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Introduction: In idiopathic nephrotic syndrome, response to corticosteroids remains the best indicator of
prognosis. Noninvasive markers to predict a patient’s response to steroids would allow improved prog-
nostication and a more personalized approach to management. We have previously derived a urinary
biomarker risk score which can differentiate steroid sensitive nephrotic syndrome (SSNS) from steroid
resistant nephrotic syndrome (SRNS) in children. The goal of this study was to validate this previously
derived biomarker risk score in a cohort of steroid-naive adult patients, to determine whether the panel
could be used to predict steroid responsiveness at the time of initial diagnosis.

Methods: In this external validation study, clinical data, and urinary specimens (obtained before initiation
of steroid treatment) from adult patients were used in the Nephrotic Syndrome Study Network (NEPTUNE)
cohort. A panel of 5 previously identified and validated urinary biomarkers, including neutrophil
gelatinase-associated lipocalin (NGAL), vitamin D binding protein (VDBP), Fetuin-A (FetA), Transthyretin
(TTR), and alpha-1 acid glycoprotein 2 (AGP2) was measured. A summary risk score for steroid resistance
was calculated based on biomarker concentrations. Receiver operating characteristic curves were created
for each log-transformed biomarker concentration and for the individual and combined biomarker risk
score.

Results: The urine biomarker risk score predicted development of steroid resistance, with optimal sensi-
tivity and specificity of 0.74, and area under the receiver operating characteristic curve (AUC) of 0.79 using
both absolute and creatinine-corrected concentrations.

Conclusion: This study validates the previously derived urinary biomarker risk score to predict steroid
resistance in adult patients with nephrotic syndrome at initial diagnosis.
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ephrotic syndrome is a common primary glomer-
N ular disease in both children and adults. It is
characterized by proteinuria, hypoalbuminemia,
hyperlipidemia, and edema; and can lead to serious
complications such as infections, thromboses, and acute
kidney injury. Minimal change disease (MCD) accounts
for 15% to 20% of primary nephrotic syndrome in
adults. Other common pathological lesions in adults
include focal segmental glomerulosclerosis (FSGS) and
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membranous nephropathy. The prognosis in primary
nephrotic syndrome largely depends on the response to
steroids. Those with SSNS typically have MCD and
exhibit excellent outcomes, with many achieving long-
term remission and maintaining normal kidney func-
tion." However, some patients with childhood-onset
MCD may continue having relapses through adult
life, requiring additional courses of steroids for remis-
sion. Conversely, patients with SRNS are at high risk
for progression to chronic kidney disease (CKD) and
end-stage kidney disease during adulthood, and recur-
rence of disease after kidney transplantation.” The
threshold for performing kidney biopsy in adults
with idiopathic nephrotic syndrome is lower than in
children. However, we still need noninvasive markers
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to predict steroid responsiveness in adults, which
would allow us to identify those patients who would
benefit from earlier biopsy and conversion to second
line immunosuppression instead of unnecessarily
incurring the well-known toxicities of steroids. This
is particularly pertinent to adults with a clinical pre-
sentation of MCD, in whom controversies still exist
regarding initiating treatment with steroids versus
other immunosuppressive regimens, including calci-
neurin inhibitors and mycophenolate mofetil.’

Our previous work® used unbiased proteomic
profiling methodologies and downstream confirmation
to discover and derive novel urinary biomarkers to
responsiveness in childhood
nephrotic syndrome. We identified 5 biomarkers with
excellent collective predictive capability, with AUC of
0.85. The markers included NGAL, VDBP, FetA, TTR,
and AGP2. Using these urinary biomarker concentra-
tions, we derived an algorithm to calculate a risk score
for SRNS.” Two limitations of the previous study
included the following: (i) most patients had received
steroid treatment prior to enrollment, hindering our
ability to reliably use the panel to predict steroid
responsiveness, and (i) all study participants were
children. Therefore, the objective of the present study
was to externally validate this previously derived
biomarker risk score using urine specimens from treat-
ment naive adult patients. We used samples from adult
patients in the multicenter NEPTUNE cohort to deter-
mine the predictive value of the biomarker risk score for
response to steroids in adults with nephrotic syndrome.

