Received: 31 January 2024

Revised: 28 March 2024

Accepted: 22 April 2024

DOI: 10.1002/nano.202400018

RESEARCH ARTICLE

Tetraspanin immunoassay for the detection of extracellular
vesicles and renal cell carcinoma

Misba Khan>©® | Md. Khirul Islam'? | Mafiur Rahman' | Bert Dhondt>* |
Ileana Quintero>® | Maija Puhka®>® | Panu M. Jaakkola®’ | Urpo Lamminmiki* |

Janne Leivo'?

IDepartment of Life Technologies,
Division of Biotechnology, University of
Turku, Turku, Finland

2InFLAMES Research Flagship Center,
University of Turku, Turku, Finland

3Department of Urology, Ghent
University Hospital, Ghent, Belgium

4Cancer Research Institute, Ghent
University, Ghent, Belgium

SEV and HiPrep Core, Institute for
Molecular Medicine Finland FIMM,
University of Helsinki, Helsinki, Finland

6EV-core facility, University of Helsinki,
Helsinki, Finland

"Department of Oncology and
Radiotherapy and FICAN West Cancer
Centre, University of Turku and Turku
University Hospital, Turku, Finland

Correspondence

Misba Khan, Department of Life
Technologies, Division of Biotechnology,
University of Turku, Turku, Finland.
Email: misba.khan@utu.fi

Funding information

European Union’s Horizon 2020,
Grant/Award Number: Marie
Sklodowska-Curie grant agreement No
860303

1 | INTRODUCTION

Renal cell carcinoma (RCC), is among the ten most com-
mon cancers in both men and women worldwide.!!
The incidence of RCC varies between genders with men
being two-fold more likely to be diagnosed with RCC

Abstract

Half of patients with renal cell carcinoma (RCC) develop metastases. New and
noninvasive biomarkers are needed for the diagnosis of RCC. The study aims
to develop an EV-based assay for the detection of RCC using a highly sensi-
tive nanoparticle-aided time-resolved fluorescence immunoassay (NP-TRFIA).
To confirm the presence of tetraspanins on EVs, size exclusion chromatography
is used to separate EV- and PE-fractions from RCC4, 786-O, and HEK293 cell
lines. EV- and PE-fractions are quantified using NP-TRFIA assays established
for CD9, CD63, CD81, and CD151. Tetraspanins are measured from RCC CCM
and serum samples of RCC (n = 14), benign (n = 17), and healthy (n = 9) individ-
uals. Among the tetraspanins, CD63 exhibits 3-5-fold higher expression on RCC4
and 786-O CCM compared to HEK293. A sandwich CD63-CD63 assay demon-
strates significant discrimination of RCC patients from benign (p = 0.0003), and
healthy (p = 0.005) individuals, respectively. Similarly, the CD81-CD81 assay also
enables significant separation of RCC patients compared to benign (p = 0.014),
and healthy (p = 0.003) controls, respectively. This suggests that RCC cell lines
and serum of RCC patients show higher amounts of CD63- and CD81-EVs com-
pared to controls. Detection of these EVs using NP-TRFIA approach may play a
vital role in the detection of RCC.
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than women./?l Among other types of kidney cancers,
RCC accounts for 90% of all types and is the third
most commonly diagnosed urogenital cancer.*] At ear-
lier stages, RCC is curable by surgery. The early diagnosis
of RCC is difficult as the disease is typically asymp-
tomatic in most patients and is diagnosed incidentally
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during abdominal imaging for unrelated issues.l'! How-
ever, imaging techniques are not always able to accurately
discriminate benign tumors from cancerous ones.!*! Alter-
natively, kidney biopsy is highly invasive and associated
with severe complications such as bleeding, damage to the
surrounding structures, pain, infections, etc.l>¢] Reliable
noninvasive biomarkers could facilitate the early detection
of renal tumors and disease management. Therefore, there
is an urgent need for consistent biomarkers that would
provide clinically meaningful information directly from
patient blood and urine.

Several protein biomarkers have been used for the
detection and monitoring of clear cell RCC. The most
studied protein biomarkers include carbonic anhydrase 9
(CA9), Von Hippel-Lindau (VHL), and vascular endothe-
lial growth factor (VEGF).I”l CA9 is a transmembrane
protein that is overexpressed by cancer cells under hypoxic
conditions. This overexpression is thought to be due to
the inactivation of the VHL protein which also causes
activation of hypoxia-inducible factors (HIFs).!*°! Activa-
tion of HIFs in turn causes overexpression of over 300
genes among them CA9 and VEGF, which is a key factor
in angiogenesis. Despite numerous studies reporting ele-
vated levels of CA9 and VEGF in biofluids, none of these
biomarkers has yet been established as the gold standard
for the detection of RCC."°] One major challenge with the
current biomarkers is the lack of specificity and sensitiv-
ity of these biomarkers, which can lead to false positive or
false negative results.["!]

