. The amino acid sequences binding to
different target receptors, including integrins and syndecan-4, are shown in black, gray, white, or dashed-line boxes (A). The
target receptors for each binding sequence of OPN are listed (B). Abbreviations are OPN-a, a canonical isoform of human
OPN among its splicing variants; Cas-,caspase; CD, cathepsin D; P, plasmin; and SP, signal peptides. “?”, unknown.
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2.1. Binding Specificities and Cellular Functions of Thrombin-Cleaved OPN

Cleaved OPN was first identified during blood coagulation [15]. FL-OPN and throm-
bin are believed to be present together wherever the coagulation pathway is activated in
inflammation, tumors, and wounds [24]. Thrombin cleavage sites were identified close
to a highly conserved 158GRGDS162 [16,17,25,26]. In the sites, the RGD domain binds to
integrin receptors, including αvβ1, αvβ3, αvβ5, αvβ6, α8β1, α5β1, and α5β3 [27–35]. In ad-
dition, α4β1, α9β1, and α4β7 integrins bind to the cryptic 162SVVYGLR168 sequence, which
appears at Arg168-Ser169 by thrombin cleavage, in an RGD-independent manner [34,36–43].
The 131ELVTDFPTDLPAT143 domain has also been shown to bind to α4β1 [39]. Notably,
another conserved sequence, 165YGLRSKSKKF174, includes the thrombin cleavage sites
in mice and binds to heparin sulfate on syndecan-4, protecting OPN from cleavage by
thrombin [44].

The N- and C-terminal fragments of OPN, whose molecular weights are approximately
35 kDa and 25 kDa, respectively, are produced by thrombin cleavage. The fragments have
a variety of functions (Figure 3) that differ from those of FL-OPN [45]. The N-terminal
fragment, trOPN, enhances interferon-gamma (IFN-γ) secretion by T cells and stimulates
hematopoietic stem cell (HSC) and hematopoietic progenitor cell (HPC) migration by
binding to α4β1 and α9β1 integrins [46,47]. In addition, trOPN is a ligand for αvβ3
integrin and promotes tumor cell migration higher than FL-OPN and other ligands of
αvβ3 integrin, such as fibrinogen and vitronectin [48]. The regulation of endothelial cell
migration by vascular endothelial growth factor (VEGF) can be modulated by induction
of thrombin-cleaved OPN, which was assumed to be the N-terminal fragment, and by
αvβ3 integrin [49]. The C-terminal fragment inhibits interleukin (IL)-10 secretion and
stimulates cell–cell adhesion by interacting with CD44 isoforms [50–52]. Additionally, the
interaction of OPN with CD44 was suggested to be mediated via β1 integrin and is not
dependent on RGD sequence [53]. On the other hand, Shao et al. demonstrated that OPN
and its thrombin-cleaved C-terminal fragment do not bind to CD44 and its variant form,
CD44v6 [54]. Two other studies have implicated CD44 and CD44v6 as receptors for OPN
in experiments, because anti-CD44 antibodies inhibited the effects of OPN interactions
with cells [52,53]. However, the results of the two studies may indicate that the anti-CD44
antibodies directly inhibit cell migration do not block the OPN interaction with CD44 [54].

The cleavage of OPN by thrombin affects chemokine-induced migration of a dendritic
cell (DC) [54]. A series of mechanisms were proposed. In the first, at the initiation of inflam-
mation when DCs are being activated, proteoglycan-bound FL-OPN exerts its maximal
potentiating effects of DC migration, which is induced by chemokine, mediated via the
159RGD161 and 168RSKSKKFRR176 sequences despite the presence of thrombin. Secondly,
along with progression of inflammation and generation of thrombin and carboxypeptidase
B2 (CPB2) at sites, the cleavage by thrombin occurs, followed by the induction of cell adhe-
sion by exposing SVVYGLR and access to RGD in trOPN (OPN-Arg168 [OPN-R]) while
reducing its effect on DC migration. Thirdly, further cleavage by CPB2 or carboxypeptidase
N (CPN), which can remove Arg168 from OPN-R, inactivates SVVYGLR. This converts
OPN-R to the N-terminal fragment 1-167 (OPN-Leu167 OPN-L) and decreases cell adhesion
mediated by α4β1 and α9β1 integrins [55,56]. Fourthly, while thrombin cleavage disrupts
168RSKSKKFRR176 pro-chemotactic domain in FL-OPN, it releases the C-terminal fragment
Ser169-Asn314, which shows substantial pro-chemotactic activity, which compensates for
the loss of the pro-chemotactic activity in OPN-R and -L.

Both trOPN and thrombin-cleaved C-terminal OPN were proposed to regulate re-
sponses of neutrophil-independent macrophages, which are a part of the delayed healing
processes [52]. OPN is secreted from activated T cells and the thrombin cleavage of OPN
releases trOPN and the C-terminal fragments extracellularly. The C-terminal fragments
induce chemotaxis of macrophages interacting with CD44 on macrophages, leading to
cellular attachment to the trOPN via β3 integrin. The attachment of trOPN to macrophages
leads to cell spreading and activation, including the induction of cytokine secretion and
release of metalloproteases that were able to degrade the ECM.
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Figure 3. Cellular functions regulated by thrombin cleavage of OPN. The proposed mechanism regulated by thrombin
cleavage of OPN. The trOPN (OPN-R) induces tumor cell migration, motility, and chemotaxis; IFN-γ secretion from T cells;
and migration of HSC, HPC, and EC by binding to integrins. During the progression of inflammation, thrombin cleavage
of OPN occurs and the cleaved fragments, trOPN (OPN-R), induce dendritic cell (DC) adhesion. OPN-L generated by
CPB2 or CPN cleavage of trOPN (OPN-R) decreases DC adhesion by binding to α4β1 or α9β1 integrins. C-OPN induces
DC chemotaxis. On the other hand, C-OPN induces tumor cell motility and chemotaxis via the interaction between β1
integrin and CD44. C-OPN also induces macrophage chemotaxis interacting with CD44 on macrophages leading to cellular
attachment to trOPN via β3 integrin. The attachment of trOPN to macrophages leads to cell spreading, cytokine secretion,
and release of metalloproteases. Abbreviations are C-OPN, thrombin-cleaved C-terminal OPN; OPN-R, OPN-Arg168;
OPN-L, OPN-Leu167; CPB2, carboxypeptidase B2; CPN, carboxypeptidase N; DC, dendritic cell; HSC, hematopoietic stem
cell; HPC, hematopoietic progenitor cell; EC, endothelial cell; and IFN-γ, interferon-γ.

