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Background: Hepatocellular carcinoma (HCC) is associated with high recurrence rates despite curative-intent liver resection. This 
necessitates improved prognostic tools and novel therapeutic strategies, including immune checkpoint inhibitors (ICIs). Circulating 
stem cells (CSCs) have emerged as potential prognostic biomarkers.
Aim: To assess the prognostic relevance of CSCs expressing programmed death-ligand 1 (PD-L1+CSCs) in relation to recurrence-free 
survival (RFS) and overall survival (OS) in patients undergoing surgery for HCC.
Methods: PD-L1+CSCs (CD45−/CD146+/ASGPR+/CD90+/PD-L1+) were analyzed in 27 HCC patients before surgery, immediately 
after surgery, and at 6 and 12 months after surgery using fluorescence-activated cell sorting and immunofluorescence microscopy. 
Tumor recurrence was monitored biannually through alpha-fetoprotein (AFP) measurements and imaging (CT/MRI). Control groups 
included patients with benign liver disease, non-HCC malignancies, and healthy donors.
Results: Before surgery, 29.7% (8/27) of HCC patients had detectable PD-L1+CSCs. Postoperatively, their frequency initially 
declined to 22.3%, followed by a significant rise to 85% at six months and 88% at twelve months (both p < 0.01). Increasing 
postoperative PD-L1+CSC levels were associated with tumor recurrence (51.8%). The presence of preoperative PD-L1+CSCs 
correlated with reduced OS (p = 0.05) and shorter RFS (p = 0.07).
Conclusion: PD-L1+CSCs are associated with poor oncological outcomes and represent promising prognostic and therapeutic targets 
in HCC.
Keywords: cancer biomarkers, liquid biopsy, cancer stemness, tumor recurrence monitoring

Introduction
Hepatocellular carcinoma (HCC) ranks among the most prevalent cancers globally and is the third leading cause of 
cancer-related death worldwide.1–3 The overall prognosis for patients with liver cancer remains dismal, with an estimated 
5-year survival rate of only 12.7%,4,5 primarily due to recurrence and metastasis postresection. Resection is the preferred 
treatment for early-stage localized tumors, whereas liver transplantation (LT) is often chosen as an alternative, potentially 
curative option for HCC. Surgical treatments, encompassing both hepatic resection and LT, have historically been central 
to curative approaches for HCC, offering the best outcomes, with a 5-year survival rate of approximately 70–80%.6,7 
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AFP is the most widely used biomarker for early HCC detection and the only biomarker validated for clinical application. 
However, its routine use in HCC surveillance is controversial because of concerns about its specificity and limited 
sensitivity as well as poor predictive value.8,9 The well-recognized limitations of AFP have spurred investigation into 
novel prognostic biomarkers; recent studies identifying the miR-3130-5p/FDX1 cuproptosis axis10 and PRDX6 
expression11 as independent prognostic determinants in HCC underscore the unmet clinical need for biomarkers that 
transcend AFP. However, the absence of sensitive and precise indicators for the early detection of HCC metastasis and 
recurrence hinder timely intervention, causing many patients to miss out on viable treatment periods. Consequently, the 
3- and 5-year survival rates for individuals with HCC remain suboptimal.12

In recent years, immunotherapy has been developed to strengthen cancer immunosurveillance. These monoclonal 
antibodies targeting the checkpoint molecules PD-1 and programmed cell death ligand 1 (PD-L1) have been shown to be 
effective in multiple cancers.13–15 The benefit of immune checkpoint inhibitors (ICIs) is achieved in approximately 50% 
of patients; predictive markers have been widely investigated.16 A recent comprehensive review has further highlighted 
the expanding role of ICI-based strategies in HCC beyond advanced disease, including their potential as downstaging and 
conversion modalities and their complex intersection with liver transplantation, reinforcing the critical need for reliable 
predictive biomarkers to guide patient selection and optimize therapeutic sequencing.17 Hence, it is imperative to identify 
and employ novel biomarkers to monitor the prognosis of HCC patients effectively.