METHODS

Source of Data

NEPTUNE is a prospective cohort study comprised of
adult and pediatric patients with nephrotic syndrome.’
All enrolled patients have undergone renal biopsy and
are categorized into a histological study cohort: FSGS,
MCD, membranous nephropathy, or other. De-
mographic and clinical data, renal biopsy tissue, urine
and blood samples are available for study participants.
The NEPTUNE Cohort Study Design and flow diagram
has been previously published.’

differentiate steroid

Participants and Patient Samples

For the present validation study, we employed the
Transparent Reporting of a multivariable prediction
model for Individual Prognosis or Diagnosis recom-
mendations for the reporting of studies developing,
validating, or updating a prediction model.” Pertinent
clinical data and baseline urine specimens were
requested and obtained for adult patients in the
NEPTUNE cohort who presented with their first
episode of primary nephrotic syndrome, had a baseline
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urine sample collected before initiation of treatment
with corticosteroids, and who subsequently received
steroid treatment. Patients with nephrotic syndrome
secondary to systemic disease, patients with active
infection or gross hematuria at the time of baseline
sample collection, and those already receiving cortico-
steroids at the time of enrollment were excluded. At
the time of the request, 58 samples were available from
NEPTUNE and were used as convenience samples.

Outcomes

The dose of steroids (and of any other medications)
used in the NEPTUNE cohort was at the discretion of
the prescribing physician. A patient was designated
steroid sensitive if complete remission (defined as a
urine protein-to-creatinine ratio [UPCR| <0.3) was
achieved after screening and during the initial study
period of the NEPTUNE cohort. Patients who failed to
achieve complete remission (UPCR = 0.3) after 8 weeks
of steroid treatment were labeled steroid resistant.

Sample Size and Power Calculation

Our derivation study’ was performed using a total
sample size of 50 patients, including 30 with SSNS and
20 with SRNS. For this validation study, we used a
similar sample size. Fifty-eight patients from the
NEPTUNE cohort met our inclusion criteria. Of these,
34 achieved complete remission (SSNS group) whereas
24 failed to achieve complete remission during the
study period (SRNS group). A power analysis evaluated
the 95% confidence interval of AUC under the receiver
operating characteristic curve using a 2-sided test,
assuming an expected AUC of 0.85 which would sug-
gest that the study is powered to produce a confidence
interval width of 0.098. Our obtained AUC estimate of
0.79 falls right within the range of 0.85 & 0.098.

Specimen Processing

Baseline urine samples were received from the
NEPTUNE biorepository and stored at —80 °C until
batch analysis. No more than 2 freeze-thaw cycles were
used per sample.

Predictive Variables: Urine Biomarker
Measurements

Commercially available enzyme-linked immunosorbent
assay (ELISA) kits were used to measure each urinary
biomarker in all samples as previously described.”
Briefly, VDBP was measured using a commercially
available ELISA kit (R&D Systems, Minneapolis, MN),
with test variability coefficients of variation (CVs) of
59% and 6.2% for intra-assay and interassay,
respectively. NGAL was measured using an ELISA kit
from Bioporto (NGAL ELISA Kit 036; BioPorto, Grus-
bakken, Denmark). This test has an intra-assay CV of
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2.1% and interassay CV of 9.1%. AGP2 was measured
with a commercially available ELISA kit (Abnova,
Taipei City, Taiwan), with intra-assay CV of 4.4% and
interassay CV of 7.2%. FetA was measured using a
commercially available ELISA with intra-assay CV of
5.5% and interassay CV of 7.6%. TTR was measured
using a commercially available ELISA (Assaypro, St.
Charles, MO) with intra-assay of CV 4.6% and inter-
assay CV of 9.0%. Urine creatinine was measured using
the Siemens enzymatic creatinine test (Siemens
Dimension RXL Max clinical chemistry system) and
was used to standardize the concentrations of the
measured biomarkers. Results are reported for both
unadjusted and urine creatinine-adjusted biomarker
concentrations. Individuals performing the laboratory
assessments were blinded to the identity of the pa-
tients, including their steroid responsiveness status.

Statistical Analysis

Demographic and clinical characteristics were
compared for patients in the SSNS and SRNS groups,
using 2-sample ¢ test or Mann-Whitney test (for
continuous variables) or Y test (for categorical vari-
ables). We evaluated both absolute (nonstandardized)
biomarker concentrations and values standardized for
urine creatinine concentrations. A log2 transformation
of all biomarker values was performed to correct for
right skewness. Log2 transformed values for each
biomarker were compared for the SRNS and SSNS
groups using a 2-sample ¢-test (or Mann-Whitney if
nonparametric). These biomarker values were also
compared to patients” demographic and clinical data, to
determine whether the biomarkers provide valuable
information independent of these other relevant disease
factors. Our group has previously published a sum-
mary risk score, which is a linear function of the 5-
biomarker panel." Briefly, we log-transformed
biomarker concentrations, multiplied each biomarker
by a multiplier factor, and added this to the equation
derived from logistic regression analysis to obtain the
risk score. We used a similar approach to calculate a
summarized risk score in this study, then performed
AUC analysis using this risk score. The Delong test was
used to compare the AUCs for each model versus a
model which combined all biomarkers. An optimal
cutoff for the risk score to identify SRNS was derived
by optimizing the Youden Index in the AUC analysis.

