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Urine Biomarkers to Predict Response to Lupus
Nephritis Therapy in Children and Young Adults
Hermine I. Brunner, Michael R. Bennett, Gaurav Gulati, Khalid Abulaban, 
Marisa S. Klein-Gitelman, Stacy P. Ardoin, Lori B. Tucker, Kelly A. Rouster-Stevens, 
David Witte, Jun Ying, and Prasad Devarajan

ABSTRACT. Objective. To delineate urine biomarkers that forecast response to therapy of lupus nephritis (LN).
Methods. Starting from the time of kidney biopsy, patients with childhood-onset systemic lupus
erythematosus who were diagnosed with LN were studied serially. Levels of 15 biomarkers were
measured in random spot urine samples, including adiponectin, α-1-acid glycoprotein (AGP), cerulo-
plasmin, hemopexin, hepcidin, kidney injury molecule 1, monocyte chemotactic protein-1, lipoca-
lin-like prostaglandin D synthase (LPGDS), transforming growth factor-β (TGF-β), transferrin, and
vitamin D binding protein (VDBP).
Results.Among 87 patients (mean age 15.6 yrs) with LN, there were 37 treatment responders and 50
nonresponders based on the American College of Rheumatology criteria. At the time of kidney biopsy,
levels of TGF-β (p < 0.0001) and ceruloplasmin (p = 0.006) were significantly lower among
responders than nonresponders; less pronounced differences were present for AGP, hepcidin, LPGDS,
transferrin, and VDBP (all p < 0.05). By Month 3, responders experienced marked decreases of
adiponectin, AGP, transferrin, and VDBP (all p < 0.01) and mean levels of these biomarkers were all
outstanding (area under the receiver-operating characteristic curve ≥ 0.9) for discriminating responders
from nonresponders. Patient demographics and extrarenal disease did not influence differences in
biomarker levels between response groups.
Conclusion. Low urine levels of TGF-β and ceruloplasmin at baseline and marked reduction of AGP,
LPGDS, transferrin, or VDBP and combinations of other select biomarkers by Month 3 are
outstanding predictors for achieving remission of LN. If confirmed, these results can be used to help
personalize LN therapy. (First Release June 15 2017; J Rheumatol 2017;44:1239–48; doi:10.3899/
jrheum.161128) 
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Systemic lupus erythematosus (SLE) is a multisystem
inflammatory autoimmune disease, and lupus nephritis (LN)
is one of the main determinants of poor prognosis1,2,3,4.

Although data from large-scale epidemiological studies are
lacking, an estimated 10% of the children and adolescents
will develop endstage renal disease (ESRD) within 10 years
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of LN diagnosis5, and 22% of children in ESRD from LN
will die within 5 years of requiring renal replacement
therapy6. A major factor leading to such unsatisfactory LN
outcomes is a lack of noninvasive clinical and laboratory
measures to accurately gauge LN status in terms of activity
and response to therapy.

Several urine biomarkers have been described that hold
much promise to improve the surveillance of LN compared
to the current clinical and laboratory measures7,8. We have
shown that the urine concentrations of adiponectin, cerulo-
plasmin, hemopexin, kidney injury molecule 1 (KIM-1),
monocyte chemotactic protein 1 (MCP-1), and neutrophil
gelatinase–associated lipocalin (NGAL) can be used to
calculate the Renal Activity Index in Lupus (RAIL); this
index has excellent accuracy in estimating histological
activity of LN in both children and adults9,10. However,
biomarkers that reflect LN activity cross-sectionally are not
necessarily the best measures of response to therapy. Indeed,
other promising biomarkers of LN response include α-1-acid
glycoprotein (AGP), cystatin-C, hepcidin, lipocalin-like
prostaglandin D synthase (LPGDS), liver-type fatty
acid-binding protein 1 (LFABP), osteopontin, transforming
growth factor-β (TGF-β), transferrin, and vitamin D binding
protein (VDBP)10,11,12,13,14,15,16,17. 

Although research suggests that the above-mentioned
biomarkers may be suited to reflect or even anticipate patient
response to LN therapy, this has not been studied well in
children. Further, the importance of patient demographics,
LN histology, and medications when using these urine
candidate biomarkers to determine clinically relevant
improvement of LN has not been studied in depth. 

The objectives of our study were (1) to delineate urine
biomarkers that can forecast the response to therapy of LN;
and (2) to determine whether histological severity of LN,
patient demographics, or extrarenal disease activity influence
the ability of these urine biomarkers to anticipate LN
response. We hypothesized that some of the candidate urine
biomarkers, individually or combined, can be used to predict
the course of pediatric LN, with focus on patient response at
6 months after kidney biopsy. 

MATERIALS AND METHODS
Patients. Patients diagnosed with childhood-onset SLE (cSLE)18 requiring
a kidney biopsy as part of standard of care participated in this longitudinal
study. Random spot urine samples were collected in regular intervals,
starting from the time of kidney biopsy. Prospectively, relevant clinical infor-
mation and traditional measures of LN were recorded, including the
glomerular filtration rate (GFR)19,20 and proteinuria. All patients received
therapy for cSLE at the time of the urine collection and biopsy. 

