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Introduction: Extracellular vesicles could serve as a non-invasive biomarker for early cancer detection. However, limited methods to
quantitate cancer-derived vesicles in the native state remain a significant barrier to clinical translation.

Aim: This research aims to develop a rapid, one-step immunoaffinity approach to quantify HCC exosomes directly from a small serum
volume.

Methods: HCC-derived exosomes in the serum were captured using fluorescent phycoerythrin (PE)-conjugated antibodies targeted to
GPC3 and alpha-fetoprotein (AFP). Total and HCC-specific exosomes were then quantified in culture supernatant or patient-derived
serums using fluorescence nanoparticle tracking analysis (F-NTA). The performance of HCC exosome quantification in the serum was
compared with the tumor size determined by MRI.

Results: Initially we tested the detection limits of the F-NTA using synthetic fluorescent and non-fluorescent beads. The assay showed
an acceptable sensitivity with a detection range of 10*~10% particles/mL. Additionally, the combination of immunocapture followed by
size-exclusion column purification allows the isolation of smaller-size EVs and quantification by F-NTA. Our assay demonstrated that
HCC cell culture releases a significantly higher quantity of GPC3 or GPC3+AFP positive EVs (100-200 particles/cell) compared to
non-HCC culture (1040 particles/cell) (p<0.01 and p<0.05 respectively). The F-NTA enables absolute counting of HCC-specific
exosomes in the clinical samples with preserved biological immunoreactivity. The performance of F-NTA was clinically validated in
serum from patients + cirrhosis and with confirmed HCC. F-NTA quantification data show selective enrichment of AFP and GPC3
positive EVs in HCC serum compared to malignancy-free cirrhosis (AUC values for GPC3, AFP, and GPC3/AFP were found 0.79,
0.71, and 0.72 respectively). The MRI-confirmed patient cohort indicated that there was a positive correlation between total tumor size
and GPC3-positive exosome concentration (r:0.78 and p<0.001).

Conclusion: We developed an immunocapture assay that can be used for simultaneous isolation and quantification of HCC-derived
exosomes from a small serum volume with high accuracy.

Keywords: hepatocellular carcinoma, HCC, extracellular vesicles, EVs, glypican 3, GPC3, alpha-fetoprotein, AFP, magnetic
resonance imaging, MRI, area under the curve, AUC

Introduction

Primary liver cancers, including hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC), are the
leading cause of cancer-related death worldwide.'* HCC accounts for 80-90% of primary liver cancer and most often
develops in the context of cirrhosis due to viral or non-viral chronic liver disease.’ The hazard ratios for developing HCC
are higher in patients with chronic viral hepatitis due to Hepatitis C (HCV) or Hepatitis B (HBV).® HCV infection can be
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cured with direct-acting antivirals (DAAs) which have begun to decrease the incidence of HCV-HCC.”* However, the
most prominent non-viral etiologies, alcoholic and non-alcoholic fatty liver disease, cause hepatic steatosis that can
progress to cirrhosis and HCC.”'° Recent projections estimate HCC incidence will increase worldwide among the aged
population with metabolic syndrome, diabetes, and toxic environmental exposure.'""'? An alarming majority of HCC is
diagnosed at an advanced stage and accompanied by a dismal prognosis with limited treatment options.'* Driven by
a high mortality rate, HCC is now the third-leading cause of cancer-related death. The current American Association for
the Study of Liver Diseases guideline recommends biannual surveillance in patients with cirrhosis using liver ultrasound
+ serum alpha-fetoprotein (AFP) for early detection of HCC.'* The sensitivity of this AFP-based HCC surveillance is
between 60% and 70%, with a specificity of 90%.'>'7 There remains an urgent need to expand HCC biomarkers to
improve early detection, access to curative treatment options, and overall outcomes.

Extracellular vesicles (EV) are nanometer size, closed lipid-bilayer vesicles naturally released by most cells in the
body. Recent studies have shown that EV release plays many important roles in facilitating intracellular communication
in both normal and pathological conditions. EV release occurs through outward budding of the plasma membrane or
multivesicular body fusion with the plasma membrane.'® EV shedding plays a critical role in maintaining homeostasis,
cell-to-cell communication, inflammation, aging, metabolic diseases, neurological diseases, and cancer. The EV release
was also demonstrated in plants and bacteria indicating this process is evolutionarily conserved.'®® Each cell type in our
body fine-tunes EV biogenesis with a specific lipid, protein, and nucleic acid composition depending on its metabolic
state.”! EV release is controlled by autophagy and intracellular membrane trafficking and helps maintain normal cellular
function.?® In stressed conditions, EV release can signal disease onset and organ dysfunction.”

In addition to releasing hepatic EVs, the liver plays a central role in clearing EVs from systemic circulation.”**>
Hepatic EVs quantification has emerged as a promising prognostic indicator for early assessment of chronic liver disease,
and progression to cirrhosis, and HCC.?*?® ASGPR1 is a transmembrane molecule expressed in the sinusoidal and
basolateral membrane of hepatocytes, but not in the bile canalicular apical membrane.**° High percentage of HCC lost
polarized expression of ASGPR1. The ASGPR1 expression in the EV can be used as a marker to assess the polarized EV
release from the liver.*'*? Our recent study shows that the integrated stress response (ISR) and hepatic adaptive plasticity
caused by HCV replication led to impaired autophagy and increased EV release in the cell culture model.*> We
demonstrated HCC development in the cirrhotic liver is accompanied by impaired autophagy and increased EV shedding
(microvesicle and exosomes).>* This data is consistent with reports from other researchers indicating that cancer cells
secrete significantly higher amounts of exosomes and microvesicles than normal cells, which could be harnessed as
a minimally invasive biomarker for cancer diagnosis.>®*>° However, isolating and quantifying organ-specific exosomes
has created a significant hurdle to establishing causal relationships between EV biology and underlying disease. The
ability to accurately quantify specific exosome subsets in the blood would help establish and distinguish EV-based non-
invasive diagnostics in HCC surveillance. Several methods have been utilized for the exosome quantification, including
enzyme-linked immunosorbent assay (ELISA), Western blotting, flow cytometry, tunable resistive pulse sensing (TRPS),
electron microscopy, dynamic light scattering (DLS), microfluidics, surface plasmon resonance (SRR), and single particle
interferometric reflectance imaging sensor (SP-IRIS).*® These techniques require specialized, costly instrumentation,
technical expertise, and time-consuming methodologies complicating their applications in the resource-limited clinical
laboratory setting. The International Society for Extracellular Vesicles recommends methods that minimize clinical
sample manipulation to preserve the functional biological state of EVs.*' The clinical impact of EV-based diagnostics
and exosome-based biomarkers has therefore been limited, largely due to the lack of a standardized, well-established
technology to accurately quantify biomolecules associated with EVs.*? NTA is the most sensitive instrument that allows
the analysis of EVs on a single particle level in light scatter mode (LSM) and fluorescent mode (FM).**** This
equipment directly provides the video image of EVs in motion and simultaneously measures their size and concentrations
using the Stokes-Einstein equation.*>*’