2.2. Binding Specificities and Functions of MMP-Cleaved OPN

Different members of the MMP family are detected during injury and disease processes
together with OPN [57]. MMP-3 (stromelysin-1), MMP-7 (matrilysin), MMP-2, and MMP-9
have been reported to cleave OPN [18–20]. A Gly166-Leu167 bond in the C-terminal to the
RGD sequence is cleaved by both MMP-3 and -7 efficiently, and both also cleave OPN
at the Asp210-Leu211 bond. Additionally, the cleavage site of only MMP-3 was found at
Ala201-Tyr202 in OPN [18]. Cleavage by MMP-3 and -7 generates an N-terminal fragment,
which contains the RGD sequence and also an SVVYG sequence of the SVVYGLR domain
that is recognized by α4β1 and α9β1 integrins. However, neither the SVVYG sequence
nor α4β1 plays a role in adhesion to the MMP-cleaved OPN. The anti-α9β1 antibody
also did not inhibit additional cell binding to MMP-cleaved OPN. OPN and MMP-3 are
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expressed both in a temporal and cell-specific fashion during the progression of squamous
cell carcinoma [58,59]. The 152LRSKSRSFQVSDEQY166 motif in the C-terminal fragment
of MMP-3/7-cleaved mouse OPN, which corresponds to 167LRSKSKKFRRPDIQY181 in
human OPN including different amino acids from mouse OPN, also binds to α9β1 integrin
(Figure 2) and is involved in the occurrence of anti-type II collagen antibody-induced
arthritis [60]. Expression patterns of OPN and MMP-3 were overlapped in the stroma
during skin incisional wound healing [61] and those of OPN and MMP-7 were overlapped
during involution of the postpartum uterus [62] in mice experiments. Higher expressions
of OPN and MMP-7 are closely associated with the occurrence, progression, and prognosis
of non-small cell lung cancer (NSCLC) [63].

An alternative splicing event promotes extracellular cleavage of OPN by MMP-9,
and the RGD-independent region of the cleaved fragment avidly enhances hepatocellular
carcinoma (HCC) cellular invasion [20]. Moreover, Leituner et al. found that the correlation
of OPN and MMP-9 expression was found in adipose tissue from obese individuals, and
increased levels of cleaved OPN were detected in the adipose tissue of these individu-
als [64]. The authors also showed that OPN cleavage by MMP-9 occurs in obesity and
enhances the inflammatory and pro-diabetic activity of OPN in adipocytes. In patients with
severe osteoarthritis, dysregulation of OPN, MMP-9, and metalloproteinase with throm-
bospondin motifs 4 (ADAMTS-4) and a disintegrin was demonstrated to be important for
the pathogenesis, suggesting that MMP-9 and thrombin are induced in osteoarthritis. Both
MMP-9 and thrombin can cleave OPN and consequently downregulate ADAMTS-4 [65].
MMP-9 can cleave OPN at least 30 cleavage sites, and the fragment generated by cleavage
at Gly-Leu was shown to increase cardiac fibroblast migration in mice [66].

In EAE, cleavage of OPN by MMP-12 may occur and EAE disease activity might be
modulated [67].

2.3. Binding Specificities and Functions of Caspase-Cleaved OPN

The molecular weights of the Caspase-8 and -3-cleaved products of OPN are different
from the previously reported thrombin-cleaved products [21]. Caspase-8 cleaves OPN at
both Asp135 and Asp157, and caspase-3 cleaves OPN at Asp157, which is localized in the
N-terminal to the RGD sequence. OPN expression is rapidly increased during hypoxia
or reoxygenation, which is associated with pathological conditions, such as myocardial
ischemia/reperfusion injury, stroke, solid tumors, and inflammation [68,69] Subsequently,
OPN is cleaved by caspase-8. This leads to inactivation of AKT signaling and activation
of cell death signal via the cleaved fragment in tumor cells [21]. Notably, the C-terminal
fragment generated by caspase-8 localizes in the nucleus, whereas the N-terminal fragment
was found in the plasma membrane. It was also suggested that the C-terminal fragment
may gain proapoptotic activity by modulating p53 in the nucleus, although the N-terminal
fragment does not show any activity on cell death.

2.4. Binding Specificities and Functions of Plasmin and Cathepsin D-Cleaved OPN

Seven N-terminal fragments of OPN generated by proteolytic cleavage in the region of
Leu167-Arg175 next to the RGD sequence were identified in human milk [22]. All fragments
were generated by cleavage of the Leu167-Arg168, Arg168-Ser169, Ser169-Lys170, Lys170-Ser171,
Ser171-Lys172, Lys172-Lys173, or Phe174-Arg175 bonds. The cleavage of Arg168-Ser169 matched
the thrombin cleavage site for OPN, whereas the other six cleavages did not correspond to
cleavage by thrombin or MMPs. Consequently, plasmin and cathepsin D, two endogenous
proteases, were able to generate three of the seven N-terminal fragments. Plasmin, one of
the principal proteases in milk, hydrolyzes Arg168-Ser169, which is the same peptide bond
as thrombin, but mainly cleaves the Lys170-Ser171 bond. Another endogenous milk protease,
cathepsin D, cleaves the Leu167-Arg168 bond. All of the cathepsin D- and plasmin-cleavage
sites of OPN containing the three peptide bonds are shown in Figure 2.

Plasmin cleavage of OPN is not restricted to milk because the cleaved fragment of
OPN by plasmin was also identified in urine [22]. Plasmin-cleaved OPN induces cell
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adhesion mediated by αvβ3 and α5β1 integrins, indicating that plasmin could regulate
OPN activity. Notably, modifications, such as phosphorylation, in the C-terminal cleaved
OPN significantly reduced the adhesion of cells to OPN via αvβ3 integrin, whereas the
N-terminus did not influence the binding [70]. Inhibitory binding could be restored by
proteolytic removal of the C-terminus by plasmin and thrombin, rather than by better
exposure of the RGD sequence.

2.5. Gradual Proteolysis of OPN Regulating Cellular Functions

OPN was suggested to be susceptible to gradual proteolysis by different types of
proteases and, thus, each gradually cleaved OPN is assumed to play different roles in
regulating cellular functions. Recently, we characterized various forms of OPN, including
FL-OPN, and several types of cleaved OPN in phorbol 12-myristate 13-acetate (PMA)-
differentiated THP-1 macrophages and identified a novel, small-sized fragment (MW 18
kDa) generated by proteolysis using antibodies against distinct protein epitopes. [71]. MMP-
9 could be induced in THP-1 cells treated with PMA [72]. In Mycobacterium tuberculosis
(MTB)-infected THP-1 cells, MMP-9 was increased by microRNA-206 [73] and the expres-
sion of lysosomal cathepsin B and D was upregulated [74]. Therefore, the gradual cleavage
of OPN by several types of proteases can occur during differentiation and inflammation of
THP-1 cells. The bioactivities of each cleaved fragment need to be further clarified.

2.6. Different Expression and Localization between FL-OPN and Its Cleaved OPNs

The expression of FL-OPN, trOPN, and Ud-OPN was decreased in PMA-differentiated
THP-1 macrophages followed by Bacillus Calmette-Guérin (BCG) infection. In contrast,
BCG infection enhanced OPN proteolysis and increased the extracellular localization of the
cleaved OPNs [71]. The results suggest that the proteolysis of OPN may occur within the
activated lysosome of PMA-differentiated THP-1 macrophages after BCG infection, with
the cleaved OPN fragments released extracellularly.