The renal domain scores of the Systemic Lupus Disease Activity Index
(SLEDAI; range 0–16; 0 = inactive LN)21 and the British Isles Lupus
Activity Group index22 were completed to serve as measures of LN clinical
activity. We also measured extrarenal disease activity using the SLEDAI as
previously described23. The study was approved by the institutional review
boards of all of the participating institutions. Cincinnati Children’s Hospital
served as the institutional review board of reference (CHMC 2010-1919;

CHMC 2008-0635); patients and/or caregivers provided informed assent
and consent prior to commencement of any study-related activities.
Kidney histology and response to therapy. The histological characteristics
of available kidney biopsies were interpreted in a blinded fashion by an
expert nephropathologist (DW) as per the International Society for
Nephrology/Renal Pathology Society (ISN/RPS) Classification24,25. In
line with what is proposed by the American College of Rheumatology
(ACR), complete response to LN therapy was defined as the presence of
an inactive urine sediment plus decrease of proteinuria (estimated by
protein-to- creatinine ratio) to ≤ 0.2 g/day plus normal or stable GFR
based on the modified Schwartz formula26,27. 
Urinary biomarker assays. The following 15 biomarkers were assayed:
adiponectin, AGP, ceruloplasmin, cystatin-C, hemopexin, hepcidin, KIM-1,
LPGDS, LFABP, MCP-1, NGAL, osteopontin, TGF-β, transferrin, and
VDBP. Laboratory personnel assaying the biomarkers were blinded to
clinical and histological information. Spun urine samples were stored at 0°C
within 1 h of collection and frozen at –80°C within 24 h prior to batch
processing.

Unless stated otherwise, biomarkers were quantified using commercial
ELISA kits as per the manufacturers’ instructions, and a 4-measure logistic
curve fit was used to fit the standard curve. The intraassay and interassay
variability is expressed in percent of the coefficient of variation (CV
intra/inter).

Adiponectin (CV intra/inter: 4.0%/9.9%) was measured using the
Quantikine ELISA Human HMW Adiponectin/Acrp30 (R&D Systems),
AGP (CV intra/inter: 5.0%/8.5%) by ELISA (R&D Systems), ceruloplasmin
(CV intra/inter: 4.1%/7.1%) by ELISA (Assaypro), hemopexin (CV
intra/inter: 4.8%/7.3%) with the AssayMax Human Hemopexin ELISA Kit
(Assaypro), and hepcidin-25 (CV intra/inter: 3.5%/3.4%) by ELISA (R&D
Systems). The KIM-1 assay was constructed using commercially available
reagents (Duoset DY1750) as described previously28. We quantified LFABP
(CV intra/inter: 6.1%/10.9%) by ELISA (CMIC Co.), MCP-1 (CV
intra/inter: 5.0%/5.9%) by ELISA (R&D Systems), NGAL (CV intra/inter:
1.0%/9.1%) by ELISA (Human NGAL ELISA; Bioporto), osteopontin (CV
intra/inter: 7.8%/9.0%) with the DuoSet Human EPCR kit (R&D Systems),
and VDBP (CV intra/inter: 5.1%/6.2%) by ELISA (R&D Systems). 

TGF-β (CV intra/inter: 2.6%/8.3%) was measured by ELISA (R&D
Systems) after acid activation. Briefly, 20 μl of 1N HCl was added to 100 μl
of urine sample, mixed by inversion and incubated at room temperature for
10 min. Next, the acidified sample was neutralized by adding 20 μl of 1.2 N
NaOH/0.5 M HEPES buffer. Then the assay was immediately run per
manufacturer’s instructions (CV intra/inter: 2.0%/7.8%). Using immuno-
nephelometry (Siemens, BNII), we measured cystatin-C (CV intra/inter:
2.3%/2.5%), transferrin (CV intra/inter: 2.5%/3.4%), and LPGDS (CV
intra/inter: 2.3%/6.5%). We also determined levels of urine creatinine using
an enzymatic creatinine assay (CV intra/inter: 0.65%/4.48%) on a
Dimension RXL Clinical Analyzer (Siemens).

Raw concentrations of the urine biomarkers (in ng/ml for NGAL, AGP,
ceruloplasmin, LFABP, VDBP, osteopontin, hemopexin, and hepcidin; in
pg/ml for adiponectin, KIM-1, MCP-1, and TGF-β; in ng/dl for transferrin
and LPDGS; in ng/l for cystatin-C) are presented as well as biomarker
concentrations standardized for urine creatinine levels (in mg/ml).
Statistical analysis.All biomarker levels and microalbumin were found right
skewed in their distributions, but their nature log transformed variables were
symmetrically distributed and fit the conditions for parametric statistical
models. Hence, all the analyses were performed using (nature) log trans-
formed biomarker levels. 

The primary statistical model was a mixed-effect model. In particular,
each dependent variable, i.e., the log transformed biomarker, was assessed
for its associations to the major fixed effects of interest, the response effect
(yes vs no), the time effect (a categorical variable of months 0, 3, 6, 9, and
12), and its interaction in the mixed-effect model. A random effect was used
to account for within-person correlation caused by the repeated measure-
ments over the visits. Posthoc means of the dependent variable were based
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on the effect-model framework. Mixed-effect models were repeated after
adjusting biomarker levels by urine creatinine concentrations. Because the
findings from the analyses considering urine creatinine-adjusted biomarkers
agreed with those based on unadjusted urine biomarkers, only results from
unadjusted biomarkers are presented herein. 

The study also included subset analyses using the primary mixed-effect
models in subgroups stratified by LN class as well as the treatment with
either cyclophosphamide (CYC) or mycophenolate mofetil (MMF). To test
whether the association between the dependent variable and the response
effect were importantly influenced by possible moderators (age, sex, race,
angiotensinogen-blocking medications), we modified the mixed-effect
models by letting the moderator interact with the response factor while
nesting them under the time effect. 

Receiver-operating characteristic (ROC) curves were used to investigate
the performance of individual biomarkers in discriminating responders from
nonresponders. The overall accuracy of each biomarker was evaluated using
the areas under the ROC curve (AUC). Biomarker accuracy was considered
outstanding, excellent, good, and fair if the AUC was in the range of 0.9–1.0,
0.81–0.90, 0.71–0.80, and 0.61–0.70, respectively. 

