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Introduction: Glucocorticoids (GCs) are the primary treatment for nephrotic syndrome (NS), although

w10% to 20% of children develop steroid-resistant NS (SRNS). Unfortunately, there are no validated

biomarkers able to predict SRNS at initial disease presentation. We hypothesized that a plasma cytokine

panel could predict SRNS at disease presentation, and identify potential pathways regulating SRNS

pathogenesis.

Methods: Paired plasma samples were collected from 26 children with steroid-sensitive NS (SSNS) and 14

with SRNS at NS presentation and after w7 weeks of GC therapy, when SSNS versus SRNS was clinically

determined. Plasma cytokine profiling was performed with a panel of 27 cytokines.

Results: We identified 13 cytokines significantly different in Pretreatment SSNS versus SRNS samples.

Statistical modeling identified a cytokine panel (interleukin [IL]-7, IL-9, monocyte chemoattractant protein–

1 [MCP-1]) able to discriminate between SSNS and SRNS at disease presentation (receiver operating

characteristic [ROC] value ¼ 0.846; sensitivity ¼ 0.643; specificity ¼ 0.846). Furthermore, GC treatment

resulted in significant decreases in plasma interferon-g (IFN-g), tumor necrosis factor–a (TNF-a), IL-7, IL-13,
and IL-5 in both SSNS and SRNS patients.

Conclusions: These studies suggest that initial GC treatment of NS reduces the plasma cytokines secreted

by both CD4þ TH1 cells and TH2 cells, as well as CD8þ T cells. Importantly, a panel of 3 cytokines (IL-7, IL-9,

and MCP-1) was able to predict SRNS prior to GC treatment at disease presentation. Although these

findings will benefit from validation in a larger cohort, the ability to identify SRNS at disease presentation

could greatly benefit patients by enabling both avoidance of unnecessary GC-induced toxicity and earlier

transition to more effective alternative treatments.
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N
ephrotic syndrome (NS) is among the most com-
mon forms of kidney disease seen in children.

Often referred to as the Shalhoub hypothesis, the role
of T cells in idiopathic NS was first reported in 1974.1

Although both localized and systemic forms of
immune-mediated mechanisms are well established and
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studied in immunologic forms of glomerular disease,
such as glomerulonephritis and membranous ne-
phropathy,2 reversible immune dysregulation is also a
key feature of idiopathic NS, such as in minimal change
disease and focal segmental glomerulosclerosis.3–7

Several clinical and experimental observations suggest
that T-cell functional abnormalities and dysregulated
cytokines are also features of idiopathic NS, which
continues to be treated with GCs and other immuno-
suppressive medications.3,8,9 However, GCs have many
side effects, andw50% of adults andw10% to 20% of
children with NS present with or develop steroid
resistance.10–12 Unfortunately, there are no validated
biomarkers able to predict steroid resistance in NS, and
the molecular mechanisms regulating GC resistance
remain unclear. Thus, although most NS patients
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Table 1. Description of cytokines analyzed in this study
Cytokine Description

IL-1b Interleukin 1b

IL-1ra Interleukin 1 receptor antagonist

IL-2 Interleukin 2

IL-4 Interleukin 4

IL-5 Interleukin 5

IL-6 Interleukin 6

IL-7 Interleukin 7

IL-8 Interleukin 8 / CXCL8 (C-X-C motif chemokine ligand 8)

IL-9 Interleukin 9

IL-10 Interleukin 10

IL-12(p70) Interleukin 12(p70) [heterodimer of IL-12A(p35) and IL12B(p40)]

IL-13 Interleukin 13

IL-15 Interleukin 15

IL-17A Interleukin 17A

Eotaxin CCL11 (C-C motif chemokine ligand 11)

FGF basic Fibroblast growth factor basic / FGF2

G-CSF Granulocyte colony-stimulating factor / CSF3 (colony-stimulating factor 3)

GM-CSF Granulocyte macrophage colony-stimulating factor / CSF2
(colony-stimulating factor 2)

IFN-g Interferon-g

IP-10 Interferon (IFN)-g inducible protein / CXCL10 (C-X-C motif chemokine
ligand 10)

MCP-1
(MCAF)

Monocyte chemoattractant protein–1 (monocyte chemotactic and activating
factor) / CCL2 (C-C motif chemokine ligand 2)

MIP-1a Macrophage inflammatory protein 1a / CCL3 (C-C motif chemokine ligand
3)

PDGF-BB Platelet-derived growth factor B subunit homodimer

MIP-1b Macrophage inflammatory protein 1b / CCL4 (C-C motif chemokine ligand
4)

RANTES Regulated upon activation, normal T cell expressed and presumably
secreted / CCL5 (C-C motif chemokine ligand 5)

TNF-a Tumor necrosis factor a

VEGF Vascular endothelial growth factor

Pretreatment

SSNS
(n=26)

SRNS
(n=14)

SSNS
Pre

(n=26)

SSNS
Post

(n=26)

vs.