Several studies have demonstrated the potential of circulating tumor cells (CTCs) as biomarkers for predicting the 
clinical outcomes of patients with various cancers.18–22 A subpopulation of CTCs with stem cell features, such as self- 
renewal, multipotency, and tumorigenicity, and likely showing markers of epithelial-to-mesenchymal transition (EMT), 
may be relevant players during metastasis.23–25 In addition, a subpopulation of CTCs may retain stem cell features that 
allow these cells to initiate new tumors in distal locations, namely, metastases.22,26,27 Therefore, the identification of 
circulating stem cell (CSC)-specific biomarkers becomes relevant for assessing the content of tumorigenic CTCs, which 
may provide a more accurate measure of tumor prognosis.28,29

Currently, interest in identifying and detecting aggressive CSC markers in blood is increasing.24,25,28 CSCs constitute 
a distinct subpopulation of tumors with the ability to initiate tumor growth and sustain tumor self-renewal. Emerging 
evidence suggests that CSCs are linked to metastasis, chemotherapy resistance, radiotherapy resistance and recurrence.24,27 

CSC markers are frequently upregulated in the CTCs of patients with metastatic breast cancer, and most CTCs exhibit CSC 
phenotypes characterized by quiescence and chemotherapy resistance.24,30,31 These characteristics imply that the progeni
tor cells of metastases may originate from the CTC population. Recently, the detection of CTCs, including CSCs in 
peripheral blood, has been demonstrated to serve as a valuable tool for identifying high-risk recurrence and poor prognosis 
in patients with Dukes’ stage B and C colorectal cancer.32 CSCs have been identified in several solid tumors, such as 
colorectal cancer32,33 and breast cancer.24,30,31 The potential prognostic value of CSCs has already been highlighted in 
a 2011 paper, where CSCs were shown to predict recurrence in HCC patients after surgical resection.34

In the present study, we investigated the clinical significance of perioperative CSCs in HCC patients. We hypothe
sized that PD-L1+CSCs represent a potential source of HCC recurrence as well as metastasis; therefore, the detection of 
PD-L1+CSCs might correlate with adverse clinical outcomes. To test this hypothesis, we used standardized fluorescence- 
activated cell sorting (FACS) and immunofluorescence (IF) microscopy to explore the prevalence, dynamic changes, and 
prognostic significance of these cells in HCC patients undergoing curative resection in a prospective manner. In this 
study, we also aimed to investigate whether the quantity of PD-L1+CSCs could predict HCC recurrence after resection.

Materials and Methods
Study Population
Our prospective single-center cohort study was conducted at the Johann Wolfgang Goethe University Frankfurt between 
August 2016 and July 2018. The study included 27 HCC patients scheduled for liver resection, 13 patients with 
nonmalignant liver disease (NMLD), 16 patients with tumors other than HCC (non-HCC) and 8 healthy donors. For 
the HCC group, patients were excluded if they had liver metastases of extrahepatic origin, unresectable intrahepatic 
disease with major vessel involvement, concurrent HIV infection, or severe comorbidities. Due to tumor-related deaths 
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and other reasons for discontinuation, the number of patients decreased to 20 at the first follow-up (6 months post- 
resection) and to 17 at the second follow-up (12 months post-surgery).

For tumor staging, the Barcelona Clinic Liver Cancer (BCLC) criteria were applied, and tumor grading was 
performed according to the Edmondson grading system. While the BCLC guidelines typically recommend that patients 
with BCLC B/C stage are not suitable for surgical resection, our inclusion criteria allowed surgical intervention after 
multidisciplinary-team assessment, if liver function was preserved (Child–Pugh A), future liver remnant volume was 
adequate, and no extrahepatic disease was present. For patients with multiple lesions (BCLC B stage), “tumor size” refers 
to the diameter of the largest lesion, consistent with BCLC criteria. The HCC Patients received segmental resection or 
hemihepatectomy and were subsequently monitored for recurrence every six months after resection through alpha- 
fetoprotein (AFP) and CT or MRI imaging for up to four years. Following tumor resection, none of the patients received 
adjuvant therapy, as determined by the consensus recommendation of a multidisciplinary tumor board.

