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Abstract

We assessed the utility of two forms of osteopontin (OPN), OPN full and its cleaved form

(OPN N-half), in plasma and urine as markers of disease activity in lupus nephritis (LN). Sam-

ples were collected from patients with systemic lupus erythematosus (SLE) (LN: N = 29, non-

LN: N = 27), IgA nephropathy (IgAN) (N = 14), minimal change nephrotic syndrome (MCNS)

(N = 5), diabetic nephropathy (DN) (N = 14) and healthy volunteers (HC) (N = 17). While

there was no significant difference in urine OPN full concentration between groups, urine

OPN N-half concentration was significantly higher in patients with LN than HC (p < 0.05).

Moreover, urine OPN N-half was higher in LN patients with overt proteinuria (urine protein/

creatinine ratio: P/C > 0.5) than LN patients with minimal proteinuria (P/C < 0.5, p < 0.0001),

and also higher than in DN patients with overt proteinuria (P/C > 0.5, p < 0.01). Urine throm-

bin activity correlated with urine OPN N-half concentration (p < 0.0001), but not with urine

OPN full concentration. These results suggest that urine OPN N-half concentration reflects

renal inflammation. Thus, urine OPN N-half may be a novel disease activity marker for LN.

Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by autoreactive B

and T cells and autoantibodies, including anti-nuclear and anti-DNA antibodies. Lupus

nephritis (LN) is one of multiple organ manifestations of SLE, and is an important prognostic

factor [1]; therefore, new, improved therapeutic approaches and biomarkers are needed. Urine

protein and serum creatinine (Cre) are traditionally used as markers of LN. As SLE patients

may have several complicating nephropathies in the long course of treatment, including LN,

drug-induced nephropathy, and diabetic nephropathy, new markers that can discriminate

between these complicated renal lesions are needed.

Osteopontin (OPN) is a secretory glycoprotein, whose molecular mass ranges from 44–66

kDa due to variation in glycosylation [2]. OPN is expressed by osteoblasts, macrophages,
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activated T cells, and distal tubular epithelial cells. Notably, OPN produced by osteoblasts can

activate bone resorption by osteoclasts [3, 4].

OPN is considered important in both normal and dysregulated immune responses as it pro-

motes infiltration of macrophages and T cells to inflammatory sites [5, 6]. Full-length OPN

(OPN full) is cleaved by proteases including thrombin and matrix metalloproteinase (MMP)-

3, and the N-terminal fragment of the cleaved OPN (OPN N-half) accelerates immune cell

infiltration [6]. Tahir et al. reported that senescent T cells are increased in BWF1 mice, a

known lupus-prone animal model. They also demonstrated that OPN secreted by senescent T

cells inhibits the apoptosis of B cells and assists in the production of autoantibodies and forma-

tion of germinal centers [7].

Moreover, OPN may play an important role in the pathophysiology of SLE. The expression

level of OPN in distal tubular epithelium is correlated with both serum creatinine and the number

of monocytes infiltrating into renal interstitial tissues of patients with various forms of glomerulo-

nephritis, including LN [8]. Several articles have reported that the concentration of urine and

serum OPN is increased in patients with SLE and correlates with disease activity. Wong and Liu

reported higher OPN levels in plasma and urine of SLE patients compared with healthy controls

(HC) [9, 10], although they did not distinguish between OPN full and OPN N-half.

While the above reports imply an association of OPN with the pathophysiology of SLE,

especially with lupus nephritis, the association of OPN full and OPN N-half with lupus patho-

physiology has not been described. In this study, we measured the concentration of OPN in

plasma and urine of HC, non-LN SLE, LN, and other renal diseases with two ELISA systems

identifying OPN full and OPN N-half, respectively. We assessed the roles of the two forms of

OPN in the pathophysiology of LN, and the utility of their plasma and urine concentration as

markers of disease activity in LN.

Materials and Methods

Patients and healthy controls

We collected plasma and urine from 56 randomly selected patients with SLE (29 patients with

LN, 27 patients without LN: non-LN), 14 patients with diabetic nephropathy (DN), 5 with

minimal change nephrotic syndrome (MCNS) and 14 patients with IgA nephropathy (IgAN),

who visited the Department of Rheumatology and Clinical Immunology or the Department of

Nephrology, Kyoto University Hospital. Patients’ clinical information was obtained from med-

ical records. The diagnosis of SLE was based on the 1997 revised classification criteria of the

American College of Rheumatology (ACR) [11, 12]. The diagnosis of DN was based on a his-

tory of diabetes mellitus, proteinuria, and histopathology. The diagnosis of MCNS was based

on nephrosis and minimal histopathological findings. The diagnosis of IgAN was based on his-

topathology findings demonstrating glomerulonephritis with predominant IgA deposits in the

mesangium without systemic disease [13]. We also collected plasma and urine from 17 healthy

volunteers (HC) who were matched for the mean age and sex ratio of SLE patients. The study

protocol was accepted by the Ethics Committee, Kyoto University Graduate School and Fac-

ulty of Medicine (G489; Jul 4, 2012). We obtained written informed consent from all patients

and volunteers before sampling.