In this study, we report an optimized, single-step immunocapture assay combined with mini-column purification for
microliter scale quantification of HCC-derived exosomes in their native state using NanoSight NS300 in fluorescence
mode (F-NTA). We comprehensively validated the ability of the F-NTA method to quantify exosomes by using synthetic
fluorescence beads, HCC cell line-derived EVs, and tumor-derived EVs from patients with confirmed HCC. F-NTA assay
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performance was optimized using antibodies targeted to GPC3 and AFP alone and in combination. HCC-derived
exosome quantification by F-NTA was directly compared with magnetic bead-based affinity flow detection methods.
Our results indicate that F-NTA has a superior sensitivity for detecting HCC-derived exosomes and is scalable to
microliter-level sample volumes. F-NTA distinguished patients with confirmed HCC from malignancy-free cirrhosis as
well as healthy controls. In culture supernatant, F-NTA had a detection limit as low as 10> HCC-derived exosomes per
tumor cell. The concentration of HCC exosomes in the serum detected by F-NTA shows strong correlation with tumor
size assessed by MRI. As a proof-of-principle, serum HCC-derived exosome levels were calibrated with MRI-based
assessments of HCC burden to demonstrate compatibility as a diagnostic assay.

Materials and Methods

Cell Culture and Reagents

Human hepatoma cell line (Huh7) (CAR-STC-ZP51) and the human cholangiocarcinoma cell line (HuCCA-1) were
purchased from Creative Bioarray (CSC-C6896J) (Shirley, NY) and cultured in DMEM high glucose with 10% exosome-
free fetal calf serum (FBS), L-glutamine, ImM sodium pyruvate, and 0.ImM non-essential amino acids with 1%
penicillin and streptomycin. At confluence, the cells were split in a 1:3 ratio. Exosome-free fetal bovine serum was
purchased from Thermo Fisher, Waltham, MA (A2720803).

EV Purification from Huh7 and HuCCA-I Cell Culture Supernatant

Cells were cultured in exosome-depleted media for three days before EV analysis. Briefly, cellular debris was removed
from the culture supernatant by centrifugation at 2000 g for 30 minutes. Cleared supernatants were transferred to a new
tube and mixed with 0.5 volumes of total EV isolation reagent (4478359) from Invitrogen Carlsbad, CA. Tubes were
incubated at 4°C overnight. The following day samples were centrifuged at 10,000 g for one hour at 4°C. The resulting
supernatant was carefully removed, and the EV pellet was resuspended in PBS and stored at —20°C until further analysis.

Nanoparticle Tracking Analysis (NTA)

EV concentration and size distribution were determined using NanoSight (Model NS300- NTA3300, Malvern
Panalytical, Worcestershire, UK) equipped with a 532 nm green laser and a 565 nm long-pass filter for fluorescence
detection. Technical triplicate measurements in FM and LSM were performed for each serum or cell culture-derived
sample used in this study. Brownian motion of EVs is visualized in real-time while liquid-state light scattering properties
are utilized to measure EV concentration and size. A syringe pump enables the free movement of particles in the tube.
EVs in suspension are passed through a flow chamber and illuminated by a laser source to analyze total particle
concentration by the NTA software as particle/mL (v3.2, Malvern Panalytical, Worcestershire, UK). Initially, FM
measurements were completed and sequentially LSM measurements were done to avoid the “photobleaching” effect.
Either in FM or LSM, exosome concentration analysis was performed using a 30-second recording per individual
replicate. A washing step was performed between each measurement using ultrapure particle-free water. The fluorescence
signal generated from the particles is recorded with a digital camera. Representative images were captured from these
video records. The NTA instrument has a limited dynamic range for particle concentration (10*-10® particles/mL).
Therefore, all the samples were diluted to a maximum concentration of 1x10® particles/mL to obtain accurate concentra-
tion measurements within the instrument’s detectable range.

Measurements of LSM were performed with camera level settings (12—14) and 15-16 to measure in FM. If there
was a noise that would affect the analysis quality, the measurement was repeated by going to the next dilution step and
the dilution rates were recorded. The syringe pump flow rate was set to 25 frames/second, and the detection threshold
was set up to 5. Optimal camera and detector settings were fixed and remained constant for patient-derived serum
sample analysis. Phycoerythrin (PE) -conjugated anti-human CD9, AFP, and GPC3 antibodies were used for the
fluorescence detection of EVs. PE-labeled monoclonal rabbit and mouse antibodies against GPC3 (sc-390587 PE),
AFP (sc-8399 PE), CD9 (sc-13118 PE), ARF6 (sc-7971 PE), and ASGPR1 (sc-166633 PE) were purchased from Santa
Cruz Biotechnology (Dallas, TX). Antibody dilutions were optimized through antibody titration experiments using
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HCC-derived exosomes purified from Huh7 cells. EV samples were incubated with GPC3 antibody at 1:25 (v/v), AFP
antibody at 1:100 (v/v) in PBS, CD9 antibody (1:25), ARF6 antibody (1:25), ASGPR1 antibody (1:25) with 1% BSA
overnight at 4°C with agitation. The next day EVs were purified by size exclusion chromatography and immediately
processed for NTA analysis. The assay performance to detect HCC exosomes in the serum using multiple dilutions of
GPC3 and AFP antibodies was determined. For this purpose, 10uL of normal serum or HCC serum was diluted in
100pL of PBS with 1% BSA incubated with a diluted antibody. The next day, samples were diluted in ImL of
ultrapure water and examined by NTA. The dilution level with minimal background serum signal compared to the
positive detection signal was selected.

Quantification of Membranous Particles by NTA

Serum samples (10uL) and isolated exosomes from Huh7 cell culture were diluted in 100pL of PBS. Lipophilic
membrane dye (Cell Mask Plasma Membrane Stains - C10046, CMDR, ThermoFisher, USA) was diluted in PBS at
a proportion of 1:1000. A hundred microliter of diluted dye was mixed with 100uL of diluted samples and incubated for
two hours in a dark room with ambient temperature. The entire staining mix was diluted with up to 1mL of PBS. The
labeled EVs were purified from a free dye by passing through the Sephadex G-200 column. The percentage of
membranous EVs was determined using the ratio of particle concentrations measured in FM and LSM.

