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Abstract

Background and Aims: The sensitivity of current surveillance methods for detecting early-

stage hepatocellular carcinoma (HCC) is suboptimal. Extracellular vesicles (EVs) are promising 

circulating biomarkers for early cancer detection. In this study, we aim to develop an HCC 

EV-based surface protein assay for early detection of HCC.

Approach and Results: Tissue microarray was used to evaluate four potential HCC-associated 

protein markers. An HCC EV surface protein assay, composed of covalent chemistry-mediated 

HCC EV purification and real-time immuno-polymerase chain reaction readouts, was developed 

and optimized for quantifying subpopulations of EVs. An HCC EV ECG score, calculated from 

the readouts of three HCC EV subpopulations (EpCAM+ CD63+, CD147+ CD63+, and GPC3+ 
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CD63+ HCC EVs), was established for detecting early-stage HCC. A phase 2 biomarker study 

was conducted to evaluate the performance of ECG score in a training cohort (n = 106) and an 

independent validation cohort (n = 72).

Overall, 99.7% of tissue microarray stained positive for at least one of the four HCC-associated 

protein markers (EpCAM, CD147, GPC3, and ASGPR1) that were subsequently validated in 

HCC EVs. In the training cohort, HCC EV ECG score demonstrated an area under the receiver 

operating curve (AUROC) of 0.95 (95% confidence interval [CI], 0.90–0.99) for distinguishing 

early-stage HCC from cirrhosis with a sensitivity of 91% and a specificity of 90%. The AUROCs 

of the HCC EV ECG score remained excellent in the validation cohort (0.93; 95% CI, 0.87–0.99) 

and in the subgroups by etiology (viral: 0.95; 95% CI, 0.90–1.00; nonviral: 0.94; 95% CI, 0.88–

0.99).

Conclusion: HCC EV ECG score demonstrated great potential for detecting early-stage HCC. It 

could augment current surveillance methods and improve patients’ outcomes.

INTRODUCTION

Primary liver cancer is the third-leading cause of cancer-related death worldwide in 2020.[1] 

In the United States, despite the plateaued incidence and mortality trends over the past 

decade,[2,3] more than 30,000 deaths from primary liver cancer are estimated in 2021.[4] 

Hepatocellular carcinoma (HCC) accounts for 80%–85% of primary liver cancers[5,6] and 

mainly occurs in patients with liver cirrhosis or chronic hepatitis B virus (HBV) infection.[6] 

Prognosis of HCC is dismal primarily because of advanced stage of disease at diagnosis, and 

studies have shown early detection of HCC is associated with increased receipt of curative 

therapy and improved patient prognosis.[3,7] Current clinical practice guidelines recommend 

HCC surveillance by biannual liver ultrasound with/without serum alpha-fetoprotein (AFP) 

for at-risk patients to achieve the goal of detecting HCC at a curative stage.[8,9] However, 

their accuracy remains relevantly low with sensitivity between 60% and 70% at a specificity 

of 90%.[10-12] As such, novel biomarkers for early detection of HCC are still desperately 

needed.

Extracellular vesicles (EVs) refer to nanoparticles released by both normal and tumor cells.
[13,14] Enclosed by lipid bilayer membranes, EVs contain biomolecules including DNA, 

RNA, proteins, metabolites, and lipids. Through transferring these cargoes, tumor-derived 

EVs participate in cell-to-cell communications and cancer progression. Given their early 

presence in circulation during tumorigenesis, profiling tumor-derived EVs is regarded 

as a promising liquid biopsy approach for diagnosis of early-stage cancer.[13,14] There 

have been several studies investigating the role of EVs in detecting HCC among at-risk 

patients with highly promising results.[13,15,16] For example, von Felden et al. and our 

team demonstrated the noncoding RNA[15] and mRNA[16] markers in EVs can be used to 

discriminate Barcelona Clinic Liver Cancer (BCLC) stage 0-A HCC from cirrhosis with area 

under receiver operator characteristic curves (AUROCs) of 0.93, respectively. Therefore, 

EVs hold great potential to augment current surveillance strategy and improve the outcomes 

of patients with HCC.
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Here, we introduced a streamlined HCC EV surface protein assay (SPA) (Figure 1), capable 

of dissecting and quantifying eight subpopulations of HCC EVs (i.e., epithelial cellular 

adhesion molecule [EpCAM]+ CD63+ HCC EVs, CD147+ CD63+ HCC EVs, Glypican 

3 Protein [GPC3]+ CD63+ HCC EVs, asialoglycoprotein receptor 1 [ASGPR1]+ CD63+ 

HCC EVs, EpCAM+ CD9+ HCC EVs, CD147+ CD9+ HCC EVs, GPC3+ CD9+ HCC 

EVs, and ASGPR1+ CD9+ HCC EVs) in 400-μl plasma samples based on the combined 

use of covalent chemistry(16–18)-mediated EV purification and duplex real-time immuno-

polymerase chain reaction (PCR). A logistic regression model, HCC EV ECG score, 

was established from the resultant HCC EV surface protein signatures (i.e., EpCAM+ 

CD63+ HCC EVs, CD147+ CD63+ HCC EVs, GPC3+ CD63+ HCC EVs) to distinguish 

early-stage HCC from cirrhosis. We aimed to conduct a phase 2 biomarker study following 

the International Liver Cancer Association (ILCA) biomarker development guideline[17] to 

evaluate the performance of HCC EV ECG score for detecting early-stage HCC.

