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Modeling a biofluid-derived
extracellular vesicle surface
signature to differentiate pediatric
idiopathic nephrotic syndrome
clinical subgroups
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Idiopathic Nephrotic Syndrome (INS) is a common childhood glomerular disease requiring intense
immunosuppressive drug treatments. Prediction of treatment response and the occurrence of relapses
remains challenging. Biofluid-derived extracellular vesicles (EVs) may serve as novel liquid biopsies for
INS classification and monitoring. Our cohort was composed of 105 INS children at different clinical
time points (onset, relapse, and persistent proteinuria, remission, respectively), and 19 healthy
controls. The expression of 37 surface EV surface markers was evaluated by flow cytometry in serum
(n=83) and urine (n=74) from INS children (mean age =10.1, 58% males) at different time points.
Urine EVs (n=7) and serum EVs (n=11) from age-matched healthy children (mean age =7.8, 94%
males) were also analyzed. Tetraspanin expression in urine EVs was enhanced during active disease
phase in respect to the remission group and positively correlates with proteinuria levels. Unsupervised
clustering analysis identified an INS signature of 8 markers related to immunity and angiogenesis/
adhesion processes. The CD41b, CD29, and CD105 showed the best diagnostic scores separating the
INS active phase from the healthy condition. Interestingly, combining urinary and serum EV markers
from the same patient improved the precision of clinical staging separation. Three urinary biomarkers
(CD19, CD44, and CD8) were able to classify INS based on steroid sensitivity. Biofluid EVs offer a non-
invasive tool for INS clinical subclassification and “personalized” interventions.
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Idiopathic Nephrotic Syndrome (INS) is the most common form of glomerular disease in childhood,
characterized by massive proteinuria, hypoalbuminemia, hyperlipidemia, and tissue edema’. The biological
mechanisms leading to INS are poorly defined, but an immunological dysfunction has been advocated?.

The current INS therapy is based on oral corticosteroids, which leads to complete remission in up to 80%
of children, classified as steroid-sensitive (SSNS). However, SSNS children experience multiple relapses or even
steroid dependence for which long-term immunosuppressive steroid-sparing agents are indicated®. Patients
unresponsive to steroids (SRNS) show the most severe form and the need for kidney replacement therapy in
50% if remission is not achieved*. Both SSNS and SRNS can experience multiple adverse effects secondary to the
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immunosuppressive treatment™®. There is therefore a major medical need to find early biomarkers to allow for a
more precise selection and duration of the treatment and to characterize the INS subgroups for clinical studies.

Extracellular vesicles (EVs) are nanosized particles naturally released by almost all cell types”® and are easily
found in many body fluids. EVs can carry selective surface markers inherited from their parent cells’, mirroring
the functional state of the originating tissue. EV's contain lipids, proteins, and different forms of nucleic acids that
are actively released from the cells from which they are derived'’. Extensive investigation has been conducted on
the wide array of molecules that can be enclosed within EVs, owing to their substantial relevance as biomarkers
for various diseases'!.

Urinary EVs (uEVs) originate mainly from the kidney and urinary tract cells'? and can be a source of important
urinary biomarkers reflecting the molecular processes activated by kidney diseases'. uEVs have been used for
an early diagnosis of chronic kidney disease (CKD)!*, polycystic kidney disease!®, active glomerulonephritis',
and tubulopathies!”. Moreover, uEVs can be secreted by kidney-resident immune cells, acting as biomarkers
of immune activation and tissue remodelling'®. When the glomerular and tubular basement membranes are
disrupted, uEVs may also derive from the bloodstream representing other body compartments!®.

This study aimed to identify the expression signature of uEVs reflecting the different forms of INS in
childhood and the possible response to the treatment before the start of therapy.

Methods

Patient recruitment strategy and clinical data

Children with INS (first episode below 18 years old) were enrolled at the Pediatric Nephrology, Dialysis and
Transplant Unit (Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico of Milano) in the period January
2022 to February 2023. A control group of age-matched children, with no kidney-related or immunological
disease, was included in the study (CTRL). This study was conducted according to the principles expressed in
the Declaration of Helsinki. Approve to the study was obtained by the IRCCS Ca Granda Institutional Review
Board (ID 2633, INSiDe protocol). An informed consensus was obtained for all the participants enrolled in
the study. Patients were treated with standard therapy with oral prednisone and classified according to the
international guidelines as SSNS or SRNS*?’. Demographic data, current therapies, and responses to ongoing
therapy were collected. Routine clinical and biochemical parameters were measured according to the clinical
practice. Proteinuria was defined as urine protein/creatinine ratio (uPr/uCr)>0.2 mg/mg (mild proteinuria,
0.21-1.99 mg/mg and nephrotic range proteinuria, >2 mg/mg). eGFR was calculated using the modified
Schwartz formula.

