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Background: Extracellular vesicles present in urine (uEVs) are gaining considerable interest as biomarkers, to monitor and predict
kidney physio-pathological state. Patients with single ventricle defects and hemodynamic stabilization by Fontan intervention may
develop kidney dysfunction as one of the most prevalent extracardiac co-morbidity. Our study aimed to characterize uEVs in children
with single ventricle heart defects who underwent Fontan surgery, focusing on markers for monitoring and predicting kidney function,
to get physio-pathological insights on possible mechanisms of tissue damage and progression.

Methods: We isolated uEVs from urine of 60 paediatric patients affected by single ventricle defects, and from 10 healthy subjects. We
analysed uEVs to assess the presence of the reno-protective hormone Klotho, using super resolution microscopy of single uEVs and ELISA.
Moreover, we analysed the levels of markers of kidney regeneration, such as CD133 and CD24, and of inflammation using a bead-based
cytofluorimetric multiplex analysis. The markers’ levels were correlated with patients’ demographical, clinical and surgical data.
Results: uEVs from children with single ventricle defects showed reduced levels of Klotho and CD133, compared with the ones of
healthy subjects. In parallel, the levels of inflammatory markers (CD3, CD56, and HLA-DR) were significantly higher. Interestingly,
levels of inflammatory markers correlated with age of patients and distance from surgery.

Conclusion: This study demonstrates that single ventricle patients, who underwent Fontan’s surgery, present altered levels of uEV
biomarkers related to regeneration, inflammation and fibrosis, suggesting the presence of early signs of kidney damage and
inflammation, compatible with the complexity of the pathology.
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Background

Congenital heart defects affect roughly 1% of newborns. One of the most complex forms of congenital heart disease involves
single ventricle physiology.'” Indeed, babies born with single ventricle defects, described by the presence of only one
underdeveloped pumping chamber, face some of the most severe heart conditions. Without treatment, their lifespan is often
limited.? In the 1970s, a revolutionary procedure known as the Fontan surgery emerged. This intervention reroutes blood flow
directly to the lungs, alleviating pressure on the compromised ventricular chamber,"* and transforming once-fatal single
ventricle congenital heart defects into manageable conditions, with dramatically improvement of patients’ outcome.” The
overall survival rate at 10-, 20-, and 30-year are 74%, 61%, and 43%, respectively.s’6 While survival rates have seen
remarkable progress, these patients still face significant long-term multiorgan adverse complications.”*
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Early signs of renal dysfunction and inflammation

Long-term health problems include chronic inflammation, heart failure, arrhythmias, lymphatic disorders, and mental
health challenges,7’8 Moreover, due to the complexity of the pathology and the increase of life expectancy, kidney
dysfunction stands out as one of the most prevalent extracardiac comorbidity in the Fontan population. Hemodynamic
derangements after the Fontan operation, as well as acute kidney injury (AKI) episodes after cardiac surgeries, represent
the main causes of kidney damage.” However, information about the progression of renal injury in single ventricle
patients after Fontan circulation is limited and, more important, the long-term implications of renal dysfunction are not
predictable and well established.'® In this context, clinical parameters and early biomarkers of renal function may be
helpful for patient management and for the direction of therapeutic interventions.

Biological particles in the nanoscale, called extracellular vesicles (EVs) are emerging as a new biomarker category. In fact,
EVs’ surface markers and cargo (proteins, lipids and different RNA species), may provide information on the pathophysio-
logical state of the originating cell.'"'* EVs collected into the urine (uEVs) are considered to originate from cells of all
segments of the urogenital tract, including kidney, prostate, and bladder as well as by inflammatory infiltrating cells.'*'
Recent research suggests that most of the uEVs derive from the kidneys.'® Indeed, the dynamic changes of uEV content may
mirror the status of the kidney and several uEV based biomarkers have been proposed.'” The number itself of uEVs appear to
correlate with nephrons’ number.'® Moreover, the expression of glomerular or tubular segment markers indicates a specific
cell damage.'* We previously identified the presence of regenerative/progenitor markers, such as CD133 and SSEA-4, in
uEVs of normal subjects, and we showed that their levels were correlated with the prognosis of kidney function in a cohort of
transplanted patients.'® The renal anti-ageing hormone Klotho also appeared to be expressed by uEVs in normal subjects.'® Of
interest, Klotho release is highly modulated during acute and chronic kidney damage.*® 2