Serum Cohort Study

Human specimen studies were conducted following the ethical guidelines set forth by the Declaration of Helsinki.
Isolated serums from patients with confirmed HCC (n = 21) were obtained from a single-center, prospective study
(Ochsner Multi-Organ Transplant Institute, New Orleans, LA, USA) approved by the Ochsner Health Institutional
Review Board (IRB) protocol No0.2016.131.B,9/8/2023). Specimens were obtained following informed consent and
current IRB approval date. Serum samples from cirrhotic patients (n = 20) and healthy individuals (n = 10) were obtained
through a prospective study approved by the Tulane University IRB (Protocol 2017-197-2-25-24). The study inclusion
criteria required an HCC diagnosis based on the Liver Imaging Reporting and Data System (LI-RADS) and/or biopsy in
accordance with current American Association for the Study of Liver Disease guidelines. Informed consent was obtained
from patients following confirmed HCC diagnosis. Among these patients, 10 out of 21 with an MRI-based diagnosis and
serum AFP at the time of diagnosis were selected for the biomarker-MRI verification study. Stage F4 cirrhosis serum was
obtained from patients with a diagnosis of non-alcoholic steatohepatitis (NASH) receiving care at Tulane University
Department of Gastroenterology and Hepatology (n = 20). The cirrhotic patients who had available imaging and AFP
levels were enrolled in a radiological validation study (n=10). Healthy control serum from patients with no existing liver
disease was obtained from the Tulane Department of Clinical Pathology Laboratory (n = 10) after age and sex matching
against the cirrhosis and HCC cohorts.

Single Step Immunocapture of Serum HCC Exosomes

Isolated serum aliquots of 10pL across all patient cohorts were diluted in 100pL of PBS with 1% BSA. PE-labeled
antibodies to AFP (1:50) and GPC3 (1:25) were added to the diluted serum samples and incubated overnight at 4°C with
agitation. Samples were then diluted to 1 mL with ultrapure particle-free water. Fluorescence-labeled, antibody-coated
HCC exosomes were separated from unbound PE-antibodies by size-exclusion column chromatography to improve
isolation efficiency and avoid denaturing the isolated EVs.**° Sephadex G-200 (“hand-made gel column”, A 50120,
Sigma, Burlington MA), Bio-Spin Chromatography Columns (7326008 Bio-Rad, Hercules, CA), Cell guidance Exo-spin
mini columns (EX03-50), and Amersham MicroSpin G-50 Columns (27533001, Cytiva, Marlborough, MA) were used
for this step. The columns were washed three times with PBS and then the fluorescence-labeled, immunocaptured HCC
exosomes were loaded onto the column. The solution was passed through the column until the entire 1mL flow-through
volume was collected to completely remove the unbound PE-conjugated antibodies. Samples were diluted 1:10 before
size and concentration analysis using F-NTA.
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Analysis of HCC Exosomes by Immunomagnetic Bead-Based Affinity Flow Cytometry
Streptavidin-coated magnetic beads (10608D) were purchased from Invitrogen (Carlsbad, CA). Beads were prewashed in
PBS and incubated with biotinylated antibodies for one hour. Biotinylated antibodies to CD63 (353018) were used at
a proportion of 4u1g/10” of magnetic beads (Bio Legend, San Diego, CA). Antibody-conjugated beads were washed twice
using PBS with 1% BSA to block the nonspecific bindings sites. The beads were incubated with 100uL of cell culture-
derived EVs overnight at 4°C The following protocol was used for immunomagnetic separation of EVs in human serum.
Serum samples were centrifuged briefly at 2000 rpm for 5 minutes to remove debris. A 10uL aliquot of serum was
diluted in 100pL PBS and incubated with immunomagnetic beads for native EV capture. The next day, the EV-bead
complex was kept in a magnetic stand and washed three times using 0.5mL of PBS with 1% BSA. Following this step,
the EV-bead complex was incubated with fluorescence-labeled antibodies diluted in 100 uL. PBS 1% BSA for one hour at
room temperature. Beads were washed three times with 0.5 mL of PBS 1% BSA and then analyzed on a Becton-
Dickinson flow cytometer (BD FACS Celesta) using BD FACSDiva Software 6.0 (San Jose, CA). Advanced flow
cytometry analyses and graphical output were performed using Flowing Software version 2.5.1 (Turku Bioscience,
Turku, Finland).

Statistical Analysis

Statistical analysis was performed using Prism software version 8 (GraphPad Software, Inc., La Jolla, CA, USA). All
experiments were performed 3 independent times with fresh cultures of cells each time to obtain 3 replicates. The
variables were investigated using visual (histograms, probability plots) and analytical methods (Kolmogorov—Smirnov/
Shapiro—Wilk tests) to test for normal distribution. Continuous variables were shown as mean and standard deviation
(SD) or median and 25th—75th quartiles (IQR-interquartile range) according to their distribution pattern. Results were
presented The Kruskal-Wallis test was used to compare exosomal concentration size and expression of GPC3, ARF6,
and CD9 in patient serum cohorts. A value of P <0.017, calculated by Bonferroni correction, was considered statistically
significant when comparing the three patient groups. The Mann—Whitney U-test was used to compare the medians
between the study subgroups. Spearman correlation analysis was used for investigating the relationship between lesion
size and GPC3+ve exosome concentrations. Sensitivity, specificity, and cut-off values were calculated for discriminating
HCC and non-HCC cases using receiver operating characteristic curve (ROC) analysis. The statistical significance was
shown as * p < 0.05, ** p < 0.01, *** p < 0.001.

Results
Establishing a Workflow for Quantifying HCC Exosomes in Serum

Quantification of EVs isolates released by tumor cells will offer a great advantage for monitoring early cancer growth,
tumor size, and treatment response. We developed a fast and easy technique for scalable purification of EVs that uses
a combination of immunocapture, and size exclusion chromatography followed by concentration measurements by
fluorescence nanoparticle tracking analysis (F-NTA) summarized in Figure 1. The serum EV immunocapture and size
exclusion chromatography were used to separate the fluorescence-labeled EVs from the unbound fluorescence antibodies.
The F-NTA protocol was optimized to quantify circulating HCC-derived exosomes in isolated serum after immunocap-
ture with PE-conjugated antibodies against AFP or GPC3. The F-NTA measures the fluorescence-positive EVs in the red
fluorescence channel and total EVs in the light scatter channel. Initial experiments were carried out to determine the
detection range of F-NTA using Synthetic Beads. F-NTA performance was established by serial dilution using fluor-
escent-labeled beads (Figure 2). Unlabeled fluorescent beads were detected in light scatter mode (LSM) with no
autofluorescence signal detected in FM. Serially diluted fluorescent-labeled beads were similarly detected in the LSM
mode and detected in FM (Figure 2A and B). The median particle size for both unlabeled and fluorescent-labeled beads
was correctly calculated in both LSM and FM, respectively (Figure 2C). F-NTA detection range was determined using
a fixed concentration of unlabeled beads spiked with varying concentrations of synthetic fluorescence beads with
dynamic particle imaging recorded in FM and LSM (Figure 2D). F-NTA detection limits for fluorescence-labeled
beads ranged from 10* to 10% particles/mL which established the optimal target dilution for subsequent experiments.
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1940 "= Journal of Hepatocellular Carcinoma 2023:10

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Koksal et al

The size exclusion chromatography step was optimized by comparing four different approaches including four
commercially available laboratory protocols. To identify the optimal recovery strategy which preserved exosome
morphology, the mean concentration and mode size for each column preparation was analyzed in LSM (Figure 3).
Analysis of the standard and model of vesicle size and video images of exosome light scattering show that all columns
produced excellent exosome yield since they all generate exosome numbers 1x10% per mL. As shown the yield and purity
of EVs varies among different column isolation. The recovery and size of vesicles varied among different column
purification approaches, with more heterogenous particles found in the Cell Guidance and Cytiva gel filtration column
(Figure 3A), which was confirmed in the video images of particles (Figure 3B). The concentration of EV isolated by
various columns are comparable (Figure 3C). The size measurement indicates that all columns purified smaller vesicles
in the range of 100150 nm (Figure 3D). The bigger non-vesicular particles or protein aggregates could be contributing
mean diameter to a bigger size. The Sephadex G-200 column purification provided the optimal purification therefore, it
was selected for subsequent analyses of exosome purification.