Study sample collection

Blood and urine were collected from children with INS and an age-matched control group (CTRL). Urine
samples were processed within 6 h (h) of collection according to established protocols?!"?2. Serum was obtained
by activating the coagulation cascade from peripheral whole blood, followed by centrifugation at 3000 g for
20 min to remove corpuscular components. Aliquots of serum and urine were stored at -80 °C until use.

Urine and serum EVs characterization

Unpurified extracellular vesicles (EVs) from urine and serum samples were used. Dedicated urine samples
underwent ultracentrifugation at 100.000 g for 2 h at 4 °C for EV isolation (Beckman Coulter, OPTIMA XPN-90
Ultracentrifuge, Rotor Type 70-Ti, Brea, CA). EVs were then resuspended in PBS (Sigma-Aldrich) and freshly
used or in 1% dimethyl sulfoxide (DMSO) (Sigma-Aldrich) and stored at — 80 °C. Nanoparticle tracking analysis
(NTA) was conducted on unpurified EVs using the Nanosight NS300 and analyzed as previously reported?*. uCr
was used as a normalization variable for particles number quantification in urines from both healthy subjects and
patients with INS. Characterization involved Transmission Electron Microscopy, Super-Resolution Microscopy,
and Exoview analysis. Detailed procedures are reported in the Supplementary material (Supplementary technical
method description).

Cytofluorimetric analysis of EVs

100 pL of unpurified urine EVs (uEVs) and 1x 10! of unpurified serum EVs (sEVs) were analyzed using a
MACSPlex human Exosome kit (Miltenyi Biotec) according to the manufacturer’s instructions. For uEVs, surface
marker median fluorescence intensity (MFI) was normalized against spot urine Creatinine (uCr, g/L) to account
for inter-patient EV variations based on the daily water intake. Flow cytometry was conducted on Cytoflex
using CytExpert Software (Beckman Coulter, Brea, CA, USA), and data were analyzed with Flowjo software
(Tree Star, Inc. Ashland, OR, USA). Raw data were reported in the Supplementary material (Supplementary
cytofluorimetric data).

Statistics

Analysis was performed using RStudio (R v4.0.3) or Prism with GraphPad v9.0 (GraphPad Software, USA).
Normalized cytofluorimetric signals were log-transformed for urine and serum markers. Transformed markers
were used both for multivariate and univariate analysis.

Principal components analysis (PCA) and clustering were done using FactoMineR (v2.4) and Complex
Heatmap (v2.6.2), respectively. Two-sided Student’s or Mann-Whitney tests for pairwise comparisons and one-
way ANOVA with Tukey’s post hoc tests or Kruskal-Wallis’s test with Dunn’s post hoc for multiple comparisons
were selected based on data distribution.

Correlation with biochemical variables was assessed using Pearson or Spearman coefficients.
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Marker frequency (% protein positivity/total samples analyzed) among patient groups was determined with
a<50% or >50% threshold as previously reported®*. The classification performance of both single markers and
their combinations was evaluated using combiROC (v0.2.3) (sensitivity > 40, specificity > 70, AUC).

Odds ratios (ORs) were calculated with univariate logistic regression (OR> 1 indicates increased likelihood
of association with SRNS appearance, OR <1 indicates decreased association). Significance was set at P<0.05.

Results
Demographic and clinical variables
Table 1 summarizes the clinical and biochemical characteristics of the INS study cohort (n=105, 58% males)
and healthy controls (CTRL) (n =19, 94% males). The study cohort includes SSNS (n=80) and SRNS (n=25).
The INS population was then subdivided into five groups: Group 1 SSNS patients at the onset of the disease
(n=17, SSNS Onset); -Group 2 SSNS at relapse (SSNS Rel, n=37); -Group 3 SRNS patients with persistent
proteinuria (above 0.5 mg/mg) (SRNS, n=17); -Group 4 SSNS in remission (SSNS Rem, n=26); -Group 5
SRNS patients who achieved complete response to second-line treatments (SRNS Rem, #=8). A control group
of age-matched children, with no kidney-related or immunological disease, was included in the study (CTRL).
In selected experiments, children in groups 1, 2, and 3 were selected as patients with active INS (n="71), while
children in groups 4 and 5 were in the remission phase of the disease (inactive INS, n=34). In our cohort, the
age was homogenously distributed with a median of 8.5 years (IQR: 4-13) in SSNS and 6 years (IQR: 2-11) in