Treatment

vs.

SSNS
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(n=14)

SRNS
Post

(n=14)
vs.

Cytokine profile
Cytokine profile

Patient samples, n=80
Steroid-naive patients with pre sample, n=40 (SSNS 26, SRNS 14)

Cytokines altered with steroid
treatment

Biomarkers to
predict steroid resistance

Figure 1. Hypothesis and study model. Cytokine profile analysis of
paired (before [Pre] and after [Post] w7 weeks of GC therapy)
steroid-sensitive nephrotic syndrome (SSNS) and steroid-resistant
nephrotic syndrome (SRNS) plasma samples can be used to iden-
tify novel predictive biomarkers and molecular pathways of steroid
resistance.
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receive GC as initial therapy, a notable percentage will
subsequently develop SRNS but will by then already
have had toxic side effects from prolonged GC expo-
sure, as well as potential disease progression while
receiving an ineffective therapy.

To try to better identify those patients highly un-
likely to respond to GC, and thus avoid its unnecessary
toxicity, a few studies have tried to identify urinary,
plasma, and salivary biomarkers for SRNS in children
using cytokine profiling and omics approaches such as
proteomics, metabolomics, and transcriptomics.8,13–20

As a result, recently T lymphocytes expressing in-
flammatory cytokines and macrophage migration
inhibitory factor in plasma, and MCP-1 in urine have
been implicated in persistent proteinuria and SRNS in
childhood NS.8,19,20 However, despite these efforts, we
still lack understanding of the molecular mechanisms
regulating GC resistance in NS, and there remain no
plasma or urine biomarkers that have been validated to
reliably predict GC resistance in NS prior to initiation
of GC therapy.

In this context, the present study was designed to
test the hypothesis that a plasma cytokine panel could
786
predict SRNS at clinical presentation and identify the
cytokines altered with steroid treatment in childhood
NS. To test this hypothesis, we quantified 27 cytokines
(Table 1) on paired plasma samples obtained from
children with NS at clinical presentation (prior to GC
initiation) and again after w7 weeks of therapy when
they were determined to have either SSNS or SRNS
(Figure 1). Based on the prior literature, we specifically
studied cytokines known to be released from CD4þ TH1
cells (e.g., IFN-g), CD4þ TH2 cells (e.g., IL-4, IL-5, IL-
10, and IL-13), TH17 cells (IL-17), and CD8þ cytotoxic
T cells, as well as those produced prominently by
macrophages, dendritic cells, and lymphoblasts (e.g.,
TNF-a, IL-12, and IL-15). We also studied chemotactic
cytokines known to be released by a variety of immune
cells (MCP-1/CCL2, MIP-1a/CCL3, and MIP-1b/CCL4)
(Table 1),21 as well as growth factors such as platelet-
derived growth factor, fibroblast growth factor, and
vascular endothelial growth factor.
MATERIALS AND METHODS

Study Approval and Ethics Statement

All research protocols and consent documents were
approved by the Institutional Review Board of
Nationwide Children’s Hospital as the coordinating
center (approval numbers IRB07-00400, IRB12-00039,
and IRB05-00544), as well as by each of the other
participating centers of the PNRC. Informed written
consent (and assent, where appropriate) was obtained
from the parents of all participants before samples were
Kidney International Reports (2021) 6, 785–795



Table 2. Patient demographics for the SSNS and SRNS cohorts in
this study

Total
(n [ 40)

SSNS
(n [ 26)

SRNS
(n [ 14) P value

Weeks between pre- and post-
treatment, mean � SD

7.0 � 0.4 6.9 � 0.5 7.0 � 0.6 ns

Steroid-naïve disease onset
patients, n (%)

40 (100) 26 (100) 14 (100)

Age, mean � SD 7.0 � 0.4
(n ¼ 38)

5.7 � 0.7
(n ¼ 24)

9.5 � 1.0
(n ¼ 14)

0.0041a

Sex, n (%)

Female 22 (55) 13 (50) 9 (64)

Male 17 (42) 12 (46) 5 (36)

Not reported 1 1

Height, mean � SD 124.2 � 4.1
(n ¼ 39)

114.5 � 4.2
(n ¼ 25)

141.4 � 6.5
(n ¼ 14)

0.0010a

Weight, mean � SD 35.2 � 3.6
(n ¼ 39)

26.2 � 2.4
(n ¼ 25)

51.4 � 7.7
(n ¼ 14)

0.0003a

Race, n (%) ns 0.0011b

White 17 (42.5) 11 (42.3) 6 (42.8)

Asian 4 (10) 4 (15.4) 0 (0)

African American 12 (30) 6 (23) 6 (42.8)

Biracial 2 (5) 1 (3.8) 1 (7)

Native American 1 (2.5) 1 (3.8) 0 (0)

Not reported 4 (10) 3 (11.5) 1 (7)

SRNS, steroid-resistant nephrotic syndrome; SSNS, steroid-sensitive nephrotic
syndrome.
aSignificance determined by t test.
bSignificance determined by c2 test.
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collected, in accordance with the Declaration of
Helsinki.

