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Extracellular Vesicles May Predict Response to
Radioembolization and Sorafenib Treatment in
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Analysis from the SORAMIC Trial
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ABSTRACT
◥

Purpose: SORAMIC is a randomized controlled trial in patients
with advanced hepatocellular carcinoma (HCC) undergoing sor-
afenib � selective internal radiation therapy (SIRT). We investi-
gated the value of extracellular vesicle (EV)-based proteomics for
treatment response prediction.

Experimental Design: The analysis population comprised 25 pati-
ents receiving SIRTþsorafenib and 20 patients receiving sorafenib
alone. Patients were classified as responders or nonresponders based
on changes in AFP and imaging or overall survival. Proteomic analysis
was performed on plasma EVs by LC/MS, followed by bioinforma-
tics analysis. Clinical relevance of candidate EV proteins was validated
by survival and receiver-operating characteristic analysiswithbootstrap
internal sampling validation. Origin of circulating EV was explored by
IHCstainingof liverand tumor tissuesandtranscriptomicsofbloodcells.

Results: Proteomic analysis identified 56 and 27 EV proteins
that were differentially expressed in plasma EVs between

responders and nonresponders receiving SIRTþsorafenib and
sorafenib alone, respectively. High EV-GPX3/ACTR3 and low
EV-ARHGAP1 were identified as candidate biomarkers at base-
line from the 13 responders to SIRTþsorafenib with statistically
significant AUC ¼ 1 for all and bootstrap P values 2.23 � 10–5,
2.22 � 10–5, and 2.23 � 10–5, respectively. These patients
showed reduced abundance of EV-VPS13A and EV-KALRN 6
to 9 weeks after combined treatment with significant AUC and
bootstrap P values. In reverse, low GPX3 and high ARHGAP1
demonstrated better response to sorafenib monotherapy with
AUC ¼ 0.9697 and 0.9192 as well as bootstrap P values
8.34 � 10–5 and 7.98 � 10–4, respectively. HCC tumor was the
likely origin of circulating EVs.

Conclusions: In this exploratory study, EV-based proteomics
predicted response to SIRTþsorafenib and sorafenib-only treat-
ment in patients with advanced HCC of metabolic origin.

Introduction
Hepatocellular carcinoma (HCC) accounts for 80% to 90% of all

liver cancers, most often in association with chronic liver disease
related to alcohol abuse, nonalcoholic steatohepatitis (NASH), or
viral hepatitis (1). Only about 30% of patients are diagnosed early
enough to benefit from potentially curative therapies (2, 3). For
patients with inoperable, liver-confined intermediate-stage HCC,
locoregional treatment by transarterial chemoembolization
(TACE) is the recommended treatment of choice, supplemented
by 90Y-radioembolization in recent European guidelines (4, 5). In
advanced HCC, systemic therapy with sorafenib confers survival
benefit (6). Recently, the IMbrave150 study showed that the

combination of atezolizumab and bevacizumab in patients with
advanced HCC was superior to sorafenib in first line, likely
determining the future standard of care (7, 8).

In locoregional or systemic treatment of HCC, a significant pro-
portion of patients do not achieve durable responses, and response
rates vary (6, 7, 9). Clinical decision-making is currently generally
based on staging, performance status, and basic liver function (9). An
unmet medical need exists for biomarkers stratifying patients with
HCC to therapeutic strategies.

EVs promote various biological processes such as intercellular
communication, inflammation, immune response, and disease pro-
gression (10, 11). Their activity is mediated by proteins, nucleic
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acids, and lipids trapped in stabilizing lipid double-layers of the
originating cells. In tumor-derived EVs, proteomic-based analyses
have indicated the potential to unravel changes in protein expres-
sion under different clinical conditions. Therefore, EVs may be
candidates as predictive or prognostic biomarkers (12, 13).

Sorafenib in combination with local microtherapy guided by gad-
olinium-EOB-DTPA–enhanced MRI (SORAMIC; EudraCT 2009-
012576-27, NCT0112 6645) is a prospective study that comprised
three substudies, including a cohort comparing the combination of
SIRT with 90Y resin microspheres with sorafenib to sorafenib alone in
patients with advanced HCC (14, 15). In the SORAMIC substudy
presented herein, we sought to determine the role of EV proteins as
predictive biomarkers of therapeutic response to sorafenib � SIRT in
advanced HCC.

Materials and Methods
SORAMIC is a prospective, phase II, open label, multicenter,

randomized controlled trial. The study was conducted at 38 sites in
12 countries in Europe and Turkey. The post hoc analyses described
herein are exploratory.