Healthy Inactive
children | Active INS INS disease
Parameters CTRL disease (n=71) | SSNS SRNS (n=34) SSNS SRNS p value
(n=19) Onset (n=17) Rel (n=37) (n=17) Rem (n=26) Rem (n=38)
Demographic
and clinical
characteristics
Sex, n (%)
Male ég;l 7) 43, (60.6) 11, (64.7) 24, (64.9) 8, (47.1) 18, (52.9) 13, (50) 5, (62.5)
Female 1, (5.3) 28, (39.4) 6, (35.3) 13, (35.1) 9, (52.9) 16, (47.1) 13, (50) 3,(37.5)
Age (yr), median _ B _ _ 15 (12-18.5) . : _ a,¢p<0.01
(IQR) 6(2-11) |9, (4-15) 4(3-13) 8 (5-12) ab,c 11, (8-14.25) | 11 (6-13.25) 15 (8.25-17.75) bp<0.001
Age at onset (yr), cp<0.01
median (IQR) N/A 4,(3-12) 4(3-13) 4 (2-5) 9 (4-15) ¢, d | 5, (3-8) 4(2.37-7.25) 7 (5.25-12.50) dp<0.05
Drugs treatment
at the time of
collection, n (%)
Immunosuppressants | 0, (0) 25, (35.2) 0, (0) 14, (37.8) 11, (64.7) 30, (88.2) 24,(92.3) 6, (75)
Others 0, (0) 4, (5.6) 0, (0) 0, (0) 4,(23.5) 0, (0) 0, (0) 0, (0)
NT 21960) 42, (59.1) 17, (100) 23,(62.2) 2,(11.8) 4,(11.8) 2,(7.70) 2,(25)
Biochemical parameters
Protein-to- d,
creatinine ratio, N/A 5.85, (1.86-8.7) g.se(4.9679.27) i'7e(1'6°’8'52) g";g)(g'%’ (()(')1155-0 1g) |O14(011-016) | 031(0.19-0.63) | fp<0.001
median (IQR) > > . : : ep<0.05
Urine creatinine (()67472- 0.99, (0.59-1.6) | 0.8(047-1.56) | 1.0 (0.63-1.64) | %8 115, 105 (0.57-148) | 1.49 (1.02-1.80)
(g/L), median (IQR) 1 23) R : . : : ) : : (0.57-1.88) | (0.8-1.54) : ’ ) : ) :
Serum creatinine 0.46 0.84 0.52 EP <001
(mg/dL), median (0.29- 0.45, (0.31-0.68) | 0.31 (0.26-0.50) e | 0.40 (0.32-0.59) (0.56-1.06) I 0.51 (0.43-0.57) 0.67 (0.47-0.95) >
(IGR) 0.56) oo (0.46-0.62) ¢p<0.001
: - ep<0.05
. 107 74 b,
;(e;gil:ér(r}gg;m)) (86— 118, (91-145) 138 (101.5-163.5) | 122 (106.8-149.8) | (58.50-106) (19135:129 117 (96.45-126.8) | 99 (78-119.5) ¢p<0.001
132) b,cd dp<0.05
Immunoglobulins (mg/dL), median (IQR)
cp<0.01
IgG N/A | 383, (148-618) £ | 10 93-230) 487 (365.5-719.5) | 271 (186:5= 169, 695 (465-849.3) | 763 (644.8-1128) | d,
cde 679) (500.3-919)
e,£p<0.001
162 (114.8- dp<0.05
IgM N/A 127, (96.3-184) f | 121 (100-201.5) d | 127 (72-163) 194)d 66, (38-110) | 57 (37.5-112) 82 (58.25-118.8) £p<0.001
IgA N/A 92,(72.3-138.8) | 103 (57-168.5) | 83 (59-129) ?32(659) 98, (46-151) | 71 (31.5-110) 143 (95.50-234)

Table 1. Clinical characteristics of the enrolled patients at the time of collection. Immunosuppressant drugs:
prednisone, mycophenolate, tacrolimus, Others: ramipril. Values vs. (a) CTRL, (b) SSNS onset, (c) SSNS

Rel (d), SSNS Rem (e), SRNS Rem, and (f) Inactive INS. NT not treated, IQR interquartile range, N/A not
applicable.
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CTRL, while SRNS patients had a higher median age of 15 years (IQR: 10-18). eGFR was reduced (74 mL/min)
in SRNS compared to SSNS subgroups (138 and 122 mL/min for SSNS Onset and SSNS Rel, respectively). Serum
IgG and IgM levels varied according to disease phase?, as expected.

