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Abstract

Background: Improved, noninvasive biomarkers are needed to accurately detect lupus nephritis (LN) activity. The
purpose of this study was to evaluate five S100 proteins (S100A4, STO0A6, ST00A8/9, and ST00A12) in both serum
and urine as potential biomarkers of global and renal system-specific disease activity in childhood-onset systemic

lupus erythematosus (cSLE).

Methods: In this multicenter study, S100 proteins were measured in the serum and urine of four cSLE cohorts and
healthy control subjects using commercial enzyme-linked immunosorbent assays. Patients were divided into cohorts
on the basis of biospecimen availability: (1) longitudinal serum, (2) longitudinal urine, (3) cross-sectional serum, and (4)
cross-sectional urine. Global and renal disease activity were defined using the Systemic Lupus Erythematosus Disease
Activity Index 2000 (SLEDAI-2K) and the SLEDAI-2K renal domain score. Nonparametric testing was used for statistical
analysis, including the Wilcoxon signed-rank test, Kruskal-Wallis test, Mann-Whitney U test, and Spearman’s

rank correlation coefficient.

Results: All urine S100 proteins were elevated in patients with active LN compared with patients with active
extrarenal disease and healthy control subjects. All urine S100 protein levels decreased with LN improvement,
with ST00A4 demonstrating the most significant decrease. Urine ST00A4 levels were also higher with proliferative LN
than with membranous LN. ST00A4 staining in the kidney localized to mononuclear cells, podocytes, and distal tubular
epithelial cells. Regardless of the S100 protein tested, serum levels did not change with cSLE improvement.

Conclusions: Higher urine S100 levels are associated with increased LN activity in cSLE, whereas serum $100 levels do
not correlate with disease activity. Urine ST00A4 shows the most promise as an LN activity biomarker, given its
pronounced decrease with LN improvement, isolated elevation in urine, and positive staining in resident renal cells.
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Background

Childhood-onset systemic lupus erythematosus (cSLE) is
a complex inflammatory autoimmune disease of unknown
etiology that carries a risk of irreversible damage in mul-
tiple organ systems. Up to 80% of children with c¢SLE will
develop lupus nephritis (LN), and LN persists as a leading
cause of morbidity and mortality in patients with cSLE
[1-4]. Current noninvasive laboratory and clinical mea-
sures of LN activity are not sensitive or specific enough to
reliably measure the course of LN [5, 6], supporting the
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need for novel noninvasive biomarkers. S100 proteins
have the potential to fill this unmet need.

S100 proteins are emerging as reliable biomarkers of
disease activity in a multitude of pediatric inflammatory
diseases, including systemic juvenile idiopathic arthritis
and inflammatory bowel disease [7, 8]. These proteins
represent a diverse group of calcium-binding proteins,
and mainly the heterodimer S100A8/9 (also known as
MRP8/14 or calprotectin) and SI00A12 have been stud-
ied to date in inflammatory diseases. S100A8/9 and
S100A12 are expressed predominantly by phagocytes
and serve as danger or damage-associated molecular
patterns upon extracellular release, triggering continued
inflammation [7].
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Elevated serum levels of S100A8/A9 have been de-
scribed in several adult SLE populations and correlate
with disease activity [9, 10]. In particular, SI00A8/9 ex-
pression is increased on interferon-producing plasmacy-
toid dendritic cells of patients with SLE with active disease
[11]. Intrarenal SI00A8/9 messenger RNA (mRNA) levels
were also recently shown to predict progression to chronic
kidney disease in an adult LN cohort [12].

Whereas S100A8/9 and S100A12 are predominantly
phagocyte-specific proteins, S100A4 (also known as
fibroblast-specific protein 1 or metastasin) is more
widely expressed and has demonstrated correlation with
disease activity in various forms of glomerulonephritis
[13]. SI00A4 also has proposed roles in enhancement of
cell motility, dysregulation of cell death, and progression
of fibrosis that may be important for pathogenesis of LN
and SLE in general [14, 15]. Similarly to S100A4,
S100A6 functions to influence cell motility through
cytoskeletal changes and can cause dysregulated apop-
tosis, which is known to be a contributor to develop-
ment of autoimmunity in SLE.

Combined assessment of select S100 proteins in both
serum and urine in relation to the status and course of
¢SLE has not been reported and was the focus of this
study. The purpose of this study was to evaluate five
S100 proteins (S100A4, S100A6, S100A8/9, and
S100A12) for their relationship to renal and extrarenal
cSLE activity. We hypothesized that serum S100 proteins
would correlate with c¢SLE disease activity in general and
that urine S100 levels would reflect LN activity.

Methods

Study population

For this study, we used banked serum and urine samples.
For the purpose of analysis, four groups were defined:

1) Longitudinal serum (Cohort Ly) (n = 47): Patients had
serum samples collected at two time points, once
during an active disease visit and once at an
improved visit.

2) Longitudinal urine (Cohort L,) (n = 39): Patients had
urine samples collected at the time of active LN and
also at the time of improved LN.

3) Cross-sectional serum (Cohort X,) (n = 100): Patients
had a single serum sample collected from visits with
active extrarenal disease activity only (1 = 34), active
LN (n =41), or low global disease activity (n = 25).

