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Revisiting long-standing biological questions through evolving 
technologies

John J. Rossi*

Center for RNA Biology & Therapeutics, Beckman Research Institute of City of Hope, Duarte, CA, USA.

Recent advances in biological sciences and technology 
have profoundly influenced biomedical research and 
the way scientific questions are approached. During 
the 1970s, when many current senior investigators 
began their scientific training, technologies in protein 
chemistry and molecular biology were undergoing 
rapid development. These methodological advances 
fundamentally changed what could be experimentally 
examined and interpreted.
	 Among the most influential developments was 
the establishment of amino acid and DNA sequencing 
technologies. Frederick Sanger first determined the 
amino acid sequence of insulin, representing a landmark 
achievement in protein chemistry (1,2). Sanger and his 
colleagues introduced the "dideoxy" chain-termination 
method for sequencing DNA molecules in 1977, also 
known as "Sanger Sequencing" (3). Though the first 
DNA sequencing method was introduced by Maxam 
and Gilbert, which was quickly followed by the more 
facile Sanger method. This Sanger sequencing was 
the most widely used form of sequencing for over 
40 years, a technology that became the foundation of 
molecular biology for several decades. These advances 
enabled increasingly detailed analyses of genomes, gene 
expression, and cellular regulation, ultimately leading to 

contemporary genomics and transcriptomics.
	 The continuing expansion of genetic databases, 
combined with improvements in sequencing platforms, 
mass spectrometry, and computational biology, has 
accelerated biological research since the early 2000s. 
Modern omics technologies now allow comprehensive 
analyses of molecular networks, signaling pathways, and 
dynamic cellular responses at levels that were previously 
impossible to achieve. As a result, observations that 
once remained descriptive or mechanistically unresolved 
can now be revisited using broader and more integrated 
analytical approaches. Developments of major concepts 
and technologies in biology are summarized in Table 1.
	 One example of this process involves earlier work 
by Dr. Fujita-Yamaguchi on a lectin isolated from 
Streptomyces (4). During her doctoral studies in the 
1970s at the University of Tokyo, she attempted to 
determine the primary structure of this lectin protein; 
however, the available technologies at the time were 
insufficient to resolve highly similar repetitive domains 
within the molecule (5). After achieving her most 
important early work of purifying the human insulin 
receptor (6) and conducting research in the insulin 
and IGF-I signaling field as a PI at Beckman Research 
Institute of City of Hope (COH) and Tokai University, 

DOI: 10.5582/bst.2026.01089

SUMMARY: Advances in biological sciences and technology have continuously reshaped the questions that 
researchers are able to address. Over the past several decades, developments in DNA sequencing, mass spectrometry, 
genome analysis, and omics technologies have transformed not only biomedical research itself, but also the 
interpretation of observations that previously remained unresolved because of technical limitations. This Editorial 
reflects on how evolving technologies allow long-standing scientific questions to be revisited across generations of 
research. Two examples illustrate this process. One concerns the structural re-analysis of a Streptomyces lectin first 
studied in the 1970s, whose molecular features could only later be clarified through advances in mass spectrometry and 
expanding genetic databases. The second involves a recent transcriptomic re-examination of ethanol-associated lifespan 
responses in Caenorhabditis elegans, where modern RNA-seq approaches provided pathway-level insights that were 
not technically accessible in earlier studies. Together, these examples highlight that scientific progress often emerges 
not only from asking new questions, but also from revisiting unresolved observations using new technologies and 
perspectives.

Keywords: transcriptomics, omics technologies, scientific continuity, biological discovery, RNA sequencing
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she returned to COH in 2014 and collaborated with Dr. 
Markus Kalkum to restart her graduate work, which was 
never completed. After advances in mass spectrometry 
and expansion of genetic databases, the lectin structure 
could finally be clarified through collaborative work at 
City of Hope (5,7,8). These later studies demonstrated 
how technological progress enabled re-analysis of a 
biological problem that had remained unresolved for 
many years.
	 A similar perspective can be applied to another 
study presented in this issue of BioScience Trends (9): 
"Gene expression profiling of the L4-stage nematode 
Caenorhabditis elegans following ethanol exposure" by 
Miyazawa et al. This research originated from earlier 
investigations initiated more than two decades ago at 
Tokai University, where the effects of ethanol exposure 
on C. elegans lifespan were examined using conventional 
experimental approaches. Although lifespan-associated 
phenotypes were reproducibly observed, mechanistic 
analyses at that time were necessarily limited to selected 
candidate pathways and could not comprehensively 
evaluate global transcriptional responses.
	 In the present study, the authors revisited this long-
standing experimental framework using time-resolved 
RNA-seq analysis. Rather than establishing definitive 
causal mechanisms, the study provides transcriptomic 
and pathway-level perspectives on stress-response 
programs and longevity-associated pathways potentially 
linked to ethanol exposure in C. elegans. The observed 
patterns, including changes in detoxification-related 
pathways and stress-response signaling, illustrate how 
modern transcriptomic approaches can provide broader 
biological context for previously observed phenotypes.
	 Importantly, the value of such studies may extend 
beyond the specific biological phenomenon itself. 
They also demonstrate how scientific observations 
that once exceeded available technical capabilities can 
acquire new meaning when revisited through evolving 
methodologies. In many cases, scientific progress arises 
not only from generating entirely new questions, but 
also from returning to unresolved observations with new 
tools, analytical frameworks, and perspectives.
	 In this sense, technological advancement does not 
merely accelerate science; it also allows unfinished 
scientific questions to be revisited across generations of 
research.
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Comparison of current global guidelines and consensus on the 
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1. Introduction

Cholangiocarcinoma (CCA) constitutes a highly 
aggressive, molecularly diverse, and anatomically 
heterogeneous cluster of biliary tract malignancies 
originating from the epithelial cells of the biliary 
tree and is  the second most  common primary 
liver cancer after hepatocellular carcinoma (1,2). 
Based on anatomical location, CCA is classified 
into intrahepatic cholangiocarcinoma (iCCA), 
perihilar cholangiocarcinoma (pCCA), and distal 
cholangiocarcinoma (dCCA),  with pCCA and 
dCCA collectively referred to as extrahepatic 
cholangiocarcinoma (eCCA) (3,4). The 2019 WHO 
classification further recognizes mixed hepatocellular-
cholangiocarcinoma (cHCC-CCA) as a distinct subtype 
(5). Due to the lack of specific early symptoms and the 
heterogeneity of tumor biology, most patients with CCA 
are diagnosed in an advanced stage, resulting in a median 

overall survival (OS) of only 24 months after initial 
diagnosis (2).
	 In recent years, with advances in medical research 
and mounting clinical evidence, numerous clinical 
practice guidelines for CCA management have been 
updated globally, including those from the National 
Comprehensive Cancer Network (NCCN), the European 
Association for the Study of the Liver (EASL), the 
Chinese Society of Clinical Oncology (CSCO), the 
British Society of Gastroenterology (BSG), the European 
Society for Medical Oncology (ESMO), and the Japanese 
Society of Hepato-Biliary-Pancreatic Surgery (JSHBPS) 
(6). These guidelines provide important references for 
clinical decision-making, but their recommendations 
differ due to differences in regional medical resources, 
epidemiological characteristics, and the incorporation of 
new evidence. The rapid development of targeted therapy 
and immunotherapy has significantly changed the 
treatment landscape of advanced CCA, requiring timely 
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integration into clinical practice guidelines and clinical 
decision-making (7,8).
	 This review systematically compares the core content 
of current CCA guidelines, analyzing their similarities 
and differences in epidemiology, risk factors, screening 
and diagnosis, staging, and treatment (Table 1). It then 
cites recent key studies to corroborate the latest progress 
in targeted therapy, immunotherapy, surgical techniques, 
and prognostic biomarkers in order to provide a 
comprehensive and up-to-date reference for the clinical 
management and scientific research of CCA.

2. Epidemiology and risk factors

2.1. Epidemiology

CCA is universally recognized as a rare malignancy, 
accounting for less than 1% of all human cancers; 
however, its incidence and mortality exhibit marked 
geographical heterogeneity. Its global age-standardized 
incidence ranges from 0.3 to 3.5 cases per 100,000 
population in Europe, the US, and Australasia but is as 
high as 85 cases per 100,000 in liver fluke–endemic 
regions such as northeastern Thailand (8,25).
	 Notably, the incidence of iCCA has been rising 
steadily worldwide, and particularly in Western nations 
(26). From 2000-2019, the incidence of iCCA increased 
from 0.92 to 1.94 in the US (27). This trend is attributed 
to advances in diagnostic imaging, demographic shifts 
including migration, and the escalating burden of chronic 
liver disease (7). Conversely, the incidence of eCCA has 
remained the same or slightly declined in most regions 
(28). GBC, another subtype of biliary tract cancer, 
exhibits distinct epidemiological patterns: it is declining 
in most regions worldwide but remains elevated in South 
Korea and Japan (10).

2.2. Risk factors

Global  guidel ines uniformly identify chronic 
inflammation of the biliary epithelium as the core 
common risk factor for CCA, but there are differences in 
emphasis on subtype-specific risk factors (25,29).
	 The ESMO and EASL-ILCA guidelines list key 
risk factors for iCCA including cirrhosis, hepatitis B 
virus, hepatitis C virus, non-alcoholic fatty liver disease, 
diabetes, obesity, and hormonal contraceptives (30). 
According to the BSG guidelines, alcohol consumption 
and cigarette smoking are also associated with an 
increased risk of iCCA (8,21).
	 The main risk factors for pCCA are primary 
sclerosing cholangitis (PSC) in Western countries and 
hepatobiliary flukes or hepatolithiasis in Asian countries 
(31). The ESMO guidelines specify that the annual 
incidence of CCA in PSC patients is 0.6-1.5%, with a 
lifetime risk of up to 20%. The BSG guidelines add that 
choledochal cysts and choledocholithiasis are also high-
risk factors for pCCA (8,23).
	 Gallstones are the strongest risk factor for GBC, 
followed by porcelain gallbladder, gallbladder polyps, 
PSC, chronic Salmonella typhi or Helicobacter bilis 
infection, congenital biliary tract malformations, and 
obesity. The ESMO guidelines emphasize that the 
incidence of GBC increases with age and that GBC is 
more common in women (8).
	 Notably, the bEASL-ILCA and BSG guidelines both 
mention that 60-70% of iCCA cases have no identifiable 
risk factors, highlighting the need for further exploration 
of unknown etiologies.

2.3. Hereditary cancer syndromes

A rapidly growing consensus across international 
guidelines in 2026 is the formal recognition of CCA 
within the expanding spectrum of hereditary cancer 
syndromes. CCA is part of the spectrum of hereditary 
cancer syndromes, including hereditary breast-ovarian 
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Table 1. Overview of recent major clinical practice guidelines and consensus statements on biliary tract cancers

Guidelines

ENS guideline
NCCN guideline
CSCO guideline
Expert consensus
EASL guideline
ESMO guideline update
SEOM-GEMCAD-TTD clinical guidelines
AFEF guideline
ILTS-ILCA guideline
IHPBA-APHPBA guideline
National guidelines
Canada guideline
EASL-ILCA
Italian guideline
BSG guideline
ESMO guideline
JSHBPS guideline

Year

2026
2025
2025
2025
2025
2025
2025
2024
2024
2024
2024
2023
2023
2023
2023
2023
2019

Language

English
English
Chinese
English
English
English
English
English
English
English
English
English
English
English
English
English
English

Country/Geographical area

Europe
USA
China
China
Europe
Europe
Spain
French
Europe
USA

Pakistan
Canada
Europe

Italy
UK

Europe
Japan

Tumor

iCCA, pCCA, dCCA
iCCA, pCCA, dCCA and GBC
pCCA
pCCA
pCCA, dCCA
iCCA, pCCA, dCCA and GBC
iCCA, pCCA, dCCA and GBC
iCCA, pCCA,
iCCA, HCC
GBC
hCCA
iCCA, pCCA, dCCA and GBC
iCCA
iCCA, pCCA, dCCA
iCCA, pCCA, dCCA
iCCA, pCCA, dCCA and GBC
iCCA, pCCA, dCCA

Ref.

(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(8)
(24)



BioScience Trends. 2026; 20(4):348-360.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):348-360.                                                  www.biosciencetrends.com

(350)

higher than those in controls (41). Conversely, levels of 
miRNA-150 expression in patient serum were markedly 
lower (42).
	 Analysis of mutations in bile cfDNA aids in 
differentiating benign from malignant biliary strictures 
when biliary obstruction is suspected (43). Moreover, 
ctDNA plays a crucial role as a prognostic biomarker and 
monitoring tool for patients with resected eCCA. Patients 
with persistently negative ctDNA had significantly longer 
disease-free survival (44). Moreover, ctDNA-based 
genotyping demonstrated acceptable concordance with 
tissue genomic profiling, establishing liquid biopsy using 
ctDNA as a valuable adjunct to the genomic analysis of 
tissue in BTC (45).
	 Emerging translational evidence also strong 
corroborates the contention that serum extracellular 
vesicles contain unique protein biomarkers useful for 
early, sensitive, and specific diagnosis of PSC, CCA, 
and HCC (46). Serum EVs can be used to predict 
CCA, diagnose it early, and to predict its prognosis. 
These biomarkers can be detected through whole serum 
analysis, which is a form of liquid biopsy using tumor 
cells (47).

3.2.2. Diagnostic imaging

All of the guidelines emphasize a multimodal imaging 
approach for accurate diagnosis and staging. Abdominal 
ultrasound (US) is the preferred initial imaging method 
for CCA diagnosis due to its non-invasiveness and 
accessibility, and it can identify biliary dilatation, 
intrahepatic masses, and the site of obstruction (48). 
Contrast-enhanced ultrasound (CEUS) can assist in 
characterizing indeterminate lesions but is not routinely 
recommended (49,50). The ESMO and BSG guidelines 
recommend contrast-enhanced multiphase CT as an 
examination for basic staging, evaluating the extent of 
the primary tumor, determining vascular and lymph 
node involvement, and identifying metastases. For 
pCCA and iCCA, MRI/MRCP is preferred to delineate 
the biliary tree and vascular anatomy. The clinical 
utility of 18F-fluorodeoxyglucose positron emission 
tomography (FDG-PET) remains a point of slight but 
notable international divergence. The BSG and NCCN 
guidelines strongly recommend PET-CT for the highly 
sensitive detection of occult regional nodal involvement 
and distant metastatic disease to aggressively prevent 
futile staging laparotomies and non-curative resections. 
Conversely, the ESMO guidelines caution against its 
routine baseline use for primary diagnosis and local hilar 
staging due to an unacceptably poor specificity (often 
identifying false-positive inflammatory nodes stemming 
from cholangitis or stent placement), reserving it 
primarily for resolving ambiguous distant metastases or 
confirming the suspected recurrence of disease. Common 
examinations and their indications are shown in Table 2.
	 Images contain vast amounts of data and quantitative 

cancer syndromes associated with BRCA1 and BRCA2 
germline mutations, as well as germline mutations 
in ATM, CHEK2, and PALB2, and Lynch syndrome 
linked to mismatch repair deficiency (32). Studies have 
identified germline mutations in 2 to 16% of patients 
with CCA, including variants in APC, ATM, BAP1, 
BRCA1, BRCA2, FANCA, PALB2, PMS2, MUTYH, 
RAD51D, MLH1, and MLH2 (33-35). In patients with 
pCCA/dCCA, germline variants including BRCA1, 
BRCA2, MLH1, MSH6, MUTYH, ATM, CHEK2, 
FANCA, and APC have been documented (34-36). 
The BSG guidelines strongly advocate for taking a 
comprehensive family history to exclude familial cancer 
syndromes, specifically recommending that patients 
presenting with an unusual familial pattern of cancer or 
exceptionally early-onset disease be promptly referred to 
clinical geneticists (23).

3. Screening and diagnosis

3.1. Screening strategies

Due to the lack of universal screening standards, 
guidelines recommend targeted screening for high-
risk populations based on regional risk factors. For 
PSC patients, the ESMO and EASL-ILCA guidelines 
recommend annual non-invasive imaging surveillance 
(ultrasound, MRI/MRCP) combined with CA 19-9 
detection (21,37). The BSG guidelines support this 
recommendation, noting that PSC-related CCA may 
be the first manifestation of previously undiagnosed 
PSC. The EASL-ILCA guidelines strongly recommend 
abdominal ultrasound surveillance every 6 months for 
liver fluke-infected populations. Educational campaigns 
to prevent liver fluke infection are also advocated for 
as a primary prevention strategy. For patients with 
choledochal cysts or hepatolithiasis, guidelines suggest 
individualized surveillance, but specific protocols lack 
sufficient evidentiary support (38).

