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Abstract

Background Conventional markers of juvenile-onset system-
ic lupus erythematosus (JSLE) disease activity fail to ade-
quately identify lupus nephritis (LN). While individual novel
urine biomarkers are good at detecting LN flares, biomarker
panels may improve diagnostic accuracy. The aim of this
study was to assess the performance of a biomarker panel to
identify active LN in two international JSLE cohorts.
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Methods Novel urinary biomarkers, namely vascular cell ad-
hesion molecule-1 (VCAM-1), monocyte chemoattractant
protein 1 (MCP-1), lipocalin-like prostaglandin D synthase
(LPGDS), transferrin (TF), ceruloplasmin, alpha-1-acid gly-
coprotein (AGP) and neutrophil gelatinase-associated
lipocalin (NGAL), were quantified in a cross-sectional study
that included participants of the UK JSLE Cohort Study
(Cohort 1) and validated within the Einstein Lupus Cohort
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(Cohort 2). Binary logistic regression modelling and receiver
operating characteristic curve analysis [area under the curve
(AUC)] were used to identify and assess combinations of bio-
markers for diagnostic accuracy.

Results A total of 91 JSLE patients were recruited across both
cohorts, of whom 31 (34 %) had active LN and 60 (66 %) had
no LN. Urinary AGP, ceruloplasmin, VCAM-1, MCP-1 and
LPGDS levels were significantly higher in those patients with
active LN than in non-LN patients [all corrected p values (p.)
< 0.05] across both cohorts. Urinary TF also differed between
patient groups in Cohort 2 (p.=0.001). Within Cohort 1, the
optimal biomarker panel included AGP, ceruloplasmin,
LPGDS and TF (AUC 0.920 for active LN identification).
These results were validated in Cohort 2, with the same
markers resulting in the optimal urine biomarker panel
(AUC 0.991).

Conclusion In two international JSLE cohorts, urinary AGP,
ceruloplasmin, LPGDS and TF demonstrate an ‘excellent’
ability for accurately identifying active LN in children.

Keywords Lupus nephritis - Urine biomarkers -
Glomerulonephritis - BILAG - Systemic lupus erythematosus

Introduction

Juvenile-onset systemic lupus erythematosus (JSLE) is a life-
threatening multi-system autoimmune disease that displays a
more aggressive course than adult onset SLE [1-3]. More
renal manifestations occur in childhood, with up to 80 % of
JSLE patients developing lupus nephritis (LN) within the first
5 years from diagnosis [1, 4-9]. LN is characterised by a
relapsing and remitting course, requiring close surveillance
and prompt treatment to prevent renal damage. Worldwide,
the 5-year renal survival rate in children with LN has been
shown to vary between 44 and 94 % [10-13].
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Renal histology is the gold standard for diagnosing and
predicating renal prognosis in LN, but only provides a snap-
shot of a discrete area of the kidney and is rarely repeated for
monitoring purposes due to its invasive nature [14, 15].
Composite disease activity scores, such as the British Isles
Lupus Assessment Group (BILAG) score or the Systemic
Lupus Erythematosus Disease Activity Index (SELENA
SLEDAI), and a number of traditional clinical biomarkers
can be used to assess JSLE disease activity; however their role
in monitoring LN within the clinic is limited [16—19].

Over recent years, numerous individual novel urinary bio-
markers have been investigated for monitoring LN disease
activity. These have outperformed both traditional and novel
serum biomarkers, including monocyte chemoattractant
protein-1 (MCP-1), neutrophil gelatinase associated lipocalin
1 (NGAL), vascular cell adhesion molecule-1 (VCAM-1) and
tumour necrosis-like weak inducer of apoptosis (TWEAK)
[20-26]. Using a proteomic approach, urinary transferrin
(TF), ceruloplasmin, lipocalin-type prostaglandin D synthase
(LPGDS), alpha-1-acid glycoprotein (AGP), albumin and al-
bumin fragments have been shown to differentiate between
children with active LN and no LN [27]. When assessed lon-
gitudinally, LPGDS, AGP and TF levels were all elevated up
to 3 months before the LN flare [27].

No individual urine biomarker has achieved an ‘excellent’
predictive value [area under the receiver operating character-
istic (ROC) curve (AUC)>0.9] to date. Combining urinary
biomarkers in a ‘biomarker panel” has been shown to improve
the ability to predict renal function loss in a combined
paediatric/adult SLE cohort with LN [28] and relate to LN
histological features [29] and activity [30].

This study therefore aimed to build on previous work [22,
25-27, 31-33] by exploring the most promising candidate
urinary biomarkers to date used in combination, namely
VCAM-1, MCP-1, NGAL, ceruloplasmin, TF, LPGDS and
AGP in a paediatric cohort from the UK (UK JSLE Cohort
Study), to assess which novel biomarker combinations can
improve the identification of active LN. Since the JSLE phe-
notype and disease severity varies by ethnicity and race [2, 4,
34], we sought to confirm our results in a validation cohort
from the USA [Einstein Lupus Cohort (ELC)] [35] in order to
identify a urinary biomarker panel which is internationally
applicable. Such a transatlantic comparison of a biomarker
panel provides considerable strength to this study and the
validation of this panel.