Study Design
Blood samples were taken from 27 HCC patients at three points: just before their tumor removal surgery from the central 
venous catheter, shortly after surgery on the same day, and again during follow-up visits at 6 and 12 months. These 
patients were monitored for cancer recurrence every six months using CT or MRI scans, with a median follow-up 
duration of 3.7 years (ranging from 2.5 to 4.3 years). Importantly, none of the patients received additional therapy after 
surgery. To clarify our study design and patient progress, we have added a flowchart in Figure 1 that shows how patients 
were enrolled, when blood samples were collected, and the schedule for recurrence monitoring. For the control groups 
(NMLD and non-HCC patients), blood samples were obtained both before and after surgery, but no follow-up observa
tions were conducted. Healthy donor blood samples were collected only once. All blood draws used EDTA tubes 
(Sarstedt, Nümbrecht, Germany).

This study was approved by the ethics committee of the University of Frankfurt (approval number: 321/16). Written 
informed consent was obtained from all participants prior to data collection and analysis. The study was registered in the 
German Clinical Trials Register (DRKS) under the clinical trial number: DRKS00034959, registration date: August 26, 

Figure 1 A flowchart detailing the study design, patient enrolment procedures, and follow-up protocol. 
Abbreviations: HCC, Hepatocellular carcinoma; FLR, Future liver remnant.
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2024. This article does not contain any studies with animal subjects. All procedures followed were in accordance with the 
ethical standards of the responsible committee on human experimentation (institutional and national) and with the 
Helsinki Declaration of 1975, as revised in 2024.

Enrichment and Detection of CSCs
Blood samples (7.5 mL) were collected from each patient, and peripheral blood mononuclear cells (PBMCs) were 
separated from venous blood via gradient centrifugation via OncoQuick® (Greiner Bio-One, Kremsmünster, Austria). In 
this step, the blood was pipetted above the filter of the precooled OncoQuick® tube and then centrifuged at 1600 × g and 
4 °C for 20 minutes. The isolated cells were washed twice with phosphate-buffered saline (PBS; Gibco/Invitrogen, 
Karlsruhe, Germany) without Ca++ or Mg++ containing 0.5% bovine serum albumin (BSA; Sigma‒Aldrich Chemie 
GmbH, Munich, Germany) and transferred into FACS tubes. The cells were incubated with a cocktail of the following 
fluorescent-labeled antibodies: Anti-human Asialoglycoprotein Receptor 1 antibody (ASGPR-1)-PE (BD Pharmingen, 
Heidelberg, Germany), anti-human CD146 antibody (also called Melanoma Cell Adhesion Molecule, MCAM-APC; 
clone: SHM-57 (BioLegend, San Diego, CA, USA), anti-CD274 (PD-L1)-BV421; clone: MIH1 (BD Bioscience), anti- 
CD90-PerCP/Cy5.5; clone: 5E10; and anti-CD45-FITC; clone: HI30 (BD Pharmingen)) for one hour at 4°C. After the 
unbound antibodies were washed twice with PBS containing 0.5% BSA, the sample was analyzed via four-laser 
FACSAria Fusion (BD Biosciences, CA, US) and FACSDiva Software (version BD FACSDiva 8.0.1) (Figure 2). 
CTCs were defined as CD45-/CD146+/ASGPR+ cells. Additionally, an aggressive subpopulation (PD-L1+CSCs) was 
defined by the co-expression of PD-L1 (CD274) and CD90.

The protocol described above was developed in previous studies by our research group.35 Pretrials were performed 
with cell lines (HepG2, Cell Lines Service GmbH, Eppelheim, Germany) and healthy donors to evaluate the sensitivity 
and specificity of our selected antibodies.