MATERIALS AND METHODS

Study population

For this phase 2 biomarker (case–control) study, a total of 106 participants (45 patients 

with treatment-naïve early-stage HCC and 61 patients with liver cirrhosis) were enrolled 

between October 2016–August 2021 at Ronald Reagan University of California, Los 

Angeles (UCLA) Medical Center as a training cohort to develop and optimize HCC EV 

SPA for distinguishing early-stage HCC from cirrhosis. Additionally, six patients with 

BCLC stage B-C HCC, seven patients with breast cancer, five patients with prostate 

cancer, and five patients with thyroid cancer were enrolled as control groups to confirm 

the specificity of HCC EV ECG score toward HCC. A total of 72 participants (35 patients 

with treatment-naïve early-stage HCC and 37 patients with liver cirrhosis) were enrolled 

between October 2019–October 2021 at Cedars-Sinai Medical Center (CSMC) as an 

independent validation cohort. All participants provided written informed consent for this 

study according to the institutional review board (IRB) protocols #14-000197, #10-000236-

AM-00021, #20-001197 at UCLA and IRB protocols #00000066, #00042197, #00033050 at 

CSMC. No donor organs were obtained from executed prisons.

HCC was diagnosed according to the American Association for the Study of Liver 

Diseases clinical practice guideline[8]: (i) histology or (ii) imaging categorized as Liver 

Imaging Reporting and Data System 5. Early-stage HCC was defined as BCLC stage 0 

or A. Liver cirrhosis was defined according to histology and imaging feature of cirrhosis 

(nodular surface) or portal hypertension (splenomegaly or portosystemic collaterals). 

Patients with cirrhosis were ensured the absence of HCC by (i) at least six months of 

follow-up after blood collection or (ii) a negative contrast-enhanced multiphasic computed 

tomography or magnetic resonance imaging within two weeks of blood collection. All 

HCC cases were treatment-naïve at the time of blood collection. Patients were excluded 

if they had concomitant neoplasms. Etiologies of underlying liver disease were defined in 

Supplementary Methods.
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General information for HCC EV SPA

To conduct HCC EV SPA, we (i) produced Click Beads[18] (i.e., methyltetrazine [mTz]-

modified microbeads) according to a chemical modification procedure (Figure S1) and 

optimized them as described in Supplementary Methods and Figures S2-S4, (ii) prepared the 

four transcyclooctene (TCO)-conjugated HCC-associated antibodies using the copper-free 

click chemistry coupling method (Figure S5), and (iii) conjugated DNA barcode onto anti-

CD63 and anti-CD9 to target EV markers, followed by validation (Figure S6, the primers 

and probes for the DNA barcodes were purchased from Integrated DNA Technologies and 

the sequences are listed in Table S1).

HCC EV SPA for quantification of eight subpopulations of HCC EVs

HCC EV SPA is implemented through a 3-step workflow (Figure 1 and Figure S7). An 

internal control, fetal bovine serum, was used instead of plasma samples to measure the 

background binding of the DNA1-anti-CD63 and DNA2-anti-CD9 to Click Beads (Table 

S2).

Step 1: Sequentially labeling each subpopulation of HCC EVs in plasma—A 

total of 400 μl of plasma for each patient were evenly aliquoted into four Eppendorf 

tubes. In the first incubation, these four 100-μ1 plasma aliquots were incubated with the 

respective TCO-conjugated HCC-associated antibodies: TCO-anti-EpCAM (50 ng), TCO-

anti-CD147 (25 ng), TCO-anti-GPC3 (50 ng), and TCO-anti-ASGPR1 (50 ng), respectively. 

In the second incubation, these aliquots were cocktailed with DNA-conjugated EV-specific 

antibodies: DNA1-anti-CD63 and DNA2-anti-CD9, at room temperature for 30 min. No 

TCO-conjugated HCC-associated antibody was added into the internal control that was only 

incubated with DNA1-anti-CD63 and DNA2-anti-CD9.

Step 2: Covalent chemistry-mediated capture of subpopulations of HCC EVs 
onto Click Beads—Click Beads[18] were blocked with protein free buffer and then 5% 

bovine serum albumin (BSA) solution before use. The plasma samples labeled with TCO-

antibodies, and DNA barcodes were then incubated with the Click Beads (0.1 mg) for 

30 min for isolation of each subpopulation of EVs. Click Beads with isolated EVs were 

collected by centrifuge at 10,000 g for 2 min. All plasma samples subjected to Click Beads 

underwent only one freeze-thaw cycle. The internal control was processed with the same 

protocol.

Step 3: On-bead duplex real-time immuno-PCR for quantifying each 
subpopulation of HCC EVs—Click Beads with isolated EVs were resuspended in 500 

μl phosphate-buffered saline (PBS) with 0.2% BSA and then collected by centrifuge at 

10,000 g for 2 min. After 3-time washing step with PBS with 0.2% BSA, Click Beads 

were then washed by PBS for two times to wash off unbounded DNA1-anti-CD63 and 

DNA2-anti-CD9. After 5-time washing steps, 90 μl of double-distilled water was added to 

the sediments of each well and mixed thoroughly. Nine μl of the mixed suspension was 

loaded into the real-time PCR system (CFX Connect Real-Time PCR Detection System, 

Bio-Rad). Raw data of real-time PCR runs were evaluated using the corresponding software 
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system (Bio-Rad CFX Manager 3.1, Bio-Rad). The relative signal was calculated using the 

following equation:

Relative signal = 2−(Cq(sample) − Cq(internal control))

Statistical analysis

For descriptive statistics, continuous variables are reported as median and interquartile 

range, and categorical variables are reported as numbers and percentages. Comparison 

of continuous variables and categorical variables between groups were done using Mann–

Whitney U test and Fisher exact test or chi-square test, respectively.