Qualitative and quantitative evaluation of urine EVs in INS

EVs isolated from the urine of INS children (uEVs) exhibited a heterogeneous size and preserved membranes,
confirmed by TEM analysis (Fig. 1A). Super-resolution microscopy qualitative analysis revealed tetraspanin
distribution on single vesicles in both CTRL and INS patients (Fig. 1B). Quantitative analysis showed
significantly higher CD63 +and CD81+uEVs in active INS (62,500 +23,300 and 65,700 + 21,000 respectively,
P<0.05 and P<0.01) compared to CTRL (22,100 10,200, and 22,000+9,600) and inactive INS (only for
CD8], 28,800 + 10,500, P < 0.05) (Fig. 1C). Capture separation revealed different co-expression patterns among
tetraspanins (Fig. 1D), particularly significant for CD9/CD63 and CD81/CD63 in the active phase compared to
CTRL (P <0.05 and <0.01, respectively). EVs co-expressing CD81/CD63 also showed a different distribution
between the active and inactive INS stages (P <0.05). Triple-positive uEVs were less abundant but significantly
increased in the active phase when captured with CD9 (P <0.001 vs. CTRL and P <0.01 vs. inactive INS) and
CD81 antibodies (P < 0.05 vs. both groups).

Correlations between uEVs/mL in both INS and CTRL urine and kidney function parameters (uCr, uPr/
Cr, eGFR) were investigated (Fig. 2A). Spearman’s analysis revealed a significant positive correlation between
uEV numbers and uCr levels (R=0.29, P<0.01), as well as with the uPr/uCr ratio (R=0.22, P<0.05). uEV
dimensions negatively correlated only with the uPr/uCr levels (R=-0.27, P<0.01) (Fig. 2B). These associations
persisted when INS patients were separated from controls (Additional File 1: Figure S1). In detail, we observed a
significant positive correlation of uEV numbers with uCr levels (R=0.31, P <0.01) and with uPr/uCr (R=0.22,
P <0.05) (Fig. S1A). uEV dimensions negatively correlated with both uCr (R=-0.22, P <0.05) and uPr/uCr levels
(R=-0.29, P <0.01) (Fig. S1B). Separation based on gender, highlighted as the positive correlation with uCr and
uPr/uCr was maintained only in the female group. The same was observed for the negative correlation between
EV size distribution and uPr/uCr levels. NTA analysis (Fig. 2C) showed increased uEV numbers (uEVs/uCr) in
SSNS Onset compared to CTRL (P <0.01), and the other groups and clinical time-points (P <0.001) whereas
EV size distribution decreased only between SRNS and SSNS in remission (P <0.05, SSNS Rem vs. SRNS Rem)
(Fig. 2D). No gender-based differences were observed in uEV numbers and size in INS (Fig. 2C, D).

UEV surface marker characterization in different INS groups
uEV surface marker profile was evaluated by flow cytometry in seventy-four INS patients. CD9-CD63-CD81 EV
expression positively correlated with uPr/uCr (Fig. 3A), with CD9 most significantly associated with the active
state (R=0.54, P<0.001). Tetraspanin levels were higher in active INS compared to controls and inactive INS
(CD9 and CD63 P<0.05 vs. CTRL and P <0.001 vs. inactive INS; CD81 P < 0.001 vs. inactive INS) (Fig. 3B).
Global EV-surface antigens distribution in each INS, analyzed through PCA, distinctly separated SSNS in
relapse from onset and the SRNS group (Fig. 3C). Unsupervised hierarchical clustering confirmed the clustering
of INS patients in the active phase (Fig. 3D). Marker frequency analysis revealed exclusive markers in INS
children (CD25, CD20, CD11c, CD2, CD49e, CD62p, and CD42a) with higher frequencies during the active
phase than during remission (Frequency>50%). In the active INS phase, SRNS exhibited higher levels of
adaptive immune-related proteins (CD4, CD8, CD19), monocyte markers (CD11c, CD2, CDIc), and adhesion
molecules (CD49e, CD146) compared to the SSNS group (Fig. 3E).

Identification of uEV-associated markers to distinguish the active phase of INS disease
Nineteen core EV-surface markers were identified as potential discriminants between active and inactive INS
(Fig. 4A), with eight effectively distinguishing the active phase from CTRL (Fig. 4A). Among them, the three
markers that achieved the best discrimination were CD41b, CD105, and CD29 with an AUC>0.88 (Fig. 4B).
These 19 core markers, excluding CD24, CD1c, CD11c, CD25, and CD40, and with the addition of CD19 and
CD69 molecules, exhibited a significant positive correlation with proteinuria levels in INS children (Table 2),
suggesting an association between kidney damage and uEVs of distinct cellular origin.

Seven markers effectively separated SSNS at the onset from CTRL (Supplementary material; Table S1), with
CD41b achieving the highest performance (AUC>0.9). The same cluster of markers except for CD20 and
CD42a, but including CD326, CD9, CD133, CD63, CD81, and CD24 differentiated between SSNS Rel and SSNS
Rem groups (Supplementary material; Table S2), with CD29 showing the best AUC. When the SRNS group was
analyzed, almost half of the markers were differentially expressed between patients with persistent proteinuria or
in remission after second-line immunosuppressive treatments. Best AUC values were obtained for CD9, CD19,
and CD146 (AUC: 1, 0.94, and 0.92, respectively) (Supplementary material, Table S3).