Searching for markers to monitor the pathophysiological status of the kidney in patients affected by congenital heart
defects, here we characterized uEVs of 60 single ventricle patients (PZ) subjected to Fontan operation, focusing on the
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expression of Klotho, an anti-inflammatory and -fibrotic marker, and CD133, a kidney progenitor cell marker, and of
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inflammatory markers, at single uEV level or as bulk analysis.'® Results were compared with those obtained in uEVs
isolated from healthy paediatric subjects with similar age. Finally, uEV markers were correlated with different clinical
parameters and hemodynamic metrics.

Methods

Study Design

All patients enrolled in the present study provided informed written consent for the study. The study protocol was
approved by the Bioethics Committee of the A.O.U. Citta della Salute e della Scienza Hospital (number 00575/2021,
protocol SV001) between 2021 and 2024. The study was conducted according to the principles expressed by the
Declaration of Helsinki of 1975, as revised in 2013. The study group was composed of a total of 60 young patients
(mean age: 11.3 + 3.9 years, range: 5.1-18.3 years) affected by single ventricle defects, subjected with Fontan surgery
and followed up at the day-hospital of the SC Pediatric Cardiac Surgery and Congenital Heart Disease of Citta della
Salute e della Scienza in Torino, Italy. Ten healthy subjects matching for age and sex were also enrolled in the study.

Patients’ Urine Collection and uEV Isolation

For each patient, second morning urine (around 10 mL) were collected at the follow up routine medical examination in
sterile containers and immediately stored in +4°C and, within 3/4 hours, stored in —80°C after pre-clearing following the
recommendations of the Urine Task Force.'*?” In details, urine samples were centrifuged at 3000 rpm for 15 min to
remove cells and other debris. Pre-cleared urine samples were filtered through sequential 0.8, 0.45 and 0.22-nm filters
(Merck Millipore, Burlington, MA). Five hundred microliters of pre-cleared urine were stored for MACSplex analysis.
uEVs were then collected using sequential ultracentrifugation (Beckman Coulter, OPTIMA L-100 K Ultracentrifuge,
Rotor Type 70-Ti, Brea, CA, USA) at 100,000 g for 1 hour at 4°C, as described.'>*® The pellet was then resuspended in
RPMI (Euroclone, Milan, Italy) + 1% DMSO (Merck Millipore) and stored at —80°C until use. For selected experiments,
uEVs were obtained from fresh pre-cleared samples obtained within 4 hours from the collection and stored at 4°C.
Biochemical analyses were performed by the clinical laboratory of the A.O.U. Citta della Salute e della Scienza Hospital
in the same day of the urine collection.

Nanoparticle Tracking Analysis

The NanoSight LS300 system (Malvern Panalytical, Malvern, UK) equipped with a 488 nm laser module was used to quantify
the EV size and concentration utilizing Nanoparticle Tracking Analysis (NTA) analytical Software, version number 3.2. uEVs
from all samples (60 patients and 10 healthy subjects) were diluted (1:200) in sterile saline solution filtered with 0.11 nm pore
(Merck Millipore). The following instrument setting was applied: camera level 15, threshold 5 and syringe pump 30. Three
videos per sample of 30 seconds were captured. The NTA settings were maintained constant between samples.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed on uEVs, isolated from healthy subjects and Single Ventricle PZ,
placed on 200-mesh nickel formvar carbon-coated grids (Electron Microscopy Science) for 20 min to promote adhesion. The
grids were then incubated with 2.5% glutaraldehyde plus 2% sucrose. EVs were negatively stained with NanoVan
(Nanoprobes, Yaphank, NY, USA) and observed using a Jeol JEM 1400 Flash electron microscope (Jeol, Tokyo, Japan).2*-°

