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Abstract

Introduction—Dengue virus (DENV) is transmitted by the mosquito vector, and causes a wide

range of symptoms that lead to dengue fever (DF) or life-threatening dengue hemorrhagic fever

(DHF). The host and viral correlates that contribute to DF and DHF are complex and poorly

understood, but appear to be linked to inflammation and impaired coagulation. Full-length

osteopontin (FL-OPN), a glycoprotein, and its activated thrombin-cleaved product, trOPN,

integrate multiple immunological signals through the induction of pro-inflammatory cytokines.
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Materials and Method—To understand the role of OPN in DENV-infection, we assessed

circulating levels of FL-OPN, trOPN, and several coagulation markers (D-dimer, thrombin-

antithrombin complex [TAT], thrombomodulin [TM], and ferritin in blood obtained from 65

DENV infected patients in the critical and recovery phases of DF and DHF during a dengue virus

epidemic in the Philippines in 2010.

Results—Levels of FL-OPN, trOPN, D-dimer, TAT, and TM were significantly elevated in the

critical phase in both the DF and DHF groups, as compared with healthy controls. During the

recovery phase, FL-OPN levels declined while trOPN levels increased dramatically in both the DF

and DHF groups. FL-OPN levels were directly correlated with D-dimer and ferritin levels, while

the generation of trOPN was associated with TAT levels, platelet counts, and viral RNA load.

Conclusion—Our study demonstrated the marked elevation of plasma levels of FL-OPN and

thrombin-cleaved OPN product, trOPN, in DENV-infection for the first time. Further studies on

the biological functions of these matricellular proteins in DENV-infection would clarify its

pathogenesis.
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Introduction

Dengue is an acute febrile disease that is caused by the dengue virus (DENV), which is

transmitted to the host through the bite of blood-feeding mosquitos [1]. The number of

countries reporting dengue cases has been increasing annually. An estimated 50 million

dengue infections occur annually worldwide, and approximately 2.5 billion people live in

countries where dengue is endemic [2]. In the majority of cases, infection with any of the 4

DENV serotypes is asymptomatic. However, a wide spectrum of clinical symptoms are

associated with cases of symptomatic infection. These symptoms range from dengue fever

(DF), which is a mild flu-like syndrome, to the more severe dengue hemorrhagic fever

(DHF), which is characterized by coagulopathy and increased vascular fragility and

permeability. DHF may even progress to hypovolemic shock (dengue shock syndrome) and

death [3].

The mechanisms that lead to severe forms of dengue illness are complex, but undoubtedly

relate to increased coagulation and fibrinolysis activity during DENV-infection [4, 5]. The

activation of coagulation pathways and fibrinolysis have also been reported in DENV-

infection, as reflected by increased thrombin-antithrombin complex (TAT), D-dimer (fibrin

degradation product), tissue plasminogen activator and prothrombin fragment [6, 7]. In

addition, it has been reported that thrombomodulin (TM) is induced in endothelial cells after

infection with DENV in vitro, and may contribute to anticoagulation pathways in cells

during DENV-infection [8]. (TM is an integral membrane protein that is expressed on the

surface of endothelial cells, and serves as a cofactor for protein C activation by thrombin.)

Nonstructural protein-1 (NS1) is a 43kDa glycoprotein of DENV and is expressed on cell

surface or secreted as a soluble hexamer after infection [9, 10]. It is of note that this protein
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was reported to bind prothrombin and inhibits its activation into thrombin and it has also

been shown that antithrombin antibodies recognize NS1 protein in the sera of patients with

dengue [11, 12]. Hemophagocytic syndrome is a final common form of a cytokine storm,

which is induced by the uncontrolled proliferation and activation of macrophages, and

results in systemic inflammatory responses and multi-organ dysfunction. Elevated ferritin, a

marker of hemophagocytic syndrome, has also been reported in patients with dengue [13,

14]. The precise mechanism of DENV activity in the disturbance of capillary permeability is

unclear. However, this mechanism is generally thought to be related to the dysregulation of

immune and inflammatory factors. There is a need for soluble biomarkers that reflect both

inflammation and coagulopathy during DENV-infection. Sosothikul et al demonstrated that

von Willebrand factor (vWF) was the best indicator of the hemorrhagic form of dengue

fever. Increased levels of soluble TM, vWF antigen, tissue factor and plasminogen activator

were reported during the acute phase and were associated with disease severity. In contrast,

the levels of ADAMTS-13 were lower in DHF patients compared to DF patients [15, 16].