Ethical considerations
The institutional review boards of all participating centers

approved the study prior to initiation of the trial, and written
informed consent was obtained from all patients. Study procedures
were performed in accordance with the protocol and ethical
principles that have their origin in the Declaration of Helsinki
and the International Council for Harmonisation-Good Clinical
Practice.

Patient and public involvement
Details of inclusion and exclusion criteria of the SORAMIC study

have been published elsewhere (14). Key selection criteria for the
palliative treatment group were Barcelona Clinic Liver Cancer (BCLC)
B (not eligible for TACE per investigator decision) and C, and Child
Pugh ≤7. Patients were recruited between January 5, 2011, and April
19, 2016, and the de-identified samples were used in this translational
and exploratory study.

Study objective
To assess the value of EV-based proteomics for response prediction

in patients with advanced HCC receiving sorafenib � SIRT.

Study design and experimental set up
Patient selection

Our exploratory cohort was based on the SORAMIC safety pop-
ulation with patients undergoing SIRTþsorafenib or sorafenib alone
(n ¼ 380). Because of limited numbers of viral patients with HCC
recruited in the European-based SORAMIC trials, we selected patients
with nonviral etiology of the disease as amore homogeneous cohort for
exploratory analysis. As a result, our study population comprised n¼
25 and 20 patients receiving sorafenib�SIRT and sorafenib alone,
respectively. For each patient, samples collected at two different time
points (baseline and 6–9 weeks posttherapy) were included in the
study. For details, see Fig. 1.

Patients were classified as responders and nonresponders based on
changes in alfa-fetoprotein (AFP) reduction at 6 to 9 weeks and overall
survival (OS) assessment (>/≤16 months) or the mRECIST criteria
if adjudication was necessary [complete response (CR) and partial
response (PR) vs. stable disease (SD) and progressive disease (PD)]. In
brief, in 42 of 45 patients, classification was based on changes in AFP
and imaging. Baseline characteristics of all patients are displayed
in Table 1 and the change in AFP and OS data are shown in
Supplementary Fig. S1. Tumor tissue samples at baseline from 9
patients served for validation of the origin of EVs identified in blood.
Only three of these tissues showed a minimal amount (<5%) of
necrosis (Supplementary Fig. S2).

Experimental design
We performed a comprehensive proteomic analysis of proteins

isolated from the EVs and evaluated their potential as predictive
biomarkers for sorafenib�SIRT treatment. EVs were extracted from
plasma and protein profiles were identified on the basis of LC/MS.
Bioinformatics analysis, including differentially expressed protein
(DEP) analysis and gene ontology (GO) enrichment analysis, was
performed to discover candidates for outcome prediction. The top 100
commonly identified EV proteins from ExoCarta and Vesiclepedia
were used to compare with the plasma EV proteome. The clinical
relevance of the discovered proteins was analyzed by survival and
receiver operating characteristic (ROC) analysis. Finally, the potential
origin of the circulating EVs was investigated by transcriptomic
analysis of blood cells and IHC analysis of HCC tissue samples.
The complete experimental workflow is schematically described in
Supplementary Fig. S3.

Sample collection
Peripheral venous blood was collected at baseline and at follow-up

(6–9weeks from radioembolization treatment), providing two samples
per patient. Blood (5 mL) was drawn in EDTA tubes (Becton Dick-
inson) and processed immediately (centrifugation 1,300 � g, 5 min-
utes, 4�C) to isolate plasma, which was then aliquoted and stored at
�80�C until use.

EV isolation, characterization, and MS analysis
In total, 90 plasma samples (100 mL) were analyzed by Tymora

Analytical (West Lafayette) and used for enrichment of EVs using
EVTrapmagnetic beads,whichwere comprehensively characterized to
show over 95% recovery yield and much better performance than
traditional differential centrifugationwith ultracentrifugation (16–18).
EV extraction was validated by tunable resistive pulse sensing (TRPS)