Pediatric Nephrotic Syndrome Patients and

Plasma Collection

Pediatric NS patients aged between 18 months and 18
years were included in this study if they exhibited 3þ
proteinuria and edema. The clinical response of each
patient to GC (i.e., SRNS or SSNS) was assessed w7
weeks after initial presentation as is also shown in
Table 2. Paired plasma samples were collected from 26
SSNS and 14 SRNS patients, obtained both at initial
disease presentation and after w7 weeks of GC ther-
apy, when SSNS versus SRNS was clinically deter-
mined. All the pretreatment samples were collected
before even a single dose of steroids and were termed as
steroid naïve. A total of 80 samples were used in this
study from 14 SRNS and 26 SSNS patients. SSNS was
defined as disease remission after an average of 7 weeks
of GC therapy, and SRNS was defined as a failure to
enter complete remission in response to GC treatment as
measured by proteinuria or dipstick reading.

Cytokine Profiling Assay

The cytokine profiling was performed using a 27-
cytokine panel on a Luminex Technology platform
using a bead-based fluorescence assay. The Bio-Plex
Pro Human Cytokine 27-Plex Immunoassay (Bio-Rad,
Hercules, CA) panel consisted of 27 major cytokines,
Kidney International Reports (2021) 6, 785–795
including IL-1b, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-
8, IL-9, IL-10, IL-12(p70), IL-13, IL-15, IL-17A, eotaxin,
fibroblast growth factor basic, granulocyte colony–
stimulating factor (G-CSF), granulocyte macrophage
colony-stimulating factor, IFN-g, IP-10, MCP-1
(monocyte chemotactic and activating factor), MIP-1a,
platelet-derived growth factor B subunit homodimer
(PDGF-BB), MIP-1b, RANTES (regulated upon activa-
tion, normal T cell expressed and presumably
secreted), TNF-a, and vascular endothelial growth
factor. Similar methodology using cytokine multiplex
bead array assay has recently been successfully used to
measure circulating cytokines in patients with albu-
minuric and nonalbuminuric diabetic kidney disease.22

Corresponding human recombinant proteins provided
with the kits were used to generate standard curves,
and the values in patient plasma samples used in du-
plicates were measured and interpolated from the
standard curves. Plasma samples were prepared by
drawing 8 ml of peripheral blood into a CPT tube that
contained 1 mL of 100-mM sodium citrate solution,
polyester gel, polysaccharide/sodium diatrizoate solu-
tion (FICOLL Hypaque solution), and a silicone coating
(Becton & Dickenson, Franklin Lakes, NJ). These were
processed immediately to isolate plasma or shipped
overnight at ambient temperature before processing.
The isolated plasma was maintained in NCH Bio-
pathology core biorepository at –80 �C until use.

Statistical Analyses

To test the hypothesis (Figure 1) that cytokine con-
centrations can be used to predict GC resistance, both
univariate and multivariate analyses were performed.
All statistical analyses were performed in SPSS, version
26 (International Business Machine Corp). The cyto-
kines that fell below the lower limit of detection in the
assay were recoded as one-half the value of that lower
limit.23 The univariate analyses consisted of t tests,
determining the ROC curve for the prediction of SRNS
and binary logistic regression. Values of the ROC curve
>0.5 were predictive of GC resistance, whereas
values <0.5 were predictive of steroid sensitivity.

The multivariate analyses of the cytokine panel for
the prediction of SRNS were performed by binary lo-
gistic regression using backward conditional elimina-
tion of the individual cytokine values. Regression
using the complete cytokine panel failed to converge. A
selection process was thus employed where only those
cytokines that had a model summary statistic (–2 log
likelihood) <50.0 were used. This resulted in 13 cy-
tokines for analysis. Default logistic regression options
were chosen, including a probability of 0.05 for step-
wise entry and 0.10 for stepwise removal of a cytokine
during model development.
787



Table 3. Summary of univariate AUC and logistic regression
analyses for predicting SRNS (pretreatment) and comparison of
SRNS versus SSNS (pre- vs. post-treatment)