3.2. Diagnostic methods

3.2.1 Serological diagnosis

All of the guidelines recognize CA 19-9 as the main 
serum biomarker for CCA diagnosis and prognosis 
evaluation, but it is non-specific. CEA is an auxiliary 
marker, and when combined with CA 19-9 it may 
improve diagnostic accuracy, but none of the guidelines 
recommend it as a standalone diagnostic tool (39).
	 As technology has advanced, several novel 
approaches have been developed. Multiple single-center 
pilot studies have identified miRNAs and circular RNAs 
in biological fluids (such as serum, plasma, urine, and 
bile) with diagnostic and/or prognostic potential for 
CCA (9,40). Levels of miR-21 and miR-122 expression 
in plasma from iCCA patients were significantly 
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features that are imperceptible to the human eye. 
Radiomics plays a pivotal role in analyzing these 
features, which provide information on tumor shape, size, 
volume, and other characteristics (51). Novel imaging 
techniques such as AI-assisted diagnostic imaging and 
multimodal image fusion demonstrate promising efficacy 
in lesion diagnosis, achieving an accuracy rate (ACC) of 
94.7% for distinguishing benign from malignant tumors 
(52). CNN-based computer vision represents the most 
promising approach for diagnosing extrahepatic CCA 
through image recognition (53). Integrating models with 
MRI images enables differentiation between high-risk 
and low-risk CCA groups and lymph node metastasis 
(54). Notably, data quality, scale, and instability 
significantly impact model research. Recognition 
algorithms require extensive datasets for validation, 
which are often difficult to obtain. Concurrently, 
addressing overfitting and enhancing model robustness 
and reproducibility remain critical challenges (55).

3.2.3. Histological diagnosis

Pathological confirmation is the gold standard for CCA 
diagnosis, with guidelines emphasizing the importance 
of tissue sampling for both diagnosis and molecular 
profiling (7):
	 Biopsy methods: For resectable tumors, the ESMO 
and BSG guidelines caution against percutaneous biopsy 
to avoid tumor seeding, suggesting that pathological 
confirmation can be achieved with surgical specimens 
(8,23). For unresectable or metastatic disease, EUS-
guided fine needle aspiration/biopsy (FNA/FNB) is 
preferred for p/dCCA and GBC, while US/CT-guided 
biopsy is suitable for iCCA. ERCP/PTC-guided biopsy 
or cholangioscopy-directed biopsy can be used for biliary 
strictures, but sensitivity is limited, and combining 
multiple sampling methods may improve yield.

	 The 5th WHO classification of biliary tract tumors 
distinguishes two distinct subtypes of iCCA: the large 
duct type and the small duct type. The small duct type 
harbors IDH1/2 mutations and FGFR2 fusions, which 
are treatable with targeted therapies, while the large duct 
type often presents with KRAS and SMAD4 mutations 
similar to pCCA and dCCA (56,57).
	 Immunohistochemistry (IHC): The EASL-ILCA and 
BSG guidelines recommend IHC panels to distinguish 
CCA subtypes and exclude metastases: iCCA is typically 
CK7(+), CK19(+), CK20(-); colon metastases are CK7(-
), CK20(+), CDX2(+); lung metastases are TTF-1(+); 
and breast metastases are GATA3(+). Moreover, iCCA 
is histologically stratified into small duct (SD) and large 
duct (LD) subtypes, which exhibit distinct anatomical 
distributions, growth patterns, and immunophenotypes.
	 SD-iCCA typically manifests as a mass-forming 
tumor in the peripheral liver and CD56 and N-cadherin 
are positive. while LD-iCCA typically affects the 
perihilar region or extrahepatic bile duct and expresses 
S100p and mucicarmine (21,23,58,59).
	 Molecular profiling: The ESMO, Canadian, and 
BSG guidelines strongly recommend next-generation 
sequencing (NGS) for advanced CCA patients eligible 
for systemic therapy (8,20,23). The core gene panel 
includes IDH1, FGFR2, HER2, BRAF, and NTRK, with 
RNA sequencing preferred for detecting FGFR2 and 
NTRK fusions. Liquid biopsies (cell-free DNA) can be 
used when tissue is insufficient.

4. Staging and classification

The American Joint Committee on Cancer (AJCC)/
Union for International Cancer Control (UICC) TNM 
staging system represents the most widely adopted 
staging framework for CCA and is recommended by the 
majority of clinical guidelines (60).

Table 2. Summary of diagnostic imaging modalities in cholangiocarcinoma per major guidelines

Diagnostic modality

Abdominal ultrasound

Multiphasic CT

MRI / MRCP

FDG-PET / CT

ERCP / Cholangioscopy

Primary clinical indication in CCA guidelines

Serves as the initial screening and triage modality for 
patients with jaundice; enables the identification of severe 
biliary dilatation and macroscopic abdominal masses.

Applied for anatomical staging of primary 
cholangiocarcinoma, assessment of macroscopic vascular 
invasion, and detection of distant metastatic lesions.

Provides high-precision delineation of biliary tract 
anatomical structures; evaluates hilar tumor resectability in 
pCCA.

Facilitates the detection of occult regional lymph node 
metastasis and unidentified distant metastases in CCA 
patients.

Enables direct visual evaluation of biliary lesions and 
targeted pathological tissue sampling for pCCA and dCCA.

Guideline consensus

Universally recognized as the first-line triage tool for 
preliminary CCA evaluation.

Established as the standard diagnostic care recommended 
by ESMO, EASL, BSG, and NCCN guidelines.

Accepted as the gold standard for local tumor staging of 
CCA (ESMO, EASL).

Recommended for selective clinical application (BSG, 
NCCN); not preferred for routine local tumor staging 
(ESMO).

The preferred invasive modality for pathological tissue 
acquisition in CCA diagnosis.
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	 For different CCA subtypes, guidelines emphasize 
subtype-specific staging criteria and clinical assessment 
considerations. All major guidelines endorse the 8th 
edition of the UICC TNM staging system, with the 
following subtype-specific modifications:
	 For iCCA:  Staging is determined by tumor 
size, multifocality, vascular invasion, lymph node 
involvement, and distant metastasis. The ESMO and 
EASL-ILCA guidelines note that the AJCC/UICC 
system classifies liver metastases without extrahepatic 
involvement as early-stage disease. However, the 
European Network for the Study of Cholangiocarcinoma 
(ENS-CCA) has proposed a new "M1a stage" for 
multiple liver lesions, as these patients have a poorer 
prognosis compared to other early-stage patients. Patients 
with iCCA and liver metastases (approximately 20% 
of patients) have a significantly worse prognosis than 
patients with solitary tumors, regardless of lymph node 
status (61).
	 For pCCA: In addition to TNM staging, the Bismuth-
Corlette classification is widely used to characterize the 
extent of biliary obstruction, which informs surgical 
planning and biliary drainage strategies.
	 Type I: Tumor strictly below the primary biliary 
confluence.
	 Type II: Tumor involving the primary confluence 
without extension into secondary ducts.
	 Type IIIa/IIIb: Tumor extending into the right (IIIa) 
or left (IIIb) secondary intrahepatic ducts.
	 Type IV: Bilateral extension into secondary 
intrahepatic ducts, or multifocal disease precluding 
standard resection.
	 All global guidelines stress that the final determination 
of resectability must not rely on a single clinician's 

assessment but must be reached through an expert 
multidisciplinary team (MDT) including hepatobiliary 
surgeons, medical oncologists, interventional radiologists, 
endoscopists, and pathologists.
	 For dCCA: Staging parallels that for pancreatic 
head carcinoma, with particular emphasis on assessing 
pancreatic invasion and lymph node metastasis.
	 In clinical practice, however, staging classifications 
often diverge from actual patient circumstances, 
primarily due to inadequate risk stratification. Several 
alternative staging systems have been proposed to 
address these limitations. The KKU staging system 
has been developed specifically for iCCA staging (62), 
and a modified TNM staging system has been used 
for the long-term OS stratification of iCCA patients 
(63). Additionally, evidence suggests that when tumors 
directly invade visceral peritoneal surfaces without 
involving local extrahepatic structures, survival rates do 
not differ significantly (64). Therefore, further refinement 
of staging systems requires larger-scale, evidence-based 
validation studies.

5. Treatment

Therapeutic strategies for CCA are categorized into 
resectable and unresectable cases. The corresponding 
treatment algorithm is shown in Figure 1. This review 
focuses on discussing the concept of translational 
therapy.

5.1. Treatment of resectable CCA

Surgical resection remains the potentially curative 
treatment modality for CCA, with achieving an R0 

Figure 1. Therapeutic algorithm for cholangiocarcinoma (CCA). This flowchart outlines the corresponding treatment strategies for CCA cases 
and serves as a visual framework for the subsequent discussion of the concept of therapy in this review.
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resection serving as the primary therapeutic objective 
(6). While major clinical guidelines share consistent 
overarching principles, they differ in certain technical 
recommendations depending on the CCA subtype.
	 iCCA:  Ana tomica l  hepa tec tomy—such  as 
hemihepatectomy or segmentectomy—is preferred, 
accompanied by routine lymphadenectomy with a 
minimum of six lymph nodes harvested for accurate 
pathological staging in NCCN. However, large-scale 
studies at Chinese centers have indicated that while 
LND is unquestionably critical for accurate N-staging, 
the procedure itself does not independently improve 
OS or RFS in patients with clinically node-negative 
iCCA. Consequently, the primary clinical utility of 
LND has shifted from a presumed therapeutic clearance 
to a vital diagnostic tool for risk stratification. The 
EASL–ILCA guidelines emphasize that anatomical 
resection is associated with superior survival outcomes 
compared to non-anatomical resection in patients with 
stage IB/II iCCA without vascular invasion. Portal vein 
embolization (PVE) is recommended to augment the 
future liver remnant (FLR) when the FLR volume is < 
25% in patients with normal liver parenchyma or < 40% 
in those with underlying chronic liver disease (21).
	 For pCCA, extended hepatectomy combined with 
bile duct resection and caudate lobectomy represents the 
standard surgical strategy; notably, the BSG guidelines 
underscore the requirement for preoperative biliary 
drainage of the FLR, with bilateral drainage indicated in 
patients presenting with persistent jaundice or cholangitis 
(65). Portal vein or hepatic artery resection and 
reconstruction may be necessary to achieve R0 margins 
in advanced Bismuth-Corlette types. In contrast, dCCA is 
conventionally managed with pancreaticoduodenectomy 
(Whipple procedure), which routinely includes extended 
bile duct resection and regional lymphadenectomy.
	 For GBC, the 2024 IHPBA-APHPBA Delphi 
Consensus has definitively resolved the long-standing 
controversy surrounding the surgical management of 
pT1b GBC, which is defined by tumor invasion of 
the perimuscular connective tissue without serosal 
penetration. The optimal extent of hepatic resection 
for pT1b GBC has frequently been debated in clinical 
practice. Aggressive surgical strategies have traditionally 
recommended formal anatomical resection of hepatic 
segments IVB and V to achieve thorough clearance of 
deep hepatic parenchymal tissue, whereas alternative 
approaches have favored a less invasive non-anatomical 
wedge resection of the gallbladder bed. Notably, the 
IHPBA-APHPBA Delphi consensus unequivocally 
recommends margin-negative wedge resection of the 
gallbladder bed as the sufficient and oncologically radical 
hepatic procedure for pT1b GBC. In contrast, formal 
bisegmentectomy of segments IVB/V is strictly reserved 
for T2 and T3 GBC with confirmed or highly suspected 
deep hepatic parenchymal invasion (18).
	 Liver transplantation: Liver transplantation is 

strictly restricted by the ESMO and BSG guidelines 
to highly selected patients with pCCA arising in 
the setting of primary sclerosing cholangitis (8,23). 
Eligibility criteria include a tumor size < 3 cm, absence 
of extrahepatic disease, and completion of neoadjuvant 
chemoradiotherapy, yielding 5-year survival rates ranging 
from 55 to 82%. For iCCA, the ILTS-ILCA 2024 and 
ENS-CCA 2026 guidelines suggest that transplantation 
be considered only for early-stage tumors (< 3 cm) 
in patients with underlying cirrhosis (9,17). Although 
current evidence supporting liver transplantation as a 
therapeutic modality for CCA remains limited by the 
lack of large-scale, prospective, multicenter studies, it 
represents an important treatment option for selected 
patient populations (66).
	 Adjuvant therapy: All of the major clinical guidelines 
endorse six months of oral capecitabine as standard 
adjuvant therapy based on the landmark BILCAP trial, 
which noted a significant OS benefit. The Japanese 
ASCOT trial further supports the efficacy of S-1 as 
an alternative adjuvant regimen, particularly in Asian 
populations. Additionally, the ESMO and BSG guidelines 
suggest considering adjuvant chemoradiotherapy for 
R1-resected GBC or p/dCCA, although the supporting 
evidence remains limited.
	 Large-scale retrospective evidence further substantiates 
the role of adjuvant therapy in resectable CCA. In 4,519 
patients with CCA who underwent surgical resection, 
adjuvant therapy was associated with favorable outcomes 
in low-risk resectable disease, defined as patients with 
R0 resection margins and negative regional lymph nodes 
(hazard ratio (HR): 0.86, 95% confidence interval (CI): 
0.78–0.95) (67). Similarly, for high-risk individuals who 
underwent surgical resection between 2010 and 2018, 
the implementation of adjuvant chemotherapy (AC) 
contributed to improved clinical outcomes (68).

5.2. Treatment of unresectable CCA

The stark reality of CCA is that the majority of patients 
present with locally advanced, unresectable, or 
metastatic disease. In this setting, management focuses 
on prolonging survival, maintaining quality of life, 
and aggressively alleviating symptoms such as biliary 
obstruction and cancer-related pain.

5.2.1. First-line therapy

As first-line therapy for advanced CCA, gemcitabine plus 
cisplatin (GemCis) has long been the standard systemic 
regimen. The phase III TOPAZ-1 trial demonstrated 
that the addition of durvalumab, a PD-L1 inhibitor, to 
GemCis significantly improves overall survival, leading 
the ESMO, Canadian, and BSG guidelines to endorse 
GemCis combined with durvalumab as the preferred 
first-line treatment. Similarly, the KEYNOTE-966 trial 
reported a survival benefit with pembrolizumab plus 
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GemCis, although this regimen is currently approved 
only in select regions. In Asian populations, particularly 
per the CSCO guidelines, the combination of gemcitabine 
with S-1 is considered non-inferior to GemCis, offering 
an alternative backbone with a favorable toxicity profile. 
For patients with a poor performance status (ECOG PS = 
2), gemcitabine monotherapy is recommended as a less 
toxic alternative. In cases of renal impairment, oxaliplatin 
may be substituted for cisplatin to avoid nephrotoxicity 
while maintaining therapeutic efficacy (8,20,23,69).