Translational Relevance

The SORAMIC trial showed no overall survival benefit of adding
SIRT to sorafenib. However, analyses of the per-protocol popula-
tion showed survival benefit in patient subgroups. Tumor biopsy is
not commonly performed in HCC according to diagnostic guide-
lines. Liquid biopsy is easily accessible and extracellular vesicles
(EV) have been widely studied and proposed to be potential liquid
biopsy candidates as predictive or prognostic cancer biomarkers.
This study showed that EVs with unique proteins predicted
response to treatment in patients with advanced HCC of met-
abolic origin. Global EV profiles were highly similar among
patients; however, specific EV proteins were associated with
clinical outcomes according to either SIRTþsorafenib or sor-
afenib-only treatments. HCC tumors were proven as the origin
of blood-circulating EV-GPX3 and EV-ACTR3. These EVs
therefore represented predictive biomarkers. If confirmed in
further validation studies, EV proteomics will evolve as a novel
predictive biomarker in HCC.
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with 150 nm nanopore for size distribution and by Western blot
analysis (19). The advantages of using EVTrap over traditional
isolation methodologies were comprehensively described in previ-
ous publications by Tymora Analytical. The EVs were quantified
and in total of 1 mg of peptides from each sample was subjected to
MS analysis. Non-EV markers were not detected from the LC/MS
analysis. The raw data of LC/MS were generated and processed
according to published methodology (16). The abundance levels of
all peptides and proteins were normalized to the spiked-in internal
indexed retention time (iRT) standard. The details of the LC/MS
sample preparation are shown in the Supplementary Materials and
Methods.

DEP and GO enrichment analyses
The normalized MS data were processed and analyzed by Partek

Genomics Suites version 7.19.1125 (Partek Incorporated). The value of
0.0001 was assigned to the proteins, which were below detection limit
in theMS dataset, followed by log2 transformation. All protein ID was
converted to matched gene ID prior to analysis. Principal component
analysis (PCA) was first done and DEP analysis was then performed
between responders and nonresponders in both treatments with the
threshold of 2-fold change and FDR-adjusted P value <0.001, followed
by hierarchical clustering. The lists of DEP were then subjected to
BioVenn web-based Venn diagram analysis (20) and ShinyGO (v0.65)
GO-enrichment analysis (21) with enrichment FDR-adjusted P value
<0.05 and gene sets of GO biological process, GO cellular components,
and GO molecular function.

Histologic and IHC analysis of liver tissue samples
Tumor blocks collected before therapy were available for a limited

number of patients only. Two mm serial tissue sections were cut from
formalin-fixed, paraffin-embedded tumor tissues, dewaxed, and rehy-
drated according to standard procedure (preheating at 60�C; depar-
affinization in Neo-Clear, Merck KGaA; rehydration in graded series
of ethanol and distilled water) and stained with hematoxylin and eosin
for determination of areas of tumor necrosis. For IHC analysis, the
primary antibodies anti-GPx3 (goat IgG polyclonal, dilution 5 mg/mL;
R&D Systems; Catalog No. AF4199) and ACTR3 (rabbit monoclonal,
clone JB33–44, dilution 1:200; Novus Biologicals; Catalog No. JB33–
44) were applied overnight at 4�C, followed by incubation with
secondary antibodies (for GPx3: Peroxidase AffiniPure Donkey
Anti-Goat; Jackson ImmunoResearch Europe Ltd.; for ACTR3: Dako
EnVisionþSystem-HRP Anti-Rabbit; Carpinteria). DAB substrate kit
(DAB Substrate Kit; Cell Signaling Technology) was used as chromo-
gen. Sections were counterstained with hematoxylin, dehydrated, and
mounted using Neo-Mount (Merck KGaA).

Transcriptomics analysis
Total RNA was extracted from frozen blood samples, containing

lymphocytes, monocytes, granulocytes, and platelets, using AllPrep
DNA/RNA/miRNA Universal Kit (Qiagen; Catalog No. 80224) as per
manufacturer’s instruction. The extracted RNA samples underwent
library preparation using TruSeq Stranded Total RNAwith Ribo-Zero
Globin Kit, followed by sequencing with NovaSeq 6000 S4 Reagent Kit
in a NovaSeq 6000 sequencer as per manufacturer’s instruction

Figure 1.

CONSORT chart. AFP, alfa-fetoprotein; BL, baseline; FU, follow-up; SP, safety population.
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(Illumina). In total, around 50 million read data were generated for
each sample. The pipeline of bioinformatic analysis was done in the
Partek Flow (Partek Incorporated). In brief, the raw data were aligned
to whole genome of hg38 by STAR aligner version 2.7.3a and quan-
tified to RefSeq Transcripts 97 - 2021–02–01 by Partek E/M model,
followed by gene count normalization using method of counts per
million (CPM) and adding 0.0001. The normalized count matrix file
was then analyzed in Partek Genomics Suites version 7.19.1125.

Statistical analysis
Proteins in different groups were compared using the nonparamet-

ric Mann–Whitney U test. Bootstrap analysis with 1,000 randomiza-
tion experiments of all detected EV proteins was performed as an
internal resampling approach by Partek Genomics Suites version
7.19.1125 (Partek Incorporated). OS was calculated using the log-
rank Kaplan–Meier method. All statistical analyses including the
D’Agostino and Pearson normality test and ROC curve analysis were
performed by GraphPad Prism Version 7.0 (GraphPad) and SAS
Version 9.4 (SAS Institute Inc.).