In this retrospective phase 2 biomarker (case–control) study, the sample size was calculated 

for comparing AUROCs between HCC EV SPA and serum AFP,[10] using the paired 

DeLong test. A sample size of 48 (24 HCC and 24 control) was expected to have 90% power 

to detect the difference between the AUROCs for our HCC EV SPA versus serum AFP, 

assuming AUROC = 0.93 for our assay, AUROC = 0.69 for serum AFP[16] for detecting 

early-stage HCC, when a correlation between the assays of 0.5 was assumed. The power was 

obtained for a two-sided test at 0.05 significance level.

To identify the HCC EV subpopulations significantly associated with early-stage HCC over 

cirrhosis (p < 0.05), univariate logistic regression analysis was applied in the training 

cohort (UCLA cohort; 45 HCC and 61 liver cirrhosis). The HCC EV subpopulations 

highly associated with HCC at a significance level of 0.005 were included as the final 

logistic regression model (i.e., HCC EV ECG score) for detecting early-stage HCC from 

cirrhosis. Youden's index was used to identify the optimal cutoff of HCC EV ECG score. 

Model calibration indicated the agreement between predicted probabilities from the model 

and observed event rates was assessed with the calibration plot of probability of actual 

occurrence versus prediction and the Hosmer–Lemeshow test. Brier score was used to 

measure the overall accuracy of HCC EV ECG score. Leave-one-out cross-validation 

was applied to estimate the performance of HCC EV ECG score in the training cohort. 

Furthermore, classification improvement by adding the serum AFP level to HCC EV ECG 

score was evaluated with the categorical net reclassification improvement index (NRI) in the 

training cohort. The categorical NRI was calculated for HCC probability categories <50% 

and ≥50%. External validation of HCC EV ECG score was performed in the independent 

validation cohort (CSMC cohort; 35 HCC and 37 liver cirrhosis). The overall study design 

was summarized in Figure 2. Following the ILCA biomarker development guideline for 

HCC,[17] sensitivity, specificity, positive predictive value (PPV), negative predictive value 

(NPV), and AUROC for HCC EV ECG score to discriminate early-stage HCC from at-risk 

cirrhosis were estimated in both the training and validation cohorts. The AUROC between 

the HCC EV ECG score and AFP was compared using the paired DeLong test.

All statistical analyses were performed using MedCalc software (version 20.015; MedCalc 

Software Ltd), GraphPad Prism (version 9.2.0; GraphPad Software, Inc.), and R statistical 

software (version 4.0.2; R Foundation) with two-sided tests and a significance level of 0.05.
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RESULTS

Selection and validation of the four HCC-associated surface protein markers for HCC EV 
SPA using TMA and HCC cell line-derived EVs

The HCC EV SPA relies on the use of different HCC-associated surface protein markers 

to target and purify subpopulations of HCC EVs in the plasma samples. Recent studies 

demonstrated the feasibility of selectively characterizing HCC EVs in plasma samples using 

HCC-associated surface markers, such as EpCAM[19] and ASGPR1.[20] In particular, one 

study[20] showed that EVs carrying the surface protein markers AnnexinV, EpCAM, CD147, 

and ASGPR1 that are significantly increased in the plasma of patients with HCC compared 

with patients with liver cirrhosis and healthy individuals. Our group also demonstrated 

that EpCAM, GPC3, and ASGPR1 are HCC-associated surface markers.[21] As such, four 

candidate HCC EV surface protein markers (i.e., EpCAM, ASGPR1, GPC3, and CD147) 

were selected for validation. Because the surface proteins on tumor-derived EVs could 

mirror those of the parental tumor cells, we first validated the expression of the four 

candidate markers using a 708-sample HCC tissue microarray (TMA) (Supplementary 

Methods, Supplementary data). The representative TMA hematoxylin and eosin staining and 

immunohistochemistry (IHC) staining for the four selected HCC-associated surface protein 

markers were shown in Figure 3A. Figure 3B summarizes the quantification IHC results 

of the TMA. Among the four selected markers, CD147 exhibited the highest positivity of 

the 708 HCC tumors (excluding those cases without tumor tissues captured on the TMA 

slides), 576 (83.5%), 88 (12.8%), and 21 (3.0%) were stained as strong (3+), moderate (2+), 

and weak (1+), respectively. For the commonly used epithelial marker, EpCAM, only 36 

(5.2%), 59 (8.5%), and 165 (23.8%) were stained as strong (3+), moderate (2+), and weak 

(1+), respectively. In terms of the HCC-specific marker GPC3, 64 (9.2%), 118 (17.0%), 

and 270 (38.8%) were stained as strong (3+), moderate (2+), and weak (1+), respectively. 

As expected, the majority of HCC tissues are positive for liver-specific marker ASGPR1 

with 549 (80.5%), 92 (13.5%), and 28 (4.1%) stained as strong (3+), moderate (2+), and 

weak (1+), respectively, demonstrating the primary liver origin of the HCC tissues. Overall, 

99.7% (701 out of 703) stained positive for at least one marker (24.6% with all four markers 

positive, 47.7% with any three markers positive, 24.6% with any two markers positive, 2.8% 

with any one marker positive, Figure 3C), which underscored the complementary expression 

of the four surface protein markers in the heterogenous HCC tissues and laid the solid 

foundation for the use of these HCC-associated antibodies for HCC EV SPA.