For the RAIL biomarkers, we developed a multiple logistical regression
model to predict LN response using levels of NGAL, MCP-1, KIM-1,
ceruloplasmin, adiponectin, and hemopexin as predictors; the respective
ROC curve and AUC using the logit score (or RAIL score) were also calcu-
lated from the multiple logistical regression model, as previously
described9,29. Chi-square tests were done to compare rates between groups.
Categorical and numerical variables at baseline were summarized using
frequency in percent and mean (SD or SE). All statistical analyses were
computed using an SAS 9.4 package. P values < 0.05 were considered statis-
tically significant. 

RESULTS
Patient characteristics and features of kidney biopsy. Details
about the study cohort are provided in Table 1. Eighty-seven
patients with LN were included; all required a kidney biopsy
as part of clinical care for cSLE18. The patients’ mean (SD)
age at the time of kidney biopsy was 15.6 years (2.9), and the
average extrarenal disease activity as measured by the
SLEDAI was 6.7 (6.8). None had ISN/RPS Class 1 or Class
6 LN. MMF and CYC at recommended doses23 were
generally used for LN therapy, and the majority of the
patients were prescribed an angiotensin system–blocking
drug soon after their kidney biopsy. 
Responders versus nonresponders to LN therapy. Of the 87
patients enrolled, 37 were responders and 50 failed to respond
to treatment. At baseline, response groups (nonresponders,
responders) were similar in histological activity (p = 0.917)
and histological chronicity (p = 0.952) as measured by the
US National Institutes of Health Activity and Chronicity
Indices30, respectively. There were no important baseline
differences between groups for renal function (GFR; p =
0.459) or the degree of proteinuria (albumin-to-creatinine
ratio; p = 0.122). Nonresponders had markedly higher
extrarenal disease activity than the responder group at
baseline (Table 1).

1241Brunner, et al: Biomarkers of lupus nephritis

Personal non-commercial use only. The Journal of Rheumatology Copyright © 2017. All rights reserved.

Table 1. Demographics and clinical information of the patients at the time of urine collection and the time of kidney biopsy. Values are arithmetic means (SD),
unless stated otherwise.

Variable                                                                         Category                                        Total, n = 87        Responders,           Nonresponders,            p##
                                                                                                                                                                                                                                       n = 37                       n = 50

Sex, n (%)                                                                     Female                                              68 (78.2)              27 (73.0)                   41 (82.0)                0.314
Race/ethnicity, n (%)
                                                                                    White                                              29 (33.3%)            19 (51.4)                   10 (20.0)                0.015
                                                                                     Black                                                33 (38.0)              12 (32.4)                   21 (42.0)                     
                                                                                     Hispanic                                           10 (11.5)                2 (5.4)                      8 (16.0)                      
                                                                                     Mixed racial and others                    15 (17.2)               4 (10.8)                    11 (22.0)                     
Medications started for LN therapy around                 Mycophenolate mofetil                    47 (54.0)              17 (46.0)                   30 (60.0)                0.194

kidney biopsy, n (%)                                                Azathioprine                                       7 (8.1)                 5 (13.5)                      2 (4.0)
                                                                                  Cyclophosphamide                           33 (37.9)              15 (40.5)                   18 (36.0)                     

Angiotensin system–blocking drug, n (%)                   Yes                                                 51/87 (58.6)             20 (54)                      31 (62)                  0.202
GFR, ml/min/m2                                                                                                                                    135.6 (57.4)         141.0 (66.4)              131.6 (50.1)              0.459
Renal SLEDAI                                                                                                                       8.0 (5.2)               5.4 (4.7)                    9.8 (4.7)              < 0.0001
Renal BILAG                                                                                                                         9.9 (4.0)               8.2 (5.1)                   11.2 (2.1)               0.0003
Microalbumin/ creatinine ratio**                                                                                        1.16 (2.04)           0.80 (2.23)                1.54 (1.83)               0.122
ISN/RPS, n (%) #                                                         Class 2                                              13 (14.9)               5 (13.5)                     8 (16.0)                 0.634
                                                                                     Class 3 or 4                                       47 (54.0)              22 (59.5)                   25 (50.0)                     
                                                                                     Class 5                                              27 (31.0)              10 (27.0)                   17 (34.0)                     
NIH-AI ‡                                                                                                                                                       7.6 (6.5)               7.7 (6.0)                    7.5 (6.9)                 0.917
NIH-CI Δ                                                                                                                                                      1.6 (1.9)               1.6 (1.4)                    1.6 (2.1)                 0.952
Extrarenal SLEDAI*                                                                                                              6.7 (6.8)               3.8 (3.3)                    8.8 (8.0)                 0.004