Data availability statement
The data generated in this study are available within the article and

its Supplementary Data files.

Results
EV isolation and characterization

EVs were extracted and isolated as described in Supplementary
Fig. S4A. Examination by TRPS of the eluted post-EVTrap EVs

demonstrated the expected diameter range between 100 and 200 nm
(Supplementary Fig. S4B). EV characterization by Western blot anal-
ysis revealed that EVmarker proteins, CD9, and newly identified pan-
EV marker, Moesin (MSN; ref. 16), were present in the samples
(Supplementary Fig. S4C). The proteomes of the plasma EVs from
all samples were characterized according to the ISEV2018 recommen-
dations (Supplementary Fig. S4D; ref. 22), showing CD9, MSN, and
FLOT1/2 are expressed in all EV samples and AGO2 is under the
detection limit. Contaminants such as ALB, APOA1/2, HSP90B1, and
CANX are present evenly across different samples as background
noise. Altogether, these results show that EVs were successfully
isolated from the clinical plasma samples with minimal contaminants.

Proteomic profile of plasma EVs
A total of 26,810 unique peptides and 3,841 unique proteins were

identified in the proteome profiles. To verify their identities and to
determine the subcellular localization of the identified high-
abundance proteins, we performed GO enrichment analysis. The
detected proteins were classified according to the GO cellular compo-
nents, the GO biological processes, and the GO molecular functions.
For the GO cellular components, the proteins were strongly enriched
in vesicle (enrichment P < 0.0001), extracellular organelle (enrichment
P < 0.0001), extracellular exosome (enrichment P < 0.0001), and
extracellular vesicle (enrichment P < 0.0001), confirming EV identity
(Supplementary Fig. S5A). The GO biological processes analysis
revealed that proteins were mainly involved in transport processes
as well as in immune-related processes (Supplementary Fig. S5B),
whereas the GO molecular functions analysis showed that the
proteins were part of cell adhesion and molecular binding pathways

Figure 2.

Differential protein abundance analysis. A, PCA of the proteomics of plasma EVs at baseline time point in SIRTþsorafenib-treated patients (blue) vs. that of plasma
EVs in sorafenib-treated patients (red). B,Heatmap of the differential level of 56 EV proteins in SIRTþsorafenib-treated patients. C, Heatmap of the differential level
of 27 EV proteins in sorafenib-treated patients. Responders and nonresponders were clustered according to average linkage algorithm using Euclidean distance.
Relative expression level was represented in red and green in the heatmap.
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(Supplementary Fig. S5C). By comparing with EV public domain
databases, ExoCarta and Vesiclepedia, our isolated EVs are proved to
express�90% of the top 100most commonly reported EV proteins. In
summary, EV characterization shown in Supplementary Figs. S4B to
S4D and comparison to the EV database (Supplementary Fig. S5D)
confirmed the identity of the isolated EVs. GO enrichment analysis
further suggested abundance of proteins with functions in vesicle-
mediated transport, immune regulation, and cell adhesion.

Analysis of the differential protein abundance of EVs
First, we sought to identify any variability of EV cargos between

sorafenib � SIRT patients at baseline. PCA was performed with the
proteomic profiles of isolated EVs. Figure 2A indicates that there was
little difference between the two treatment groups, suggesting that the
global profiles of plasma EVs from both groups before treatment were
highly similar. We then sought to identify unique high-abundance
proteins that were specifically expressed in patients who received
sorafenib�SIRT treatments and correlated with clinical outcomes.
Supervised clustering with the proteome of the EVs isolated from
baseline plasma samples was done subsequently. Among the patients
receiving SIRTþsorafenib, we found 56 unique EV proteins which
discriminated responders and nonresponders according to abundance
and statistical significance (Fig. 2B; Supplementary Table S1), with
bootstrap internal resampling validation showing statistical significance
for all 56 EV proteins. In the patients receiving sorafenib only, 27 EV
proteins were differentially expressed in responders and nonresponders,
supported by bootstrap analysis (Fig. 2C; Supplementary Table S2).
Statistical analysis showed significant DEP in responders and nonre-
sponders in both treatment groups.