Identification of a candidate UEV panel to discriminate patient’s sensitivity to the steroid
therapy

uEVs from SSNS Rel and SRNS patients were compared to identify biomarkers that differentiated the two
groups significantly. Markers encompassing both innate (CD11c, CD209, and CD1c) and adaptive immune
responses (CD19, CD4, and CD8), along with those involved in angiogenesis/adhesion and stemness processes
(CD31, CD44, CD146, and ROR1) were identified (Fig. 5A). CD146 emerged as a significant predictor for SRNS
(Fig. 5B). However, the best separation between SRNS and SSNS Rel groups was achieved by the combination of
CD19-CD44-CD8 (AUC=0.87) (Fig. 5C; Table 3).
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Fig. 2. Characterization of uEVs from CTRL and INS patients by NTA and correlation with renal function
parameters. Correlations of uEV concentration (A) and size (B) with the renal function biochemical
parameters (uCr, uPr/uCr, and eGFR) are reported. R =Spearman correlation coefficient. P <0.05 has been
considered statistically significant. Normalized uEV's concentration (number of particles/urine creatinine,
uEV/ uCr) (C) and size distribution (mode) (D) in the INS group and CTRL are reported. Analysis of the
number (C, right panel) and size (D, right panel) of uEV's between males and females in the INS cohort is also
shown. Data are presented as means + standard deviation (SD) of individual data points. **P <0.01 vs. CTRL,
P <0.001 vs. SSNS Rel, SRNS, SSNS, and SRNS Rem; fP <0.05, vs. SRNS Rem; One-way ANOVA with
Tukey’s post-test.
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function (uCr, uPr/uCr, eGFR); R=Spearman correlation coefficient, P <0.05 has been considered statistically
significant. (B) Flow cytometry characterization of tetraspanins in EV's from INS patients at different clinical
time points, expressed as normalized MFI (MFI/ uCr) (CTRL n=7, Active INS n=51 and Inactive INS
n=23). *P <0.05 vs. CTRL; ###P < 0.001 vs. Active INS; Kruskal-Wallis non-parametric with Dunn’s post-test.
(C) Principal component analysis (PCA) plots individuals’ urine EVs protein content (dim1 vs. dim2, dim1 vs.
dim3, dim2 vs. dim3). CTRL, active, and inactive INS patient groups were analyzed (each patient’s subgroup

is defined by color). (D) Heatmap analysis of uEV signature distribution detected by cytofluorimetric analysis
in the analyzed cohort (z-score distribution for each protein). (E) The frequency distribution (%) of the 34
exosomal protein markers in INS patients and control children is indicated in each box. Darker red plots
represent higher marker frequency.

Scientific Reports|  (2024) 14:25765 | https://doi.org/10.1038/s41598-024-76727-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A
r I I
cote - - " ROR1 - B CTRL
2 co142 v ..n B Adive
, " Inactive
cotte] + of emee m»«%&—
co62p o ¢ dugamss oo * "
cDzs - —— CD24 — e -
R
co2s - R, counfde & *c - CD133 < b
& 4
couw { oot - ssu-ui . | (A
cD105 ’& 4+
Ll . av
HLA-DR R . AL CD326 - -
F P
o coatn "* . e
coz { wepae - €029+ = m L -
EE
o |'° » M ; |'° ; » o QTO 21;’ »
morm MFI norm MFI norm MF1
B
100 :
1\:‘77 — CD41b
80 CcD29
}; — CD105
‘:; 60—
=
2 40-
@
wn
20+
0

" L 1 | | L 1
0 20 40 60 80 100
100% - Specificity%

Fig. 4. Expression of uEV markers between INS at different clinical stages and pediatric controls. (A) Boxplots
showing expression of a cluster of immune, platelets, and adhesion/progenitor cell markers in CTRL, and
active or inactive INS. *P <0.05, **<0.01, and ***<0.001 vs. CTRL; #P <0.05, ##<0.01, ###<0.001 vs. active
INS. Kruskal-Wallis non-parametric with Dunn’s post-test. (B) ROC curve analysis of the performance of the
CD41b, CD29, and CD105 markers, in separating the active INS group from CTRL.