Here, we studied inflammatory molecule of osteopontin, which have potential cleavage site

of thrombin, in DENV-infection.

Full-length osteopontin (FL-OPN) is a highly phosphorylated and glycosylated matricellular

protein. Although FL-OPN is secreted into the extracellular environment or matrix,

intracellular form of OPN was also reported [17]. Rather, FL-OPN modulate cell function by

interacting with cell-surface receptors, proteases, hormones, other bioeffector molecules,

and structural matrix proteins, such as collagens [18]. FL-OPN is an acidic protein that

consists of approximately 300 amino acids and is widely expressed in immune cells (for

example, macrophages, T cells, and B cells) that are involved in bone resorption, wound

repair, immune function, angiogenesis, cell survival, and cancer biology [19–24]. FL-OPN

contains the arginine-glycine-aspartic acid (RGD) sequence, a classic cell-binding motif that

is recognized by cell surface RGD-recognizing integrins such as αvβ1, αvβ3, and α5β1 [25,

26]. In addition to the RGD motif, FL-OPN also contains 2 heparin-binding sites, 1

thrombin cleavage site, and 1 putative calcium-binding site [27]. Proteolytic cleavage of FL-

OPN by thrombin (between Arg168 and Ser169) generates a functional fragment of N-

terminal thrombin-cleaved OPN (trOPN, also known as OPN-R [28]), which contains a

cryptic binding site for integrin α9β1 and α4β1 that enhances the attachment of trOPN to

integrins [26, 29]. Elevation of trOPN levels has been reported in plasma and tissue of

patients with atherosclerotic status, and also in the synovial fluid from knee osteoarthritis

[29–31].

A previous study demonstrated that DENV-infection induces OPN gene expression in

human macrophages [32]. Given the importance of coagulation and inflammation

abnormalities in DENV-infection, we designed a prospective clinical study to investigate

FL-OPN and trOPN as candidate biomarkers in patient cohorts from Manila, the Philippines,

during a dengue epidemic.
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Materials and methods

Subjects and study design

During 2010, a study on dengue was conducted at San Lazaro Hospital in Manila, the

Philippines. A total of 65 patients with clinical diagnoses of DF (n=53) or DHF (n=12) were

enrolled in the study. DF and DHF were defined in accordance with the World Health

Organization guidelines. Medical histories, physical examination results, and laboratory

examination results were obtained from each of the enrolled patients. For each of the

patients infected with DENV and 30 healthy controls (HC), plasma and serum samples were

collected during the critical phase (day 4 or 5 of illness) and recovery phase (day 7 or 8 of

illness), as described previously [33]. In brief, blood was collected in tubes with or without

the anti-coagulant EDTA. EDTA plasma was obtained by centrifugation at 3,000 rpm for 10

min at 4°C. Serum was centrifuged and collected after clot formation at room temperature.

Samples were aliquoted and stored at −80°C until use. Multiple thawing was avoided.

Ethics statement

The study was conducted in accordance with the Declaration of Helsinki (Seoul, 2008) and

was approved by the Ethics Committees of San Lazaro Hospital, Manila, the Philippines

(2009–003), and Tohoku University Hospital, Sendai, Japan (2009–425). Written informed

consent was obtained from all study participants.

RNA extraction and DENV quantification

Dengue viral RNA was quantified as previously reported [33]. In brief, genomic viral RNA

was extracted from 140 μl of patient serum (critical phase only, n = 65) using the QIAamp

viral RNA mini kit (QIAGEN, Hilden, Germany). The extracted RNA was stored at −80 °C

until use. The DENV copy number was measured by a TaqMan® real-time reverse

transcription polymerase chain reaction assay (7500 Real-Time PCR System, Applied

Biosystems, Foster City, CA, USA) using an in vitro transcribed quantitative RNA standard,

as described previously [34].

Inflammatory and coagulation marker quantification

OPN levels in plasma were quantified by 2 different commercially available ELISA kits

(IBL, Gunma, Japan; R&D Systems, Minneapolis, MN, USA) [35]. In the first kit,

polyclonal rabbit antibody (O-17) specific to the N-terminus of OPN (Ile17-Gln31,

accession #NP_000573.1) was used as a capture antibody, and a mouse monoclonal

antibody (10A16) raised against synthetic peptides corresponding to the internal sequence of

human OPN (Lys166-Glu187) was used as a detector antibody. The system does not allow

us to detect trOPN. The standard range of this kit is 5–320 ng/ml or 76.9~4920 pmol/L.