End Points
The primary end point was OS which defined as the time between the date of surgery and death from any cause or last 
follow-up. Secondary end points included RFS, PD-L1+CSC counts, tumor volume and size, AFP levels, IL-6 levels, 

Figure 2 Flow cytometry gating strategy for identifying PD-L1+CSCs. (A) Doublet Exclusion: SSC-W vs. SSC-H was used to exclude cell doublets and aggregates. (B) 
Marker Gating: CD45-neg, CD146-high, and ASGPR-high populations were gated. (C) Further Analysis: CD274 and CD90 were analyzed within these gated populations.
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microvascular invasion (MVI), tumor-free resection margin (R0). RFS was defined as the interval between surgery and 
recurrence detection via imaging (CT or MRI). For patients without recurrence or death by the study’s end, RFS and OS 
were censored at the last follow-up date. We defined early recurrence as tumor recurrence within 12 months following 
surgical resection keeping in line with the literature.36–39 We assessed the presence of PD-L1+CSCs (≥0.1/mL) in HCC 
patients at different time points relative to surgery.

Immunofluorescence Microscopy
In this study, we employed distinct antibody cocktails to verify cellular populations by targeting specific cell surface 
markers. This approach facilitates comprehensive verification through multiparameter analysis, ensuring accurate 
identification across various research applications. For verification purposes, one antibody cocktail was utilized. The 
cocktail included anti-CD90-PE, anti-ASGPR-APC, anti-CD45-FITC and FCR-blockers (5 µL each). The cocktail was 
meticulously applied to samples, followed by immunofluorescence microscopy analysis.

Immunofluorescence microscopy (Zeiss Axio Observer Z-1, Zeiss, Jena, Germany) revealed distinct staining patterns 
corresponding to the targeted cell surface markers within each cocktail. By scrutinizing fluorescence signals and 
colocalization patterns, we successfully validated the identity of CSCs within the samples (Figure 3).

Statistical Analysis
Cross-sectional analysis was used to compare PD-L1+CSC levels between the HCC group and the control group. PD-L1 
+CSC enumeration was reported per 1 mL of blood and compared among groups via the nonparametric Mann‒Whitney 
U-test and the Kruskal‒Wallis test. Changes in the number of CSCs depending on the time of sample collection were 
analyzed via the Wilcoxon signed rank test.

HCC patients were followed up until July 2023. Medical patient data were taken from the electronic patient records. 
RFS was calculated as the time from surgery to the time of diagnosis of recurrence via MRI. OS was calculated as the 
time from surgery to death. In the case of nonrecurrence or survival until the end of our observational period, the RFS 
and OS were assumed until this timepoint. The landmark method was used to analyze time‒event data. Kaplan‒Meier 
survival curves were compared via the Log rank test.

The statistical analyses were carried out with SAS Version 9.4 (SAS Institute Inc., North Carolina, USA). A p value 
less than 0.05 was considered statistically significant. An analysis was performed via Prism software version 8.0 
(GraphPad, La Jolla, CA). An unpaired t-test with Welch’s correction was performed to assess the significance of 
differences in data distribution. A p value of less than 0.05 was considered significant. Binary logistic regression analysis 
was performed, and receiver operating characteristic (ROC) curves were generated to evaluate the ability of the chosen 
markers to discriminate cancer patients from controls.

The time to recurrence (TTR) was defined as the interval between surgery and recurrence. The cumulative recurrence 
and survival rates were calculated via the Kaplan–Meier method and analyzed via the Log rank test. Univariate and 
multivariate analyses were performed with the Cox proportional hazards regression model. All p values were two-sided, 
with p < 0.05 considered statistically significant.