Purity, Population Diversity, and Liver Specificity Check of Column Purified EVs by
F-NTA

The NTA does not discriminate different biological vesicles such as membrane and non-membrane particles such as
protein aggregates or salt precipitate. We designed an experiment that distinguishes membranous and non-membranous
EVs after labeling them with a lipid-permeable fluorescent dye. The dye was diluted to a concentration of 1:1000 and
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Figure 3 Recovery and quality assessment of immunocapture-HCC exosomes purified by size exclusion column purification for nanoparticle tracking analysis (NTA).
Immunocaptured HCC exosomes were diluted in ImL of ultrapure water and passed through a gel filtration column to separate free labeled antibodies. (A). Size and
concentration measurement of extracellular vesicles (EVs) isolated by various columns by NTA. (B). Video images of EVs in motion captured via light scatter model. (C)
Particle recovery by various columns. (D) Size of particle isolated by various columns.
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then a dose-dependent dye titration was performed using isolated EVs from Huh7 cells. The labeled EVs and unbound
dye were separated by column purification. The concentration of dye that shows maximum labeling was determined by
F-NTA used in the serum studies (Supplementary Figure 1). Serums of healthy individuals, patients with cirrhosis, and

HCC were labeled with lipophilic red dye for two hours, and EVs were column purified. The concentration of
fluorescence-positive membranous particles and total particle counts in each sample was determined by NTA in FM
and LSM. The data clearly show that column purification of EVs has a purity of >80% (Figure 4A). We tested the
immunoreactivity of EVs after column purification to confirm the suitability of this method for diagnostic use. For this
purpose, EV population diversity following immunocapture and gel-filtration assay was confirmed using PE-conjugated
antibodies specific to microvesicles (ARF6) and exosomes (CD9). This analysis shows that Huh7 cells release several
subtypes of EVs with only 1% of EVs positive for the microvesicle marker ARF6 and 24% of EVs positive for the
exosome marker CD9 (Figure 4B). The majority of EVs (>75%) secreted by the Huh7 cells were negative for both the
microvesicle and exosome marker. A similar EV population analysis was performed using 10-pL of serum from a healthy
individual, a cirrhotic patient, and a patient confirmed for HCC. In the healthy control sample, only nearly 12% of the
isolated EVs stained positive for the exosomal marker with 53% showing positive for the microvesicle marker and the
remaining 35% showing negative for exosome and microvesicles. However, EV population diversity was found to be
different in cirrhotic patients with or without HCC. EV isolated from patients with cirrhosis and HCC were nearly
2-3-fold enriched in exosome positive fractions (28% and 30%, respectively) with microvesicle fractions of 13% in
patients with cirrhosis and 30% in HCC. Of note, there was no difference in the total number of particles isolated
between equal volumes of Huh7 cell culture supernatant and patient subgroups. The next set of experiment was
performed to test whether peripheral blood sample contained adequate amount of liver-derived vesicles. Normalized
distribution of the liver-derived ASGPR1+ve EVs in cell culture, normal healthy serum, cirrhosis, and HCC serums are

A
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38% @ [l Non-Membranous EVs
85% [ Membranous EVs
B

Cell Culture Control Cirrhosis HCC

o 12% 200 CD9+ve exosomes
0,
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Figure 4 Purification of extracellular vesicles (EVs) by size exclusion chromatography preserves immunoreactivity assessed by fluorescent-nanoparticle tracking analysis
(F-NTA). (A). Shows effectiveness of purification after using lipophilic membrane dye (Cell Mask Plasma Membrane Stain) for staining EV’s. According to percentages of the
positive stained vesicles, most of the EV’s are membranous. (B). A pie chart shows the EV population diversity of exosome and microvesicle after immunocaptured using PE-
labeled CD9 antibody and PE-labeled ARF6 antibody from cell culture, and clinical samples (normal serum, cirrhosis with or without HCC). As predicted, the F-NTA analysis
shows exosome release increased in chronic liver disease as compared to only among healthy individuals. A large percentage of EVs remain unlabeled. (C). Show clinical
application of F-NTA to quantify liver-derived EVs using PE-labeled antibodies to ASGPRI. The percentage of liver-derived vesicles was lower in cirrhosis and HCC groups

than the healthy controls.
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presented in Figure 4C. EVs isolated from Huh7 culture showed low positivity of ASGPR1. Normal healthy individuals
release high amounts of ASGPR1+ve EVs and the production decreased in liver cirrhosis and HCC.