4) Cross-sectional urine (Cohort X)) (n = 96): Patients
had a single urine sample collected from visits with
active extrarenal disease activity only (n = 18), active
LN (n =52), or low global disease activity (n = 26).

The samples from active disease visits of patients in
Cohorts Lg and L, were also included in the respective
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cross-sectional cohorts. Patients could also be included
in both the serum and urine longitudinal cohorts if both
serum and urine from an active and improved disease
visit were present.

This study was approved by the Cincinnati Children’s
Institutional Review Board with a waiver of consent and
included patients from nine pediatric rheumatology centers.
All patients met American College of Rheumatology classi-
fication criteria for SLE [16, 17] and had disease onset prior
to 18 years of age. Patients were excluded if an active infec-
tion was present at the time of the visit, because infection
may elevate S100 levels and become a potential con-
founder. Control serum and urine samples were obtained
from healthy children enrolled in the Cincinnati Genomic
Control Cohort [18, 19].

Assessment of disease activity

For patients with cSLE, both extrarenal and renal disease
activity were assessed using the Systemic Lupus Erythe-
matosus Disease Activity Index 2000 (SLEDAI-2K) [20].
The SLEDAI-2K is a validated disease activity measure
for c¢SLE with a total score of 0-105, consisting of 24
weighted items grouped into organ-specific domains.
The SLEDAI-2K renal domain (SLEDAI-R) score incor-
porates four items: urinary casts (heme granular or red
blood cell), hematuria (>5 red blood cells/high-power
field), proteinuria (>0.5 g/24 h), and pyuria (>5 white
blood cells/high-power field, excluding infection). Each
item is scored a 4 if present, leading to a range of 0-16
with 0 indicating no LN activity [20]. The gold standard
for diagnosis and monitoring of LN activity is a renal bi-
opsy, with findings interpreted as suggested by the 2003
International Society of Nephrology/Renal Pathology So-
ciety (ISN/RPS) classification [21]. Active features of in-
flammation on biopsy are classified by the National
Institutes of Health activity index (NIH-AI), with a range
of 0-24 and 0 signifying no active LN features [22].

In this study, an active disease visit was defined by a
SLEDAI-2K score > 8, and an improvement of cSLE was
defined by a decrease in SLEDAI-2K score by = 6. A low
global disease activity visit was defined by an extrarenal
SLEDAI-2K score < 4. Those patients with active disease
were classified as having active LN if they had a
SLEDAI-R score >4, and an improvement in LN was
defined by a decrease in SLEDAI-R score by > 4.

Clinical data collection

Demographic and clinical information was collected on
all patients at the time of visits, including age at time of
diagnosis, disease duration, global SLEDAI-2K score and
individual organ-specific disease scores, laboratory data,
current medications, blood pressure, and estimated
glomerular filtration rate (eGFR; calculated using the ori-
ginal Schwartz method) [23, 24]. Anti-double-stranded
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(ds)DNA status was categorized by positivity or negativity.
More detailed information was additionally collected re-
garding LN history in Cohorts L, and X,, including ISN/
RPS class of LN [21], date of renal biopsy, and NIH-AI on
biopsy.

S$100 proteins in serum and urine
Serum was obtained from whole blood collected in
serum separator tubes and stored frozen at-80 °C.
Urine was also collected and stored frozen at — 80 °C.
S$100 protein levels were measured in duplicate in the
serum and urine with commercially available enzyme-
linked immunosorbent assays (BUHLMANN MRP8/14;
BUHLMANN Laboratories, Schénenbuch, Switzerland;
CircuLex S100A12/EN-RAGE, CircuLex S100A4, and
CircuLex S100A6; MBL International, Nagano, Japan)
per the manufacturers’ instructions.

S$100A4 immunohistochemistry

Immunohistochemistry (IHC) was performed using 4-pum
sections from four paraffin-embedded LN biopsy speci-
mens and two control specimens from 21 and 28 week ges-
tation kidneys. A polyclonal rabbit antihuman S100A4
antibody was used at a 1:75 dilution as per the manufac-
turer’s instructions (Dako, Carpinteria, CA, USA). The
stains were run on the Roche BenchMark ULTRA instru-
ment (Ventana Medical Systems, Tucson, AZ, USA) prior
to the antibody (incubated for 32 minutes) and pretreated
with Roche Mild Cell Conditioning 2 (CC2, citrate;
Ventana Medical Systems). The slides were then de-
tected with the Roche ultraView detection kit and
counterstained with Roche Hematoxylin and Bluing
Reagent (Ventana Medical Systems).

Statistical analysis

Statistical analysis was performed using Prism version
7.01 (GraphPad Software, La Jolla, CA, USA) and Excel
2016 (Microsoft, Redmond, WA, USA) software. Median
values and IQRs of continuous variables and number/
percent of categorical values were calculated as descrip-
tive statistics. Patient samples with a nondetectable S100
value were assigned a value of 0 for the purpose of statis-
tical analysis. Serum and urine S100 levels were analyzed
using nonparametric testing given a nonnormal distribu-
tion of S100 values. Both nonnormalized urine S$100
values and urine S100 values normalized to the visit urine
creatinine were evaluated. Raw urine S100 values are re-
ported in the Results section below because analyses were
unchanged with normalized S100 values.

