International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Polarized HLA Class | Expression on Renal
Tubules Hinders the Detection of Donor-Specific
Urinary Extracellular Vesicles

Liang Wu @ "2, Martijn H van Heugten®, Thierry PP van den Bosch*, Hans Duimel®, Carmen Lépez-Iglesias®,
Dennis A Hesselinkz, Carla C Baanz, Karin Boer?

'Department of Nephrology, the First Affiliated Hospital of Shaoyang University, Shaoyang, Hunan, People’s Republic of China; 2Erasmus MC
Transplant Institute, University Medical Center Rotterdam, Department of Internal Medicine, Division of Nephrology and Transplantation, Rotterdam,
the Netherlands; *University Medical Center Rotterdam, Department of Internal Medicine, Division of Nephrology and Transplantation, Rotterdam,
the Netherlands; *Department of Pathology, University Medical Center Rotterdam, Rotterdam, the Netherlands; >The Microscopy CORE Laboratory
at the Faculty of Health, Medicine and Life Sciences, Maastricht University, Maastricht, the Netherlands

Correspondence: Liang Wu, Erasmus MC Transplant Institute, Department of Internal Medicine, University Medical Center Rotterdam Erasmus MC,
Room No. Na-514, Doctor Molewaterplein 40, 3015 GD, Rotterdam, the Netherlands, Tel +31 0622145029, Email l.wu.l @erasmusmc.nl

Purpose: Kidney transplantation is the optimal treatment for patients with end-stage kidney disease. Donor-specific urinary
extracellular vesicles (uEVs) hold potential as biomarkers for assessing allograft status. We aimed to develop a method for identifying
donor-specific uEVs based on human leukocyte antigen (HLA) mismatching with the kidney transplant recipients (KTRs).

Patients and Methods: Urine and plasma were obtained from HLA-A2+ donors and HLA-A2- KTRs pre-transplant. CD9
(tetraspanin, EV marker) and HLA-A2 double-positive (CD9+ HLA-A2+) EVs were quantified using isolation-free imaging flow
cytometry (IFCM). Healthy individuals’ urine was used to investigate CD9+ HLA-class-I+ uEV quantification using IFCM, time-
resolved fluoroimmunoassay (TR-FIA), and immunogold staining cryo-electron microscopy (cryo-EM). Culture-derived CD9+ HLA-
class-I+ EVs were spiked into the urine to investigate urine matrix effects on uEV HLA detection. Deceased donor kidneys and
peritumoral kidney tissue were used for HLA class I detection with histochemistry.

Results: The concentrations of CD9+ HLA-A2+ EVs in both donor and recipient urine approached the negative (detergent-treated)
control levels for IFCM and were significantly lower than those observed in donor plasma. In parallel, universal HLA class [+ uEVs
were similarly undetectable in the urine and uEV isolates compared with plasma, as verified by IFCM, TR-FIA, and cryogenic electron
microscopy. Culture supernatant containing HLA class I+ vesicles from B, T, and human proximal tubule cells were spiked into the
urine, and these EVs remained stable at 37°C for 8 hours. Immunohistochemistry revealed that HLA class I was predominantly
expressed on the basolateral side of renal tubules, with limited expression on their urine/apical side.

Conclusion: The detection of donor-specific uEVs is hindered by the limited release of HLA class I+ EVs from the kidney into the
urine, primarily due to the polarized HLA class I expression on renal tubules. Identifying donor-specific uEVs requires further
advancements in recognizing transplant-specific uEVs and urine-associated markers.
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Introduction

Kidney transplantation is the optimal treatment for patients with end-stage kidney disease. A percutaneous biopsy of the
transplanted kidney is the gold standard for investigating the etiology of kidney dysfunction following transplantation.’
However, this invasive diagnostic procedure is confined by various limitations, including patient discomfort, high costs,
and sampling bias.> Moreover, the reliance on skilled professionals and the need for a hospital setting, primarily for
ultrasound guidance, further restrict its accessibility and convenience.>* For these reasons, minimally invasive biomar-
kers to monitor transplant organ function are sought after. Such a “liquid biopsy” may reflect the integrity of the graft

without the limitations of a biopsy.>>¢
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Extracellular vesicles (EVs) are phospholipid bilayer particles of approximately 50 to 500 nm. EVs are released by all
mammalian cells and contain tissue-derived protein or RNA.” EVs also convey parent-cell-derived surface molecules and
cargo and are involved in cell-to-cell communication.®’ Tetraspanins such as CD9 and CD63 are generally expressed
membrane proteins in major EV subpopulations and are often used for EV recognition.” In immunity, EVs serve as
mediators of immune responses and show promise as biomarkers and potential therapeutic tools.'®"'? EVs derived from
the kidney transplant have the potential to inform on the condition of the kidney, predict kidney function (eg, delayed
graft function), and facilitate the early diagnosis of transplant rejection.'> "> Recent work reporting on urinary EV
proteomics suggests that donor-derived EVs include human leukocyte antigen (HLA)-peptide complexes, which can
trigger the host immune response and induce rejection of the transplanted kidneys.'®