5.2.2. Second-line therapy

In the second-line and subsequent treatment of advanced 
CCA, FOLFOX (5-fluorouracil, leucovorin, and 
oxaliplatin) is established as the standard regimen based 
on the ABC-06 trial, which noted that it had a significant 
overall survival benefit. Liposomal irinotecan combined 
with 5-FU/leucovorin represents an alternative option, 
although its efficacy varies between Western and Asian 
populations (16).
	 For molecularly selected patients, targeted therapies 
play a critical role: FGFR2 fusions can be treated with 
FDA- and EMA-approved inhibitors—pemigatinib, 
infigratinib, and futibatinib—yielding a median 
PFS of 6.9–9.0 months, and they are recommended 
by the ESMO and Canadian guidelines after first-
line progression (14). Ivosidenib, an IDH1 inhibitor, 
significantly improves PFS in IDH1-mutant BTC and 
is FDA-approved, though it lacks EMA approval and 
Canadian reimbursement. For tumors harboring BRAF 
V600E mutations, combination therapy with dabrafenib 
and trametinib demonstrates robust activity (objective 
response rate (ORR): 51%; median OS: 14 months) 
and is endorsed for eligible patients. NTRK gene 
fusions, although exceedingly rare (< 0.1% of BTC), 
are targetable with the tumor-agnostic TRK inhibitors 
larotrectinib or entrectinib. Similarly, RET inhibitors 
have also shown efficacy in some patients. In HER2-
amplified BTC, dual HER2 blockade with pertuzumab 
plus trastuzumab or antibody–drug conjugates such as 
trastuzumab deruxtecan show modest efficacy (ORR: 
23–36%) and are generally offered within clinical trials 

or special access programs. Finally, pembrolizumab 
is recommended for the subset of patients with high 
microsatellite instability (MSI-H) or mismatch repair–
deficient (dMMR) CCA, based on KEYNOTE-158 data 
indicating an ORR of 40.9% and a median OS of 24.3 
months. (Table 3)

5.2.3. Locoregional therapy

Locoregional treatments (LRT) are critical for palliation, 
symptom control, and prolonging survival, particularly 
in liver-predominant unresectable disease or cases 
presenting with profound obstructive jaundice. Biliary 
drainage is of the utmost importance so that malignant 
biliary obstruction is promptly relieved in order to 
prevent ascending cholangitis, alleviate pruritus, and 
reverse hyperbilirubinemia, thus enabling the safe 
administration of systemic chemotherapy. For dCCA, 
the EASL and BSG guidelines prefer endoscopic 
biliary drainage (EBD) via ERCP over percutaneous 
transhepatic biliary drainage (PTBD) due to lower 
risks of hemorrhage and external tube dislocation. 
Endoscopic drainage is technically arduous in pCCA 
(Bismuth III/IV). The current EASL and BSG consensus 
indicates parity between ERCP and PTBD; the choice 
depends strictly on local MDT expertise and anatomical 
feasibility.
	 In addition to biliary drainage, local treatment of 
the tumor tissue is also imperative. According to the 
ESMO and EASL–ILCA guidelines, thermal ablation 
is recommended for patients with unresectable iCCA 
lesions ≤3 cm, demonstrating a pooled complete ablation 
rate of 93% and a median OS of 30.2 months. For liver-
confined disease, transarterial approaches—including 
transarterial chemoembolization (TACE), transarterial 
radioembolization (TARE), and hepatic arterial infusion 
chemotherapy (HAIC)—represent feasible therapeutic 
options that may enhance ORRs and facilitate secondary 
resection, particularly when integrated with systemic 
therapy. Notably, transarterial therapeutic approaches 
may demonstrate optimal efficacy in larger lesions (>4 
cm) with peripheral enhancement, potentially reflecting 
increased dependence on arterial blood supply, thereby 

Table 3. Actionable molecular targets in cholangiocarcinoma: Prevalence, targeted agents, and corroborating guideline

Molecular target

FGFR2 fusions
IDH1 mutations
HER2 amplification
BRAF V600E
MSI-H / dMMR

NTRK fusions
RET fusions

None (wild-type)

Prevalence

10-15% (iCCA)
15-20% (iCCA)
5-15% (GBC, eCCA)
3-5% (iCCA)
1-2% (all subtypes)

<1% (all subtypes)
<1% (all subtypes)

~60% (all subtypes)

Corroborating guideline 
(NCCN / ESMO)

Category 2A / ESCAT I-B
Category 1 / ESCAT I-A
Category 2A / ESCAT I-C
Category 2A / ESCAT I-B
Category 2A / ESCAT I-C
Category 2B / ESCAT I-C
Category 2A / ESCAT I-C
Category 2B / ESCAT I-C
Category 2A / ESCAT I-C
Category 1 (FOLFOX)

Targeted agent(s)

Pemigatinib, Futibatinib, Erdafitinib
Ivosidenib
Trastuzumab deruxtecan, Zanidatamab, Trastuzumab + Pertuzumab
Dabrafenib + Trametinib
Pembrolizumab,
Dostarlimab
Larotrectinib, Entrectinib, Repotrectinib
Pralsetinib
Selpercatinib
mFOLFOX or Nal-IRI + 5-FU
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augmenting treatment effectiveness (70).
	 Stereotactic body radiotherapy (SBRT) provides 
effective palliative control for locally advanced iCCA, 
with a reported 1-year local control rate of 83%. 
However, SBRT is not recommended as a definitive 
treatment modality outside the context of clinical trials. 
The optimal management strategy for patients with 
locally advanced CCA involves a rational combination 
of multiple locoregional therapeutic approaches, 
complemented by continually evolving systemic 
treatment regimens. In the absence of Level 1 evidence 
to guide clinical decision-making, all patients with CCA 
should undergo comprehensive evaluation at experienced 
centers with multidisciplinary expertise (71).

5.2.4. Translational therapy

Translational therapy represents a treatment paradigm 
that integrates systemic and local therapeutic modalities 
to render initially unresectable advanced carcinoma 
amenable to curative surgical intervention (72). The 
core mechanism entails combining targeted therapy and 
immunotherapy with local interventions, including TACE 
and HAIC. This multimodal approach induces tumor 
regression, thereby facilitating tumor downstaging.
	 Multi-agent regimens (e.g., GemCis + immunotherapy) 
can achieve substantial tumor shrinkage, allowing 
successful R0 resections in iCCA or pCCA that was 
previously deemed inoperable. Immunotherapy has 
emerged as a promising therapeutic strategy across 
various malignancies in clinical oncology. The 
fundamental principle of tumor immunotherapy 
involves modulating the tumor microenvironment 
(TME) and restoring immune surveillance of tumor 
cells to achieve antitumor action. Notably, specific 
patient subpopulations derive substantial benefits from 
targeted immunotherapeutic interventions, underscoring 
the increasing importance of precision medicine in 
identifying eligible candidates for CCA management. 
Among the classic diagnostic methodologies, including 
immunohistochemistry (IHC), fluorescence in situ 
hybridization (FISH), and polymerase chain reaction 
(PCR)-based assays, the latter demonstrates superior 
efficiency in detecting single-gene mutations (73).
	 CCA is characterized by a prominent stromal 
component comprising heterogeneous cell populations, 
including both innate and adaptive immune cells. 
Tumor-associated macrophages (TAMs), myeloid-
derived suppressor cells (MDSCs), and cancer-
associated fibroblasts (CAFs) collectively shape the 
immune microenvironment of CCA (74). Elevated 
expression of immune checkpoint molecules, including 
programmed cell death protein 1 (PD-1), its ligand PD-
L1, and cytotoxic T-lymphocyte-associated protein 4 
(CTLA-4), on tumor-infiltrating immune cells reflects 
an immunosuppressive milieu (75). Consequently, 
the tumor-infiltrating immune environment (TIME) 

promotes tumor progression, immune evasion, and 
chemoresistance, contributing to the limited efficacy of 
immune checkpoint inhibitor (ICI) therapy observed in 
clinical trials (76).
	 Current clinical guidelines provide specific 
recommendations for ICI therapy in CCA. The 2025 
NCCN guidelines endorse pembrolizumab, an anti-PD-1 
ICI, as monotherapy for unresectable or metastatic CCA 
exhibiting MSI-H or dMMR. This recommendation is 
consistent with the 2022 ESMO guidelines for biliary 
tract cancers (10,14,77). Moreover, ESMO recommends 
NGS for comprehensive molecular profiling in CCA (78).
Recurrent genomic alterations in advanced CCA include 
FGFR2 fusions (79), ERBB2 (HER2) amplifications (80) 
and mutations (81), and BRAF mutations (82). Although 
FGFR inhibitors demonstrate clinical benefit in CCA 
harboring FGFR2 fusions or rearrangements, therapeutic 
outcomes remain suboptimal. Their clinical utility is 
further constrained by dose-dependent toxicities and 
the inevitable emergence of acquired resistance (79,83). 
Similarly, despite limitations including small cohort sizes 
and the absence of control groups, mounting evidence 
suggests that HER2-targeted therapy holds promise for 
patients with CCA (84).
	 IDH1 mutations represent a rare metabolic enzyme 
alteration in CCA. While emerging data indicate potential 
OS benefits, the current understanding of resistance 
mechanisms remains limited (85). Notably, the Japanese 
guidelines do not currently provide recommendations for 
patients with genomic alterations in the FGFR or IDH 
genes (86).
	 In summary, although treatment options beyond 
standard chemotherapy may be available for patients with 
CCA, additional prospective data need to be gathered to 
establish the efficacy of incorporating targeted therapies 
in various treatment stages or combining them with 
chemotherapy and other therapeutic modalities (87).

6. Discussion

CCA remains a highly aggressive and molecularly 
heterogeneous malignancy with a persistently poor 
prognosis. The management of CCA is complex, 
necessitating a synthesis of the global consensus on 
stratified care while accounting for significant regional 
disparities driven by local etiologies and resource 
availability.
	 Regional disparities significantly influence the 
management of CCA, with clinical guidelines tailored 
to local etiologies and resource availability. In Asia, 
screening and treatment strategies prioritize liver fluke 
infection and hepatolithiasis-related CCA, and the oral 
fluoropyrimidine S-1 is commonly used in both adjuvant 
and palliative settings. The "Lawa model" program in 
Thailand, combining anthelmintic treatment, intensive 
health education, ecosystem monitoring, and community 
participation, reduced infection rates in cyprinoid fish 
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(the intermediate host) from 70% to less than 1% (88,89). 
Conversely, Europe and North America focus on PSC-
associated CCA, benefiting from broader access to 
immunotherapies (e.g., durvalumab) and targeted agents 
such as FGFR inhibitors. In resource-limited regions, 
cost constraints necessitate reliance on US-based 
surveillance and gemcitabine-based chemotherapy, while 
NGS and molecularly targeted therapies remain largely 
inaccessible. These geographic variations underscore 
the need for context-specific guideline development and 
equitable access to advanced therapeutics (90,91).
	 Despite these geographic differences, the core 
principle of optimizing outcomes relies on stratified 
management based on resectability status. First, patients 
with initially resectable CCA undergo upfront curative-
intent resection, the only established radical therapy, in 
20–30% of newly diagnosed cases. Adjuvant capecitabine 
for 6 months is universally recommended following R0 
resection and is corroborated by evidence from the phase 
III BILCAP trial (92). Second, patients with borderline 
resectable CCA receive neoadjuvant systemic therapy to 
facilitate downstaging, followed by resection and adjuvant 
treatment, in order to improve margin-negative resection 
rates and reduce recurrence (9,15).
	 Third, patients with initially unresectable CCA 
responding to treatment receive first-line therapy 
combining cisplatin, gemcitabine, and anti–PD-1/PD-L1 
inhibitors (TOPAZ-1, KEYNOTE-966); eligible patients 
then undergo salvage resection or liver transplantation, a 
validated curative approach for selected intrahepatic and 
perihilar CCA (93,94). Fourth, patients with persistently 
unresectable/metastatic C receive palliative systemic 
therapy to prolong survival¹. Second-line FOLFOX 
is standard for patients without actionable alterations 
(ABC-06), whereas matched targeted agents are used 
for IDH1 mutations (ClarIDHy), FGFR2 fusions, BRAF 
V600E, or HER2 amplification (95-97).
	 Emerging research underscores the importance of 
molecular subtyping in guiding therapeutic decision-
making. According to the EASL-ILCA recommendations, 
SD-iCCA frequently harbors IDH1/2 mutations and 
FGFR2 fusions, whereas LD-iCCA and eCCA have 
abundant KRAS and SMAD4 alterations (21). These 
molecular distinctions may inform subtype-specific 
treatment strategies and patient stratification. Despite 
therapeutic advances over the past decade, improvements 
in survival rates for advanced CCA remain limited. This 
observation highlights the critical need for identifying 
specific biomarkers to improve patient prognosis and 
therapeutic efficacy. Priority must be given to preventive 
measures, early diagnosis, and the identification of 
predictive biomarkers to achieve optimal patient 
stratification (98,99).
	 Drug resistance remains a major challenge in 
CCA management (100). Resistance to FGFR and 
IDH1 inhibitors arises through secondary gatekeeper 
mutations or activation of bypass pathways, prompting 

investigation into irreversible FGFR inhibitors and 
rational combinations with immunotherapy (101). 
Similarly, the limited efficacy of immune checkpoint 
inhibitors—attributed to a low tumor mutational burden 
and an immunosuppressive microenvironment—is being 
addressed through multimodal approaches, including 
chemotherapy, anti-VEGF agents, and personalized 
vaccines. Chemoresistance mechanisms involving DNA 
repair dysregulation and drug efflux pumps are actively 
being studied, with PARP inhibitors showing potential 
in BRCA1/2-mutated subsets. These findings suggest 
that combination strategies targeting multiple pathways 
simultaneously may overcome resistance mechanisms 
more effectively than monotherapy.
	 For refractory disease, a precision oncology approach 
is advocated, including repeat molecular profiling via 
tissue re-biopsy or liquid biopsy to uncover acquired 
actionable alterations (102,103), prioritized enrollment 
in clinical trials evaluating emerging agents (e.g., 
Claudin 18.2 or MET inhibitors), and integration of 
locoregional therapies for oligoprogressive disease. 
Appropriate patient selection, resection with negative 
surgical margins, and rational administration of systemic 
chemotherapy remain critical factors for ensuring 
optimal long-term survival outcomes (104).
	 Critical gaps persist in prevention and early detection 
(21). Prospective data validating the cost-effectiveness 
of screening high-risk cohorts remain lacking, and novel 
non-invasive biomarkers, such as circulating tumor DNA 
and microRNAs, require further validation. Moreover, 
the long-term impact of public health interventions—
particularly educational campaigns in liver fluke-
endemic areas—on the incidence of CCA has yet to 
be quantified. These limitations highlight the need for 
large-scale, prospective, multicenter studies to establish 
evidence-based screening protocols.
	 The integration of spatial transcriptomics with 
radiomics, encompassing comprehensive analysis of 
bulk, single-cell, and spatial transcriptomics, holds 
promise for predicting prognosis and immunotherapeutic 
benefits, thereby facilitating precision oncology in 
treatment decision-making for iCCA patients (105). This 
emerging technology may enable more accurate patient 
stratification and treatment personalization in future 
clinical practice.
	 Concurrently, early palliative care involvement is 
essential to managing complications such as biliary 
obstruction, pain, and malnutrition, thereby optimizing 
quality of life, and particularly in patients with a poor 
performance status for whom best supportive care may 
be most appropriate. This multidisciplinary approach 
should be integrated throughout the disease continuum 
rather than reserved for end-stage disease.

7. Conclusion

Current CCA guidelines share core principles 
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in epidemiology, diagnosis,  and treatment but 
differ in regional adaptations and resource-based 
recommendations. The integration of recent key 
studies has enriched the treatment landscape, with 
immunotherapy combined with chemotherapy becoming 
the new first-line standard, and targeted therapies 
providing personalized options for molecularly defined 
subgroups. However, several issues remain unaddressed, 
including drug resistance, lack of universal screening 
standards, and limited access to advanced therapies in 
resource-limited regions. Future research should focus 
on clarifying molecular mechanisms, developing novel 
biomarkers, optimizing combination therapies, and 
validating prevention strategies to improve the prognosis 
for CCA patients.
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1. Introduction: HCC is not just a cancer

Hepatocellular carcinoma is the predominant form 
of primary liver cancer and remains a major cause of 
cancer death worldwide. Its management is unlike that 
of most solid tumors because prognosis reflects both 
tumor biology and the trajectory of chronic liver disease. 
A patient may die from cancer progression, portal-
hypertensive complications, hepatic decompensation, 
treatment-related liver injury, or an interaction among 
these processes. Contemporary guidelines consequently 
integrate tumor burden, liver function, performance 
status, and patient preference rather than relying on 
anatomical stage alone (1-4).
	 This dual-risk structure creates a paradox. An 
intervention can suppress tumor growth and extend life, 
and yet it can also reduce hepatic or physiological reserve 
enough to make the next effective treatment unsafe. 
Conversely, a treatment that produces only modest 

radiological shrinkage may be valuable if it controls 
disease while preserving the circumstances required for 
later systemic therapy, ablation, radiotherapy, resection, 
or transplantation. The clinically relevant unit is therefore 
not the isolated treatment episode but the evolving 
treatment pathway.
	 We use the term "dynamic therapeutic opportunity" to 
describe the patient's time-varying set of clinically credible 
systemic, locoregional, and curative-intent options. 
"Reserve" is retained for internal capacities such as hepatic 
and physiological reserve; opportunity also depends on 
prior exposure, access, timing, and preference, and is 
therefore a state and set of options, not a score.
	 This Review develops that concept through a 
structured narrative review. PubMed/MEDLINE and 
key guideline, trial-registry and society sources were 
searched for English-language reports published from 
January 1, 2000 to August 13, 2026, with an emphasis 
on guidelines, randomized phase 3 trials, prospective 
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SUMMARY: Hepatocellular carcinoma (HCC) is governed by malignant progression and deterioration of the organ 
in which the cancer arises. Modern management has therefore outgrown static stage-to-treatment allocation. We 
define dynamic therapeutic opportunity as the time-varying set of clinically credible treatment options available to 
an individual patient, determined by hepatic reserve, oncological tractability, physiological reserve, prior therapeutic 
exposure, patient goals, and real-world deliverability. This framework does not replace validated staging systems or 
liver-function scores; it asks how each intervention changes the circumstances under which the next decision will be 
made. Evidence for curative-intent conversion remains dominated by selected cohorts, although the interim results of 
the randomized TALENTop trial provide the first prospective comparative signal supporting resection in a narrowly 
defined post-induction population. We review liver-sparing surgery, locoregional-systemic integration, conversion 
therapy, and modifiers such as frailty and metabolic dysfunction-associated steatotic liver disease. We then propose 
a trial architecture that complements tumor endpoints with hepatic decompensation, sustained ALBI deterioration, 
subsequent-treatment access, curative-intent transition, functional independence, and patient-reported outcomes. 
Modern HCC management should evaluate not only whether an intervention controls the present tumor but also 
whether it preserves, expands, or eliminates the patient's future set of clinically meaningful treatment options.