Methods
Patients

This study was based on two cross-sectional JSLE cohorts: the
exploratory UK JSLE Cohort [1], which included all recruited
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patients from Alder Hey Children’s NHS Foundation Trust,
Liverpool, and Great Ormond Street NHS Hospital for
Children, London, UK. The validation cohort included ELC
patients who were followed regularly at lupus clinics at the
Children’s Hospital at Montefiore, Bronx, NY, USA [35]. In
both cohorts, urine samples were collected during routine clin-
ical care together with detailed demographic data, self-
reported ethnicity/race data, clinical laboratory results and
medication information. Disease activity data were deter-
mined using the BILAG2004 disease activity score [36, 37].
Eligible patients were diagnosed with JSLE prior to 16 years
of age and met four or more of the revised American College
of Rheumatology (ACR) SLE classification criteria [38].
Patients were excluded if they had a urinary tract infection
or if no urine samples had been collected.

Renal disease activity classification

Patients were categorised according to the renal domain of the
BILAG2004 disease activity score, defined as follows:
BILAG2004 grade A/B: severe, moderate disease respective-
ly; grade D, inactive disease but previous system involvement;
grade E, system has never been involved [37]. The composite
renal BILAG score consists of six items, including proteinuria
[defined in terms of urine dipstick or urine protein/albumin-to-
creatinine ratio (UACR) or 24-h protein levels], deteriorating
renal function [based on plasma creatinine (Cr) and glomeru-
lar filtration rate (GFR)], presence of active urinary sediment,
hypertension, nephrotic syndrome and histological evidence
of active nephritis in the previous 3 months, with different test
score cut-offs relating to the different disease activity catego-
ries. In both cohorts, all patients with active LN had biopsy-
proven LN during their disease course. Renal disease activity
was therefore defined as having a renal BILAG2004 score of
A or B with previous histological confirmation of LN. Non-
LN was defined by a renal BILAG2004 score of D or E. This
study sought to identify biomarkers that differentiate between
the binary outcome of active versus no LN, therefore renal
BILAG2004 C patients (where a patient had mild or improv-
ing renal disease) were excluded.

Urine sample selection

In Cohort 1, when more than one patient’s urine sample had
been collected, urine biomarkers were quantified in a single
sample for inclusion within this study (cross-sectional ap-
proach). A sample from a patient with active LN (active-LN
sample) was chosen for inclusion where available in order to
allow as many patients with active LN as possible to contribute
to the study. If a patient contributed a sample that was inactive
for LN (inactive-LN sample), then the first sample collected
with adequate aliquots for quantification of the whole biomark-
er panel was included. In Cohort 2, 23/30 study patients had an

active-LN sample available and 14/30 had and inactive-LN
(non-LN) sample available. Urine biomarker levels were quan-
tified in all samples, however, 16 of these active-LN and all 14
non-LN samples contributed to the cross-sectional analysis in
order to provide similar patient numbers per group. The other
seven active-LN samples were subsequently included in anal-
yses comparing urine biomarker concentrations in biopsy ver-
sus renal BILAG-defined active LN.

Extra-renal disease activity classification

To allow assessment of biomarker levels according to whether
extra-renal JSLE disease activity was present or not, patients
were subdivided further as having ‘any active extra-renal in-
volvement’ if they had a BILAG2004 of A or B in any of the
remaining domains (constitutional, mucocutaneous, neuropsy-
chiatric, musculoskeletal, cardiorespiratory, gastrointestinal,
ophthalmic or haematological) or ‘no extra-renal involvement’
if they had a BILAG2004 score of D or E in all extra-renal
domains. Biomarker levels were therefore compared in active/
non-LN patients with and without extra-renal involvement.

Laboratory techniques

Urine dipstick and/or microscopy and culture excluded infec-
tion. Samples were centrifuged at 2000 rpm for 10 min.
Aliquots of the urine supernatant were made and stored at
—80 °C until analysis. Pre-coated enzyme-linked immunosor-
bent assay (ELISA) kits were used to quantify urinary cerulo-
plasmin (Assaypro, St Charles, MO), TF (GenWay, San
Diego, CA), LPGDS (BioVendor, Brno, Czech Republic),
AGP and MCP-1 (R&D Systems Ltd., Minneapolis, MN).
An R&D systems duo-kit (R&D Systems Ltd.) was used to
quantify urinary VCAM-1 following internal validation (95 %
spike recovery, 104 % linearity of dilution, co-efficients of
inter/intra-assay variability 5.1 and 7.5 %, respectively). The
ceruloplasmin, LPGDS, MCP-1 and AGP assays are commer-
cially validated for use in urine and were used in accordance
with the respective manufacturer’s instructions. Urinary
NGAL and Cr concentrations were measured using Abbott
Architect assays (Abbott Laboratories, Dallas, TX). All bio-
marker results were standardised for urinary Cr concentration
and presented in units per milligram Cr (mgCr).