2.7. The Roles of Thrombin-Cleaved OPN in the Pathogenesis of Inflammatory Diseases

OPN and thrombin are highly expressed during inflammation. Many studies have
characterized the functions of trOPN, especially among the several cleaved forms of OPN,
for the pathogenesis of a wide range of inflammatory diseases. Both the roles of trOPN
and thrombin-cleaved C-terminal OPN have been suggested in cancer because of the
expression of both cleaved OPNs and activated thrombin in tumor cells [75–77]. In a study
of malignant glioblastoma (GBM), the levels of trOPN (OPN-R) and OPN-L were markedly
elevated in both tissue and cerebrospinal fluid (CSF) of malignant GBM patients compared
to systemic cancer and non-cancer patients [76]. OPN and its cleaved forms induce cell
migration and confer resistance to apoptosis in GBM cells.

FL-OPN was suggested to be expressed in the synovial fluid of patients with rheuma-
toid arthritis (RA) at similar levels to those with osteoarthritis, whereas the levels of trOPN
in RA synovial fluid are approximately 30-fold higher than in those with osteoarthritis and
correlate with disease severity [78]. Similarly, the levels of cleaved OPNs are markedly
increased in the synovial fluid of patients with RA, but not in osteoarthritis or psoriatic
arthritis [56].

Thrombin activity increases with the progression of neuroinflammation and is de-
tectable in demyelinating lesions where OPN is also present at high levels [79,80]. Ad-
ministration of a thrombin inhibitor decreased clinical severity, demyelination, and se-
cretion of Th1- and Th17-type cytokines in experimental autoimmune encephalomyelitis
(EAE) [81,82]. Thrombin-mediated cleavage of OPN also plays a key role in multiple scle-
rosis relapse by exerting a dual effect [83]. On the one hand, thrombin-cleaved OPNs may
be crucial in the homing of autoreactive lymphocytes in the central nervous system lesions.
In this setting, trOPN increases production of IL-17 involved in breaking the blood–brain
barrier and stimulating lymphocyte migration, whereas the C-terminal fragment increases
lymphocyte adhesion to vascular endothelial cells. On the other hand, the cleaved OPNs
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may support inflammation, in which the N-terminal fragment induces secretion of IL-6
from monocytes and inhibits IL-10 production in CD4+ T cells, increasing the secretion of
IFN-γ from CD4+ T cells.

Thrombin-cleaved OPN is involved in the progression of liver fibrosis in vitro and
in vivo and induces the activation of hepatic stellate cells by increasing the expression of α4
and α9 integrins via mitogen-activated protein kinase (MAPK) and nuclear factor-kappa B
(NF-κB) signaling pathways [84]. It has also been suggested that trOPN in urine reflects
renal inflammation [85]. The urine level of trOPN was significantly higher in patients
with lupus nephritis than in healthy controls. Moreover, patients with overt proteinuria
(urine protein/creatinine ratio > 0.5) had significantly higher concentrations of urine trOPN
than those with minimal proteinuria (urine protein/creatinine ratio < 0.5) and diabetic
nephropathy patients with overt proteinuria (urine protein/creatinine ratio > 0.5).

3. Immunological Activities of OPN in Infectious Diseases

The adaptive immunity characterized by the generation of T helper type (Th)1 cells and
cytotoxic T lymphocytes is critical for protecting hosts from colonization by intracellular
pathogens. To induce a rapid and effective Th1-mediated immunity, cytokine release is
dominated by the production of IL-12. OPN has been suggested to promote Th1 response
through the production of IL-12 derived from macrophages, monocytes, and DCs [86–88].
Several disease models in OPN-deficient mice have implicated the role of OPN as a Th1-
driving cytokine.

Ashkar et al. demonstrated that OPN-deficient mice revealed a severely impaired
Th1-mediated immunity against herpes simplex virus type 1 and Listeria monocytogenes.
OPN-mediated Th1 immunity was stimulated via the induction of IL-12 from macrophages
by the interaction between the amino-terminal portion of OPN and αvβ3 integrin, as well
as the suppression of anti-inflammatory cytokine IL-10 by the interaction of OPN with
CD44 [86]. Another group reported that OPN-deficient mice died after Plasmodium chabaudi
infection, while wild-type (WT) mice had self-limiting infections and produced significantly
smaller amounts of IL-12 and IFN-γ than did WT mice [89]. Furthermore, various toxins
and microbial components induce the secretion of IL-12 from DCs. IL-12 produced by DCs
induces the differentiation of CD4+ T cells toward Th1 cells and stimulates the secretion of
IFN-γ from unsensitized natural killer (NK) and T cells [90]. Renkle et al. demonstrated
that OPN stimulates IL-12 secretion from DCs, promoting IFN-γ production by T cells and,
consequently, OPN-activated DCs to promote Th1 polarization of naïve T cells [88].

However, contrary to the above results, another report described that viral clearance,
lung inflammation, and recruitment of effector T cells to the lung were unaffected in
OPN-deficient mice after influenza infection and that OPN-deficient mice mounted an
unimpaired immune response to Listeria monocytogenes. OPN produced by either CD4+

T cells or DCs did not stimulate naïve CD4+ T cells or induce its differentiation toward
IFN-γ-producing Th1 cells [91]. Interestingly, the model of over-expressed OPN in mice
and cells that immunized heat-killed Listeria monocytogenes (HKLM) indicated that a mature
DC migration from antigen entry sites to lymph node is suppressed by over-expressed OPN
because HKLM-induced CCR7 expression on DCs was inhibited by OPN, suggesting that
an OPN-mediated negative feedback can contribute to impaired T cell immunity through
the regulation of DC migration [92].

OPN was found to enhance the release of Th1 and Th17 cytokines, which exert
protective functions against infection with Trypanosoma cruzi, an etiological agent of Chagas
disease. The release of Th1 and Th17 cytokines is preferentially regulated through the
interaction of OPN with αvβ3 integrin accompanied with the inhibition of IL-10 production
mostly depending on the interaction of OPN with CD44 [93].

OPN has been reported to regulate the replication of human immunodeficiency virus
(HIV)-1 and hepatitis C virus (HCV). Knockdown of OPN in macrophages significantly
suppressed HIV-1 replication in contrast to other intracellular pathogens. HIV infectiv-
ity and replication were promoted by ectopic expression of OPN in TZM-bl cells [94].
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During HCV infection, endogenous OPN was involved in HCV replication and assembly
through the association of OPN with lipid droplets along with HCV nonstructural (NS)
and core proteins in endoplasmic reticulum. Secreted OPN bound to αvβ3 integrin and
CD44 regulate HCV replication and assembly through focal adhesion kinase-mediated
expression of HCV NS and core proteins [95]. Thus, the clarification of the dynamics of
OPN metabolism in distinct infectious diseases is essential for understanding the immune
system and contributing to the treatment of a wide range of inflammatory diseases.