Plasma and urine samples

Plasma and urine samples were collected from each patient and HC and placed on ice. Halt™
Protease Inhibitor Single-Use Cocktail (Thermo Fisher Scientific, Inc., Waltham, MA, USA)

was added to urine in which OPN full and OPN N-half were to be measured. All urine and

plasma samples were stored at −80˚C and thawed just before the performance of assays.
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Assays

The concentration of OPN full, OPN N-half, and urine creatinine was measured by Human

Osteopontin Assay Kit (IBL Co. Ltd., Gunma, Japan) using Recombinant Human Osteopontin

Protein (R & D Systems Inc., Minneapolis, MN, USA) as a standard, Human Osteopontin N-

half Assay Kit (IBL), and Urinary Creatinine ELISA Kit (Trans Genic Inc. Ltd., Fukuoka,

Japan), respectively. The Human Osteopontin N-Half Assay Kit specifically measures the levels

of the N-terminal OPN fragment cleaved by thrombin. In contrast, OPN molecules without

thrombin cleavage are minimally detected by the kit, according to the manufacturer’s data-

sheet. The Human Osteopontin (full) Assay Kit recognizes both the N-terminal (IPVK

QADSGSSEEKQ) and C-terminal (KSKKFRRPDIQYPDATDE) of full-length osteopontin,

indicating that OPN N-half is not recognized by this kit.

Urine protein was measured by Bradford assay. The activity of urine thrombin and MMP-3

was measured by SensoLyte1 520 Thrombin Activity Fluorimetric Assay Kit (Anaspec, Inc.,

Fremont, CA, USA) and MMP-3 Activity Assay Kit (COSMO BIO Co. Ltd., Tokyo, Japan),

respectively. The concentration of renal damage markers, namely, albumin (ALB), β2-micro-

globulin (B2M), cystatin C, calbindin, glutathione S-transferase pi (GST-π), kidney injury mol-

ecule 1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), clusterin, trefoil factor 3

(TFF3), interleukin 18 (IL-18), and monocyte chemoattractant protein 1 (MCP-1), in urine

were measured by Bio-Plex Pro™ RBM Human Kidney Toxicity Assays (Bio-Rad Laboratories,

Inc., Hercules, CA, USA).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 software (GraphPad Software Inc.,

La Jolla, CA, USA). We used ANOVA corrected by the Bonferroni method when the variance

of each group was assumed to be similar by Bartlett analysis, and we used Dunn’s multiple

comparisons test when the variance of each group was not assumed to be similar by Bartlett

analysis. Pearson’s correlation test was used for correlation analysis. P-values of p< 0.05 were

deemed to indicate statistically significant differences.

Results

Profiles of patients

We enrolled patients with SLE (29 with LN: LN, 27 without LN: non-LN), DN (14), MCNS (5)

and IgAN (14) at random (Table 1). The patients with SLE showed a variety of disease activity

indices (SLEDAI), histopathological classes of International Society of Nephrology/Renal

Pathology Society (ISN/RPS) and histopathological activity/chronicity indices of National

Institutes of Health (NIH). Most of the SLE patients were treated with glucocorticoids and var-

ious immunosuppressants.

While 23 of 29 LN patients (79.3%) were biopsy-proven, the other 6 patients (20.7%) were

not biopsied. The details of the 6 patients are shown in S1 Table. All 6 patients fulfilled the cri-

teria for SLE. Although we could not perform renal biopsy for compelling reasons, including

thrombocytopenia, use of anticoagulants, psychosis and pregnancy, patients were diagnosed as

having LN based on the presence of proteinuria, urinary casts, microhematuria, hypoalbumi-

nemia, and coexisting elevation of anti-DNA autoantibodies.

Urine concentration of OPN N-half and OPN full

We initially measured the concentration of OPN N-half and OPN full in urine (Fig 1). Urine

OPN N-half concentration was significantly increased in patients with LN compared with HC
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(p< 0.05) (Fig 1A). We divided the LN and DN groups into two subgroups of patients with

overt proteinuria (urine protein/creatinine ratio (P/C) > 0.5) and patients with minimal pro-

teinuria (urine P/C < 0.5). Urine OPN N-half was higher in LN patients with overt proteinuria

than LN patients with minimal proteinuria (p< 0.0001). Interestingly, urine OPN N-half was

higher in LN patients with overt proteinuria than in DN patients with overt proteinuria

(p< 0.01) (Fig 1B). In contrast, there were no significant differences in urine OPN full concen-

tration between the groups (Fig 1C). There were also no significant differences in urine OPN

full concentration between the LN and DN groups as subdivided by P/C (Fig 1D). Urine OPN

N-half was also higher in IgAN with overt proteinuria than IgAN with minimal proteinuria

(S1A Fig), similar to LN.

To assess whether OPN N-half can be used as a marker to identify the site of damage to the

nephron, we examined the correlation of urine OPN N-half with markers of proximal tubule

damage (ALB, B2M, cystatin C, KIM-1, and NGAL), distal tubule damage (calbindin and

GST-π), and general inflammation (IL-18 and MCP-1) in the SLE patients. We found that

Table 1. Profiles of patients and healthy controls.