After identifying, selecting, and conducting TMA validation of the four HCC-associated 

surface proteins, we then validated their presence in HCC cell line-derived EVs by western 

blotting. As summarized in Figure 3D, all of the four HCC-associated surface protein 

markers were detected in EVs derived from HepG2, a human liver cancer cell line. In EVs 

derived from Hep3B, another human liver cancer cell line, both EpCAM and GPC3 were 

detected. In addition, the expression of these HCC-associated surface protein markers was 

higher in EVs from HCC cells (Huh-7) than EVs from immortalized human hepatocytes 

(MIHA, Figure S8A). We also showed low or absent expression of these HCC-associated 

surface protein markers in EVs from primary human hepatocytes (Figure S8B), providing 

the rationale for selecting these protein markers as candidates of HCC detection biomarkers.
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Quantification of the eight subpopulations of HCC EVs for distinguishing early-stage HCC 
from at-risk liver cirrhosis in UCLA cohort

After optimizing HCC EV SPA using artificial samples (Figures S3, S6, and S9) and 

confirming the reproducibility (Figure S10 and Tables S2-S3), 45 patients with early-stage 

HCC and 61 at-risk patients with liver cirrhosis were enrolled at UCLA as the training 

cohort for testing HCC EV SPA. The demographic and clinical characteristics of the UCLA 

cohort are demonstrated in Table 1. Age, sex, and race/ethnicity were similar between 

patients with HCC and controls with cirrhosis. Approximately three-quarters of patients with 

HCC (73%) had well-compensated liver disease (Child-Pugh A), compared to nearly half of 

the controls with cirrhosis (44%). Among the patients with HCC, 82% had liver cirrhosis. 

Eighty percent of the patients with HCC had BCLC stage A cancer, and the rest had BCLC 

stage 0.

The optimized HCC EV SPA was utilized to obtain the HCC EV surface protein signatures 

of the UCLA cohort (Figure 1). In brief, the identified four HCC-associated antibodies 

(i.e., anti-EpCAM, anti-CD147, anti-GPC3, and anti-ASGPR1) were applied to purify the 

EVs and two conjugated DNA-antibodies (i.e., DNA1-anti-CD63 and DNA2-anti-CD9) 

targeting EV markers were applied to report the presence of EVs. The resulting readouts of 

eight subpopulations of HCC EVs (i.e., EpCAM+ CD63+ HCC EVs, CD147+ CD63+ HCC 

EVs, GPC3+ CD63+ HCC EVs, ASGPR1+ CD63+ HCC EVs, EpCAM+ CD9+ HCC EVs, 

CD147+ CD9+ HCC EVs, GPC3+ CD9+ HCC EVs, and ASGPR1+ CD9+ HCC EVs) were 

summarized in Figure 4A. Overall, significantly higher signals were observed in the HCC 

group compared to those found in the liver cirrhosis group (p <0.005 in all subpopulations; 

Figure 4B,C).

Development of HCC EV ECG score for distinguishing early-stage HCC from at-risk 
cirrhosis

To evaluate the ability of the HCC EV surface protein signatures (based on quantification 

of eight subpopulations of HCC EVs) for distinguishing early-stage HCC from at-risk 

cirrhosis, the UCLA cohort was employed as the training cohort, and the diagnostic 

performance of each HCC EV subpopulation was summarized in Figure S11. Among the 

eight HCC EV subpopulations, the AUROCs of CD147+ CD63+ HCC EVs and GPC3+ 

CD63+ HCC EVs are the highest at 0.91 (95% confidence interval [CI], 0.86–0.96) and 0.86 

(95% CI, 0.79–0.94), respectively. In addition, univariate logistic regression analysis was 

performed to identify the HCC EV subpopulations significantly associated with early-stage 

HCC over cirrhosis (Table S3). Three HCC EV subpopulations highly associated with HCC 

at a significance level of 0.005, EpCAM+ CD63+ HCC EVs, CD147+ CD63+ HCC EVs, and 

GPC3+ CD63+ HCC EVs, were selected in the final logistic regression model for detecting 

early-stage HCC from cirrhosis, named HCC EV ECG score.

HCC EV ECG score is defined as:
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HCC EV ECG score = − 9.54338 + 0.13544∗

[EpCAM+CD63+HCC EVs]
+ 0.35729∗[CD147+CD63+HCC EVs]
+ 0.37513∗[GPC3+CD63+HCC EVs]

This HCC EV ECG score exhibited excellent accuracy for discriminating patients with 

early-stage HCC from controls with cirrhosis in the training cohort with an AUROC of 

0.95 (95% CI, 0.90–0.99; Figure 4D). At the optimal cutoff of −0.40, the sensitivity and 

specificity of HCC EV ECG score for early-stage HCC detection were 91% (95% CI, 

79%–96%) and 90% (95% CI, 80%–95%), respectively, with the PPV of 87% (95% CI, 

76%–94%) and NPV of 93% (95% CI, 84%–97%) (Table S5). The model, HCC EV ECG 

score, was well calibrated with a low Brier score (0.08) and a low mean absolute probability 

error (0.015) to predict early-stage HCC after 1000 bootstrap resampling (Figure S12). The 

p value of HCC EV ECG score for the Hosmer-Lemeshow test was also higher than 0.05. 

Leave-one-out cross-validation of the training cohort confirmed the accuracy of the model 

with the AUROC of 0.95 (95% CI, 0.88–0.98; Figure 4E), sensitivity of 89% (95% CI, 

76%–96%), and specificity of 89% (95% CI, 78%–95%).

Next, we examined if adding serum AFP level to HCC EV ECG score would improve 

its performance for distinguishing early-stage HCC from cirrhosis. However, as shown in 

Table S6 and Figure S13, addition of serum AFP level did not make any contributions to 

reclassification improvement (NRI, −0.06 [95% CI, −0.06–0.16]; DeLong test: p = 0.31).