For analysis of the change in S100 and laboratory
values between paired samples in Cohorts Lg and L, the
Wilcoxon signed-rank test was applied. The Kruskal-
Wallis test and Mann-Whitney U test were used to evalu-
ate for differences between S100 levels among patient
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groups in Cohorts X, and X, and also between patients
with different clinical categorizations in all active samples.
Extrarenal disease activity was not corrected for in
patients with active LN. Spearman’s rank correlation coef-
ficients (r;) were calculated to assess the relationships
between different S100 protein levels, SLEDAI-2K scores,
SLEDAI-R scores, and standard laboratory tests.

Results

Clinical and demographic data for all cohorts

Additional file 1: Table S1 summarizes patient character-
istics from Cohorts X and X,. Patients in both cohorts
had a similar age at diagnosis, with a median of 13-15
years. Overall, patients in Cohort X, had longer disease
duration at the time of sample collection than patients
in Cohort X, (5-8 years compared with 2-2.5 years). In
both cohorts, the total SLEDAI-2K score was 12-13 for
active visits and 2 for low disease activity visits. No pa-
tients had active renal involvement in the low disease ac-
tivity groups of either cohort, as per the given disease
activity definition.

Table 1 provides a summary of the patient characteris-
tics from active visits in Cohorts Lg and L. Both cohorts
were diverse and had serologically active disease. Similar
to Cohorts X and X, the median disease duration was
3 years at the time of urine sample collection and 5 years
at serum sample collection. The median time between
active and improved visits in Cohort L, was 16 months
(IQR 7-28), and that for Cohort Ly was 11 months (IQR
6-21.5). The majority of patients in both cohorts had both
extrarenal and renal involvement. Nearly all patients had
biopsy-proven LN in Cohort L, with the exception of two
patients. The median SLEDAI-R score for an active and
improved LN visit in Cohort L, was 12 (IQR 8-12) and 0,
respectively. Only 2 of the 39 patients in Cohort L, had an
eGFR < 75 ml/minute/1.73 m?,

Serum S100 levels in patients with cSLE

We observed no differences in any of the serum S$100
levels when comparing cSLE patients with active LN, ac-
tive extrarenal SLE only, or low disease activity (Fig. 1).
Serum S100A6, S100A8/9, and S100A12 levels were all
higher in patients with active extrarenal SLE than in
healthy control subjects (Fig. 1b—d). Serum S100A8/9 and
S100A12 levels were also higher in patients with active LN
than in healthy control subjects (Fig. 1c, d). Patients with
cSLE with low disease activity had serum S100A6, SI00A8/
9, and S100A12 levels comparable to those of healthy con-
trol subjects. Serum S100A4 levels were detectable in only
5 of the 100 cSLE patient samples tested and were un-
detectable in healthy control subjects. Serum S100 levels
were similarly not found to differ between active and
improved visits of patients with cSLE, regardless of
SLE (extrarenal, renal) disease activity (Fig. 2a, c, e, g).
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Table 1 Demographic and clinical data on patients with childhood-onset systemic lupus erythematosus from Cohorts Ly and L,

Cohort Ly (n=47)

Cohort L, (n=39)

Characteristic
Age at diagnosis, years
Disease duration, years
Female sex, n (%)
White race, n (%)
Hispanic ethnicity, n (%)
Total SLEDAI-2K score
Active renal involvement, n (%)
Biopsy-proven, n (%)
SLEDAI-R score
ISN/RPS class of LN, IIl/IV/V, n (%)
eGFR < 75 ml/minute/1.73 m?, n (%)
Active extrarenal involvement, n (%)
Medications, n (%)
Oral or intravenous steroids
Hydroxychlorogquine
Other immunosuppressant
Laboratory tests
Positive anti-dsDNA, n (%)
3, mg/dl
C4, mg/di
Random urine protein/creatinine

Active urinary sediment, n (%)

Active SLE serum

Active LN urine

15 (10.5-17.5) 14 (12-16)
5(3-9) 3 (1-45)
41(87.2) 31 (795
27 (57.4) 18 (46.2)
18 (38.3) 6 (154)

13 (10-17) 17 (12-20)
24 (51.1) 39 (100)
14% (933) 37 (949
8 (4-12) 12 (8-12)

3/9/6° (21.4/64.3/42.9)
1% (33)

5/16/12 (13.5/43.2/32.4)
2(5.1)

46 (97.9) 38 (97.4)

40 (85.1) 35 (89.7)
41(87.2) 32 (82)

26 (55.3) 27 (69.2)

182 (60) 31 (79.5)
83.6 (59.5-114.8) 65 (45.4-933)
106° (7-16.2) 86 (45-11.1)
0.26% (0.12-1.8) 2.1 (1.1-5.3)
14° (46.7) 32 (82.1)

Abbreviations: Cohort L, Longitudinal serum cohort, Cohort L, Longitudinal urine cohort, eGFR Estimated glomerular filtration rate, ISN/RPS International Society of

Nephrology/Renal Pathology Society, LN Lupus nephritis, SLEDAI-2K Systemic Lupus Erythematosus Disease Activity Index 2000, SLEDAI-R Systemic Lupus
Erythematosus Disease Activity Index 2000 renal domain score, SLE Systemic lupus erythematosus

All table values are expressed as median (IQR) for continuous variables and number (percent) for categorical variables