The difference in HLA between donor and recipient contributes to alloimmune activation but also provides the
opportunity to identify donor-specific EVs.'”'® Individual HLA consists of class I (including HLA-A, B, and C loci) and
II (including HLA-DR, DP, and DQ loci). HLA class I is expressed by most human cells, while HLA class 1II is
restrictively expressed by antigen-presenting cells under physiological conditions.'® As HLA class I is more abundant
than HLA class II in the kidney and expressed by tubular epithelial cells and the glomerulus, differences in donor and
recipient HLA class I could facilitate donor-specific EV identification in urine.'®-*

Previously, we demonstrated the presence of donor-derived HLA class I+ EVs in the circulation of kidney transplant
recipients using imaging flow cytometry (IFCM).*! IFCM is a sensitive tool that can directly measure nanosized particles
such as EVs from unprocessed or minimally processed human plasma, urine, and cell culture supernatants.”>>* The use
of urine as the source of EV may be preferred over blood because of the limited passage of circulating EV into the urine,
specifically increasing the abundance of EVs derived from glomeruli or tubular epithelial.>> Urine collection has the
additional benefit of being noninvasive and easy.”® Here, we explore the use of graft-derived uEVs in kidney transplanta-
tion by detecting donor-specific urinary EVs (uEVs) by their donor-specific HLA class I molecules.

Materials and Methods

Due to its high abundance in kidney tissue and high frequency within the population,”’ >° HLA-A2 was selected as the candidate
for identifying donor-specific EVs. Twelve HLA-A2+ kidney transplant donors and their corresponding HLA-A2- kidney
transplant recipients (KTR) were selected. All recipients had received their first transplant. Donors and KTRs participated in
an observational study that aimed to identify minimally invasive biomarkers for the diagnosis of acute kidney transplant rejection
(Medical Ethical Review number 2018-035). In addition, ten healthy individuals were included (Medical Ethical Review number
2018-1623). This study was approved by the Institutional Review Board of Erasmus MC, University Medical Center, Rotterdam,
the Netherlands. Prior to participation, written informed consent was obtained from all individuals involved. The study adhered to
the principles outlined in the Declaration of Helsinki. Supplementary Table S1 summarizes the participants’ clinical features.

Deceased donor kidneys (n = 3) not approved for transplantation and peritumoral kidney tissue from oncological
nephrectomies (n = 2) were used to assess the localization of HLA class 1. Peritumoral renal tissue was collected from
two kidney tumor patients: one male, aged 78, diagnosed with renal cell carcinoma ISUP grade 2, and the other female,
aged 56, diagnosed with a low-grade oncocytic tumor. The collection of discarded donor kidneys adhered to the Dutch
Code of Conduct legislation, which permits the utilization of leftover material for research purposes and in accordance
with the Declaration of Istanbul.

We have submitted all relevant data of our EV measurements to the EV-TRACK knowledgebase (EV-TRACK
ID: EV231000)."

Sample Collection

Spot urine samples were collected from KTRs and their donors before transplantation, and fasting morning urine was
collected from healthy individuals. Urine (13 mL) was centrifuged at 1915 x g for 10 min at room temperature to remove
cells and debris and supplemented with a 25x%-concentrated proteinase inhibitor (PI) solution (cOmplete Protease
inhibitor cocktail; Merck Life Science, Darmstadt, Germany) at a 4% v/v. Samples were then stored at =70 °C until
further analysis. The collecting and processing procedures for all urine samples are illustrated in Figure 1.

3498 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=446525.pdf
https://www.dovepress.com
https://www.dovepress.com

Dove Wu et al

X XU
e
HLA-A2+
donors

Donor-specific HLA-A2+ uEV identification

1,915g 10 min X -
centrifugation m EV |splat|on free measurement
> | » ¢ Imaging flow cytometry

> )

Urine supernatant

<u'mmmmmmmmm

HLA-A2- Fresh urine

recipients General HLA-class-1+ uEV measurement

1,915g 10 min
centrifugation

>

EV-isolation-free measurement
_ * Imaging flow cytometry
e Time-resolved fluoroimmunoassay

w

Urine supernatant

XY

e —
Healthy
individuals

EV-isolation-performed measurement

¢ Imaging flow cytometry
¢ Immunogold labeling cryo-electron
microscopy

lIoOanounonoooo

Ultracentrifugation |
—_—

Fresh urine
Purified uEVs

Figure | Schematic overview of urine collection, processing, and EV measurement techniques. Created with BioRender.com.