## P values are from t tests to compare means or chi square tests to compare rates (in %). # International Society for Nephrology/Renal Pathology Society Class;
there were no biopsies consistent with Class 1 or 6. ‡ US National Institutes of Health (NIH) Activity Index; range 0–24; 0 = inactive LN; available in only 76
patients. Δ NIH Chronicity Index; range 0–12; 0 = LN without chronic changes; available in only 62 patients. * Measured by the SLEDAI summary score
minus the SLEDAI renal domain score. **  Natural log transformed. GFR: glomerular filtration rate; LN: lupus nephritis; SLEDAI: Systemic Lupus Disease
Activity Index; BILAG: British Isles Lupus Activity Group.
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As early as Month 3 of LN therapy, there were significant
differences between responders and nonresponders in the
change of the albumin-to-creatinine ratio from baseline (p =
0.013; Supplementary Table 1, available with the online
version of this article), and differences in proteinuria
persisted over time.
Select urine biomarkers differed between responders and
nonresponders at the time of kidney biopsy. At the time of
kidney biopsy, mean concentrations of 7 of the included
biomarkers significantly differed between response groups
(Table 2). The most pronounced differences were observed
for TGF-β and ceruloplasmin (both p ≤ 0.006), followed by
transferrin, AGP, VDBP, hepcidin, and LPGDS. MCP-1 and
NGAL showed only trends toward higher levels among
nonresponders at baseline. Notably, with the exception of
hepcidin, all biomarkers levels were higher among nonre-
sponders than responders.
Mean urine biomarker concentrations differed over time by
responder status. Figure 1 depicts mean concentrations of the
6 biomarkers included in the RAIL (panels A–F) and of 3
other biomarkers (transferrin, AGP, VDBP in panels G–I) that
markedly differed from responder status (details in
Supplementary Table 1, available with the online version of
this article). All RAIL biomarkers, except for NGAL, differed
significantly by responder status at Month 3. NGAL showed
only significant differences at Month 6. 

Figure 2 summarizes differences in biomarker mean levels
between response groups. Although levels of TGF-β, and to
a lesser degree, hepcidin and LFABP, all significantly

differed between response groups at baseline, only TGF-β
and LFABP continued to show significant differences at
months 3 and 6. Osteopontin did not significantly differ
between response groups at any timepoint (details in
Supplementary Table 1, available with the online version of
this article).
Differences in urinary biomarker levels under consideration
of LN severity. Biomarker pattern levels showed dependency
on LN severity as defined by ISN/RPS class. Given the
limited numbers of patients with Class 2 LN, Figure 2 shows
only the results of these analyses for proliferative LN (Class
3 or 4) and pure membranous LN (Class 5). 

By Month 3, the RAIL biomarker levels differed with
responder status, particularly with proliferative LN. There
were also significant differences in the urine levels (p < 0.05)
of AGP and transferrin for more than 1 timepoint between
responders and nonresponders with proliferative LN. 

For pure Class 5 LN, LPGDS levels differed most
markedly with response status (all p < 0.0001), but VDBP
and adiponectin levels also significantly differed for more
than 1 timepoint between responders and nonresponders.
Additional details are provided in Supplementary Table 2
(available with the online version of this article). 
Absolute changes in biomarker levels between Month 0 and
Month 3 by responder status.While Figure 2 describes differ-
ences in biomarker mean levels between responders and
nonresponders, Figure 3A depicts changes of biomarker
concentrations from baseline to Month 3. 

All biomarkers, except for osteopontin, decreased over
time irrespective of responder status, but reductions were
more pronounced among responders: they experienced
declines of adiponectin, AGP, transferrin, and VDBP levels
by > 2 logs by Month 3. Hepcidin showed the most profound
drop in urine levels but also the most variability (large SE),
and TGF-β decreases did not significantly differ with
responder status. 
Accuracy of the biomarkers to discriminate responders from
nonresponders.At the time of biopsy, none of the biomarkers
or the RAIL biomarkers in combination achieved outstanding
accuracy (AUC ≥ 0.9) for anticipating the responder status
(also see Supplementary Table 3, available with the online
version of this article).

As shown in Figure 3B, adiponectin, AGP, LPGDS, trans-
ferrin, and VDBP individually had outstanding ability (AUC
> 0.9) to anticipate treatment response as early as Month 3.
The RAIL biomarkers also showed outstanding overall
accuracy at Month 3 (AUC = 0.92) and also at Month 6
(AUC = 0.91) when adjustments for urine creatinine were
performed. 
Dependence of urine biomarker levels on patient age, race,
sex, and extrarenal disease activity. We found that mean
levels of the biomarkers were not importantly or systemati-
cally influenced by patient age, race, sex, and extrarenal
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Table 2. Biomarker levels differences at the time of biopsy among 37
responders and 50 nonresponders. Values are geometric means ± SE.

Biomarker Biomarker Levels at the Time of Biopsy
Nonresponders Responders p*

TGF-β 3.74 ± 0.21 2.61 ± 0.22 < 0.0001
Ceruloplasmin 9.76 ± 0.29 8.58 ± 0.30 0.006
Transferrin 2.12 ± 0.32 0.93 ± 0.34 0.012
AGP 11.44 ± 0.36 10.24 ± 0.38 0.023
VDBP 6.65 ± 0.31 5.65 ± 0.32 0.027
Hepcidin 6.88 ± 0.60 8.70 ± 0.62 0.037
LPGDS 6.19 ± 0.31 5.30 ± 0.28 0.044
MCP-1 6.87 ± 0.21 6.28 ± 0.22 0.057
NGAL 3.77 ± 0.22 3.20 ± 0.23 0.079
KIM-1 7.37 ± 0.22 7.10 ± 0.23 0.402
Osteopontin 4.66 ± 0.32 4.30 ± 0.34 0.432
Hemopexin 8.10 ± 0.25 7.82 ± 0.26 0.443
Cystatin-C 4.35 ± 0.20 4.10 ± 0.26 0.451
Adiponectin 10.65 ± 0.36 10.27 ± 0.37 0.463
LFABP 3.10 ± 0.26 3.09 ± 0.31 0.975

* P values are computed using mixed effect models. NGAL: neutrophil
gelatinase associated lipocalin; KIM-1: kidney injury molecule 1; MCP-1:
monocyte chemotactic protein 1; AGP: α-1-acid glycoprotein; TGF-β: trans-
forming growth factor-β;  LFABP: liver-type fatty acid-binding protein 1;
VDBP: vitamin D binding protein; LPGDS: lipocalin-like prostaglandin D
synthase.
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disease activity (Supplementary Tables 4 and 5, available
with the online version of this article). 
Relevance of medication use on urine biomarkers. The use
of angiotensinogen system–blocking medications did not
importantly influence biomarker levels (Supplementary Table
6, available with the online version of this article). Among
47 patients treated with MMF after kidney biopsy, 17 (46%)
were classified as responders. Of the 33 patients initially
treated with intravenous CYC, 15 (40.5%) responded to
therapy. Early decline of the RAIL biomarker levels occurred
more rapidly with CYC therapy than MMF treatment (Figure
4). The same held true for most of other biomarkers we

considered (Supplementary Table 7, available with the online
version of this article).