Here, the result was expressed as pmol/L. In the second ELISA kit, the proprietary capture

monoclonal antibody and the detection polyclonal antibodies were both raised against

recombinant human OPN (NS0-derived, amino acids Ile17-Asn300). The standard range of

this kit is 62.5~4000 pg/ml. Final result was obtained based on dilution factor of 50–200 and

expressed as ng/ml.
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To detect N-terminal trOPN, a commercially available ELISA kit was used (IBL, Gunma,

Japan). The standard range of this kit is 6.25~400 pmol/L. ELISA assay was performed

using an anti-trOPN monoclonal antibody (34E3) as the capture antibody, and the O-17

antibody as the detection antibody. This capture antibody specifically reacts to the epitope

Ser162–Arg168 exposed by thrombin and dose not reacts to matrix metalloproteinase-3, 7

(MMP-3, 7) cleaved N-terminal trOPN [36]. It is also known that thrombin-activatable

fibrinolysis inhibitort (TAFIa) treated trOPN reduce its adherent capacity on Jurkat cells

[37], but the treated form was not confirmed to bind the monoclonal antibody [31, 38].

ELISA kits to detect TAT (Abcam, Cambridge, MA, USA), D-dimer (Hyphen BioMed,

Neuville-Sur-Oise, France), TM (R&D Systems, Minneapolis, MN, USA) and ferritin (Bio-

vendor, Brno, Czech Republic) were used according to the manufacturer’s instructions.

Statistical analysis

Data were expressed as medians because the distributions were non-Gaussian. The Kruskal

Wallis test was used to assess differences in the plasma FL-OPN and trOPN levels among

the HC, DF, and DHF groups. When a significant difference was found among these groups,

Dunn’s multiple comparison test was used to assess between-group differences for each pair

of groups. Differences between the critical and recovery phases were assessed using the

Wilcoxon signed-rank test. Relationships between parameters were assessed using

Spearman’s rank correlation coefficients. Two-tailed tests were used in all appropriate

instances, and values of P < 0.05 were considered statistically significant. All statistical

analyses were performed using GraphPad Prism software, version 6 (GraphPad Software

Inc., San Diego, CA, USA).

Results

Elevated levels of plasma FL-OPN in the critical phase of DENV-infection decline during
the recovery phase

Plasma levels of FL-OPN were measured in patients with DF and DHF during both the

critical and recovery phases. Two different ELISA kits (IBL and R&D Systems) were used

to determine FL-OPN levels because it has previously been demonstrated that these ELISA

systems can have discordant results [35, 39, 40]. Analysis with the IBL kit showed that the

levels of OPN were markedly elevated in both patients with DF (median, 25,951 pmol/L;

9.2-fold increase) and patients with DHF (median, 27,550 pmol/L; 9.7-fold increase), as

compared with the HCs (2,814 pmol/L; Figure 1A). The R&D Systems kit also

demonstrated elevated levels in patients with DF (median, 540 ng/ml; 7.9-fold increase) and

patients with DHF (median, 692 ng/ml; 10.1-fold increase), as compared with the HCs (68

ng/ml; Suppl. Figure 1A). FL-OPN levels significantly differed among the 3 groups (P <

0.0001), and multiple-comparison corrected assessments indicated that the FL-OPN levels

differed between the patients with DF and the HCs (P < 0.001), as well as between the

patients with DHF and the HCs (P < 0.001), based on measurements from both the IBL and

R&D Systems kits. However no significant differences in FL-OPN levels were found

between patients with DF and patients with DHF (Figure 1A; Suppl. Figure 1A).
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FL-OPN levels were significantly lower during the recovery phase than they were during the

critical phase for patients with DF (median:1,199 pmol/L; P < 0.00001), as well as for

patients with DHF (median: 907 pmol/L; P < 0.001) (IBL kit). The FL-OPN levels

measured by the R&D Systems kit were also significantly decreased in patients with DF

(121 ng/ml; P < 0.0001) and patients with DHF (285 ng/ml; P < 0.01). Interestingly, the

levels were significantly lower than those of HCs, 0.57 fold and 0.68 fold reduction in DF

and DHF by using IBL kit, respectively (P < 0.05; Figure 1A). However, using the R&D

Systems kit, FL-OPN levels remained greater in DENV-infected subjects than they were in

HCs during the recovery phase (1.7-fold increase in DF, not significant; 4.2-fold increase in

DHF, P < 0001; Suppl. Figure 1A). A Spearman rank correlation coefficient revealed a

significant correlation between IBL and R&D Systems assessments of the DENV-infected

patients’ FL-OPN levels during the critical phase. However, no correlation was evident

during the recovery phase (Suppl. Figure 1B), indicating that the IBL ELISA kit only

measured the FL-OPN, and specifically did not measure the cleaved form, whereas the R&D

Systems kit measured both forms, but could not differentiate between them.