4. OPN in Infectious Diseases
4.1. ATL

ATL is caused by human retroviruses, human T-cell lymphotropic virus type 1
(HTLV-1). HTLV-1 is present worldwide, and it is interesting that high endemic clusters
are often located near areas where the virus is nearly absent. HTLV-1 is mainly endemic
in the southwestern part of Japan, sub-Saharan Africa, South America, the Caribbean
area, and foci in the Middle East and Austral-Melanesia. The total number of HTLV-1
carriers is estimated to be 10–20 million [96]. HTLV-1 Tax viral protein activates NF-κB
and autophagy pathways that favor viral replication and T-cell transformation [97]. It was
reported that the OPN gene is trans-activated by Tax protein of HTLV-1, and the phos-
phoinositide 3-kinase (PI3K)/AKT pathway is involved in Tax-mediated transactivation,
because Tax-induced OPN activation was abrogated by treatment with LY294002 (PI3K
inhibitor) or co-transfection with AKT siRNA [98]. The gene encoding CD44 is also one
of the downstream target genes of NF-κB signaling aberrantly activated by Tax [99]. It is
of note that expression of both OPN and its receptor CD44 is enhanced by Tax-induced
NF-κB signaling, indicating these molecules are integrated into a fate-determining cellular
program. In patients with ATL, a marked elevation of FL-OPN (p = 3.6 × 10−6) and soluble
CD44 (p < 0.001) were observed in plasma, and they were significantly related to each other
(p < 0.002) [100]. The levels of plasma OPN were the highest in acute ATL, followed by
lymphoma and chronic ATL (Table 1). Moreover, the levels in acute ATL or acute lym-
phoma were significantly higher than those in chronic ATL or chronic and smoldering ATL,
respectively. In addition, they were significantly associated with the performance status,
total number of involved lesions, and lactic dehydrogenase, and inversely with lymphocyte
count (p < 0.01) These findings indicate that OPN reflects the severity of ATL (Table 2), and
it should be noted the levels are also an independent prognostic factor in acute myeloid
leukemia [101]. In lymph nodes and skin, immunohistochemically staining using anti-
OPN and anti-CD44 antibodies disclosed that the expression of both OPN and CD44 was
weak/moderate in ATL cells but moderate/strong in infiltrated macrophages [100]. Can-
cer cells can upregulate OPN production in macrophages and the secreted OPN plays
a role in enhancing the clonogenicity of cancer cells [102]. In a xenograft mouse model,
fibroblast-derived OPN plays a role in the growth of transplanted human ATL, and the
antibodies against OPN suppressed tumor growth [12]. The ability of CD44 to bind to
extracellular ligands such as OPN allows for cellular anchoring and activation of specific
signaling pathways and MMP. MMP-7 expression was identified in HTLV-1-infected T-cell
lines, peripheral blood ATL cells, and ATL cells in lymph nodes, but not in uninfected
T-cell lines or normal peripheral blood mononuclear cells. MMP-7 expression was induced
following infection of a human T-cell line with HTLV-1, and specifically by the viral protein
Tax [103].
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Table 1. Comparison of OPN levels in peripheral blood among patients with infectious diseases.

Disease
OPN [ng/mL]

p Value Statistic Statistical Analysis Sample Type ELISA Ref.
Patients (n) Control (n)

ATL

Acute 843 (n = 13)
<396

(n = 30)

<0.0001

Median
Kruskal–Wallis test and

two tail Dunn’s post
test

Plasma IBL [100]Lymphoma 800 (n = 3) <0.05
Chronic 318 (n = 9) -

Smoldering 259 (n = 2) -

TB

600
(n = 48)

250
(n =34) <0.0001 Median Fisher’s test Plasma IBL [104]

159
(n = 37)

69
(n =30) <0.0001 Median Mann–Whitney

U-test Plasma RDS [105]
666

(n = 49)
129

(n = 30) <0.0001 Median Kruskal–Wallis test and
Mann–Whitney

U-test
Plasma IBL [106]

65.1
(n = 49)

8.34
(n = 30) <0.0001 RDS

AIDS/TB
810

(n = 33)
129

(n = 30) <0.0001 Median Kruskal–Wallis test and
Mann–Whitney

U-test
Plasma IBL [106]

103
(n = 49)

8.34
(n = 30) <0.0001 RDS

AIDS
661

(n = 24)
129

(n = 30) <0.0001 Median Kruskal–Wallis test and
Mann–Whitney

U-test
Plasma IBL [106]

123
(n = 24)

8.34
(n = 30) <0.0001 RDS

Hepatitis virus
infection

HBV 560 *
(n = 10)

490 *
(n = 20) <0.01 Mean Student’s t-test Serum IBL [107]

ACLF 8491
(n = 54)

3880
(n = 20) 0.015 Mean Student’s t-test Serum RDS [108]

LC 4.52
(n = 39)

3.23
(n = 14) <0.001 Median Mann–Whitney

U-test Plasma RDS [109]

HCC 67.4
(n = 100)

53.7
(n = 194) <0.001 Median Student’s paired t-test Plasma RDS [110]

Dengue

DF
(n =53)

25.951 2.814
(n = 30) <0.0001

Median Dunn’s multiple
comparison test Plasma

IBL

[11]
540 68

(n = 30) <0.0001 RDS

DHF
(n = 12)

27.55 2.814
(n = 30) <0.0001 IBL

692 68
(n = 30) <0.0001 RDS
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Table 1. Cont.

Disease
OPN [ng/mL]

p Value Statistic Statistical Analysis Sample Type ELISA Ref.
Patients (n) Control (n)

Leptospirosis 442
(n = 112)

187.23
(n = 30) <0.0001 Median Mann–Whitney U-test Plasma IBL [111]

Melioidosis 7100 *
(n = 33)

100 *
(n = 31) <0.001 Mean Mann–Whitney

U-test Plasma RDS [112]

Schistosomiasis Acute 80 *
(n = 28)

5 ¶*
(n = 21) <0.0001 Median Mann–Whitney

U-test Serum RDS [113]

OPN concentrations in the plasma or serum from patients and healthy controls are shown as the median or mean values. Abbreviations are ATL, adult T-cell leukemia; TB, tuberculosis; AIDS, acquired
immunodeficiency syndrome, which is co-infected with opportunistic infections other than TB; AIDS/TB, AIDS co-infected with TB; HBV, hepatitis B virus; ACLF, acute-on-chronic liver failure; LC, liver
cirrhosis; HCC, hepatocellular carcinoma; DF, dengue fever; DHF, dengue hemorrhagic fever; IBL ELISA, ELISA kit from Immuno-Biological Laboratories, used to measure plasma FL-OPN and trOPN; RDS
ELISA, ELISA kit from R&D Systems, to be specific for undefined epitope and detect both FL-OPN and the cleaved forms (Ud-OPN). ¶ Uninfected control. * Values were read from the figure; “-”, no data.
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Table 2. OPN levels in body fluid reflect disease severity of infectious diseases.

Disease OPN [ng/mL] p Value Statistic Statistical
Analysis Sample Type ELISA Ref.