As a positive control containing abundant HLA class I+ EVs, platelet-poor plasma (PPP) samples were collected from
all enrolled individuals as described previously.** For verifying the antibody specificity, peripheral blood mononuclear
cells (PBMCs) were isolated from HLA-A2+ and HLA-A2- individuals.*?

This study utilized phosphate-buffered saline (PBS; Thermofisher Scientific, Waltham, MA, USA) as a dilution buffer
and negative control. The PBS was filtered through a 0.2-um-pore syringe filter (Corning Life Sciences, Glendale, AZ,
USA) to remove possible confounding nanoparticles.

Cell Culture and Collection of the Cell Supernatant

Raji cells (human B lymphoblast, CCL-86; ATCC, Manassas, VA, USA) and Jurkat cells (human T lymphoblast, E6-1; ATCC)
were grown in RPMI 1640 GlutaMAX, Thermofisher Scientific) and supplemented with 10% fetal bovine serum (Thermofisher
Scientific) and 1% Penicillin-Streptomycin (Thermofisher Scientific) at 37 °C, 5% CO,. HK-2 cells (human renal proximal
tubule, CRL-2190, ATCC) were cultured in Keratinocyte Serum Free Medium supplied with bovine pituitary extract and human
recombinant epidermal growth factor (Thermofisher Scientific) at 37 °C, 5% CO,. When the cell density of Jurkat and Raji
cultures reached 500,000/mL and for HK-2 70% confluency, 1 pL/mL IFN-y was added to the cell medium for 24 hours to
stimulate membrane HLA class I expression (Supplementary Figure S1). Subsequently, Jurkat and Raji cell culture media were

replaced with a serum-free medium.*~** After 24 h, 13-mL supernatant was isolated from all three cell lines and stored after the
same pre-storage protocol as the urine samples.

In the spike-in experiments, supernatant collected from each cell line was added to healthy urine in a 1:4 volume
ratio, followed by incubation at 37 °C for either 1 or 8 hours to simulate bladder storage conditions.

uEV lIsolation Using Differential Ultracentrifugation
uEVs were isolated using differential ultracentrifugation according to a reported protocol.*® Forty-milliliter spot urine samples
from healthy individuals were transferred to clean 45Ti tubes (Beckman Coulter, Brea, CA, USA) and first spun at 17,000 x g at
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4°C for 20 min (45Ti-rotor, Optima XE-90 ultracentrifuge; Beckman Coulter) to precipitate cell debris and Tamm-Horsfall protein
(THP) polymers known to entrap uEVs. The supernatant (Supernatant 1) was transferred to a clean container and stored at 4°C.
The pellet was dissolved in 250 pL 200 mg/mL dithiothreitol (DTT; Merck Life Science) and incubated at 37°C for 7 min to
dissociate the THP and release trapped uEVs.> Subsequently, 5 mL of isolation buffer (10 mM triethanolamine, 250 mM sucrose,
pH 7.6; Merck Life Science) was added to the pellet-DTT solution, which was then transferred into a 70.1Ti tube (Beckman
Coulter) and centrifuged at 17,000 x g, at 4°C, for 20 min to remove remaining debris and THPpolymers, producing Supernatant
2. Supernatants 1 and 2 were subsequently combined and centrifuged at 200,000 x g, at 4°C, for 120 minutes. The resulting uEV
pellet was suspended in 150 pL PBS and stored at —70 °C until further use.

Labeling EVs for IFCM
For EV staining for IFCM, 112 pL of the sample was incubated with 4 pL of anti-tetraspanin (CD9 or CD63) antibody
and 4 uL of the second antibody at 4 °C in the dark overnight (details provided in Supplementary Table S2). All

antibodies were centrifuged at 16,000 g for 10 min, and only the top liquid was pipetted and diluted by PBS to reduce the
false-positive detection of antibody aggregates. For phenotyping kidney-derived uEVs, unprocessed urine samples from
donors and recipients were stained with CD63-APC and AQP2-Alexa488.

For the experiments investigating donor-kidney-specific uEVs, unprocessed donor and recipient urine was incubated
with HLA-A2-VioBlue combined with anti-CD9-Alexa488 or anti-CD63-Alexa488. The antibody specificity of HLA-A2
-VioBlue was confirmed by its positive staining on HLA-A2+ PBMCs and an inverse result on HLA-A2- PBMCs
(Supplementary Figure S2).