Elevated plasma levels of trOPN persist and increase during the recovery phase of DENV-
infection

The levels of trOPN were elevated during the critical phase, both in patients with DF

(median: 38 pmol/L) and patients with DHF (median: 43 pmol/L), as compared with the

HCs (1 pmol/L). As assessed using the Kruskal–Wallis test, the trOPN levels of patients

with DF and patients with DHF were significantly different from those of the HCs (P <

0.0001 and P < 0.0001, respectively; Figure 1B). Interestingly, the levels of trOPN during

the recovery phase were significantly higher than those during the critical phase in both the

DF and DHF groups (median: 979 and 1348 pmol/L; P < 0.0001 and P < 0.01, respectively;

Figure 1B).

Elevated levels of trOPN are inversely associated with FL-OPN levels during the recovery
phase of DENV-infection

We found no correlation between FL-OPN and trOPN during the critical phase (data not

shown). During the recovery phase, however, a strong inverse correlation was observed

between the trOPN levels and IBL FL-OPN levels in both the DF group (r = −0.84, P <

0.0001) and the DHF group (r = −0.73, P < 0.05) (Figure 1C). We did not observe a similar

correlation for the R&D FL-OPN levels in recovery phase (Suppl. Figure 1C).

Coagulation marker levels in DENV-infected patients

The levels of TAT, D-dimer, and TM were significantly higher in -infected patients than

they were in HCs based on the results of a Mann-Whitney test. Ferritin levels appear to be

elevated in DENV- infected patents (the reference range was 25–283 ng/ml in HC according

to manufacturer). Furthermore, a Wilcoxon signed-rank test indicated that the levels of each

of these markers had declined significantly between the critical and recovery phases (Figure

2).
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Plasma levels of OPN correlated with hematological and coagulation biomarkers
throughout the course of DENV-infection

To study whether plasma FL-OPN levels were correlate with clinical and laboratory markers

during DENV-infection, we examined potential correlations using Spearman’s rank

correlation coefficient from all DENV-infected patients, because the levels of these markers

did not differ significantly between patients with DF and patients with DHF. In the critical

phase, FL-OPN levels were positively correlated with elevated hematocrit, D-dimer, and

ferritin levels (r = 0.37, 0.26, and 0.25, respectively) and negatively correlated with platelet

count (r = −0.44). In the recovery phase, an even stronger correlation was observed between

FL-OPN and D-dimer levels (r = 0.42), a moderate correlation was observed with TAT (r =

0.42), and a negative correlation was observed with lymphocyte levels (r = −0.29; Table 1).

TrOPN levels were associated with virological, hematological, and coagulopathy markers
in DENV-infection

The Spearman rank correlation coefficient was used to determine the extent to which

laboratory findings and coagulation markers were correlated with trOPN in the DENV-

infected patients. During the critical phase, monocytes, DENV viral load, and TAT levels

were associated with trOPN (r = −0.26, 0.46, and −0.37, respectively). During the recovery

phase, levels of lymphocyte and ferritin were positively correlated with those of trOPN (r =

0.28 and 0.33, respectively) and, additionally, TAT levels and platelet counts were observed

to be inversely correlated with trOPN levels (r = −0.34 and −0.32, respectively; Table 1).

Discussion

To the best of our knowledge, this is the first study to provide evidence that the plasma

levels of matricellular protein FL-OPN and trOPN are elevated in patients with DF and DHF

during the critical phase of illness, as compared with healthy subjects. During the recovery

phase, FL-OPN levels declined; however, the levels of the thrombin cleaved byproduct

trOPN continued to increase significantly.