F-NTA Assay Calibration Using EVs Isolated from Huh7 Cell Culture

The first sets of experiments determined the antibody dilutions that show optimal detection with minimum non-specific
background signal. We found that the GPC3 antibody at 1:25 and AFP (1:100) produced optimum quantification of the
HCC exosomes (Supplementary Figure 2). The second set of analyses was performed to compare HCC and non-HCC
exosomes for the expression of known HCC markers. Exosomes were isolated from Huh7 and HuCCA-1 cell cultures by
precipitation and immunocapture assay using PE-labeled antibodies to AFP or GPC3 alone and in both antibodies in
combination (Figure 5). Exosomes from Huh7 and HuCCA-1 cells immunocaptured with PE-labeled CD9 antibodies
were used as the internal control. The antibody reaction was compared between HCC and non-HCC cell lines.
Representative LSM and FM images of light scattering, CD9+ve, and GPC3/AFP+ve exosomes isolated from Huh7
and HuCCA-1 culture supernatants are shown in Figure 5A and B. The estimated exosome shedding per tumor cell was
determined by normalizing the cell number in the culture. Both LSM and FM particle concentrations were higher in
HuCCA-1 cell culture samples than in Huh7 cell culture samples in the CD9 experiment (For LSM 1068+80.4 vs 843
+88.7 particle/cell p=0.03 and FM 751+£38.1 vs 389.3+101.1 particle/cell p=0.004). Due to this reason, fluorescent CD9
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Figure 5 Assay calibration using exosome purified from Huh7 culture. Approximately 1107 Huh 7 cells were cultured in a 10-cm tissue culture plate. Media were collected
after 72 hours and exosomes were precipitated from |-mL cell-free supernatants by precipitation. Exosomes were recovered after centrifugation. The exosome pellet was
resuspended in 100pL of PBS with 1%BSA and incubated with PE-labeled GPC3, AFP, and CD9 overnight. The next day, samples were diluted in | mL water and passed
through a column. Extracellular vesicles (EVs) collected from flow-through were diluted in water (1:10) and immediately analyzed by fluorescent-nanoparticle tracking
analysis (F-NTA) using light scattered mode (LSM) and fluorescence mode (FM). (A). Video images of PE-conjugated CD9 antibody labeled EVs were captured from Huh7
and HuCCA-| culture and measured by F-NTA in LSM and FM. (B). Representative video image of PE-labeled GPC3 antibody-labeled HCC exosomes captured from
HuCCA-1 and Huh7 cells and measured by NTA in LSM and FM. (C). Total exosomes and HCC exosomes are released per tumor cell. The total exosome release from
HUCCA-1 cells is more than from Huh7 cells. HuCCA-I cells release a minimum number of HCC exosomes as compared to Huh7 cells. Statistical significance levels were
presented as ™ for non-significant, * for p<0.05, ** for p<0.01.
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+ve particle ratios were found equivalent in samples from Huh7 cells and HuCCA-1 cells. We found fluorescent positive
HCC particle concentration is significantly higher in Huh7 exosomes than exosomes from HuCCA-1 cells in terms of
GPC3, AFP, and a combination of GPC3 and AFP. Total particle concentration and yield of particles between Huh7 and
HuCCA-1 were comparable in these experiments (p>0.05). The per-cell shedding frequency for GPC3+, AFP+, and
GPC3+AFP+ EVs was higher in Huh7 cells compared to HuICCA-1 (Figure 5C). This analysis allowed us to compare the
average exosome release between Huh7 and HuCCA-1 cells. HuCCA-1 cells release more exosomes compared to HCC
cells. However, this analysis resulted in the detection of more GPC3+ve HCC exosomes in Huh7 cells compared to
HuCCA-1 cells (100 GPC3+ve exosome per Huh7 as compared to 10 GPC3 positive exosome per HUCCA-1 cells). The
F-NTA analysis showed 200 AFP-positive exosomes in HUCCA-1 cells compared to 500 AFP-positive exosomes in
Huh7 cells. AFP and GPC3 antibody combination captured more HCC exosomes in Huh7 cells than in HuCCA-1 cells.
The number of fluorescence-labeled particles called HCC exosome per cell was found to be in the range of 1-200
particles/ cells when AFP and GPC3 antibodies were used in combination.

Quantification of HCC-Derived Exosomes in the Clinical Samples

To extend the clinical utility of serum HCC exosome quantification, a serum cohort from patients with a confirmed
diagnosis of no underlying liver disease (healthy normal), cirrhosis, or HCC was procured. The individual performances
of AFP and GPC3 versus a combination of GPC3/AFP were investigated across the patient subgroups. Diagnostic
sensitivity and specificity values for optimal cut-offs are shown in Supplementary Table 1. The results of serum HCC-

derived exosome quantification using GPC3 PE-conjugated antibody are shown in Figure 6. A representative image of
particles in motion in LSM and FM is shown in Figure 6A. GPC3-positive vesicles were detected more frequently
in HCC cases compared to cirrhosis and healthy controls. Negative fluorescence staining was more frequently detected in
normal serum and cirrhosis samples. Analysis of GPC3-labeled exosomes in each patient subgroup revealed particles
in the range of 100 to 150 nm, supporting that they are primarily exosomes. The mean and mode particle sizes captured
in FM and LSM for GPC3 labeled EV samples are shown in Figure 6B. The particles counted in FM were normalized
with the total particle number in LSM to compare the distribution of GPC3-bound vesicles between normal, cirrhosis,
and HCC (Figure 6C). A statistically significant increase in GPC3+ve exosomes was detected in HCC patients compared
to malignancy-free cirrhosis. A receiver operator curve was plotted to determine the diagnostic power in clinical HCC
specimens. It yielded AUC values of 0.79 for discriminating HCC and cirrhotic non-HCC cases (p=0.02) (Figure 6D).
The performance of AFP antibody capturing HCC exosomes was examined using identical samples with the same
analytical parameters (Figure 7A and B). The quantification of HCC exosome captured using PE-labeled AFP antibody in
normal, cirrhosis, and HCC was performed using an exact setting of LSM and FM of NTA. The AFP+ve HCC exosome
number was normalized to the total particle counts obtained in LSM mode. While AFP+ve exosome concentration was
significantly higher in the HCC group than in the cirrhosis group, there was no significant difference between the control
and HCC groups (p=0.03 and p=0.09) (Figure 7C). The ROC analysis showed that the AUC value of AFP+ve exosomes
for detecting HCC cases was 0.71 and this was statistically significant (p=0.02) (Figure 7D). Lastly, we performed HCC
exosome quantification after immunocapture of exosomes using PE-labeled GPC3 and PE-labeled AFP antibodies in the
same set of samples. The HCC exosome counts were normalized with the total particle counts obtained in LSM. The
performance of HCC exosome quantification using a combination of GPC3, and AFP antibodies together appears to be
superior to AFP alone but not to GPC3 alone (Figure 8A-D). All these results indicate that F-NTA is sensitive enough to
quantify HCC exosomes using PE-labeled tumor-specific antibodies. This analysis demonstrates that the use of GPC3-PE
antibody alone performed well compared to the combination of AFP and GPC3 for HCC exosome quantification.

Comparison of Immune Magnetic Bead Affinity Flow Assay with Direct Quantification
of HCC Exosome by F-NTA

The performance of HCC exosome quantification by F-NTA in the same set of samples was compared with the magnetic
bead assay described by our group previously.’” The immunomagnetic beads were prepared by mixing streptavidin-
conjugated magnetic beads with biotinylated CD63 antibodies, followed by blocking and incubation directly with the
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Figure 6 Quantification of GPC3+ve HCC exosomes using fluorescent-nanoparticle tracking analysis (F-NTA). Ten microliters of serum samples were diluted in 100 uL of
PBS with 1% BSA. Antibody incubation was performed at 4 °C overnight. The next day samples were diluted in ImL of ultrapure water and passed through a gel-filtration
column. Samples were further diluted (1:10) in ImL water and analyzed by NTA using light scattered mode (LSM) and fluorescence mode (FM). (A). Representative video
image of Extracellular vesicles (EVs) analysis captured in LSM and FM of immunocaptured using PE-conjugated GPC3 antibody. (B). Show the size (mean and mode)
measured in LSM and FM. (C) Concentration measurement of immunocaptured EVs (particles/mL) using GPC3 antibody levels in normal, cirrhosis, and HCC serum
detected using FM. The particle number obtained in FM was normalized with the particle number obtained in LSM for each sample. *** is representing the statistical
significance level of p<0.001. (D). ROC analysis shows the sensitivity and specificity values of GPC3 vesicles in normal, cirrhosis, and HCC.

serum for EV capture. This assay principle is that serum exosomes immobilized onto beads reacted either with PE-
labeled AFP or PE-labeled GPC3 or in a combination of both antibodies (Figure 9A). The magnetic bead assay was used
to determine the performance of GPC3 and AFP alone and in combination markers for HCC detection using the same
three groups of serum cohorts. We found the GPC3-positive exosomes were detected significantly higher in the serum of
patients with HCC than in cirrhosis without HCC (Figure 9B). The AFP-positive exosomes were detected considerably
more in the HCC serum as compared to the control and cirrhosis (Figure 9C). The percentage of HCC exosome detection
was improved by the combination of two antibodies (Figure 9D). A representative flow cytometry picture shows that
a high percentage of HCC exosomes were detected using the combination of AFP and GPC3 antibodies (Figure 9E).
ROC analysis shows the sensitivity and specificity of magnetic bead assay for HCC detection using single and double
antibodies (Figure 9F). This analysis shows that the combination of AFP and GPC3 improved the sensitivity of HCC
detection among cirrhotic patients, but the specificity decreased.