DISCUSSION
Currently, accurate assessment of LN activity requires a
kidney biopsy, and response to LN therapy in children is
generally assessed without confirmation by repeat kidney
biopsy. When considering a pool of highly promising
biomarkers, we confirmed that select biomarkers that reflect
LN histological activity, i.e., those included in the RAIL, are
also suited to predict response to LN therapy. We found trans-
ferrin, AGP, and TGF-β levels to be early indicators of LN
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Figure 1. Blue solid lines represent means of biomarkers (natural log transformed) in the group of nonresponders (n = 50). Red
solid lines represent means (natural log transformed) among responders to therapy. A. Neutrophil gelatinase (NGAL)– associated
lipocalin. B. Ceruloplasmin. C. Kidney injury molecule 1 (KIM-1). D. Monocyte chemotactic protein 1 (MCP-1). E. Adiponectin.
F. Hemopexin. G. Transferrin. H. α-1-acid glycoprotein (AGP). I. Vitamin D binding protein (VDBP). Asterisks indicate that
the difference of means between responders and nonresponders is statistically significant, with its p value < 0.05 and 0.01,
respectively.
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response, while LPGDS seemed especially useful to identify
improvement of pure membranous LN.

Achieving complete or even partial response to LN
therapy often requires more than 6 months. However, both
the ACR and the European League Against Rheumatism
recommend adjusting a chosen LN therapy for questionable
LN improvement at 3 months31,32. We confirmed that several
urine biomarkers considered in our study can serve as “early
biomarkers” to help identify patients who are at high risk of
experiencing a poor response to LN therapy10,11,12,13,14,15,16. 

TGF-β, transferrin, ceruloplasmin, and AGP levels at the
time of kidney biopsy differed markedly between responders
and nonresponders. However, in contrast with the other
biomarkers, decline of TGF-β levels over time was similar

among responders and nonresponders. Although TGF-β has
been associated with LN activity in the past17,33, our results
are more consistent with the notion that TGF-β is a risk factor
of LN damage. Indeed, it has been recognized that LN
chronicity progresses even in patients who respond to LN
therapy34 and that TGF-β promotes scarring through accel-
erated matrix deposition35. 

We previously reported that high levels of LFABP,
MCP-1, and transferrin at the time of kidney biopsy are risk
factors of future kidney damage10. The findings of our
current study are in line with that earlier report: continuously
high levels of MCP-1 and transferrin are risk factors of
nonresponse to LN therapy, hence increased risk of LN
damage. 
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Figure 2. Patterns of differences in the urine biomarker levels over time between responders and non-
responders to lupus nephritis therapy. P values from mixed model analysis are compared between groups.
RAIL: Renal Activity Index in Lupus; NGAL: neutrophil gelatinase–associated lipocalin; KIM-1: kidney
injury molecule 1; MCP-1: monocyte chemotactic protein 1; AGP: α-1-acid glycoprotein; TGF-β: trans-
forming growth factor-β; LFABP: liver-type fatty acid-binding protein 1; VDBP: vitamin D binding protein;
LPGDS: lipocalin-like prostaglandin D synthase. 
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Earlier studies reported that LFABP is a sensitive indicator
of acute and chronic tubulointerstitial injury and GFR loss36.
We were unable to confirm these findings and further studies
are needed to evaluate the role of LFABP as a marker of LN
damage and interstitial injury. 

To our knowledge, no association with membranous LN
course has been reported in the past. Because our earlier
research suggested that LN biomarkers reflect the diverse
histopathological changes observed with LN10,16, it is not
surprising that changes in LN biomarkers with therapy would
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Figure 4. Blue squares and lines represent means and standard errors of the changes of the biomarkers (natural
log transformed) from baseline to a followup month with CYC treatment. Red squares and lines represent means
and standard errors of the changes of the biomarkers (natural log transformed) from baseline to a followup
month with MMF treatment. Asterisks indicate that the difference of means between responders and non-
responders is statistically significant, with its p value < 0.05 and 0.01, respectively. CYC: cyclophosphamide;
MMF: mycophenolate mofetil; NGAL: neutrophil gelatinase–associated lipocalin; KIM-1: kidney injury
molecule 1; MCP-1: monocyte chemotactic protein 1. 

Figure 3A. Blue squares and lines represent changes of urine biomarkers (natural log transformed) means from baseline to Month 3 in patients with response
to LN therapy. Red squares and lines represent changes of urine biomarkers (natural log transformed) means from baseline to Month 3 in patients with non-
response. Asterisks indicate that the difference of means between respondents and nonrespondents is statistically significant, with its p value < 0.01. LN: lupus
nephritis; AGP: α-1-acid glycoprotein; KIM-1: kidney injury molecule 1; LFABP: liver-type fatty acid-binding protein 1; LPGDS: lipocalin-like prostaglandin
D synthase; VDBP: vitamin D binding protein; MCP-1: monocyte chemotactic protein 1; NGAL: neutrophil gelatinase–associated lipocalin; TGF-β: transforming
growth factor-β; VDBP: vitamin D binding protein.

