
RIGHT:

URL:

CITATION:

AUTHOR(S):

ISSUE DATE:

TITLE:

An AKI biomarker lipocalin 2 in the
blood derives from the kidney in
renal injury but from neutrophils in
normal and infected conditions.

Kanda, Junya; Mori, Kiyoshi; Kawabata, Hiroshi; Kuwabara,
Takashige; Mori, Keita P; Imamaki, Hirotaka; Kasahara,
Masato; ... Takaori-Kondo, Akifumi; Mukoyama, Masashi;
Nakao, Kazuwa

Kanda, Junya ...[et al]. An AKI biomarker lipocalin 2 in the blood derives from the kidney in
renal injury but from neutrophils in normal and infected conditions.. Clinical and
experimental nephrology 2015, 19(1): 99-106

2015-02

http://hdl.handle.net/2433/202580

The final publication is available at Springer via http://dx.doi.org/10.1007/s10157-014-0952-7.; The full-text file will be
made open to the public on 06 March 2015 in accordance with publisher's 'Terms and Conditions for Self-Archiving'.;
This is not the published version. Please cite only the published version.; この論文は出版社版でありません。引用の際
には出版社版をご確認ご利用ください。



1 

An AKI biomarker lipocalin 2 in the blood derives from the kidney in 
renal injury but from neutrophils in normal and infected conditions 
 

Junya Kanda, Kiyoshi Mori, Hiroshi Kawabata, Takashige Kuwabara, Keita P. Mori, Hirotaka Imamaki,  

Masato Kasahara, Hideki Yokoi, Chisaki Mizumoto, Nils H. Thoennissen, H. Phillip Koeffler,  

Jonathan Barasch, Akifumi Takaori-Kondo, Masashi Mukoyama, Kazuwa Nakao 

 

J. Kanda, H. Kawabata, C. Mizumoto, A. Takaori-Kondo 

Department of Hematology and Oncology, 

Graduate School of Medicine, Kyoto University, Kyoto, Japan 

 

K. Mori,* T. Kuwabara, K. P. Mori, H. Imamaki, M. Kasahara, H. Yokoi, M. Mukoyama, K. Nakao 

Department of Medicine and Clinical Science,  

Kyoto University Graduate School of Medicine,  

54 Shogoin Kawahara-cho, Sakyoku, Kyoto 606-8507, Japan 

*e-mail: keyem@kuhp.kyoto-u.ac.jp 

 

N. H. Thoennissen, H. P. Koeffler 

Division of Hematology and Oncology, Cedars-Sinai Medical Center, UCLA School of Medicine, Los Angeles, CA, 

USA 

  

J. Barasch 

Department of Medicine, Physicians and Surgeons of Columbia University,  

New York, NY, USA 

 

 

Key Words:  

acute kidney injury; neutrophil; sepsis, bone marrow transplantation; biomarker 

 

Category: Original Paper 

 

The number of words in the manuscript:  

3433 words (excluding references and figure legends) 

 

 

A Self-archived copy in
Kyoto University Research Information Repository

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



2 

Abstract  

Background:  

Lipocalin 2 (LCN2, neutrophil gelatinase-associated lipocalin or NGAL) is a secretory protein discovered from 

neutrophils, which accumulates in the blood and urine during acute kidney injury (AKI) and in the blood by 

bacterial infection. Little is known about the tissue source and molecular forms of this protein under normal and 

pathophysiologic conditions.  

Methods:  

By sandwich ELISA, serum and urinary LCN2 levels were measured in 36 patients with hematologic malignancies 

who transiently became neutropenic by stem cell transplantation (SCT). To evaluate contribution of 

neutrophil-derived LCN2 in the physiologic blood LCN2 concentrations, we examined CCAAT/enhancer binding 

protein ε (C/EBPε) knockout mice, which lack mature neutrophils.  

Results: 

In patients without AKI and bacterial infection, at 1 week after SCT, the median blood neutrophil counts became 

zero and serum LCN2 levels were decreased by 76 ± 6% (p < 0.01), but urinary LCN2 levels were not altered. 

During neutropenic conditions, bacterial infection caused only a modest rise of serum LCN2 but AKI produced a 

marked rise of serum and urinary LCN2 levels. Serum LCN2 concentrations in C/EBPε knockout mice were 

reduced by 66 ± 11% compared to wild-type mice (p < 0.05). Blood LCN2 existed predominantly in 

high-molecular-weight forms (> 100 kDa), while urinary LCN2 was mainly in low-molecular-weight forms.  