Identification of predictive biomarkers for both treatments
Next, we aimed to identify EV proteins which were present in both

treatment groups, but were showing opposed trends in their relative
abundance according to clinical response. On the basis of the Venn
diagram analysis, 14 EV proteins were identified, of which eight were
shared between responders receiving only sorafenib and nonrespon-
ders receiving SIRTþsorafenib (Fig. 3A). The other six proteins were
shared between responders receiving SIRTþsorafenib and nonrespon-
ders receiving sorafenib only (Fig. 3A). On the basis of the statistical
significance of the identified 14EVproteins, 6 EVproteinswere ranked
as the most differentially expressed and statistically significant high-
abundance EV proteins from both treatments: EV-ARHGAP1, EV-
GPX3, EV-VPS37B, EV-EEF1A1, EV-DDX24, and EV-DDX56
(Fig. 3B and C; Supplementary Fig. S6). These EV proteins showed
a strong correlation with high AUC values and survival outcomes
(Fig. 3D andE; Supplementary Fig. S6). EV-GPX3 andEV-ARHGAP1
showed thehighestAUC(AUC¼ 0.9697,P¼ 0.0004 andAUC¼ 0.9192,
P¼ 0.0016, respectively, for the sorafenib arm andAUC¼ 1, P < 0.0001,
both, for the SIRTþsorafenib arm; Fig. 3D). Patients with low level
of EV-ARHGAP1 (log-rank P ¼ 0.0015) and high level of EV-GPX3
(log-rank P ¼ 0.001) showed improved response when receiving
combined SIRTþsorafenib therapy, whereas patients with high level
of EV-ARHGAP1 (log-rank P ¼ 0.0028) and low level of EV-GPX3
(log-rank P ¼ 0.003) showed a better response when treated with
sorafenib alone (Fig. 3E). Similar results were found for the other four
identified EV proteins, that is, EV-VPS37B, EV-EEF1A1, EV-DDX24,
and EV-DDX56 (Supplementary Fig. S6).

Identification of predictive biomarkers before and after therapy
Next, we sought to identify distinct biomarkers for both treatments

by analyzing the abundance of EV proteins with respect to the time

point of plasma collection (baseline vs. follow-up). Only 7 EV proteins
(EV-VPS13A, EV-SERPINH1, EV-KALRN, EV-DDX56, EV-SSH3,
EV-VPS37B, and EV-SPOP) were identified as candidate biomarkers
in patients receiving combination treatment (Supplementary
Table S3). To further explore the utility of these EV protein candidates
as biomarkers and to validate by internal resampling, a ROC analysis
and bootstrap analysis with 1,000 randomization experiments were
performed. As shown in Supplementary Fig. S7A and Supplementary
Table S3, only EV-VPS13A and EV-KALRN showed statistically
significant AUC values, that is, 0.7929 and 0.7396, with significant
bootstrap P value respectively, in patients receiving the combination
treatment. In contrast, two EVproteins (EV-STXBP5 and EV-LNPEP)
were identified in patients receiving sorafenib only. However, only
EV-LNPEP showed a statistically significant AUC value of 0.8182 with
significant bootstrap P value (Supplementary Fig. S7B; Supplementary
Table S3). These comparisons suggest that therewas little change in EV
cargo between baseline and follow-up, given similar EV proteome
profiles with close to 4,000 EV proteins detected. EV proteome
therefore was stable and not affected by therapeutic interventions
within a time period of 6 to 9 weeks in our study. However, the two
identified unique EV proteins, EV-VPS13A and EV-KALRN, dem-
onstrating reduced abundance 6 to 9 weeks after SIRTþsorafenib
treatment may represent potential biomarkers of therapeutic response
and will require further studies.

Identification of predictive biomarkers specifically for the
treatment of SIRTþsorafenib

To identify unique predictive biomarkers for the treatment of
SIRTþsorafenib, we performed Venn diagram analysis and clustered
the EV proteins according to therapeutic response and therapy type
(responders andnonresponders receiving sorafenib�SIRT treatments,
respectively). We identified 16 proteins highly expressed only in
responders and 25 proteins only in nonresponders receiving
SIRTþsorafenib (Fig. 4A). In a similar way, five proteins showed
much higher abundance only in responders and seven proteins only in
nonresponders receiving sorafenib only (Fig. 4A). Among the 16
proteins identified in the responder group receiving SIRTþsorafenib,
EV-ACTR3 showed the most significant false discovery rate-adjusted
P value (Fig. 4B) and significant bootstrap P value of 2.22 � 10–5

(Supplementary Table S1). This protein was found to be significantly
higher in the EVs isolated from responders compared with nonre-
sponders (P < 0.0001; Fig. 4C) and Kaplan–Meier survival analysis
showed that the much higher abundance of EV-ACTR3 significantly
correlated with response (log-rank P ¼ 0.0015; Fig. 4D). The AUC
for EV-ACTR3 was 1 (P < 0.0001), indicating a strong predictive
value (Fig. 4E). These results suggest that plasma EV-ACTR3 can
differentiate between responders and nonresponders receiving
SIRTþsorafenib therapy, but not in patients receiving sorafenib only
(Supplementary Fig. S8). The abundance analysis and the ROC
analysis of the other 15 EV proteins are shown in Supplementary
Fig. S9.