Results
Patient Characteristics
Table 1 summarizes the clinical demographics and tumor characteristics of the 27 patients with HCC enrolled in our study. 
Table 2 delineates a comparative distribution of gender and age among 56 patients. The mean (±SD) age of the patients was 62 
± 14.8 years (range 28–83 years), and 74.1% were male. Among these patients, 44.5% had liver cirrhosis, 77.7% had liver 
fibrosis, and 59.3% were AFP-positive. Most patients (85.1%) had no metabolic-associated steatohepatitis (MASH). More than 
half of the patients (59.3%) were not diabetic. A total of 74.1% of the patients had no alcohol abuse, and 63% had no hepatitis 
virus infection in their medical history. According to the BCLC staging, 51.8% (n=14) were classified as stage 0 or A, while 
48.2% (n=13) were stage B or C. Five BCLC B/C patients received preoperative down-staging therapy to enable resection. 
A total of 59.3% of the patients had a tumor larger than 5 cm. The mean tumor volume was approximately 460 cm3. The 
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Figure 3 Identification of example CSCs via immunofluorescence by DAPI, CD45-FITC, ASGPR-APC and CD90-PE in HCC patients. (A) Identification of CSCs 
preoperatively. (B) Identification of CSCs postoperatively. Scale bar: 50 μm.
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Table 1 Clinical Characteristics and Pathological Data of the HCC Patients

Clinical Characteristics No. of Patients (%)

Age, years Mean (SD): 62 ± 14.8;

Median (IQR): 65.50 (56.50, 72.25)

Sex

Male 20 (74.1)

Female 7 (25.9)

Liver cirrhosis

No 15 (55.5%)

Yes 12 (44.5%)

Liver fibrosis

No 21 (77.7%)

Yes 6 (22.3%)

MASH

No 23 (85.1%)

Yes 4 (14.9%)

Diabetes mellitus

No 16 (59.3%)

Yes 11 (40.7%)

Alcohol abuse

No 20 (74.1%)

Yes 7 (25.9%)

Hepatitis virus infection

No 17 (63.0%)

Yes 10 (37.0%)

BCLC stage

0 + A 14 (51.8%)

B + C 13 (48.2%)

Tumor volume in cm3

Mean (±std) 460.77 (±825.30)

Median (IQR) 171.00 (18.91, 353.25)

Tumor size, cm

≤ 5 11 (40.7%)

> 5 16 (59.3%)

(Continued)
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Table 1 (Continued). 

Clinical Characteristics No. of Patients (%)

Preoperative Therapy

No 22 (81.0%)

Yes 5 (19.0%)

Type of preoperative therapy

Transarterial chemoembolization 4 (80.0%)

Microwave ablation 1 (20.0%)

Operation method

Open 23 (85.1%)

Laparoscopic 4 (14.9%)

Resection type

Segmental liver resection 17 (63%)

Hemihepatectomy 10 (37%)

AFP, ng/mL

Negative (≤ 7.0) 11 (40.7%)

Positive (> 7.0) 16 (59.3%)

Grading

I, II 23 (85.1%)

III 4 (14.9%)

Microvascular invasion

No 19 (70.3%)

Yes 8 (29.7%)

Tumor-free resection margin

No 4 (14.9%)

Yes 23 (85.1%)

Recurrence

No 13 (48.2%)

Yes 14 (51.8%)

Site of recurrence

Intrahepatic 11 (80.0%)

Extrahepatic 3 (20.0%)

Mortality

No 13 (48.2%)

Yes 14 (51.8%)

(Continued)
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majority of the patients (85.1%) underwent open surgery rather than laparoscopic surgery. A total of 81.0% of the patients did 
not receive any preoperative therapy, such as microwave ablation, chemotherapy, radiation, or transarterial chemoembolization. 
A small portion of the patients (14.9%) had a high-grade tumor (Grade 3). A total of 29.7% had microvascular invasion, and 
85.1% had a tumor-free resection margin. Postoperatively, recurrence and mortality rates were both 51.8% (n=14).

PD-L1+CSC Analysis and Dynamics
The detection and dynamics of PD-L1+CSCs in HCC provide intriguing insights into the pathogenesis and prognosis of 
this disease. Our pilot study revealed a notable prevalence of PD-L1+CSCs among HCC patients, with varying detection 

Table 1 (Continued). 