Conclusion:  

Our findings suggest that neutrophils are the major source of circulating LCN2 in normal and infected conditions, 

whereas blood and urinary LCN2 mainly derives from the kidney during AKI, and that the molecular forms and 

regulation of blood and urinary LCN2 are clearly distinct.  
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Introduction 

Lipocalin 2 (LCN2 or neutrophil gelatinase-associated lipocalin) was originally purified from activated neutrophils 

[1, 2]. LCN2 gene expression is detected not only in neutrophils, but also in various normal tissues, such as lung, 

liver, and adipose tissue [2-4]. Its expression is markedly upregulated by renal injury [5-8] and bacterial infection [9]. 

LCN2 is now known to exert a broad spectrum of biological activities including host defense [9], kidney 

differentiation [10] and modulation of organ damage [5]. 

Blood and urinary levels of LCN2 have been extensively studied as very promising biomarkers for an 

early diagnosis of acute kidney injury (AKI) [2, 6, 7] and for monitoring of chronic kidney disease severity [11, 12], 

which may revolutionize our clinical practice in the near future. Bacterial infection also causes mild elevation of 

blood LCN2 levels [13, 14]. Thus, neutrophils and injured kidneys are two major candidate sites of LCN2 release in 

diseased conditions. Therefore, to make clinical judgment based upon LCN2 levels in the blood or urine, it is 

important to understand tissue source of LCN2. Furthermore, a fraction of neutrophil-derived LCN2 is covalently 

bound to gelatinase B (or metalloproteinase-9) [15, 16], but the details about the molecular forms of LCN2 in body 

fluid largely remain unknown. 

In the present study, we examined whether neutrophils contribute to blood LCN2 levels in AKI or in 

bacterial infection by analyzing a unique subset of patients who were neutropenic after stem cell transplantation 

(SCT) [17]. Since not all cases were in complete remission status before SCT, we also studied wild-type and 

CCAAT/enhancer binding protein ε (C/EBPε) knockout mice [18], which reflect normal and neutropenic conditions, 

respectively, in the absence of hematologic malignancies. To study the mode of existence of LCN2, we separated 

serum and urine with 100-kDa cutoff ultrafiltration membranes and measured the levels of high- and 

low-molecular-weight (HMW and LMW) LCN2 forms. Furthermore, we examined LCN2/gelatinase B complex. 
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Methods 

Patients 

Patients with hematologic malignancies undergoing autologous or allogeneic SCTs at Kyoto University Hospital 

(Electronic Supplementary Material Table S1), healthy subjects and patients with renal disorders were enrolled 

under written informed consent. This prospective, observational study was approved by the ethical committee on 

human research of Kyoto University Graduate School of Medicine (approval number E-541). AKI was defined by ≥ 

50% elevation of serum creatinine level during the observation period in comparison with the level before SCT. 

Bacterial infection was determined by development of pyrexia (> 38°C) together with either a positive blood culture 

test or clinical symptoms highly suggestive of local infection or septic shock.  

 

Animals 

All animal experiments and protocols were approved by our institutional animal care and use committee. Sera were 

collected from C/EBPε-/-, C/EBPε+/- mice and their wild-type littermates in a mixed background of 129SV x NIH 

Black Swiss at 8 to 10 weeks of age [18].  

 

Expression vectors and promoter-reporter gene constructs 

The human CCAAT/enhancer binding protein (C/EBP) α cDNA [19] and the human C/EBPε32 cDNA [20] were 

sub-cloned into pCDNA3.1+ (Invitrogen, Carlsbad, CA). A luciferase reporter construct was prepared in pGL3 basic 

vector (Promega, Madison, WI), containing sequences between nucleotide positions -900 to +51 of human LCN2 

promoter region [4].  

 

Reporter assay 

In 12-well plates, 1 x 105 293T cells were seeded per well one day before transfection. Either C/EBPα, C/EBPε32 or 

mock vector (pcDNA3.1+) was transfected into 293T cells with the reporter vector using TransFectin Lipid Reagent 

(BioRad, Hercules, CA). Forty-eight hours later, cell lysate was collected and measured for luciferase activity using 

Dual Luciferase Assay System (Promega, Madison, WI). 