“Note that certain data only available for SLE patients with serum from Cincinnati Children’s Hospital Medical Center (n = 30), not Brazilian patients (n=17).
Percentages in table were calculated from patients with available values for these characteristics

Urine S100 levels in patients with cSLE with and without
LN from cross-sectional cohort

Urine levels of all tested S100 proteins were higher with
active LN than with active extrarenal SLE only (Fig. 3).
Differences in urine levels between active renal versus
active extrarenal SLE only were most pronounced for
S100A4 level (median [IQR] 8.35 ng/ml [1.7-19.4] in
active LN versus 0.63 ng/ml [0.3-1.9] in active extrare-
nal SLE only; p < 0.0001) (Fig. 3a). In urine samples, only
S100A4 and S100A6 levels differed between patients
with active LN and patients with c¢SLE with low disease
activity, whereas urine S100A8/9 and S100A12 levels
trended toward significance. All urine S100 levels in
Cohort X,, were higher in patients with active LN than
in healthy control subjects. Urine S100A6, S100A8/9,
and S100A12 levels were all also higher in patients with
cSLE with low disease activity than in healthy control
subjects. Urine S100A4 levels were comparable between

patients with c¢SLE with low disease activity and healthy
control subjects.

Urine S100 levels in patients with cSLE with LN from
longitudinal cohort

All urine S100 levels differed significantly between active
and improved visits in patients with ¢SLE with LN.
Figure 2 demonstrates urine S100 values in the paired
samples from Cohort L, with healthy control subjects
also depicted for comparison. Refer to Additional file 2:
Table S2 for urine S100 values in patients with cSLE from
active and improved visits.

With improvement of LN (active versus improved visit),
urine S100 levels decreased (Fig. 2 b, d, f, h). The most
pronounced difference with changing LN activity was ob-
served for wurine S100A4 levels (median change
6.38 ng/ml; p<0.0001) (Fig. 2b). The median urine
S100A4 levels were 7.35 ng/ml (IQR 1.6-23.9) for
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Fig. 1 Comparison of serum S100 levels in patients with childhood-onset systemic lupus erythematosus (cSLE) from the cross-sectional serum
cohort, including those with active lupus nephritis (LN), active extrarenal SLE only, and low disease activity, as well as healthy control subjects. a
Serum ST100A4. b Serum ST00A6. € Serum ST100A8/9. d Serum ST100A12. The horizontal lines on each plot represent median S100 values. Differences in
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active LN visits, 0.97 ng/ml (IQR 0.4-2.2) for im-
proved LN visits, and 0.32 ng/ml (IQR 0-0.6) for
healthy control subjects.

Urine S100A4 levels in all patients with active LN by LN
class and degree of LN activity

Urine S100A4 levels were higher with increased levels of
LN activity (SLEDAI-R) (Fig. 4a). The median urine
S100A4 level for a SLEDAI-R score of 4 was 1.62 ng/ml
(IQR 0.95-13.2), for a SLEDAI-R score of 8 it was
5.68 ng/ml (IQR 1.97-14.6), and for a SLEDAI-R score
of > 12 it was 14.08 ng/ml (IQR 6.9-23.97). A statistically
significant difference was present between patients
with LN with a SLEDAI-R score of 4 versus those with

a SLEDAI-R score > 12 (p =0.032 by Mann-Whitney U
test). Urine S100A4 levels also differed among ISN/
RPS classes of LN (Fig. 4b). Median S100A4 urine
levels were significantly higher among those with class
III/IV LN than among those with class V LN (median
[IQR] 12.3 ng/ml [2.8-31.5] versus 4.2 ng/ml [0.89—
58.4]; p=0.03).

For those patients with LN with renal biopsies
done within 2 months of urine sample collection (n
=25), there was no statistically significant associ-
ation of urine S100A4 levels with NIH-AI (r,=0.18,
p=0.4). Likewise, no association was observed be-
tween urine S100A6, S100A8/9, or S100A12 level
and NIH-AL
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Fig. 3 Comparison of urine S100 levels in patients with childhood-onset systemic lupus erythematosus (cSLE) from cross-sectional urine cohort,
including those with active lupus nephritis (LN), active extrarenal SLE only, and low disease activity, as well as healthy control subjects. (a Urine
S100A4. b Urine S100A6. ¢ Urine ST00A8/9. d Urine STO0A12. Patients in the active extrarenal SLE only and low disease activity categorizations at
the time of sample collection with a prior history of LN are signified by open symbols. The horizontal line on each plot represents the median
S100 value. Note that the scale of the y-axis is broken to allow visualization of all patient values. Differences in urine S100 levels between patient
groups were assessed using the Kruskal-Wallis and Mann-Whitney U tests
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All urine S100 protein levels had a weak positive as-
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tive LN (for S100A4, r

r¢=0.22, p=0.12; for SI00A8/9, r;,=0.31, p = 0.03; for
S100A12, ry=0.4, p=0.003). Urine S100A4 levels
showed a moderate correlation with urine S100A6