Super Resolution Microscopy

Super resolution microscopy analyses were performed using Nanoimager S Mark II microscope from ONI (Oxford
Nanoimaging, Oxford, UK). The microscope is equipped with a 100x, 1.4NA oil immersion objective, an XYZ closed-
loop piezo 736 stage, and dual or triple emission channels split at 640 and 555 nm. For uEV characterization, the EV profiler
Kit (ONI) was utilized following manufacturer’s protocol. The Kit includes the assay chip, fluorescent antibodies for
tetraspanins (anti CD9-488, CD63-568 and CD81-647) and all the buffers and reagents necessary for the experiments. All
the experiments were conducted on individual sample, 10 Single Ventricle PZ uEVs and 5 healthy subject uEVs. In addition,
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the following antibodies were used: rabbit recombinant monoclonal Klotho antibody (EPR6856, Abcam, Cambridge, UK),
Aquaporin 1 (sc-25287, Santa Cruz Biotechnology, Dallas, TX, USA) and Aquaporin 2 (sc-515770, Santa Cruz
Biotechnology). The antibodies were conjugated with Alexa Fluor 488, 555 and 647 dyes using the Apex Antibody
Labelling Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA) according to the manufacturer’s protocol as
described.®! We used the following combination of antibodies: 1) CD9-488, Klotho-555 and CD81-647; ii) Klotho-555,
Aquaporin 1-647 and Aquaporin 2-488. The experiments were run in the assay chips present in the EV profiler Kit. Images
were taken in dSTORM mode and acquired sequentially in total reflection fluorescence (TIRF) mode. Single-molecule data
were filtered using NimOS software (v.1.18.3, ONI). Data has been subsequently analysed with the Collaborative Discovery

(CODI) online analysis platform www.alto.codi.bio provided by ONI using the drift correction pipeline version 0.2.3.2%!

MACSPlex Exosome Kit Cytofluorimetric Analysis

MACSPIex Exosome Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) allows the analysis of 37 exosomal surface
markers and two isotope controls. The antibodies present in the kit are the following: CD3, CD4, CD19, CD8, HLA-DR,
CD56, CD105, CD2, CDlc¢, CD25, CD49¢, ROR1, CD209, CD9, SSEA-4, HLA-ABC, CD63, CD40, CD62P, CDllc,
CD81, MCSP, CD146, CD41b, CD42a, CD24, CD86, CD44, CD326, CD133-1, CD29, CD69, CD142, CD45, CD31,
REA control, CD20, CD14, mIgG1 control. The experiments were performed following the manufacturer’s instructions.
In details, 15 pL of beads were added to 150 pL of clean urine and the mix was maintained on an orbital rotor overnight
at 4°C. The day after, a cocktail of CD9, CD63 and CD81 APC-labelled fluorescent antibodies were added and incubated
on orbital rotor for 1 hour at room temperature. After washing, samples were acquired using BD FACSCelesta™ Flow
Cytometer (BD Bioscience, NJ, USA). Results were normalized to the mean fluorescence intensity (MFI) of the CD63
tetraspanin that appeared the most consistent among the two experimental groups.'®>* The experiment was conducted on
each individual sample (n: 10 for healthy subjects and 60 for patients).

ELISA for Klotho

An anti-human ELISA (Human soluble a-Klotho code 27998; Immuno-Biological Laboratories) was used to quantify
Klotho levels within uEVs, according to the manufacturer’s protocol. In detail, single uEV samples isolated from fresh
urine of healthy subjects (n = 5) and Single Ventricle PZ (n = 10) were diluted (1:1 v/v) in the resuspension buffer
provided in the ELISA. Results were expressed as mean + SD and normalized per uEV number or per mL of urine."”