HC Non-LN LN DN MCNS IgAN

Diagnosis Healthy

volunteers

SLE without LN SLE with LN Diabetic nephropathy Minimal change

nephrotic syndrome

IgA nephropathy

Number 17 27 29 14 5 14

Sex ratio (male/

female)

0:17 1:26 1:28 10:4 2:3 6:8

Age (range) 37 ± 2 (23–

50)

44 ± 3 (23–78) 38 ± 3 (19–78) 65 ± 4 (31–83) 47 ± 10 (18–66) 49 ± 4 (26–76)

SLEDAI (range) - 3.3 ± 0.9 (0–21) 4.0 ± 0.9 (0–17) - - -

Serum Cre (mg/

dl)

- 0.63 ± 0.03 0.69 ± 0.04 2.45 ± 0.48 0.76 ± 0.10 1.10 ± 0.13

Urine Protein (g/

gCre)

0.09 ± 0.02 0.15 ± 0.03 0.78 ± 0.23 1.82 ± 0.44 1.59 ± 0.57 1.00 ± 0.30

Histopathology - - • ISN/RPS class: II (4), III

(2), IV (7), V (6), Mixed (2),

Unknown (2), Not biopsied

(6)

• Clinically and/or

histopathologically

diagnosed

• Minimal

histopathological

findings

• Predominant IgA

deposits in

mesangium

• NIH-AI: 6.0 ± 1.8 (10)

• NIH-CI: 1.4 ± 1.0 (10)

Treatments - • GCs: 25 (PSL

10.0 ± 10.4 mg/

day)

• GCs: 28 (PSL 9.1 ± 5.0

mg/day)

• GCs: 0 • GCs: 2 (PSL 6.3

±1.3 mg/day)

• GCs: 2 (PSL

7.5 ± 2.5 mg/day)

• TAC: 3 • TAC: 10 • CSA: 1

• CSA: 1 • CSA: 2 • MZR: 1

• MZR: 1 • MZR: 5

• AZA: 3 • AZA: 1

• IVCY: 1 • IVCY: 1

• POCY: 1

• MTX: 1

The ISN/RPS classes of 23 patients with LN who were biopsied in either our hospital or other hospitals are shown. The NIH-AI and CI of 10 patients whose

renal specimens were available for re-evaluation are indicated. The dose of GCs was calculated as the dose of PSL. Values are expressed as the

mean ± SE. Abbreviations: AI, activity index; AZA, azathioprine; CI, chronicity index; Cre, creatinine; CSA, cyclosporine A; GCs, glucocorticoids; ISN/RPS,

The International Society of Nephrology/Renal Pathology Society; IVCY, intravenous cyclophosphamide; MTX, methotrexate; MZR, mizoribine; NIH,

National Institutes of Health; POCY, oral cyclophosphamide; PSL, prednisolone; SLEDAI, systemic lupus erythematosus disease activity index; TAC,

tacrolimus.

doi:10.1371/journal.pone.0167141.t001
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urine OPN N-half was correlated with IL-18, as well as ALB (Table 2, S2 Fig). Next, we mea-

sured urine thrombin and MMP-3 activity, which cleave OPN full to yield OPN N-half. Urine

OPN N-half correlated with urine thrombin activity, but not with urine MMP-3 activity

(Fig 2).

Fig 1. Comparison of the concentration of urine OPN full and N-half in SLE and several renal diseases.

Concentration of urine OPN N-half (A) and urine OPN full (C) in healthy controls (N = 17) and patients with SLE

without nephropathy (N = 27), LN (N = 29), DN (N = 14), MCNS (N = 5) and IgAN (N = 14). Values were corrected by

calculating the ratio to urine creatinine (Cre) concentration. * p < 0.05 by Dunn’s test. Concentration of urine OPN

N-half (B) and urine OPN full (D) in patients with LN and DN, separated into subgroups with minimal (P/C ratio < 0.5)

or overt (P/C ratio > 0.5) proteinuria. Values are corrected by urine Cre level. ** p < 0.01, *** p < 0.001, ****
p < 0.0001 by ANOVA corrected by the Bonferroni method.

doi:10.1371/journal.pone.0167141.g001

Table 2. Correlation of urine OPN N-half with renal damage markers.

Urine OPN

full

PlasmaOPN

full

Total

Protein

Albumin IL-18 MCP-1 B2M Cystatin

C

Calbindin GST-

π
KIM-1 NGAL Clusterin TFF3

R 0.08 0.19 0.44 0.67 0.64 0.39 0.25 0.27 0.27 0.42 0.34 0.33 0.38 0.19

p-

value

0.56 0.17 0.0006 <0.0001 <0.0001 0.003 0.06 0.04 0.04 0.001 0.01 0.013 0.004 0.15

R: Pearson product-moment correlation coefficient. When R was more than 0.45, the values were considered to be correlated. B2M, β2-microglobulin;

GST-π, glutathione S-transferase pi; KIM-1, kidney injury molecule-1; MCP-1, monocyte chemoattractant protein 1; NGAL, neutrophil gelatinase-

associated lipocalin; TFF3, trefoil factor 3.

doi:10.1371/journal.pone.0167141.t002
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We next assessed the changes in urine OPN N-half concentration over the course of treat-

ment of three patients with LN (Fig 3), in whom we were able to obtain serial samples, before

and after treatment. In two cases with overt proteinuria, urine OPN N-half was decreased less

than a week after increasing the dose of glucocorticoids. In the other patient, who did not

show proteinuria, urine OPN N-half concentration was elevated after treatment.