General HLA class I+ uEVs were quantified in both the unprocessed urine and ultracentrifuge-isolated uEVs from
healthy controls, with uEVs labeled with CD9-APC and universal HLA class I-Alexa488. For uEV isolation measure-
ment using [FCM, 10 pL of the total 150 pL uEV solution was diluted in 990 pL of PBS to prevent swarm detection
resulting from an excess concentration of EVs (approximately 1x10° objects/mL).>****” To account for the 40 mL of
urine used for EV isolation, the final concentration of uEV isolates used for IFCM staining is 2.67-fold more concentrated
than the initial urine. Similarly, as a positive control, platelet-poor plasma was diluted 12.7-fold to avoid the swarm
effect. In the subsequent comparison of uEV concentration among the aforementioned samples, the EV concentration of
uEV isolates and plasma samples was corrected based on their respective concentration/dilution factors.

For showing non-biological background signals, such as antibody aggregates, samples were treated with detergent to
lyse phospholipid and lipid particles.”>*® After each IFCM measurement, all labeled samples were incubated with
TritonX-100 (final concentration of 0.05%) at room temperature for 30 min and measured again.

Isotypic staining was conducted to verify the labeling specificity and backgrounds.*® Isotypes were used with the
same fluorophore, final concentrations, and volumes as the corresponding antibodies. We used the following antibodies:
IgG1-APC (200 pg/mL, clone RMGI1-1, Biolegend), 1gG1-Alexa488 (200 pg/mL, clone P3.6.2.8.1, ThermoFisher
Scientific), and IgG1-VioBlue (300 pg/mL, clone REA293, Miltenyi Biotec).

EV Acquisition and Data Analysis for IFCM
IFCM acquisition was performed on an ImageStreamX Mark II imaging flow cytometer (ISx; Cytek Biosciences,
Fremont, CA, USA) using INSPIRE® software (version 200.1.0.765; Cytek Biosciences) as reported previously for
measuring unprocessed urine and plasma.?'** Purified uEVs were measured with the same acquisition protocol as urine
and cell supernatant. In brief, the settings of INSPIRE®™ were: flow speed velocity of 40 mm/s, 6 um diameter of the flow
core, 60x magnification, 405-nm laser at channel 01 (Ch01) with power: 120 mW, 488-nm laser at channel 02 (Ch02)
with power: 200 mW, 642-nm laser at channel 05 (Ch05) with power: 150 mW, 785-nm laser for exciting side scatter
(SSC) at channel 06 (Ch06) with power: 1.25 mW, and channel 04 (Ch04) used for presenting bright field. The
fluorescence signals of Vioblue, Alexa488, and APC were collected in Ch01, Ch02, and ChO05, respectively. To ensure
the highest sensitivity, the High Gain Model was used. This model lowers the fluorescence detection threshold and thus
can acquire low-intensity fluorescent objects.

Sample quantification was performed using Amnis IDEAS software (version 6.2; Cytek Biosciences).?"* In brief, to
ensure the quantification of single EVs, the following gating strategy was used: 1) particles with SSC intensities < 5279
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a.u., corresponding to EVs < 1200 nm based on calibration, were selected; 2) only singlets were selected and objects with
multiple fluorescent spots excluded; 3) A-F particles in unprocessed urine samples were excluded; 4) finally, gating was
performed for single- and double-positives based on unstained, isotype-stained, and single-stained samples.

Time-Resolved Fluorescence Immunoassay
TR-FIA was performed using a protocol as previously described,> using for capturing 770 ng/ul of biotinylated anti-
HLA-ABC (clone 209306; Bio-Techne) or 770 ng/ul biotinylated anti-IgG1 (isotype control, clone 460305, Bio-Techne).
Briefly, in this approach, EVs were captured from the urine and plasma of healthy individuals using an anti-HLA
class I heavy-chain antibody. Subsequently, EVs were labeled with Eu-conjugated antibodies targeting either CD9 or
CD63. The resultant signal was quantified as Eu intensity, represented in arbitrary units (a.u.). To validate the specificity
of the capture process, the HLA class I antibody was replaced with its isotype, IgG1l. Additionally, negative control
experiments were conducted using PBS to ascertain baseline detection levels.

HLA Class | Gold Labeling and Cryo-Electron Microscopy

For cryo-electron microscopy (cryo-EM) experiments, uEV samples isolated using ultracentrifugation were labeled with
anti-HLA class I antibody (clone TP25.99SF, Bio-Techne) conjugated with 6-nm gold nanoparticles (NPs). The super-
natant of Jurkat (5 mL) was pipetted into an ultrafiltration spin column (Vivaspin 20 MWCO 100 kDa, Cytiva, MA,
USA) and centrifuged at 3000 x g for 10 min. The liquid (50 uL) retained on the top of the filter was used as a positive
control for the immunogold labeling protocol.