Direct Comparison of HCC Exosome Quantification with Imaging-Based Diagnosis

The performance of direct serum HCC-exosome quantification for liver tumor diagnosis was validated using a set of HCC
whose diagnosis and tumor size were established by the radiologist through gold-standard MRI-based liver imaging. This
validation study included 10-serum samples of liver cirrhosis without HCC and 10-serum samples with HCC from our
cohort. The demographic and clinical characteristics of these patients are summarized in Table 1. The HCC-exosome
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Figure 7 Quantification of AFP+ve HCC exosomes using fluorescent-nanoparticle tracking analysis (F-NTA). Ten microliters of serum samples were diluted in 100pL of PBS
with 1% BSA. AFP antibody (1:100) incubation was performed at 4°C overnight. The next day samples were diluted in ImL of ultrapure water and passed through a gel-
filtration column. Samples were further diluted (1:10) in | mL water and analyzed by NTA. (A). Representative video image of extracellular vesicles (EVs) analysis captured in
light scattered mode (LSM) and fluorescence mode (FM) of immunocaptured using PE-conjugated AFP antibody. (B). Show the size (mean and mode) measured in LSM and
FM. (C). Particle size distribution of EVs analyzed in LSM and FM. Quantification of immunocaptured EVs using AFP antibody in normal, cirrhosis and HCC serum detected
using FM. The particle number obtained in FM mode was normalized with the particle number obtained in LSM for each sample. Statistical significance levels were presented
as "™ for non-significant, * for p<0.05 (D). ROC analysis shows the sensitivity and specificity values of AFP vesicles in normal, cirrhosis, and HCC.

quantification after immunocapturing with antibodies to either GPC3 or AFP and in combination was performed by F-NTA
using identical conditions. Normalized GPC3+ve exosome concentration was found significantly higher in MRI-confirmed
HCC cases than the MRI-confirmed, HCC-free cirrhotic group ( 1.4x10° IQR55.75 3.2x10°-3.8x10° particle/mL vs 9.4x10*
IQR,s.75 0-3.2x10° particle/mL respectively p< 0.0001) (Figure 10A). The comparison of MRI negative and positive groups
in terms of AFP+ve or GPC3/AFP+ve exosome concentration is summarized in Figure 10B and C. Serum AFP levels were
found significantly higher in MRI positive group than in MRI negative group (2.5 IQR5.75 2-3.1 ng/mL vs 12.5 IQRs5.75
3.8-148 ng/mL respectively and p=0.04) (Figure 10D). Despite there being no statistical direct correlation between GPC3
+ve exosome concentration and serum AFP levels, GPC3+ve exosome concentration was significantly higher in the high
serum AFP (>20ng/mL) group than in the low-AFP group (p=0.034) (Figure 10E). The size of the HCC-exosome in the
MRI-positive and negative groups is comparable (Figure 10F). There is a positive correlation between GPC3+ve HCC
exosome detection by F-NTA with tumor size assessed by liver imaging (r=0.78 and p<0.001) (Figure 10G). The ROC
analysis of the MRI-positive and negative samples shows GPC3+ve exosomes separate well with AUC value:0.86, p:0.006
compared to AFP+ve exosomes and a combination of GPC3/AFP+ve exosomes with AUC:0.72, p:0.89 (Figure 10H).

Discussion
Circulating EVs are relatively easy to isolate using minimally invasive procedures and offer an attractive biomarker
target to monitor human health and disease progression. With no consensus on exosome isolation standards, we propose
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Figure 8 Quantification of AFP and GPC3 double-positive HCC exosome using the combination of two antibodies (AFP and GPC3). (A). Representative video image
captured during extracellular vesicles (EVs) analysis in light scattered mode (LSM) and fluorescence mode (FM) of immunocaptured using PE-conjugated AFP and GPC3
antibody combination. (B). Show the size (mean and mode) of immunocaptured EVs using two antibodies measured in LSM and FM. (C) Quantification of immunocaptured
EVs using a combination of two antibodies (GPC3/AFP) in normal, cirrhosis and HCC serum detected using FM. The particle number obtained in FM was normalized with
the particle number obtained in LSM for each sample. Statistical significance levels were presented as non-significant, * for p<0.05 (D). ROC analysis shows the sensitivity and
specificity values of HCC exosome quantification using the combination of AFP and GPC3 antibodies in normal, cirrhosis, and HCC.

that the direct quantification of exosome-biomarkers represents the ideal approach for studying the biological relationship
between EV signals and their source tissue at the different stages of disease progression. This study explores the direct
immunocapture of HCC-specific EVs using a fluorescence-tagged antibody and then quantifying labeled EVs using
F-NTA. The presented data support the F-NTA assay’s excellent sensitivity and specificity for HCC exosome quantifica-
tion. Using serially diluted fluorescence beads, the dynamic range of F-NTA for accurate concentration measurement of
exosomes was found to be 10* to 10® particles/mL. Initial validation studies using serum samples revealed a high
exosome concentration in human serum and therefore required volumes as low as 10uL to fall within the F-NTA dynamic
range. A critical aspect of EV quantification in serum is plasma is maintaining immunoreactivity and biological activity
following isolation. For example, the high mechanical stress required by several EV isolation protocols can alter the
morphology of EVs due to the vesicle tethering and interfere with their recovery and quantification. Additionally, these
protocols may lead to denaturing the epitopes and diminish the immunoreactivity. The immunocapture approach used
here relies on the binding of EV surface proteins with antibodies, therefore, allowing the recovery of HCC-specific EVs.
This approach can be adapted for diagnostics purposes to incorporate specific protein targets for exosome capture. AFP
and GPC3 are two proteins that have been widely used in HCC diagnosis. GPC3 is only produced by HCC cells, not the
surrounding cirrhotic liver, whereas AFP is expressed in cirrhotic hepatocytes as well as HCC tumors. We have

3.3* As a proof-of-principle, GPC3 and

previously shown that Huh7 cells release exosomes that express AFP and GPC
AFP antibodies were selected to capture HCC exosomes. Excessive unbound fluorescence antibodies can interfere with