Extracellular vesicle (EV) research, with a particular
focus on cancer, has experienced a remarkable expan-
sion in the past decade, primarily because EVs offer new
possibilities as biomarkers.!'?] EVs are nano-sized, lipid-
enclosed vesicles typically ranging in size from 40 to
1000 nm."**] EVs are secreted by all cell types under nor-
mal as well as diseased conditions and have been reported
in all body fluids like blood, urine, sweat, etc.!'>8] Evs
contain a cargo of proteins, nucleic acids, and other
metabolites and the content of EVs often reflects the cell
or tissue of origin, for example, the kidney.!'>?°! EVs are
considered as a potential source of biomarkers for var-
ious diseases including cancers.?’! It has been shown
previously that cancer cells release larger amounts of EVs
compared to their normal counterparts./?>2%]

Tetraspanins are a superfamily of transmembrane pro-
teins that traverse the lipid bilayer membrane four times.
They are found on the plasma membrane surface as well
as on the endocytic membranes. Functionally, tetraspanins
are involved in cell signaling, adhesion, protein-protein
interactions, membrane fusion, and protein trafficking./?*!
Several tetraspanins such as CD9, CD63, CD81, and CD151
are found as the most common EV-associated surface
markers.[?>?°] Indeed, these tetraspanins are the most

studied membrane proteins of EVs and they are often
used as markers in EV studies.[*”] Tetraspanins play a
major role in EV formation and have also inspired the
development of clinical applications on EV detection.>*]
However, tetraspanin profiles are different in different
EV sources.[?] The isolation of EVs from biofluids is
typically a laborious process complicated by the hetero-
geneity of EV (subpopulations) and variable purity of EV
preparations.[?”! Our previous studies have shown that
tetraspanins could be detected with simple assays for the
quantification of EVs.[*°l In a collaborative study, such
assays were used to show that there is a higher concentra-
tion of CD9 and CD63 positive urinary EVs in men with
prostate cancer (PCa) compared to benign prostatic hyper-
plasia (BPH) when adjusting for prostate specific antigen
(PSA) and creatinine values.l*!! Yet another study indi-
cated a significant increase in the concentration of CD63-
positive urinary EVs in bladder cancer (BlCa) patients
compared to normal controls, thus highlighting the poten-
tial utility of EV concentration measurement in diagnosing
and monitoring of cancers of the urogenital system. ]
The aim of this study was to establish a simple, but
sensitive, nanoparticle-aided time-resolved fluorescence
immunoassay (NP-TRFIA) for tetraspanin-associated EVs
to explore their potential in noninvasive detection of RCC.

2 | MATERIALS AND METHODS

2.1 | Clinical samples

The study cohort consisted of renal carcinoma patients
(n =14), patients with benign prostate hyperplasia or renal
conditions (n =17), and healthy individuals (n = 9). Patient
characteristics are included in Table S1. Healthy control
serum samples were voluntarily donated by the lab mem-
bers of the Biotechnology unit at the University of Turku.
Samples were stored at —80°C until further use.

2.2 | Ethical permission

University of Turku ethics committee granted ethical per-
mission for this study. Consent was taken from all the
patients before collecting their serum samples. All meth-
ods were performed in accordance with relevant guidelines
and regulations.

2.3 | Cell culture

Two RCC cell lines, RCC4 overexpressing VHL and 786-0
cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
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and 1% penicillin-streptomycin antibiotics. As a control,
the human embryonic kidney cell line HEK293 was cul-
tured in Expi293 medium (Thermo Fischer Scientific,
Waltham, MA, USA) following ATCC instructions. Cells
were grown in at 37°C and 5% CO, in a cell incubator.
The cell-culture conditioned medium (CCM) was collected
when cell confluency reached 80%-90%. The CCM was
centrifuged for 3 minutes at 161 X g to remove the cell debris
and the supernatant was stored at —80°C until further use.