We assessed the correlation between urine OPN N-half and histopathological grading

(ISN/RPS classification of LN) of biopsied kidneys (Fig 4). We found that urine OPN N-half

tended to be low in class II LN. In contrast, urine OPN N-half showed no differences among

Fig 2. Correlation of OPN N-half level with thrombin or MMP-3 activity in urine. Correlation of urine OPN N-

half level with urine thrombin activity (A) or urine MMP-3 activity (B) in SLE patients (N = 56). Values were corrected

by calculating the ratio to urine Cre concentration. r2: coefficient of determination of a linear regression analysis.

doi:10.1371/journal.pone.0167141.g002

Fig 3. Time course of urine protein, OPN full and OPN N-half concentration in three patients with LN treated

with immunosuppressive therapy. There were three patients with LN from whom we could obtain serial samples

before and after treatment. On Day 0, prednisolone (1 mg/kg/day) was started.

doi:10.1371/journal.pone.0167141.g003
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class III/IV/V of lupus nephritis. We also analyzed the correlation between NIH-Activity/

Chronicity Indices and urine OPN N-half (S3 Fig); however, we found no significant correla-

tions between them.

SLE patients may have DN as a complication during the course of treatment. We measured

urine OPN N-half concentration in a female SLE patient complicated with diabetes. Disease

activity of SLE was considered low according to clinical manifestations and serum C3 (121.9

mg/dl), C4 (38.5 mg/dl), CH50 (53 U/ml) and anti-DNA antibody (2.9 IU/ml) levels, although

she showed overt proteinuria (P/C = 3.4). The patient had been treated with insulin and nate-

glinide, which were stopped 6 years prior to the collection of plasma for this study. At the time

of collection, HbA1c was 6.0%. Urine OPN N-half/Cre was 60.4 pmol/mmol Cre, which was as

low as healthy controls, corresponding with her low SLE activity.

Plasma concentration of OPN full and OPN N-half

Plasma OPN full concentration was significantly higher in LN, non-LN, DN and MCNS than in

HC (p< 0.01, p< 0.001) (Fig 5). Unexpectedly, plasma OPN N-half concentration in all groups

was below the detection sensitivity (data not shown). We also divided the LN and DN groups into

two subgroups of patients with urine P/C> 0.5 and patients with urine P/C< 0.5. There were no

significant differences in plasma OPN full concentration between the subgroups (S4 Fig).

Correlation between OPN and systemic disease activity markers

We assessed the correlation of plasma and urine OPN full and N-half concentration with sys-

temic disease activity markers in the SLE patients. Intriguingly, the concentration of plasma

and urine OPN full were significantly correlated with anti-dsDNA antibody titer; however, the

concentration of urine OPN N-half was not (S5A Fig). Plasma and urine OPN full and N-half

concentration were not correlated with other systemic disease activity markers including SLE-

DAI (SLE disease activity index) (S5B Fig), C3, C4, and CH50 (data not shown). They were

also not correlated with the eGFR (estimated glomerular filtration rate) (S5C Fig) or dosage of

glucocorticoids (data not shown).

Fig 4. Association of urine OPN full and urine OPN N-half with ISN/RPS 2003 histopathological

classification of lupus nephritis. Urine OPN full tended to be higher in class IV LN than in other classes (A), and

urine OPN N-half level was lower in class II LN than in other classes (B), although there were no statistically

significant differences among classes by Dunn’s test.

doi:10.1371/journal.pone.0167141.g004
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Discussion

There have been several studies reporting that OPN is increased in the plasma and urine of

patients with SLE, and that plasma and urine OPN concentration correlates with the disease

activity of SLE [9, 10]. In those studies, however, they did not distinguish between OPN full

and OPN N-half. Therefore, in this study, we used two ELISA systems identifying OPN full

and OPN N-half, respectively. To the best of our knowledge, this is the first report that assessed

the roles of OPN full versus OPN N-half in SLE. We found that urine OPN N-half was higher

in active LN patients (P/C> 0.5) than in stable LN (P/C< 0.5) (Fig 1B), and that there was a

significant correlation between urine protein and urine OPN N-half concentration (Table 2,

S2 Fig).

Urine OPN N-half in the LN patients with overt proteinuria was higher than in the DN

patients with overt proteinuria (Fig 1B). Generally, inflammatory cell infiltration is observed

in the renal histopathology of LN patients, while it is not observed in DN patients. Moreover,

when we measured renal damage markers in the urine of patients with LN to assess whether

urine OPN N-half could be a marker that can identify the site of nephron damage, we observed

urine OPN N-half was correlated with urine IL-18 (Table 2, S2 Fig), suggesting that urine

Fig 5. Concentration of plasma OPN full in SLE and various renal diseases. Concentration of plasma OPN full

in healthy controls (N = 17) and patients with SLE without nephropathy (N = 27), lupus nephritis (N = 29), DN

(N = 14), MCNS (N = 5) and IgAN (N = 14). ** p < 0.01, *** p < 0.001 by Dunn’s test.

doi:10.1371/journal.pone.0167141.g005
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OPN N-half was correlated with overall renal inflammation, and not with damage to a specific

nephron section, and so probably reflected the activity of LN.

We therefore hypothesized that urine OPN N-half is produced by the cleavage of OPN full

due to renal inflammation. It has been reported previously that both thrombin and MMP-3

are activated in the pathophysiology of glomerulonephritis [14–17]. We measured protease

activity in urine and found that urine OPN N-half concentration correlated with urine throm-

bin activity (Fig 2A). In contrast, urine OPN N-half was not correlated with urine MMP-3

activity (Fig 2B). Notably, the enzyme cleavage site of OPN full is different between thrombin

and MMP-3 [18, 19], and the ELISA antibodies that we used to measure OPN N-half concen-

tration in this study recognizes an amino acid sequence (SVVYGLR162-168) located at the cut-

ting edge of OPN N-half as cleaved by thrombin [20]. MMP-3 cleaves three other points of

OPN, one is between G166 and L167 and the others are at the C-terminal side [18]. The OPN

fragments cleaved by MMP-3 cannot be recognized by this ELISA system because the

SVVYGLR sequence is lost or hidden. Therefore, the urine OPN N-half concentration that we

measured was correlated only with urine thrombin activity, but not with urine MMP-3

activity.