Keywords: treatment sequencing, transarterial chemoembolization, conversion therapy, frailty, ALBI grade, clinical trial 
endpoints
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studies, large international cohorts, meta-analyses and 
concept-defining papers. Historical surgical reports 
published before 2000 were included when essential. 
This is not a systematic review and no claim of 
exhaustive evidence capture is made.

2. The Makuuchi legacy: Balancing curability and 
hepatic safety

A modern account should not portray historical HCC 
care as simply tumor-centered. The Makuuchi school 
established a different question: how much of the liver 
could safely be removed while retaining the possibility 
of a cure? Decision algorithms based on ascites, serum 
bilirubin, and indocyanine green retention at 15 minutes 
linked the extent of resection to functional reserve rather 
than tumor anatomy alone (5,6). Anatomical resection, 
portal vein embolization, future-liver-remnant assessment, 
and meticulous parenchymal preservation operationalized 
the principle that oncological ambition must be bounded 
by hepatic safety (7,8). A Japanese nationwide analysis 
of 15,597 resections later found lower operative mortality 
among patients who met Makuuchi's criteria than among 
those who exceeded them (9).
	 The framework was primarily optimized around the 
safety and oncological adequacy of an index intervention, 
although recurrence surveillance, repeat resection, and 
local treatment were integral to Japanese practice. What 
was not yet available was the present diversity of effective 
systemic and multimodal transitions capable of reopening 
local or surgical options. The contemporary extension is 
therefore not from episodic to longitudinal care, but from 
an established longitudinal surgical tradition to a much 
larger and more frequently changing treatment space.
	 This historical continuity matters. Dynamic 
opportunity management extends, rather than repudiates, 

liver-sparing surgery. The same logic that once constrained 
the volume of resection now needs to govern the intensity 
and repetition of TACE, the timing of systemic therapy, 
the management of portal hypertension, the prevention 
of sarcopenia, and the selection of conversion procedures 
(Figure 1).

3. Why static treatment allocation is no longer 
sufficient

Staging systems remain indispensable for prognosis, 
communication, and evidence-based recommendations. 
The 2026 BCLC update goes beyond stage allocation 
by formalising multidisciplinary deliberation, patient 
vulnerability, biological, psychosocial and contextual 
factors, and the CUSE framework for complexity, 
uncertainty, subjectivity, and emotion (10). EASL 2025, 
ESMO 2025, AASLD, the Japanese Society of Hepatology 
2025, and the Chinese 2026 guidelines likewise require 
integration of tumor burden, liver function, comorbidity, 
local expertise, and patient context (1-4,11,12). Dynamic 
therapeutic opportunity is complementary rather than 
competitive: BCLC 2026 structures decisions under 
complexity, whereas the current framework focuses 
on the longitudinal state and set of options left by each 
intervention and on how that state should be measured in 
trials.
	 Static allocation is especially fragile in BCLC-B 
disease. Patients grouped together for having "intermediate 
stage" disease may have a solitary large tumor, multifocal 
disease within one vascular territory, diffuse bilobar 
disease, variable portal hypertension, and very different 
ALBI grades. The same label can therefore encompass 
patients suitable for selective embolization, systemic 
therapy, radiation, resection at expert centers, or a planned 
combination strategy. A one-time label cannot capture how 
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Figure 1. Evolution of the clinical question in HCC management. The Makuuchi-era principle of balancing oncological ambition with hepatic 
safety is not replaced; it remains a continuous thread as the decision horizon expands and the number of possible treatment transitions grows.
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compelling but not uniformly predictive, and neither 
ctDNA nor molecular profiling should be used as a routine 
gatekeeper for immunotherapy or conversion outside 
the context of a validated assay or clinical study (14-
16). Tractability is not synonymous with radiological 
response: stable disease with favorable biology may create 
a local-treatment window, whereas rapid regrowth after 
an impressive early response may signal limited surgical 
benefit.
	 Physiological reserve includes performance status, 
frailty, muscle quantity and function, nutrition, cognition, 
cardiopulmonary reserve, renal function, and comorbidity. 
ECOG performance status is useful but insufficient. Meta-
analyses suggest that sarcopenia is common in HCC 
and is associated with worse survival across surgical, 
locoregional, and systemic therapies (17,18). Age alone 
should not determine treatment intensity; the relevant issue 
is resilience and recovery capacity.
	 Therapeutic optionality is the remaining space for 
treatment: the availability of active systemic therapy lines, 
the feasibility of embolization, ablation, or radiation, 
transplant or resection candidacy, cumulative toxicity, 
bleeding and vascular risk, organ function, previous drug 
exposure, and regional access. Patient goals, financial 
constraints, travel burden, and institutional expertise can 
narrow this space even when a treatment is technically 
available.
	 The framework is deliberately multidirectional. Tumor 
response can increase opportunity by reducing burden or 
vascular invasion. The same intervention can eliminate 
opportunity through decompensation, immune toxicity, 
vascular complications, or functional decline. Conversely, 
antiviral treatment, portal-hypertension management, 
nutrition, and rehabilitation may expand opportunity 
without directly shrinking the tumor.
	 Measurement should be parsimonious enough for 
routine care. At a minimum, each major reassessment 
should record tumor distribution and response, albumin, 
bilirubin, platelet count, renal function, portal-hypertensive 
events, ECOG performance status, weight or muscle 
trajectory, treatment toxicity, locally available next 
options, and patient priorities. Baseline values alone are 
insufficient: a change from ALBI grade 1 to 2a, a new 
episode of ascites, or a decline in walking capacity can 
be more decision-relevant than a stable categorical stage. 
The purpose is not to create a large checklist but to reveal 
which domain is becoming rate-limiting. Interventions 
can then be directed toward that domain—for example, 
selective rather than lobar embolization, treatment of 
portal hypertension, dose adaptation, prehabilitation, or an 
early switch to a non-overlapping mechanism (Figure 2 
and Table 1).

5. Evidence reshaping treatment boundaries

5.1 Advanced HCC: Multiple effective first-line 
strategies

the disease state changes after the first intervention.
	 Dynamic management requires prospective transition 
rules. Before treatment begins, the team should specify 
when reassessment will occur, what constitutes adequate 
benefit, what degree of deterioration in liver function 
is unacceptable, when a switch or combination will be 
considered, and what findings will trigger re-review for 
curative-intent therapy. Without such rules, repeated 
treatment can become inertia disguised as continuity.
	 The practical implication is not continuous restaging 
for its own sake. Reassessment should be linked to a 
decision that can still be changed. For systemic treatment, 
early imaging may identify rapid progression, but 
biochemical toxicity, portal-hypertensive events, and 
functional decline may require action before radiological 
progression. For TACE, the relevant checkpoint may 
be after the first technically adequate treatment, when 
residual viable burden and the hepatic functional cost can 
be assessed together. For a patient approaching a local 
or surgical window, review may need to occur before 
maximal radiological response because waiting can 
consume liver function, allow resistant clones to emerge, 
or eliminate an operable interval. A dynamic model 
therefore replaces reactive rescue with planned decision 
windows.

4. Therapeutic opportunity as a dynamic clinical state

Dynamic therapeutic opportunity is the clinically credible 
set of options at a particular time. Four domains help 
identify what currently limits that set; none is sufficient 
alone.
	 Hepatic reserve includes synthetic function, portal-
hypertensive status, prior decompensation, renal 
vulnerability, biliary injury, future liver remnant, and the 
liver's tolerance of embolization, radiation, surgery, and 
systemic therapy. Child–Pugh class remains clinically 
familiar but includes subjective components and coarse 
categories. The ALBI model, derived from albumin and 
bilirubin, provides an objective continuous measure and 
distinguishes among prognoses even within Child–Pugh 
A disease (13). Modified ALBI subdivisions improve 
granularity, but neither ALBI nor Child–Pugh captures 
portal hypertension, prior decompensation, or procedure-
specific functional risk. Dynamic change is generally more 
informative than a baseline label alone.
	 Oncological tractability describes whether the cancer 
remains amenable to meaningful control. It includes 
burden, distribution, vascular invasion, extrahepatic 
spread, growth kinetics, AFP or PIVKA-II dynamics, 
response depth and durability, and the possibility of local 
clearance. Circulating tumor DNA (ctDNA) kinetics, 
Wnt/β-catenin activation, tumor mutational burden, 
microsatellite instability, and features of the immune 
microenvironment may eventually refine this domain. At 
present, however, these are investigational in HCC: Wnt/
β-catenin-associated immune exclusion is biologically 



BioScience Trends. 2026; 20(4):361-372.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):361-372.                                                  www.biosciencetrends.com

(364)

Figure 2. Dynamic therapeutic opportunity as a time-varying set of options. Any domain may become rate-limiting. Tumor response or new 
access can expand options; progression, decompensation, and toxicity can contract them; supportive care can stabilize or reopen them. The diagram 
is conceptual and does not imply a numerical score. FLR, future liver remnant.

Table 1. From conventional efficacy endpoints to longitudinal opportunity endpoints

Endpoint

ORR / DoR

PFS / RFS

OS

ALBI deterioration

Hepatic decompensation

Subsequent-treatment 
access

Curative-intent
conversion

PROs / functional
independence

Strength

Early antitumor signal; 
relevant to conversion

Efficient comparison of 
disease control

Patient-important and 
regulatory standard

Objective and
repeatable

Directly clinically
meaningful

Measures pathway
preservation

Captures state change

Captures benefit
beyond imaging

Primary construct

Tumor shrinkage / durability

Time to progression or
recurrence

Time to death

Dynamic liver-function
change

Ascites, bleeding,
encephalopathy, jaundice

Receipt of later systemic/
local therapy

Transition to resection,
ablation or transplant
pathway

Patient experience and
resilience

Limitation for HCC opportunity 
management

Response does not establish 
resectability, organ preservation 
or net benefit

Sensitive to assessment rules; 
may not predict OS or future 
eligibility

Affected by competing liver 
events, cross-over, and later 
therapy

Does not capture portal
hypertension or clinical
decompensation alone

Definitions and competing-risk 
methods remain inconsistent

Confounded by access,
preference, and practice
variation

Selection bias; definitions vary; 
not synonymous with ORR

Instrument choice and missing 
data

Recommended role

Retain; link to predefined 
MDT reassessment

Retain; report with liver and 
subsequent-treatment data

Primary long-term outcome

Core longitudinal measure 
with sustained-change
definition

Prospectively adjudicated 
opportunity endpoint

Report reasons for receipt 
and non-receipt

Predefine criteria and
central MDT review

Co-primary supportive
outcome in longitudinal 
trials
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The first-line systemic landscape has shifted from one 
dominant multikinase inhibitor to several mechanistically 
diverse combinations. IMbrave150, HIMALAYA, 
CARES-310 and CheckMate 9DW each established 
survival benefit over sorafenib or an investigator-choice 
TKI in their trial populations (19-24). The early crossing 
of the CheckMate 9DW survival curves may reflect 
delayed immune benefit together with early progression 
and treatment-related risk; the relative contribution of 
these mechanisms cannot be established from the curves 
alone. This uncertainty makes baseline hepatic and 
physiological vulnerability clinically relevant before 
dual-checkpoint blockade.
	 These trials do not create one universally best 
regimen. Therapy that includes bevacizumab requires 
careful assessment and management of bleeding risk and 
portal hypertension. Dual-checkpoint blockade avoids 
continuous anti-VEGF exposure but carries a distinct 
risk of severe immune-mediated toxicity. TKIs remain 
relevant when immunotherapy is contraindicated, for 
later-line therapy, or in healthcare systems where access 
differs. A treatment-opportunity perspective asks not 
only which regimen maximizes first-line efficacy but 
also which preserves a credible second-line pathway for 
the individual patient.
	 Evidence after modern immunotherapy is far flimsier 
than first-line evidence. Regorafenib, cabozantinib, and 
ramucirumab were validated mainly after sorafenib (25-
27), while nivolumab-based evidence also arose in an 
earlier sequencing context (28). Post-immunotherapy 
practice therefore relies heavily on cross-trial reasoning 
and retrospective cohorts; randomized comparisons of 
complete sequences remain an unmet need. Such studies 
should document why subsequent treatment was or was 
not delivered, organ state at the transition, and whether 
the next therapy addressed resistance, toxicity, or a new 
curative-intent opportunity.

5.2 Intermediate and locally advanced HCC: From 
repeated embolization to selectively delivered and 
systemically integrated locoregional strategies

TACE transformed liver-limited HCC management but 
benefit depends on selection and technique. Unsuitability 
should be recognized before treatment or at the first 
meaningful reassessment when distribution, expected 
response, or hepatic vulnerability makes an embolization-
led strategy unlikely to provide net benefit; refractoriness 
is declared only after inadequate response despite 
technically appropriate treatment. Repeated TACE has 
been associated with persistent ALBI deterioration, and 
a randomized-cohort secondary analysis documented 
3-month ALBI-grade deterioration even after selective 
procedures (29-33). These data support reassessment, 
not an automatic prohibition: tumor burden, selectivity, 
recovery within 90 days, and alternatives must be 
considered together.

	 Randomized phase 3 trials now define a more 
complex boundary. EMERALD-1 improved PFS with 
durvalumab, bevacizumab, and TACE (34). LEAP-012 
improved PFS, but failed to demonstrate a statistically 
significant overall survival (OS) benefit; the sponsors 
subsequently ended the study after a prespecified interim 
assessment indicated a low probability of meeting the 
protocol-defined OS threshold (35,36). At ASCO 2026, 
the conference-reported EMERALD-3 trial showed 
improved PFS with STRIDE plus lenvatinib and 
TACE vs. TACE alone (median 13.0 vs. 9.8 months; 
HR 0.70), with an immature, non-significant OS trend 
and substantially more grade 3–4 treatment-related 
adverse events (37). Full peer-reviewed reporting of 
hepatic trajectories, subsequent treatment, and mature 
OS remains essential. Together, these studies show 
that longer PFS does not by itself establish preserved 
survival, liver function, or future treatment access.
	 Selectively delivered strategies broaden the choice 
beyond TACE. In FOHAIC-1, modified FOLFOX 
hepatic arterial infusion chemotherapy (HAIC) improved 
median OS vs. sorafenib in predominantly high-burden, 
locally advanced HCC and enabled downstaging; 
another randomized trial in portal-vein invasion favored 
sorafenib plus FOLFOX-HAIC (38,39). These Asia-
predominant data require attention to expertise, catheter 
risk, and external validity but support HAIC as a non-
embolizing option when high tumor burden or a portal 
vein tumor thrombus makes repeated TACE unattractive.
	 Transarterial radioembolization (TARE) and 
stereotactic body radiotherapy (SBRT) can similarly 
concentrate treatment while limiting injury to the 
uninvolved liver. Randomized phase 2 comparisons 
reported longer time to progression with yttrium-90 
TARE than with conventional or drug-eluting-bead 
TACE in selected patients (40,41). NRG/RTOG 1112 
found that SBRT followed by sorafenib improved 
progression-free survival (PFS) and showed an adjusted 
OS advantage vs. sorafenib alone in locally advanced 
HCC, although the unadjusted primary comparison 
narrowly missed its prespecified significance threshold 
(42). These modalities are not intrinsically low-risk to 
the liver: dosimetry, treated volume, baseline function, 
and portal hypertension determine risk. Their opportunity 
value lies in avoiding repeated whole-territory ischemia, 
treating vascular invasion or focal residual disease, and 
creating a bridge to resection, ablation, or transplantation 
at expert centers.
	 Trials should therefore report selectivity, treated liver 
volume, procedure number, HAIC catheter complications, 
TARE dosimetry, SBRT dose-volume constraints, ALBI 
trajectory, decompensation, and subsequent-treatment 
eligibility. Technique is part of the causal pathway; none 
of these modalities is intrinsically organ-sparing.