Statistical analysis

Summary statistics for demographics (age at diagnosis, cur-
rent age, gender, ethnicity), baseline clinical data (medication
use and laboratory parameters) and biomarker data (cerulo-
plasmin, TF, LPGDS, MCP-1, VCAM-1, AGP and NGAL)
were provided in terms of median values and interquartile
ranges (IQR). Univariate logistic regression (quantitative data)
and Pearson’s Chi-square test (binary data) were used to
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Table 1

Clinical, demographic and laboratory measurements at the time of urinary biomarker quantification

Variables

Exploratory Cohort 1 (UK JSLE Cohort)

Validation Cohort 2 [Einstein Lupus Cohort (USA)]

Active-LN* (n = 15)

Non-LN*(n=46) pP

Active LN* (= 16)  Non-LN*(n=14)  pb

Age at time of analysis (years) 16 [15-17] 15 [14-18]
Disease duration (years) 2.8 [0.7-3.9] 2.410.8-4.8]
Female® 13 (86.7) 35(62.5)
ACR? 5[4-7] 5[4-7]
Ethnicity®
Caucasian 2 (13) 23 (50)
African® 3 (20) 5(11)
Hispanic 0(0) 0 (0)
Caribbean 2(13) 24)
Mixed race 3 (20) 0 (0)
Indian 32D 11 (24)
Chinese 2 (13) 5(11)
Medication use®
Prednisolone 12 (80) 21 (46)
Mycophenolate mofetil 11 (73) 19 (41)
Cyclophosphamide ever 3 (20) 24)
Rituximab ever 5(33) 0(0)
ACEi/AT2 4(27) 6 (13)
Glomerular filtration rate" 100 [70-112] 116 [105-127]
Urinary albumin-to-creatinine 92 [23-153] 1[1-2]
(Cr) ratio (mg/mmolCr)
Serum creatinine (nmol/L) 57 [50-86] 53 [46-61]
dsDNA (IU/L) 48 [15-263] 2 [0.1-52]
C3 (g/L) 1.0 [0.5-1.2] 1.1 [1-1.2]
ESR (mm/h)’ 55 [20-90] 9 [3-23]

ns 15 [14-17] 18 [15-19] ns
ns 3.1[1.2-4.8] 1.7 [0.5-5.6] ns
ns 16 (100) 10 (71) ns
ns 5[5.0-5.8] 5[4.5-6.0] ns

0 (0) 0(0)

11 (69) 5(36)

5(31) 8(57)
ns 0(0) 0 (0) ns

0(0) 0

0(0) 1L(7)

0 (0) 0
ns 14 (88) 12 (86) ns
ns 7 (44) 320D ns
ns 9 (56) 4 (29) ns
0.02 6 (38) 5(36) ns
ns 10 (63) 1(7) 0.03
ns 126 [90-160] 110 [100-123] ns
<0.01  555[137-2059] 9[3-19] 0.03
ns 53 [44-71] 66 [62-73] ns
ns 156 [96-179] 87 [23-178] ns
ns 0.8 [0.7-1.0] 1.0 [0.8-1.2] ns
<0.01 - - -

Data are expressed as median values with the interquartile range (IQ) in square brackets, or as numbers with the percentage in parenthesis, as appropriate

JSLE, Juvenile-onset systemic lupus erythematosus; LN, lupus nephritis; ACEi/AT2, angiotensin-converting enzyme inhibitor/angiotensin 2 blocker;
dsDNA, anti-double-stranded DNA antibody; C3, complement component 3; ESR, erythrocyte sedimentation rate

* Classification of the patients into active-LN/Non-LN groups is described in section Urine sample selection

® p values are Bonferroni-corrected p values (p.) from Chi-squared tests or univariate binary regression, as appropriate. ns = p. > 0.05

¢ Gender data missing on one Cohort 1 patient

¢ ACR, Number of American College of Rheumatology criteria for systemic lupus erythematosus (SLE) fulfilled at diagnosis

¢ Self-reported ethnicity data shown

fWithin Cohort 2, African American patients were also included in this category

€ Current medication use is described for regular medications; those medications taken in courses/intermittently are described as having been used ‘ever’

" mls/min

'ESR was not routinely measured in Cohort 2

assess for differences in demographic and clinical factors be-
tween different patient groups. Due to the number of factors
explored, a Bonferroni adjustment was applied to account for
multiple testing (16 comparisons per cohort).
Mann—Whitney U tests with Bonferroni adjustments were
used to compare biomarker concentrations between active-LN
and non-LN patients (7 comparisons). Correlation between
the individual urine biomarkers was assessed using
Spearman’s rank correlation tests. The grading of correlation