Gold nanoparticle conjugation was performed by AURION Immuno Gold Reagents & Accessories (Wageningen, The
Netherlands). 8 pL of the uEV solution was mixed with 1 pL of 20 mM CaCl, and 1 uL of HLA class I-gold-NPs at
a concentration of 1 to 4x10"® NPs/L.** This mixture was incubated at room temperature for 15 minutes. Subsequently, 3
pL of the labeled sample was deposited onto a cryo-EM grid coated with perforated carbon film (category number:
LC300-CU-100, Electron Microscopy Sciences, PA, USA) within the chamber of a Vitrobot Mark IV, a vitrification robot

1.*' The chamber conditions were maintained at 22°C with a relative humidity of 95%. To remove

manufactured by FE
excess liquid, the grid was gently blotted, after which it was immediately frozen by immersion in liquid ethane at
—180°C. The vitrified sample on the grid was then transferred to the cold autoloader of a cryo-transmission electron
microscope, the Tecnai Arctica (Thermofisher Scientific). High-resolution images were acquired with a Direct Detector

Device, Falcon 4, from the same company.

HLA Class | Histochemistry of Kidney Tissue
The cellular localization of HLA class I was assessed on paraffin-embedded sections obtained from non-transplantable
donor kidneys and peritumoral tissue derived from nephrectomies performed for oncological reasons.
Immunohistochemistry was conducted using the OptiView Universal DAB Detection Kit and an automated staining
system, the Ventana Benchmark ULTRA (Ventana Medical Systems, Oro Valley, AZ, USA), following previously
established protocols.*** With this published protocol, the kidney samples were stained using an anti-HLA class
I antibody (clone TP25.99SF, Bio-Techne). For verification purposes, an anti-HLA class I with a different clone (clone
EMRS8-5, Abcam, Cambridge, UK) was also employed.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA). EV number
distributions were tested for normality using the Shapiro—Wilk test. Normally distributed data are presented as mean +
standard deviation (SD), and data with a non-normal distribution are shown as median [25th — 75th percentile; Q1 — Q3].
For normally distributed comparison, a two-tailed unpaired Student’s #-test or ANOVA with Tukey’s multiple-comparison
test was used. For non-normally-distributed data, the Wilcoxon matched-pairs signed rank test was conducted to compare
matched groups, and the Mann—Whitney U-test was performed to test the difference between two unmatched groups.
A Kruskal-Wallis ANOVA was conducted to examine the differences between multiple groups when variables were not
normally distributed. A two-tailed p-value of <0.05 was considered significant.
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Results

HLA-A2+ and HLA Class |+ EV Measurement by IFCM

To identify individuals based on the difference in HLA-A2 expression, both HLA-A2+ donors’ and HLA-A2- recipients’
pre-transplant plasma and urine were labeled for the EV marker CD9 and HLA-A2. Figure 2 depicts HLA-A2-expressing
CD9+ EVs in both HLA-A2+ and HLA-A2- platelet-poor plasma (PPP, Figures 2A and B), as well as the corresponding
urine samples (Figures 2C and D). Detergent- and isotype controls of PPP or urine samples are depicted in Figures 2E-L.

In contrast to the presence of HLA-A2+CD9+ EVs in plasma from HLA-A2+ donors (Figure 2A) no significant
numbers of HLA-A2+ EVs could be detected in their urine samples (Figure 2C). Overall, the median concentration of
double positive EVs in plasma was 1.0 [Q1 — Q3: 0.8—1.2] x 107 objects/mL, which was approximately 20-fold higher
compared to urine at 5.9 [Q1 — Q3: 1.3-7.4] x 10° objects/mL (p = 0.013; Figure 2M), which was similar to the levels
observed in pre-transplant urine from HLA-A2- recipients (6.8 [Q1 — Q3: 1.6-20.4] x 10° objects/mL (p > 0.99 versus
HLA-A2+; Figure 2M)). These two urine levels were found to be near the limit of reliable detection of uEV concentra-
tion (the background levels observed in detergent-treated and isotype-staining controls).>>*® Together, these observations
demonstrate the presence of HLA-A2+ EVs in plasma while they were absent or possibly only present in limited
numbers in urine.

Since HLA-A2 is an HLA class I molecule,** IFCM measurements were repeated using a universal HLA class
I antibody to identify HLA class I+ EVs in both PPP and the whole urine samples. Typical examples of HLA class I EV
measurements are depicted in Figure 3. Consistent with our findings labeling HLA-A2, EVs labeled using antibodies
against a common epitope of HLA class I were identified in plasma (Figure 3A), whereas these EVs were not detectable
in the whole urine (Figures 3B) or ultracentrifuge-isolated uEVs (Figure 3C). The corresponding negative controls,
including detergent-treated samples and isotype controls, demonstrated a comparable, minimal number of positive
objects as the double-stained whole urine and uEV isolate samples (Figures 3D-I).