ELISA for NGAL

For the quantitative determination of human Lipocalin-2 (NGAL) levels in pre-cleared urine was performed using Human
Lipocalin-2/NGAL Quantikine ELISA Kit (Cod: DLCN20, from Bio-Techne srl, Milan, Italy) according to manufacturer’s
protocol. Urine samples were diluted 1:2 in the diluent provided by the kit. At the end of the procedure, the optical density was
measured at 450 nm using a microplate reader (Biorad, CA, USA). The experiment was conducted on all samples.

Evaluation of Liver Stiffness

Liver stiffness was evaluated with Transient Hepatic Elastography (Echo-Sens, Paris, France) also known as Fibro-Scan.
The probe directs an ultrasound beam (50 hz) through the liver and examines a sample parenchymal volume located
2.5 cm under the skin surface, | cm wide and 4 cm long. Assessing ultrasound propagation speed, the device estimates
liver stiffness and gives resulting values in kPa (Kilo-Pascal).

Statistical Analysis

GraphPad Prism 8 Software (GraphPad Software Inc., La Jolla, CA, USA) were used for statistical analyses. Results are
generally expressed as mean + SD or £ SEM, as indicated. Normally distributed variables are expressed as mean + standard
deviation (SD) and analyzed by Student’s #-test. Non-normally distributed variables are expressed as median (interquartile range)
and analyzed by Mann—Whitney test or Wilcoxon test, as appropriated. Correlations were evaluated by Pearson’s test. Receiver
operating characteristics (ROC) curves were analyzed to assess area under the curve (AUC). We only considered AUC values
greater than 0.75 for a better power performance.
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Results

Patient Description

Sixty patients, affected by single ventricle heart disease were enrolled in the study. All patients had undergone to Fontan
surgery in previous years starting from 2001, and, at the time of the study, they were in follow up at the day-hospital of
the structure. Ten healthy young subjects with similar age were also enrolled. For each patient, second morning urine
samples were collected and pre-analytical factors for handling and storage of samples complied with recommendations of
the Urine Task Force'*?’

Table 1 summarizes the demographic and clinical information of enrolled patients. No signs of renal dysfunction, as assessed

and International Society for Extracellular Vesicles.*

by blood creatinine analysis, performed at the day of urine collection was observed. Creatinine level resulted in the normal range
(0.49 + 0.14 mg/dL). Moreover, urinary NGAL (Neutrophil Gelatinase-Associated Lipocalin) was not increased.>**

uEV Characterization: Exosomal Markers

uEVs of all patients were isolated, following the protocol described in'®*®

in order to analyse their characteristics and
markers’ expression, in comparison with uEVs isolated from urine of healthy subjects. The study design is summarized
in Figure 1. The typical size distribution of small EVs was confirmed using Nanoparticle Tracking Analysis with a mean
size of 174.8 nm and 162.5 nm for uEVs isolated from Single Ventricle PZ and healthy subjects, respectively (Figure 2a
and b). The uEV concentrations, quantified as particle/mL by NanoSight, were comparable without significant differ-
ences between the two experimental groups (17.810%/mL for Single Ventricle PZ and 22.510%/mL for healthy subjects)
(Figure 2¢). TEM analysis revealed uEV integrity and confirmed uEV dimension in the nano range without significant
differences among the two groups (50-200nm) (Figure 2d and e).

uEV size, quantified using super resolution microscopy by CODI online analysis platform (www.alto.codi.bio),
confirmed similar size among the two groups (Figure 2e). At single EV level, the analysis of CD63, CD81 and CD9,
the classical exosomal markers in uEVs, showed heterogeneous expression of single and multiple tetraspanins. In

particular, uEVs of both experimental groups, appeared mainly CD9 single positive and CD9/CD63 double positive,
whereas CD81 resulted less expressed (Figure 3a). Comparing healthy subjects and Single Ventricle PZ, uEVs isolated
from Single Ventricle PZ showed significantly higher level of CD9 (Figure 3a). The analysis of the cumulative
expression of each tetraspanin also displayed differences among the two experimental groups, being CD81 significantly
more expressed in healthy subject uEVs and CD9 in Single Ventricle PZ uEVs (Figure 3b). On the contrary, the
cumulative expression of CD63 was comparable between the two groups (Figure 3b). Representative pictures of the most
expressed tetraspanins for each group are shown in Figure 3c.