RESULTS

The Transparent Reporting of a multivariable predic-
tion model for Individual Prognosis or Diagnosis
Reporting checklist for the reporting of this validation
study” is shown in Supplementary Table SI.
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Table 1. Patient demographics for SSNS and SRNS groups at the
time of patient recruitment

Variable SSNS (N = 34) SRNS (N = 24) P-value
Male 24 (71%) 16 (67%) 0.7505
Age 53 (43, 62) 41 (36, 47) 0.0019
Race 0.56509
White/Caucasian 22 (65%) 13 (54%)

Black/African American 5 (15%) 3 (13%)

Other 7 21%) 8 (33%)

Ethnicity (Hispanic) 2 (6%) 9 (38%) 0.0025
BMI 30.8 (26.45, 33.14)  31.7 (26.76, 35.15) 0.6764
BMI >35 7 (21%) 6 (25%) 0.6915
BMI >40 4 (12%) 4 (17%) 0.5939
Follow up (mo) 45 (36, b5) 41 (30, 53.5) 0.2979
Hyperfension at baseline 25 (74%) 19 (79%) 0.6212
6GFR (mi/min/1.73 m?) 71 (50, 88) 69 (38, 108) 0.8059
Histology 0.7454
MN 13 (38 %) 7 (29%)

MCD 3 (9%) 1 (4%)

Other 8 (24%) 7 (29%)

FSGS 10 (29%) 9 (38%)

UACR 2686 (751, 3959) 4150 (2256, 5188) 0.0084
UPCR 3.84 (0.81, 5.12) 5.46 (2.59, 7.36) 0.0197

BMI, body mass index; eGFR, estimated glomerular filtration rate using CKD-EPI
equation; FSGS, focal segmental glomerulosclerosis; MCD, minimal change disease;
MN, membranous nephropathy; SRNS, steroid resistant nephrotic syndrome; SSNS,
steroid sensitive nephrotic syndrome; UACR, urine albumin to creatinine ratio; UPCR,
urine protein to creatinine ratio.

Reported as median and interquartile ranges (Q1, Q3) for continuous variables and n (%)
for categorical variables.

Patient Characteristics

Our derivation study4 was performed using a total
sample size of 50 children, including 30 with SSNS and
20 with SRNS. For this validation study, we used a
similar sample size. Fifty-eight adult patients from the
NEPTUNE cohort’ met our inclusion criteria for the
present validation study. Of these, 34 achieved complete
remission (SSNS group) while 24 failed to achieve
complete remission during the study period (SRNS
group). Patient demographics and baseline clinical
characteristics are described in Table 1. Patients with
steroid-resistant disease were significantly younger (41
vs. 53 years, P = 0.002) and more likely to be Hispanic
(38% vs. 6%, P = 0.0025) than those with SSNS. The
groups were similar for sex, race, body mass index, and
histologic diagnosis. Although all patients displayed
nephrotic range proteinuria, the SRNS group exhibited
significantly higher absolute values for urine albumin-
to-creatinine ratio (UACR) and UPCR at initial diagnosis.

Predictor Selection: Urinary Biomarker
Concentrations

Urinary biomarker levels were measured in each sam-
ple and compared between the SSNS and SRNS cohorts.
In Table 2, we show median and interquartile range for
each log-transformed biomarker. NGAL, VDBP, and
FetA levels were significantly higher in the SRNS
group than the SSNS group after log2 transformation.
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Table 2. Comparison of biomarker levels for SSNS versus SRNS, reported as median (Q1, Q3)