2.4 | Isolation of EVs

EVs were isolated from the CCM of RCC4-VHL, 786-0, and
HEK?293 cells. Briefly, 20 mL of CCM was collected for
every cell line and centrifuged at 1500 X g for 10 minutes
to remove further cell debris. The supernatants were sub-
jected to a second spinning for 15 minutes at 3200 X g to
remove large vesicles and then concentrated using 100 kDa
cut-off Vivaspin columns (Sartorius, Germany). The CCM
(200 puL) were collected after concentration and used for
EV isolation. Izon columns (qEV1/70 nm, code: IC1-70,
Immuno Diagnostic Oy) were equilibrated four times with
1X PBS. Using PBS as the running buffer, 16-20 fractions
of 200 pL were collected and protein concentration in EV
fractions (3-5) and PE fractions (6-9) were checked with
NanoDrop (absorbance at 280 nm).

2.5 | EVs-stripped samples

EVs-stripped samples were produced by passing a pool of
CCM and serum samples through the ultrafiltration con-
centrator Vivaspin 2 column (polyethersulfone nanomem-
brane, MWCO 100kDa, Sartorius, Germany). This was
done by centrifuging the sample in the column at 2000 X g
for 5-10 minutes. The flow-through was collected and used
in the assays. The flow-through should be devoid of EVs as
demonstrated previously,|**! due to the fact that EVs gen-
erally range in size from 40 to 1000 nm, and the filtration
membrane does not permit the passage of particles larger
than ca. 10 nm. Prior to usage, the columns were washed
with 1X PBS to remove glycerol and other preservatives
from the column.

2.6 | Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed for
the cell line-derived EVs using the previously described
protocol.l**] The particle number and size distribution of
the EV samples were analyzed using an NTA instrument
(Particle Metrix Zetaview PMX-120, Ammersee, Germany)
which was equipped with a blue laser (488 nm, 70 mW)

0:; WILEY- ™

and sCMOS camera (Hamamatsu Photonics K.K., Hama-
matsu, Japan). To record the videos, the camera level was
set to 14, the screen gain was set to 1.0, and the temperature
was maintained at 22.02°C. EV samples were measured
three times with a video length of 90 seconds. The data
obtained was analyzed with Nanosight software v3.0, using
threshold 5 and gain 10.

2.7 |
(TEM)

Transmission electron microscopy

EVs were prepared for TEM following a protocol previ-
ously described by Puhka et al.[**] Briefly, to concentrate
the EVs, samples were centrifuged with Amicon Ultra
0.5 mL Centrifugal Filters with a 10 kDa cutoff for 15 min-
utes. Then, EVs were loaded to carbon coated and glow
discharged 200 mesh copper grids with pioloform sup-
port membrane. EVs were fixed with 2% paraformaldehyde
(PFA) in NaPO, buffer pH7, washed and then stained with
2% neutral uranyl acetate. EVs were further stained and
embedded in a mixture of uranyl acetate and methyl cellu-
lose (1.8/0.4%). The EVs were viewed using TEM in a Jeol
JEM-1400 microscope (Jeol Ltd., Tokyo, Japan) operating
at 80 kV. Images were taken with a Gatan Orius SC 1000B
CCD camera (Gatan Inc., USA) with a resolution of 4008
X 2672 px image size and no binning.

2.8 |
biotin

Labeling of capture antibodies with

Monoclonal antibodies (mAbs) anti-CD63 (clone 556019)
(catalog # 556019), and -CD81 (clone 555675) (catalog #
555675) were purchased from BD Biosciences (Vantaa, Fin-
land) and anti-CD9 (clone 209306) (catalog # MABI1880)
and -CDI151 (clone 210127) (catalog # Mab 1884) were
purchased from R&D systems (Abingdon, UK). The anti-
bodies used in this study are human specific monoclonal
antibodies. The antibodies were labeled with biotin accord-
ing to the previously described protocol.*>! In brief,
biotin isothiocyanate (BITC) was dissolved in ethanol to
a final concentration of 10 mM. The antibody solution
was adjusted to a pH of 9.8 using 0.5 M carbonate buffer.
Then, a 40-fold excess of biotin was added to the antibody
solution. The final protein concentration was 2 mg/mL.
The reaction mixture was incubated at room temperature
(RT) for 4 hours. After incubation, the biotinylated anti-
bodies were purified by removing the unreacted BITC by
gel filtration with NAP-5 or NAP-10 columns (GE-Illustra,
Diegem, Belgium). TSA buffer (pH 7.5, 50 mmol/L Tris-
HCL, 150 mmol/L NaCl, and 0.5 g/L NaN;) was used in gel
filtration. The biotinylated antibodies were stabilized with
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1g/L BSA (Bioreba, Nyon, Switzerland) and were stored at
+4°C.