ATL

Acute
843

(n = 13)

Chronic
318

(n = 9)
0.0002

Median Mann–Whitney
U-test Plasma IBL [100]Acute &

Lymphoma
843

(n = 16)

Chronic &
Smoldering

318
(n = 11)

<0.0001

TB
Severe PTB

192
(n = 10)

Non-severe PTB
114

(n = 10)
<0.0001 Median Mann–Whitney

U-test Plasma RDS [114]

COVID-19

CP
425

(n = 25)

CV
330

(n = 23)
<0.0146

Median Mann–Whitney
U-test Plasma

IBL
[115]

CP
63.3

(n = 13)

CV
42.3

(n = 9)
0.0001 RDS

Clitically ill
13.75

(n = 40)

Non-critically ill
9.85

(n = 48)
0.002 Median Mann–Whitney

U-test Serum Elabscience [116]

Melioidosis
Non-survivors

8750 *
(n = 14)

Survivors
6200 *

(n = 19)
<0.05 Mean Mann–Whitney

U-test Plasma RDS [112]

Trypanosomiasis

Moderate
neurological

singns
550 *

(n = 31)

Absence of
neurological signs

100 *
(n = 21)

<0.01

Median

Mann–Whitney
U-test

CSF RDS [117]
Severe

neurological sings
950 *

(n = 5)
<0.05 Kruskal–Wallis

test

OPN concentrations in body fluid are shown as the median or mean values. PTB, pulmonary TB; COVID-19, coronavirus disease 2019; CP and CV, COVID-19 infected patients with pneumonia and mild clinical
symptoms, respectively, critically ill patients with COVID-19, COVID-19 patients who suffer from respiratory failure, shock, or multiorgan dysfunction; and CSF, cerebrospinal fluid. * Values were read from the
figure.
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4.2. Tuberculosis (TB)

TB is the leading cause of death among infectious diseases. Simple and sensitive
tests for diagnosing and monitoring TB are lacking. OPN is a promising candidate for
diagnosis and assessments of the severity of illness and response to TB treatment. OPN is a
part of the Th1-type immune response, which is important in protective immunity against
TB. IL-12 and IFN-γ associated with Th1 immunity are dependent on OPN secretion by
peripheral blood mononuclear cells infected with BCG [104]. OPN can be a macrophage
chemoattractant and was found to be present in tuberculous granulomas, suggesting its
involvement in granuloma formation [118]. Although granulomas contain the spread of
mycobacteria in TB, the role of OPN in conferring protective immunity in TB is controver-
sial. More severe mycobacterial infections have been characterized by heavier loads and
delayed clearance of bacteria in OPN-deficient mice [119]. In contrast, lower pulmonary
bacterial loads and lung inflammation have also been reported during the late phase of TB,
conferring a modest survival advantage to OPN-deficient mice [120].

The plasma levels of FL-OPN were significantly higher (p < 0.0001) in patients with
TB than in healthy controls (Table 1) [104–106,118]. Higher levels were found in acquired
immune deficiency syndrome (AIDS) associated with TB (AIDS/TB) [106]. Ud-OPN levels
were also significantly higher in patients with AIDS/TB and TB [105,106,114]. Although
the OPN levels were significantly higher in human immunodeficiency virus (HIV)-negative
pulmonary TB (PTB) patients than in those with latent TB, the same trend was not observed
in HIV-infected patients, indicating its limitation in detecting TB development in HIV
infection [114]. The levels decreased significantly after successful TB treatment, as indicated
by clinical improvement or sputum smear conversion, suggesting its potential to monitor
the effect of treatment [104,121].

In our study, the plasma levels of FL-OPN and Ud-OPN were measured simultane-
ously. FL-OPN and Ud-OPN indicated a high area-under-the-curve (AUC) value between
normal versus TB (AUC: around 0.99) and normal versus AIDS/TB (AUC: around 0.97),
suggesting that FL-OPN and Ud-OPN can discriminate normal and TB as well as normal
and AIDS/TB. It is of note that the FL-OPN levels did not show any significant differences
between multidrug-resistant (MDR) TB and non-MDR TB, whereas Ud-OPN was signifi-
cantly (p = 0.0227) lower in MDR TB compared with non-MDR TB, suggesting that FL-OPN
and Ud-OPN reflect different pathologies of TB [106].

Ud-OPN and IL-6 levels were higher in patients with severe chest X-ray grade, in-
dicating their association with disease severity, and were positively correlated with each
other [114]. The plasma levels of Ud-OPN were significantly higher in patients with severe
PTB in which lesions involved four or more zones without cavities or more than three
zones with cavities, as compared with those with non-severe PTB (Table 2).

In TB patients, Spearman’s correlation analysis revealed a significant correlation
between plasma levels of OPN and soluble CD44. The levels of both OPN and sCD44
were associated with lymphocytopenia and the levels of C-reactive protein (CRP), IL-8,
and IFN-γ induced protein 10 (IP-10). The negative association of FL-OPN with esat-6
specific memory T cell numbers indicate that OPN is involved in migration of lymphocytes
to granuloma [122].

An in vitro study showed that many genes in THP-1 cells were upregulated 6 to 12 h
after MTB infection. Most of these genes encode proteins involved in cell migration and
homing, including the chemokines IL-8, OPN, monocyte chemotactic protein-1 (MCP-1),
and macrophage inflammatory protein-1α (MIP-1α) [123].

Systemic levels of MMP-1, 8, 9, and 12 were significantly higher in patients with
PTB than in those with extrapulmonary TB (EPTB) or latent TB (LTB), and in healthy
controls [124]. Recent findings also showed that the levels of MMP9 and MMP12 in
bronchoalveolar lavage were increased in PTB patients who smoked. Between-group
analysis showed that the frequency of M1 macrophages was higher in non-smoker PTB
patients, while more M2 macrophages were found in smokers without PTB than in non-
smokers [125].



Biomedicines 2021, 9, 1006 14 of 28

4.3. Acquired Immune Deficiency Sndrome (AIDS)

The increased levels of OPN in plasma and CSF were demonstrated and OPN is a
marker of cerebral dysfunction of antiretrovirus therapy (ART) era [126]. Elevated levels
of FL-OPN [127] and both FL- and Ud-OPN [106] in AIDS patients were reported. The
persistent elevation of FL-OPN during ART was described and it was claimed that it may
be useful to monitor systemic inflammation in ART-treated AIDS patients [127]. Another
study also proposed that a proliferation-inducing ligand (APRIL) and B cell-activating
factor (BAF), tumor necrosis factor (TNF)-receptor 1(R1), CD163, and OPN were biomarkers
for likely poor immune recovery [128].

Detailed analysis of brain tissues and CSF showed elevated levels of OPN in HIV-
associated dementia, and it was implicated that OPN stimulates HIV-1 replication in the
brain [94]. Recently it was shown that OPN levels showed significant negative correlation
with CD4 counts (r = −0.345) and showed significant positive correlation with viral loads
(r = 0.334) of the HIV-infected patients, indicating that systemic replication might also be
enhanced by OPN [114].

The plasma FL-OPN and Ud-OPN of AIDS patients were significantly elevated com-
pared with healthy control (Table 1). In AIDS/TB, Ud-OPN levels were higher than
HIV single infection [114] but the FL-OPN and Ud-OPN levels of AIDS/TB indicated no
difference from those of AIDS or TB [106].