Log2 biomarker SSNS (N = 34) SRNS (N = 24) Fold (SRNS/SSNS) P-value
UACR 10.59 (9.89, 11.95) 11.72 (11.14, 12.34) 1.11 (1.03, 1.19) 0.0072
UPCR 0.74 (~0.31, 2.36) 2.11 (1.37, 2.88) 2.84 (1.20, 88.74) 0.0079
NGAL 4.95 (3.61, 6.11) 6.17 (4.29, 7.82) 1.25 (1.03, 1.51) 0.0240
VDBP 10.79 (9.08, 13.68) 13.01 (11.81, 14.98) 1.21 (1.06, 1.38) 0.0068
TIR 10.19 (6.91, 12.96) 11.74 (11.18, 14.15) 1.15 (0.97, 1.37) 0.1025
Fetuin-A 14.71 (13.01, 16.57) 16.72 (15.38, 18.57) 1.14 (1.05, 1.24) 0.0039
AGP2 0.89 (0.49, 1.05) 0.65 (0.49, 0.76) 0.73 (0.49, 1.04) 0.0961
NGAL/creatinine —14.45 (~16.06, —13.39) 134 (1532, —11.4) 0.93 (0.85, 1.01) 0.0944
VDBP/creatinine ~86(—10.73, —5.92) —6.56 (—7.74, —5.15) 0.76 (0.61, 0.94) 0.0187
TTR/creatinine ~9.21 (~12.05, —6.2) ~7.84 (-8.82, —5.28) 0.85 (0.67,1.07) 0.1689
Fetuin-A/creatinine —4.68 (—6.82, —3.08) ~2.85(~3.79, —1.73) 0.61 (0.39, 0.89) 0.0135
AGP2/creatinine ~18.51 (~19.33, —17.96) ~18.93 (~19.72, —18.34) 1.02 (0.99, 1.05) 0.1151

SSNS, steroid sensitive nephrotic syndrome; SRNS, steroid resistant nephrotic syndrome; UACR, urine albumin to creatinine ratio; UPCR, urine protein to creatinine ratio; NGAL,

neutrophil gelatinase associated lipocalin; VDP, vitamin D binding protein; TTR, transthyretin; AGP2, alpha-1 acid glycoprotein 2; creat, creatinine.

For VDBP and FetA, this difference persisted after
correcting for urine creatinine.

Receiver Operating Characteristic Curve
Analysis

In Table 3, we summarize the AUC for the prediction of
steroid resistance for each biomarker alone and for the
summary risk score for the combined 5-biomarker
panel, using either values unadjusted for or standard-
ized for urine creatinine. The corresponding figures for
the AUC derivations are shown in Figures 1 and 2. The
risk score of the 5 biomarkers combined yielded an
AUC of 0.79, which is significantly higher than that of
UACR and UPCR (AUC 0.69) or of any single biomarker
alone. Adjusting the concentration of the 5 biomarkers
to urine creatinine did not significantly change the
diagnostic accuracy (AUC of 0.7877 using unadjusted
biomarker values and AUC of 0.7903 using concentra-
tions adjusted for urine creatinine). The addition of
UACR and UPCR to the model containing the 5 bio-
markers did not improve the score, with the AUC
remaining at 0.79. Furthermore, the combined risk
score of all 5 biomarkers yielded the best AUC for SRNS
prediction, when compared to a panel of 2, 3, or 4
markers, as summarized in Supplementary Table S2.

Table 3. Summary of AUCs for detecting SRNS

A cutoff risk score of 0.36 was identified by opti-
mizing the Youden index (Figures 1 and 2), which cor-
responds to a sensitivity and specificity of 0.74 and 0.74,
respectively for the absolute nonstandardized score.

Practical Use of the Summary Risk Score to
Identify Steroid Resistance

Using the same formula previously derived from the lo-
gistic regression analysis, we calculated the risk score for
the prediction of steroid resistance in the current study
sample. Next, applying the optimal cutoff score from the
receiver operating characteristic analysis, patients at high
risk for SRNS were identified. To demonstrate the prac-
tical usage of this approach, a list of steps to be followed
as well as a patient example are provided as follows.

Step 1: Log2 transform each biomarker concentration

Step 2: Multiply log-transformed values by factor
from the following equation:

Logit SRNS = —8.03 + 0.48 X creatinine + 0.15 X
NGAL + 0.46 X VDBP — 0.29 X TTR + 0.14 X FetA —
0.69 X AGP2

Step 3: Add to equation to get patient’s risk score

Step 4: Compare the risk score to the optimal cutoff
score of 0.36. If a patient’s score is higher than this cutoff
value, he or she is at increased risk for steroid resistance.

Biomarker Non standardized Standardized®

ROC model AUC (95% CI) P-value AUC (95% CI) P-value
NGAL 0.66 (0.55-0.83) 0.078 0.62 (0.46-0.77) 0.066
VDBP 0.70 (0.56-0.84) 0.187 0.66 (0.51-0.81) 0.125
TR 0.65 (0.49-0.80) 0.073 0.61 (0.45-0.76) 0.064
Fetuin-A 0.74 (0.60-0.87) 0.344 0.69 (0.54-0.83) 0.203
AGP2 0.65 (0.50-0.80) 0.057 0.62 (0.47-0.77) 0.027
All 5 biomarkers 0.79 (0.65-0.91) Reference 0.79 (0.65-0.91) Reference
UACR & UPCR 0.69 (0.55-0.83) 0.220 0.69 (0.55-0.83) 0.219
All 5 biomarkers + UACR and UPCR 0.79 (0.65-0.91) 0.963 0.79 (0.65-0.91 0.963

AGP2, alpha-1 acid glycoprotein 2; AUC, area under the receiver operating characteristic curve; NGAL, neutrophil gelatinase associated lipocalin; SRNS, steroid resistant nephrotic
syndrome; TTR, transthyretin; UACR, urine albumin to creatinine ratio; UPCR, urine protein to creatinine ratio; VDP, vitamin D binding protein.