There is a possibility that OPN N-half leaks through the glomerular basement membrane as

a urinary protein. In other words, urine N-half concentration was merely proportionally corre-

lated with urine protein concentration. Therefore, we analyzed the urine OPN N-half concen-

tration normalized by urine protein concentration (S6 Fig). Notably, there was a significant

difference in urine OPN N-half/urine protein ratio between HC and SLE patients, although we

did not find differences in urine OPN N-half/urine protein ratio between SLE patients with

and without LN (S6B Fig). However, we consider that urine OPN N-half concentration is not

merely proportionally correlated with urine protein concentration, because i) OPN N-half

could not be detected in plasma and ii) we demonstrated that urine OPN N-half concentration

was high in LN patients with massive proteinuria, while it was low in DN patients with massive

proteinuria (Fig 1B). Because DN is a renal disease with less inflammation compared with LN,

the cleavage of OPN full by thrombin (Fig 2A) might be due to renal inflammation in LN. We

consider that both urine protein and urine OPN N-half correlate with disease activity in LN

(S7 Fig).

There were no significant differences in urine OPN full concentration between the groups

(Fig 1C). In contrast to our results, urine OPN full was increased in SLE and correlated with

disease activity in previous studies [10]. This may be because the ELISA system used in those

studies might also be able to detect OPN N-half. From our results, urine OPN N-half, but not

urine OPN full, is a marker that correlates with disease activity in LN.

In this study, plasma OPN full in SLE was higher than in HC (Fig 5). Rullo et al. reported

that plasma OPN was increased and associated with organ damage and disease activity in SLE

[21]. There have been several studies that reported plasma OPN full is increased by inflamma-

tion such as injury and infection [2]. OPN is secreted by proinflammatory cells including acti-

vated T cells [22] and macrophages [23] and Denhardt et al. reported that gene expression

levels of OPN are upregulated by inflammatory cytokines such as IL-1β, IL-6, interferon

(IFN)-α and IFN-γ [24]. Plasma cytokine concentrations are elevated in SLE patients, and thus

OPN might be secreted from activated T cells and macrophages infiltrating into the affected

organs.

In our data, urine OPN N-half was higher in IgAN with overt proteinuria than IgAN with

minimal proteinuria (S1B Fig), similar to LN. Gang et al. reported that thrombin-cleaved OPN

fragments in urine are correlated with urine protein level in IgAN [16], and presumably, OPN

N-half corresponds to the thrombin-cleaved OPN fragment in their report. We therefore

hypothesize that urine OPN N-half level is increased as a result of renal inflammation in both
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LN and IgAN. It is also consistent with there being no significant differences in urine OPN N-

half concentrations between LN class III/IV and IgAN (S1B Fig). Thus, increased urine OPN

N-half is considered not specific to LN, but still useful to distinguish inflammatory renal dis-

ease from non-inflammatory renal disease.

We assessed whether urine OPN N-half level can predict the histopathological class of LN

as defined by the ISN/RPS classification [25, 26]. Urine OPN N-half tended to be lower in LN

class II than in other classes (Fig 4B). This might be because urine OPN N-half concentration

reflects inflammation of the kidney in LN and inflammation is milder in the histopathology of

LN class II compared with other classes.

In our study, plasma OPN full levels in patients with SLE, DN, and MCNS were increased

(Fig 5). Yamaguchi et al. reported that serum OPN is significantly increased in diabetic

patients with elevated serum creatinine levels of more than 2 mg/dl compared with HC [27].

In our data, serum creatinine level was 2.45 ± 0.48 mg/dl (mean ± SE) in patients with DN.

The increased plasma OPN concentration in diabetic patients was considered to be caused by

decreased renal excretion. It has also been reported that T cells and IL-2 are associated with

the pathophysiology of MCNS [28, 29], and the proinflammatory conditions may be linked to

increased plasma OPN level in patients with MCNS.

Urine OPN N-half was not correlated with systemic disease activity markers, including

anti-dsDNA antibody (S5A Fig) and SLEDAI (S5B Fig). However, this is not unexpected,

given that the SLEDAI score can be high because of the involvement of organs other than the

kidney.

We have shown cross-sectional data in regard to urine OPN concentration (e.g. Fig 1).

Next, we examined urine OPN N-half concentration in the clinical course of LN (Fig 3). Urine

OPN N-half concentration was decreased after the dose of glucocorticoids was increased in 2

LN patients with overt proteinuria. That might be because the renal thrombin activity was

decreased by glucocorticoid therapy. In the other patient, urine OPN N-half concentration

was unexpectedly elevated after treatment, however, that might be because the activity of renal

inflammation had been low before the treatment.

SLE patients occasionally have DN as a complication during treatment. As we described in

the Results, we treated a female SLE patient complicated with diabetes. As her SLE disease

activity and urine OPN N-half/Cre ratio were low, the proteinuria demonstrated is due to DN,

not LN. This indicates the measurement of urine OPN N-half might be useful to assess the

cause of proteinuria.