@ Springer

co-efficients () can vary, but for the purposes of this study
0.2-0.3 =weak/little correlation, 0.3—0.7 = moderate correla-
tion and 0.7-1.0 = strong correlation [39]. A binary logistic
regression model was fitted to assess for association between
a combination of biomarkers and LN status (outcome: active-
LN active = 1; non-LN JSLE = 0). All novel biomarkers (log-
transformed) were included in an initial model and the
‘stepAIC’ function in R [40] applied to select a final model.
This function compares models based on all possible
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Fig. 1 Distribution of biomarker concentrations in active-/non-lupus p

nephritis (LN) patients with juvenile-onset systemic lupus erythematosus
(JSLE) from Cohorts 1 (UK JSLE Cohort) and 2 [Einstein Lupus Cohort
(ELC)]. Horizontal line Median value for each group. Mann—Whitney U
tests were used to compare the distribution of biomarker concentrations
between patient groups within each cohort. A Bonferroni adjustment was
applied to account for multiple testing. Corrected p values (p..) are reported.
Vascular cell adhesion molecule-1 (VCAM-1) biomarker data were not
available from one active-LN patient from Cohort 1; neutrophil
gelatinase-associated lipocalin (NVGAL) data were not available from three
active-LN and 15 non-LN patients from Cohort 1. AGP Alpha-1-acid gly-
coprotein, CP ceruloplasmin, LPGDS lipocalin-like prostaglandin D syn-
thase, TF transferrin, MCP-1 monocyte chemoattractant protein 1, Cr cre-
atinine. See section Urine sample selection for definition of active-/non-LN

combinations of biomarkers and chooses the model with the
minimum Akaike information criterion (AIC) value. The AIC
is a measure of the relative quality of a model relative to each
of the other models, with a lower value meaning better quality.
The AUC for the final model was calculated. Each of the
remaining novel biomarkers was then added back into the
final model in turn (step-wise), in order of statistical signifi-
cance according to the original model including all novel bio-
markers, and the AUC for each updated model calculated.
This procedure allowed exploration of the effect of each bio-
marker on the model’s AUC, as well as an assessment of
which combination of biomarkers led to the optimal AUC.
This final process was repeated in the ELC validation cohort
in order to determine whether the findings could be replicated.
The data were then pooled to identify the optimal combined
model. AUC values of 1.0-0.9, 0.9-0.8, 0.8-0.7, 0.7-0.6 and
0.6-0.5 were considered to be excellent, good, fair, poor and
fail, respectively [41].

To assess the renal specificity of the urine biomarkers
and whether biomarker levels vary according to whether
extra-renal JSLE disease activity is present, biomarker
levels in patients with ‘any active extra-renal involve-
ment’ were compared to those with ‘no extra-renal in-
volvement’ (Mann—Whitney U tests with a Bonferroni
adjustment for the 7 biomarkers examined). Similarly,
when comparing urinary biomarker levels in patients
where a diagnosis of LN was made on the basis of recent
renal biopsy results versus BILAG-defined nephritis
alone, Bonferroni-adjusted Mann—Whitney U tests were
also used. The ability of traditional biomarkers to identify
active LN was investigated using binary logistic regres-
sion models for each/a combination of biomarkers (log-
transformed) and LN status, and the AUC calculated.

Data analysis was undertaken using the Statistics Package
for Social Sciences (SPSS; IBM Corp., Armonk, NY) version
21.0 and R version 3.1.1 [40]. Graphical illustrations were
generated using GraphPad Prism version 6.0 (Graphpad
Software, San Diego, CA). Where Bonferroni adjustment
was made to account for multiple testing, the Bonferroni
corrected p value, p., is reported.

Urinary VCAM-1 (ngmgCr)  Urinary MCP-1 (pgmgCr) Urinary TF (ngmgCr) Urinary LPGDS (ngmgCr) Urinary CP (ngmgCr) Urinary AGP (ngmgCr)