Results used biomarker standardized to urine creatinine.

Kidney International Reports (2023) 8, 2458-2468
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Figure 1. Sensitivity and specificity characteristics for the combined 5 urinary biomarker panel. (a) is for absolute nonstandardized concentrations of
the biomarkers. (b) is for concentrations of the biomarkers adjusted for urine creatinine. AUC, area under the receiver operating characteristic curve.

For example, assume a patient’s urinary biomarker
levels are as follows: creatinine 82.7 mg/dl, NGAL 180
ng/ml, VDBP 14,200 ng/ml, TTR 9200 ng/ml, FetA
194,000 ng/ml, AGP2 2.04 ng/ml.

Step 1: Log transformation gives the following:
creatinine 6.4, NGAL 7.5, VDBP 13.8, TTR 13.2, FetA
17.6, AGP2 1.0.

Step 2: Multiplying each log-transformed value by the
factor from the equation above gives: 0.48 X 6.4 +
0.15 x 180 + 0.46 X 13.8 — 0.29 X 13.2+ 0.14 X 17.6 —
0.69 x 1.0

a ROC Curve for Model
Area Under the Curve = 0.7877
1.00 A
075
B
‘B
2 050
a
L4
w2
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T T T T T

0.00 025 0.50 075 1.00
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Step 3: Adding this to the equation: —8.03 + 3.1 +
11 +63—38+25—-07=043

Because the patient’s calculated risk score of 0.43 is
greater than the cutoff of 0.36, this patient is consid-
ered at increased risk for steroid resistance.

DISCUSSION

Noninvasive biomarkers to predict the response to ste-
roids in childhood and adult nephrotic syndrome are
unmet needs. The goal of this study was to validate in

b ROC Curve for Model
Area Under the Curve = 0.7903
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Figure 2. Receiver operating characteristic curve analysis for the combined 5 urinary biomarker panel. (a) is for absolute nonstandardized
concentrations of the biomarkers. (b) is for concentrations of the biomarkers adjusted for urine creatinine. The AUC (0.79) is almost identical for

both approaches when all 5 biomarkers are used in combination.
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adult populations a previously derived panel of 5 bio-
markers which has been shown to differentiate SSNS
from SRNS in children.” We found that 3 of the 5 uri-
nary biomarkers previously identified to be overex-
pressed in pediatric SRNS were also significantly higher
in concentrations in the baseline pretreatment urine
specimens of adult patients who went on to develop
steroid resistant disease. When combined, the panel of 5
biomarkers had very good discriminatory power to
predict steroid resistance, with AUC of 0.79, which is
significantly better than that of traditional markers such
as UACR and UPCR, and of any single biomarker alone.
The addition of the UACR and UPCR did not yield an
improvement in the AUC when compared to the 5 bio-
markers alone. The diagnostic accuracy of the 5 bio-
markers was not different when comparing
concentrations that were adjusted for urine creatinine
versus unadjusted. We created a SRNS risk score which
could be used early on in a patient’s disease course to
predict responsiveness to steroid therapy, thus facili-
tating personalized approaches to management options.
These results build on our previous findings exam-
ining urinary biomarkers to predict steroid resistance
in children." We previously employed unbiased
isobaric tags for relative and absolute quantitation to
identify urinary proteins differentially expressed in
SSNS versus SRNS. We combined the 4 urinary pro-
teins most upregulated in SRNS by univariate analysis
(VDBP, FetA, TTR, and AGP2) with urine NGAL
because of the widely reported effectiveness of NGAL
as a marker of CKD progression and tubulointerstitial
damage in several patient cohorts,” ! including sub-
jects with SRNS.'” ' Using these urinary biomarker
concentrations, we previously derived an algorithm to
calculate a risk score for SRNS.” This set of 5 urinary
biomarkers showed significant associations with SRNS
in children and yielded an AUC of 0.85 for prediction
of steroid resistance.” However, most patients had
received steroid treatment prior to enrollment, hin-
dering our ability to use the panel to reliably predict
steroid responsiveness. In the present study, we
examined the same panel of biomarkers using urine
specimens from treatment naive adult patients, and
externally validated the biomarker risk score calcula-
tion from our previous pediatric derivation study.
The urinary proteins validated in this study (NGAL,
VDBP, FetA, TTR, and AGP2) have strong clinical and
biologic plausibility as biomarkers of SRNS. NGAL is
one of the most upregulated genes in the kidney
following a variety of experimental'” *' and human®**’
kidney diseases. Furthermore, NGAL protein is upre-
gulated in human kidney tissues (specifically in tubular
epithelial cells) in several kidney conditions, in which
the degree of NGAL expression is correlated with