The magnitudes of the increases in these proteins were much greater in this study than in

previous reports on other diseases. Although trOPN has been detected in joint and ocular

fluids in local inflammatory diseases, detection of trOPN in plasma (>100 pmol/L) in a

disease-specific manner has not been demonstrated [30, 31]. DENV infects a plethora of cell

types, including endothelial cells, fibroblasts, and macrophages [41–43]. Because FL-OPN

is released from many of these cell types [23], DENV-infection could exacerbate the release

of FL-OPN. Our study also demonstrated significant increases in the levels of D-dimer,

TAT, TM and trOPN through the course of acute DENV-infection. Activation of

coagulation pathways is known to be initiated by endothelial damages caused by DENV-

infection [5]. We observed an inverse correlation between TAT and trOPN during the both

critical and recovery phases, suggesting that the underlying mechanisms are complex. The

involvement of NS1, which is known to inhibit prothrombin activation into thrombin, in

delayed increase of trOPN is less likely because the levels of TAT and trOPN were inversely

correlated. It is also well known that TAT is a relatively stable thrombin generation marker

[44], in contrast trOPN can be substrate for several enzymes such as MMP-3, MMP-7 and
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TAFIa [27]. The inverse correlation may indicate the activation of these enzymes with

thrombin in inflammatory critical phase. The reason of further increase of trOPN in recovery

phase is unclear, but it is possible that trOPN bind to integrins in critical phase in

inflammatory tissue. Furthermore, it has been proposed that TAFIa is reduced in DENV-

infected patients because of consumption secondary to excessive thrombin generation [16].

More detailed kinetics of the levels of OPN and trOPN with TAFIa would clarify the

underlying mechanisms of their generation.

The most unique characteristic of trOPN is the expression of a functional integrin binding

site for the integrin α9. The integrin α4 can bind both full-length and trOPN via

SVVYGLR168 [45, 46]. In contrast, integrin α9 can only bind trOPN at cryptic cleaved site

Arg168 [47]. Reportedly, Arg168 is required for α9 binding in addition to Val164, Tyr165,

and Leu167 for cell adhesion and migration [48]. Furthermore, overexpression of FL-OPN

was shown to regulate tumor metastasis and angiogenesis through the integrin αVβ3 [49].

Indeed, further cleavage of trOPN by TAFIa is believed to lose its inflammatory activities

[37]. Therefore, more studies are necessary to understand the roles of OPNs in

inflammation.

We have observed that FL-OPN levels are associated with both hematocrit levels and

platelet counts, which suggests that FL-OPN levels may reflect the relative level of plasma

leakage and thrombocytopenia during the critical phase of DENV-infection. Because FL-

OPN was also positively correlated with D-dimer levels during both the critical and recovery

phases (and with ferritin in the critical phase), these results suggest that plasma levels of FL-

OPN may track the progression of inflammation and coagulopathy during DENV-infection.

In the recovery phase, a positive correlation between trOPN and ferritin was also noted, and

an inverse correlation was observed with platelet count. TrOPN is known to bind αVβ3

integrin on platelets and contributes to their migration to inflammatory sites [50]. Further,

trOPN acts as a chemo-attractant for hematopoietic stem cells and possibly progenitor cells

[36].

Taken together, our study demonstrated the marked elevation of plasma levels of FL-OPN

and thrombin-cleaved OPN product, trOPN, in DENV-infection for the first time. Further

studies on the biological functions of these matricellular proteins in DENV-infection would

clarify its pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DENV dengue virus

DF dengue fever

DHF dengue hemorrhagic fever

TAT thrombin-antithrombin complex

TM thrombomodulin

NS1 nonstructural protein-1

FL full-length

tr thrombin-cleaved

OPN osteopontin

RGD arginine-glycine-aspartic acid

TAFIa thrombin-activatable fibrinolysis inhibitor

HC healthy control

MMP matrix metalloproteinase
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Figure 1. Elevated plasma full-length osteopontin (FL-OPN) and thrombin-cleaved OPN
(trOPN) levels in patients infected with dengue virus
(A & B) The levels of FL-OPN (measured by the IBL ELISA kit) and trOPN differed

significantly between patients with dengue fever, patients with dengue hemorrhagic fever,

and healthy controls during the critical phase of dengue virus infection. The levels of FL-

OPN declined in the recovery phase, while those of trOPN increased. (C) A significant

inverse correlation was observed between the recovery phase OPN (measured by the IBL

ELISA kit) and trOPN levels.
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Figure 2. Coagulation marker levels
Plasma levels of thrombin-antithrombin complexes (TAT), and D-dimer, as well as serum

levels of thrombomodulin (TM) are shown for healthy controls (HCs) and dengue virus

(DENV)-infected patients during the critical (cri) and recovery (rec) phases. Ferritin levels

from HCs were not measured because of a sample shortage; the reference range was 25–283

ng/ml in healthy individuals.
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