5.3 Early and potentially resectable HCC: Perioperative 
uncertainty
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Perioperative evidence is no longer uniformly negative. 
The early recurrence-free-survival advantage of 
adjuvant atezolizumab plus bevacizumab in IMbrave050 
was not sustained with longer follow-up (43,44). By 
contrast, CARES-009, a randomized phase 2/3 trial in 
resectable HCC at intermediate or high recurrence risk, 
reported longer event-free survival with perioperative 
camrelizumab plus rivoceranib than with surgery alone 
(median 42.1 vs. 19.4 months; HR: 0.59), with grade 3 or 
worse treatment-related adverse events in approximately 
38% of the patients (45). Generalizability beyond the trial 
population and mature OS remain unresolved.
	 The contrast is not a simple negative-versus-positive 
verdict. IMbrave050 cautions against adopting an 
advanced-disease regimen for purely postoperative use; 
CARES-009 suggests that perioperative timing, biological 
selection, and population may alter the result. Neoadjuvant 
exposure can test biology but can also delay surgery or 
cause immune and vascular toxicity. Trials must report 
the proportion reaching surgery, pathological response, 
postoperative liver function, recurrence patterns, and OS, 
and not EFS alone. (Table 2)

6. Conversion as an MDT-governed transition

Conversion is not a drug regimen. It is a transition from 

a disease state in which curative-intent treatment has an 
unfavorable or infeasible risk–benefit ratio to one in which 
such treatment becomes feasible. This definition separates 
conversion from neoadjuvant therapy, which begins 
with a planned operation, and from downstaging, which 
describes a change in measurable disease but does not by 
itself establish net surgical benefit.
	 Conversion evidence remains dominated by selected 
cohorts but is no longer entirely non-randomized. In 
the interim phase 3 TALENTop analysis, patients with 
locally advanced HCC, macrovascular invasion, and no 
extrahepatic spread in whom PR or SD was achieved 
after atezolizumab plus bevacizumab and who were 
already judged suitable for R0 resection were randomized 
to resection followed by therapy or continued systemic 
treatment. Median time to treatment failure was 20.4 vs. 
11.8 months (HR 0.60); OS was immature (46). This is 
the first prospective comparative signal for surgery after 
induction in a narrowly defined population, not evidence 
that all responding or once-unresectable HCC should be 
resected. RACB and retrospective cohorts are informative 
for feasibility and selection but remain vulnerable to 
guarantee-time bias (47-49).
	 An MDT conversion review should use three 
safety gates. Biological safety asks whether response is 
durable rather than transient: sustained AFP or PIVKA-

Table 2. Landmark evidence that changes treatment boundaries—and what it does not yet establish

Clinical problem / study

Advanced first line—
IMbrave150

Advanced first line—
HIMALAYA

Advanced first line—
CheckMate 9DW

TACE combination—
EMERALD-1

TACE combination—
LEAP-012

TACE combination—
EMERALD-3

Adjuvant—IMbrave050 
update

Perioperative—
CARES-009

Conversion—
TALENTop interim

Primary construct

Phase 3; atezolizumab–bevacizumab 
improved OS and PFS vs sorafenib

Phase 3; STRIDE improved OS vs
sorafenib

Phase 3; nivolumab–ipilimumab
improved OS vs lenvatinib/sorafenib

Phase 3; durvalumab–bevacizumab–
TACE improved PFS

Phase 3; improved PFS but no
statistically significant OS benefit; study 
discontinued for low probability of
meeting OS threshold

Phase 3 conference abstract; STRIDE–
lenvatinib–TACE improved PFS; OS 
immature

Phase 3; early RFS benefit not sustained; 
updated HR 0.90

Randomized phase 2/3; perioperative 
camrelizumab–rivoceranib improved 
EFS vs surgery

Randomized phase 3; post-induction 
resection improved TTF vs. continued 
atezolizumab–bevacizumab

Liver/opportunity information

Selected Child–Pugh A population; 
later pathways not randomized

No continuous anti-VEGF exposure; 
immune toxicity can alter reserve

Early crossing of curves and immune-
related mortality require attention

OS and longitudinal hepatic-state data 
needed

Liver-function trajectory and
subsequent treatment incompletely 
reported

Grade 3–4 toxicity increased;
longitudinal hepatic-state data awaited

One year of treatment after curative-
intent therapy adds exposure and 
toxicity

More treatment exposure and grade ≥ 3 
toxicity; OS immature

Only patients with PR/SD,
macrovascular invasion, no extrahepatic 
spread, and R0-resectability

Implication for the framework

Establishes high-efficacy first 
line, not an optimal sequence

Offers a mechanistically distinct 
option; selection matters

Median OS alone does not
describe early risk or future
options

Validates integration; does not 
yet prove preserved opportunity

Demonstrates why PFS cannot 
stand alone

Promising but requires full peer 
review and mature OS

Warns against premature
extrapolation of intermediate 
endpoints

Timing and se lect ion may 
determine perioperative value

First comparative signal; not 
generalizable to all conversion 
candidates
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II decline, control of vascular invasion and extrahepatic 
disease, and radiological stability for approximately 
3–4 months are reasonable expert-practice signals, not 
validated universal cut-offs. Washout safety addresses 
wound healing, bleeding, and immune injury. The 
bevacizumab label requires it to be withheld for at least 
28 days before elective surgery; many hepatobiliary teams 
use approximately 4–6 weeks, but the exact interval 
should accord with the agent, procedure, toxicity, and 
institutional protocol (50). Active or recent immune-
related hepatitis must be resolved and hepatic recovery 
demonstrated before surgery. Future-liver-remnant safety 
requires volumetric adequacy plus functional assessment 
appropriate to the center, such as ICG-R15 or 99mTc-
galactosyl human serum albumin scintigraphy, rather 
than anatomy alone. R0 technical feasibility is therefore 
necessary but insufficient.
	 These gates resolve the apparent conflict between 
oncological tractability and marginal hepatic reserve. 
When tumor response makes local clearance attractive 
but reserve is borderline, the default is not maximal 
treatment intensity. The team should first ask whether 
the same oncological objective can be achieved with 
a smaller resection, ablation, SBRT, TARE, or staged 
strategy; treat portal hypertension and malnutrition; and 
repeat the functional assessment. If reserve remains the 
rate-limiting domain, preserving the effective systemic 
regimen or choosing lower-hepatic-cost consolidation 
may offer greater net benefit than immediate major 
hepatectomy.
	 Liver transplantation creates a distinct downstaging 
and bridging window because pre-transplant immune 
activation may persist after tumor control. Small series 
linked intervals shorter than 3 months between the last 
immune-checkpoint inhibitor dose and transplantation 
with severe rejection, and an individual-patient-data meta-
analysis of 91 recipients reported rejection in 26.4%; 
a modeled median washout of 94 days corresponded 
to a rejection probability of 20% or less (51,52). These 
observational estimates do not establish a universal 90-day 
rule. Drug type, immune-related adverse events, urgency, 
donor timing, and immunosuppression protocol all matter, 
so ICI use for bridging or downstaging should trigger early 
transplant-center review and a documented, center-specific 
washout plan.
	 TALENTop also clarifies endpoint design. Its 
primary result concerns time to treatment failure, not 
mature OS, and applies only after induction response 
and resectability selection. Future studies should 
predefine the date of conversion eligibility, resectability 
criteria, central MDT review, competing local options, 
postoperative liver function, treatment-free survival, 
recurrence, and patient-reported recovery. Because 
randomization occurred only after induction response 
and confirmation of R0 resectability, TALENTop cannot 
estimate the intention-to-treat effect of an induction-to-
conversion strategy in all initially unresectable patients.

	 The principal analytical challenge is guarantee-
time bias: patients must survive, respond, and remain 
fit long enough to undergo conversion, so direct 
comparisons to non-converted patients will exaggerate 
benefit. Landmark analyses, target-trial emulation, and 
time-dependent exposure models can reduce but not 
eliminate confounding. Randomization at the moment of 
resectability may sometimes be feasible—for example, 
continued systemic therapy vs. local consolidation—
but patient and clinician preferences will be strong. 
Even without randomization, prospective registries can 
improve inference by recording the first date on which 
conversion was considered, reasons for rejection, central 
review findings, and outcomes for all eligible patients, 
not only those who reached the operating room (Figure 3 
and Table 3).

7. Aging, frailty, and MASLD are modifiers, not 
appendices

The HCC population is aging, particularly in countries 
with successful viral hepatitis control. Chronological 
age is a poor substitute for physiological reserve. Older 
adults with preserved function may tolerate intensive 
therapy, whereas younger patients with decompensated 
cirrhosis, sarcopenia, or cognitive impairment may have 
little recovery capacity. Comprehensive geriatric and 
nutritional assessment can reveal vulnerabilities that 
ECOG performance status misses.
	 Sarcopenia is especially relevant because it can be both 
a baseline risk and a treatment-emergent loss of reserve. 
A meta-analysis of 42 studies estimated a prevalence of 
39% and an adjusted hazard ratio for overall mortality 
of 1.84 (17). Among patients receiving systemic therapy, 
the pooled prevalence of low skeletal-muscle mass was 
approximately 43%, with worse OS and PFS (18). These 
associations do not prove that reversing sarcopenia 
improves survival, but they justify routine screening, 
resistance exercise, nutritional support, and early 
rehabilitation as opportunity-preserving interventions.
	 MASLD changes both surveillance and treatment. 
HCC can occur without cirrhosis, and yet its absolute 
incidence in non-cirrhotic MASLD is generally too 
low for population-wide surveillance. Current guidance 
prioritizes cirrhosis and recommends stepwise fibrosis 
assessment: a simple blood-based score such as FIB-
4 can identify low-risk patients, while an indeterminate 
or elevated result should prompt second-line assessment 
with vibration-controlled transient elastography 
(VCTE/FibroScan) or an equivalent validated method 
(53,54). These tools stratify fibrosis risk; they do not 
replace HCC staging or direct tumor treatment. Once 
HCC develops, cardiovascular, renal, and metabolic 
comorbidity can influence surgical risk, anti-VEGF 
eligibility, and recovery. These variables belong inside 
the core opportunity assessment, not in an etiological 
footnote.



BioScience Trends. 2026; 20(4):361-372.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):361-372.                                                  www.biosciencetrends.com

(368)

8. From an MDT meeting to longitudinal team-based 
care

Multidisciplinary care is associated with better treatment 
receipt and survival, although the supporting studies are 
observational and heterogeneous. A meta-analysis of 12 
studies including 15,365 patients found an association 
between multidisciplinary care and improved OS, but 

heterogeneity exceeded 90% for several outcomes (55). 
This finding supports team care while cautioning against 
attributing all benefit to the meeting itself.
	 Three concepts should be distinguished. An MDT 
meeting is a time-limited case discussion; multimodality 
treatment combines interventions; longitudinal team-based 
care assigns responsibility for reassessment, supportive 
care, and transitions across the disease course. The last 

Figure 3. Dynamic reassessment pathway. Prespecified review can lead to continuation, switching, combination, conversion, or stabilization/
rebuilding of a rate-limiting reserve. Each transition is followed by reassessment of the clinically credible set of options.

Table 3. Illustrative decision matrix for dynamic therapeutic-opportunity reassessment

Scenario and trigger

A. After one round of
technically adequate
TACE: CR/PR, but
ALBI 1 → 2b

B. IImmune-checkpoint 
inhibitor + anti-VEGF 
for 6 months: SD, AFP 
falls, 20% shrinkage, 
ALBI 1

C. Third line: slow 
progression with new 
mild ascites

Conflict rule

Question for the MDT

Is the decline persistent and 
attributable to TACE, and 
does expected benefit justify 
further embolization?

Does the distribution now 
permit a credible curative 
or consolidative option with 
acceptable hepatic cost?

Is ascites tumor-related, 
treatment-related or cirrhotic, 
and what is the immediate 
oncological risk?

Identify the rate-limiting 
domain and ask whether the 
same tumor objective can 
be achieved at lower hepatic 
cost.

Domain signal

Tumor improves; hepatic 
reserve may be rate-
limiting

Reserve stable; biology 
favorable; local-clearance 
potential

Cause and reversibility of 
hepatic deterioration are 
uncertain

Oncological tractability
favors intensity, but
hepatic reserve is
marginal

Possible transition

Trigger review of alternatives, 
including systemic therapy 
or focal ablation/SBRT; defer 
repeat TACE while recovery 
and selectivity are assessed.

Formal review for resection, 
S B R T,  o r  TA R E  w h i l e 
comparing therapy to continued 
systemic control.

Consider temporary interruption 
o r  dose  adap ta t ion  whi le 
invest igating and treat ing 
reversible causes; escalation may 
remain appropriate if tumor risk 
dominates.

Prefer smaller resection,
ablation, SBRT/TARE, staged 
therapy or continued effective 
systemic treatment; defer major 
intervention if functional safety 
remains inadequate.

Required clarification

ALBI recovery, portal-
hypertensive events, treated 
volume, residual distribution, 
and available alternatives.

Durability, resectability/
targetability, anti-VEGF 
washout. and FLR safety.

In fec t ion ,  por ta l -ve in 
thrombosis, renal function, 
diuretic response, tumor 
k i n e t i c s ,  a n d  c u r r e n t 
treatment benefit.

Document the alternative 
rejected, the locally defined 
safety threshold, patient 
preference, and the date 
for repeat MDT review; no 
universal numerical threshold 
has been validated.
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model is the organizational counterpart to management of 
dynamic therapeutic opportunity.
	 Core membership may include hepatology, 
hepatobiliary surgery, transplant medicine, interventional 
and diagnostic radiology, radiation oncology, medical 
oncology, pathology, specialized nursing, nutrition, 
rehabilitation, geriatrics, and palliative care. Not every 
discipline must attend every discussion. What matters 
is a trigger-based process: review at diagnosis, after 
a prespecified number of treatment cycles or TACE 
sessions, at meaningful response, at hepatic or functional 
deterioration, at progression, and whenever curative-intent 
eligibility might change. The patient and family should be 
represented in the decision, directly or through structured 
elicitation of goals.
	 Implementation requires ownership. One clinician or 
nurse navigator should maintain the longitudinal problem 
list, confirm that reassessment occurs on schedule, and 
record the chosen transition together with the alternatives 
considered. The MDT output should state not only 
the recommended treatment but also the contingency 
plan: what finding would prompt continuation, switch, 
combination, conversion review, or supportive-care 
intensification. This reduces the risk that responsibility 
disappears between specialties. Institutions should 
audit the time from trigger to review, the proportion 
of eligible patients receiving the recommended next 
therapy, unplanned admissions for decompensation, and 
discordance between patient goals and delivered care. 
Such measures evaluate the care pathway rather than the 
frequency of meetings.

9. Redesigning endpoints around clinical-state 
preservation

OS remains the most consequential endpoint, but it is 
increasingly affected by long post-progression survival, 
cross-over, subsequent treatment, and competing liver-
related events. ORR and PFS are valuable measures of 
tumor effect; they cannot by themselves show whether 
a therapy leaves the patient fit for the next intervention. 
Both the divergence between early and updated 
IMbrave050 results and the still-maturing survival data 
after TACE combinations illustrate the danger of treating 
an intermediate endpoint as a complete account of 
clinical value.
	 Hepatic decompensation should be treated as a 
major clinical event and not merely an adverse-event 
category. A 2025 proposal argued for its incorporation as 
a prognostically relevant intermediate endpoint during 
systemic therapy (56). Standardization is essential: 
ascites requiring treatment, variceal bleeding, overt 
encephalopathy, and clinically meaningful jaundice 
should be defined prospectively, with competing-risk 
methods that account for tumor progression and death.
	 We propose a two-layer endpoint architecture. The 
tumor layer includes ORR, duration of response, PFS, 

recurrence-free survival, pathological response, and 
OS. The opportunity layer includes time to first hepatic 
decompensation, time to sustained ALBI deterioration, 
maintenance of Child–Pugh A or ALBI grade 1/2a, 
access to second- and third-line therapy, time to loss 
of local-treatment eligibility, conversion to curative-
intent treatment, treatment-free survival, functional 
independence, and patient-reported outcomes. A future 
composite such as "time with an effective treatment 
option remaining" is conceptually attractive but not ready 
for regulatory use because option availability varies 
by geography, expertise, and patient preference. This 
two-layer architecture operationalizes components of 
dynamic therapeutic opportunity without collapsing them 
into a single DTO score; components should be reported 
separately or combined only through a prespecified 
hierarchical or multistate analysis.
	 Endpoint collection should continue after protocol 
therapy. Without documenting subsequent treatment, 
local procedures, transplant evaluation, rehabilitation, 
and reasons for treatment non-receipt, trials cannot 
determine whether a therapy preserved opportunity or 
merely postponed radiographic progression.
	 This approach also changes statistical design. 
HCC pathways are naturally represented as multistate 
processes: compensated disease, treatment response, 
hepatic deterioration, progression, curative-intent 
transition, recurrence, and death. A conventional Kaplan–
Meier curve collapses these clinically distinct transitions 
into one event time. Multistate models can estimate how 
an intervention changes the probability of preserving 
an opportunity-preserved state over time; joint models 
can relate repeated ALBI or functional measurements to 
progression and mortality.
	 A hierarchical composite analyzed with the win 
ratio could compare patient pairs in an order that 
reflects clinical priority: death first, then severe hepatic 
decompensation, then failure to achieve predefined 
curative-intent conversion, and finally progression (57). 
This prevents an earlier but less important radiological 
event from outweighing survival or organ failure, 
although the hierarchy, time windows, and conversion 
eligibility must be prespecified and sensitivity-tested. 
When proportional hazards are doubtful—as with early 
crossing under immunotherapy—restricted mean survival 
time (RMST) at clinically chosen horizons can express 
event-free time gained without assuming a constant 
hazard ratio (58). Win-ratio and RMST analyses should 
be complementary estimands, not post hoc devices used 
to rescue a negative primary endpoint.