The median concentration [Q1 — Q3] of double-positive HLA class I+ CD9+ EVs in plasma was 4.1 [2.3-10.9] x 10°
objects/mL (Figure 3J). In contrast, the whole urine samples contained only 5.5 [2.5-11.1] x 10* objects/mL of double-
positive events, a nearly 100-fold difference compared to plasma (p = 0.030). Following the isolation of EVs from urine,
the concentration of double-positive objects was still at a level comparable with the whole urine measurement (p = 0.07)
and much lower than the plasma, at 5.6 [4.1-10.7] x 10° objects/mL (p = 0.028). Given that not all HLA class I-positive
EVs express CD9 or other tetraspanins,™ we also investigated HLA single-positive uEVs (Figure 3K). The median
concentration of HLA single-positive uEVs in plasma was higher (3.2 [2.2-8.0] x 10° objects/mL) than the concentra-
tions in unprocessed urine (5.1 [4.5-7.8] x 10* objects/mL, p = 0.003) and purified uEVs (3.6 [2.3-6.3] x 10* objects/
mL, p < 0.001). These findings indicate that HLA class I-positive uEVs are undetectable using IFCM regardless of co-
labeling with tetraspanin or the purification of uEVs.

IFCM Matrix Effects of Urine on HLA Class |+ EVs

We explored the unique matrix characteristics of urine in pH, osmotic effects, or an unknown urine matrix effect on the
detection of fluorescently labeled EV.** The expression of EV positive for the collecting duct water channel Aquaporin 2
(AQP2) was determined with IFCM, and a spike-in experiment was performed by adding HLA class I+ EVs from
multiple cell lines into urine samples.

In the first experiment, AQP2+ CD63+ uEVs in urine from healthy controls urine were quantified, finding
a concentration of 5.8 [1.8-15.5] x 10° objects/mL (Figures 4A—D). These findings confirmed the feasibility of detecting
kidney-derived transmembrane proteins other than tetraspanins on uEVs using [FCM.

For the second experiment, EV-containing culture supernatants from Raji, Jurkat, and HK-2 cell lines were added to
urine and PBS samples before incubation at 37°C for up to 8 hours (Supplementary Figure S3A). All cell lines released

EVs with a substantial population staining double-positive for CD9 and HLA class I (Supplementary Figure S3B).

The concentration of Raji-derived HLA class I+ EVs remained unchanged after 1-hour incubation in urine, measuring
43 [Q1 — Q3: 3.6-4.5] x 10° objects/mL, compared to 1-hour incubation in PBS, which resulted in 4.2 [2.7-6.8] x 10°
objects/mL (p = 0.99, Supplementary Figure S3C). Following an 8-hour urine incubation, the EV concentration remained
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Figure 2 HLA-A2 expressing CD9+ EVs quantified in plasma and urine samples using IFCM. (A — D) Representative readout scatterplots presenting three populations of
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Abbreviations: ISO, isotype staining; P, plasma; T, TritonX-100 treatment; U, urine.

well above the detergent lysis and isotype control at 2.7 [1.8-5.6] x 10° objects/mL and did not significantly decrease
compared to the 1-hour urine incubation (p = 0.99, Supplementary Figure S3C). The Jurkat cell-line supernatant showed
a slightly reduced concentration of HLA class I+ EVs after 1-hour urine incubation of 3.2 [2.5-3.4] x 10° objects/mL,
compared to 1-hour PBS incubation (4.3 [4.0-4.3] x 10° objects/mL, p = 0.16; Supplementary Figure S3D). However,

prolonged incubation showed that HLA class I+ EVs remained detectable in urine after an 8-hour incubation, maintaining
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a concentration of 2.1 [1.4-3.1] x 10° objects/mL, with no significant decline compared to the 1-hour point (p = 0.44;
Supplementary Figure S3D). Finally, HLA class I+ EVs from HK-2 cells similarly exhibited stability in urine over 8
hours, resulting in a concentration of 9.3 [6.6-17.4] x 10° objects/mL, without notable difference from 1-hour urine
incubation at 9.2 [4.9—13.0] x 10° objects/mL (p = 0.83; Supplementary Figure S3E). These findings show that urine does
not significantly affect the stability or recovery of HLA class I+ EV during 8 hours.

HLA Class I+ uEV Detection Using Time-Resolved Fluoroimmunoassay (TR-FIA)
To verify the findings from IFCM using another platform, we employed a previously described Europium TR-FIA.*’
This method enables the capture of EVs by binding to surface proteins of interest and facilitates the quantification of
captured EVs by labeling them with additional proteins, generally tetraspanins, also confirming their colocalization
(see Figure 5A for protocol).