R score in patients with ac-
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Urine S100A4 levels showed a weak negative correlation
with both C3 and C4 levels (C3, r,=-0.28, p = 0.05; C4,
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(LN) in longitudinal urine and cross-sectional urine cohorts compared
according to (@) LN activity as defined by Systemic Lupus Erythematosus
Disease Activity Index 2000 renal domain (SLEDAI-R) score and (b)
International Society of Nephrology/Renal Pathology Society (ISN/RPS)
class of LN. a The median and IQR S100A4 levels are depicted. The
median urine S100A4 level for a SLEDAI-R score of 4 was 1.62 ng/ml (IQR
0.95-13.2), increasing to 5.68 ng/ml (IQR 1.97-14.6) for a SLEDAI-R
score of 8 and 14.08 ng/ml (IQR 6.9-23.97) for a SLEDAI-R score = 12. A
statistically significant difference was present between patients with LN
with a SLEDAI-R score of 4 and those with a SLEDAI-R score 212 (p=
0.032). b The median is represented by the horizontal line on each plot.
Differences between urine 51004 values in class lll/IV versus class V LN
were assessed using the Mann-Whitney U test
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rs=-0.32, p=0.03) but lacked association with protein-
uria (rs = 0.08, p = 0.57). There was no difference in urine
S100A4 levels based on anti-dsDNA positivity or
negativity.

S100A4 immunohistochemistry in renal biopsies of
patients with LN versus control subjects

Both patients with LN and control subjects demon-
strated positive nuclear and cytoplasmic S1I00A4 staining
in renal biopsy specimens (Fig. 5). Staining was present
in podocytes, mononuclear cells, and distal tubular epi-
thelial cells of both LN and control biopsies. Whereas
LN biopsy specimens had a moderate S100A4-positive
mononuclear cell infiltrate, control specimens had only
rare S100A4-positive mononuclear cells. The mono-
nuclear cell staining pattern was primarily intranuclear.
Proximal tubular epithelial cells and mesangial cells were
predominantly negative.

Discussion

We found elevated levels of urine S100 proteins with ac-
tive LN, and urine S100 levels also demonstrated respon-
siveness to change in LN activity, with S100A4 showing
the most pronounced differences. Conversely, S100 levels
in the serum did not correlate with extrarenal or renal dis-
ease activity in cSLE, although serum S100A8/9 and
S100A12 levels were higher in patients with active SLE
than in healthy control subjects. To determine expression
of S100A4 locally in the kidney, IHC was performed,
which demonstrated positive staining for S100A4 in in-
flamed LN kidneys with expression in podocytes, distal
tubular epithelial cells, and mononuclear cells.

S100 proteins represent a heterogeneous group of
calcium-binding proteins that exhibit diverse functions
and cell-specific expression patterns. In particular, SI00A4
has been proposed to have roles in enhancing cell motility,
promoting cell growth, mediating epithelial-mesenchymal
transition (EMT), inhibiting cell death, and influencing
the progression of fibrosis [14, 15]. Although S100A4 is
well known in the oncology literature as a marker of meta-
static tumor progression, it has not been studied as exten-
sively in autoimmune diseases. Research to date, however,
does support that SI00A4 has both biologic plausibility
as a biomarker of LN and a potential role in disease
pathogenesis.

Urine S100A4 levels have previously been described to
correlate with disease activity in various forms of cres-
centic glomerulonephritis [13]. SI00A4 has also shown
prognostic value as a biomarker in immunoglobulin A
nephropathy, with the number of S100A4-positive cells
on biopsy found to predict renal failure and corticoster-
oid responsiveness [25, 26]. Although prior data on
S100A4 in patients with SLE are lacking, SI00A4 mRNA
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was found to be upregulated in microdissected glomeruli
of an MRL/lpr mouse model of LN [27].

The presence of positive S1I00A4 protein staining in
resident renal cells further establishes biologic relevance
for this novel biomarker of LN activity. IHC results from
this study are in line with those of prior studies localiz-
ing S100A4 staining to podocytes and cellular crescents
in antineutrophil cytoplasmic antibody-associated glom-
erulonephritis [13]. Given that IHC did not demonstrate
a distinct differential SI00A4 expression pattern between
LN kidneys and those of control subjects, it remains un-
defined which cell type upregulates S100A4 expression
in LN. One possibility is that resident renal cells increase
production of S100A4 during a diseased state such as
LN, with S100A4 levels increasing proportionally to LN
activity. The isolated elevation of S100A4 in LN urine
and lack of correlation with extrarenal disease activity or
proteinuria lend support to this theory. In fact, a prior
study demonstrated S100A4 expression in 86% of de-
tached urine podocytes detected in patients with diabetic
nephropathy [28]. Given the proposed role of S100A4 in
EMT, S100A4 may play a role in dedifferentiation of
podocytes prior to their detachment and loss in the
urine.

Alternatively, SI00A4 may be upregulated in inflamma-
tory cells in LN, more in line with the known expression
patterns of S100A8/9 and S100A12. In fact, biopsy speci-
mens of patients with LN were found to have a higher
number of S100A4-positive mononuclear cells than those
of control subjects. SI00A8/9 protein expression has been
shown to correlate with inflammatory activity on renal
biopsy in patients with varied etiologies of nephritis [29].
This does not necessarily equate to increased inflamma-
tory cell infiltration. In fact, studies on S100A8/9 in glom-
erulonephritis suggest that increased S100A8/9 expression
actually reflects a change in the immune cell phenotype
versus a simple increase in the number of infiltrating im-
mune cells within the kidney [29]. SI00A4 may also fun-
damentally alter the behavior of immune cells central to
the pathogenesis of LN.