Origin of circulating EVs
To identify the potential putative source of EV proteins in

plasma, we performed IHC analysis of liver tissues including tumor
and adjacent parenchyma as well as RNA sequencing of blood cell
components (such as red blood cells, white cells, granulocytes, and
platelets). First, to explore correlation of the unique EV profiles with
protein expression in HCC tumors, histopathologic examination of
tissues was performed to reveal the histology, distribution, and
expression levels of GPX3 and ACTR3. These proteins were chosen
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as candidates since they were demonstrated to be highly abundant,
most differentially expressed, and significantly different between
the patient groups. The correlation analysis performed for the
SIRTþsorafenib treatment group clearly indicated high EV-GPX3
and EV-ACTR3 levels in responders and low EV-GPX3 and
EV-ACTR3 in nonresponders (Fig. 5A). Hematoxylin and eosin

(H&E) staining was used to identify the regions of HCC tumor and
adjacent liver tissue (ALT; Fig. 5B) and IHC analysis of the
consecutive sections showed a strong cytoplasmic/membranous
GPX3 and ACTR3 staining pattern in tumor from a patient
responding to SIRTþsorafenib therapy (Fig. 5C and D, top row).
On the contrary, a much weaker staining of both proteins was

Figure 3.

Differential abundance of 14 EV proteins correlating with treatment outcomes. A, Venn diagram of proteins detected from the EV samples. B, Heatmap of
the differential abundance of the EV proteins identified in the four response groups. Relative expression levels are represented in red and green in the heatmap.
C–E, Abundance, ROC analysis, and survival analysis of EV-ARHGAP1 and EV-GPX3; nonresponders (orange) and responders (blue) from the sorafenib group;
nonresponders (green) and responders (red) from the SIRTþsorafenib group (�� , P < 0.01; ��� , P < 0.001).
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detected in a patient nonresponding to the therapy (Figs. 5C and D,
bottom row).

In contrast, only the abundance of EV-GPX3 but not that of
EV-ACTR3 could separate responders from nonresponders to
sorafenib treatment alone (Fig. 5E). H&E staining and IHC anal-
ysis showed an undetectable GPX3 staining pattern in tumors of
sorafenib-alone responders but a strong GPX3 staining pattern in

the ALT of the same patients. The staining pattern of GPX3 in non-
responders to sorafenib was the opposite to that in responders to
the same treatment (Figs. 5F and G). As unraveled by DEP and
correlation analyses, ACTR3 expression level did not differ signif-
icantly between tumoral and adjacent areas in both responders and
nonresponders (Fig. 5H). However, stromal tissues including
lymphocytes, endothelial cells, and macrophages showed a strong

Figure 4.

Identification of predictive EV proteins for SIRTþsorafenib treatment. A, Venn diagram of proteins detected from the EV samples. B, Heatmap of the differential
abundance of the 16 EV proteins identified in the SIRTþsorafenib responders. Responders and nonresponderswere clustered according to average linkage algorithm
using Euclidean distance. Relative expression levels are represented in red and green in the heatmap. C, Abundance of EV-ACTR3 detected from responders and
nonresponders from the SIRTþsorafenib group. Mann–Whitney test was used. D, Survival analysis of the patients based on the EV-ACTR3 abundance by log-rank
(Mantel–Cox) test. E, ROC analysis of EV-ACTR3 for SIRTþsorafenib treatment.
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ACTR3 protein expression. Additional IHC analyses in responders
(n ¼ 4) receiving mono- and combination treatment is shown in
Supplementary Fig. S10.

Next, whole-blood transcriptomic and EV proteomic profiles
were compared. On the basis of the previously discovered 83 EV
candidates (Figs. 2B and C), unsupervised clustering analysis
(Supplementary Fig. S11A) and differentially expressed gene
(DEG) analysis (Supplementary Fig. S11B) were performed. The
difference among groups did not reach statistical significance
(figure illustrates EV-GPX3 and EV-ACTR3). These results suggest
that blood cells do not represent the origin of those unique plasma
EV proteins.

In conclusion, these data establish a clear association between the
levels of the proteins detected in plasma EVs and in tissues but not
blood cells, suggesting tumor as the originating tissue.