2.9 | Labeling of detection antibodies
with europium

The detection mAbs CD9, CD63, CD81, and CD151 were
coated on europium nanoparticles (Eu*-NPs), accord-
ing to a previously described method with some minor
modifications.!**! The amino groups of antibodies were
covalently coupled to the activated carboxyl groups present
on the Eu**-NPs. The concentration of antibodies used was
0.1 mg/mL and 1 X 10*2 Eu*"-NPs were used per reaction.
The particles were washed with conjugation buffer (50 mM
MES, pH 6.1) using Nanosep 300 kDa Omega centrifugal
filters (Pall Corp., Ann Arbor, MI, USA). The nanoparticles
were activated with 8 mmol/L N-hydroxysulfosuccinimide
(NHS) and 2.6 mmol/L N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide (EDC) (Sigma-Aldrich, St. Louis, Mo,
USA). The reaction mixture was then prepared in which
the activated particles were coupled with antibodies in
MES buffer (50 mM, pH 6.1, 100 mM NaCl). Next, 1%
bovine serum albumin (BSA) was added to the reaction
mixture to block the remaining active sites on the parti-
cles. This was followed by an incubation for 30 minutes at
RT. The reaction mixture was stored overnight on a rotary
mixer at +4°C. The next morning, the mixture was concen-
trated using a Nanosep centrifugal filter device (300 kDa)
at 5300 x g and washed in storage buffer (25 mM Tris,
150 mM NacCl, 0.1% NaNj; pH 8). The conjugated NPs were
stored in the storage buffer supplemented with a final con-
centration of 0.2% BSA and were finally stored at +4°C
until further use.

2.10 | Immunoassay

Two types of time-resolved immunofluorescence-based
assays set up as shown in Figure 1. We started by using a
direct assay which is based on the passive coating of the
sample EVs. In this assay, 10 pL of the sample diluted in
PBS (30 pL/well) were immobilized in a 96-well Maxisorp
plate (KaiSA96, Kaivogen, Turku, Finland). The plates
were incubated for 2 hours at +35°C, followed by wash-
ing the wells 2 times with wash buffer (product #:42-01TY,
Kaivogen, Turku, Finland) in a DELFIA plate washer.
Then, 2% BSA in TSA buffer, in a volume of 30 uL/well
along with red assay buffer (product #:42-02TY, Kaivogen,
Turku, Finland) in a volume of 20 uL/well was added. The
plates were covered with the tape and incubated for 2 hours
at +4°C followed by two washes. In a final volume of 30 uL,
1 % 107 of NPs were added to each well and incubated for
1 hour at RT on a plate shaker with slow shaking.

Next, sandwich immunoassays were employed for the
characterization of clinical serum samples. This is due to
their heightened sensitivity, in comparison to direct assays.
The utilization of two antibodies to detect the antigen
confers increased specificity to sandwich assays.[*’] An
additional key advantage of the sandwich assay is its capa-
bility to identify and analyze distinct subsets of EVs based
on the specificity of the capture antibody utilized.

For the sandwich assay, the biotinylated capture anti-
body (100 ng/well), diluted in the red assay buffer, was let
to immobilize on the streptavidin-coated wells (KaiSA96,
Kaivogen, Turku, Finland) in a volume of 30 uL/well. After
1hour incubation at RT, plates were washed two times with
the wash buffer. Then, the samples were diluted in the red
assay buffer and added in a final volume of 50 uL/well.
This was followed by 1 hour incubation with slow shaking
at RT. After two washings, tracers (antitetraspanin anti-
bodies coated on Eu3*-NPs) 2 x 107 NPs were added in a
final volume of 30 pL/well. After 1.5 hours incubation at
RT, the plates were washed four times. Then, the signal
was measured (lex: 340 nm; lem: 615 nm) with a Victor
1420 multilabel counter (PerkinElmer) using the program
europium from the surface. All measurements were con-
ducted in triplicates and signal/background was picked up
for analysis.