Conclusions

We evaluated the use of two forms of OPN in the diagnosis of patients with LN. Urine OPN

N-half concentration was higher in LN patients than in healthy controls. Moreover, LN

patients with overt proteinuria had higher concentrations of urine OPN N-half than those

without, suggesting that urine OPN N-half reflects inflammation of the kidney. Moreover,

urine OPN N-half level was lower in patients with DN showing overt proteinuria than in

patients with LN showing overt proteinuria. Therefore, although increased urine OPN N-half

is not specific to LN, it is useful to distinguish inflammatory renal disease from non-inflamma-

tory renal disease. These results suggest that urine OPN N-half may be a novel marker of dis-

ease activity in patients with LN.

Supporting Information

S1 Fig. Comparison of urine OPN N-half levels between LN and IgAN. Concentration of

urine OPN N-half corrected by urine Cre level in patients with LN and IgA nephropathy
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(IgAN) with minimal (P/C ratio < 0.5) or overt (P/C ratio > 0.5) proteinuria (A). Comparison

of urine OPN N-half levels between LN class III/IV and IgAN (B). � p< 0.05 by ANOVA cor-

rected by the Bonferroni method.

(TIF)

S2 Fig. Correlation of urine OPN N-half concentration with renal damage markers. Values

are corrected by calculating ratio to urine Cre concentration. r2: coefficient of determination

of a linear regression analysis. ALB: albumin, B2M: β2-microglobulin, Cyst C: cystatin C,

CLBN: calbindin, GST-π: glutathione S-transferase pi, KIM-1: kidney injury molecule-1,

NGAL: neutrophil gelatinase-associated lipocalin, CLSN: clusterin, TFF3: trefoil factor 3,

MCP-1: monocyte chemoattractant protein 1.

(TIF)

S3 Fig. Correlation between NIH-Activity/Chronicity Indices and urine OPN N-half. We

analyzed the correlations in 10 cases whose renal specimens were available for re-evaluation.

The 4 cases in whom the timing of urine collection and renal biopsy was close are indicated by

filled circles, while the other 6 cases are indicated by open circles. AI: activity index, CI:

chronicity index.

(TIF)

S4 Fig. Comparison of plasma OPN full between LN and DN patients. Concentration of

plasma OPN full in patients with LN and DN with minimal (P/C ratio < 0.5) or overt (P/C

ratio > 0.5) proteinuria. There were no significant differences among groups by ANOVA cor-

rected by the Bonferroni method.

(TIF)

S5 Fig. Correlation of OPN full/N-half with clinical data. Correlation of titer of anti-dsDNA

antibody (A), SLE disease activity index (SLEDAI) (B), and estimated glomerular filtration

ratio (eGFR) (C) with plasma OPN full, urine OPN full, or urine OPN N-half levels in SLE

patients (N = 56). Urine OPN full and N-half levels are corrected by calculating ratio to urine

Cre concentration. r2: coefficient of determination of a linear regression analysis.

(TIF)

S6 Fig. Comparison of urine OPN full/N-half corrected by urine protein. Concentration of

urine OPN full (A) and urine OPN N-half (B) corrected by urine protein level in healthy con-

trols (HC), SLE patients without LN (Non-LN), and those with LN. There was a significant dif-

ference in urine OPN N-half/urine protein ratio between HC and SLE patients (� p< 0.05 by

Dunn’s test), however we did not find differences between SLE patients with and without LN.

(TIF)

S7 Fig. Mechanisms of correlation between proteinuria and urine OPN N-half in active

LN. In active glomerulonephritis, the leakage of protein into urine is increased because of the

impairment of glomerular barrier function as a result of inflammation around the GBM. Acti-

vation of thrombin is therefore increased locally at the same time. Activated thrombin can

then cleave OPN in the urine. GBM: glomerular basement membrane.

(TIF)

S1 Table. Six unbiopsied cases diagnosed as having LN. All 6 patients fulfilled the criteria for

SLE. Although we could not perform renal biopsy for compelling reasons, they were clinically

diagnosed as having LN.

(TIF)

Urine Cleaved Osteopontin in Lupus Nephritis

PLOS ONE | DOI:10.1371/journal.pone.0167141 December 19, 2016 11 / 13

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167141.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167141.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167141.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167141.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167141.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167141.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167141.s008


Author Contributions

Conceptualization: KK HY TO YH.

Formal analysis: KK HY TO YH HM TN.

Funding acquisition: HY TM.

Investigation: KK HY TO CS HM K. Mori TN KO DK NY YI K. Murakami RN TU TF KS

MY YH TM.

Methodology: KK HY TO YH.

Project administration: KK HY TO YH.

Supervision: HY TM.

Validation: KK HY TO YH.

Writing – original draft: KK HY TO YH.

Writing – review & editing: HM K. Mori TN KO DK NY YI K. Murakami RN TU TF KS MY

YH TM.

References
1. Ikeuchi H, Hiromura K, Kayakabe K, Tshilela KA, Uchiyama K, Hamatani H, et al. Renal outcomes in

mixed proliferative and membranous lupus nephritis (Class III/IV + V): A long-term observational study.

Mod Rheumatol. 2016;:1–6.