Clinical Characteristics No. of Patients (%)

Cause of death

HCC-related 14 (100.0%)

Non-HCC-related 0 (0.0%)

PD-L1+CSC/mL right before surgery

Negative 19 (70.3%)

Positive 8 (29.7%)

PD-L1+CSC/mL 1 day after surgery

Negative 21 (77.7%)

Positive 6 (22.3%)

PD-L1+CSC/mL 6 months after surgery

Negative 3 (15.0%)

Positive 17 (85.0%)

PD-L1+CSC/mL 12 months after surgery

Negative 2 (11.7%)

Positive 15 (88.3%)

Abbreviations: HCC, Hepatocellular Carcinoma; IQR, Interquartile Range; MASH, Metabolic 
Dysfunction-Associated Steatohepatitis; BCLC, Barcelona Clinic Liver Cancer; PD-L1, Programmed 
Death-Ligand 1; CSC, Cancer Stem Cell.

Table 2 Clinical Characteristics of the Study Cohort

Study Characteristics

HCC Healthy Donor NMLD Tumor Other than HCC
n (%) n (%) n (%) n (%)

Total (n=64) 27 (42.2) 8 (12.5) 13 (20.3) 16 (25.0)

Gender
Female (%) 7 (25.9) 2 (25.0) 9 (69.2) 6 (37.5)
Male (%) 20 (74.1) 6 (75.0) 4 (30.8) 10 (62.5)

Age (years)
Mean 62 46 62 61
Range 28–83 25–71 23–75 47–85

Abbreviations: HCC, Hepatocellular Carcinoma; NMLD, Nonmalignant Liver Disease.
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rates observed across different time points. Before surgery, PD-L1+CSCs were detected in 29.7% of the HCC patients 
(n=8/27), with a mean count of 0.27 ± 0.34/mL. One day after tumor resection, the detection rate decreased to 22.3% 
(n=6/27), with a mean count of 0.57 ± 0.55/mL. However, six months after tumor resection, the detection rate increased 
significantly to 85% (n=17/20, p<0.01), with a mean count of 1.88 ± 1.83/mL. Twelve months after resection, the 
detection rate remained high at 88% (n=15/17, p<0.01), with a mean count of 0.9 ± 0.71/mL (Figure 4A). Among the 27 
HCC patients, 51.8% (n=14) experienced recurrence after a median follow-up period of nearly 48 months.

Long-Term Dynamics of PD-L1+CSCs
The results of the follow-up examinations revealed that the number of PD-L1+CSCs increased significantly. The mean PD- 
L1+CSC count before resection was 0.2 PD-L1+CSC/7.5 mL of blood. In comparison, one day after tumor resection, the 
mean value was 4.3 PD-L1+CSC/7.5 mL, and at 6 months after tumor resection, it was significantly greater at 14 PD-L1 
+CSC/7.5 mL (p=0.005). Twelve months after tumor resection, the PD-L1+CSC count also remained high, at 6.8 PD-L1 
+CSC/7.5 mL (Figure 4B). Accordingly, HCC patients presented higher levels of PD-L1+CSCs/7.5 mL 6 and 12 months 
after resection than before or 1 day after resection. This finding indicates a potential association between surgical intervention 
and the release of tumor cells into the circulation, contributing to increased levels of PD-L1+CSCs postoperatively. In 
addition, Figure 4C illustrates the distribution of patients based on the change in PD-L1+CSC counts observed six months 
after resection, relative to their baseline counts measured one day post-resection. Specifically, the figure shows the 
percentages of patients who experienced an increase, no change, or decrease in PD-L1+CSC counts over this period. 
These results highlight the heterogeneity in PD-L1+CSC dynamics among HCC patients following surgical intervention.

Associations with Overall Survival and Recurrence-Free Survival
Patients with positive PD-L1+CSC counts before surgery tended to have significantly shorter OS (p=0.05) and lower RFS 
(p=0.07) than patients with no detected PD-L1+CSCs (Figure 5A and B). HCC patients presented higher levels of PD-L1 
+CSCs/7.5 mL at 6 and 12 months after resection than before surgery or at 1 day after surgery. Additionally, HCC 
patients with a tumor size > 5 cm tended to have a shorter OS (p=0.06) but did not have statistically significant 
differences in RFS rates (p=0.79) (Figure 5C and D).