Although S100 proteins have been studied predomin-
antly in the serum, urine S100A8/9 has been shown to
distinguish between intrinsic and prerenal acute kidney
injury and even to be superior to neutrophil gelatinase-
associated lipocalin (NGAL), the principal biomarker
currently used for this assessment [30, 31]. We have
shown that NGAL is a predictive biomarker of LN flares
[32], and additional studies are needed to assess whether
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S100A8/9 or other S100 proteins are also predictive of
LN flares.

Given the close relationship between the urine levels
of the S100 proteins studied, we hypothesize that there
is some redundancy between S100 protein functions and
that most inflammatory cells, including neutrophils,
express various S100 proteins. S100 proteins are compo-
nents of neutrophil extracellular traps (NETs) [33], and
NETosis contributes to type I interferon production in SLE
and is associated with the presence of LN [34]. Moreover,
gene expression signatures from peripheral blood leuko-
cytes of patients with SLE include granulocyte-specific
genes in addition to interferon-associated genes [35], lend-
ing further support to the theory that a neutrophil-specific
protein such as an S100 protein family member could serve
as an LN biomarker.

S100 proteins also possess some practical properties of
an ideal biomarker. S100 proteins seem to be quite
stable for measurement, both in serum and in urine,
even after prolonged storage, in line with prior findings
for NGAL [36]. Several studies have also documented
that immunosuppressive drugs do not affect S100A8/9
expression [11, 29].

One of the limitations of this study is that urine S100
proteins were not compared with other emerging urinary
biomarkers for LN activity; however, multiple S100 pro-
teins were analyzed in both serum and urine to provide a
more comprehensive review of this protein family in rela-
tion to cSLE. Despite the limitation to two time points per
patient in our longitudinal cohorts, we were able to estab-
lish that improvement in LN activity corresponds to de-
creasing urine S100 levels. A validation cohort is needed
to establish that these results can be replicated, because
this was a pilot study with a limited sample size. However,
given that this was a multicenter study with a diverse
patient population, these results are more widely applic-
able than if the study had been done in a single center.
Additionally, our control biopsy specimens for IHC were
not ideal, given the large age difference from our patients
with LN; however, most healthy children are not biopsied,
making an age-matched and truly healthy control sample
a rarity in our pathology sample bank.

Conclusions

The results of this study demonstrate that urine
S100A4 levels are a promising noninvasive biomarker
for LN activity. The longitudinal cohort data showed
that urine S100A4 levels are associated with changes
in LN activity, with significantly decreased levels upon
disease activity improvement in cSLE. Further studies
are necessary both to better understand the origin of
elevated S100A4 protein in LN and also to confirm
these findings.

Page 10 of 11

Additional files

Additional file 1: Table S1. Demographic and clinical data on patients
with cSLE with unpaired serum and urine samples from Cohorts X and
X,.. (DOCX 17 kb)

Additional file 2: Table S2. Median S100 and laboratory values in
patients with cSLE from Cohorts Ls and L. (DOCX 14 kb)

Abbreviations

Cohort Lg: Longitudinal serum cohort; Cohort L, Longitudinal urine cohort;
Cohort X, Cross-sectional serum cohort; Cohort X,: Cross-sectional urine
cohort; cSLE: Childhood-onset systemic lupus erythematosus;

dsDNA: Double-stranded DNA; eGFR: Estimated glomerular filtration rate;
EMT: Epithelial-mesenchymal transition; IHC: Immunohistochemistry;

IRB: Institutional review board; ISN/RPS: International Society of Nephrology/
Renal Pathology Society; LN: Lupus nephritis; mRNA: Messenger RNA;

NET: Neutrophil extracellular trap; NGAL: Neutrophil gelatinase-associated
lipocalin; NIH-AI: National Institutes of Health activity index; SLEDAI-

2K: Systemic Lupus Erythematosus Disease Activity Index 2000; SLEDAI-

R: Systemic Lupus Erythematosus Disease Activity Index 2000 renal domain

Acknowledgements

The authors thank Betsy DiPasquale of the Pathology Research Core at
Cincinnati Children’s Hospital Medical Center (CCHMCQ) for performing
immunohistochemistry, Kasha Wiley and Allen Watts for help with
identification of eligible study patients in the CCHMC Systemic Lupus
Erythematosus Clinical and Research Database, Dr. Jareen Meinzen-Derr for
statistical consultation, and Dr. Qing Ma for provision of healthy control urine
samples. We also thank Drs. Kelly Rouster-Stevens, Karen Onel, Tracey Wright,
Stacy Ardoin, Lori Tucker, and Kathleen O'Neil for providing SLE urine
specimens.

Funding

This study was funded by National Institute of Arthritis and Musculoskeletal
and Skin Diseases (NIAMS) grant T32AR069512, which supported the
research time and effort of JLT during her fellowship; National Institute of
Diabetes and Digestive and Kidney Diseases— grant P50DK096418, which
supported urine samples used that were collected as a part of this study;
and NIAMS grant UOTAR065098, which supported urine samples and clinical
data used that were collected as part of this study.