2. Denhardt DT, Guo X. Osteopontin: a protein with diverse functions. FASEB J. 1993; 7(15):1475–82.

PMID: 8262332

3. Rittling SR, Matsumoto HN, McKee MD, Nanci A, An XR, Novick KE, et al. Mice lacking osteopontin

show normal development and bone structure but display altered osteoclast formation in vitro. J Bone

Miner Res. 1998; 13(7):1101–11. doi: 10.1359/jbmr.1998.13.7.1101 PMID: 9661074

4. Ihara H, Denhardt DT, Furuya K, Yamashita T, Muguruma Y, Tsuji K, et al. Parathyroid hormone-

induced bone resorption does not occur in the absence of osteopontin. J Biol Chem. 2001; 276

(16):13065–71. doi: 10.1074/jbc.M010938200 PMID: 11278791

5. Yamamoto S, Nasu K, Ishida T, Setoguchi M, Higuchi Y, Hijiya N, et al. Effect of recombinant osteopon-

tin on adhesion and migration of P388D1 cells. Ann N Y Acad Sci. 1995; 760:378–80. PMID: 7785922

6. O’Regan AW, Chupp GL, Lowry JA, Goetschkes M, Mulligan N, Berman JS. Osteopontin is associated

with T cells in sarcoid granulomas and has T cell adhesive and cytokine-like properties in vitro. J Immu-

nol. 1999; 162(2):1024–31. PMID: 9916729

7. Tahir S, Fukushima Y, Sakamoto K, Sato K, Fujita H, Inoue J, et al. A CD153+CD4+ T follicular cell pop-

ulation with cell-senescence features plays a crucial role in lupus pathogenesis via osteopontin produc-

tion. J Immunol. 2015; 194(12):5725–35. doi: 10.4049/jimmunol.1500319 PMID: 25972477

8. Okada H, Moriwaki K, Konishi K, Kobayashi T, Sugahara S, Nakamoto H, et al. Tubular osteopontin

expression in human glomerulonephritis and renal vasculitis. Am J Kidney Dis. 2000; 36(3):498–506.

doi: 10.1053/ajkd.2000.9790 PMID: 10977781

9. Wong CK, Lit LC, Tam LS, Li EK, Lam CW. Elevation of plasma osteopontin concentration is correlated

with disease activity in patients with systemic lupus erythematosus. Rheumatology (Oxford). 2005; 44

(5):602–6.

10. Qiong L, Xiang-pei, Bai H, Long Q, Xiwo-mei L, Hong Z. Detection of osteopontin in sera, urine and

renal tissue in patients with systemic lupus erythematosus and its significance. Chin J Dermatol. 2010;

43(No.1).

11. Tan EM, Cohen AS, Fries JF, Masi AT, McShane DJ, Rothfield NF, et al. The 1982 revised criteria for

the classification of systemic lupus erythematosus. Arthritis Rheum. 1982; 25(11):1271–7. PMID:

7138600

12. Hochberg MC. Updating the American College of Rheumatology revised criteria for the classification of

systemic lupus erythematosus. Arthritis Rheum. 1997; 40(9):1725.

Urine Cleaved Osteopontin in Lupus Nephritis

PLOS ONE | DOI:10.1371/journal.pone.0167141 December 19, 2016 12 / 13

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://www.ncbi.nlm.nih.gov/pubmed/8262332
http://dx.doi.org/10.1359/jbmr.1998.13.7.1101
http://www.ncbi.nlm.nih.gov/pubmed/9661074
http://dx.doi.org/10.1074/jbc.M010938200
http://www.ncbi.nlm.nih.gov/pubmed/11278791
http://www.ncbi.nlm.nih.gov/pubmed/7785922
http://www.ncbi.nlm.nih.gov/pubmed/9916729
http://dx.doi.org/10.4049/jimmunol.1500319
http://www.ncbi.nlm.nih.gov/pubmed/25972477
http://dx.doi.org/10.1053/ajkd.2000.9790
http://www.ncbi.nlm.nih.gov/pubmed/10977781
http://www.ncbi.nlm.nih.gov/pubmed/7138600


13. Cornell LD. IgA nephropathy. In: Colvin RB, editors. DIAGNOSTIC PATHOLOGY KIDNEY DISEASE

1st.ed.: Amirsys; 2011.P2.142–155.

14. Hertig A, Rondeau E. Role of the coagulation/fibrinolysis system in fibrin-associated glomerular injury. J

Am Soc Nephrol. 2004; 15(4):844–53. PMID: 15034086

15. Kitamoto Y, Tomita K, Imamura T. Assessment of thrombin in the urine of glomerulonephritic patients

by enzyme-linked immunosorbent assay. Ann Clin Biochem. 2004; 41(Pt 2):133–7. doi: 10.1258/

000456304322880023 PMID: 15025804

16. Gang X, Ueki K, Kon S, Maeda M, Naruse T, Nojima Y. Reduced urinary excretion of intact osteopontin

in patients with IgA nephropathy. Am J Kidney Dis. 2001; 37(2):374–9. doi: 10.1053/ajkd.2001.21316

PMID: 11157380

17. Naito T, Razzaque MS, Nazneen A, Liu D, Nihei H, Koji T, et al. Renal expression of the Ets-1 proto-

oncogene during progression of rat crescentic glomerulonephritis. J Am Soc Nephrol. 2000; 11

(12):2243–55. PMID: 11095647

18. Agnihotri R, Crawford HC, Haro H, Matrisian LM, Havrda MC, Liaw L. Osteopontin, a novel substrate for

matrix metalloproteinase-3 (stromelysin-1) and matrix metalloproteinase-7 (matrilysin). J Biol Chem.