The median [Q1 — Q3] Eu intensity value for HLA-class I-capture TR-FIA of plasma was 4171 [3448-7891] a.
u., significantly higher than urine, measuring 2098 [1999-2123] a.u. (p < 0.001; Figure 5B). Irrespective of whether
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Figure 5 TR-FIA. (A) Schematic overview of TR-FIA. (B) Summary of europium intensity of unprocessed plasma and urine. Plasma and urine are collected from the same
healthy individuals (n = 10). EVs from samples are captured by anti-HLA class | or its isotype and then labeled by Europium (Eu)- conjugated anti-CD9 or anti-CDé3. Data are
presented as median [Q| — Q3]. “HLA” means capturing EVs using anti-HLA class | antibody (Ab); “ISO” denotes capturing using isotype, IgG|. Created with BioRender.
com. Marks: ¥, p < 0.001; **, p < 0.01.
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CD9 or CD63 was used for staining, all urine samples displayed Eu intensity levels comparable to the negative PBS
control, indicating that either HLA class I is too scarcely present on urinary EVs for quantification or that HLA does
not colocalize with both CD9 and CD63 on these EVs.

Visualization of HLA Class | Epitopes on uEVs Using Immunogold Staining Cryo-EM
Cryo-EM enables the direct visualization of EVs and facilitates the confirmation of their presence through the
observation of their distinctive and consistent bilayer morphology.***® To visualize HLA class I epitopes on
uEVs, gold particles were conjugated to the anti-HLA class I antibody (clone TP25.99SF) and then used for
staining uEVs. HLA class I positivity was confirmed on T cell-derived EVs, and T cell supernatant was used as
a positive control.

Abundant gold nanoparticles were observed on T cell-derived EVs, signifying the presence of HLA class I on their
EV membrane (Figure 6A). In contrast, very few uEVs showed gold nanoparticle colocalization (Figure 6B). Additional
cryo-EM images of captured EVs can be found in the (Supplementary Figure S4).

Polarized Cell Membrane Localization of HLA Class | Expression

While the human kidney expresses HLA class I and releases EV in urine,*>**’

we did not observe the expression of HLA
class I on uEVs. To investigate the localization of HLA class I within the renal nephron, we conducted HLA class
I immunohistochemistry on kidney sections, as depicted in Figures 7A—E. The results revealed prominent staining for
HLA class I of endothelial cells and the basolateral membrane of kidney tubular epithelial cells. In contrast, minimal
HLA class I staining was present on the tubular epithelium apical membrane. This distinctive pattern of HLA class

I staining is schematically represented in Figure 7F.

Discussion
HLA class I expression is universal on human cells and plays a central role in allograft rejection and kidney
transplantation.48 The identification of donor-specific uEVs could serve as a tool for monitoring kidney allograft status,

Carbon film

Figure 6 Immunogold labeling for HLA class | on EVs and visualization using cryo-EM. (A) Representative image of an HLA class I+ EV in T cell supernatant. (B) Purified uEV
sample. Created with BioRender.com.
Abbreviations: EV, extracellular vesicles; NPs, nanoparticles.
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potentially supplanting the need for invasive biopsies. In this study, we assessed the feasibility of detecting HLA class I+
uEVs.

While donor-specific HLA class I+ EVs were detected by IFCM in the plasma, no significant number of HLA class I+
EVs could be quantified in the urine despite the purification of uEVs through ultracentrifugation to minimize potential
interference from non-EV components. To verify this absence of HLA class I+ EVs in urine, we performed TR-FIA and
immunogold labeling on cryo-EM. Therewith, we found that kidney-derived APQ2+ EVs were clearly detectable in
urine, while HLA class I+ EVs were not. Subsequently, we assessed whether cell culture-derived HLA class I+ EVs were
stable in urine, showing that the urine matrix does not significantly affect EV stability or HLA class I+ EV detectability.
We propose that HLA class I+ EV are not excreted into urine but can be quantified from plasma.

Critical to the phenotyping and quantification of HLA+ EVs is the abundance of HLA epitopes on their surface. Our
in vivo investigations, encompassing IFCM, TR-FIA, and cryo-EM, consistently reveal an absence of HLA class I heavy-
chain+ EVs in urine while they can be quantified in plasma. In our previous study, we conducted a comprehensive size
characterization of uEVs utilizing nanoparticle tracking analysis and transmission electron microscopy.*> This analysis
revealed that the diameter of uEVs, which determines the surface area available for epitope expression, is comparable to
that of EVs found in plasma and cell supernatant.”>*** The in vitro experiments suggest that leukocytes (Raji and Jurkat
cell lines) may exhibit heightened activity in releasing HLA class I+ EVs compared to kidney tubular epithelial (HK2)
cells (Supplementary Figure S3B). This disparity can be attributed to the rich expression of membrane HLA epitopes on