2.11 | Statistics and data analysis

Statistical analysis was performed using IBM SPSS Statis-
tics (version 28) and Origin (version 2016) for Windows. A
nonparametric Kruskal-Wallis test was used to calculate
statistical significance and a p-value below 0.05 was con-
sidered significant. For the box plots and heatmap we used
R software (http://www.r-project.org/), version 3.6.2 and
Tidyverse (version 1.3.0),1°*] and ggpubr (version 0.2.5) R
packages.!*”] The receiver operating characteristic (ROC)
curve was made with SPSS software. The area under the
curve (AUC) was measured specificity versus sensitivity of
the assay.

3 | RESULTS

3.1 | EVscharacterization and analysis

EV- and PE-fractions from size-exclusion chromatogra-
phy were assessed for tetraspanin (CD9, CD63, CD81, and
CD151) marker levels with a direct assay. As shown in
Figure 2A, EV-fractions, derived from RCC4 cell line, pro-
duced higher signals than the PE-fractions in the case of all
four tetraspanins, fold difference ranging from 2 to 11. Next,
sandwich assays were performed using monoclonal CD63
and CD81 antibody as captures as well as the tracers, that s,
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FIGURE 1

A Jo b
Extracellular Antibodies coated on
Vesicle Nanoparticle

Schematic representation of the immunoassays. A, In a direct assay, extracellular vesicles (EVs) were passively immobilized

on Maxisorp plate and subsequently detected with the antitetraspanin antibody coated on nanoparticles. B, In a sandwich assay, biotinylated
antibodies were immobilized on the surface of the streptavidin-coated microtiter wells for capturing the EVs. The captured EVs were then

detected with the antitetraspanin antibody coated on nanoparticles.

CD63-CD63 and CD81-CD8I assays and their efficacy was
assessed using RCC4 CCM and RCC pooled serum. Signif-
icant signals were observed from the assays when RCC4
CCM and serum of RCC samples were used (Figure 2B).
The assay interference was evaluated from (negative) con-
trol samples, that is, EV stripped CCM and serum as well as
DMEM medium with 10% FBS. The signals obtained from
these samples did not show any significant signal inten-
sity (Figure 2B). The total number of EVs and their size
were measured by NTA (Figure 2C). The NTA data showed
a range of 3.7 X 107 to 5.2 x 107 particles/mL in isolated-
EVs from HEK293, RCC4, and 786-0 cells and sizes mainly
below 500 nm. Moreover, the integrity and morphology
of the cell-derived EVs were assessed using TEM that
revealed typical vesicles surrounded by a lipid bilayer with
approximate diameters of up to 500 nm (Figure 2D). As a
negative control, the corresponding PE fractions from size-
exclusion chromatography showed generally a lack of EVs
by TEM (Figure S1).

3.2 | Characterization of cell line-derived
material in a sandwich assay

To analyze the performance of the tetraspanins in the
cell line-derived material, we set up a series of sandwich

assays in which various combinations of antitetraspanin
antibodies were used for capturing and tracing the EVs.
Among the different assay configurations, the CD63-CD63
assay showed higher expression on CCM-derived from
RCC4 and 786-0 cell lines compared to HEK293 control.
CD63-CD63 assay showed a 4-6-fold higher expression
on RCC4 and 786-O cell lines compared to HEK293
control (Figure 3). Among the other tetraspanin assay
combinations, CD63-CD151 and CD81-CD9 assays showed
differential expression and were also chosen for further
analysis.

From the conducted assays, CD63 emerged as a promis-
ing candidate, exhibiting a notably elevated expression
level in RCC CCM compared to the control derived from
HEK 293 cells.

3.3 | Characterization of clinical serum
samples

We proceeded with the assays configurations that showed
statistically significant differences with cell line materials
and tested their performance with clinical serum sam-
ples from healthy (n = 9), benign (n = 17), and RCC
(n = 14) patients. The CD63-CD63 assay demonstrated

85U8017 SUOWIWOD 9A1Te81D) 3|l (dde ay) Aq pausenob ae sspile VO ‘85N JO Sa|n. 10y AkedTauljuQ AB|1/M UO (SUONIPUOD-pUe-SWe)LI0o A8 IM Aled 1 jpulUo//Sdny) SUORIPUOD pue swie 1 8y} 88S *[202/S0/ET] Uo Areiqiauljuo A8|IM ‘P SUoIIdland [e9Ips Al Wivspond Aq 8TO00VZ0Z OURU/Z00T 0T/I0p/wod A 1M Azl 1juluo//sdny WwoJj papeojumod ‘0 ‘TTOV889Z



KHAN ET AL.