Urinary NGAL (ngmgCr)
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Fig. 2 Urine biomarker concentrations in active-non- lupus nephritis (LN) p> Active LN Non-LN
patients with/without extra-renal juvenile-onset systemic lupus erythematosus & 1000000 p=1.0 : p=1.0
(JSLE) activity. Biomarker concentrations were standardised to urinary 2 100000 . .
creatinine and expressed as median values. Horizontal line Median value = —te—
for each group. Mann—Whitney U tests were used to compare biomarker 5 10000 - H :
concentrations between patient groups. A Bonferroni adjustment was applied < 1000 . . —_— . o
to account for multiple testing. Corrected p values (p..) are reported. Vascular g 100 " o :;': -
cell adhesion molecule-1 (VCAM-1) measurement is missing from one 5 w0 Y
patient; neutrophil gelatinase-associated lipocalin (NGAL) data were not
available from three active-LN and 15 non-LN patients
1000000 Pc=1.0 : p=1.0
Lé’ 100000
Results ) .
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o —_——— :
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Cohort 1—exploratory cohort (UK JSLE Cohort Study) 2 !
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Clinical and demographic data
The UK JSLE Study cohort consisted of 61 patients with §, 10000 P=10 P=10
JSLE, of whom 15 (25 %) were classed as JSLE with rCEn ] .
active LN (2/15 renal BILAG score=A, 13/15=B) and @ . . T
. . . . P v
46 (75 %) as JSLE with inactive LN (non-LN; 27/46 renal g 100 .
BILAG score=D, 19/46 =E). Active and non-LN JSLE 2 i
. . c
patients had a median age of 15.8 [IQR 14.8-17.1] and 5§ 1o
15.4 [IQR 13.8-17.5] years, respectively, with disease du-
ration of 2.8 [IQR 0.7-3.9] and 2.4 [IQR 0.8—4.8] years at o p=1.0 . p=1.0
the time of biomarker analysis. Females comprised S e : . :
86.7 % of the active-LN patients and 62.5 % of the non- §v 108 . - : .y
LN patients. There was no difference in ethnicity between w10 = :
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active-LN patients had biopsy-proven LN during their dis-
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Society of Nephrology/Renal Pathology Society 2003 ¢ ' P10 P10
(ISN/RPS) class III (59 %) or IV (27 %) LN. Class II % 1000 ; . .
(7 %) and mixed class II/V (7 %) LN was seen in the I — e
remaining patients (see Table 1). g P
Compared to non-LN patients, more active-LN patients E - v
had received rituximab (p. < 0.05), but the use of other med- 5 :
ications did not differ significantly between the patient groups.
Of the laboratory pararr}eters investigated, the .UA.CR and § 1000 b =10 ; p=0.3
erythrocyte sedimentation rate (ESR) were significantly € . . H .
higher in the active-LN patients (all p. < 0.05) (see Table 1). ;‘5 w] T —— . R
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Novel urinary biomarkers % 01 -
g 0.01
Figure | depicts the distribution of novel urinary biomark-
er concentrations standardised to urinary Cr in patients -
with active LN and no LN. Patients with active LN had ‘éa — b0 — 0
significantly higher urinary concentrations of AGP, ceru- 2" . . .
loplasmin, VCAM-1, MCP-1 and LPGDS than non-LN g‘ 10 -~ - —————— "
patients [all p.<0.05; see Fig. 1 and Electronic FE : Y
Supplementary Material (ESM) 1]. Urinary TF and E v

o
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Table 2 Binary logistic regression models initially including all
biomarkers and after variable selection for Cohort 1

Biomarkers Model including all biomarkers*
Coefficient Standard error p value
AGP 0.692 0.35 0.047
CP 0.551 0.36 0.127
VCAM-1 —0.228 0.38 0.553
LPGDS 0.870 0.76 0.254
MCP-1 —0.046 0.86 0.957
TF 0.256 0.23 0.275
Model after variable selection”

AGP 0.782 2.84 0.004
CP 0.602 0.34 0.080

AGP, Alpha-1-acid glycoprotein; CP, ceruloplasmin; VCAM-1, vascular
cell adhesion molecule-1; LPGDS, lipocalin-like prostaglandin D syn-
thase; MCP-1, monocyte chemoattractant protein 1; TF, transferrin

AGP alpha-1-acid glycoprotein
59 Cohort 1 patients included in the exploratory novel biomarker models
including VCAM-1 due to a missing measurements

> Model selected after applying the ‘stepAIC’ function in R

Fig. 1 and ESM 1). LPGDS and AGP were strongly cor-
related (#=0.71). All other biomarker combinations were
moderately correlated (»=0.3-0.7) except for LPGDS +
TF and MCP-1 + TF, which were weakly correlated (r <
0.3; see ESM 2 for further details).

Urine biomarker levels did not differ between non-LN
patients who had previous LN (renal-BILAG score D) and
those with no previous renal involvement (renal-BILAG
score E; all p.>0.05). Similarly, there was no difference
between patients with severe or moderate active LN (renal-
BILAG score A/B, respectively; all p. > 0.05; see ESM 3).
There was also no significant difference in urinary

biomarker levels depending on the presence or absence of
extra-renal involvement (see Fig. 2).

On fitting a binary logistic regression model including
all novel biomarkers and subsequently applying the
‘stepAIC’ function in R [40], the final model included
both AGP and ceruoplasmin (see Table 2). The AUC for
this final model was 0.88. On addition of LPGDS, the
AUC increased to 0.90, increasing further to 0.92 upon
the addition of TF. The addition of VCAM-1 and MCP-1
into the model, however, did not increase the AUC (see
Table 3).

Cohort 2—validation cohort (Einstein Lupus Cohort)
Clinical and demographic data

The validation cohort consisted of 30 JSLE patients of whom
16 (53 %) were classed as active-LN (11/16 renal BILAG
score=A, 5/16=B) and 14 (47 %) were classified as non-
LN JSLE patients (6/16 renal BILAG score=D, 8/16=E).
Active- and non-LN JSLE patients had a median age of 15
and 18 years, respectively, with a respective disease duration
of3.1 and 1.7 years at the time of biomarker analysis. Females
constituted 100 % of the active-LN patients and 71 % of the
non-LN patients. Both JSLE patient groups had a median of
five ACR classification criteria at diagnosis. ELC patients
were largely African/African American (53 %) and Hispanic
(43 %), whereas UK JSLE Cohort patients were predominatly
Caucasian (41 %) and Indian (23 %). All active-LN patients
had biopsy-proven LN during their disease course, with the
ISN/RPS 2003 classes as follows; class IIl = 19 %, class IV =
19 %, class V=31 %, mixed class III/V =31 %. Both groups
of patients had a median of five ACR classification criteria at
diagnosis. Active-LN and non-LN patients differed signifi-
cantly in terms of their UACR and use of angiotensin-