Table | Clinical and Demographic Characteristics of Single Ventricle Patients and Healthy Subjects

Clinical and Demographic Characteristics | Single Ventricle Patients Healthy Subjects
Number 60 10

Age 11.3+3.9 (5.1-18.3) 85 25 (6-12)

Sex 37M/23W (61.7%M-38.3%W) | 4M/6W (40%M-60%W)
Plasma Creatinine (mg/dL) 0.49+0.14 0.52+0.06

Urine Volume (mL) 8.4+2.1 25.1%1.7

Urine NGAL (ng/mL) 10.0£6.1 18.5+12.8

Distance from Fontan (years) 6.8+4.3 (0.4-14.6) NA

Liver stiffness (KPa) 13.86+4.24 (6.97-23.57) NA

Saturation post Fontan (%) 92.74+ 6.05 (83-100) NA

Notes: General information of enrolled patients. No significant differences were observed for plasma creatinine and urine NGAL.
Abbreviation: PZ, patient; M, men; W, women; NGAL, Neutrophil Gelatinase-Associated Lipocalin; NA, not applicable.
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Figure | Schematic representation of the study. (a) uEV isolation. Representation of the uEV isolation process. (b) uEV analysis on pre-cleared urine. Graphical
representation of the bead-based uEV analysis, performed on pre-cleared urine samples. (c) Isolated uEV analysis. Techniques used for the analyses of isolated uEVs.

Klotho is Reduced in uEVs of Single Ventricle PZ

The renal origin of uEVs was confirmed by the presence of Aquaporin 1 and Aquaporin 2, markers of different nephron
segments using super resolution microscopy (Figure 4a—c). We subsequently assessed the presence of Klotho in uEVs;
Klotho is a renal hormone involved in protection from fibrosis and aging.>*>® Klotho positive uEVs appeared as
a distinct EV subpopulation, being Aquaporin 1 and Aquaporin 2 co-expression hardly detectable (Figure 4a and
Supplementary Figure 1). Comparing the two groups, uEVs from healthy subjects were significantly enriched in

Klotho in comparison with those of Single Ventricle PZ (Figure 4a—c). In particular, in healthy subjects, CD9 positive
EVs expressed higher Klotho in comparison with Single Ventricle PZ (Figure 4b and c). Single Ventricle PZ uEVs were,
at variance, enriched in Aquaporin 2 (Figure 4a).

In addition, Klotho levels were confirmed using the ELISA assay (Figure 4d). uEVs isolated from healthy subjects
showed significantly higher level of Klotho compared with Single Ventricle PZ uEVs (817.23 + 512.07 pg Klotho/10"!
uEVs for healthy subject vs 160.68 = 303.34 pg Klotho/10'' uEVs for Single Ventricle PZ), normalizing Klotho levels
both per uEV number (Figure 4d, left panel) or per mL of sample urine (Figure 4d, right panel).

Evaluation of the Presence of Progenitor and Inflammatory Markers in uEVs
Subsequently, to evaluate possible markers of early signs of renal damage, we assessed the expression level of surface
markers related to inflammation and regeneration on uEVs. The MACSplex Kit was used to directly assess 37 different
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Figure 2 uEV characterization. (a) Representative graphs of Nanoparticle tracking analysis (NTA) of uEVs isolated from urine of healthy subject and Single Ventricle PZ. (b-c)
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Representative TEM images of healthy subject uEVs and Single Ventricle PZ uEVs. (e). Description of the mean *SD of uEV size calculated with NanoSight (NST), TEM and
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surface molecules on pre-cleared urine, and data were normalized to the mean fluorescence intensity of the tetraspanin
CD63, which showed comparable levels in the groups as reported ahead (Supplementary Table 1).