 

ELISA 

Human and murine LCN2 concentrations in the serum or urine were determined once a week by sandwich ELISA 

(kits 036 and 042, BioPorto, Gentofte, Denmark). To separate serum and urine by molecular weights, samples were 

passed through 100-kDa cutoff filter (Amicon YM-100; Millipore Corp., Billerica, MA). LCN2/gelatinase B 

complex levels from humans were measured by ELISA (Quantikine, R&D Systems, Minneapolis, MN). 

 

Western blot analysis 

YM-100 flow-through of mouse serum was separated by SDS-polyacrylamide gel electrophoresis, transferred onto 

polyvinylidene difluoride membranes, incubated with goat anti-mouse Lcn2 antibody (R&D Systems, Minneapolis, 

MN), with peroxidase-conjugated anti-goat antibody, and detection was carried out using chemiluminesence. As 

standards, recombinant mouse Lcn2 protein synthesized in BL21 bacteria was loaded [5].   
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Statistical analysis 

Values are expressed as means ± SEM, or median (interquartile range) when appropriate. Differences between 

repeated measures were assessed by one-way ANOVA with Bonferroni’s post test. Comparison between two groups 

was carried out by unpaired Student’s t test. The correlation between blood neutrophil counts and LCN2 levels was 

tested by Pearson’s correlation coefficient. Cross-sectional time-series regression model was used in univariate and 

multivariate analyses to evaluate potential factors which were associated with the level of LCN2. Confounders that 

were analyzed included the number of neutrophils, lymphocytes and platelets, the levels of hemoglobin, serum 

creatinine, C-reactive protein, and body mass index (defined as body weight divided by square of height), and weeks 

after SCT. Significant independent variables in univariate analysis, as well as weeks, were included in multivariate 

analysis. Standardized coefficients were calculated to evaluate which of the independent variables have greater 

effects on the dependent variable. p values of less than 0.05 were considered statistically significant. All statistical 

analyses were performed using Stata software version 11 (Stata Corp., College Station, Texas, USA).  
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Results 

Blood and urine human LCN2 levels in patients undergoing stem cell transplantation 

We studied 36 patients who underwent SCT for their hematological malignancies. The time course of serum and 

urinary LCN2 levels during periods from pre-transplantation (between -2 to -1 weeks) to 4 weeks after autologous or 

allogeneic SCT were examined (Fig. S1). These patients were categorized into 4 groups based upon the presence or 

absence of AKI or bacterial infection (Table 1). Twelve patients (33%) were categorized as Group 1 [bacterial 

infection (-), AKI (-)]. At 1 week, median blood neutrophil count became 0/µl, and serum LCN2 level was reduced 

by 76 ± 6% (from 63 ± 15 to 10 ± 1 ng/ml, p < 0.01, Fig. 1). Among the 4 groups, the general trend of neutrophil 

counts and serum LCN2 concentrations during the observation period was similar, with the lowest levels at 1 and 2 

weeks and gradual recovery towards 4 weeks (Figs. 1, 2). These findings suggest that the predominant source of 

circulating LCN2 is blood neutrophils but substantial amount of a non-neutrophil pool also exists.  

Twelve subjects (33%) were categorized as Group 2 [bacterial infection (+), AKI (-)] (Fig. 1). Bacterial 

infection was diagnosed on day 8.2 ± 1.7 (Fig. S1). Peak serum C-reactive protein (CRP) levels were 8.8-fold higher 

in Group 2 as compared to Group 1 (p < 0.05, Table 1). The time course of blood neutrophil counts and serum LCN2 

levels was roughly similar as compared to Group 1, but neutrophil counts were significantly higher at 3 weeks in 

Group 2 (p < 0.05, Fig. 1). In Group 2, 6 patients had zero neutrophil counts not only at 1 week but also at 2 weeks 

and developed bacterial infection on day 8.2 ± 1.4. Their serum LCN2 levels at 1 and 2 weeks were 12 ± 4 and 25 ± 

9 ng/ml, respectively. These findings suggest that bacterial infection caused small amount of LCN2 release from 

non-myeloid tissues, which could be from the lung, liver, spleen or adipose tissue [2-4]. The urinary LCN2 excretion 

in Groups 1 and 2, unlike serum LCN2 levels, did not decrease during the first week (which was neutrophil-depleted 

period), indicating that circulating and urinary LCN2 levels were regulated in distinct manners (Fig. 1). 