Table 3 Effect on the area under

the receiver operating Biomarker combinations included in the binary logistic Cohort ~ Cohort Cohorts 1 and 2
characteristic curve of adding regression models h 2° together
biomarkers to the regression
model in Cohort 1 and 2 AGP +CP 0.881 0.982 0.935
separately or together AGP +CP +LPGDS 0.900 0.982 0.941

AGP +CP +LPGDS + TF 0.920 0.991 0.949

AGP +CP +LPGDS + TF + VCAM-1 0.920 0.987 0.952

AGP +CP +LPGDS + TF + VCAM-1 + MCP-1 0.920 NA°® 0.949

Values on given as the area under the receiver operating characteristic (ROC) curve (AUC)

AGP alpha-1-acid glycoprotein, CP ceruloplasmin, LPGDS lipocalin-like prostaglandin D synthase, 7F transfer-
rin, VCAM-1 vascular cell adhesion molecule-1, MCP-1 monocyte chemoattractant protein 1

59 Cohort 1 patients were included in the novel biomarker models including VCAM-1 due to missing biomarker

measurements

®30 patients were included in Cohort 2 novel biomarker models

¢ Not available. Patient number (n = 30) precludes fitting of a model including all biomarkers
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Fig. 3 The receiver operating characteristic (ROC) cure generated from
the optimal binary logistic regression model when data from both cohorts
were combined. Optimal model includes Alpha-1-acid glycoprotein
(AGP), ceruloplasmin, lipocalin-like prostaglandin D synthase
(LPGDS), transferrin (TF) and vascular cell adhesion molecule-1
(VCAM-1) [area under the ROC curve (AUC) 0.952]

converting enzyme inhibitors (ACEi)/angiotensin 2 blockers
(AT2) (both p < 0.05, see Table 1).

Novel urine biomarkers

Figure 1 shows the distribution of novel urinary biomark-
er concentrations in Cohort 2, relative to Cohort 1 pa-
tients. Patients with active LN had significantly higher
urinary concentrations of AGP, ceruloplasmin, LPGDS,
TF, MCP-1 and VCAM-1 than non-LN patients (all p. <
0.05). NGAL levels did not differ between patient groups
in either cohort (p.=1.0). Ceruloplasmin and MCP-1,
AGP, TF were all strongly correlated. LPGDS was also
strongly correlated with AGP and VCAM-1. AGP was
strongly correlated with VCAM-1 and TF (all »>0.7).
All other biomarker combinations were moderately corre-
lated (r=0.3-0.7; see ESM 2 for further details).

A Dbinary logistic regression model was fitted with
Cohort 2 data, adding the data on each variable in a step-
wise manner one at a time in the same order as was done
for Cohort 1. The model including AGP, ceruoplasmin,
LPGDS and TF again produced the optimal AUC
(0.991). As a combination of biomarkers led to excellent
identification of active LN in both cohorts, AUCs were
also calculated for both cohort datasets combined (see
Table 3). A combined Cohort 1 and Cohort 2 model, in-
cluding AGP, ceruoplasmin, LPGDS and TF, again gave
excellent AUC (0.949); however adding VCAM-1 slightly
improved the AUC further (0.952). The ROC generated
by this optimal Cohort 1 and 2 model is shown in Fig. 3.

@ Springer

Urine biomarker concentrations in biopsy versus renal
BILAG-defined active LN

Urine biomarker levels from 12 samples from Cohort 2
patients which were taken at the time of or within 6 weeks
of renal biopsy were compared with those of 11 patient
samples with a current composite renal BILAG score-
based diagnosis of active LN (but a previous history of
having had biopsy-defined active LN). Urinary AGP, ce-
ruloplasmin, LPGDS, TF, MCP-1 and VCAM-1 levels did
not differ significantly between the two groups of active-
LN patients (all p.=1.0; see Fig. 4). Urine samples from
Cohort 1 patients were not available close to the time of
renal biopsy; therefore, comparable groups were not avail-
able for inclusion in these analyses. The study was under-
powered to assess for differences in any of the urinary
biomarkers according to ISN/RPS 2003 subclass.

Ability of traditional biomarkers to identify active LN

Traditional biomarkers which do not contribute to the com-
posite renal BILAG score were assessed for their ability to
identify active LN. ESR was the best traditional biomarker,
with a fair AUC of 0.796 (ESR was only measured routinely
within cohort 1). Complement component 3 (C3) and double-
stranded DNA showed a poor ability to identify active LN in
both cohorts (AUC from 0.617 to 0.645). C4 performed the
worst, with an AUC of 0.593 and 0.482 in Cohort 1 and 2,
respectively. Inclusion of all traditional biomarkers together in
a regression model did not improve the AUC. Addition of
ESR, the best traditional biomarker, to the optimal UK novel
biomarker combination, including AGP, LPGDS, TF and ce-
ruloplasmin, did not improve the AUC further (AUC 0.910;
see Tablel4).