Generation of INS expression signature using the serum and urinary EVs from the same
patient

EVs enriched in the serum (sEVs) were also characterized in eighty-three INS patients. NTA analysis revealed
significantly higher sEV numbers in SSNS at onset (7.87e11 +3.13el1 part/mL, P<0.01) and relapse compared
to CTRL (6.50e11 +2.92e11 part/mLvs. 3.79¢e11 + 1.38el1, P < 0.05) (Fig. 6A). sEVs were also increased in SRNS
with persistent proteinuria compared to CTRL (P <0.001) and SSNS Rem (P < 0.05). No differences in sEV size
were observed among groups or after gender-related INS separation (Fig. 6B). CD9 expression in sEVs decreased
during the active phase compared to CTRL and inactive INS (P <0.01 and < 0.05, respectively) (Fig. 6C). Three
markers on serum EV surfaces were identified as potential discriminants for active INS (not shown), with lower
discriminating power compared to urine in distinguishing INS patients from controls. The combination of
serum and urine markers from the same patient was able to reach a statistical correlation as observed in Fig. 6D,
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Cellular Origin Markers | R p-value
CD19 0.43 | <0.001
CD20 0.38 | <0.001
Immune cell compartment HLA-DR | 0.62 | <0.001
CD69 0.29 | <0.01

CD86 0.26 | <0.05
CDé62p 0.32 | <0.01
CD41b 0.71 | <0.001
Endothelial/platelet activation | CD42a 0.33 | <0.01
CD105 0.44 | <0.001

CD142 0.23 | <0.05

CD29 0.68 | <0.001

Adhesion cell activation CD326 0.59 | <0.001
MCSP 0.32 | <0.01

CD133 0.43 | <0.001
Stem/Progenitor cell activation | SSEA-4 | 0.48 | <0.001
ROR1 0.44 | <0.001

Table 2. Urine-EV biomarkers and their correlation to pathological proteinuria. R=Spearman Correlation
Coefficient. P value < 0.05 was considered significant.

with CD3 and CD29 exhibiting significant positive/negative relations in both matrices (R=0.25, P=0.047 and
R=-0.26, P=0.039, Pearson correlation) (Fig. 6D). Likewise, the combination of sCD146 and uCD29-uCD41b
separated active INS patients from healthy children with higher sensitivity (SE ~ 1) compared to single markers;
the combination of CD41b in serum and urine distinguished SSNS at onset from CTRL, and in SSNS, uCD326,
and sCD8 effectively differentiated disease activity (Table 4).

Discussion

In the present study, we analyzed the surface antigen profile of urine and serum EVs in a cohort of pediatric
INS patients, searching for new biomarkers for the accurate subclassification of INS sub-cohorts for clinical
studies. Through the combination of a standardized surface proteomic analysis with a bioinformatic approach,
a urine EV-based signature was generated, discriminating different forms of childhood INS compared with a
cohort of paediatric controls. Urine-EV signature was mainly characterized by markers of endothelial/platelet
and immune stimulation during proteinuria events. Conversely, the combination of serum and urine EVs was
able to improve the separation between the different groups of childhood INS.

We found that at the onset of the disease, patients present more EVs in their urine compared to healthy
children. This was in line with previous studies showing the association of EV abundance with different
pathological conditions related to the kidney?®. EV concentration can be influenced by age?’. In our patient’s
cohort, the age was uniformly distributed among the different phases of the disease and comparable to the
control group. The only form showing a different age distribution was the SRNS group classically characterized
by a higher age of appearance of the disease?®. However, no differences were highlighted in their EV number
in respect to the SSNS. The number of uEVs also showed a positive correlation with proteinuria levels in the
different INS groups.

The classical tetraspanin members were detectable in the urine EVs, with the highest expression observed
from CD9, followed by CD81 and CD63 in proteinuric INS. When a co-expression pattern was investigated,
double-positive CD63/CD81 vesicles were identified as the most enriched EVs in the INS active phase, with a
significant reduction during the inactive phase. Interestingly, all the tetraspanins showed a stronger association
with proteinuria level, where the highest correlation was achieved for CD9, displaying a direct relation between
tetraspanins and early kidney disease.

We here, for the first time, characterized uEVs in INS patients, tracking their cellular sources using a
standardized flow cytometric assay able to simultaneously analyze 37 different markers. A characteristic uEV
protein electrophoresis profile was previously found able to discriminate INS from other non-glomerular kidney
diseases®®. Previous studies by Burrello et al. used the same cytofluorimetric technology to investigate the surface
antigen profile of blood and urine EVs in ischemic brain injury®® and rejection episodes associated with heart
and kidney transplantation?>3!.

The uEV concentration can be dependent on the excretion/fusion EV rate and the overall urine concentration.
Blijdorp et al. demonstrated that uEV concentration highly correlates with urine creatinine, potentially replacing
the need for uEV quantification to normalize spot urines®. Indeed, urine creatinine levels are commonly used
to normalize the excretion rate of different urinary analytes®***. In our study, a positive correlation between the
concentration of released EVs and urine creatinine was observed. Therefore, we employed the urinary creatinine
measure to normalize the relative excretion rate of uEV proteins.