Discussion
Biomarker-based decision-making is an unmet medical need in

patients with HCC. The value of therapeutic decisions relies on
prediction of best response to a specific therapy, along with high
tolerability. Neither in systemic treatment of HCC by the tyrosine-
kinase inhibitors sorafenib or lenvatinib, nor in recently approved
immunotherapy, have predictive biomarkers yet been identified (23).
As for many other clinical biomarkers, AFP was previously considered
a prognosticator only (24). However, in the REACH-2 trial in patients
with advanced HCC after previous sorafenib treatment, the human
mAb (IgG1) ramucirumab led to a significant survival benefit in
patients with AFP >400 ng/mL. To our knowledge, REACH-2 is the
only positive phase III trial performed in a biomarker-selected patient
population with HCC (25). Separately, recent study has suggested that

Figure 5.

Levels of EV-GPX3 and EV-ACTR3
and corresponding protein expression in
HCC and ALT prior to SIRTþsorafenib
treatment (A–D) and sorafenib treatment
(E–H) in responders (R) and nonrespon-
ders (NR). A, Correlation analysis of EV-
GPX3 and EV-ACTR3 showing distinct
clusters of responders and nonresponders
in the SIRTþsorafenib treatment group.
B, Representative images of hematoxylin
and eosin (H&E) staining of HCC tissue
and ALT prior to SIRTþsorafenib treat-
ment.C, IHC staining ofGPX3 in HCC tissue
and ALT prior to SIRTþsorafenib treat-
ment. D, IHC staining of ACTR3 in HCC
tissue and ALT prior to SIRTþsorafenib
treatment. E, Correlation analysis of EV-
GPX3 and EV-ACTR3 in sorafenib treat-
ment group. F, Representative images of
H&E staining of HCC tissue and ALT prior
to sorafenib treatment. G, IHC staining of
GPX3 in HCC tissue and ALT prior to
sorafenib treatment. H, IHC staining
of ACTR3 in HCC tissue and ALT prior to
sorafenib treatment. Magnification: 400�;
scale bar: 50 mm.
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patients with HCC with nonviral etiology, more specifically NASH
HCC, responded less well to checkpoint blockade inhibitor (26),
leading to the new hypothesis that targeted therapy and SIRT could
still be useful for NASH patients with advanced HCC. It remains
clinically relevant and scientifically important to explore the predictive
biomarkers for using SIRT and/or sorafenib in advanced HCC.
Therefore, studies for biomarkers of response, especially treatment
for nonviral HCC, are urgently needed.

In locoregional techniques such as SIRT or TACE, no established
biomarkers exist. Clinically, patient stratification into high- and low-
risk groups follows tumor spread, Eastern Cooperative Oncology
Group (ECOG) performance status, and basic liver function (27–29).
In 1,000 consecutive HCC cases treated by SIRT, baseline albumin-
bilirubin (ALBI) grade predicted median OS, with ALBI grades 1, 2,
and 3 displaying 46.7, 19.1, and 8.8 months OS, respectively (30).
Separately, our recent study showed that mRECIST has been found
to predict survival in the SORAMIC cohort (31). For patients
receiving SIRTþsorafenib, SORAMIC trial data proved that high
baseline IL6 was the only independent prognostic factor for OS
(HR, 2.35; 95% CI, 1.35–4.1; P ¼ 0.002). However, multivariate
analysis also confirmed IL6 (HR, 2.99; 95% CI, 1.22–7.3; P ¼ 0.017)
and IL8 (HR, 2.19; 95% CI, 1.02–4.7; P ¼ 0.044) as independent
predictors of OS in the control group of patients receiving sorafenib
only (32).

EV activity including exosome-mediated signaling has gained
increasing interest recently for understanding the tumor microenvi-
ronment, its impact on tumor behavior, and utility as biomarkers. EVs
participate in multiple steps during neoplastic invasive processes and
contribute to early steps involved in the development of metasta-
sis (33). Several investigations have indicated participation in model-
ing extracellular matrix (34), pro-angiogenic signaling (35), commu-
nication with neighboring nontumor cells (36), and in epithelial-to-
mesenchymal transition (EMT; ref. 37). Therefore, the nature of
mechanisms mediated by EV indicates their potential to serve as
prognostic or even predictive biomarkers. There are ongoing studies
focusing on the clinical relevance and applications of EV-based
biomarkers in multiple cancers including HCC (10, 38, 39) and so
exploring EV-based biomarkers in a clinical trial setting would offer
greater clinical insight toward the discovery of predictive and treat-
ment biomarkers.