Moreover, patients who underwent open surgery (n=23) experienced higher levels of CSCs/mL at 6 and 12 months 
after resection than did those who underwent laparoscopic surgery (n=4, p=0.06), although this difference was not 

Figure 4 Enumeration and longitudinal monitoring of PD-L1+CSC. (A) Frequency distributions of PD-L1+CSC counts before resection and one day, six months and twelve 
months after resection. (B) Ladder plots displaying PD-L1+CSC counts for each HCC patient before resection and at 1 day, 6 months and 12 months after resection. (C) 
Percentages of patients who had incidence of increase, no change or decrease in PD-L1+CSC counts at 6 months after resection relative to the PD-L1+CSC counts from the 
same HCC patient at 1 day after resection.
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statistically significant (data not shown in the figure). This highlights the potential impact of surgical procedures on the 
release and dissemination of tumor cells, particularly in the context of disease progression.

Discussion
Baseline and longitudinal monitoring are crucial for understanding the risk of recurrence in patients with resected HCC, 
particularly through the analysis of PD-L1+CSCs in peripheral blood. Our study indicates that these CSCs, which exhibit 
invasive and metastatic properties, can serve as valuable prognostic markers. Furthermore, other studies have confirmed 
that PD-L1 expression on CSCs in breast and lung cancer may induce immune evasion40,41 and promote metastasis.41,42

By assessing the presence of circulating PD-L1+CSCs before surgery, we can establish a baseline that helps identify 
patients who are more likely to experience poorer outcomes. In alignment with the findings of other research groups, the 
detection of PD-L1+CSCs may indicate rapid disease progression and poor prognosis.42 This baseline provides a crucial point 
of comparison for evaluating the impact of surgical interventions and initial tumor dynamics. Notably, the absence of a direct 
relationship between tumor size and PD-L1+CSC levels suggests that traditional metrics may not fully capture the complex
ities of HCC prognosis, highlighting the need for a broader range of biomarkers. Traditionally, patients with tumors adhering 
to the Milan criteria (ie, a single tumor with a diameter of ≤5 cm or up to 3 tumors each with a diameter of ≤3 cm, no 
extrahepatic metastases, and no major vessel involvement) have significantly better survival rates after liver transplantation.43

Figure 5 Comparison of (A) overall survival and (B) recurrence-free survival between the PD-L1+CSC-positive group and the PD-L1+CSC-negative group in patients with 
HCC before resection. Comparison of (C) overall survival and (D) recurrence-free survival in patients with a tumor size > 5 cm vs ≤ 5 cm.
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Through longitudinal monitoring, we observed significant shifts in PD-L1+CSC levels post-surgery, offering insights 
into their potential role in disease recurrence. The immediate reduction in PD-L1+CSC counts after resection suggests an 
initial positive response to surgery. An increase in these cells over time suggests that the tumor microenvironment supports 
CSC survival and may contribute to recurrence, which means surgical resection cannot eliminate all tumor spread. This 
aligns with the concept of minimal residual disease (MRD), where residual cancer cells remain after treatment and may 
cause relapse.44,45 This is a significant concern because up to 70% of HCC patients experience recurrence within five years 
following treatment.46 CTC levels measured before surgery indicate tumor burden, but their prognostic value changes after 
resection; postoperative persistence or rebound of CTCs serves as a real-time biomarker for MRD. Observing a decrease in 
CTCs after resection, followed by an increase in relapsing patients, provides an ideal pattern for monitoring recurrence.47