By applying hierarchical clustering on urinary EV markers, we revealed a superimposable pattern between
INS children at the onset of the pathology and during relapse; however, these two groups exhibited a group of
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Fig. 5. Expression of uEV markers discriminating steroid-sensitive and steroid-resistant forms of INS. (A)
Boxplot showing the expression of CD11¢, CD209, CD1c, CD19, CD4, CD8, CD31, CD44, CD146, and ROR1
that discriminates between SRNS and SSNS Rel patients. *P < 0.05, **P <0.01, and ***P < 0.001 vs. SSNS Rel.
Non-parametric Mann-Whitney t-test. (B) Forest plot of the odds ratio (OR) and its 95% confidence interval
for the risk associated with steroid resistance in INS children (OR > 1, positive association; OR < 1, negative
association). P <0.05 is highlighted in red. (C) ROC curve analysis of the diagnostic performance of the
urinary marker combination (CD19-CD44-CDS8, red line) and the single marker (CD146, green line).

differentially expressed markers. This could be potentially ascribed to the difference in the timing of the disease
screening; the onset phase represents the initial manifestation of INS, potentially indicating the early pathological
condition whereas the relapses happen where the INS condition is already persistent and potentially associated
also with ongoing secondary effects. Further, we found that INS patients in the active phase were separated
from healthy children based on an exclusive surface signature of 8 markers with a strong overrepresentation
of adhesion/endothelial activation markers. Three markers, CD41b (platelets origin), CD105 (endothelial
marker), and CD29 (adhesion molecule), showed the best diagnostic score. The CD41b was the principal
marker, separating treatment-naive INS patients at the onset of the disease from controls, thus representing
a promising diagnostic biomarker. Interestingly, thromboembolic events represent a possible complication of
INS**. Moreover, serum endothelial and platelet microparticles were previously described to inversely correlate
with kidney function recovery in transplanted patients?*¢. The EV detected in our samples could potentially
derive from the serum since EVs can pass through the membrane pores of the glomerular filtration barrier when
kidney damage occurs'®. Urine EVs can also derive directly from the kidney compartment, where alterations

Scientific Reports|  (2024) 14:25765 | https://doi.org/10.1038/s41598-024-76727-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Markers AUC | Sensitivity | Specificity | ACC
CD19-CD44-CD8 | 0.873 | 0.833 0.913 0.886
CD146 0.844 | 0.75 0.826 0.8
CD44 0.797 | 0.833 0.826 0.829
CD19 0.777 | 0.917 0.696 0.771
CD8 0.75 ]0.583 0.913 0.8

Table 3. Diagnostic performance of individual, combined uEV markers and proteinuria in steroid sensitivity
classification. AUCarea under curve, ACCaccuracy.

of the glomerular endothelium have been identified in patients with SSNS in relapse and correlate with poor
clinical outcomes®”*. Concomitantly, in children with minimal change disease, activation of the integrin CD29/
FAK axis was detected in damaged podocytes, suggesting that CD29-enriched EVs could originate from this
population®.

When the EV profile was performed in the same patient using both serum and urine as sources, a better
separation of the different stages of INS was achieved. The combination of serum-derived CD146 and urinary-
derived CD29 and CD41b reached the best score in separating INS patients in the active phase from healthy
children compared to the single markers. While the combination of a unique marker in serum and urine,
the CDA41b, better distinguished SSNS patients at the onset from CTRL. This approach was also proposed for
discriminating pathological states in other diseases?**. The potential impact of EVs in the clinical routine has
been widely recognized in cancer diagnosis and prognosis. In this context, EV-enriched miRNAs were shown to
be selectively associated with the early detection of tumour appearance?! as well as poor prognosis and recurrence
of highly invasive cancers*?. Accumulating studies provide strong evidence for the use of EV-protein markers
as a diagnostic tool in primary aldosteronism*®, focal segmental glomerulonephritis and steroid-sensitive
nephrotic syndrome?. Instead, the capability of EV surface antigens to stratify patients according to their renal
outcome after kidney transplant was demonstrated by Burrello et al.>. A signature of 30 miRNAs was previously
described to distinguish INS patients with active proteinuria from patients in clinical remission** and correlated
with the disease gravity*®. Similarly, in our experiments, the surface protein markers, CD29, CD41b, and HLA-
DR, better correlated with proteinuria levels in our patients’ cohort, presenting a disease signature that might
potentially anticipate the clinical course of the disease. When each INS subgroup was analyzed, we identified the
best classification marker to distinguish the different disease stages in both SRNS and SSNS patients. We found
that CD29 was the marker that better discriminates relapse episodes from remission in SSNS patients with an
AUC of 0.913, while the SRNS patients were sorted based on the expression of the tetraspanin molecule CD9
(AUC=1). The expression of integrins was already implicated in the pathogenesis of multiple kidney diseases*°.
Our data corroborates with the recent finding of the group of J. Kennedy, which demonstrated that urinary
podocyte-derived large EVs were able to distinguish between relapse and remission phases in children with
INS*. Additionally, the analysis of biofluids from the same patients in our cohort was able to generate a multi-
biomarker combination (CD8 sEVs and CD326 uEVs), which could predict the rate of remission and relapse in
SSNS.