In HIV-1-infected individuals, the protein and enzymatic activities of MMP2 and
MMP9 were increased in peripheral blood. The levels were more increased in HIV-
associated neurocognitive disorders (HAND). In postmortem examination, the levels
were also elevated in brain tissue of patients with HAND [129]. Similarly, in postmortem
brain tissue, perineuronal nets (PNNs)-degrading enzyme was increased in HAND and
OPN was abundant in the HIV-infected brain [130,131].

4.4. Hepatitis Virus Infection

An estimated 257 million people (3.5% of the world’s population) are chronically in-
fected with hepatitis B virus (HBV) and 71 million (1% of the world’s population) with HCV.
IL-17 and FL-OPN levels were significantly increased in patients with chronic hepatitis B.
In addition, OPN markedly induced IL-17 expression in leukocytes in both humans and
mice. β3 integrin, an OPN receptor, is reported to be critically involved in the induction of
IL-17 production by OPN [107].

HBV-associated acute-on-chronic liver failure (ACLF) is a syndrome with a high
rate of short-term mortality. It is important to identify patients at high risk of mortality.
The levels of Ud-OPN in the prediction of 90-day mortality in patients with ACLF was
evaluated [108]. Serum OPN levels were significantly higher in HBV-ACLF patients (n = 54)
than in those with acute exacerbation of chronic hepatitis B (CHB, n = 20) and healthy
controls (n = 20, both p < 0.01) (Table 1). Furthermore, the serum levels were higher in those
patients who succumbed to HBV-ACLF than in surviving patients (p < 0.05). The collective
findings indicate that the serum OPN level may be an independent risk factor associated
with HBV-ACLF prognosis. OPN may be a predictor of the prognosis of patients with
HBV-ACLF. However, the OPN levels of normal controls were significantly higher than
those of other diseases, and only one study used serum instead of plasma [108]. It should
be determined whether serum used for the assay could be the reason for the high titers,
because clot formation of blood to collect the serum activates proteases, such as thrombin,
and causes structural changes in OPN. The significance of OPN expression in HBV-induced
liver cirrhosis (LC) was evaluated. In LC patients, plasma OPN levels were significantly
higher than those in HBV-infected patients (LC, 4.52 [3.15–6.43], p < 0.001) [109]. Both
HBV and HCV are major causes of HCC in liver cancer [132]. In one study, plasma OPN
levels at baseline were significantly higher (67.4 ng/mL, n = 100; p < 0.001) in HCC cases
than in controls (53.7 ng/mL, n = 194) [110]. A statistically significant positive association
was observed between circulating OPN levels and HCC risk. Within 2 years of diagnosis,
the combination of OPN and alpha-fetoprotein (AFP) best predicted HCC development,
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suggesting that measuring OPN and AFP could identify high-risk groups independently
of a liver disease [110].

The involvement of secreted OPN in liver dysfunction is interesting. Notably, human
recombinant OPN upregulates MMP-2 through the stromal cell-derived factor 1 alpha/C-
X-C chemokine receptor type 4 axis, which is mediated by binding to integrin α(v)β3 and
CD44v6. The PI3K/AKT and c-Jun N-terminal kinase pathways are activated in HepG2
and SMMC7721 cells [133]. Additionally, HBV infection results in altered membrane CD100
(mCD100) expression and serum-soluble CD100 (sCD100) levels. The sCD100 can increase
the CTL response against HBV and accelerate HBV clearance. Shedding of CD100 by mice
and sCD100 formation are mediated by MMP2 and MMP9 [134].

4.5. OPN in Tropical Neglected Diseases
4.5.1. Dengue

Tropical areas are sites of various tropical infectious diseases. A metrological analysis
correlated epidemic of dengue and leptospirosis with rainfall and with relative humidity
and temperature in the Philippines [135]. Dengue is an increasing global public health
threat. Four dengue virus types (DENV1–4) are now co-circulating in most dengue endemic
areas. Population growth, an expansion of areas hospitable for the Aedes mosquito species,
and the ease of travel have all contributed to a steady rise in dengue infections and disease.
Dengue is common in more than 100 countries worldwide. Each year, up to 400 million
people acquire dengue. Approximately 100 million people are infected and 22,000 die
from severe dengue. The regions that are most seriously affected by outbreaks are the
Americas, South/Southeast Asia, and the Western Pacific. Asia represents approximately
70% of the global burden of disease [136] (https://www.cdc.gov/dengue, accessed on
1 July 2021). DENV infections are categorized into three groups: undifferentiated fever,
dengue fever (DF), and dengue hemorrhagic fever (DHF) [137]. DHF is further classified
into four severity grades, the most severe of which is dengue shock syndrome [138].

We analyzed plasma from patients with DF and DHF using three different ELISA kits
as described in Figure 1. Levels of FL-OPN, trOPN, Ud-OPN, D-dimer, thrombin anti-
thrombin complex (TAT), and thrombomodulin were significantly elevated in the critical
phase in both the DF and DHF groups compared with healthy controls (Table 1). During the
recovery phase, FL-OPN levels declined, while trOPN levels increased dramatically in both
the DF and DHF groups, indicating that cleavage of OPN occurs during the recovery phase.
FL-OPN levels were directly correlated with D-dimer and ferritin levels, while trOPN
levels were associated with platelet counts, TAT levels, and viral RNA load. A Spearman
rank correlation coefficient analysis revealed a significant correlation between FL-OPN,
Ud-OPN, and FL-Galectin-9 (Gal-9) during the critical phase (Figure 4A). However, no
correlation was evident during the recovery phase, indicating that the ELISA kit to detect
Ud-OPN measured not only FL-OPN but also the cleaved forms, but could not differentiate
between them (Figure 4) [11].

An increase in circulating MMP9, MMP12, and MMP13 levels was detected in plasma
from DF patients, whereas MMP2 levels did not present relevant changes when compared
to healthy controls. Moreover, the MMP9 median level was higher in severe DF than in mild
DF [139]. In another study, however, MMP2 was implicated as a potential biomarker for
plasma leakage associated with dengue shock syndrome [140]. Furthermore, non-structural
protein 1 (NS1) exposure of THP-1 monocytes resulted in altered cell morphology and
activated them for release of proteins in 24 h. Expression of MMP-2, MMP-8, MMP-9, and
MMP-14 genes was upregulated by NS1 exposure [141].

https://www.cdc.gov/dengue
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4.5.2. Leptospirosis

Leptospirosis is a neglected zoonotic disease with a global distribution. It is endemic
mainly in countries with humid subtropical or tropical climates, and has epidemic po-
tential [143]. There are an estimated 1.03 million cases per year, resulting in 2.9 million
disability-adjusted life years, with the highest burden in resource-poor tropical coun-
tries [144].