10. A research agenda for dynamic HCC management

The framework is useful only if it generates testable work. 
Five priorities follow.
	 ( i) Define dynamic therapeutic opportunity 
operationally using repeated, domain-specific variables 

(369)
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rather than an unvalidated summary score.
	 (ii) Standardize sustained ALBI deterioration and 
clinically adjudicated hepatic decompensation, with 
competing-risk analyses.
	 (iii) Require prospective trials of systemic therapy to 
capture subsequent local treatment, transplant assessment, 
and curative-intent conversion using predefined criteria.
	 (iv) Compare complete treatment strategies in 
pragmatic trials, including switch timing after TACE and 
sequencing after immunotherapy.
	 (v) Create a core longitudinal dataset incorporating 
frailty, sarcopenia, patient-reported outcomes, barriers 
to access, and reasons that eligible treatment was not 
delivered.
	 Methodologically, multistate and joint longitudinal-
survival models are likely to be more informative than 
conventional analyses that treat each line as independent. 
Clinically, digital monitoring and imaging analytics 
may assist with repeated assessment, but they should be 
evaluated against decisions that matter: prevention of 
decompensation, timely transition, and preservation of 
curative-intent eligibility. AI and liquid biopsy are tools, 
not paradigms; their value depends on whether they 
improve those decisions.
	 Healthcare economics and equity must be built into 
this agenda. A sequence that is biologically attractive but 
unavailable after the first line does not preserve real-world 
optionality. Trials and registries should therefore report 
geographic region, insurance or reimbursement constraints, 
travel burden, referral delay, and access to transplant, 
radiation and interventional expertise. Cost-effectiveness 
models should value avoided decompensation, maintained 
independence, and access to later therapy rather than drug 
acquisition and progression alone. This is particularly 
important because the framework could otherwise widen 
disparities by favoring centers with the most treatment 
options. A valid opportunity assessment must report 
biological eligibility and actual deliverability as separate 
dimensions, identify reasons for the gap, and avoid 
attributing access-related non-receipt to the biological 
effect of the initial therapy.

11. Conclusion

The central question in contemporary HCC care is no 
longer merely which treatment is best for a given stage, 
but how each intervention changes the patient's future 
therapeutic possibilities. Preserving liver function is 
therefore not an ancillary goal and not the whole goal; it 
is one component of maintaining therapeutic opportunity.
	 The next paradigm will be defined by the ability to 
control cancer, prevent hepatic decompensation, preserve 
physiological resilience, enable treatment transitions, and 
repeatedly reassess curative-intent options. Static staging 
and established efficacy endpoints remain necessary, 
but they should be embedded within longitudinal, 
multidisciplinary management. The decisive measure 

of progress will be not only how long a treatment 
delays tumor growth but also how effectively it keeps 
meaningful treatment options open.

Funding: This work was supported by the National Key 
Research and Development Program of China (grant No. 
2023YFB3810004; JH).

Conflict of Interest: The authors have no conflicts of 
interest to disclose.

References

1.	 European Association for the Study of the Liver. EASL 
Clinical Practice Guidelines on the management of 
hepatocellular carcinoma. J Hepatol. 2025; 82:315-374.

2.	 Singal AG, Llovet JM, Yarchoan M, et al. AASLD 
Practice Guidance on prevention, diagnosis, and treatment 
of hepatocellular carcinoma. Hepatology. 2023; 78:1922-
1965.

3.	 Vogel A, Martinelli E; ESMO Guidelines Committee. 
Updated treatment recommendations for hepatocellular 
carcinoma from the ESMO Clinical Practice Guideline. 
Ann Oncol. 2021; 32:801-805.

4.	 Department of Medical Administration, National Health 
Commission of the People′s Republic of China. Guideline 
for diagnosis and treatment of primary liver cancer (2026 
edition). Chinese Journal of Digestive Surgery, 2026; 
25:423-482. (in Chinese)

5.	 Makuuchi M, Kosuge T, Takayama T, Yamazaki S, 
Kakazu T, Miyagawa S, Kawasaki S. Surgery for small 
liver cancers. Semin Surg Oncol. 1993; 9:298-304.

6.	 Imamura H, Sano K, Sugawara Y, Kokudo N, Makuuchi 
M. Assessment of hepatic reserve for indication of hepatic 
resection: Decision tree incorporating indocyanine green 
test. J Hepatobiliary Pancreat Surg. 2005; 12:16-22.

7.	 Makuuchi M, Thai BL, Takayasu K, Takayama T, 
Kosuge T, Gunven P, Yamazaki S, Hasegawa H, Ozaki 
H. Preoperative portal embolization to increase safety 
of major hepatectomy for hilar bile duct carcinoma: A 
preliminary report. Surgery. 1990; 107:521-527.

8.	 Hasegawa K, Kokudo N, Imamura H, Matsuyama Y, 
Aoki T, Minagawa M, Sano K, Sugawara Y, Takayama T, 
Makuuchi M. Prognostic impact of anatomic resection for 
hepatocellular carcinoma. Ann Surg. 2005; 242:252-259.

9.	 Aramaki O, Takayama T, Matsuyama Y, e t a l . 
Reevaluation of Makuuchi's criteria for resecting 
hepatocellular carcinoma: A Japanese nationwide survey. 
Hepatol Res. 2023; 53:127-134.

10.	 Reig M, Sanduzzi-Zamparelli M, Forner A, et al. 
BCLC strategy for prognosis prediction and treatment 
recommendations: The 2026 update. J Hepatol. 2026; 
84:631-654.

11.	 Vogel A, Chan SL, Dawson LA, Kelley RK, Llovet JM, 
Meyer T, Ricke J, Rimassa L, Sapisochin G, Vilgrain V, 
Zucman-Rossi J, Ducreux M. Hepatocellular carcinoma: 
ESMO Clinical Practice Guideline for diagnosis, treatment 
and follow-up. Ann Oncol. 2025; 36:491-506.

12.	 Japan Society of Hepatology. Clinical practice guidelines 
for hepatocellular carcinoma 2025. Japan Society of 
Hepatology, Tokyo, Japan, 2025. Japanese.

13.	 Johnson PJ, Berhane S, Kagebayashi C, et al. Assessment 
of liver function in patients with hepatocellular carcinoma: 

(370)



BioScience Trends. 2026; 20(4):361-372.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):361-372.                                                  www.biosciencetrends.com

A new evidence-based approach—the ALBI grade. J Clin 
Oncol. 2015; 33:550-558.

14.	 Ruiz de Galarreta M, Bresnahan E, Molina-Sanchez 
P, et al. β-Catenin activation promotes immune escape 
and resistance to anti-PD-1 therapy in hepatocellular 
carcinoma. Cancer Discov. 2019; 9:1124-1141.

15.	 Harding JJ, Nandakumar S, Armenia J, et al. Prospective 
genotyping of hepatocellular carcinoma: clinical 
implications of next-generation sequencing for matching 
patients to targeted and immune therapies. Clin Cancer 
Res. 2019; 25:2116-2126.

16.	 Ao H, Xin Z, Jian Z. Liquid biopsy to identify biomarkers 
for immunotherapy in hepatocellular carcinoma. Biomark 
Res. 2021; 9:91.

17.	 Jiang C, Wang Y, Fu W, Zhang G, Feng X, Wang X, Wang 
F, Zhang L, Deng Y. Association between sarcopenia 
and prognosis of hepatocellular carcinoma: A systematic 
review and meta-analysis. Front Nutr. 2022; 9:978110.

18.	 Kuo MH, Tseng CW, Hsu CS, Chen YC, Kao IT, Wu CY, 
Shao SC. Prevalence and effect of low skeletal muscle 
mass among hepatocellular carcinoma patients undergoing 
systemic therapy: A systematic review and meta-analysis. 
Cancers (Basel). 2023; 15:2426.

19.	 Finn RS, Qin S, Ikeda M, et al. Atezolizumab plus 
bevacizumab in unresectable hepatocellular carcinoma. N 
Engl J Med. 2020; 382:1894-1905.

20.	 Cheng AL, Qin S, Ikeda M, et al. Updated efficacy 
and safety data from IMbrave150: atezolizumab plus 
bevacizumab vs sorafenib for unresectable hepatocellular 
carcinoma. J Hepatol. 2022; 76:862-873.

21.	 Abou-Alfa GK, Lau G, Kudo M, et al. Tremelimumab 
plus durvalumab in unresectable hepatocellular carcinoma. 
NEJM Evid. 2022; 1:EVIDoa2100070.

22.	 Sangro B, Kudo M, Qin S, et al. Four-year overall 
survival update from the phase III HIMALAYA study 
of tremelimumab plus durvalumab in unresectable 
hepatocellular carcinoma. Ann Oncol. 2024; 35:448-457.

23.	 Qin S, Chan SL, Gu S, et al. Camrelizumab plus 
rivoceranib versus sorafenib as first-line therapy for 
unresectable hepatocellular carcinoma (CARES-310): 
A randomised, open-label, international phase 3 study. 
Lancet. 2023; 402:1133-1146.

24.	 Yau T, Galle PR, Decaens T, et al. Nivolumab plus 
ipilimumab versus lenvatinib or sorafenib as first-line 
treatment for unresectable hepatocellular carcinoma 
(CheckMate 9DW). Lancet. 2025; 405:1851-1864.

25.	 Bruix J, Qin S, Merle P, et al. Regorafenib for patients 
with hepatocellular carcinoma who progressed on 
sorafenib treatment (RESORCE). Lancet. 2017; 389:56-
66.

26.	 Abou-Alfa GK, Meyer T, Cheng AL, et al. Cabozantinib 
in patients with advanced and progressing hepatocellular 
carcinoma. N Engl J Med. 2018; 379:54-63.

27.	 Zhu AX, Kang YK, Yen CJ, et al. Ramucirumab after 
sorafenib in patients with advanced hepatocellular 
carcinoma and increased alpha-fetoprotein concentrations 
(REACH-2). Lancet Oncol. 2019; 20:282-296.

28.	 Melero I, Yau T, Kang YK, et al. Nivolumab plus 
ipilimumab combination therapy in patients with 
advanced hepatocellular carcinoma previously treated 
with sorafenib: 5-year results from CheckMate 040. Ann 
Oncol. 2024; 35:537-548.

29.	 Kudo M, Han G, Finn RS, et al. Brivanib as adjuvant 
therapy to transarterial chemoembolization in patients 
with hepatocellular carcinoma: A randomized phase III 

trial. Hepatology. 2014; 60:1697-1707.
30.	 Kudo M, Han KH, Ye SL, et al. A changing paradigm 

for the treatment of intermediate-stage hepatocellular 
carcinoma: Asia-Pacific Primary Liver Cancer Expert 
consensus statements. Liver Cancer. 2020; 9:245-260.

31.	 Kudo M, Ueshima K, Chan S, et al. Lenvatinib as an 
initial treatment in patients with intermediate-stage 
hepatocellular carcinoma beyond up-to-seven criteria and 
Child-Pugh A liver function: A proof-of-concept study. 
Cancers (Basel). 2019; 11:1084.

32.	 Arizumi T, Ueshima K, Chishina H, Kono M, Takita 
M, Kitai S, Inoue T, Yada N, Hagiwara S, Minami Y, 
Sakurai T, Nishida N, Kudo M. Validation of the criteria 
of transcatheter arterial chemoembolization failure or 
refractoriness in patients with advanced hepatocellular 
carcinoma proposed by the Liver Cancer Study Group of 
Japan. Oncology. 2014; 87 Suppl 1:32-36.

33.	 Kodama Y, Ikeda M, Arai Y, et al. Change in liver function 
after selective transarterial chemoembolization for 
unresectable hepatocellular carcinoma: JIVROSG-2001 
PRESIDENT-ALBI, a secondary analysis of a multicenter 
randomized controlled trial. Liver Cancer. Published 
online December 5, 2025.

34.	 Sangro B, Kudo M, Erinjeri JP, et al. Durvalumab with or 
without bevacizumab with transarterial chemoembolisation 
in hepatocellular carcinoma (EMERALD-1). Lancet. 
2025; 405:216-232.

35.	 K u d o M , R e n Z , G u o Y, e t a l .  Tr a n s a r t e r i a l 
chemoembolisation combined with lenvatinib plus 
pembrolizumab versus dual placebo for unresectable, non-
metastatic hepatocellular carcinoma (LEAP-012). Lancet. 
2025; 405:203-215.

36.	 Merck & Co., Inc.; Eisai Co., Ltd. Merck and Eisai 
provide update on phase 3 LEAP-012 trial in unresectable, 
non-metastatic hepatocellular carcinoma. https://www.
merck.com/news/merck-and-eisai-provide-update-on-
phase-3-leap-012-trial-in-unresectable-non-metastatic-
hepatocellular-carcinoma/ (accessed August 15, 2026).

37.	 Abou-Alfa GK, Ren Z, Erinjeri JP, et al. Efficacy and 
safety results from EMERALD-3: tremelimumab plus 
durvalumab with or without lenvatinib combined with 
TACE in embolization-eligible HCC. J Clin Oncol. 2026; 
44(suppl 17):LBA4000.

38.	 Lyu N, Wang X, Li JB, Lai JF, Chen QF, Li SL, Deng 
HJ, He M, Mu LW, Zhao M. Arterial chemotherapy of 
oxaliplatin plus fluorouracil versus sorafenib in advanced 
hepatocellular carcinoma: A biomolecular exploratory, 
randomized, phase III trial (FOHAIC-1). J Clin Oncol. 
2022; 40:468-480.

39.	 He M, Li Q, Zou R, et al. Sorafenib plus hepatic arterial 
infusion of oxaliplatin, fluorouracil, and leucovorin versus 
sorafenib alone for hepatocellular carcinoma with portal 
vein invasion: A randomized clinical trial. JAMA Oncol. 
2019; 5:953-960.

40.	 S a l e m R ,  G o r d o n A C , M o u l i  S ,  e t  a l .  Y 9 0 
radioembolization significantly prolongs time to 
progression compared with chemoembolization in patients 
with hepatocellular carcinoma. Gastroenterology. 2016; 
151:1155-1163.e2.

41.	 D h o n d t E , L a m b e r t B , H e r m i e L , H u y c k L , 
Vanlangenhove P, Geerts A, Verhelst X, Aerts M, 
Vanlander A, Berrevoet F, Troisi RI, Van Vlierberghe H, 
Defreyne L. Y-90 radioembolization versus drug-eluting 
bead chemoembolization for unresectable hepatocellular 
carcinoma: Results from the TRACE phase II randomized 

(371)



BioScience Trends. 2026; 20(4):361-372.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):361-372.                                                  www.biosciencetrends.com

controlled trial. Radiology. 2022; 303:699-710.
42.	 Dawson LA, Winter KA, Knox JJ, et al. Stereotactic 

body radiotherapy vs sorafenib alone in hepatocellular 
carcinoma: The NRG Oncology/RTOG 1112 phase 3 
randomized clinical trial. JAMA Oncol. 2025; 11:136-144.

43.	 Qin S, Chen M, Cheng AL, et al. Atezolizumab plus 
bevacizumab versus active surveillance in patients with 
resected or ablated high-risk hepatocellular carcinoma 
(IMbrave050). Lancet. 2023; 402:1835-1847.

44.	 Yopp A, Chen M, Cheng AL, Kaseb A, Kudo M, Lee 
HC, Cha E, Hack SP, Lian Q, Spahn J, Wu C, Qin S, 
Chow PKH. Updated data from IMbrave050: Adjuvant 
atezolizumab plus bevacizumab for high-risk hepatocellular 
carcinoma. J Hepatol. 2026; 84:1102-1111.

45.	 Wang Z, Fan J, Zhou S, et al. Perioperative camrelizumab 
plus rivoceranib versus surgery alone in patients with 
resectable hepatocellular carcinoma at intermediate or high 
risk of recurrence (CARES-009): A randomized phase 2/3 
trial. Lancet. 2025; 406:2089-2099.

46.	 Sun HC, Shen F, Liu L, et al. Liver resection versus 
continued atezolizumab plus bevacizumab in locally 
advanced hepatocellular carcinoma after atezolizumab 
plus bevacizumab treatment (TALENTop): A multicentre, 
open-label, randomised phase 3 trial. Ann Oncol. 2025; 
36(suppl):abstract 1469MO.

47.	 Okuno M, Ishii T, Ichida A, Soyama A, Takemura N, 
Hirono S, Eguchi S, Hasegawa K, Sasaki Y, Uemura K, 
Kokudo N, Hatano E. Protocol of the RACB study: A 
multicenter, single-arm, prospective study to evaluate the 
efficacy of resection of initially unresectable hepatocellular 
carcinoma with atezolizumab combined with bevacizumab. 
BMC Cancer. 2023; 23:780.

48.	 Shimose S, Saeki I, Ito T, et al. The benefit of conversion 
therapy for patients with unresectable hepatocellular 
carcinoma receiving atezolizumab plus bevacizumab using 
oncological resectability criteria in Japan. Hepatol Int. 
2025; 19:846-855.