Discussion

To optimise effective management of LN, readily available
and easily measured biomarkers are urgently needed within
clinical practice. Early diagnosis and prompt treatment of
LN can improve long-term renal survival [18]. The inva-
sive nature of renal biopsy limits its clinical utility, espe-
cially in childhood. By simultaneously measuring urinary
AGP, ceruloplasmin, VCAM-1, TF, LPGDS, MCP-1 and
NGAL at a single patient visit in two ethnically diverse
cohorts of JSLE patients, the aim of this study was to de-
rive and internationally validate a biomarker panel which
could improve identification of active LN, over and above
individual biomarkers. Across both cohorts we have dem-
onstrated an optimal urine biomarker combination that in-
cludes AGP, ceruoplasmin, LPGDS and TF with excellent
AUC values for active LN identification (AUC 0.920 and
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Fig. 4 Urine biomarker concentrations in Cohort 2 patients with LN and P>
no recent biopsy (BILAG-defined active LN; n = 11) versus patients with
biopsy-defined active LN (n=12). Closed symbols Median, Whiskers
interquartile range. British Isles Lupus Assessment Group (BILAG), lu-
pus nephritis (LN)

0.991 for Cohorts 1 and 2, respectively). Furthermore, the
presence of extra-renal disease activity does not appear to
influence the accuracy of this panel of urine biomarkers.
This is therefore the first LN urine biomarker panel study
to include a exploratory and validation cohort, providing a
firm foundation for future development of a clinical urine
biomarker panel test.

Previous studies complementing our work have fo-
cussed on identifying biomarker combinations reflective
of LN histological subtypes in patients with biopsy-
proven LN. Brunner et al. investigated 28 childhood-
onset and 48 adult-onset SLE patients, assessing biomarker
combinations differentiating biopsy-defined activity, chro-
nicity or membranous LN in samples taken within 2 months
of biopsy. The best predictive ability detected by these
authors was for LN activity, when MCP-1, AGP, cerulo-
plasmin and the urine protein-to-creatinine ratio were con-
sidered together (AUC 0.850) [29]. Within the UK JSLE
Cohort and the ELC, we have demonstrated stronger AUC
values (0.920 and 0.991, respectively) for the identification
of active LN with the combination of urinary AGP, ceru-
loplasmin, LPGDS and TF. This result supports the impor-
tance of a combination approach to urinary biomarkers in
LN, in these JSLE cohorts. In our present study, when the
results from both the UK Cohort and ELC are pooled,
VCAM-1 adds to the diagnostic ability of the above bio-
marker panel, indicating that further investigation of the
role of VCAM-1 in combination with other biomarkers
for discriminating active LN in children is required. The
UK JSLE Cohort consisted of predominately Caucasian
and Indian patients, whereas the ELC cohort comprised
mainly African American and Hispanic patients. Notably,
African and African American patients often have more
severe kidney involvement in SLE [4, 34, 42].
Interestingly, within our study the optimal biomarker panel
performed even better in the validation ELC than in the
exploratory UK JSLE Cohort.

More recently, Brunner et al. have looked at additional bio-
markers in samples taken at the time of biopsy from 47 children
with ISN/RPS class II-V LN [30]. These authors demonstrated
that NGAL, MCP-1, ceruloplasmin, adiponectin, hematopexin
and kidney injury molecule-1 were the best predictors of LN
activity status as assessed by the National Institute for Health
Activity Index (NIH-AI), leading them to propose a biomarker-
based Renal Activity Index for Lupus (RAIL) algorithm [30].
Our current study examined a sub-set of these markers for their
ability to identify BILAG-defined active LN rather than NIH-
Al status. The promising results of Brunner et al. [30] require
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Table4  Areaunder the ROC curve values corresponding to the ability
of traditional biomarkers to identify active lupus nephritis alone and in
combination with novel biomarkers

Traditional biomarkers AUC

Cohort 1 Cohort 2
dsDNA 0.617 0.643
C3 0.645 0.638
Cc4 0.593 0.482
ESR 0.796 NA?
All traditional biomarkers 0.783 0.670°
Optimal novel biomarker combination 0.910 NA?

(AGP + CP + LPGDS + TF) + ESR

AUC values obtained from logistic regression model probabilities for
each traditional biomarker and all biomarkers together

dsDNA double strand DNA, ESR erythrocyte sedimentation rate, AGP
Alpha-1-acid glycoprotein, CP ceruloplasmin, LPGDS lipocalin-like
prostaglandin D synthase, TF transferrin

#Not available; ESR was not routinely measured in Cohort 2

YESR data missing from the Cohort 2 model

further validation in larger prospective, multi-ethnic cohorts. In
contrast to the markers validated in our current study, it remains
unclear whether the biomarkers proposed by Brunner et al. [30]
would be able to differentiate patients with active LN from
those with inactive LN, as all patients in the their study had
definite biopsy-defined LN.