wn | vy py @309

(A) 24000 RCCA cell-derived WEV ~ PE (B) 24000 mCD63-CD63  CD81-CD81
21000 % 21000
'g 18000 go 18000
3 15000 % 15000
» o
§ 12000 g 12000
<
< 9000 9000
6000
6000 +
3000
3000 ) . ) X o _ . . L .
0 RCC4 CCM Pooled EVstripped EV stripped DMEM + 10%
D9 CD63 cD81 (D151 serum ™M serum FBS
(C) HEK293-EV RCC4-EV 786-0-EV
- 3E406 - - - 20406 7 - AE406 T
Z T Bawos |
= 26406
£ I
E 26406 % é)m)ﬁ
$ 16006 | S
g ; g 16406
§ 56405 1 g
§ i \/\’\ | 5 SEV05
0€+00 _| N~ ] 06400 3
o 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Size (nm) Size (nm) Size (nm)
D) {HEwRS AR
(D) HEK293-EV 786-0-EV
R e el
Sy o Ve
RO “,: - g3
S ; 5 i s o
500 nm 500 nm Sy

FIGURE 2

The extracellular vesicles (EVs) characterization and quality control. In direct assay, (A) EVs quality was assessed by

comparing EV-and PE-fractions (F1-F12) of RCC4 cell line for the levels of CD9, CD63, CD81, and CD151 markers. In sandwich assay, (B) the
assay specificity and interference were checked using RCC4 CCM and serum of RCC samples as well as in the presence of EV stripped CCM

and serum, and 10% FBS added DMEM medium. EVs were characterized by (C) nanoparticle tracking analysis (NTA) for total number of
particles, and (D) TEM for the structure and integrity of vesicles derived from control HEK293 and renal cancer RCC4 and 786-O cell lines.
(Here, S/B, signal to background, TRF, time-resolved fluorescence). All analysis was conducted in triplicates.

significant discrimination of RCC patients from benign
(3-fold; p = 0.0003), and healthy (4-fold; p = 0.005)
individuals, respectively. Similarly, the CD81-CD81 assay
also enabled significant separation of RCC patients com-
pared to benign (2-fold; p = 0.014), and healthy (3-fold;
p = 0.003) controls, respectively (Figure 4A). In addition,
we also performed CD63-CD151, CD81-CD9, and CA9-CA9
assays using the clinical serum samples. The CD63-CD151
assay showed limited separation among the three groups,
and no discrimination was observed with CD81-CD9 and
CA9-CA9 assays (Figure S2).

Our findings demonstrated that the CD63-CD63 and
CD81-CD81 assay configurations effectively discriminated
RCC patients from both benign and healthy individuals.

The performance of the CD63-CD63 and CD81-CD81
assays was analyzed by plotting the Receiver Operating
Characteristic (ROC curve) (Figure 4B). The samples

were divided into two groups, that is, noncancer and
cancer group. Noncancer group consisted of 26 sam-
ples (healthy = 9 and benign = 17) and cancer group
consisted of 14 samples. The calculated AUC was 0.849
and 0.799 for CD63-CD63 and CDS81-CDS81 assays,
respectively.

4 | DISCUSSION

In this study, we describe a straightforward tetraspanin-
enriched EVs targeting immunoassay approach with
promising insights into the noninvasive detection of RCC.
The assay relies on the highly sensitive nanoparticle-
aided time-resolved fluorescence immunoassay concept
and allows the analysis of unprocessed serum samples. We
demonstrated the presence of specific tetraspanins in the
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FIGURE 3 Testing tetraspanin-binding assay configurations with CCM-derived from renal cancer RCC4 and 786-O cells. The heatmap

of the tetraspanin expression for CD9, CD63, CD81, and CD151. Each of the tetraspanin antibody was tested both as a capture (x) and a tracer
(y) in a sandwich immunoassay and the heatmap depicts the fold-change (S/B) between 789-0/RCC4 and HEK293. (*p < 0.05, **p < 0.01,

5D < 0.001).

EV preparations isolated by size-exclusion chromatogra-
phy from RCC cell culture medium using the NP-TRFIA.
This study also validated the high abundance of spe-
cific tetraspanins such as CD63 and CD8L1 in the clinical
serum samples from RCC patients compared to the sam-
ples from healthy individuals or individuals with benign
renal conditions.