49.	 Takeuchi Y, Sue M, Miyake N, et al. Borderline resectable 
classification identifies candidates for conversion therapy 
in unresectable hepatocellular carcinoma treated with 
atezolizumab and bevacizumab. Hepatol Res. 2026; 56:830-
839.

50.	 National Library of Medicine. DailyMed: Avastin 
(bevacizumab) injection, solution. https://dailymed.nlm.nih.
gov/dailymed/drugInfo.cfm?setid=939b5d1f-9fb2-4499-
80ef-0607aa6b114e (accessed August 15, 2026).

51.	 Schnickel GT, Fabbri K, Hosseini M, Misel M, Berumen J, 
Parekh J, Mekeel K, Dehghan Y, Kono Y, Ajmera V. Liver 

transplantation for hepatocellular carcinoma following 
checkpoint inhibitor therapy with nivolumab. Am J 
Transplant. 2022; 22:1699-1704.

52.	 Rezaee-Zavareh MS, Yeo YH, Wang T, et al. Impact of 
pre-transplant immune checkpoint inhibitor use on post-
transplant outcomes in HCC: A systematic review and 
individual patient data meta-analysis. J Hepatol. 2025; 
82:107-119.

53.	 European Association for the Study of the Liver, 
European Association for the Study of Diabetes, European 
Association for the Study of Obesity. EASL-EASD-
EASO Clinical Practice Guidelines on the management of 
metabolic dysfunction-associated steatotic liver disease: 
executive summary. Diabetologia. 2024; 67:2375-2392.

54.	 Rinella ME, Neuschwander-Tetri BA, Siddiqui MS, 
Abdelmalek MF, Caldwell S, Barb D, Kleiner DE, Loomba 
R. AASLD Practice Guidance on the clinical assessment 
and management of nonalcoholic fatty liver disease. 
Hepatology. 2023; 77:1797-1835.

55.	 El Dahan KS, Reczek A, Daher D, Rich NE, Yang JD, 
Hsiehchen D, Zhu H, Patel MS, del Pilar Bayona Molano 
M, Sanford N, Gopal P, Parikh ND, Yopp AC, Singal AG. 
Multidisciplinary care for patients with HCC: A systematic 
review and meta-analysis. Hepatol Commun. 2023; 7:e0143.

56.	 Cabibbo G, Celsa C, Bhoori S, Reiberger T, Pinato DJ, 
Cammà C. Establishing hepatic decompensation as a 
meaningful clinical outcome during systemic therapy for 
hepatocellular carcinoma. J Hepatol. 2025; 83:1443-1451.

57.	 Pocock SJ, Ariti CA, Collier TJ, Wang D. The win ratio: 
A new approach to the analysis of composite endpoints in 
clinical trials based on clinical priorities. Eur Heart J. 2012; 
33:176-182.

58.	 Uno H, Claggett B, Tian L, et al. Moving beyond the 
hazard ratio in quantifying the between-group difference in 
survival analysis. J Clin Oncol. 2014; 32:2380-2385.

Received July 9, 2026; Revised August 21, 2026; Accepted 
August 25, 2026.

§These authors contributed equally to this work.
*Address correspondence to:
Wei Tang, National Center for Global Health and Medicine, 
Japan Institute for Health Security, 1-21-1 Toyama, Shinjuku-
ku, Tokyo 162-8655, Japan.
E-mail: politang-tky@umin.ac.jp

Released online in J-STAGE as advance publication August 
28, 2026.

(372)



BioScience Trends. 2026; 20(4):373-384.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):373-384.                                                  www.biosciencetrends.com
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1. Introduction

Hepatocellular carcinoma (HCC)  remains a leading cause 
of cancer mortality worldwide, and macroscopic portal-
vein invasion is one of its most adverse phenotypes (1,2). 
Portal vein tumor thrombus (PVTT) is not merely a staging 
variable. It accelerates intrahepatic dissemination, reduces 
portal inflow, worsens portal hypertension, and narrows 
the therapeutic window by eroding hepatic reserve. The 
label also encompasses very different anatomical states: 
a segmental branch thrombus that can be removed with 
the involved lobe is not clinically equivalent to a tumor 
extending into the main trunk or contralateral portal vein.
	 This heterogeneity is explained by a persistent 
East-West divergence. The BCLC 2026, EASL 2025, 
AASLD, ESMO, and ASCO frameworks generally place 
macrovascular invasion on a systemic-therapy pathway 
(3-7). Japanese, Korean, and Chinese guidance accepts 
broader use of liver-directed therapy, and the 2026 Chinese 
PVTT guideline explicitly recommends individualized 

combinations of hepatic arterial infusion chemotherapy 
(HAIC), transarterial chemoembolization (TACE), 
radiotherapy, targeted agents, and immunotherapy for 
unresectable disease (8-11). Observational surgical data 
further suggest that selected patients with limited PVTT 
may outlive non-surgical comparators, although selection 
is profound (12,13).
	 The central question is therefore not whether a triplet 
can shrink tumors. It is whether adding HAIC to a modern 
systemic doublet creates a reproducible, oncologically 
meaningful conversion-to-resection opportunity, without 
consuming liver reserve or delaying effective systemic 
control. This review is organized around that question.
	 We performed a targeted narrative review updated 
through July 29, 2026. MEDLINE/PubMed, Embase, 
Web of Science, the Cochrane Library, ClinicalTrials.
gov, WHO ICTRP-linked records, and Chinese 
guideline sources were searched using combinations of 
hepatocellular carcinoma, portal vein tumor thrombus or 
portal vein invasion, HAIC or hepatic arterial infusion, 
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SUMMARY: Portal vein tumor thrombus (PVTT) is a biologically aggressive and clinically heterogeneous form 
of hepatocellular carcinoma (HCC). Global guidelines generally classify macrovascular invasion as advanced 
disease and prioritize systemic therapy, whereas selected East Asian practice pathways incorporate hepatic arterial 
infusion chemotherapy (HAIC), radiotherapy, or resection. This review critically evaluates HAIC combined with an 
antiangiogenic agent and immune checkpoint inhibitor as a conversion strategy for HCC with PVTT. Randomized 
trials substantiate the efficacy of HAIC-based treatment in contrast to controls from the days of sorafenib but do not 
establish the incremental benefit of the contemporary triplet. Across prospective single-arm studies, RECIST 1.1 
objective response rates ranged from approximately 36 to 77%, with higher estimates in some studies using mRECIST. 
Retrospective PVTT-focused comparisons also suggest longer progression-free and overall survival than with dual 
systemic therapy or HAIC alone, but these figures remain vulnerable to confounding by indication, heterogeneous 
regimens, inconsistent response criteria, and immortal-time bias related to surgery. Conversion should be defined as a 
prospectively documented transition from unresectable disease to an R0-resectable state with adequate liver reserve, 
not as radiological response alone. We propose an explicitly unvalidated multidisciplinary framework for candidate 
selection, reassessment, and perioperative management. Current evidence supports protocol-based use in clinical trials 
or experienced centers rather than routine global adoption. Randomized PVTT-stratified trials comparing the triplet to 
contemporary immunotherapy, with intention-to-treat reporting of resection and pathological response, are required.

Keywords: hepatectomy, downstaging, immune checkpoint inhibition, antiangiogenesis, portal hypertension
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FOLFOX, immune checkpoint blockade, antiangiogenic 
therapy, conversion, downstaging, resection, and 
pathological response. References listed in key trials and 
major guidelines were also screened. The review was not 
protocol-registered and did not use duplicate screening 
or a PRISMA selection process; it should therefore be 
interpreted as a critical narrative synthesis rather than an 
exhaustive systematic review.
	 We prioritized PVTT-specific randomized or 
prospective studies, contemporary systemic-therapy 
trials with macrovascular-invasion data, comparative 
HAIC-based cohorts, and studies reporting conversion, 
R0 resection, or pathological response. General 
unresectable-HCC studies were retained only when they 
provided information on the HAIC backbone, safety, 
mechanism, or trial design. RECIST 1.1 and mRECIST 
outcomes were identified and presented independently. 
No quantitative meta-analysis was performed because 
the available studies mixed single-arm and comparative 
designs, incompatible control regimens, different 
PVTT strata, and non-equivalent response criteria; a 
pooled estimate would therefore imply a precision and 
exchangeability that the evidence does not support.

2. Clinical context and biological rationale

The Japanese Vp classification is anatomically explicit: 
Vp1 denotes invasion distal to second-order branches, 
Vp2 invasion of second-order branches, Vp3 invasion 
of a first-order branch, and Vp4 invasion of the main 
trunk or a contralateral branch. Cheng type I-IV is 
commonly used in China and is similar but not directly 
interchangeable. Reporting both systems, along with the 
exact vessels involved, is preferable to collapsing disease 
into "PVTT present" (Table 1).
	 Resectability must be divided into technical and 
oncological components. Technical unresectability 
includes inadequate future liver remnant (FLR), 
inability to obtain negative margins, prohibitive portal 
reconstruction, or unacceptable surgical risk. Oncological 
unresectability includes rapidly progressive extrahepatic 

disease, diffuse bilobar intrahepatic dissemination, or a 
tumor biology indicating that major surgery would be 
unlikely to provide meaningful disease-free survival. 
Conversion therapy should document which barriers 
existed at the baseline and which barriers were overcome.
	 The dominant competing risk is liver failure. Portal 
occlusion, varices, thrombocytopenia, and a large tumor 
burden can make apparent antitumor activity clinically 
irrelevant if treatment worsens hepatic reserve. Child-
Pugh class alone is insufficient; the ALBI grade, bilirubin 
trajectory, platelet count, ascites, variceal risk, portal 
collaterals, and quantitative FLR should be integrated.
	 HAIC is not the only liver-directed option for 
PVTT. External-beam radiotherapy, transarterial 
chemoembolization, and transarterial radioembolization 
are used in selected anatomical and regional settings, but 
their potential utility depends heavily on the extent of 
PVTT, liver reserve, arterial anatomy, and local expertise 
(4,8-11). This review focuses on HAIC-based triplet 
therapy and does not claim comparative superiority over 
these alternatives.
	 Atezolizumab plus bevacizumab and durvalumab plus 
tremelimumab are established immunotherapy-based first-
line therapies for unresectable HCC, with camrelizumab 
plus rivoceranib (CARES-310 interim and final analyses; 
(17,20)), sintilimab plus a bevacizumab biosimilar, 
and nivolumab plus ipilimumab further broadening the 
global treatment landscape (14-20). These regimens 
were not designed as conversion programs and their 
eligibility criteria generally favored Child-Pugh A and 
ECOG 0-1 populations. Importantly, drug classes are not 
interchangeable: LEAP-002 did not meet its prespecified 
superiority boundaries for pembrolizumab plus 
lenvatinib vs. lenvatinib (21). Treating all 'TKI plus PD-1' 
combinations as a validated class is therefore scientifically 
unsafe.
	 Vp4 disease illustrates the unmet need. In the 
exploratory IMbrave150 analysis, median overall survival 
was 7.6 months with atezolizumab-bevacizumab and 5.5 
months with sorafenib (HR: 0.62, 95% CI: 0.34-1.11) 
(15). This small, underpowered subgroup analysis should 
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Table 1. PVTT anatomy and implications for conversion planning

Category

Vp1 / Cheng I

Vp2 / Cheng I-II

Vp3 / Cheng II

Vp4 / Cheng III-IV

Anatomical extent

Distal segmental branches

Second-order portal branches

First-order right or left portal 
branch

Main trunk and/or contralateral 
branch; superior mesenteric 
vein extension in Cheng IV

Usual clinical implication

May be technically resectable with limited 
hepatectomy in selected patients

Resection possible in experienced centers if 
future liver remnant (FLR) and portal pressure 
are acceptable

Often technically complex; may require 
thrombectomy or en-bloc portal resection

Advanced, high-risk disease; portal hypertension 
and hepatic decompensation are central hazards

Conversion question

Is biology favorable enough for upfront 
surgery or short neoadjuvant therapy?

Will induction therapy reduce early 
systemic and intrahepatic failure?

Can PVTT regress to permit an
oncologically credible R0 surgery?

Can treatment restore portal flow, 
maintain FLR, and exclude rapidly 
progressive systemic biology?
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presentation (26). Anti-VEGF/VEGFR treatment may 
transiently normalize abnormal vasculature and reduce 
immunosuppressive myeloid signaling, while checkpoint 
blockade can restore effector T-cell function (27,28). These 
concepts provide a plausible sequence from cytoreduction 
to immune engagement, but direct evidence from treated 
patients with PVTT is limited. Dose, drug identity, and 
timing matter: excessive vessel pruning may aggravate 
hypoxia or alter HAIC delivery.
	 PVTT itself may be immunologically distinct. 
Single-cell profiling has identified enrichment of 
immunosuppressive C5aR-positive tumor-associated 
macrophages in venous tumor thrombus, while other 
transcriptomic work describes immune-desert or immune-
excluded features (29,30). These data strengthen the 
rationale for PVTT-specific translational sampling, but 
they do not prove that adding any particular TKI or 
antibody to HAIC reverses those states (Figure 1). 

3. Clinical evidence for HAIC-based triplet therapy

Prospective single-arm studies have provided evidence 
of variable but clinically relevant antitumor activity, 
but they have not quantified the incremental effect of 
HAIC. Lenvatinib, toripalimab, and FOLFOX-HAIC 
were reported to result in a RECIST 1.1 ORR of 63.9% 
and a median PFS of 10.4 months in 36 patients with 
high-risk advanced HCC (31). The TRIPLET phase II 
study of camrelizumab, apatinib, and FOLFOX-HAIC 
enrolled 35 BCLC C patients and reported a confirmed 

not be used for indirect superiority claims, but it is a 
clinically relevant benchmark: outcomes in main-trunk or 
contralateral-branch invasion remain substantially worse 
than in the trial population overall.
	 HAIC delivers chemotherapy through the hepatic 
artery without permanent embolization. In China, 
FOLFOX-HAIC is common; Japan and Korea have 
longer experience with cisplatin/5-fluorouracil or related 
regimens. Avoiding embolization can be attractive when 
portal inflow is compromised, although catheterization, 
arterial anatomy, and repeated procedures introduce 
distinct risks.
	 Randomized evidence validates the efficacy of HAIC 
in treating portal vein invasion. In 247 patients, sorafenib 
plus FOLFOX-HAIC improved median overall survival 
from 7.13 to 13.37 months (HR 0.35) and objective 
response from 2.5 to 40.8% vs. sorafenib alone (22). A 
randomized phase II trial restricted to Vp3/Vp4 disease 
reported a median overall survival of 16.3 vs. 6.5 months 
with sorafenib plus 3cir-OFF HAIC vs. sorafenib (HR 0.28) 
(23). FOHAIC-1 similarly favored HAIC over sorafenib 
in a high-risk advanced population, although it was not 
a PVTT-specific trial (24). Conversely, the randomized 
phase III FOLFOX-HAIC vs. TACE study in large HCC 
excluded major vascular invasion and extrahepatic spread; 
it provided evidence of local efficacy but cannot be cited 
as high-level evidence for treating PVTT (25).
	 Oxaliplatin can trigger hallmarks of immunogenic 
cell death, including calreticulin exposure, ATP release, 
and HMGB1 release, potentially increasing antigen 

Figure 1. The biological and clinical logic of HAIC-based triplet therapy. This figure separates the mechanistic rationale from clinical inference. 
HAIC-induced cytoreduction, VEGF/VEGFR inhibition, and checkpoint blockade may be biologically complementary, but the incremental clinical 
benefit of the contemporary triplet over modern systemic therapy has not been established.
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RECIST ORR of 77.1% and a median PFS of 10.38 
months (32). Cal Era used raltitrexed-oxaliplatin HAIC 
with camrelizumab-lenvatinib in 39 evaluable patients, 
resulting in an ORR of 66.7% and a median PFS and 
OS of 13.8 and 21.2 months, respectively, but grade 
3–4 treatment-related events occurred in 79.5% of the 
patients (33).
	 Not all prospective signals are uniformly strong. 
Double-IA-001, a small phase II study of FOLFOX-
HAIC, camrelizumab, and sorafenib, did not meet its 
prespecified first-stage activity requirement; the median 
OS was 8.87 months and grade 3 or higher treatment-
related events occurred in 76% of patients (34). Negative 
or modest studies are important because they counter 
publication-driven assumptions that any triplet is 
synergistic (Table 2). 
	 PVTT-specific comparative evidence expanded 
substantially between 2024 and 2026. In a four-center 
study including 411 patients with PVTT, camrelizumab 
plus rivoceranib with or without HAIC was compared. 
After propensity score matching, the triplet regimen 
achieved significantly longer median OS (18.7 vs. 11.0 
months) and PFS (10.0 vs. 5.6 months); however, the 
ORR remained identical in both groups (42.2%). These 
findings suggest that the observed survival advantage was 
driven primarily by improved disease control and delayed 
progression rather than greater tumor shrinkage (35). This 
distinction underscores that radiographic response, survival 
outcomes, and conversion to resectability represent related 
but non-interchangeable endpoints. Therefore, while the 
study supports a beneficial effect of HAIC on disease 
control and time-to-event outcomes, it does not provide 
evidence that HAIC enhanced conversion eligibility or 
increased the likelihood of R0 resection through additional 
cytoreduction.
	 In a multicenter high-risk cohort defined by Vp4 
and/or tumor diameter of at least 10 cm, FOLFOX-
HAIC plus heterogeneous TKIs and PD-1 inhibitors 
was compared to TKI-PD-1 therapy. After matching 194 
pairs, median OS was 24.6 vs. 11.9 months, PFS was 
10.0 vs. 7.7 months, and ORR was 57.7% vs. 28.9%; 
grade 3–4 events were also higher (59.2% vs. 47.4%) 
(36). Only one-third of the original cohort had Vp4, so 
the result cannot be assumed to represent all main-trunk 
PVTT.
	 More anatomically focused data are informative but 
remain retrospective. In Vp4 disease, HAIC-lenvatinib-
tislelizumab was associated with a median OS of 23.2 
vs. 6.9 months and a tumor ORR of 77.1% vs. 42.9% 
compared to HAIC alone after matching 35 patients per 
group (37). A 2026 single-arm Vp4 cohort of 35 patients 
reported an mRECIST ORR of 60%, a median OS of 
313 days, and grade 3–4 events in 45.7% (38). Another 
2026 weighted comparison of 97 Vp4 patients found 
that adding a PD-1 blockade to HAIC-TKI improved 
the adjusted median OS from 10.1 to 14.6 months (HR 
0.47) and PFS from 5.5 to 7.3 months (HR 0.48) (39). 