Finally, we compared the HCC EV ECG scores from patients with early-stage HCC (n = 45) 

to those from patients with BCLC stage B-C HCC (n = 6), breast cancer (n = 7), prostate 

cancer (n = 5), or thyroid cancer (n = 5) (the demographic and clinical characteristics are 

shown in Table S7). As shown in Figure S14, HCC EV ECG scores from patients with 

HCC were significantly higher than patients with other cancers (p <0.001, respectively), 

confirming the specificity of HCC EV ECG score to HCC rather than cancers in general.

Performance of HCC EV ECG score for detecting early-stage HCC in an independent 
validation cohort

To further validate HCC EV ECG score for detecting early-stage HCC, a total of 35 patients 

with early-stage HCC and 37 patients with at-risk liver cirrhosis recruited at CSMC were 

utilized as an independent validation cohort and analyzed. The clinical characteristics of 

the CSMC cohort are shown in Table 1 and the HCC EV surface protein signatures of 

the CMSC cohort were summarized in Figure 5A. There was no significant difference 

between CSMC and UCLA cohorts in terms of the patient characteristics. The readouts of 

EpCAM+ CD63+ HCC EVs, CD147+ CD63+ HCC EVs, and GPC3+ CD63+ HCC EVs were 

significantly higher in patients with HCC than patients with liver cirrhosis as expected (p < 

0.001; Figure 5B).

In the CSMC validation cohort, the AUROC of HCC EV ECG score for detecting early-

stage HCC remained excellent as 0.93 (95% CI, 0.87–0.99; Figure 5C). At the cutoff of 

−0.65, the sensitivity was 94% (95% CI, 81%–99%) and the specificity was 81% (95% CI, 
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65%–92%). When setting the cutoff value at −0.40, the same optimal cutoff value identified 

in the training cohort, HCC EV ECG score still had great accuracy of detecting early-stage 

HCC with sensitivity of 91% (95% CI, 77%–98%), specificity of 81% (95% CI, 65%–92%), 

PPV of 82% (95% CI, 70%–90%) and NPV of 91% (95% CI, 76%–93%) (Table S8).

Comparison between HCC EV ECG score and serum AFP for detecting early-stage HCC 
and subgroup analyses

After validating HCC EV ECG score in an independent cohort, we then compared the 

performance of HCC EV ECG score with serum AFP for detecting early-stage HCC in 

all the participants in this study (UCLA+CSMC cohorts, n = 172; Table S9). Individuals 

without serum AFP records (n = 6) were excluded in the analyses. As demonstrated in 

Figure 6A, HCC EV ECG score outperformed serum AFP in distinguishing early-stage HCC 

from cirrhosis (AUROC, 0.94; 95% CI, 0.90–0.97 vs. AUROC, 0.79; 95% CI, 0.72–0.86; 

p < 0.001). At the identified cutoff of −0.40, the sensitivity of HCC EV ECG score was 

91% (95% CI, 82%–96%) and the specificity was 86% (95% CI, 78%–92%). For serum 

AFP, when using the standard cutoff of 20 ng/ml, it had the sensitivity of 45% (95% CI, 

34%–57%) and the specificity of 99% (95% CI, 94%–100%). The HCC EV ECG score 

was not correlated with serum AFP level, serum alanine aminotransferase level, and model 

for end-stage liver disease (MELD) score (Figure S15), that suggested our results were not 

biased by these factors.

The performance of HCC EV ECG score remained excellent in the subpopulations of 

patients stratified by etiology (viral vs. nonviral) and Milan criteria. Among patients with 

chronic viral hepatitis (n = 64), the AUROC was 0.95 (95% CI, 0.90–1.00; Figure 6B); on 

the other hand, the AUROC was 0.94 (95% CI, 0.88–0.99; Figure 6C) for patients with 

nonviral etiology (n = 114). Among patients with nonviral-related disease (Figure S16A-

C), we demonstrated consistent performance of HCC EV ECG score in metabolic-related 

subgroup (i.e., NAFLD-related and alcoholic liver disease [ALD]-related; AUROC, 0.96; 

95% CI, 0.93–1.00), NAFLD-related subgroup (AUROC, 0.97; 95% CI, 0.91–1.00), and 

ALD-related subgroup (AUROC, 0.95; 95% CI, 0.90–1.00). When restricting the patients 

with HCC to those with tumor within Milan criteria (n = 166), HCC EV ECG score still 

had excellent performance with AUROC of 0.93 (95% CI, 0.89–0.97; Figure 6D), sensitivity 

of 90% (95% CI, 80%–96%), and a specificity of 87% (95% CI, 78%–93%) for HCC 

detection.

HCC EV ECG score for detecting early-stage HCC among subgroups with cirrhosis

HCC EV ECG score was further evaluated in the subgroup of patients with HCC and 

cirrhosis (n = 164). At the identified cutoff of −0.40, the sensitivity was 91% (95% CI, 

81%–97%) and the specificity was 87% (95% CI, 78%–93%) in the subgroup with cirrhosis 

with an AUROC of 0.94 (Figure 6E). The sensitivity and specificity were comparable 

among patients with cirrhosis with different etiologies (Figure 6F,G and Figure S16D-F). 