The NP-TRFIA approach employs antibody coated
nanoparticles, harboring up to 30000 fluorescent lan-
thanide chelates for quick (<4 hours), simple, highly
sensitive and scalable detection of EVs. The NP concept
not only amplifies the detectable signal but also aug-
ments the assay’s sensitivity through the avidity effect
from multivalent binding.!*’! Previously we have reported
that our nanoparticle-aided-TRFIA assay requires only 4-
13 ng (0.04-0.06 ng/mL) of protein from isolated EVs
for detection,!*] making it considerably more sensitive
than the reported tetraspanin targeting ELISA assay for
EVs.[?] Compared to flow-cytometry based detection of
EVs, it also has the advantage of use of significantly
less complex instrumentation.!?*!] Previously we have
shown that tetraspanin-positive EVs are elevated in urine
from prostate cancer patients as well as serum of breast
and colorectal cancer patients.l*#243] In different studies,
tetraspanins have been used for measuring the bulk of EVs
by flow cytometry!25#] and ELISA assay.[>°]

We applied NP-TRFIA concept to assess the relevance
of several tetraspanins CD9, CD63, CD81, and CD151 in the
context of RCC by using a step-by-step approach to move
from less demanding samples (pure cell line derived EVs)
to more complex matrixes, that is, cell culture media and
clinical serum samples. In our study, direct assays were
employed for the analysis of isolated EVs, while sandwich
assays, recognized for their versatility, were utilized for
both purified EVs, CCM as well as clinical serum samples.
The sandwich assays were selected based on their flexibil-
ity in detecting various sample types, including those with
complex matrices, without necessitating prior isolation of
EVs. In addition, our assays exhibit exceptional sensitiv-
ity and can be carried out using a minimal sample volume
of 5-10 pL. Herein, we analyzed the performance of dif-
ferent capture-tracer pairs in the detection of teraspanins
CD9, CD63, CD81, and CD151. Tetraspanin expression on
EVs was explored by measuring the expression levels of
tetraspanin markers (CD9, CD63, CD81, and CD151). In
the cell line-based studies CD63 clearly stood out with
a significantly more prominent expression in the EVs of
RCC cell lines compared to those of the control cell line
HEK293 (Figure 2A). We extended the findings to RCC
cell line-derived CCM and observed that the assay utilizing
CD63 as both the capture and the tracer exhibited higher
expression in CCM compared to control sources. This

85U8017 SUOWIWOD 9A1Te81D) 3|l (dde ay) Aq pausenob ae sspile VO ‘85N JO Sa|n. 10y AkedTauljuQ AB|1/M UO (SUONIPUOD-pUe-SWe)LI0o A8 IM Aled 1 jpulUo//Sdny) SUORIPUOD pue swie 1 8y} 88S *[202/S0/ET] Uo Areiqiauljuo A8|IM ‘P SUoIIdland [e9Ips Al Wivspond Aq 8TO00VZ0Z OURU/Z00T 0T/I0p/wod A 1M Azl 1juluo//sdny WwoJj papeojumod ‘0 ‘TTOV889Z



soft1 | WILEY Qz!ene?

KHAN ET AL.

—_— T

(A) \ CD63-CD63 CD81-CD81
[ 0.00034 [ 0.014
0.0054 0.0031
1e+05+ ' : - : '
o 10000+ L
o ; :
O F L
[ Y [
1000 I3 : E
"~ Healthy Benign RCC " Healthy Benign RCC
0,0 0.2 06 08 10
(B) 10 10
08 08
g 06 06
‘»
| =
P 04 0.4
0,2 CD63-CDB3 0.2
-~ CD81-CD81
Reference Line
00 0,0
00 02 06 08 10

1 - Specificity

FIGURE 4 Characterization of clinical serum samples. A, The performance of CD63-CD63 and CD81-CD81 assay in healthy (n = 9),
benign (n = 17) and RCC (n = 14) patients. The p-values were calculated using Mann-Whitney U Test. B, The receiver operating characteristic
(ROC) curve displaying the area under the curve (AUC) of CD63-CD63 (blue) and CD81-CD81 (red) assay from noncancer (n = 26) and RCC

(n = 14) patients.

finding on the prominent role of CD63 correlates with the
observations of a previous study by Duijvesz et al., where
the monoclonal tetraspanin-specific antibodies (CD9 and
CD63) were employed for capturing and detecting EVs
from the urine of prostate cancer patients.’!! We fur-
ther selected assay configurations based on their signif-
icant differences observed with cell line materials and
evaluated their performance using clinical serum sam-
ples from healthy individuals, benign cases, and RCC
patients. Similar outcome was then also obtained using
a small panel of individual clinical serum samples. RCC

patient samples showed higher expression of CD63 com-
pared to benign (3-fold; p = 0.0003), and healthy (4-fold;
p = 0.005) controls. Likewise, CD81 expression was also
higher in RCC patient samples compared to benign (2-
fold; p = 0.014), and healthy (3-fold; p = 0.003) controls
(Figure 4).