Leptospirosis patients display significantly higher levels of plasma FL-OPN (p < 0.0001)
and trOPN (p < 0.01) compared to healthy controls (Table 1). FL-OPN levels have been
significantly correlated with the levels of serum cystatin C (CyC) (r = 0.41, p < 0.0001),
urine trOPN/creatinine (Cr) (r = 0.23, p < 0.05), urine N-acetyl-β-d-glucosidase (NAG)/Cr
(r = 0.35, p < 0.001), urine clusterin/Cr (r = 0.33, p < 0.05), urine CyC/Cr (r = 0.33, p < 0.05),
and serum Cr (r = 0.28, p < 0.01). These findings indicate the involvement of OPN in kidney
injury. A significant increase in urine NAG/Cr (p < 0.05) levels in leptospirosis patients has
been described previously, and an increased urine NAG level is a highly specific marker
of proximal tubular disease [111]. OPN may be involved in tubular dysfunction and is
released by infiltrating inflammatory macrophages in tubules [145]. Leptospires endowed
with plasminogen (PLG) or plasmin can promote the transcriptional upregulation of MMP-
9. Serum samples from patients with confirmed leptospirosis showed higher levels of
PLG activators and total MMP-9 than serum samples from healthy subjects. It has also
been suggested that this stimulated proteolytic activity occurs at the early stage of the
disease and is involved in bacterial cell penetration of endothelial cells [141]. Differential
diagnosis of DF from leptospirosis is often difficult because both diseases are acute febrile
illnesses and occur after disasters, such as floods [135]. Leptospirosis is often misdiagnosed
as DF and is underdiagnosed in endemic regions [146]. Furthermore, both diseases are
accompanied by cytokine storms. Both proinflammatory and anti-inflammatory cytokines
and chemokines are induced during the progression of DENV infection, suggesting that
multifunctional mediators are involved in the associated pathogenesis [142,147,148].

The involvement of a cytokine storm and subsequent immunoparalysis in the devel-
opment of severe leptospirosis in susceptible hosts has been demonstrated. The potential
contribution of major proinflammatory cytokines in the development of tissue lesions
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and systemic inflammatory response, as well as the role of anti-inflammatory cytokines
in contributing to the onset of a deleterious immunosuppressive cascade, still needs to be
examined [149].

4.5.3. Melioidosis

A causative agent of melioidosis is the aerobic, gram-negative, soil-dwelling bacillus
Burkholderia (B.) pseudomallei and causes severe sepsis in approximately 46 countries in
Southeast Asia and Northern Australia [150]. Current estimates suggest that 165,000 cases
of melioidosis result in 89,000 deaths worldwide per year [151]. Plasma OPN levels in
patients showed approximately 70-fold higher than healthy controls (Table 1) and non-
survivors showed higher OPN levels than survivors on admission, indicating the levels can
reflect the severity for melioidosis (Table 2). Using OPN-deficient mice models, OPN was
found to contribute to lung inflammation and mortality [112]. It is known that Neutrophils
kill up to 90% of intracellular B. pseudomallei organisms and neutrophil extracellular traps
of neutrophils promote indirect generation of the host cytokine response [112]. The analysis
of blood transcriptome showed that 50 were commonly up-regulated in all mouse models
and the human disease of the 118 upregulated genes, including Arginase-1 and cytokine
genes, as well as MMPs and TLRs [152].

4.5.4. Parasite Infection
Human African Trypanosomiasis (HAT)

The numbers of reported cases of HAT, or sleeping sickness, were 50,000 new cases
each year in the last decade of the 20th century [153]. When patients with a white blood cell
(WBC) count of less than 5 WBC/µL and no trypanosomes were classified as S1 and those
with more than 5 WBC/µL and/or trypanosomes in the CSF as S2 patients, the levels of
OPN and β-2-microglobulin in CSF significantly discriminated between S1 and S2 patients
with high sensitivity for 100% and 91% specificity, respectively, and were highly correlated
with WBC counts. The CSF levels of OPN were significantly increased in patients with
parasites in CSF than those without parasites in CSF. Furthermore, the levels significantly
discriminated between patients without neurological signs, with moderate neurological
signs, and severe neurological signs, and were higher as the severity of neurological signs
were elevated, therefore suggesting that the OPN levels in CSF can reflect the severity for
HAT (Table 2) [117]. The examination of CSF from patients with S1 and S2 also showed that
ICAM-1 and MMP-9 alone or in combination are significant staging markers of HAT [154].

Schistosomiasis

Schistosomiasis is caused by Schistosoma spp. flatworms that affects severe diseases in
over 200 million people from 76 countries and territories in tropical areas. More people
may be at risk due to the increases in population in endemic areas [155]. It is important
to study when it was eradicated. The last case of S. japonicum in Japan was found in 1977
and infected snails were last detected in 1982 [156]. The clinical manifestations generally
cluster into three distinct forms of the disease: acute, hepatointestinal, and hepatosplenic
schistosomiasis. Serum OPN levels of 28 patients with acute schistosomiasis were investi-
gated and their circulating levels of OPN in the serum (p = 0.0001) were increased (Table 1).
The increase begins at 5–6 weeks post-infection and peaked 7–11 weeks post-infection.
The symptoms start to disappear 12 weeks after infection and circulating OPN levels
start to fall. It was suggested that serum OPN could be a good biomarker to diagnose
symptomatic acute schistosomiasis [113]. It was also found that macrophages are one of
the major sources of OPN in the early phases in patients with hepatointestinal schistoso-
miasis, while bile ducts are the main producers of OPN in patients with hepatosplenic
disease [157]. Significant upregulated expression of proinflammatory cytokines (IL-1α,
IL-1β, and IL-8) and chemokines (CCL3, CCL4, and CXCL2) in neutrophils after 4 h in vitro
stimulation with S. japonicum eggs was also found. Successively stimulated neutrophils
release mitochondrial DNA and produce MMP-9 [158].
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4.6. Coronavirus Disease 2019 (COVID-19)

The situation becomes more complex with COVID-19 epidemics, another acute febrile
illness. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused an on-
going pandemic of COVID-19 with more than 200 million cases and more than 4.25 million
deaths as of the end of 5 August 2021 (https://coronavirus.jhu.edu/map.html, accessed on
6 August 2021). The severity of the infection is highly variable, ranging from asymptomatic
infections to mild cold symptoms, to severe pneumonia, to respiratory failure requiring
mechanical ventilation, and to death from multiple organ failure [159].

It is important to know how DENV infection affects SARS-CoV-2 infection, and
vice versa. This is because serological cross-reaction was reported in two patients in
Singapore with false-positive results from rapid serological testing for dengue, who were
later confirmed to be infected with SARS-CoV-2 [160]. Whether previous contact with
endemic infectious diseases, such as symptomatic dengue, might alter the prognosis of
COVID-19 was investigated. Patients without previous dengue had a higher risk of death
(hazard ratio: 0.44; 95% confidence interval: 0.22 to 0.89; p = 0.023) at the 60-day follow-
up. These findings have raised the possibility that dengue may induce immunological
protection against SARS-CoV-2 [161].