In addition, HCC EV ECG score had similar performance in a cohort with cirrhosis after 

frequency matching of the etiology between cases and controls (Figure 6H, n = 117; the 

cohort's characteristics were provided in Table S10).
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DISCUSSION

In the current study, we developed a streamlined HCC EV SPA capable of quantifying 

eight subpopulations of HCC EVs in 400-μl plasma samples based on the combined use of 

four HCC-associated surface protein markers and two EV markers. Biostatistical analysis 

of the resulting HCC EV surface protein signatures established HCC EV ECG score, 

allowing for distinguishing early-stage HCC from at-risk cirrhosis. We conducted a phase 

2 biomarker study and demonstrated a potential of HCC EV ECG score for detecting early-

stage HCC with an AUROC of 0.95 and 0.93 in the UCLA training cohort and independent 

CSMC validation cohort, respectively. Its diagnostic ability remained excellent among the 

subpopulations by etiology and those with tumors within Milan criteria.

Current HCC surveillance is based on ultrasound with/without AFP, despite their suboptimal 

diagnostic performance. A statistical model, the GALAD score (derived from gender, age, 

and three serum biomarkers [AFP-L3, AFP, and Des-carboxyprothrombin]), demonstrated 

high sensitivity in detecting HCC in phase II biomarker studies.[22,23] However, the more 

recent phase III study showed overall lower accuracy, emphasizing the need for better 

biomarkers for HCC surveillance.[24] Liquid biopsy has emerged as another promising 

strategy for HCC surveillance.[13,25,26] For example, several circulating tumor DNA-based 

assays measuring the molecular characteristics have been proposed for detecting HCC and 

received Food and Drug Administration breakthrough device designation.[27-29] In addition, 

as shown in previous studies, the biomolecular cargoes such as microRNA (miRNA),
[13] noncoding RNA,[15] mRNA,[16] and proteins in EVs are also regarded as potential 

biomarkers for early detection of HCC.

HCC heterogeneity includes spatial intratumor heterogeneity within each tumor, and 

interpatient heterogeneity with genetic and molecular diversity among tumors from different 

patients.[30] Similar to the parental tumor cells, HCC EVs are highly heterogeneous, 

underscoring the need for integration of different surface protein markers for developing 

liquid biopsy-based diagnostic assay to detect early-stage HCC. Our results from HCC 

tissue microarray showed that the selected four surface protein markers (i.e., EpCAM, 

CD147, GPC3, and ASGPR1) are complementarily expressed on the tumor cell surfaces. 

The complementary expression pattern of surface protein markers prompted us to profile 

and integrate different subpopulations of HCC EVs for detecting highly heterogeneous 

HCC. These surface protein markers were included in the final ECG score except ASGPR1, 

although ASGPR1 showed strong positivity in HCC TMA. It's well known that ASGPR1 

is a liver-specific marker that will also be expressed in liver cells of patients with liver 

cirrhosis.

To dissect and quantify the subpopulations of HCC EVs, our team proposed an innovative 

assay, HCC EV SPA, by integrating two powerful technologies: Click Beads[18] for 

purification of HCC EVs and duplex real-time immuno-PCR for quantification of the 

purified subpopulations of HCC EVs. Compared with conventional immunoaffinity-based 

EV capture approaches, Click Beads achieve a more rapid and irreversible purification 

of HCC EVs by leveraging the click chemistry-reaction[31,32] between beads and targeted 

EVs. As demonstrated in our previous study,[16,18,33] the ligation between mTz-grafted 
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devices and TCO-grafted EVs not only improved capture efficiency and but also reduced 

the nonspecific EV capture from the background.[16,33] Duplex real-time immuno-PCR 

technology combines the advantages of (i) flexibility and robustness of immunoassays 

and (ii) sensitivity of PCR. Immuno-PCR is capable of multiplex detection of several 

antigens using specific antibodies grafted with DNA barcodes. Real-time immuno-PCR 

typically exhibits a 10- to 1000-fold increase in sensitivity compared to an analogous 

enzyme-amplified immunoassay.[34] As such, the integration of Click Beads and duplex 

real-time immuno-PCR enables HCC EV SPA to quantify the HCC EV subpopulations 

sensitively and specifically from each individual. Perhaps most important of all, this assay 

only requires a very small amount of plasma (ca. 400 μl) to obtain patients’ HCC EV surface 

protein signatures.

Leveraging the optimized HCC EV SPA, the HCC EV surface protein signatures of patients 

with liver cirrhosis and HCC were analyzed. Three HCC EV subpopulations (i.e., EpCAM+ 

CD63+ HCC EVs, CD147+ CD63+ HCC EVs, and GPC3+ CD63+ HCC EVs) highly 

associated with HCC diagnosis were selected to establish HCC EV ECG score, allowing 

for distinguishing early-stage HCC from at-risk cirrhosis. With the guidance of the ILCA 

White Paper on HCC biomarker development,[17] a phase 2 case–control biomarker study 

was conducted to evaluate the performance of HCC EV ECG score. It is noteworthy that 

we restricted the patients with HCC to BCLC stage 0-A and the controls to at-risk cirrhosis 

to better assess the score's ability as a surveillance test. Importantly, HCC EV ECG score 

had excellent performance among the subgroups stratified by the underlying liver disease. 

Currently, viral hepatitis-related cirrhosis remains the most common cause of HCC, and 

cirrhosis resulting from ALD or NAFLD are rapidly growing contributors to HCC.[6,35] 

Verifying the performance of HCC EV ECG score in these subpopulations lays the solid 

foundation for future phase 3 biomarker study. Lastly, we showed the tumors within Milan 

criteria could also be identified by the assay with a high sensitivity of 90%, emphasizing 

the potential of HCC EV ECG score for timely detection of curable cancer. In addition to 

its excellent performance, HCC EV SPA has the advantages of fast turnaround time (within 

six hours from sample to result), convenient and user-friendly protocol, cost-efficiency, and 

requires only 400 μl of plasma to calculate HCC EV ECG score. Furthermore, after the 

COVID-19 era, real-time PCR system is ubiquitously deployed in clinical settings. Once 

validated in the subsequent phases of biomarker studies, we envision HCC EV SPA can be 

conveniently adopted in existing PCR facilities, paving the way for wide dissemination.