In addition to CD63-CD63 assay, CD63-CD151 and CD81-
CD9 assays showed significantly higher S/B ratios with
RCC-CCM compared to controls (Figure 3). Then, tested
with the same cohort of clinical samples, only CD63-CD151
was able to separate the three groups (Figure S2). In a
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recent study, Himbert et al. suggested that Carbonic anhy-
drase 9 (CA9) is a new promising protein biomarker on EVs
derived from RCC patients’ tissue samples.l**! Thereby,
we also tested CA9-CA9 assay where anti-CA9 antibodies
were used as a capture and tracer. Although the CA9-CA9
assay was able to separate healthy individuals from the
RCC patients (n = 0.009), this assay was not able to sep-
arate benign cases from RCC patients (Figure S2). This
suggests that the CA9 assay may not be specific enough for
the RCC when applied to serum samples.

To analyze the effects of possible interference of FBS
contained bovine EVs or other sample components in our
assays, we performed the total CD63 and total CD81 assays
with DMEM supplemented with 10% FBS, EV-stripped
CCM and RCC serum samples. We found no expression
of CD63 and CD81 on the material derived from FBS and
EV-stripped matrix of CCM and serum samples. The sig-
nificant signals were derived only from EVs in the sample
(Figure 2B).

CD63 and CD81 are both involved in cell adhesion, sig-
naling, and membrane organization.[*’] In the context
of RCC, their elevated expression might indicate their
participation in processes that are unique to or height-
ened in cancer cells. This could include interactions with
other molecules, signaling pathways, or cellular func-
tions that contribute to the aggressive behavior of cancer
cells. Likewise, EVs are released by cancer cells dur-
ing hypoxia within the solid tumors and this facilitates
communication with the surrounding tissues.[*°! These
EVs play pivotal roles in shaping the tumor microenvi-
ronment and are associated with crucial processes like
angiogenesis, invasion, metastasis, drug resistance, and
immune evasion.!”! The cancer cells undergo further
adaptations in response to hypoxia that include alterations
in metabolism, pH regulation, and strategies to evade the
immune system which collectively promotes the tumor
growth, survival, and resistance to therapy.[48] In sum-
mary, processes like hypoxia, tumor growth, angiogenesis,
and immune evasion are responsible for the secretion of
EVs from cancer cells, thus highlighting the role of can-
cer derived EVs in cancer progression and resistance to
therapeutic interventions.

In summary, the study demonstrated that the expres-
sion of CD63 and CDS81 tetraspanins were significantly
elevated in RCC patient samples compared to both benign
conditions and healthy controls. This suggests that these
proteins might play a role in the development or progres-
sion of RCC and could potentially serve as biomarkers
for diagnosis or monitoring of the disease. As the EV
tetraspanin assays have been shown to detect several types
of cancers,*#>#3] they hold promise for a broad-spectrum
screening tool for pan-cancer detection and further devel-

@0 vy gy Lo

oped into a cancer-type specific multimarker panel by
incorporating different tetraspanins and other markers.

5 | CONCLUSION

In conclusion, our study highlights the potential of uti-
lizing EVs enriched with tetraspanins, particularly CD63
and CD8l1, as promising biomarkers for the noninva-
sive detection of RCC. Through the implementation of
a highly sensitive nanoparticle-aided time-resolved fluo-
rescence immunoassay, we observed significantly higher
levels of CD63- and CD81-enriched EVs in both RCC cell
lines and serum samples from RCC patients compared
to benign and healthy controls. Our findings underscore
the significance of EV-based assays as a means of diag-
nosing RCC. By harnessing the diagnostic potential of
EVs, we aim to address the current need for new and
noninvasive biomarkers in RCC diagnosis. The signifi-
cant discrimination achieved between RCC patients and
control groups, as demonstrated by the CD63-CD63 and
CD81-CD81 assays, emphasizes the clinical relevance of
our approach. However, the small sample size used in
this study is a significant limitation, and further research
with larger cohorts is required to validate the assay’s effi-
cacy. Continued research in this area holds promise for the
development of effective diagnostic tools that can improve
the early detection of RCC, ultimately contributing to
better patient outcomes.
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