Most patients with AKI also suffered from bacterial infection, and only 2 patients (6%) belonged to Group 

3 [bacterial infection (-), AKI (+)](Fig. 2). These 2 patients developed AKI at 3 and 4 weeks, respectively, and their 

serum LCN2 levels at 4 weeks tended to be higher compared to patients without AKI (Groups 1 and 2), but the 

sample number in Group 3 was too small for statistical analysis.  

Ten patients (28%) were classified into Group 4 [bacterial infection (+), AKI (+)]. The peak serum 

creatinine levels were 2.9-fold higher in Group 4 compared to Group 1 (p < 0.05, Table 1). Diagnoses of bacterial 

infection and AKI were made on days 6.9 ± 1.2 and 8.3 ± 1.4, respectively. Blood neutrophil counts became almost 

zero at 1 and 2 weeks as similar to the cases in Groups 1-3. However, during this nadir period especially at 2 weeks, 

serum LCN2 levels became much higher than the levels before SCT (Fig. 2, Fig. S1). Three patients in Group 4 and 

one in Group 3 started to receive continuous hemodiafiltration (CHDF) at various time points due to oliguria or 

hyperkalemia (Fig. S2). The timing of CHDF initiation was closely associated with elevation in the serum and 

urinary LCN2 levels by log orders of magnitude, occasionally reaching the levels above 300 ng/ml or 2,000 µg/gCr, 

respectively. These cases clearly show that AKI causes a steep elevation in serum and urinary LCN2 levels, even in 

the absence of neutrophils. 

 

Determinants of serum LCN2 levels 

We identified a strong positive correlation between neutrophil counts and serum LCN2 levels among samples 

excluding those collected when AKI was present (Fig. 3). Blood samples during AKI contained larger amounts of 
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LCN2 than ones with no AKI. Multivariate analyses for all samples (with and without AKI) showed that the serum 

levels of LCN2 were significantly associated with neutrophil counts (standardized coefficient 0.57, p < 0.001) as 

well as with serum CRP levels (standardized coefficient 0.16, p < 0.05, Table 2). The significant positive correlation 

between serum LCN2 and creatinine levels in univariate analysis was lost in multivariate analysis, likely because 

samples with elevated serum creatinine levels were partially enriched in those with low blood neutrophil counts 

(Figs. S1, S2).  

 

Characterization of molecular forms of blood and urine LCN2 

LCN2 protein in serum or urine may exist in several molecular forms, including a 25-kDa monomer, a 46-kDa 

homodimer and a 135-kDa heterodimer with gelatinase B (or MMP-9) [1, 16]. Serum and urine were passed through 

100-kDa cutoff membrane to separate LCN2 into HMW and LMW forms (Fig. S3). Approximately 82% of serum 

LCN2 existed as HMW form, and presence of neither bacterial infection nor AKI affected the ratios (Fig. 4, Fig. S3). 

On the other hand, approximately 99% of urinary LCN2 was in LMW form in most patients who underwent SCT 

(both before and after SCT) and in healthy subjects (data not shown). Exclusively, urine from SCT patients who 

developed AKI with overt proteinuria (urinary protein level > 1g/g creatinine) contained as much as 37% of HMW 

form. Similarly, patients with nephrotic range proteinuria due to chronic kidney disease had large amount of HMW 

LCN2 in the urine (Fig. 4). These findings suggest that, if glomerular size barrier is functioning normally, only a 

small fraction of HMW LCN2 in the blood (as is the case with 60-kDa albumin) is filtered through glomeruli and 

trace amount, if any, is excreted into urine. Thus, circulating LCN2, due to its large molecular size, likely has a 

much longer blood half-life than that of LCN2 monomer (which is about 10 min) [21].  

A portion of LCN2 secreted from neutrophils is covalently bound to gelatinase B [15, 16] and 

LCN2/gelatinase B complex is one of the candidate forms of HMW LCN2. We examined the content of this 

complex in the serum and urine (Table S2). Ratio of complex among total LCN2 immunoreactivity was less than 

30% in serum of healthy subjects and patients undergoing SCT. Furthermore, the concentration of complex in urine 

was quite low (< 2 ng/ml, and typically < 3% of total urine LCN2 immunoreactivity). These findings suggest that 

the majority of HMW LCN2 in the blood exists in forms other than LCN2/gelatinase B complex. Furthermore, the 

ratio of complex in the blood was largely and temporarily reduced when patients were in neutropenic periods (at 1 

week after SCT), suggesting that bone marrow or peripheral neutrophils are important sources of circulating 

LCN2/gelatinase B complex.  