Availability of data and materials
The data that support the findings of this study are available upon request
from the corresponding author.

Authors’ contributions

JLT helped design the study, collected clinical data, ran all ELISAs, analyzed
and interpreted all data, and wrote the initial draft of the manuscript. HIB
contributed to study conception and design as well as data analysis and
interpretation and was a major contributor to manuscript revisions. AAG
helped with study design and data interpretation as well as critical manuscript
revisions. NF assisted with ELISAs and data interpretation as well as the Methods
section of the manuscript. ST contributed to data analysis and interpretation as
well as key manuscript revisions. MRB provided control urine samples and helped
with data interpretation. DW was the histopathologist who interpreted S100A4
immunohistochemistry results. MSKG and SA obtained lupus nephritis urine
samples and contributed to data acquisition. All authors helped revise the
manuscript, and all authors read and approved the final manuscript.

Ethics approval and consent to participate

This study was approved by the Cincinnati Children’s Institutional Review
Board (IRB) (2016-0520). The IRB approved a waiver of consent because the
patients with SLE had already consented for use of longitudinal serum and
urine samples through an ongoing SLE Clinical and Research Database study
with current IRB approval (2008-0635), and therefore separate consent was
not obtained for this study. No individual patient data were used in this
study.

Consent for publication
Not applicable.


dx.doi.org/10.1186/s13075-017-1444-4
dx.doi.org/10.1186/s13075-017-1444-4

Turnier et al. Arthritis Research & Therapy (2017) 19:242

Competing interests
The authors declare they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Rheumatology, Cincinnati Children’s Hospital Medical Center,
MLC 4010, 3333 Burnet Avenue, Cincinnati, OH 45229, USA. 2Departmem of
Pathology and Laboratory Medicine, Cincinnati Children’s Hospital Medical
Center, 3333 Burnet Ave, Cincinnati, OH 45229, USA. 3‘Departmem of
Nephrology, Cincinnati Children’s Hospital Medical Center, 3333 Burnet Ave,
Cincinnati, OH 45229, USA. “State University of Campinas, Bardo Geraldo,
Campinas, SP 13083-970, Brazil. °Ann & Robert H. Lurie Children’s Hospital of
Chicago, 225 East Chicago Avenue, Chicago, IL 60611, USA.

Received: 7 February 2017 Accepted: 27 September 2017
Published online: 24 October 2017

References

1. Hiraki LT, Feldman CH, Liu J, Alarcon GS, Fischer MA, Winkelmayer WC, et al.
Prevalence, incidence, and demographics of systemic lupus erythematosus
and lupus nephiritis from 2000 to 2004 among children in the US Medicaid
beneficiary population. Arthritis Rheum. 2012;64:2669-76.

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

3. Vachvanichsanong P, McNeil E. Pediatric lupus nephritis: more options,
more chances? Lupus. 2013,;22:545-53.

. Perfumo F, Martini A. Lupus nephritis in children. Lupus. 2005;14:83-8.

5. 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 (Hoboken). 2016;68:195-202.

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

7. Kessel C, Holzinger D, Foell D. Phagocyte-derived S100 proteins in
autoinflammation: putative role in pathogenesis and usefulness as
biomarkers. Clin Immunol. 2013;147:229-41.

8. Holzinger D, Frosch M, Kastrup A, Prince FHM, Otten MH, Van Suijlekom-
Smit LW, et al. The Toll-like receptor 4 agonist MRP8/14 protein complex is
a sensitive indicator for disease activity and predicts relapses in systemic-
onset juvenile idiopathic arthritis. Ann Rheum Dis. 2012,71:974-80.

9. Haga HJ, Brun JG, Berntzen HB, Cervera R, Khamashta M, Hughes GR.
Calprotectin in patients with systemic lupus erythematosus: relation to
clinical and laboratory parameters of disease activity. Lupus. 1993;2:47-50.

10.  Soyfoo MS, Roth J, Vogl T, Pochet R, Decaux GUY. Phagocyte-specific
S100A8/A9 protein levels during disease exacerbations and infections in
systemic lupus erythematosus. J Rheumatol. 2009;36:2190-4.

11. Lood C, Stenstrom M, Tydén H, Gullstrand B, Kéllberg E, Leanderson T, et al.
Protein synthesis of the pro-inflammatory ST00A8/A9 complex in plasmacytoid
dendritic cells and cell surface STO0A8/A9 on leukocyte subpopulations in
systemic lupus erythematosus. Arthritis Res Ther. 2011;13(2):R60.

12. Tantivitayakul P, Benjachat T, Somparn P, Leelahavanichkul A, Kittikovit V,
Hirankarn N, et al. Elevated expressions of myeloid-related proteins-8 and
-14 are danger biomarkers for lupus nephritis. Lupus. 2016;25(1):38-45.

13. lwano M, Yamaguchi Y, lwamoto T, Nakatani K, Matsui M, Kubo A, et al.
Urinary FSP1 is a biomarker of crescentic GN. J Am Soc Nephrol. 2012;23:
209-14.

14.  Donato R, Cannon BR, Sorci G, Riuzzi F, Hsu K, Weber DJ, et al. Functions of
S100 proteins. Curr Mol Med. 2013;13:24-57.