Figure 3B. Area under the receiver-operating characteristic (ROC) curve (AUC) between responders and nonresponders over time. The RAIL biomarkers
(NGAL, MCP-1, adiponectin, KIM-1, ceruloplasmin, and hempexin) combined were excellent to discriminate responders from nonresponders when considering
all timepoints. However, adiponectin, AGP, and transferrin combined, and adiponectin and VDBP individually, had excellent ability to anticipate treatment
response as early as Month 3. Values are shown only for biomarkers or combination of biomarkers with outstanding accuracy (AUC > 0.9). RAIL: Renal
Activity Index in Lupus; NGAL: neutrophil gelatinase–associated lipocalin; MCP-1: monocyte chemotactic protein 1; KIM-1: kidney injury molecule 1; AGP:
α-1-acid glycoprotein; TGF-β: transforming growth factor-β; LFABP: liver-type fatty acid-binding protein 1; LPGDS: lipocalin-like prostaglandin D synthase;
VDBP: vitamin D binding protein.
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be influenced by LN severity. Previous research suggested
that LPGDS is strongly associated with GFR decline and
ESRD37,38. LPGDS is likely locally produced in the proximal
tubules, loop of Henle, and glomerulus37.

Identifying a limited number of urine biomarkers that
reflect LN histology and can predict LN flares has been the
underlying principle for the selection of the RAIL biomarkers
(adiponectin, ceruloplasmin, hemopexin, KIM-1, MCP-1,
NGAL)10,11,16. Based on the findings of our current study,
consideration of AGP, LPGDS, and transferrin also seems
sensible for comprehensively determining LN response over
time.

Standardizing urine biomarker concentrations by urine
creatinine or total protein has been suggested previously. We
have not found the latter useful9, and we confirm our
previous reports that creatinine adjustment of the included
urine biomarkers is not necessary to accurately measure LN
activity over time9,29.

MMF and CTX are commonly considered equally
effective for treating LN in adults39. Several urine biomarkers
decreased slower with MMF than CTX in our study. This
might suggest that MMF was dosed inappropriately in some
patients, given the complex pharmacology of MMF and
known shortcomings of body-surface–based MMF dosing40. 

Angiotensinogen system blockers are recommended for
marked proteinuria with LN23,31,32. Although such medica-
tions will alter the degree of proteinuria, currently the leading
laboratory measure to gauge LN course, this is not the case
for the biomarkers included in our study. Indeed, we have
shown previously9 that changes in the urine biomarkers
tested in this study cannot be explained by the change of
overall proteinuria with LN. Likewise, we did not find any
important racial differences in the biomarker levels or
consistent association with extrarenal SLE activity. Together,
these findings confirm the robustness of the proposed LN
biomarkers to reflect LN activity over time10,11,16.

A special strength of our study is that we included children
and young adults who lacked common age-related kidney
pathology, which has the potential to influence biomarker
identification and verification. Nonetheless, the usefulness
of any biomarker found in a pediatric cohort needs to be
robust enough to still be useful in adult patient populations.
The latter has been shown for the RAIL biomarkers in the
past, albeit in smaller studies as well as for transferrin, cerulo-
plasmin, and LPGDS9,10,38,41. We consider another strength
of our study the prospective collection of the study cohort
with strictly controlled procedures to gather and store urine
samples. An additional strength is that the samples were
tested at a laboratory certified by the Clinical Laboratory
Improvement Amendments, a US program that ensures
quality laboratory testing.

Although our cohort constitutes one of the largest to
prospectively undergo biomarker evaluation, limitations of
our studies include a relatively small sample size. Thus, we

were unable to report on potential differences in the
biomarkers with proliferative LN with versus without
membranous overlap features or report on longer-term LN
outcomes. Small sample sizes are difficult to avoid in
pediatric studies in general and pediatric orphan diseases,
such as LN in children, in particular. Further, we were unable
to confirm response to therapy by means of a followup
kidney biopsy, a more accurate approach than current
laboratory measures to confirm LN response to therapy42. 

We identified a limited number of urine biomarkers that
are suited to anticipate response of LN to therapy. If
confirmed in large independent cohorts, these “early”
biomarkers may prove invaluable for the identification of
patients at risk of poor LN outcomes owing to their relative
resistance to standard therapies, and may assist in personal-
izing and optimizing LN care. 

ACKNOWLEDGMENT
We are indebted to Kasha Wiley for data management and Lukasz Itert for
development of the electronic data entry platform. We acknowledge sample
management support by Dr. Fahad Abu-Azzah, Allen Watts, Jamie 
Meyers-Eaton, and Monica Tsoras at the Cincinnati Children’s Hospital
Medical Center. We thank the following for their support in data and sample
collection: Drs. Kabita Nanda and Nora Singer at the Rainbow Babies and
Children’s Hospital; Dr. Lawrence Jung at Children’s National Medical
Center; Dr. Karen Onel, Dr. Linda Wagner-Weiner, and Becky Puplava at
the University of Chicago Children’s Hospital; Dr. Michael Miller, Dr.
Megan Curran, and Alexandra Martyniuk at Northwestern University; Dr.
Kathleen M. O’Neil at the Riley Hospital for Children at Indiana University
Health; Dr. B. Anne Eberhard at the Steven and Alexandra Cohen Children’s
Medical Center of New York; Dr. Lisa Imundo at Columbia University
Medical Center, Adolescent Rheumatology; and Dr. Tracey B. Wright at the
University of Texas Southwestern Medical Center. Special thanks go to
Christopher Haffner and Qing Ma for measurement of various urine
biomarkers, and Anne Johnson for improving the manuscript’s syntax and
grammar.