Cytokine

I. II III IV

Univariate
predicting
SRNS

Univariate logistic
regression,
P value

t test pre-SRNS
versus SSNS,

P value
--2 log

likelihoodROC
P

value

IFN-g 0.792 0.004 0.013 0.003 44.0

MIP-1a 0.774 0.007 0.831 0.095 51.7

IL-6 0.740 0.017 0.110 0.039 49.5

IL-1b 0.723 0.027 0.591 0.081 51.5

TNF-a 0.679 0.075 0.158 0.160 49.6

IL-7 0.673 0.086 0.046 0.287 47.0

IL-12p70 0.662 0.108 0.151 0.040 49.6

IL-8 0.638 0.171 0.688 0.860 51.6

VEGF 0.638 0.171 0.998 0.164 51.8

IL-13 0.606 0.294 0.153 0.154 49.3

IL-5 0.569 0.494 0.083 0.022 48.3

G-CSF 0.561 0.546 0.673 0.222 51.6

MCP-1 0.551 0.611 0.311 0.641 49.4

FGF basic 0.545 0.656 0.179 0.047 49.9

IP-10 0.538 0.703 0.730 0.457 51.8

IL-10 0.524 0.811 0.944 0.629 51.8

Eotaxin 0.452 0.633 0.284 0.322 50.5

IL-4 0.426 0.464 0.463 0.745 51.2

PDGF-BB 0.385 0.252 0.297 0.174 50.2

IL-17A 0.324 0.080 0.065 0.084 47.8

RANTES 0.314 0.065 0.181 0.854 50.4

IL-1ra 0.309 0.058 0.370 0.144 50.9

MIP-1b 0.269 0.022 0.027 0.012 46.0

IL-2 0.260 0.017 0.098 0.048 47.7

IL-9 0.250 0.013 0.021 0.037 44.7

AUC, area under the ROC curve; ROC, receiver operating characteristic; SRNS, steroid-
resistant nephrotic syndrome; SSNS, steroid-sensitive nephrotic syndrome.
The 13 cytokines selected for multivariate analysis are shown in bold. For descriptions
of the cytokines, refer to Table 1.
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To identify the altered plasma cytokine levels be-
tween SRNS and SSNS patients with GC treatment,
analysis of variance with repeated measures was per-
formed (Figure 1).

RESULTS

Patients

Forty children with initial presentation of NS that had
received no GC prior to the first sample collection
(pretreatment) were included in the cytokine profile
analyses, and detailed demographics were obtained
from all patients (Table 2). Of these, paired samples
were used from 26 SSNS and 14 SRNS patients. Patients
clinically phenotyped as SSNS had entered complete
remission of proteinuria within an average of w7
weeks of GC therapy, whereas patients who did not
achieve remission during this time frame were pheno-
typed as SRNS. Because all patients were newly diag-
nosed with NS, no additional steroid sparing
immunosuppressive therapies were administered to
these pediatric patients between collection of the pre-
788
and post-treatment samples. As has been reported
previously, children with SRNS presented at a later age
than from those with SSNS (9.5 vs. 5.7 years; P ¼
0.004).14,17,24 As expected, this difference in age was
also reflected in significant differences in height and
weight between the 2 cohorts (P < 0.001, see Table 2).
Moreover, although the SSNS cohort comprised 23%
African Americans and 42% Caucasians, the SRNS
cohort comprised 43% of each, thus reflecting a
significantly greater incidence of SRNS in African
American children (P ¼ 0.001).

Cytokines Predictive of Steroid Resistance in

Pretreatment Samples

In order to test the hypothesis (Figure 1) that cytokine
concentrations can be used to predict GC resistance,
both univariate and multivariate analyses were per-
formed between SSNS and SRNS on pretreatment
samples. The results of the univariate analyses for the
prediction of SRNS are shown in Table 3. ROC values
ranged from 0.792 to 0.250. In addition, levels of INF-
g, MIP-1a, IL-6, IL-1b, MIP-1b, IL-2, and IL-9 all
exhibited ROC values significantly different from 0.5
(P < 0.05) (Table 3, column I). Univariate logistic
regression further identified IFN-g, IL-7, MIP-1b, and
IL-9 as cytokines that were statistically significant
(Table 3, column II). These results are also somewhat
consistent with the ROC analyses. Cytokine concen-
trations were also compared between SRNS and SSNS
following log2 transformation (Table 3, column III),
which resulted in statistically significant differences for
INF-g, IL-6, IL-12, IL-5, fibroblast growth factor basic,
MIP-1b, IL-2, and IL-9. A total of 27 cytokines were
explored for their ability to predict SRNS. However,
because a significant proportion of IL-15 (38/40) and
granulocyte macrophage colony-stimulating factor (36/
40) results were below the lower limit of detection,
these were not included in the final analysis, thus
restricting our analyses to 25 cytokines.