The analysis highlighted the presence in both experimental groups of markers related to progenitor cell, renal, epithelial and
immune origin (Figure 5). uEVs from healthy subjects showed a homogeneous distribution. The expression levels of inflam-
matory markers CD3, CD56 and HLA-DR were increased in uEVs isolated from Single Ventricle PZ compared with those from
healthy subjects (Figure 5a). On the contrary, uEVs isolated from Single Ventricle PZ expressed at lower levels the progenitor/
stem cell marker CD133. In the presence of the renal marker CD24 and the epithelial marker EPCAM was heterogenous in
Single Ventricle PZ uEVs (Figure 5b). Sensitivity and specificity of the analysed markers were evaluated with ROC curves, and
results are shown in Figure 5c and Supplementary Figure 2. The CD133, CD3 and CD56 values generated an AUC above the
0.75, distinguishing healthy subject uEVs and Single Ventricle PZ uEVs (Figure 5S¢ and Supplementary Table 2).

Clinical Parameters and Marker Correlation

Single values of progenitor, renal and inflammatory markers, obtained with MACSplex kit, were subsequently correlated
with demographical, clinical, instrumental and surgical data of Single Ventricle PZ. All the analysed parameters are listed
in Table 1 and Supplementary Table 3.

In particular, we observed a significant positive correlation of the inflammatory marker CD3 with the increase of the
time post Fontan surgery (Figure 6a). Similarly, the levels of CD3 displayed a significant correlation with the age at the
examination, as well as with the increased liver stiffness post Fontan surgery (Figure 6¢). A similar trend was observed
for the levels of the inflammatory markers HLA-DR and CD56 (Figure 6). On the other side, the renal marker CD24
inversely correlated with the time post Fontan and age (Figure 6a and b). The renal progenitor marker CD133 showed
a similar trend, without reaching statistical significance (Figure 6a and b).
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Analysing the oxygen saturation after Fontan surgery, the level of saturation post-surgery is associated with
a reduction of all inflammatory markers (CD3, HLA-DR and CD56) and with an increase of renal and progenitor

markers (Supplementary Figure 3).

Discussion

uEVs emerge as attractive candidates for uncovering non-invasive biomarkers in renal diseases. uEVs possess the potential for
multiplex analyses, enabling the simultaneous identification of specific pathological processes and their cellular origins.
During renal damage, the cargo of uEVs may exhibit alterations, even before the manifestation of changes in conventional
serum markers of kidney function, such as blood urea nitrogen (BUN) and creatinine, facilitating earlier disease diagnosis.'’
The present study identifies a unique signature in uEVs isolated from Single Ventricle PZ, possibly underlying early signs of
renal alteration. Recent studies have identified the kidney as a primary source of uEVs found in urine.'® This is supported by
proteomic analysis of urinary EVs, which has demonstrated an abundance of renal proteins, such as uromodulin, Aquaporin 1,
and Aquaporin 2.*° These findings suggest that the molecular cargo carried by uEVs holds significant information on the
kidney physiopathology. We found that levels of Klotho and CD133, reno-protective and progenitor markers, respectively,
were significantly reduced in uEVs from Single Ventricle PZ. In addition, the levels of inflammatory markers CD3, CD56 and
HLA-DR appeared significantly increased in uEVs from Single Ventricle PZ and correlated with the extent and complexity of
the pathology. Finally, the levels of the exosomal marker CD9 differ between the two experimental groups.
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Figure 4 Renal markers’ characterization. Super resolution microscopy analysis of uEVs. (a) The graph shows triple positive, double positive and single positive uEVs stained with
Klotho, Aquaporin | (AQPI) and Aquaporin 2 (AQP2) antibodies. Data are expressed as percentage of marker’s colocalization +SD; (n=3 for both conditions). ¥p<0.05 healthy
subject versus Single Ventricle PZ. (b) The graph shows triple positive, double positive and single positive uEVs stained with Klotho, CD9 and CD8I antibodies. Data are expressed
as percentage of marker’s colocalization +SD; (n=2 for both conditions). *p<0.05 healthy subject versus Single Ventricle PZ. (c) Representative super resolution microscopy images
of uEVs stained with Klotho and CD9 antibodies. Klotho appears green and CD9 in blue. The corresponding scale bar is below each image. (d) Graphs of Klotho levels analysed by
ELISA assay. Results are expressed in pg Klotho/10'' uEVs (left panel) and pg Klotho/mL of urine (right panel). *p<0.05 healthy subject versus Single Ventricle PZ. (n=5 healthy
subject uEVs and n=10 for Single Ventricle PZ uEVs).
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Figure 5 Comparison of progenitor and inflammatory markers in uEVs isolated from healthy subject and Single Ventricle PZ. (a) Histograms showing the significantly different
inflammatory markers (CD3, CD56 and HLA-DR). (b) Histograms illustrating the expression levels of progenitor and epithelial markers (CD133, CD24 and EPCAM). (c).
Significant ROC curves (p< 0.75) of inflammatory (CD3 and CD56) and renal progenitor (CD |33) marker. (n=10 healthy subject uEVs and n=60 for Single Ventricle PZ uEVs). Data
are expressed as mean fluorescence intensity +SD, normalized with the fluorescence intensity of CD63. **p<0.001 and ***p<0.0001 healthy subject versus Single Ventricle PZ.