ONLINE SUPPLEMENT
Supplementary material accompanies the online version of this article.

REFERENCES
   1.    Faurschou M, Starklint H, Halberg P, Jacobsen S. Prognostic factors

in lupus nephritis: diagnostic and therapeutic delay increases the
risk of terminal renal failure. J Rheumatol 2006;33:1563-9.

   2.    Hugle B, Silverman ED, Tyrrell PN, Harvey EA, Hébert D, Benseler
SM. Presentation and outcome of paediatric membranous 
non-proliferative lupus nephritis. Pediatr Nephrol 2015;30:113-21.

   3.    Rianthavorn P, Buddhasri A. Long-term renal outcomes of
childhood-onset global and segmental diffuse proliferative lupus
nephritis. Pediatr Nephrol 2015;30:1969-76.

   4.    Ilori TO, Enofe N, Oommen A, Cobb J, Navarrete J, Adedinsewo
DA, et al. Comparison of outcomes between individuals with pure
and mixed lupus nephritis: a retrospective study. PloS One
2016;11:e0157485.

   5.    Ruggiero B, Vivarelli M, Gianviti A, Benetti E, Peruzzi L, Barbano
G, et al. Lupus nephritis in children and adolescents: results of the
Italian Collaborative Study. Nephrol Dial Transplant 2013;
28:1487-96.

   6.    Hiraki LT, Lu B, Alexander SR, Shaykevich T, Alarcon GS,
Solomon DH, et al. End-stage renal disease due to lupus nephritis

1247Brunner, et al: Biomarkers of lupus nephritis

Personal non-commercial use only. The Journal of Rheumatology Copyright © 2017. All rights reserved.

 www.jrheum.orgDownloaded on May 24, 2023 from 

http://www.jrheum.org/


among children in the US, 1995-2006. Arthritis Rheum
2011;63:1988-97.

   7.    Bennett M, Brunner HI. Biomarkers and updates on pediatrics lupus
nephritis. Rheum Dis Clin North Am 2013;39:833-53.

   8.    Mina R, Abulaban K, Klein-Gitelman MS, Eberhard BA, Ardoin SP,
Singer N, et al. Validation of the Lupus Nephritis Clinical Indices in
Childhood-Onset Systemic Lupus Erythematosus. Arthritis Care
Res 2016;68:195-202.

   9.    Gulati G, Abulaban K, Ying J, Song H, Zhang X, Ma Q, et al.
Prospective validation of a novel renal activity index of lupus
nephritis. Lupus 2016 Jan 1 (E-pub ahead of print).

 10.    Abulaban KM, Song H, Zhang X, Kimmel PL, Kusek JW, Nelson
RG, et al. Predicting decline of kidney function in lupus nephritis
using urine biomarkers. Lupus 2016;25:1012-8.

 11.    Hinze CH, Suzuki M, Klein-Gitelman M, Passo MH, Olson J,
Singer NG, et al. Neutrophil gelatinase-associated lipocalin is a
predictor of the course of global and renal childhood-onset systemic
lupus erythematosus disease activity. Arthritis Rheum
2009;60:2772-81.

 12.    Rovin BH, Song H, Birmingham DJ, Hebert LA, Yu CY, Nagaraja
HN. Urine chemokines as biomarkers of human systemic lupus
erythematosus activity. J Am Soc Nephrol 2005;16:467-73.

 13.    Brunner HI, Mueller M, Rutherford C, Passo MH, Witte D, Grom A,
et al. Urinary neutrophil gelatinase-associated lipocalin as a
biomarker of nephritis in childhood-onset systemic lupus 
erythematosus. Arthritis Rheum 2006;54:2577-84.

 14.    Suzuki M, Wiers KM, Klein-Gitelman MS, Haines KA, Olson J,
Onel KB, et al. Neutrophil gelatinase-associated lipocalin as a
biomarker of disease activity in pediatric lupus nephritis. Pediatr
Nephrol 2008;23:403-12.

 15.    Rovin BH. The chemokine network in systemic lupus erythematous
nephritis. Front Biosci 2008;13:904-22.

 16.    Brunner HI, Bennett MR, Mina R, Suzuki M, Petri M, Kiani AN, et
al. Association of noninvasively measured renal protein biomarkers
with histologic features of lupus nephritis. Arthritis Rheum
2012;64:2687-97.

 17.    Avihingsanon Y, Phumesin P, Benjachat T, Akkasilpa S, Kittikowit
V, Praditpornsilpa K, et al. Measurement of urinary chemokine and
growth factor messenger RNAs: a noninvasive monitoring in lupus
nephritis. Kidney Int 2006;69:747-53.

 18.    Silva CA, Avcin T, Brunner HI. Taxonomy for systemic lupus
erythematosus with onset before adulthood. Arthritis Care Res
2012;64:1787-93.

 19.    Schwartz GJ, Haycock GB, Edelmann CM Jr., Spitzer A. A simple
estimate of glomerular filtration rate in children derived from body
length and plasma creatinine. Pediatrics 1976;58:259-63.

 20.    Kasitanon N, Fine DM, Haas M, Magder LS, Petri M. Estimating
renal function in lupus nephritis: comparison of the Modification of
Diet in Renal Disease and Cockcroft Gault equations. Lupus
2007;16:887-95.