leukocytes, essential for antigen presentation and immune modulation, and potentially greater EV biogenesis for those
immune cells.’™>! Previous research reported that lymphocytes actively release HLA class I+ EVs into the circulation,
where these EV-associated HLAs serve as ligands and can modulate immune responses.” In contrast to plasma, under
healthy conditions, urine does not serve as a conducive environment for antigen presentation or immune regulation by
and to leukocytes, and the absence of HLA class I+ EVs in urine is, therefore, physiologically plausible.
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Our study furthermore revealed a polarization of HLA expression on renal tubular cells. HLA class I is primarily
concentrated along the basolateral membrane, facing the renal interstitium. Renal tubular epithelial cells possess a highly
polarized membrane structure, with the apical membrane in direct contact with pro-urine, facilitating the excretion of
EVs into urine.>>>*>* The Apical membrane is more active in EV excretion than the basolateral membrane, with
distinctive EV proteomics and miRNA profiles. Moreover, a dense monolayer of renal tubules establishes high
impermeability, allowing less than 1% of EVs to pass through over 72 hours.>® This indicates that plasma EVs can
hardly pass through the renal filtration barrier under physiological circumstances. In a direct comparison of uEV and
kidney tissue proteomics, apical transmembrane proteins were shown to correlate significantly better between uEV and
tissue than basolateral proteins.’> The proteomic profiling analysis of uEV in a previous study also presented abundant
apical proteins but no integrated basolateral proteins.”® Furthermore, the protein profile of EVs shed from the basal side
of retinal pigmented epithelium differs from its apical side, and the former undergoes specific alterations during its tissue
dysfunction,’® highlighting distinctions in EV release between apical and basal epithelial membranes. These observations
are in line with our findings, explaining the absence of plasma-derived HLA class I+ EVs in urine and potentially the
absence of kidney-derived HLA class I as a consequence of its polarized membrane expression.

AQP?2 is primarily located on the apical membrane (luminal side) of the epithelial in the renal collecting ducts.’” Our
successful detection of AQP2+ uEVs, a well-established subset of urinary EVs,”® °® demonstrates the technical robust-
ness of our IFCM method and underscores the absence of HLA class I on uEVs despite its expression in renal tubules.
Epithelial polarized, side-specific protein localization was also observed by other researchers, who found complement-
activation split products primarily on the apical membrane of renal proximal tubule cells, which actively release
complement-bearing EVs into the urine during proteinuria and kidney function decline in transplant recipients.®!

Collectively, two key factors may contribute to the preferential excretion of HLA class I+ EVs from the kidney into
the blood rather than urine: 1) Urinary EVs primarily originate from the apical membrane of tubular epithelial cells,
and 2) the predominant localization of HLA class I is on the basolateral side of tubules, facing the renal interstitium,
potentially as a consequence of epithelial cell’s polarized antigen presentation to lymphocytes, appears to restrict the
HLA presence to EV not released into urine. Similarly, polarized HLA class I expression is also found on the basolateral
membrane of hepatic bile ducts,"* demonstrating the kidney is not unique in presenting antigens to the side subject to
immune surveillance.

While our primary focus has centered on characterizing membrane-bound HLA class I molecules, we acknowledge
that a comprehensive analysis of HLA class I molecules potentially encapsulated within uEVs remains an unexplored
aspect. Previous evidence demonstrated an increase in donor-specific HLA-BS5 in lysed uEV isolates from post-kidney-
transplant day 1 to day 7, as determined by using Western blot analysis of the entire uEV proteins. Therefore, it is unclear
whether luminal or membrane-associated HLA-B5 was measured.®® Notably, functional HLA class I molecules pre-
dominantly exhibit a transmembrane localization, reflecting their role in antigen presentation and immune modulation.
Although it is recognized that HLA molecules can also exist within the cytoplasm or be released into extracellular
fluids,®* our study prioritized the examination of membrane-bound forms due to their pivotal involvement in immune
interactions and allowing for fast and high throughput uEV quantification by IFCM or TR-FIA. The dynamic nature of
HLA expression, particularly its upregulation during inflammation or immune activation, warrants consideration. This
facet opens a perspective wherein HLA class [+ uEVs could serve as potential markers for allograft rejection post-kidney
transplantation. While our findings suggest a preferential excretion of HLA class I+ EVs into the bloodstream rather than
urine, the intricate interplay between HLA dynamics, immune responses, and EV release mechanisms demands further
exploration. Future investigations may still need to delve into the presence and significance of donor-specific molecules
not only on the cell membrane but also in soluble forms within the urine or encapsulated within uEVs, especially in the
context of transplant rejection scenarios.

Conclusion

Our study provides insights into the distribution and excretion patterns of HLA class I+ EVs from the kidney. HLA class
I+ EVs were not excreted from the kidney into the urine, likely due to the apical-side-dominant expression of HLA class
I on renal tubules. The multifaceted behavior of HLA molecules prompts consideration of potential avenues for research,
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broadening the understanding of their roles in kidney transplantation dynamics and their utility as noninvasive biomar-
kers for graft health assessment.
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