Furthermore, 13 cytokines (Table 3, column IV, and
Figure 2) were combined into a panel to predict SRNS
using logistic regression with backwards elimination
and are shown in Table 4 and Figure 3. Only those
cytokines that were found to have some ability to
discriminate between SRNS and SSNS using the results
shown in Table 3 (column IV) were analyzed. This
resulted in a selection of 13 cytokines as the starting
point for the backward elimination logistic regression.
The results of the progression of the modeling are
shown in 4 steps, where changes in the ROC values
occurred. ROC values ranged between 0.887 and 0.846
for the full and reduced models, respectively. Sensi-
tivity ranged from 0.714 to 0.643, and specificity
ranged from 0.885 to 0.846. The final, parsimonious,
Kidney International Reports (2021) 6, 785–795



Figure 2. Cytokines predictive of steroid resistance in pretreatment samples. Cytokines found to be significantly different in pretreatment
plasma samples between SSNS versus SRNS are shown. These 13 cytokines were identified using univariate analysis and t tests between the
pretreatment samples of 26 children with SSNS and 14 children with SRNS, as depicted in Table 3. FGF, fibroblast growth factor; IFN-g,
interferon-g; IL, interleukin; MCP-1, monocyte chemoattractant protein–1; MIP-1b, macrophage inflammatory protein 1b; SRNS, steroid-resistant
nephrotic syndrome; SSNS, steroid-sensitive nephrotic syndrome; TNF-a, tumor necrosis factor a.

S Agrawal et al.: Cytokine Profiling in SRNS TRANSLATIONAL RESEARCH
statistically robust model consisted of 3 cytokines, IL-
7, IL-9, and MCP-1, which yielded an ROC value of
0.846, with sensitivity of 0.643 and specificity of 0.846.
Kidney International Reports (2021) 6, 785–795
The equation for this model was as follows, where
lnIL7, lnIL9, and lnMCP1 are the log base 2 values for
those cytokines:
789



Table 4. Sequential multivariate panels of cytokines to optimize
prediction of SRNS
Cytokine panel ROC P value Sensitivity Specificity

Full model

IL-2, IL-5, IL-6,
IL-7, IL-9, IL-12,
IL-13, IL-17A,
FGF basic, IFN-g,
MCP-1, MIP-1b,
TNF-a

0.887 (0.783–0.992) <0.001 0.714 0.885

Intermediate model 1 Y

IL-2, IL-7, IL-9, IL-12,
IL-13, IL-17A,
FGF basic, MCP-1

0.885 (0.775–0.994) <0.001 0.643 0.923

Intermediate model 2 Y

IL-7, IL-9, IL-12,
IL-13, FGF basic,
MCP-1

0.865 (0.750–0.981) <0.001 0.643 0.923

Final model Y

IL-7, IL-9, MCP-1 0.846 (0.720–0.972) <0.001 0.643 0.846

ROC, receiver operating characteristic; SRNS, steroid-resistant nephrotic syndrome.
A final statistically robust panel of 3 cytokines is bolded. For descriptions of the cyto-
kines, refer to Table 1.

Table 5. Repeated measures analysis of group (SSNS vs. SRNS)
and treatment (pre- vs. post-treatment with glucocorticoid)

Steroid treatment (pre vs. post) Group (SSNS vs. SRNS) Interaction

IFN-g 0.006 0.004 0.267

MIP-1a 0.292 0.742 0.994

IL-6 0.274 0.072 0.687

IL-1b 0.743 0.880 0.694

TNF-a <0.001 0.227 0.584

IL-7 0.012 0.006 0.609

IL-12 0.410 0.673 0.156

IL-8 0.648 0.562 0.489

VEGF 0.830 0.991 0.736

IL-13 0.001 0.074 0.612

IL-5 0.003 0.048 0.616

G-CSF 0.469 0.810 0.409

MCP-1 0.058 0.124 0.213

FGF basic 0.056 0.418 0.426

IP-10 0.063 0.914 0.627

IL-10 0.654 0.604 0.313

Eotaxin 0.141 0.280 0.836

IL-4 0.465 0.357 0.868

PDGF-BB 0.755 0.222 0.617

IL-17A 0.191 0.044 0.679

RANTES 0.551 0.206 0.441

IL-1ra 0.529 0.268 0.727

MIP-1b 0.651 0.020 0.760

IL-2 0.398 0.138 0.871

TRANSLATIONAL RESEARCH S Agrawal et al.: Cytokine Profiling in SRNS
P ¼ 1 = ð1þ expð � ð1:25þ 0:21 � lnIL7� 1:13 � lnIL9
þ 0:50 � lnMCP1ÞÞÞ

There would thus be different combinations of

IL-9 0.776 0.101 0.730

SRNS, steroid-resistant nephrotic syndrome; SSNS, steroid-sensitive nephrotic
syndrome.
Cytokines that were significantly altered with glucocorticoid treatment are bolded. For
descriptions of the cytokines, refer to Table 1.
cytokine concentrations that could result in a P >0.5
and we might conclude that the patient has SRNS.