 

Serum Lcn2 levels in C/EBPε knockout mice 

As described above, serum LCN2 levels became 24 ± 6% of baseline levels during neutropenic conditions in 

patients who underwent SCT. To investigate impact of presence of neutrophils upon circulating LCN2 

concentrations in normal conditions, we examined genetically mutant mice which lack mature neutrophils. C/EBPε 

is a transcriptional factor which is crucial for neutrophil and eosinophil differentiation [18, 20, 22]. Given that LCN2 

mRNA was abundantly expressed in human myeloid cell lines expressing C/EBPε [2, 22], we first assessed the 

effects of C/EBPε on promoter activity of human LCN2 gene. In luciferase assay, overexpression of C/EBPε, as well 

as C/EBPα, significantly enhanced the promoter activity of LCN2 gene (Fig. 5a). Since C/EBPε-/- mice have 

severely impaired terminal differentiation of neutrophils [18, 22], these mice were utilized to determine the impact 
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of C/EBPε-dependent neutrophil maturation on steady-state serum Lcn2 levels. By ELISA, serum Lcn2 levels in 

C/EBPε-/- and C/EBPε+/- mice were reduced by 66 ± 11% (p < 0.05) and by 34 ± 12%, respectively, as compared to 

C/EBPε+/+ animals (Fig. 5b). Similar differences among genotypes were observed by Western blot of LMW (< 100 

kDa) fraction of the serum (Fig. 5c). These findings indicate that C/EBPε is essential for maintaining steady-state 

serum LCN2 levels in mice. As to molecular forms, approximately 72% of serum Lcn2 was in HMW form, and the 

ratio was not altered by absence of neutrophils in KO mice (Fig. 5d). 
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Discussion 

Here, we have shown that serum LCN2 levels are decreased by 76% during neutropenic conditions after SCT, 

consistently with our present findings in C/EBPε KO mice, which lack functionally mature neutrophils [18, 22]. 

Furthermore, serum LCN2 levels showed a strong correlation with blood neutrophil counts. These findings show, for 

the first time to our knowledge, that circulating neutrophils are the predominant source of steady-state blood LCN2.  

LCN2 plays an essential role in host defense by inhibiting the growth of bacteria such as Escherichia coli 

and Mycobacterium tuberculosis [9, 23]. Therefore, not only neutropenia but also reduced circulating LCN2 levels 

may contribute to the high susceptibility of patients to infection during the neutrophil nadir periods after SCT. To 

date, it is not known whether subjects with supranormal circulating LCN2 levels are super-protected against 

infection. 

When serum and urine LCN2 was separated into HMW and LMW forms, HMW LCN2 was the major 

form in blood, while urinary LCN2 consisted almost exclusively of LMW forms. These findings were quite 

surprising, since blood and urinary LCN2 levels are both elevated early in the course of AKI and both of these 

markers have been considered to be useful biomarkers of AKI [2, 6]. During nadir periods of the neutrophil counts, 

bacterial infection caused minimal elevation in serum LCN2 levels, but AKI lead to remarkable elevation in serum 

and urinary LCN2 levels. These findings suggest that the major source of serum LCN2 is the neutrophils in healthy 

and infected conditions, whereas the kidneys, especially the nephron segments of the thick ascending limbs of Henle 

and collecting ducts [2, 8, 11], are the main source of serum and urinary LCN2 in AKI. Cai et al. examined 

molecular forms of LCN2 in the urine and reported that renal tubules mainly secrete monomer LCN2, whereas 

neutrophils predominantly release dimer LCN2 [24]. Information concerning LCN2 in the blood was not provided in 

their work [24]. Of note, mature neutrophils contain large amount of LCN2 protein in the secretory granules but 

LCN2 mRNA expression is lost in these cells [1, 2, 25], making it very difficult to quantitatively evaluate 

neutrophil-derived LCN2 at the mRNA level. In patients with overt proteinuria (which suggests the presence of 

severe glomerular injury), HMW urinary LCN2 proteins were observed (Fig. 4b). At least some of HMW urinary 

LCN2 proteins are presumed to derive from the blood. Recently, we have been able to purify and identify several 

LCN2-binding proteins in the urine from patients with chronic kidney disease [26]. 