Contrary to the cross-protection hypothesis, prior DENV infection was associated with
twice the risk of clinically apparent COVID-19 upon SARS-CoV-2 infection. The higher
risk of clinically apparent COVID-19 among individuals with prior dengue has important
health implications for communities sequentially exposed to DENV and SARS-CoV-2 [162].
Epidemiological studies have shown a significant decrease in DF cases and a contrasting
increase in leptospirosis cases in the second quarter of 2020 compared with 2019 in Sri
Lanka [163]. DF transmission is closely related to the movement of people, which was
restricted during the COVID-19 pandemic, not so much because of the disease, but because
of the lockdown restrictions. Leptospirosis is a disease that arises from livelihood exposure
in peri-domestic environments. It is more likely to continue its usual cycle of infection and
may increase in prevalence, despite the lockdown restrictions. It is difficult to distinguish
non-severe cases of dengue from COVID-19 in the context of co-epidemics. A cohort study
of co-epidemic areas described that non-severe dengue was more symptomatic than mild
to moderate COVID-19. Body ache, headache, and retro-orbital pain were indicative of
dengue, whereas contact with a COVID-19-positive case, anosmia, delayed presentation
(>3 days post-symptom onset), and the absence of active smoking were indicative of
COVID-19. Based on the study, basic clinical and epidemiological indicators may help
distinguish COVID-19 and dengue from each other and other febrile illnesses [164].

It was proposed that the elevated OPN levels in COVID-19 individuals with diabetes
may increase the expression of furin, which cleaves the SARS-CoV-2 spike protein to allow
virus entry into host cells [165]. The plasma levels of FL-OPN were higher in both COVID-
19-infected patients with mild clinical symptoms (CV) (p < 0.001) and the patients with
pneumonia (CP) (p < 0.0001) than in healthy controls (Table 1) [115]. An increase showing
the same significant difference was also observed in the Ud-OPN value. ROC analysis
using the data of FL-OPN, Ud-OPN, FL-Gal-9, and truncated (Tr)-Gal-9 yielded the high
values to differentiate CP patients from healthy controls. ROC analysis between CV and
CP patients showed that Ud-OPN had a higher AUC value (0.81) than FL-OPN (0.70),
indicating that the cleaved form may reflect the pathological conditions of CP patients.
Furthermore, Spearman analysis showed a significant negative association of Ud-OPN
with respiratory factors and moderate positive associations with CRP, sIL-2R, ferritin, and
D-dimer levels. The plasma levels of OPN were reported to be significantly higher in
COVID-19-infected severe patients as compared with non-severe cases (Table 2), and the
levels of OPN were associated with increased activation of macrophages, DCs, neutrophils,
eosinophils, NK cells, and T and B lymphocytes in critical patients [116]. The plasma levels
of FL-OPN and Ud-OPN in CP patients were significantly higher compared with those in
CV patients (Table 2) [115]. These results indicate that circulating FL-OPN and Ud-OPN
reflect disease severity of COVID-19.

https://coronavirus.jhu.edu/map.html
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We explored whether the OPN levels could be different between dengue, leptospirosis, and
COVID-19 (Figure 5). The levels of FL-OPN showed a wide range in DF (1833 ± 159 ng/mL),
DHF (1792 ± 193 ng/mL) [11], leptospirosis (443 ± 47.3 ng/mL) [111], and CP
(455 ± 67.0 ng/mL). There were significant differences between DF and CV (p < 0.0001) or
DF and CP (p = 0.0059), and between DHF and CV (p < 0.0001) or DHF and CP (p = 0.011).
The levels in CV and CP did not significantly differ from those in leptospirosis. The levels
of Ud-OPN also varied widely in DF (540 ± 30.9 ng/mL) and DHF (692 ± 64 ng/mL) as
compared with CV (42.3 ± 4.03 ng/mL) and CP (71.4 ± 6.98 ng/mL). The levels in DF
were significantly different (p < 0.0001) from those in both CV and CP, and the levels in
DHF were significantly different from those in CP (p = 0.0019). These findings suggest
that patients with high levels of Ud-OPN are not likely to suffer from COVID-19. These
findings may also explain why non-severe forms of dengue are more symptomatic than
COVID-19 [164]. However, it might be early to conclude that the titers of Ud-OPN can
differentiate DF, CV, or CP, because DF, DHF, and leptospirosis patients were from Manila
in the Philippines, while the CV and CP patients were from Sendai, Japan. Furthermore,
all patients with COVID-19 survived, indicating that their symptoms were not serious.
Therefore, the aforementioned titers should be evaluated in patients from the same country
in larger studies.
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Some patients with COVID-19, dengue, and leptospirosis succumb to cytokine storms
involving an increase of IL-6 [166]. A recent randomized trial of hospitalized patients
with severe COVID-19 pneumonia reported the potential benefit of a therapy using the
tocilizumab monoclonal antibody to the IL-6 receptor in the period until hospital discharge
and during ICU stay [167]. Administration of tocilizumab decreased the levels of Ud-
OPN, although the levels of FL-OPN did not change, indicating that the suppression of
cleavage is associated with clinical amelioration [115]. The mechanisms underlying the
involvement of OPN cleavage in a cytokine storm are not clear; however, these findings
further suggest that the cleaved forms of OPN can be used to monitor the severity of
pathological inflammation and the therapeutic effects of tocilizumab in CP patients.

It has been proposed that myeloid or tumor cell-expressed OPN acts as an immune
checkpoint to suppress T-cell activation by binding to CD44 molecules on CD8 cells [168].
It is necessary to study whether the cleavage of the cell-bound OPN by MMPs leads to
the activation of immune cells and causes cytokine storms. Among various inflammatory
markers, MMP-9 has been strongly associated with the PO2/FiO2 ratio and can distinguish
between COVID-19 patients with and without respiratory failure [169]. Furthermore,
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detailed analysis showed that the levels were associated with mortality of the patients [170].
It has been also linked to pleural effusions, alveolar damage, and neuroinflammation,
which are often seen in COVID-19 patients, and MMP-9 inhibitors were implicated for
the therapy [171]. Furthermore, a cytokine storm of COVID-19 is associated with severe
coagulopathy and thrombin activation plays a key role for coagulopathy [172]. Application
of thrombin inhibitors was proposed to have potential therapeutic benefits [173]. It would
be necessary to study how these therapies will affect the metabolism of OPN to understand
the roles of OPN in COVID-19.

5. Conclusions

Circulating FL-OPN is elevated in various infectious diseases that include ATL, TB,
AIDS/TB, AIDS, hepatitis virus infection, dengue, leptospirosis, and COVID-19. Thrombin,
MMPs, caspase 8/3, cathepsin D, plasmin, and enterokinase reportedly cleave OPN. The
different functions, expression, and localization of FL-OPN and its cleaved OPNs during
inflammation are noteworthy. The cleaved forms of OPN are related to the severity of
TB, COVID-19, melioidosis, and trypanosomiasis. The elevations of both FL-OPN and its
cleaved forms in COVID-19 are less than those in dengue or leptospirosis. The correlation
of OPN levels with the severity of the disease present in the lung diseases such as TB
and CP in COVID-19 and the correlation with the renal function in leptospirosis strongly
suggests the levels reflect not only systemic inflammation but organ-specific inflammation.
Furthermore, the levels of the cleaved forms of OPN may reflect the cytokine storm of
febrile illness. New functions of truncated OPNs were analyzed and antibody therapies
were proposed to prevent these functions. On the other hand, inhibition of such cleavage
may also have good consequences. In any case, both basic and clinical research on this
protein is expected to open a new door and create new therapies.
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