Identification of Cytokines Different Between

Pre- and Post-treatment Samples in SSNS

versus SRNS

To identify the altered plasma cytokine levels between
SRNS and SSNS patients with GC treatment, analysis of
Figure 3. ROC curves for sequential models of cytokines to optimize
prediction of SRNS. Changes in the ROC values with the progression of
the modeling starting with 13 cytokines are shown at 4 steps. ROC
values ranged between 0.887 and 0.846 for the full and final models,
respectively. Sensitivity ranged from 0.714 to 0.643, and specificity
ranged from 0.885 to 0.846. The final, parsimonious, statistically robust
model consisted of 3 cytokines, IL-7, IL-9, and MCP-1, which yielded an
ROC value of 0.846, with a sensitivity of 0.643 and a specificity of 0.846. IL,
interleukin; MCP-1, monocyte chemoattractant protein–1; ROC, receiver
operating characteristic; SRNS, steroid-resistant nephrotic syndrome.
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variance with repeated measures was performed, with
the results shown in Table 5. GC treatment resulted in
statistically significantly decreased concentrations of
IFN-g, TNF-a, IL-7, IL-13, and IL-5 (Figure 4). How-
ever, there were no statistically significant interactions
between treatment (pretreatment, post-treatment) and
group (SRNS, SSNS). Furthermore, Table 5 also shows
the results of a comparison of cytokine concentrations
between SSNS and SRNS patients, both in the pre- and
post-treatment samples. The concentrations of INF-g,
IL-5, IL-7, IL-17A, and MIP-1b were all significantly
higher in patients with SRNS than in those with SSNS,
in both the pre- and post-treatment samples, as evi-
denced by a lack of statistical significance in the
interaction term shown in Table 5.

DISCUSSION

NS is among the most common forms of kidney disease
seen in children, and reversible immune dysregulation
is a key feature of idiopathic NS.1,4–7 Although GCs
remain the primary treatment for NS, w50% of adults
andw10% to 20% of children with NS present with or
develop SRNS, which results in prolonged exposure to
a drug with significant toxicity and little or no clinical
benefit.10–12 In the present study, we performed plasma
Kidney International Reports (2021) 6, 785–795



Figure 4. Identification of cytokines different between pre- versus post-treatment samples in SSNS versus SRNS. Glucocorticoid treatment
resulted in statistically significantly decreased levels of IFN-g, TNF-a, IL-7, IL-13, and IL-5 among children with both SSNS and SRNS. The
plasma levels of these cytokines are shown for 26 children with SSNS (pre- and post-treatment) and 14 children with SRNS (pre- and post-
treatment). Notably, the relative differences in pre- and post-treatment levels were statistically similar between those children with SSNS
and SRNS as depicted in Table 5. Furthermore, levels of IFN-g, IL-7, IL-13, and IL-5 were different in both Pre and post-treatment samples in
SSNS versus SRNS (Table 5). IFN-g, interferon-g; IL, interleukin; SRNS, steroid-resistant nephrotic syndrome; SSNS, steroid-sensitive nephrotic
syndrome; TNF-a, tumor necrosis factor a.
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cytokine profiling using a 27-cytokine panel in 40
children with new-onset NS (26 SSNS and 14 SRNS)
using their pre- and post-treatment plasma samples to
identify biomarkers able to predict SRNS at the time of
initial disease presentation. We identified 13 cytokines
in pretreatment samples that were further analyzed for
their ability to predict SRNS. Modeling using back-
ward elimination logistic regression analysis identified
a panel of 3 cytokines (IL-7, IL-9, and MCP-1) that was
able to discriminate children with SRNS versus SSNS at
the time of initial disease presentation (prior to initia-
tion of GC treatment) with an ROC value of 0.846,
sensitivity of 0.643, and specificity of 0.846. Although
these findings will benefit from validation in a larger
cohort, the ability to identify children with SRNS at
disease presentation could be highly beneficial to pa-
tients, as it would obviate the need to expose them to
ineffective but toxic GC therapy and also enable earlier
transition to more effective alternative treatments.