Interestingly, the reduction in PD-L1+CSC levels observed at 12 months compared to 6 months may reflect an 
adaptive immune response post-surgery. Alternatively, the initial rise in CSCs following resection could stabilize as 
patients recover. Additionally, the observed decline in PD-L1+CSC counts at 12 months may be attributed to multiple 
biological mechanisms, including immune system activity or cellular dormancy. The immune response following surgical 
resection could contribute to a delayed reduction in CSCs, as the immune system gradually recognizes and eliminates 
residual cancer cells. These observations underscore the need for further investigation through more frequent sampling to 
better characterize the dynamic fluctuations of PD-L1+CSC populations over time, while dedicated in vitro and in vivo 
functional studies will further demonstrate the molecular pathways driving these clinical findings. There is rapidly 
increasing evidence that cancers are composed of heterogeneous populations of cancer cells.48 These findings suggest 
that PDL1+CSCs are more aggressive and have invasive and metastatic capacity.49–51 Most of these cells exhibit CSC 
phenotypes characterized by nonproliferation and resistance to chemotherapy.24,30,31,50,51

This study is the first to demonstrate a clinical association between PD-L1+CSCs and oncological outcomes in HCC. 
Changes in PD-L1+CSC levels before and after surgery support their prognostic relevance. Preoperative PD-L1+CSC 
positivity was associated with reduced OS and shorter RFS, suggesting a more aggressive, immune-evasive tumor 
phenotype. Elevated levels may reflect residual microscopic disease and increased recurrence risk despite curative 
resection. PD-L1+CSCs were detected preoperatively in approximately one-third of patients and were associated with 
early recurrence and reduced survival. Frequencies increased to 85% and 88% at 6 and 12 months after surgery, 
correlating with recurrence in over half of the cohort. These observations suggest that PD-L1+CSCs may contribute to 
immune escape, metastatic progression, and resistance to standard therapies and support the utility of CSC monitoring as 
a valuable non-invasive biomarker for risk stratification and treatment planning in HCC patients, with biological 
aggressiveness reflected by CSC dissemination appearing to supersede tumor volume in predicting post-surgical out
comes. This observation suggests that monitoring CSCs could be helpful for the early identification of relapse, making it 
possible to adjust treatment promptly. It also implies that even after therapy, some cancer cells may remain in the body 
and seed micrometastases potentially leading to a later recurrence. Integrating CSC analysis into routine follow-up care 
might help healthcare professionals better assess the risk of relapse and tailor subsequent therapies more precisely, 
particularly for patients who are at higher risk of the disease returning.

To increase the robustness of our data despite the limited cohort size, we analyzed 108 samples from four time points per 
patient. Flow cytometry enabled assessment of PD-L1 expression in rare cell populations and of CSC–immune system 
interactions. Although some p-values were near statistical significance, consistent trends in OS and RFS suggest a biological 
role of PD-L1+CSCs in HCC progression. This study’s limitations include small sample size and follow-up period. The high 
postoperative CSC positivity rate likely results from our sensitive flow cytometry method, the inclusion of many advanced- 
stage patients, and attrition bias at later time points favoring high-risk individuals. Control analyses with healthy participants 
support assay specificity, indicating biological relevance. A deeper molecular characterization of CSCs would have offered 
further insight into tumor behavior and CSC dynamics. Our main analysis focused on the immediate postoperative period due 
to its more complete dataset; other time points suffered from missing data and reduced power. These factors limit the strength 
of our conclusions, but our results still highlight the prognostic value of CSCs in resected HCC patients. Additional samples 
are currently being collected as part of an ongoing, larger adequately powered study aimed at validating and extending these 
observations, enabling robust multivariable and time-dependent biomarker analyses. Larger multicenter studies are recom
mended to explore variable interactions and their influence on recurrence and CSC dynamics.
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Conclusion
Persistent or rising PD-L1+CSC levels in patients with recurrence may support the consideration of targeted immune 
therapies. ICIs could be beneficial in selected cases, though recurrence in PD-L1−CSC-negative patients indicates 
additional mechanisms are likely involved. These findings suggest a need to better characterize the regulatory mechan
isms of PD-L1 expression in CSCs and their interaction with the tumor microenvironment. Larger studies are required to 
validate these results and define the clinical utility of PD-L1+CSC monitoring. In summary, PD-L1+CSCs can be reliably 
detected across treatment stages and are associated with recurrence and survival outcomes. Their detection may assist in 
risk stratification and therapeutic decision-making in HCC.
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