Recently, several uEV biomarkers of renal injury have been proposed, even if the current data are described in small
cohort of patients.*® During AKI, for example, increased levels of fetuin A and the activating transcription factor 3
(ATF3) mRNA, released by injured tubular cells, were observed in uEVs isolated from AKI patients.*'"** Moreover, the
levels of NGAL present in uEVs has been proposed as better predictor of kidney dysfunction after kidney transplant in
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Figure 6 Correlation of surface uEV markers with clinical and surgical parameters. The expression levels of the following EV markers: CD3, HLA-DR, CD56, CD24, CD133
and EPCAM were correlated with the distance from Fontan surgery expressed in years (a), the age of patients at examination (b) and with the liver stiffness expressed in
Kpa (c). Correlations were evaluated by Pearson’s R test; regression lines with 95% Cls are shown for each correlation.

International Journal of Nanomedicine 2025:20 hetps: 5917



Grange et al

comparison with other urinary non-vesicular markers.* In addition, miRNAs carried by uEVs may vary during renal
damage, and several miRNAs have been proposed as biomarkers of renal fibrosis such as miRNA-29¢, miRNA-200b.**
Of interest, in cases of glomerular injury, podocytes may release detectable uEVs in urine. Podocyte-specific proteins
such as Wilms’ tumor 1 protein have been proposed as specific biomarkers for focal segmental glomerulosclerosis in
mouse and human studies.****

Patients with congenital single ventricle defect undergoing Fontan surgery present a unique pathophysiological state
characterized by chronically diminished cardiac output with elevated systemic venous pressure, absence of phasic flow in
the systemic venous district and of pulsatile flow in the pulmonary circulation. During time, it has become evident that
this hemodynamic derangement is one of the factors involved in a progressive phenomenon of multiorgan failure.”
Historically, the first described complications were heart failure, pulmonary hypertension, and, particularly, the couple
Protein Losing Enteropathy - Plastic Bronchitis, both identified under the common definition of “Failing Fontan” and
depending on a lymphatic overload.*® However, in the last decade, the spectrum of Fontan related adverse effects has

gradually widened with the discovery of hepatic and renal damage, which have been object of a huge series of studies.”*

4748 there are no early

Although they represent prevalent complications and may exhibit progressive worsening over time,
biomarkers available for the monitoring of the disease progression and related complications.