2001; 276(30):28261–7. doi: 10.1074/jbc.M103608200 PMID: 11375993

19. Smith LL, Cheung HK, Ling LE, Chen J, Sheppard D, Pytela R, et al. Osteopontin N-terminal domain

contains a cryptic adhesive sequence recognized by alpha9beta1 integrin. J Biol Chem. 1996; 271

(45):28485–91. PMID: 8910476

20. Kon S, Ikesue M, Kimura C, Aoki M, Nakayama Y, Saito Y, et al. Syndecan-4 protects against osteo-

pontin-mediated acute hepatic injury by masking functional domains of osteopontin. J Exp Med. 2008;

205(1):25–33. doi: 10.1084/jem.20071324 PMID: 18158320

21. Rullo OJ, Woo JM, Parsa MF, Hoftman AD, Maranian P, Elashoff DA, et al. Plasma levels of osteopon-

tin identify patients at risk for organ damage in systemic lupus erythematosus. Arthritis Res Ther. 2013;

15(1):R18. doi: 10.1186/ar4150 PMID: 23343383

22. Patarca R, Freeman GJ, Singh RP, Wei FY, Durfee T, Blattner F, et al. Structural and functional studies

of the early T lymphocyte activation 1 (Eta-1) gene. Definition of a novel T cell-dependent response

associated with genetic resistance to bacterial infection. J Exp Med. 1989; 170(1):145–61. PMID:

2787378

23. Ashkar S, Weber GF, Panoutsakopoulou V, Sanchirico ME, Jansson M, Zawaideh S, et al. Eta-1

(osteopontin): an early component of type-1 (cell-mediated) immunity. Science. 2000; 287(5454):860–

4. PMID: 10657301

24. Denhardt DT, Noda M. Osteopontin expression and function: role in bone remodeling. J Cell Biochem

Suppl. 1998; 30–31:92–102. PMID: 9893260

25. Weening JJ, D’Agati VD, Schwartz MM, Seshan SV, Alpers CE, Appel GB, et al. The classification of

glomerulonephritis in systemic lupus erythematosus revisited. Kidney Int. 2004; 65(2):521–30. doi: 10.

1111/j.1523-1755.2004.00443.x PMID: 14717922

26. Weening JJ, D’Agati VD, Schwartz MM, Seshan SV, Alpers CE, Appel GB, et al. The classification of

glomerulonephritis in systemic lupus erythematosus revisited. J Am Soc Nephrol. 2004; 15(2):241–50.

PMID: 14747370

27. Yamaguchi H, Igarashi M, Hirata A, Tsuchiya H, Sugiyama K, Morita Y, et al. Progression of diabetic

nephropathy enhances the plasma osteopontin level in type 2 diabetic patients. Endocr J. 2004; 51

(5):499–504. PMID: 15516785

28. Daniel V, Trautmann Y, Konrad M, Nayir A, Scharer K. T-lymphocyte populations, cytokines and other

growth factors in serum and urine of children with idiopathic nephrotic syndrome. Clin Nephrol. 1997; 47

(5):289–97. PMID: 9181275

29. Sahali D, Pawlak A, Valanciute A, Grimbert P, Lang P, Remy P, et al. A novel approach to investigation

of the pathogenesis of active minimal-change nephrotic syndrome using subtracted cDNA library

screening. J Am Soc Nephrol. 2002; 13(5):1238–47. PMID: 11961011

Urine Cleaved Osteopontin in Lupus Nephritis

PLOS ONE | DOI:10.1371/journal.pone.0167141 December 19, 2016 13 / 13

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://www.ncbi.nlm.nih.gov/pubmed/15034086
http://dx.doi.org/10.1258/000456304322880023
http://dx.doi.org/10.1258/000456304322880023
http://www.ncbi.nlm.nih.gov/pubmed/15025804
http://dx.doi.org/10.1053/ajkd.2001.21316
http://www.ncbi.nlm.nih.gov/pubmed/11157380
http://www.ncbi.nlm.nih.gov/pubmed/11095647
http://dx.doi.org/10.1074/jbc.M103608200
http://www.ncbi.nlm.nih.gov/pubmed/11375993
http://www.ncbi.nlm.nih.gov/pubmed/8910476
http://dx.doi.org/10.1084/jem.20071324
http://www.ncbi.nlm.nih.gov/pubmed/18158320
http://dx.doi.org/10.1186/ar4150
http://www.ncbi.nlm.nih.gov/pubmed/23343383
http://www.ncbi.nlm.nih.gov/pubmed/2787378
http://www.ncbi.nlm.nih.gov/pubmed/10657301
http://www.ncbi.nlm.nih.gov/pubmed/9893260
http://dx.doi.org/10.1111/j.1523-1755.2004.00443.x
http://dx.doi.org/10.1111/j.1523-1755.2004.00443.x
http://www.ncbi.nlm.nih.gov/pubmed/14717922
http://www.ncbi.nlm.nih.gov/pubmed/14747370
http://www.ncbi.nlm.nih.gov/pubmed/15516785
http://www.ncbi.nlm.nih.gov/pubmed/9181275
http://www.ncbi.nlm.nih.gov/pubmed/11961011