In this study, we sought to determine whether EV-based proteomics
represents predictive biomarkers for response to SIRTþsorafenib or
sorafenib alone in advanced HCC. The analysis was carried out in a
subgroup of patients from the prospective SORAMIC trial. As a proof-
of-concept study, we excluded HCC patients with viral etiology due to
limited number of patients recruited in the trial in European countries.
OurHCCcohort comprised patients withmetabolic disease, NASH, or
alcoholic liver disease, therefore forming a fairly homogeneous cohort
with respect to tumor etiology. We identified a set of EV-based
proteins with strong predictive value as proven by stratification of
patients into responders and nonresponders to SIRTþsorafenib or
sorafenib only. IHC performed on tissues suggested a tumor origin
of these EVs, whereas transcriptomic analysis of blood cells exclud-
ed blood cells as the origin. In line with our proteomic results, a
recent landmark study has confirmed that tumor-derived EVs can
be detected in human plasma (19). More specifically, Arp2/3
complex-positive EVs (ACTR3þ and ARPC3þ EVs) have been
proven to be of tumor origin in cancer patients. We therefore
hypothesize that HCC tumor tissue is the origin of the detected
plasma EVs. Furthermore, tumors with high expression of GPX3

and ACTR3 and low expression of ARHGAP1 benefit strongly from
SIRTþsorafenib treatment as compared with those without. In
addition, expression of GPX3 and ACTR3 in treatment-na€�ve HCC
tumors did not correlate with OS, indirectly suggesting that
EV-GPX3 and EV-ACTR3 are associated with clinical benefits of
the treatment but are themselves not prognostic factors of treat-
ment-na€�ve HCC (Supplementary Fig. S12).

Most of the EVproteins identified asmarkers of interest in our study
are not fully understood yet in their biological relevance. Among the
EV candidates, high plasma levels of EV-GPX3 and EV-ACTR3 and
low levels of EV-ARHGAP1 were found in the patients responding to
combination therapy, with improved OS and high AUC, whereas the
opposite trend was found in patients receiving sorafenib only. Our
results demonstrate a biological role for these proteins as predictive
biomarkers in this therapeutic setting. Glutathione peroxidase 3
(GPX3) belongs to a class of antioxidant enzymes functioning as
scavengers of reactive oxygen species (ROS; refs. 39–41). ARHGAP1,
also known as Rho GTPase activating protein 1 (RhoGAP1) or p50-
RhoGAP, is a positive regulator of p53 (42). ACTR3 (actin-related
protein 3), part of the actin-related protein 2/3 (Arp2/3) complex (43),
is involved in the formation of lamellipodia, cell migration, and cell
invasion (44). One of the proposed mechanisms of action of sorafenib
inHCC is the induction of ROS andp53 followed by cellular death (45).
Assuming that plasma and tissue levels of the proteins are correlated,
we speculate that tumors expressing low GPX3/ACTR3 and high
ARHGAP1 aremore sensitive to sorafenibmonotherapy. The opposite
effect with high GPX3/ACTR3 and low ARHGAP1 was observed in
good responders to combination treatment including SIRT. Further
in vitro and in vivo functional analyses with and without radiation/
SIRT treatment would be needed to help delineate the functions
of the tumor-secreting EV-GPX3, ACTR3, and ARHGAP1 locally
within the tumor microenvironment among tumor cells, stromal cells,
and adjacent noncancerous hepatocytes as well as systemically in the
circulation.

One limitation of our study is that the cohort was limited to patients
with HCC with nonviral etiology. Therefore, no conclusion can be
drawn for patients with HCC associated with viral etiology. The small
sample size and lack of external validation are another limitation of the
study. In addition, the results of our study are limited as all patients
received sorafenib, with some randomized to receiving additional
SIRT. Therefore, it remains unknown whether the predictive value
of the EV proteins derives from radiation or must be attributed to the
combination of SIRTþsorafenib. Confirmation in a patient cohort
receiving SIRT only is therefore mandatory. Finally, our findings
should be explored further by molecular studies investigating the
origin, mechanisms, and biology of the identified EVs and would
trigger further initiatives in other forms of HCC treatments as well,
specifically in alternative locoregional treatments such as TACE or its
combination with systemic approaches.

In summary, in this post hoc analysis of the SORAMIC trial, we
identified a panel of EV-based proteins predicting response to
therapy in patients with nonviral advanced HCC undergoing
SIRTþsorafenib or sorafenib-only treatments. To the best of our
knowledge, this is the first report in any disease on the predictive
role of EV-based proteomics with data derived from a prospective
randomized controlled trial setting. Our findings suggest a distinct
role of EV-based liquid biopsy profiling for tumor molecular
classification and as a predictive biomarker. EVs have the potential
to become a liquid biopsy–based predictive biomarker platform in
patients with HCC.
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