Therefore, we first assessed the level of the renal hormone Klotho, an aging suppressor, which acts as a humoral
modulator of diverse cellular processes encompassing antioxidative and anti-inflammatory mechanisms.*>*
Dysregulation of Klotho is common in renal dysfunction, but may also contribute to the pathogenesis of different
diseases such as aging, fibrosis, bone disorder and vascular calcification.****>> We previously showed that, in normal
subjects, uEVs carry Klotho.'” Of interest, we here better characterized Klotho-positive uEVs, identifying a distinct uEV
subpopulation not expressing the tubular markers Aquaporin 1 or Aquaporin 2. The present study highlighted the
reduction of Klotho in uEVs of Single Ventricle PZ, compared to the levels of healthy subjects, using different
techniques, suggesting the impairment of the endocrine renal function of Klotho. The observed Klotho reduction in
urinary EVs could possibly correlate with its decreased level in the circulation, with consequent increase of systemic
oxidative stress, as well as with signs of early aging. Indeed, early osteoporosis, liver fibrosis, slow conduction speed and
alteration of coagulation are commonly observed in these patients.”® Circulating levels of Klotho in these patients
deserve further studies.

Moreover, increased uEV levels of CD3, CD56 and HLA-DR in Single Ventricle PZ indicated the presence of signs

1639 the identification of

of inflammation. Considering that circulating EVs in plasma do not cross the glomerular barrier,
EVs from inflammatory cells in urine indicates the presence of renal tissue inflammation, a hallmark of kidney acute and
chronic diseases. Renal inflammatory cells, activated during damage, may contribute to the release of EVs into the urine.
In turn, EVs specifically released by damaged renal resident cells may sustain renal inflammation.”” In this study, the
presence of UEVs expressing inflammatory markers, highlighting the presence of inflammatory cells within the kidney
tissue, correlated with age and time after Fontan surgery. This is in line with the presence of systemic inflammation in
patients with congenital single ventricle which has been reported in different studies”*® either by evaluating circulating
proinflammatory cytokines such as TNF-a, interleukin-6, by estimating spleen size ® or by assessing tissue inflammatory
markers. In particular, in patient with Fontan associated liver disease, RNA sequencing of liver biopsies exhibited
upregulation of pathways related to inflammation.*®

Another uEV marker that appears interesting is CD133, as its levels were observed reduced in uEVs from paediatric

3960 and correlated with kidney function in transplanted patients.'® In

patients with acute and chronic glomerulonephritis
paediatric Single Ventricle PZ, the uEV level of CD133 was also significantly reduced, suggesting a renal specific
impairment in the ability to kidney repair after damage. It is in fact reported that renal dysfunction may appear when
patients reach adolescence, and its incidence increase with adulthood.*” In addition, AKI occurs in up to 40% of patients
after Fontan surgery.®' Recent evidence shows that even one episode of AKI changes the risk of developing long-term
kidney problems such as chronic kidney disease.®” ®> Finally, CD24, a specific marker of renal uEVs,*® appeared to
inversely correlate with age and time after Fontan surgery, suggesting that it might represent a general renal decline due

to reduced nephron number or renal cell-EV release.
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The precise monitoring of kidney function in Single Ventricle PZ is of great importance, to counteract the decline
since the beginning. However, Single Ventricle PZ have low muscle mass that influence serum creatine;’ and for this
reason, creatinine base equations overestimate the GFR and cannot be accurate indicator of renal functionality.'® In our
cohort, accordingly, the plasma creatinine and urinary NGAL did not show abnormalities. Indeed, kidney dysfunction is
common in young adults, at a later stage than that of our patients.®” Our study highlights the presence of early changes in
uEV markers in children with Single Ventricle defects, without clinical manifestations of kidney damage, and well
correlates with the inflammatory and pro-fibrotic alterations, characteristic of this pathology.

Conclusions

In conclusion, data presented here identify a distinct phenotype of uEVs isolated from Single Ventricle PZ highlighting
abnormal levels of inflammatory markers and decreased level of regenerative and anti-fibrotic markers, mirroring the
pathological condition of these patients. The present study opens a new way to use urine for monitoring renal status and
comorbidities related to the complexity of Fontan circulation. This method offers several advantages: it’s minimally
invasive and a promise as a point-of-care testing tool. A validation study with an independent subjects’ cohort will be
instrumental to confirm these results.
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