How is LCN2 synthesized in the kidney secreted in the blood or excreted in the urine deserves to be 

discussed. When we stained Lcn2 protein in injured mouse kidneys in a previous study, we found 2 staining patterns 

[11]. One was a granular pattern along apical side of proximal tubules, which appears to reflect blood-driven, 

reabsorbed Lcn2 protein. The other was diffusely distributed in the cytoplasm of distal nephron cells, and we 

speculate that Lcn2 protein in this compartment is released into the urine or circulation, at least partially, through a 

non-specific pathway, not depending upon secretory granules. Indeed, wild-type kidney transplanted into Lcn2 KO 

mice does release Lcn2 protein in the urine (potentially through circulation) after induction of ischemic kidney 

injury [8]. 

A portion (15%) of LCN2 in neutrophil secretory granules co-localizes with gelatinase B [3] and forms 

heterodimer with gelatinase B [1], preserving gelatinase B from degradation [27]. When we examined the 

concentration of LCN2/gelatinase B complex in the total LCN2 immunoreactivities in the blood of healthy subjects 

and patients undergoing SCT, the complex occupied less than 30%. We also found that the ratio of the complex is 

largely reduced during neutropenic periods. These findings suggest that neutrophils are an important source of 
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LCN2/gelatinase B complex in the blood but the complex only constitutes a small fraction of circulating LCN2.  

 There are several limitations in this study. The present study was mainly focused to longitudinal analysis 

of patients undergoing SCT, and the numbers of patients with hematologic or renal disorders and healthy subjects 

were small. Since severity of bacterial infection is generally larger when it is associated with AKI, higher peak 

serum and urinary LCN2 levels in Group 4 [bacterial infection (+), AKI (+)] compared to Group 2 [bacterial 

infection (+), AKI (-)] may have been caused not only by complicating AKI but also by more severe infection. 

In conclusion, neutrophils are the predominant source of circulating LCN2 in physiological conditions, 

which may play an important role in the prevention of bacterial infection. In AKI, serum LCN2 proteins are 

dramatically increased even among patients in neutropenic states, suggesting that injured kidneys are major source 

of circulating LCN2 in pathologic conditions. The present study brings new insights into our understanding of the 

complicated regulation and clinical implication of blood or urinary LCN2 concentrations as biomarkers of AKI. 
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Figure Legends 

 

Fig. 1  Changes of blood neutrophil counts, serum and urinary LCN2 levels in Groups 1 and 2.  

Serum and urine (s, u)LCN2 levels and blood neutrophil counts are expressed as median (interquartile range). AKI, 

acute kidney injury. *p < 0.05 vs. Pre-transplantation (Pre); #p < 0.05 vs. Group 1 at 3 weeks. 

 

Fig. 2  Changes of blood neutrophil counts and serum LCN2 levels in Groups 3 and 4 (G3, G4).  

Serum (s)LCN2 levels and neutrophil counts are expressed as median (interquartile range) for Group 4. For Group 3, 

values of two subjects are shown separately. Urinary LCN2 concentrations were highly variable among cases in 

Groups 3 and 4, and are not presented here (see online supplementary Fig. S2). sLCN2 in Group 4 at 3 weeks was 

305 (147-1074) ng/ml and the top error bar for interquartile range was larger than what is shown in this figure (as 

indicated in dotted line). *p < 0.05 vs Pre-transplantation (Pre). 

 

Fig. 3  Correlation of blood neutrophil counts and serum LCN2 levels.  

Closed circles and a solid line, non-AKI points and their regression line (r = 0.73, p < 0.001); open circles and a 

dotted line, AKI points and their regression line (r = 0.35, p = 0.12). 

 

Fig. 4  Relative ratios of high- and low-molecular-weight LCN2 in the serum and urine.  

a Serum LCN2 (sLCN2) levels. Values are mean ± SEM. n = 10, 4 and 5 from the left. b Urinary LCN2 (uLCN2) 

levels. SCT, patients undergoing stem cell transplantation who either had or did not have AKI (n = 2 each, mean of 4 

is shown). SCT+Proteinuria, SCT patients who developed AKI with overt proteinuria (> 1g/g creatinine, mean of n 

= 2 is shown). Cases of focal segmental glomerulosclerosis (FSGS; n = 1) and diabetic nephropathy (DN; mean of n 

= 2) who had overt proteinuria are also shown. Their clinical data are available in online suppl. fig. 3. 