We also investigated the role of uEVs surface proteomes in stratifying INS-affected subjects according to
steroid sensitivity. Prior investigations identified WT-1 as a marker of urinary exosomes in INS. Despite that,
WT-1 expression was ineffective in the prediction of steroid responsiveness in these children*®. In our study,
uEVs were able to separate patients with SSNS from those affected by the SRNS form, based on differences in
markers involved in adaptive immune responses and angiogenesis/adhesion-related processes. Among them,
the endothelial molecule CD146 better predicts SRNS, with an AUC equal to 0.84. Interestingly, plasma CD146
levels were shown to be progressively increased in early-stage diabetic nephropathy (DN), functioning as an
optimal marker in the discrimination of DN severity®. Therefore, it is reasonable to suggest that also here
increased levels of CD146 in the urine EVs may help discriminate the most severe pathological forms of INS.

However, SSNS and SRNS patients were again better separated by the combination of three markers, CD19,
CD8, and CD44, which strongly classified patients based on steroid response. These data highlighted that an
unbalanced adaptive immune response activation has an involvement in the progression of the INS disease
in patients non-responsive to steroids. The CD19+ B cell levels were recently demonstrated to predict steroid
responses in SRNS patients with high sensitivity and acceptable accuracy™. Lama G. et al. observed that different
immune mechanisms are involved in the pathogenesis of SSNS and SRNS. They found that the higher the CD8
count in children with SRNS, the greater the steroid unresponsiveness®!. Our data were also in line with a
previous study showing the correlation between CD44 expression in kidney biopsies and the higher prevalence
of SRNS as well as a negative kidney outcome®*.

Some limitations in this work should be acknowledged. Firstly, the results of our study were limited by the
incidence of INS which is classified as a rare disease. Moreover, a longitudinal study on the same patient will be
more instrumental in predicting the progression of the disease. However, this study sets the basis to apply the
biofluid EV modeling to monitor the ongoing immune-related kidney damage after INS appearance.

In conclusion, our study showed that urinary and serum EV-surface profiles may efficiently separate different
forms of childhood INS at different stages of the disease. The urine EVs phenotype mirrored the ongoing immune
and endothelial/platelet activation of the disease’s active phase. Thus, the EV-surface proteins by reflecting
disease-specific features may function as innovative biomarkers in this disease.
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Fig. 6. Correlation analyses of urine and serum-derived markers in the same INS patient. (A, B) NTA
characterization of serum EVs (sEVs) from CTRL and INS patients at different clinical times and separated

by gender. Results of sSEVs concentration (A) and size (B) distribution are reported; each dot plot shows the
mean + SD P <0.05, **P <0.01, ***P <0.001 vs. CTRL; #P < 0.05 vs. SSNS Rem. One-way ANOVA with Tukey’s
post-test. (C) Flow cytometry characterization of tetraspanins in SEVs from INS patients at different clinical
time points, expressed as MFI (CTRL, n=11; active INS, n=54; inactive INS, n=29) **P <0.01 vs. CTRL;

#P <0.05 vs. active INS. Kruskal-Wallis non-parametric with Dunn’s post-test. (D) Correlation matrix of
surface proteins in uEV (Y-axis) and sEV's (X-axis) from the same patient (CTRL, n=7, and INS group n=55).
R=Pearson correlation coefficient. Negative correlations (red color) and positive correlations (blue color) were
highlighted in bold where statistically significant (P <0.05).
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s-uEVs Markers AUC | Sensitivity | Specificity | ACC | Groups
sCD146-uCD29-uCD41b | 1 1 1 1
sCD146 0.8 0.6 1 0.676

Active vs. CTRL
uCD29 0.914 | 0.867 1 0.89
uCD41b 0.933 | 0.867 1 0.89
sCD41b-uCD41b 1 1 1 1
sCD41b 0.964 | 0.875 1 0.933 | Onset vs. CTRL
uCD41b 0.911 | 0.875 1 0.933
sCD8-uCD326 1 1 1 1
sCD8 0.641 | 0.533 0.778 0.625 | SSNS Rel vs. SSNS Rem
uCD326 0.97 |0.867 1 0.917

Table 4. Diagnostic performance of uEV and sEV markers in pediatric INS between the different analyzed
groups. AUC area under curve, ACC accuracy.

Data availability
All data generated or analyzed during this study are included in the published article [and its supplementary
information files].
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