We acknowledge there are some limitations in the current study. First, the sample sizes 

of both cohorts are small, making it difficult to conduct granular subgroup analyses. In 

response, we dichotomized participants into viral-related and nonviral-related subgroups 

and investigated the assay's performance in each subpopulation. Despite small sample size, 

excellent performance of HCC EV ECG score was validated in an independent cohort 

of patients with different clinical characteristics (e.g., cirrhosis etiology, MELD score), 

highlighting the external validity of our test. Second, given the retrospective design of a 

phase 2 biomarker study, patients with HCC were detected by the current surveillance tool, 

liver ultrasound with/without serum AFP, and diagnosed before enrollment. As such, it is not 

feasible to directly compare the performance of HCC EV ECG score with liver ultrasound 

with/without serum AFP for detecting early-stage HCC. Instead, we reported the comparison 
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between HCC EV ECG score and serum AFP in the current study. Finally, despite adherence 

to the ILCA guideline, there could be some potential biases in a phase 2 case–control study. 

Subsequent phase 3 and 4 biomarker studies will address this concern and confirm the 

ability of HCC EV SPA and HCC EV ECG score for detecting early-stage HCC.

In conclusion, HCC EV SPA and HCC EV ECG score were developed and validated for 

accurately detecting early-stage HCC from cirrhosis. The sensitivity and specificity of this 

assay significantly outperformed serum AFP and remained consistently excellent through 

the subgroup analyses. This approach holds great promise to help identify HCC at a curable 

stage and improve patients’ long-term outcomes. Further validation in a larger phase 2 

multicenter biomarker study and a subsequent phase 3 study are essential to confirm its 

utility in clinical settings.
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ASGPR1 asialoglycoprotein receptor 1

AUROC area under the receiver operating characteristic curve

BCLC Barcelona Clinic Liver Cancer

BSA bovine serum albumin

CI confidence interval

CSMC Cedars-Sinai Medical Center

ECG score the score calculated from the readouts of EpCAM+ CD63+ HCC 

EVs, CD147+ CD63+ HCC EVs, and GPC3+ CD63+ HCC EVs

EpCAM epithelial cellular adhesion molecule

EV extracellular vesicle

GPC3 Glypican 3 Protein

HBV hepatitis B virus

HCC hepatocellular carcinoma

HCV hepatitis C virus

ILCA International Liver Cancer Association

MELD Model for End-stage Liver Disease

NPV negative predictive value

NRI net reclassification improvement index

PBS phosphate-buffered saline

PCR polymerase chain reaction

PPV positive predictive value

ROC receiver operating characteristic curve

SPA Surface Protein Assay

TCO transcyclooctene

TMA tissue microarray

mTz methyltetrazine

UCLA University of California, Los Angeles
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FIGURE 1. 
A general workflow of developing HCC EV ECG score for distinguishing early-stage HCC 

from cirrhosis. Plasma samples from patients with HCC or liver cirrhosis were introduced 

to HCC EV surface protein assay that combined the use of covalent chemistry-mediated EV 

purification and duplex real-time immuno-PCR, to quantify eight subpopulations of HCC 

EVs, i.e., EpCAM+ CD63+ HCC EVs, CD147+ CD63+ HCC EVs, GPC3+ CD63+ HCC 

EVs, ASGPR1+ CD63+ HCC EVs, EpCAM+ CD9+ HCC EVs, CD147+ CD9+ HCC EVs, 

GPC3+ CD9+ HCC EVs, and ASGPR1+ CD9+ HCC EVs. The resulting HCC EV surface 

protein signatures was then analyzed to generate HCC EV ECG score (accounted from 

EpCAM+ CD63+ HCC EVs, CD147+ CD63+ HCC EVs, and GPC3+ CD63+ HCC EVs) 

for distinguishing early-stage HCC from at-risk liver cirrhosis. ASGPR1, Asialoglycoprotein 

receptor 1; EpCAM, epithelial cellular adhesion molecule; EV, extracellular vesicle; GPC3, 

Glypican 3 Protein; HCC, hepatocellular carcinoma; PCR, polymerase chain reaction.
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FIGURE 2. 
Clinical study design flowchart depicting the recruitment and exclusions from the study 

cohort. Blood samples from 106 and 73 eligible participants were collected from UCLA 

(training cohort) and CSMC (independent validation cohort), respectively. In brief, HCC 

EV surface protein assay was utilized in the training cohort (UCLA cohort, n = 106) to 

identify the HCC EV subpopulations significantly associated with early-stage HCC over 

cirrhosis and establish the logistic regression model (i.e., HCC EV ECG score) for detecting 

early-stage HCC from cirrhosis. Model calibration was performed to evaluate the agreement 

between predicted probabilities from the model and observed event rates. Leave-one-out 

cross-validation was applied to estimate the performance of the established HCC EV ECG 

score in the training cohort. After one participant was excluded because of coexisting with 

other tumors, external validation of HCC EV ECG score was performed in the independent 

validation cohort (CSMC cohort, n = 72). CSMC, Cedars-Sinai Medical Center; ECG, 

EpCAM+ CD63+ HCC EVs, CD147+ CD63+ HCC EVs, and GPC3+ CD63+ HCC EVs; EV, 

extracellular vesicle; GPC3, Glypican 3 Protein; HCC, hepatocellular carcinoma; UCLA, 

University of California, Los Angeles.
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FIGURE 3. 
Validation of the four selected HCC-associated surface markers using TMA and HCC cells-

derived EVs. (A) H&E staining and immunohistochemistry staining of the four selected 

HCC-associated surface protein markers, EpCAM, CD147, GPC3, and ASGPR1, on a TMA 

slide containing 708 HCC samples. Scale bar, 100 μm. (B) Percentage of tumors with 

negative (0), weak (1+), moderate (2+), strong (3+) staining for the four given surface 

protein markers. (C) The percentage of tumors staining for at least one of the four markers 

(combined) summarized in the bar chart. (D) Western blotting for the four surface protein 

markers in HepG2-derived EVs and Hep3B-derived EVs, with BSA as the negative control. 