The present study is in alignment with recent efforts
to identify and develop predictive biomarkers for SRNS
and to understand the molecular mechanisms
Kidney International Reports (2021) 6, 785–795
underlying steroid resistance, we hope, to guide both
diagnostic and therapeutic decisions related to NS.
Although we utilized statistical analyses of the cyto-
kine profiles generated from plasma samples of children
with SSNS and SRNS to answer these questions in the
present study, we and others have also made other
efforts toward the same goal using proteomic, metab-
olomic, and transcriptomic approaches to identify
additional interesting candidates that are either pre-
dictive of SRNS or molecularly associated with
SRNS.14–18 Over the past few years, serum concentra-
tions of a few cytokines have been associated with
relapse in NS. For example, elevated serum levels of IL-
8 have been associated with NS relapse, and anti-IL8
antibodies have been shown to neutralize the ability
of peripheral blood mononuclear cell culture superna-
tant to induce albuminuria in rats.25,26 Moreover,
elevated levels of IL-1b, IL-6, and IL-8 have been re-
ported in the urine samples of 37 children with idio-
pathic NS during relapse versus remission or healthy
controls.27 Another study of 150 children with idio-
pathic NS and 569 healthy controls reported significant
791
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associations of IL-4, IL-6, and TNF-a polymorphisms
between children with NS versus controls, and be-
tween SRNS versus SSNS, suggesting that steroid
responsiveness may be determined by these poly-
morphisms.28 A few other reports have identified cy-
tokines in plasma, urine, and saliva as markers of
persistence of proteinuria or SRNS in childhood NS.13

A Brazilian study compared peripheral blood leuko-
cytes and their intracellular cytokines in post-therapy
samples from 44 pediatric patients, classified as hav-
ing persistent proteinuria (partial remission) versus low
proteinuria (complete remission). These investigators
identified higher levels of inflammatory markers with
persistent proteinuria. Moreover, another study re-
ported increased expression of TNF-a in CD4 lym-
phocytes, as well as reduced expression of IFN-g in
CD8 lymphocytes, in patients with NS versus healthy
controls, regardless of the level of proteinuria.8 In
addition, a recent Italian study identified macrophage
migration inhibitory factor as a good plasma predictor
of steroid resistance in 21 children with NS (7 with
SRNS, 7 with SSNS, and 7 with steroid-dependent NS)
in pretreatment samples using 21-plex and 29-plex
panels to analyze 48 cytokines, and this finding was
extrapolated in 41 additional patients.20 Furthermore, a
recent Japanese investigation studied cytokines in
plasma and urine samples from 18 patients with NS, at
onset and after therapy, and identified MCP-1 to be
elevated in SRNS after therapy.19 These recent studies
and our own findings suggest that although commer-
cially available, clinically relevant cytokine biomarkers
are not yet available, such approaches do have signif-
icant potential to be able to predict SRNS in childhood
NS across varied demographics, despite the need for
confirmatory validation studies in larger cohorts.

The combination of IL-7, IL-9, and MCP-1 in our
binary logistic regression model allowed for the pre-
diction of SRNS with an ROC of 0.846. This is similar to
that obtained with a urine proteomics approach using a
panel of 5 or 10 biomarkers (ROC ¼ 0.85–0.92) in
childhood NS.15 With regard to the individual cyto-
kines comprising this panel, IL-7 is a pleiotropic
cytokine secreted by stromal cells in the bone marrow
and thymus and has central roles in modulating T- and
B-cell development and T-cell homeostasis.29 In a
paired sample study of 18 children with idiopathic NS,
serum IL-7 levels were found to be elevated both before
and after GC treatment, as well as in the absence of
treatment versus healthy controls.30 IL-9 is produced
mainly by TH9, CD4

þ T cells, in addition to a variety of
other cells such as mast cells, natural killer cells, TH2,
TH17, and TH9 cells in different amounts. A recent
study reported that IL-9 knockout resulted in increased
and accelerated proteinuria and glomerulosclerosis and
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deteriorated kidney function in an adriamycin-induced
nephropathy model in mice.31,32 Moreover, IL-9 treat-
ment protected wild-type mice from glomerulosclerosis
and kidney failure in the same model of nephropathy.
These findings suggested that IL-9 is protective in
experimental glomerulosclerosis, and thus it could be a
potential therapeutic pathway for the treatment of
chronic kidney disease. In accordance with these
findings, our studies showed that IL-9 plasma levels
were elevated in SSNS compared to SRNS patients.
MCP-1 or CCl2 belongs to a family of chemoattractant
cytokines that are produced in response to proin-
flammatory cytokines, and plays a major role in selec-
tively recruiting monocytes, neutrophils, and
lymphocytes, as well as in inducing chemotaxis
through the activation of G-protein–coupled re-
ceptors.33 MCP-1 is a key chemokine regulating
migration and infiltration of monocytes and macro-
phages and is known to be induced and involved in
various diseases.33 A recent study investigated the ef-
fect of the MCP-1 2518 A/G polymorphism on the
incidence and clinical course of biopsy-proven focal
segmental glomerulosclerosis in children and found
that the AA genotype might be a risk factor for disease
progression.34 Moreover, these authors found that
urinary levels of MCP-1 were significantly higher in
focal segmental glomerulosclerosis versus SSNS and
healthy controls, although serum levels of MCP-1 were
comparable between these groups.34 Another study
also similarly reported elevated urinary levels of MCP-1
in SRNS after therapy.19