Kidney International Reports (2023) 8, 2458-2468
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adverse clinical outcomes. These include impaired graft
function after transplantation,*"*’ lupus
nephritis,% proteinuric (>1 gm per day) patients with
diabetic nephropathy, membranous nephropathy or
IgA nephropathy,”” and patients with rapidly pro-
gressive CKD due to autosomal dominant polycystic
kidney disease, oligomeganephronia or IgA nephropa-
thy.”**” In animal models of protein overload, albumin
induces a tubular protein response prominently
including NGAL modulation, which leads to tubular
cell apoptosis. Consistent with an essential role of
NGAL in CKD progression, experimental NGAL gene
ablation decreases tubule cell apoptosis, tubulointer-
stitial lesions and mortality in proteinuric mice.”® The
ability of urine NGAL to predict steroid responsiveness
in human nephrotic syndrome is now well-estab-
lished.'” ' In the present study, we found that urine
NGAL alone displayed a good diagnostic accuracy for
prediction of SRNS (AUC of 0.66 and 0.62 for unad-
justed and urine creatinine-adjusted values, respec-
tively); however, the combination of 5 biomarkers
significantly improved the score (AUC 0.79 for both
unadjusted and creatinine-adjusted concentrations).
Subjects with nephrotic range proteinuria and CKD
display deficiency of both vitamin D and its carrier,
VDBP in serum, resulting largely from urinary losses of
VDBP that occur in direct proportion to the degree of
30733 Mechanistically, because CKD due to
SRNS results in pronounced proximal tubular injury,
this would be expected to diminish megalin-dependent
reabsorption of VDBP, resulting in excessive losses of
VDBP in the urine. In support of this hypothesis, rodent
models of chronic adriamycin-induced nephrosis display
tubular fibrosis, inflammation, and interstitial damage,
the degree of which was closely correlated with the
urinary excretion of VDBP.” In subjects with CKD and
nephrotic range proteinuria, the urinary VDBP excretion
was attenuated by intensification of nephroprotective
therapy.”’ Recent unbiased urine proteomic analysis
using liquid chromatography/mass spectrometry fol-
lowed by validation using multiple reaction monitoring
has also revealed significantly increased concentrations
of VDBP in subjects with progressive FSGS in compari-
son to MCD.” However, subjects in this study were
included at the time of first presentation with nephrotic
syndrome and are unlikely to have incurred chronic
kidney damage resulting in excessive urinary losses of
VDBP. We postulate that mechanisms leading to exces-
sive urinary VDBP loss in primary nephrotic syndrome
include excessive filtration of systemic VDBP across a
damaged glomerulus (molecular weight of VDBP is 52-59
kDa which is well below the known filtration barrier of
70 kDa exhibited by the normal glomerulus) and
possibly, impaired megalin-dependent reabsorption.

chronic

albuminuria.
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FetA is a reverse acute phase serum glycoprotein and
systemic inhibitor of calcification that normally is freely
filtered by the glomerulus, absorbed by the proximal
tubule by megalin-mediated endocytosis, and targeted
to lysosomes for degradation.’” The megalin dysfunction
characteristic of tubular damage in proteinuric states
would be expected to result in excessive urinary FetA
losses. Urinary FetA has been shown to be a marker for
diabetic nephropathy, with excretion rates directly
correlated to progression of albuminuria.”® Unbiased
urinary proteomic studies using capillary electropho-
resis coupled to mass spectrometry have also identified
peptide fragments of FetA in patients with CKD from a
variety of causes’’ and in patients with diabetic kidney
disease’”; the latter study also showed correlations be-
tween urinary FetA peptides and degree of kidney
dysfunction. These findings are further supported by
another proteomic analysis by liquid chromatography/
mass spectrometry followed by multiple reaction
monitoring validation, revealing significantly increased
concentrations of FetA in subjects with progressive
FSGS in comparison to MCD.”" However, because sub-
jects in this study did not display progressive chronic
kidney damage, an additional pertinent mechanism to
explain the high concentration of FetA in the urine
might include direct glomerular damage (molecular
weight of FetA is 51-67 kDa, which is below the normal
glomerular filtration barrier.