 

Fig. 5  C/EBPε-dependent LCN2 expression.  

a Effects of C/EBPα and ε overexpression upon human LCN2 promoter activity. Values are mean ± SEM. n = 4. *p 

< 0.05 vs control. b Serum total Lcn2 levels including both HMW and LMW forms were measured by ELISA in 

C/EBPε knockout (KO), heterozygous (Het) and WT (wild-type) mice. n = 4. c Western blot analysis of serum 

LMW Lcn2 from C/EBPε KO and WT mice (#1 to 3, respectively, n = 3). Serum aliquots (2.5 or 10  µl) from 

YM-100 flow-through were separated by SDS-PAGE in reducing conditions. rmLcn2, recombinant mouse Lcn2 as 

standards. d Relative ratios of high- and low-molecular-weight Lcn2 in the serum of C/EBPε KO and WT mice. n = 

4. 
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Table 1  Categorization of patients who underwent SCT

Group Bact Infect AKI Number Peak sCRP (mg/dl) Peak sCr (mg/dl)

1 - - 12 0.8 (0.3-4.4) 0.8 (0.6-1.1)

2 + - 12 7.0 (2.8-11.1)* 0.8 (0.6-0.9)

3 - + 2 3.0 [1.0-4.9]# 2.4 [1.0-3.7]#

4 + + 10 17.1 (5.4-24.9)* 2.3 (1.0-3.4)*

Bact Infect, bacterial infection; AKI, acute kidney injury; 

Peak, peak value during observation period (which is within 4 weeks after SCT); 

sCRP, serum C-reactive protein; sCr, serum creatinine. 

Values are median (interquartile range), or mean [range]#.

*p < 0.05 vs Group 1.
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Table 2  Correlation of serum LCN2 levels with clinical parameters

Standardized
coefficient

p
Standardized
coefficient

p

Neutrophil counts 0.570 <0.001 0.574 <0.001
Lymphocyte counts -0.146 0.064
Platelet counts -0.049 0.525
Hemoglobin 0.003 0.970
Creatinine 0.217 0.005 0.100 0.160
CRP 0.233 0.002 0.159 0.031
BMI 0.190 0.093

Independent variables
Univariate Multivariate

CRP, C-reactive protein. BMI, body mass index.
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Supplementary Fig. S1
Clinical courses of 2 representative cases in each group. Levels of blood neutrophil counts (black), serum 
LCN2 (gray), CRP and creatinine (Cre) are shown. Arrows and bars, onset (also indicated in parenthesis) 
and duration of bacterial infection (Bact Infect); box, period of continuous hemodiafiltration (CHDF).
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Supplementary Fig. S2
Serum and urinary LCN2 levels in patients who received continuous hemodiafiltration (CHDF). 
Arrows indicate the points when CHDF was started. SCT, stem cell transplantation. At the first week, 
patient K61 (in Group 4) had neutrophil, 0/µl; sCr, 3.0 mg/dl; sCRP, 38.2 mg/dl; sLCN2, 377 ng/ml. 
At the first week, case K76 (in Group 4) had neutrophil, 0/µl; sCr, 1.4 mg/dl; sCRP, 3.4 mg/dl; 
uLCN2, 2782 µg/gCr. At the fourth week, case K92 (in Group 3) had neutrophil, 0/µl; sCr, 3.7 mg/dl; 
sCRP, 1.0 mg/dl; uLCN2, 16000 µg/gCr.
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Supplementary Fig. S3
Separation of samples into HMW and LMW 
fractions and LCN2 measurement. 
(a) Methods of serum and urine fractionation. 
(i) 100 µl aliquots of samples were 

centrifuged at 10,000 x g for 30 min 
through 100-kDa cutoff filter (YM-100). 

(ii) The solution retained above the 
membrane was recovered by inverting 
the column and centrifuging on top of a 
new tube for 2 min. The volumes of the 
flow-through and the remaining were 
adjusted back to 100 µl by adding 
distilled water before analysis with 
LCN2 ELISA. 