 21.    Ibanez D, Gladman DD, Urowitz MB. Adjusted mean Systemic
Lupus Erythematosus Disease Activity Index-2K is a predictor of
outcome in SLE. J Rheumatol 2005;32:824-7.

 22.    Yee CS, Farewell V, Isenberg DA, Rahman A, Teh LS, Griffiths B,
et al. British Isles Lupus Assessment Group 2004 index is valid for
assessment of disease activity in systemic lupus erythematosus.
Arthritis Rheum 2007;56:4113-9.

 23.    Mina R, von Scheven E, Ardoin SP, Eberhard BA, Punaro M,
Ilowite N, et al. Consensus treatment plans for induction therapy of
newly diagnosed proliferative lupus nephritis in juvenile systemic
lupus erythematosus. Arthritis Care Res 2012;64:375-83.

 24.    Weening JJ, D’Agati VD, Schwartz MM, Seshan SV, Alpers CE,
Appel GB, et al; International Society of Nephrology Working
Group on the Classification of Lupus Nephritis, Renal Pathology
Society Working Group on the Classification of Lupus Nephritis.
The classification of glomerulonephritis in systemic lupus 

erythematosus revisited. Kidney Int 2004;65:521-30.
 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. J Am Soc Nephrol
2004;15:241-50.

 26.    Renal Disease Subcommittee of the American College of
Rheumatology Ad Hoc Committee on Systemic Lupus
Erythematosus Response C. The American College of
Rheumatology response criteria for proliferative and membranous
renal disease in systemic lupus erythematosus clinical trials.
Arthritis Rheum 2006;54:421-32.

 27.    Schwartz GJ, Work DF. Measurement and estimation of GFR in
children and adolescents. Clin J Am Soc Nephrol 2009;4:1832-43.

 28.    Chaturvedi S, Farmer T, Kapke GF. Assay validation for KIM-1:
human urinary renal dysfunction biomarker. Int J Biol Sci
2009;5:128-34.

 29.    Brunner HI, Bennett MR, Abulaban K, Klein-Gitelman MS, O’Neil
KM, Tucker L, et al. Development of a novel renal activity index of
lupus nephritis in children and young adults. Arthritis Care Res
2016;68:1003-11.

 30.    Austin HA 3rd, Muenz LR, Joyce KM, Antonovych TT, Balow JE.
Diffuse proliferative lupus nephritis: identification of specific 
pathologic features affecting renal outcome. Kidney Int
1984;25:689-95.

 31.    Hahn BH, McMahon MA, Wilkinson A, Wallace WD, Daikh DI,
Fitzgerald JD, et al, American College of Rheumatology. American
College of Rheumatology guidelines for screening, treatment, and
management of lupus nephritis. Arthritis Care Res 2012;64:797-808.

 32.    Bertsias GK, Tektonidou M, Amoura Z, Aringer M, Bajema I,
Berden JH, et al. Joint European League Against Rheumatism and
European Renal Association-European Dialysis and Transplant
Association (EULAR/ERA-EDTA) recommendations for the
management of adult and paediatric lupus nephritis. Ann Rheum Dis
2012;71:1771-82.

 33.    Hammad A, Youssef H, El-Arman M. Transforming growth factor
beta 1 in children with systemic lupus erythematosus: a possible
relation with clinical presentation of lupus nephritis. Lupus
2006;15:608-12.

 34.    Davidson A. What is damaging the kidney in lupus nephritis? Nat
Rev Rheumatol 2016;12:143-53.

 35.    Border WA. Transforming growth factor-beta and the pathogenesis
of glomerular diseases. Curr Opin Nephrol Hypertens 1994;3:54-8.

 36.    Tanaka T, Doi K, Maeda-Mamiya R, Negishi K, Portilla D, Sugaya
T, et al. Urinary L-type fatty acid-binding protein can reflect renal
tubulointerstitial injury. Am J Pathol 2009;174:1203-11.

 37.    White CA, Ghazan-Shahi S, Adams MA. β-Trace protein: a marker
of GFR and other biological pathways. Am J Kidney Dis
2015;65:131-46.

 38.    Dajak M, Ignjatović S, Stojimirović B, Gajić S, Majkić-Singh N.
Beta-trace protein as a marker of renal dysfunction in patients with
chronic kidney disease: comparison with other renal markers. J Med
Biochem 2010;29:66-72.

 39.    Henderson LK, Masson P, Craig JC, Roberts MA, Flanc RS,
Strippoli GF, et al. Induction and maintenance treatment of 
proliferative lupus nephritis: a meta-analysis of randomized
controlled trials. Am J Kidney Dis 2013;61:74-87.

 40.    Sagcal-Gironella AC, Fukuda T, Wiers K, Cox S, Nelson S, Dina B,
et al. Pharmacokinetics and pharmacodynamics of mycophenolic
acid and their relation to response to therapy of childhood-onset
systemic lupus erythematosus. Semin Arthritis Rheum 2011;
40:307-13.

 41.    Zhang X, Nagaraja HN, Nadasdy T, Song H, McKinley A, Prosek J,
et al. A composite urine biomarker reflects interstitial inflammation
in lupus nephritis kidney biopsies. Kidney Int 2012;81:401-6.

 42.    Alvarado A, Malvar A, Lococo B, Alberton V, Toniolo F, Nagaraja
HN, et al. The value of repeat kidney biopsy in quiescent
Argentinian lupus nephritis patients. Lupus 2014;23:840-7.

1248 The Journal of Rheumatology 2017; 44:8; doi:10.3899/jrheum.161128

Personal non-commercial use only. The Journal of Rheumatology Copyright © 2017. All rights reserved.

 www.jrheum.orgDownloaded on May 24, 2023 from 

http://www.jrheum.org/