AGP2, also known as orosomucoid, is a major acute-
phase immunomodulatory protein and its serum con-
centration increases many-fold during inflammation.
Early studies using high-performance liquid chroma-
tography showed that urinary excretion of AGP2 was
increased in patients with proteinuria.”” Proteomic
profiling using isobaric tags for relative and absolute
quantitation followed by ELISA have confirmed the
strong association between urinary AGP2 concentration
and SRNS." Increased urinary AGP2 has also been
documented in other kidney conditions with chronic
tubular damage and proteinuria, including lupus
nephritis,"" *’ chronic allograft nephropathy,” and
sickle cell nephropathy.”” Exogenously administered
AGP2 reduces proteinuria and inflammation by inducing
antiinflammatory macrophages in the kidney in animal
models of Adriamycin-induced nephropathy.*’

TTR, also known as prealbumin, is one of the most
abundant circulating proteins, largely synthesized by
the liver. Mutations in the TTR gene are documented
to cause kidney amyloidosis, proteinuria, and CKD."’
Serum TTR levels are elevated in CKD,” and prox-
imal tubular megalin is essential for TTR uptake from
the glomerular filtrate.”” It is presumed that tubular
damage in proteinuric states would result in megalin
dysfunction and consequent loss of TTR in the urine.
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This study had several limitations which should be
noted. First, this was a small study, with only 58 pa-
tients meeting inclusion criteria, although our sample
size calculations indicated that the study was adequately
powered for validation. Second, we relied on retro-
spective data from the NEPTUNE study to provide
clinical characteristics. Third, the patients in this study
are all over the age of 18, and therefore these results may
not be generalizable to the pediatric population.
Notably, most patients in this study had histology
consistent with membranous nephropathy or FSGS,
which are seen less frequently in the pediatric popula-
tion in whom the original derivation study was
completed. The present study was not adequately
powered to separately analyze biomarker performance
in various disease groups, for example, FSGS versus
membranous versus MCD. It is possible that urinary
biomarker levels could vary based on the underlying
histologic diagnosis, and this should be explored in
larger future studies. Fourth, we acknowledge that some
subjects in the original derivation study were already on
steroids when the urine samples were obtained. It is
possible that future discovery-based studies completed
only in steroid-naive subjects may yield additional
biomarkers for future validation. Fifth, the urinary
proteins included in this study are not specific for
idiopathic nephrotic syndrome and can be detected in a
variety of proteinuric CKD states. Finally, the biomarker
measurements in this panel currently require individual
ELISA assays for completion. Prior to any direct clinical
application, it would be desirable to construct a multi-
plex assay using platforms that are easily deployable at
clinical testing sites, as has been recently reported for
other urinary panels for kidney diseases.””

Despite these limitations, we have now demon-
strated the ability of a risk score derived from a panel
of 5 urinary biomarkers to identify patients with SRNS.
This panel was initially used to differentiate steroid-
resistant from steroid-sensitive disease in children
with nephrotic syndrome at our institution, and we
have now validated its use for the prediction of steroid
resistance in adults in the multicenter NEPTUNE
cohort. This risk score should now be tested in a large,
prospective analysis to confirm its predictive capabil-
ities. Future studies should be sufficiently powered to
address any differences in biomarker concentration due
to disease type, histologic diagnosis, and prognosis. If
further validated, the panel could be used at the time of
diagnosis to predict the risk of steroid resistance and its
outcome. This information could then be used by cli-
nicians to help guide management and personalize
therapy. Specifically, those at higher risk for steroid
resistance could benefit from closer monitoring, earlier
kidney biopsy to establish the histologic diagnosis, and
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optimization of antiproteinuric therapy. Such an
approach would minimize the well-known side effects
of steroid therapy in both children and adults,
including hyperglycemia, dyslipidemia, adrenal sup-
pression, hypertension, osteoporosis, and psychiatric
disturbances. In addition, an early prediction of steroid
resistance would enable rapid transition from steroids
to trials of other potentially effective immunosuppres-
sive therapies, including rituximab, calcineurin in-
hibitors, or mycophenolate mofetil.

APPENDIX

Members of the Nephrotic Syndrome Study
Network (NEPTUNE)

NEPTUNE Enrolling Centers

Atrium Health Levine Children’s Hospital, Charlotte, SC: S
Massengill* L Lo*

Children’s Hospital, Los Angeles. C Fajardo*, S
Sharma®: CA: K Lemley.

Children’s Mercy Hospital. Kansas City, MO: T
Srivastava*, K Markus?.

Cleveland Clinic, Cleveland OH: K Dell**, J Sedor**, B
Martin®,

Cohen Children’s Hospital. New Hyde Park, NY: C
Sethna*, S Vento *.