A strength of this study, in comparison to prior
studies of cytokines in NS, is that it used a very carefully
phenotyped cohort of children collected across a diverse
area in North America, with all children documented to
have had no GC exposure prior to the collection of all
pretreatment samples. In addition, multiple statistical
methodologies and modeling approaches were used to
arrive at a predictive biomarker panel of 3 cytokines that
individually would not have been able to discriminate
between the 2 groups. However, because this study was
limited to a cohort of 26 SSNS and 14 SRNS patients,
future validation studies with a larger cohort will
certainly be needed to validate the ability of the iden-
tified 3-cytokine panel to predict SRNS at disease pre-
sentation. Another potential limitation could be that our
findings of both age and race associations among our
patients with SSNS versus SRNS implies some selection
bias in our cohort. Nonetheless, it is well known that
SRNS typically presents at older ages, associated with
higher average heights and weights, compared to chil-
dren presenting with SSNS.14,17,24 In addition, our
finding of an increased incidence of SRNS among Afri-
can Americans is consistent with prior published
Kidney International Reports (2021) 6, 785–795
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literature on this disease.35 These findings, in conjunc-
tion with the fact that this study included children
recruited over several years through the PNRC at mul-
tiple sites across North America, suggest instead that our
sample was likely representative of the general popula-
tion of children with NS in North America. Of note, one
school of thought suggests that the release of cytokines
is influenced by age in children, and that this needs to be
taken into consideration for cytokine-based diagnostic
assays.36 However, in meta-analysis studies this age-
association has been shown consistently primarily
only for increasing IFN-g and TNF-a levels, and
decreasing IL-13 levels, with age.37 Although we
observed decreases in these cytokines following GC
treatment in both SSNS and SRNS patients, and higher
IFN-g, TNF-a, and IL-13 levels prior to GC treatment in
both SSNS and SRNS patients (see Figures 2 and 4), none
of these were identified as a member of our 3-cytokine
panel predictive of SRNS. Thus, we elected not to
perform age-related corrections in our statistical ana-
lyses. Lastly, although we now understand that up to
one-third of children with SRNS may have a monogenic
cause of disease, when these studies were initiated there
was neither institutional review board approval nor
resources available to perform genetic screening of the
enrolled patients. Despite this limitation, however, these
studies were still able to identify a 3-cytokine biomarker
panel able to predict SRNS at disease presentation
regardless of any underlying genetic mutations, which is
likely to be clinically more useful at the time of initial NS
presentation. In contrast to these limitations, the major
strength of this study was the evaluation of carefully
phenotyped patients from whom paired plasma samples
were obtained, both before any GC treatment (i.e.,
completely steroid naïve) and after several weeks of GC
treatment when they were clinically determined to have
SRNS or SSNS. Indeed, our requirement to only include
steroid-naïve patient samples as pretreatment samples in
our analysis resulted in the exclusion of 50% of the pa-
tients enrolled in this study. This level of stringency in
excluding any possible bias due to early GC exposure for
the pretreatment samples ensured that all pretreatment
samples reflected only the disease state at presentation,
whereas the post-treatment samples reflected the cumu-
lative effects to GC treatment on disease.

In summary, our studies suggest that a small panel
of 2 interleukins (IL-7 and IL-9) and a chemokine
(MCP-1) can discriminate between children with SRNS
versus SSNS at initial disease presentation, and thus
predict SRNS prior to the initiation of GC therapy (ROC
value ¼ 0.846). Moreover, we identified significant
decreases in the plasma levels of the cytokines IFN-g,
TNF-a, IL-5, IL-7, and IL-13 in response to GC treat-
ment in both patients with SSNS and those with SRNS.
Kidney International Reports (2021) 6, 785–795
These findings thus suggest that GC treatment effec-
tively reduces the plasma levels of cytokines secreted
by CD4þ TH1 cells, TH2 cells, as well as CD8þ cells in
children with new-onset NS. This study lays a strong
foundation for a future validation study with a larger
cohort to confirm the ability of the identified 3-
cytokine biomarker panel to predict SRNS at initial
disease presentation, and thus benefit patients by
enabling both the avoidance of unnecessary GC-
induced toxicity and earlier transition to more effec-
tive alternative treatments.
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