Our data demonstrate the key utility of urinary biomarkers
in monitoring LN. We have demonstrated and validated an
excellent panel of biomarkers which differentiate JSLE pa-
tients with active LN and no current LN. As discussed above,
Brunner et al. [30] have also proposed a distinct biomarker
panel which accurately correlates with NIH-AI status. A large
international prospective study or clinical trial is therefore
warranted. This would longitudinally assess the biomarkers
validated in the current study for initial identification of active
LN, followed by assessment of LN severity using the addi-
tional markers included in the RAIL as a proxy for histological
changes. An international collaborative study will most prob-
ably be needed to be sufficiently powered given the multiplic-
ity of biomarkers studied, distinct kidney biopsy features seen
and the ethnic differences seen in JSLE severity.

In our current study we could not demonstrate a significant
difference in urinary NGAL levels between those patients
with active LN and those with non-LN in either the UK
Cohort Study or the ELC. This is in contrast with previous
work which has shown NGAL to be highly sensitive/specific
for the identification of biopsy-proven LN in children [26].
These results may be explained by differences in the timing
ofthe sample and the outcome measures used. Urinary NGAL
has previously been shown to be a useful predictor of
impending flare in both the UK JSLE Cohort [26] and in an

@ Springer

adult SLE study of the ELC which included a University
College London validation cohort [43]. Kiani et al. were also
unable to detect an association between urinary NGAL and
LN in a prospective study that included 107 adult SLE patients
[44]. These observations may be due to urinary NGAL levels
peaking before flares and then receding before the event be-
comes clinically detectable [45]. Urinary NGAL has also been
demonstrated as a marker of renal damage in LN [46], which
may also explain why patients with a history of biopsy-proven
LN have higher urinary NGAL levels. These observations
suggest that NGAL requires further testing longitudinally as
part of a urine biomarker panel despite the results seen in the
current study, as it may able to predict active nephritis and
inactive nephritis occurrence.

It is interesting to consider the origin and renal speci-
ficity of the novel biomarkers. AGP belongs to the
immunocalin family, a group of immunomodulatory bind-
ing proteins. It is mainly produced by the liver but has
also been reported in other cell types (macrophages [47],
endothelial cells [48] and monocytes [49]). In active LN,
increased production of AGP as part of the acute phase
response, coupled with AGP production by cells infiltrat-
ing the kidney, may be responsible for the high urinary
levels demonstrated. TF and ceruloplasmin are plasma
proteins, primarily responsible for carrying iron and cop-
per, respectively. Differing from albumin in terms of their
molecular radii and isoelectric points, urinary ceruloplas-
min and TF have been shown to predict the onset of
microalbuminuria in diabetic nephropathy [50]. LPGDS,
a member of the lipocalin superfamily responsible for
prostaglandin D2 production, is similar to albumin in
terms of chemical properties, but it is much smaller
[51]. In type-2 diabetes, urinary LPGDS has been shown
to increase in the early stages of kidney injury [52].
Urinary VCAM-1 levels have previously been shown to
be higher than blood levels, suggesting that the inflamed
kidney may represent an important source of urinary
VCAM-1 [33].

Certain limitations of our study warrant recognition and
should be addressed in future work. As our definition of
active LN was based on the composite renal BILAG score,
calculated from proteinuria, GFR, blood pressure, active
urine sediment, plasma creatinine and recent biopsy find-
ings, we could not directly compare such traditional
markers with the novel urinary biomarkers studied. Due
to the cross-sectional nature of this study we are unable
to comment on the relationship of such biomarkers with
other stages of the fluctuating LN disease course (e.g. pre-
diction of flare/remission). Validation in a larger, longitu-
dinal, prospectively collected study is therefore necessary,
including children and young people with the full range of
mild, severe and inactive disease phenotypes from a range
of patient cohorts (including Asian and African cohorts).
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With further prospective validation, it may become appar-
ent that fewer biomarkers together can produce acceptable
accuracy for active LN identification (e.g. AGP and ceru-
loplasmin) due to the level of correlation seen between
biomarkers (especially for Cohort 2). This would potential-
ly make it a simpler point-of-care testing device for bio-
marker quantification. Concurrent investigation of the role
of such biomarkers in vitro or in LN mouse models will
also help to improve understand of LN pathophysiology.

Conclusions

Patients with JSLE have significant renal involvement and the
potential to develop irreversible renal damage as the result of
LN relapses that are either unrecognised, not identified early
enough or not treated sufficiently [4, 53]. This study has dem-
onstrated and validated a renal-specific excellent novel urine
biomarker panel for the recognition of active LN in two eth-
nically diverse JSLE populations, thereby providing consider-
able strength to these findings. Further validation in larger,
longitudinal, prospectively collected studies is required to de-
fine biomarker profiles that predict LN relapses and response
to treatment. It is anticipated that a future urinary biomarker
point-of-care testing device will help to improve the renal
outcomes for JSLE patients through biomarker-led renal mon-
itoring in routine clinical practice.
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