15. Schneider M, Hansen JL, Sheikh SP. ST00A4: a common mediator of
epithelial-mesenchymal transition, fibrosis and regeneration in diseases?

J Mol Med. 2008;86:507-22.

16.  Tan E, Cohen AS, Fries JF, Masi AT, Mcshane DJ, Rothfield NF, et al. The 1982
revised criteria for the classification of systemic lupus erythematosus.
Arthritis Rheum. 1982,25:1271-7.

17. Hochberg MC. Updating the American College of Rheumatology revised
criteria for classification of systemic lupus erythematosus. Arthritis
Rheumatol. 1997;40:1725.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

36.

8.

Page 11 of 11

Barnes MG, Grom AA, Thompson SD, Griffin TA, Pavlidis P, Itert L, et al.
Subtype-specific peripheral blood gene expression profiles in recent-onset
juvenile idiopathic arthritis. Arthritis Rheum. 2009;60:2102-12.

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.

Gladman DD, Ibanez D, Urowitz MB. Systemic Lupus Erythematosus Disease
Activity Index 2000. J Rheumatol. 2002;29(2):288-91.

Weening JJ, D'Agati VD, Schwartz MM, Seshan SV, Alpers CE, Appel GB, et al.
The classification of glomerulonephritis in systemic lupus erythematosus
revisited. Kidney Int. 2004;65:521-30.

Austin HA, Muenz LR, Joyce KM, Antonovych TA, Kullick ME, Klippel JH, et al.
Prognostic factors in lupus nephritis: contribution of renal histologic data.
Am J Med. 1983;75:382-91.

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

Schwartz GJ, Mufioz A, Schneider MF, Mak RH, Kaskel F, Warady BAFS. New
equations to estimate GFR in children with CKD. J Am Soc Nephrol. 2009,20:
629-37.

Nishitani Y, lwano M, Yamaguchi Y, Harada K, Nakatani K, Akai Y, et al.
Fibroblast-specific protein 1 is a specific prognostic marker for renal survival
in patients with IgAN. Kidney Int. 2005,68:1078-85.

Harada K, Akai Y, Yamaguchi Y, Kimura K, Nishitani Y, Nakatani K, et al.
Prediction of corticosteroid responsiveness based on fibroblast-specific
protein 1 (FSP1) in patients with IgA nephropathy. Nephrol Dial Transplant.
2008;23:3152-9.

Teramoto K, Negoro N, Kitamoto K, Iwai T, Iwao H, Okamura M. Microarray
analysis of glomerular gene expression in murine lupus nephritis. J Pharmacol
Sci. 2008,67:56-67.

Yamaguchi Y, Iwano M, Suzuki D, Nakatani K, Kimura K, Harada K, et al.
Epithelial-mesenchymal transition as a potential explanation for podocyte
depletion in diabetic nephropathy. Am J Kidney Dis. 2009;54:653-64.
Frosch M, Vogl T, Waldherr R, Sorg C, Sunderkétter C, Roth J. Expression of
MRP8 and MRP14 by macrophages is a marker for severe forms of
glomerulonephritis. J Leukoc Biol. 2004;75:198-206.

Seibert FS, Pagonas N, Arndt R, Heller F, Dragun D, Persson P, et al.
Calprotectin and neutrophil gelatinase-associated lipocalin in the
differentiation of pre-renal and intrinsic acute kidney injury. Acta Physiol.
2013;207:700-8.

Heller F, Frischmann S, Griinbaum M, Zidek W, Westhoff TH. Urinary
calprotectin and the distinction between prerenal and intrinsic acute kidney
injury. Clin J Am Soc Nephrol. 2011;6:2347-55.

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.

Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W, et al.
Neutrophil extracellular traps contain calprotectin, a cytosolic protein
complex involved in host defense against Candida albicans. PLoS Pathog.
2009;5:21000639.

Hakkim A, Firnrohr BG, Amann K, Laube B, Abed UA, Brinkmann V, et al.
Impairment of neutrophil extracellular trap degradation is associated with
lupus nephritis. Proc Natl Acad Sci U S A. 2010;107:9813-8.

Bennett L, Palucka AK, Arce E, Cantrell V, Borvak J, Banchereau J, et al.
Interferon and granulopoiesis signatures in systemic lupus erythematosus
blood. J Exp Med. 2003;197:711-23.

Liu KD, Siew ED, Reeves WB, Himmelfarb J, Go AS, Hsu CY, et al. Storage
time and urine biomarker levels in the ASSESS-AKI study. PLoS One.
2016;11(10):e0164832.



	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study population
	Assessment of disease activity
	Clinical data collection
	S100 proteins in serum and urine
	S100A4 immunohistochemistry
	Statistical analysis

	Results
	Clinical and demographic data for all cohorts
	Serum S100 levels in patients with cSLE
	Urine S100 levels in patients with cSLE with and without LN from cross-sectional cohort
	Urine S100 levels in patients with cSLE with LN from longitudinal cohort
	Urine S100A4 levels in all patients with active LN by LN class and degree of LN activity
	Association of urine S100 levels with clinical disease activity measures and other S100 protein levels in all patients with active LN
	Association of urine S100A4 levels with standard laboratory measures of disease activity in all patients with active LN
	S100A4 immunohistochemistry in renal biopsies of patients with LN versus control subjects

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