(b) Clinical variation and relative abundance 
of HMW and LMW LCN2 in each sample. 
Values are mean ± SEM [range]. 
Recovery of LCN2 immunoreactivity
[(HMW+LMW)/unfractionated] was 73 ±
4% (mean ± SE, n = 19) for serum and 78 
± 5% (n = 9) for urine. SCT, stem cell 
transplantation. sCr, serum creatinine. sCRP, 
serum C-reactive protein. FSGS, focal 
segmental glomerulosclerosis. DN, diabetic 
nephropahy.

a

b

HMW

LMW

100 ???? l

HMW (retained above) 

LMW (flow -through) 

100 µµµµl

i ii

Serum LCN2 Analysis

Category SCT SCT SCT

number 10 4 5

AKI - - +

Infection - + + or -

WBC (/ul) 3390 ± 743 [0-7400] 2325 ± 1355 [0-5100] 580 ± 555 [0-2800]

sCr (mg/dl) 0.9 ± 0.1 [0.5-1.4] 0.9 ± 0.1 [0.7-1.2] 2.3 ± 0.4 [1.4-3.7]

sCRP (mg/dl) 1.3 ± 1.0 [0.1-2.8] 12.9 ± 6.2 [4.9-31.2] 13.7 ± 7.1 [1.0-39.0]

HMW-LCN2 (relative %) 82 ± 3 [64-96] 82 ± 1 [79-83] 82 ± 3 [75-91]

LMW-LCN2 (relative %) 18 ± 3 [4-36] 18 ± 1 [17-21] 18 ± 3 [9-25]

Unfractionated LCN2 (ng/ml) 107 ± 29 [17-306] 69 ± 17 [23-107] 187 ± 64 [40-424]

Urinary LCN2 Analysis

Category SCT SCT+Proteinuria FSGS DN

number 4 2 1 2

AKI + or - + - -

Infection + or - + or - - -

WBC (/ul) 1100 ± 662 [0-2800] 0 [0-0] 15400 5050 [4900-5200]

sCr (mg/dl) 1.5 ± 0.5 [0.5-2.8] 2.6 [1.4-3.7] 0.6 1.4 [1.3-1.5]

sCRP (mg/dl) 18.9 ± 9.6 [0.2-39.0] 2.2 [1.0-3.4] 0.1 0.6 [0.1-1.1]

HMW-LCN2 (relative %) 1.2 ± 0.9 [0.2-4.0] 37 [35-40] 26 38

LMW-LCN2 (relative %) 99 ± 1 [96-100] 63 [60-65] 74 62

Unfractionated LCN2 (ng/ml) 486 ± 287 [46-1328] 5412 [4169-6655] 70 220 [169-270]
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Supplementary Table S1

Diagnosis and treatment of patients who underwent SCT

Characteristics n = 36

Recipient's age 54 (17-64)

Recipient's gender
    Male 16 [44%]
    Female 20 [56%]

Diagnosis
    Leukemia 23 [64%]
    Lymphoma 7 [19%]
    Myelodysplastic syndromes 5 [14%]
    Myeloma 1 [3%]

Disease status at transplant
    Complete remission 18 [50%]
    Partial remisssion 1 [3%]
    Not in remission 14 [39%]
    Untreated 3 [8%]

Stem cell source
    Bone marrow 26 [72%]
    Peripheral blood 2 [6%]
    Cord blood 8 [22%]

Donor type
    Related donor 9 [25%]
    Unrelated donor 18 [50%]
    Unrelated cord blood unit 8 [22%]
    Autologous 1 [3%]

Median (range) or patient number [%].

A Self-archived copy in
Kyoto University Research Information Repository

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



Supplementary Table S2

Measurement of LCN2/gelatinase B complex

Subject K78 K86 Healthy1 Healthy2

Weeks after SCT pre +1 +4 pre +1 +4

AKI - - - - - + - -

Bact Infect - - - - + - - -

Serum

LCN2 (ng/ml) 70 13 60 30 60 64 70 80

Complex (ng/ml) 7.8 0.8 7.5 7.2 0.8 4.1 15.9 29.7

Ratio of Complex (%) 10 6 11 19 1 6 19 27

Urine

LCN2 (ng/ml) 46 57 20 4 20

Complex (ng/ml) 1.1 <0.3 <0.3 <0.3 <0.3

LCN2/gelatinase B (MMP-9) complex was measured by a Sandwich ELISA using two antibodies directed

against LCN2 and gelatinase B, respectively (Quantikine, R&D Systems, Minneapolis, MN, USA). 

LCN2 monomer preparation in BioPorto ELISA is not recognized by R&D Systems ELISA,

since it does not contain gelatinase B epitope.

Standard preparation of LCN2/gelatinase B complex in R&D Systems ELISA (20 ng/ml)

gave cross-activity of less than 1.5% in BioPorto ELISA (< 0.3 ng/ml).

Ratio of complex in the serum was calculated as complex/(LCN2+complex).
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