EV quantification using F-NTA, highlighting the importance of purifying fluorescently labeled EVs from unbound

Journal of Hepatocellular Carcinoma 2023:10 hetps: 1947

Dove:


https://www.dovepress.com
https://www.dovepress.com

Koksal et al Dove

A B C

CD63- coupled magnetic beads GPC3 AFP
O 60 = +| 30 - ns .
* I dedek |
° [ —
Streptavidin 81 40 = :. 81 20
;@ Biotinylated CD63 ‘E ¢ 8 .
. Exosome 8 : § . H
5 20 4 . P
o . - o 10
. == . s
' ol —2p —w ¥
N - 19 & 9
«° & o S & O
& 6“& & RN N
D GPC3+AFP E F Cirrhotic vs HCC
+ 100- .
200 o I ) = 55
07— Im T = E—
o GPC3 + AFP go4 !
y 1 89.6% :
%] 40 o - e° _
: sl
g i 3100 2 ol )
5 20 4 . =240 ]
& . o
H =|.=:°.E § 20_"' == GPC3, AUC: =0.71, p=0.001
0 - e RS SO : == AFP, AUC: =0.91, p<0.0001
o e GPC3+AFP, AUC: =0.82, p=0.001
v v v 0 T T T L] 1
& & & 0 102 10° 104 10° S S & & @
& PE 100%- Specificity %

Figure 9 Performance of magnetic bead assay for HCC detection using antibodies to GPC3 alone, AFP alone, and a combination. (A). lllustrate the assay design.
Streptavidin-conjugated magnetic beads were attached to a biotinylated CDé63 antibody. The next day, beads were incubated with 10uL of the serum diluted in 100uL PBS
with |%BSA overnight. The next day, beads were washed twice and then incubated with PE-conjugated antibodies (GPC3 alone, AFP alone, and combination) for one hour.
Following this step, beads were washed and analyzed by a flow cytometer. (B). Percentage of exosomes reacted with GPC3 antibody by magnetic bead-based flow assay in
normal healthy serum, cirrhosis, and cirrhosis with HCC. (C). Percentage of HCC exosome captured using AFP antibody using magnetic bead-based flow assay between
normal healthy serum, cirrhosis, and cirrhosis with HCC. (D). Percentage of HCC exosome captured using a combination of AFP and GPC3 antibodies in normal healthy
serum, cirrhosis, and cirrhosis with HCC. Statistical significance levels were presented as "™ for non-significant, ** for p<0.0l, *** for p<0.001 (E). Representative flow
cytometry image showing very high reactivity of HCC exosomes using the combination of two antibodies. (F). ROC analysis shows the sensitivity and specificity of
immunomagnetic bead flow assay for HCC exosome quantification.

fluorescent antibodies. Column purification and antibody labeling allowed the preparation of pure population PE-labeled
EVs for F-NTA quantification. We found that column purification generated greater quantality for the direct quantifica-
tion of EVs in the serum samples. Optimal antibody dilution was also critical for accurate quantification using F-NTA.

We first assessed whether EV size distribution by F-NTA was maintained following immunocapture isolation and size
exclusion column. Using PE-labeled CD9 or PE-labeled ARF6 we showed that this method can be used to assess the
distribution of exosomes and microvesicles in the serum of patients with or without advanced liver disease. Specific
pathological conditions alter EVs’ production and composition causing disease-specific alterations in EV composition
compared to a reference healthy population. Multifaceted stress response alters autophagic mechanisms and it causes
generating many membrane-enclosed lipid-bilayer vesicles to encapsulate specific cargoes of cellular plasticity. For
example, induction or inhibition of autophagy leads to an increase in the release of microvesicles and exosomes during
chronic viral and bacterial infection.’'>* By understanding the disease- and tissue-specific EV-associated biomarkers,
this novel immunocapture assay can be utilized to accurately detect and isolate these EVs in the blood. Our results show
that circulating EVs are heterogenous since most cells in the body release EVs to maintain cellular homeostasis.>
Surprisingly, more than 50% of serum EVs did not express conventional exosome or microvesicle markers. One recent
study showed substantial EV diversity in the blood and predominantly of hematopoietic origin compared to tissue

origin.>® In addition to EVs shed from infected cells and diseased tissues, many other biomolecules including protein
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Table | Comparison of MRI Negative and Positive Groups for Demographics, F-NTA,
and Serum AFP Results

Parameter MRI Negative MRI Positive p value
N:10 N:10
Age (Mean+SD) 57.7%11.7 63+7.8 0.25
Gender
Female N (%) 5 (50) 3 (30) 0.65
Male N (%) 5 (50) 7 (70)
Etiology
HCV N (%) 5 (50) 5 (50) 0.87
ALD N (%) I (10) 1 (10)
HCV+ALD N (%) 2 (20) 2 (20)
NASH N (%) 2 (20) -
Other N (%) - 2 (20)
F-NTA
GPC3 10°particle/mL* 0.9 (0-3.2) 14 (3.2-38) 0.005
AFP 10°particle/mL* 0.2 (0-2) 2.1 (0.3-12) 0.046
GPC3/AFP 10°particle/mL* 2.4 (0.9-14) I5 (4.4-28) 0.05
Serum AFP pg/mL 2.5 (2-3.1) 12.5 (3.8-148.5) 0.009

Notes: *Normalized values were given as median, 25th and 75th quartiles according to total exosome
concentrations, Mann Whitney U-test was used for comparison of groups in terms of Age, F-NTA GPC3,
Serum AFP. Qi Square and Fisher’s exact test was used for comparison of group distrubutions.
Abbreviations: F-NTA, Fluorescent Nanoparticle Tracking Analysis; SD, Standard deviation; MRI, Magnetic
Resonance Imaging; ALD, Alcoholic liver disease; NASH, Non-alcoholic steatohepatitis; GPC3, Glypican 3.

aggregates, protein-DNA and protein-RNA complexes, ultra-fine bubbles, salt precipitates, and lipoproteins aggregates
can be co-isolated from peripheral blood samples.’®>’ We examined whether the cellular origin of circulating EVs could
be determined using the F-NTA approach. Quantification of hepatocyte-derived EVs was performed using a PE-labeled
antibody to the asialoglycoprotein receptor (ASGPR1). ASGPR1 expression in the liver is decreased in cirrhosis and
HCC due to loss of polarized secretion.’> Our data are consistent with the literature showing ASGPRI expression
decreased with progression from the healthy liver to cirrhosis and HCC.>* 2