ASGPR1, Asialoglycoprotein receptor 1; BSA, bovine serum albumin; EpCAM, epithelial 

cellular adhesion molecule; EV, extracellular vesicle; GPC3, Glypican 3 Protein; H&E, 

Hematoxylin and Eosin; HCC, hepatocellular carcinoma; TMA, tissue microarray.
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FIGURE 4. 
HCC EV SPA for measuring subpopulations of HCC EVs and detecting early-stage HCC in 

the UCLA training cohort. (A) Heatmaps summarize relative duplex real-time immuno-PCR 

readouts of plasma samples from patients with early-stage HCC (BCLC Stage 0-A, n = 

45) and patients with liver cirrhosis (n = 61). Significantly higher immuno-PCR signals 

of both (B) CD63+ and (C) CD9+ HCC EV subpopulations were observed in patients 

with HCC compared to those with cirrhosis. (D) ROC curve of HCC EV ECG score that 

was calculated by the signals from EpCAM+ CD63+ HCC EVs, CD147+ CD63+ HCC 

EVs, and GPC3+ CD63+HCC EVs using HCC EV SPA, for detecting early-stage HCC 

from cirrhosis in the UCLA training cohort. (E) ROC curve of HCC EV ECG score 

after leave-one-out cross-validation for detecting early-stage HCC from cirrhosis in the 

UCLA training cohort. ASGPR1, Asialoglycoprotein receptor 1; AUROC, area under the 

receiver operating characteristic curve; BCLC, Barcelona Clinic Liver Cancer; EpCAM, 

epithelial cellular adhesion molecule; EV, extracellular vesicle; GPC3, Glypican 3 Protein; 

HCC, hepatocellular carcinoma; LOOCV, leave-one-out cross-validation; PCR, polymerase 

chain reaction; ROC, receiver operating characteristic; SPA, Surface Protein Assay; UCLA, 

University of California, Los Angeles.
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FIGURE 5. 
HCC EV ECG score for detecting early-stage HCC in the CSMC independent validation 

cohort. (A) Heatmaps summarize relative duplex real-time immuno-PCR signals of plasma 

samples from patients with early-stage HCC (BCLC Stage 0-A, n = 35) and patients with 

liver cirrhosis (n = 37). Significantly higher immuno-PCR signals of (B) EpCAM+ CD63+ 

HCC EVs, CD147+ CD63+ HCC EVs, and GPC3+ CD63+ HCC EVs were observed in 

patients with HCC compared to those with cirrhosis. (C) ROC curve of HCC EV ECG 

score for detecting early-stage HCC from cirrhosis in the CSMC independent validation 

cohort. ASGPR1, Asialoglycoprotein receptor 1; AUROC, area under the receiver operating 

characteristic curve; BCLC, Barcelona Clinic Liver Cancer; CSMC, Cedars-Sinai Medical 

Center; EpCAM, epithelial cellular adhesion molecule; EV, extracellular vesicle; GPC3, 

Glypican 3 Protein; HCC, hepatocellular carcinoma; PCR, polymerase chain reaction; ROC, 

receiver operating characteristic.
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FIGURE 6. 
Comparison between HCC EV ECG score and serum AFP for detecting early-stage HCC 

among all the participants and subgroup analyses. (A) Comparison of the performance 

of HCC EV ECG score and serum AFP for detecting early-stage HCC among all the 

participants (n = 172). (B) ROC curve of HCC EV ECG score for detecting early-stage HCC 

from cirrhosis among patients with viral etiology (n = 64). (C) ROC curve of HCC EV ECG 

score for detecting early-stage HCC from cirrhosis among patients with nonviral etiology 

(n = 114). (D) ROC curve of HCC EV ECG score for detecting early-stage HCC within 

Milan criteria (n = 68) from cirrhosis (n = 98). (E) ROC curve of HCC EV ECG score for 

detecting early-stage HCC from cirrhosis among patients with cirrhosis (n = 164). (F) ROC 

curve of HCC EV ECG score for detecting early-stage HCC from cirrhosis among patients 

with viral-related cirrhosis (n = 53). (G) ROC curve of HCC EV ECG score for detecting 

early-stage HCC from cirrhosis among patients with nonviral-related cirrhosis (n = 111). (H) 

ROC curve of HCC EV ECG score for detecting early-stage HCC from cirrhosis among 

a cohort with cirrhosis after frequency matching of the etiology (n = 117). AUROC with 

the sensitivity and specificity of the assays at the optimal cutoffs are listed for each graph. 

AFP, alpha-fetoprotein; AUROC, area under the receiver operating characteristic curve; 

ECG, EpCAM+ CD63+ HCC EVs, CD147+ CD63+ HCC EVs, and GPC3+ CD63+ HCC 

EVs; EV, extracellular vesicle; HCC, hepatocellular carcinoma; ROC, receiver operating 

characteristic.
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