Columbia University. New York, NY: P Canetta*, A
Pradhan®.

Duke University Medical Center, Durham NC: R
Gbadegesin*, O Olabisi** M Smith®.

Emory University, Atlanta. CS Wang**, E Yun®: GA: L
Greenbaum.

Mayo Clinic, Rochester MN: F Fervenza*, M Hogan**, J
Lieske**,

The Lundquist Institute, Torrence CA. S Adler*, J
LaPage”*

John H Stroger Cook County Hospital, Chicago, IL: A
Amarah*, M ltteera®™ Baltimore, MD: Johns Hopkins
Medicine: M Atkinson*, M Williams®.

Medical University of South Carolina, D Selewski* , C
Alston®

Montefiore Medical Center, Bronx NY: F Kaskel*, M
Ross*, P Flynn®.

New York University Medical Center. New York, NY: L
Malaga-Dieguez* , O Zhdanova**, LJ Pehrson®:
Columbus, OH: The Ohio State University College of
Medicine: S Almaani* , L Roberts®.

NIDDK. Intramural, Bethesda MD. J Kopp*.

Stanford University. Stanford, CA: R Lafayette*, S Dave®.

Temple University. Philadelphia, PA: | Lee*, Z Pfeffer”

Texas Children’s Hospital at Baylor College of Medicine,
Houston, TX: S Shah* A Deslandes”.

University Health Network Toronto: H Reich*, M
Hladunewich**. P Ling*, M Romano®.
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University of California at San Francisco: San Francisco,
CA: P Brakeman*.

University of Colorado Anschutz Medical Campus,
Aurora CO. A Podoll* N Rogers®.

University of Kansas Medical Center. Kansas City, KS: E
McCarthy* E Landry”.

University of Miami, Miami FL. A Fornoni*, C Bidot”.

University of Michigan. A Williams*, M Stelzer*: Ann
Arbor, MI: M Kretzler, D Gipson*.

University of Minnesota.
Nachman*, M Rheault**, V Rao®.

University of North Carolina, Chapel Hill NC:V Derebail,
K Gibson*. A Froment”, F Ochoa-Toro*.

University of Pennsylvania. Philadelphia, PA: L
Holzman*, K Meyers**, K Kallem*, A Swenson®: San
Antonio, San Antonio, TX: University of Texas: K Sharma*.

University of Texas Southwestern. Dallas, TX: K
Sambandam*, E Robles”, M Turk®.

University of Washington, Seattle WA: A Jefferson*, S
Hingorani**. K Tuttle*®, L Manahan * E Pao* K
Kuykendall K*

Wake Forest University Baptist Health: Winston-Salem,
NC: JJ Lin* no coordinators identified.

Washington University in St Louis. St. Louis, MO: E
Cody* no Coordinators Identified.

Minneapolis, MN: P

Data Analysis and Coordinating Center

M Kretzler*, L Barisoni**, C Gadegbeku**, B Gillespie**, D
Gipson**, L Holzman*#*, L Mariani**, MG Sampson**, J
Sedor**, A Smith**, J Zee**, G Alter, H Desmond, S
Eddy, D Fermin, W Ju, M Larkina, S Li, CC Lienczewski, T
Mainieri, R Scherr, J Troost, A Williams, Y Wang.

Digital Pathology Committee

Carmen Avila-Casado (University Health Network, Tor-
onto), Serena Bagnasco (Johns Hopkins University), Clar-
issa Cassol (Arakana), Lihong Bu (Mayo Clinic), Shelley
Caltharp (Emory University), Dawit Demeke (University of
Michigan), Brenda Gillespie (University of Michigan),
Jared Hassler (Temple University), Leal Herlitz (Cleveland
Clinic), Stephen Hewitt (National Cancer Institute), Jeff
Hodgin (University of Michigan), Danni Holanda (Arkana),
Neeraja Kambham (Stanford University), Kevin Lemley
(Children’s Hospital of Los Angeles), Laura Mariani (Uni-
versity of Michigan), Nidia Messias (Washington Univer-
sity), Alexei Mikhailov (Wake Forest), Behzad Najafian
(University of Washington), Matthew Palmer (University of
Pennsylvania), Avi Rosenberg (Johns Hopkins University),
Virginie Royal (University of Montreal), Barry Stokes
(Columbia University), David Thomas (Duke University),
Michifumi Yamashita (Cedar Sinai), Hong Yin (Emory
University) Jarcy Zee (University of Pennsylvania), Yigin
Zuo (University of Miami), Co-Chairs: Laura Barisoni (Duke
University) and Cynthia Nast (Cedar Sinai).
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