Clinical utility was also demonstrated with the F-NTA-based HCC exosome quantification approach.The ease and
accuracy of the method allowed for HCC exosome quantification by combining it with immunocapture and size
exclusion chromatography. As a proof-of-principle, we selected two cancer-specific antibodies that are exclusively
expressed on EV of HCC origin and showed minimal cross-reactivity with cholangiocarcinoma, a liver cancer of
different cell origin. Our data show that the F-NTA is sensitive enough to determine the concentration of HCC exosomes
in clinical samples. Using GPC3, AFP, and the biomarker combination, we showed that the detection of HCC-derived
exosomes is specific to HCC diagnosis with AUC values of 0.79 for GPC3, AUC values of 0.71 for AFP, and AUC
values of 0.72 to discriminate cirrhosis vs HCC. The F-NTA-based measurement correlates well with data generated by
immunomagnetic bead-based flow cytometry for HCC exosome detection. To demonstrate whether this HCC-exosome
quantification can be a potential serum test for detecting early-stage HCC, the assay was validated using the HCC cohort
whose diagnosis was confirmed by MRI-based liver imaging. The HCC exosome quantification data correlated well with
the diameter of the index HCC tumor assessed by MRI. Biostatistical analysis shows that quantification of HCC
exosomes using GPC3 antibody is consistent with serum AFP levels. This suggests that the GPC3+ve exosome
concentration in combination with serum AFP may improve diagnostic potential. Quantification of HCC exosomes
using AFP antibody increased background staining and decreased the sensitivity and specificity of GPC3-based exosome
level in identifying the HCC population. The diagnostic value of F-NTA-based HCC exosome quantification using GPC3
antibody is excellent that can be used for HCC detection among liver cirrhosis. Despite the limitation of F-NTA which is
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Figure 10 Statistical analysis determines the performance of HCC exosome quantification by fluorescent-nanoparticle tracking analysis (F-NTA) among MRI positive and
negative serum samples of our patient cohort. The fluorescence-positive exosome number is normalized with the total number of extracellular vesicles (EVs) captured by light
scatter mode in each sample. (A). Quantification of GPC3+ve exosomes in serums obtained from MRI positive and negative cases. (B). Quantification of HCC exosome using
PE-labeled AFP antibodies in the same set of serum samples. (C). Quantification of HCC exosomes using a combination of PE-labeled GPC3 and PE-labeled AFP antibodies. (D).
Comparison of MRI-positive and MRI-negative cirrhosis samples for serum AFP levels. (E). Comparison for GPC3+ve HCC-exosome concentration in AFP negative and AFP
positive groups. The upper limit of AFP was considered as 20 ng/mL (F). Statistical significance levels were presented as "™ for non-significant, * for p<0.05, ** for p<0.01, *** for
p<0.001. The exosome size is comparable between the MRI-positive and negative groups. (G). Show correlation between HCC-exosome quantification with HCC size
determined by MRI in the HCC cohort. (H). ROC analysis shows the sensitivity and specificity values of marker-positive exosome quantification and serum AFP levels for
diagnosing HCC in liver cirrhosis.

a time-consuming procedure, we propose that this analysis can be extended in clinical practice for the diagnosis of HCC
with developing automation techniques.

Quantitation of AFP and GPC3 proteins in the serum are well-established biomarkers for HCC diagnosis. The
biological relationship between the release of these two proteins and HCC growth in liver cirrhosis is unclear. Others

1950 " Journal of Hepatocellular Carcinoma 2023:10

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Koksal et al

and our lab showed that impaired autophagy response in HCC promotes exosome release. Wide varieties of tumor-
derived cargoes are enclosed in the endosomal vesicles and released outside because tumor cells cannot degrade these
molecules. Quantifying tumor exosomes is essential to establish the biological relationship between tumor growth in
parent tissue and exosome signal. AFP and GPC3 proteins are encapsulated into multivesicular bodies of HCC tumors
and released outside the exosomes. Therefore, counting the number of eAFP+eGPC3 vesicles should establish a causal
relationship with the size of the HCC tumor mass in the liver. The F-NTA method can simultaneously quantify the
presence of more than one HCC-specific biomolecule in vesicles. The fluorescence signal depends on the number of
biomolecules selected in the HCC exosomes. As a proof-of-principle, we demonstrated that eAFP+eGPC3 correlates
with HCC size determined by MRI. F-NTA technique quantifies microvesicle and exosome concentration in the serum.
For instance, quantifying polarized release ASGPR-positive extracellular vesicles can directly assess the hepatic
function and healthy liver versus cirrhotic liver. The F-NTA-based exosome quantification is a novel assay that should
bring exosomal biomarker utility to the clinic to monitor the biological relationship between exosome signal and parent
tissue.

Various techniques, such as ELISA and affinity flow analysis, are used to detect extracellular vesicles in body
fluids. One of the limitations of these assays is that there is no consensus on quantifying the number of cancer-
specific biomolecules enriched in EV preparation. Affinity exo-ELISA that detects tumor exosomes requires
a standard curve to quantify biomolecules present in the EVs. Flow cytometry-based assay used for exosome
quantification measures the percentage increase or decrease of the cargo enrichment. It is impossible to compare the
results of one assay with the other. Moreover, all these techniques require some precipitation and centrifugation,
which alters the EV conformation and biomolecule quantification in their native state. The F-NTA approach
described here has the advantage of directly quantifying membrane vesicles and their concentration change in
various human diseases.

The F-NTA quantitation use also has the following limitations. The F-NTA method is very time-consuming and
operator-specific. A small number of samples can be analyzed per day. Individuals with specific expertise can do these
analyses. A small volume of serum is required for exosome quantification by F-NTA. Fluorescence bleaching is
a concern; therefore, the samples after column purification should be protected from light. However, the F-NTA can
be automated to overcome these limitations for large-scale biomarker screening for HCC.

Conclusion

For many years, HCC surveillance has centered around ultrasound imaging with the serum AFP biomarker. More
recently, gender, age, and three serum markers (AFP-L3, AFP, and Des-carboxyprothrombin) have been combined to
develop the GALAD score for HCC surveillance. Unfortunately, the GALAD score performance did not outperform
other methods based on recent studies.’®>” There is a need to develop HCC biomarkers directly associated with the
biology of HCC. Recently, many recent publications show that various biomolecules such as circulating tumor DNA,
miRNA, non-coding RNA, and protein detection in the serum EVs have immense potential as serum biomarkers for HCC
detection.®®** Many of these candidate markers do not address the potential challenges facing the early detection of
cancer, which include: (i) understanding the molecular biology of cancer etiology that contribute to cancer initiation; (ii),
early identification of high-risk patients; (iii), identifying and validating organ-specific biomolecules for early-stage
cancer detection; (iv), development of technology to quantify these molecules in their native state; (v), appropriate
performance evaluation through multi-site collaboration.”> Our ongoing research shows that adaptive plasticity to
multifaceted stress response generated during chronic HCV infection determines who is at risk of HCC development.
We have selected biomolecules specific to liver cancer and show altered expression during cancer development due to
impaired autophagy. This study aimed to develop an innovative assay that can rapidly and directly quantify HCC
exosomes using a small quantity of serum using specific molecules amendable to biomarker development, prognosis, and
early HCC detection. This assay is simple; therefore, it can be adapted to any clinical laboratory for cancer exosome
quantification as a method for HCC detection in the liver through a blood test.
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