These estimates are hypothesis-generating, not practice-
defining.
	 The large TACE-HAIC study by Yuan et al. is often 
cited as triplet evidence, but the intervention combines 
embolization, infusion chemotherapy, a targeted agent, 
and immunotherapy; it should not be pooled conceptually 
with HAIC-only triplets (40). Similarly, examination 
of the extrahepatic-metastasis cohort by Guan et al. 
suggests that intrahepatic control may still matter when 
distant disease is present, but residual confounding and 
liver-dominant selection limit causal interpretation (41) 
(Table 2).
	 By study, ORR, conversion, resection, pathological 
response, and grade 3–4 toxicity are therefore 
summarized descriptively in Table 2. The ranges should 
not be interpreted as pooled effects: patient selection, the 
extent of PVTT, drug combinations, response criteria, 
adverse-event attribution, and denominators differ 
materially across studies.
	 Conversion endpoints are especially susceptible to 
inflation. In a study by Luo et al., pCR was achieved in 
7 of 27 patients who underwent resection (25.9%) but in 
only 7 of all 145 treated patients (4.8%) (42). In a study 
by Liu et al., a radiological complete response, and not a 
pathological complete response, was achieved in 22.2% 
(43). In a 19-patient prospective conversion study, 14 
were considered eligible for resection, nine underwent R0 
resection, and pCR was achieved in two: The conversion 
and R0 resection rates were 73.7% (14/19) and 47.4% 
(9/19), respectively; pCR was 22.2% (2/9) among 
resected patients and 10.5% (2/19) in the intention-to-
treat population (44). High-quality reviews must report all 
denominators.
	 Comparing patients who underwent surgery to those 
who did not is also biased: surgery is only possible after a 
period of survival and favorable response. Conventional 
Kaplan-Meier analyses from treatment initiation create 
guarantee-time bias, also known as immortal time bias. 
Landmark analysis, time-dependent exposure modeling, 
or target-trial methods are required. The CHANCE2416 
publication is a protocol for a retrospective target-trial 
emulation and has not reported hypothesized survival 
figures as results (45).

4. Conversion criteria, patient selection, and safety

The optimal candidate is not defined by PVTT alone. As 
a pragmatic and explicitly unvalidated MDT framework, 
consideration may be given to patients with an ECOG 
performance status of 0–1, Child-Pugh A or carefully 
selected B7 liver function, ALBI grade 1 or favorable 
grade 2, adequate marrow and renal function, controlled 
HBV, no uncontrolled ascites or encephalopathy, and 
manageable portal hypertension. Disease should be 
liver-dominant and the barrier to R0 resection should 
be anatomically resolvable. Vp1/Vp2 disease may 
already be directly resectable in selected patients; Vp3/
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Vp4 disease has a greater need for local control but less 
physiological margin for error. These categories should 
not be interpreted as a validated selection rule (Table 2).
	 Extrahepatic disease is not an absolute biological 
prohibition, but it changes the endpoint. Limited, 
controllable metastases may permit a consolidated 
strategy in exceptional cases; widespread or rapidly 
progressing metastases make major hepatectomy difficult 
to justify. The benefit reported in an extrahepatic-
metastasis cohort should be viewed as evidence that 
liver control matters, not proof that surgery is curative in 
disseminated disease (41) (Figure 2 and Table 3).
	 Reassessment after approximately two HAIC cycles, 
often 6–8 weeks, is a pragmatic practice-based approach 
rather than a prospectively validated universal interval. 
RECIST 1.1 and mRECIST should be reported separately 
because size reduction and loss of arterial enhancement 
measure different effects. Operability requires more than 
response: R0 resection must be anatomically feasible; 
FLR and liver function must be adequate; portal inflow 
and outflow must be reconstructable; and extrahepatic 
disease must be absent or controllable. Stability at one 
reassessment may help exclude rapidly progressive 
biology, although excessive delay risks cumulative 
toxicity or regrowth.
	 Radiological CR is not pathological CR. Residual 
viable cells may persist in a non-enhancing mass or 
thrombus, and immune-related patterns can complicate 

imaging. Observational data and recent meta-analyses 
have yet to demonstrate that non-surgical observation 
after complete response is equivalent to resection (46). 
Pathology should report the viable tumor percentage 
separately for the hepatic lesion and PVTT, margin 
status, microvascular invasion, nodal disease, and 
treatment effect.
	 Triplet therapy combines non-overlapping and 
overlapping toxicities. FOLFOX-HAIC causes marrow 
suppression, transaminase elevation, nausea, abdominal 
pain, and cumulative oxaliplatin neuropathy; catheter 
complications include dissection, thrombosis, infection, 
and extrahepatic perfusion. Antiangiogenic agents cause 
hypertension, proteinuria, bleeding, thrombosis, and 
impaired wound healing, whereas immune checkpoint 
inhibitors may cause hepatitis, colitis, pneumonitis, 
endocrinopathy, myocarditis, or other immune toxicities. 
Across contemporary studies, grade 3 or higher event 
rates ranged from approximately 46 to 80%, but the 
definitions, regimens, populations, and follow-up 
differed (33,35,36,38,44). These rates should therefore be 
presented by study rather than pooled as a single safety 
estimate.
	 Before administering therapy that includes 
bevacizumab, clinically significant varices and other 
manifestations of portal hypertension should be assessed 
and managed according to current portal-hypertension 
guidance (47). Perioperative interruption must be 

Figure 2. Multidisciplinary selection and reassessment pathway. This unvalidated framework distinguishes centers with an established 
HAIC program from settings in which referral, structured training, SBRT, or TARE may be considered. Alternative locoregional modalities are 
not presented as equivalent substitutes for HAIC. RECIST 1.1 and mRECIST should be reported independently. This class-level pathway does 
not imply interchangeability among HAIC backbones, antiangiogenic agents, or ICIs; any regimen should be protocol-specified and evidence-
informed. Abbreviations: MDT, multidisciplinary team; FLR, future liver remnant; SBRT, stereotactic body radiotherapy; TARE, transarterial 
radioembolization.
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individualized to drug half-life, bleeding and wound-
healing risks, immune toxicity, and surgical urgency. A 
longer interval is generally required for bevacizumab 
than for oral TKIs, but a universal window cannot be 
inferred from the HAIC-triplet literature; it should be 
governed by current product information and institutional 
protocols. Surgery should be deferred after clinically 
significant immune hepatitis until toxicity has resolved 
and immunosuppression has been appropriately tapered. 
In Vp4 disease with complete main-trunk occlusion, 
uncontrolled or recent variceal bleeding, or worsening 
liver reserve, antiangiogenic therapy and repeated HAIC 
catheterization should be deferred or avoided until portal-
hypertension risk is stabilized and an MDT judges the 
residual risk acceptable.
	 HBV status and HBV DNA should be assessed before 
treatment, antiviral therapy should be optimized when 
indicated, and reactivation surveillance should continue 
during and after anticancer therapy (49). Nutritional 
status, sarcopenia, and patient-reported outcomes also 
deserve systematic attention because repeated HAIC 
procedures impose travel, hospitalization, and financial 
burdens not discernable from conventional adverse-event 
tables.

5. Evidence gaps and future directions

Most modern HAIC-triplet data originate from HBV-
predominant Chinese cohorts treated at high-volume 
centers. Whether those data can be generalized to HCV, 
alcohol-, or metabolic-dysfunction-associated HCC is 
uncertain. Arterial techniques, inpatient infrastructure, 
drug availability, and surgical thresholds differ between 

regions. The Japanese and Korean experience also 
involves regimens that are not identical to Chinese 
FOLFOX-HAIC (8-10).
	 For centers without an established HAIC program, 
t r iple t  adopt ion should not  precede a  formal 
implementation pathway: referral or proctorship from 
a high-volume center, protocol-based catheter training, 
standardized FOLFOX preparation and dose modification, 
prospective catheter- and liver-toxicity surveillance, 
hepatobiliary surgical participation, and independent 
radiology review. Where that infrastructure is unavailable, 
anatomy-appropriate stereotactic body radiotherapy 
(SBRT) or transarterial radioembolization (TARE) may 
be paired with contemporary systemic therapy as part of 
an experienced MDT or clinical trial (4,5,8-11). These 
modalities should be viewed as alternative locoregional 
strategies, not interchangeable substitutes for HAIC, 
because direct comparative conversion data are lacking. 
Institutional registries should include all treated patients, 
including those who deteriorate before the first response 
scan, to prevent survivorship-biased internal impressions.
	 No biomarker currently indicates which patients 
to select for HAIC-based triple therapy. AFP and des-
gamma-carboxy prothrombin kinetics are useful 
adjuncts but cannot replace imaging. Baseline ALBI, the 
neutrophil-to-lymphocyte ratio, tumor size, and tumor 
number are repeatedly associated with outcome, and yet 
they may be prognostic rather than predictive. Small 
exploratory studies have proposed CCL28/BTC or IL-2/
CXCL13/CCL19 signatures (31,33); these require assay 
standardization and validation in treatment-interaction 
analyses.
	 The most promising research direction is longitudinal 

Table 3. Practical selection, reassessment, and perioperative checklist

Domain

Tumor anatomy

Liver reserve

Portal hypertension

Systemic biology

Treatment safety

Patient-centered 
factors

Program capability

Before treatment

Triphasic CT or MRI; PVTT extent; 
arterial anatomy; liver volumetry

Child-Pugh, ALBI, bilirubin, INR, 
platelets, ascites, ICG where used

Endoscopy when anti-VEGF therapy 
is planned; collaterals, spleen, platelets

Chest imaging; bone/brain imaging if 
symptomatic; AFP and DCP

Neuropathy, marrow, renal function, 
cardiovascular and immune history

Goals, uncertainty, procedure burden, 
costs and access

Trained interventional oncology team; 
catheter and rescue protocols; MDT 
review; referral pathway if unavailable

At each reassessment

RECIST 1.1 and mRECIST separately; 
PVTT regression; new lesions

Trend rather than a single value; 
treatment-related injury

Bleeding, ascites, portal-flow changes

Marker kinetics; extrahepatic
response; tempo of disease

Cumulative oxaliplatin toxicity; 
hypertension/proteinuria; immune 
hepatitis; catheter events

Quality of life and preference at each 
decision point

Procedure-level quality assurance; 
catheter complications; center-level 
outcome registry

Before surgery

R0 plan; portal reconstruction; FLR and 
inflow/outflow; exclude progression

No unresolved hepatitis or
decompensation; adequate FLR (context-
specific)

Variceal control; operative bleeding 
strategy

No uncontrolled systemic progression

Agent-specific washout; normalized 
coagulation and marrow; steroid plan if 
prior irAE

Informed trade-off between surgery, 
continued therapy, and observation

Experienced hepatobiliary surgery, 
anesthesia, portal reconstruction, pathology, 
and 90-day outcome capture
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multi-compartment profiling. Paired primary tumor 
and PVTT tissue can resolve the myeloid, stromal, and 
hypoxic programs highlighted by single-cell and spatial 
studies (29,30,48). Serial circulating tumor DNA may 
help identify molecular residual disease after radiological 
response or resection, while radiomics and digital 
pathology may quantify thrombus viability and treatment 
effect. Models should be established and judged by 
calibration and clinical utility, not only discrimination.
	 A decisive trial should enroll cohorts with untreated 
HCC and prospectively stratified Vp3 and Vp4 disease, 
Child-Pugh A, and clearly defined B7, and extrahepatic 
spread should be separately stratified. The control 
must be a contemporary immunotherapy regimen, not 
sorafenib. The experimental arm should specify one 
HAIC regimen, one antiangiogenic agent, one ICI, a 
catheter technique, dose-modification rules, a response 
review, and surgical criteria. A registered randomized 
phase II study, NCT04947826, compares HAIC plus 
HLX10 and HLX04 to HAIC plus a placebo in major 
PVTT; its registration is evidence of an appropriate 
design, not evidence of efficacy (50).
	 Overall survival should remain the primary endpoint, 
with blinded central review of RECIST 1.1 and 
mRECIST reported simultaneously but independently; 
hepatic, PVTT, and extrahepatic responses should 
also be described separately. Future conversion trials 
should prespecify the full intention-to-treat population 
as the mandatory denominator for conversion, R0 
resection, major pathological response, and pCR. 

Surgical-cohort percentages may be reported only as 
secondary conditional estimates and must never replace 
intention-to-treat rates. Ninety-day mortality, major 
morbidity, patient-reported quality of life, time to hepatic 
decompensation, and grade 3–5 toxicity should be key 
secondary endpoints. Surgery should be analyzed as a 
time-dependent exposure with a prespecified landmark 
sensitivity analysis.
	 Randomization alone will not solve every question. 
Embedded translational studies should examine 
whether HAIC changes antigenicity, T-cell clonality, 
myeloid states, or ctDNA clearance and whether those 
changes interact with treatment. Health-economic and 
implementation analyses are essential because repeated 
arterial procedures, specialized catheter skills, and 
costly systemic therapy may worsen inequity in access. 
Trial reports should include center volume, operator 
experience, catheter technique, admission burden, 
and cross-over to SBRT or TARE so that geographic 
transferability can be judged.
	 A review-length synthesis should also contrast HAIC 
with other liver-directed strategies rather than treating 
HAIC as the sole local platform. In a randomized 
trial of 90 patients with liver-confined HCC and 
macroscopic vascular invasion, TACE plus external-
beam radiotherapy improved PFS and OS vs. sorafenib 
and enabled curative resection in five patients (51). 
NRG/RTOG 1112 subsequently showed that SBRT 
followed by sorafenib produced a clinically meaningful, 
although not statistically significant, improvement in 

Note: The table is a clinical-reasoning comparison, not a network-derived treatment ranking. Abbreviations: ICI, immune checkpoint inhibitor; 
ITT, intention-to-treat; MDT, multidisciplinary team; OS, overall survival; RT, radiotherapy; TACE, transarterial chemoembolization; TARE, 
transarterial radioembolization.

Table 4. Competing locoregional strategies in HCC with PVTT: evidence signal, selection logic, and limitations

Strategy

HAIC +
antiangiogenic
agent + ICI

TACE + external-
beam RT

SBRT + systemic 
therapy

TARE
(yttrium-90)

Selective TACE

Evidence signal

High ORR in small
prospective cohorts; favorable 
retrospective comparisons 
(31-39)

Randomized benefit versus 
sorafenib in liver-confined 
macroscopic vascular
invasion (51)

Phase III RTOG 1112 showed 
clinically meaningful but non-
significant OS improvement 
(52)

PVTT-focused meta-
analysis suggests activity, but 
SARAH/SIRveNIB did not 
improve ITT OS (54-56)

Systematic-review signal in 
selected PVTT populations 
(53)

Most plausible selection context

Liver-dominant, high-burden 
disease; preserved liver reserve; 
experienced HAIC/MDT
program

Preserved unilateral portal flow, 
Child-Pugh A, liver-confined 
disease

Focal or anatomically targetable 
PVTT; adequate uninvolved 
liver; radiotherapy expertise

Liver-dominant disease, favorable 
shunt/dosimetry, preserved liver 
reserve, expert center

Peripheral PVTT with preserved 
portal flow and superselective 
access

Conversion relevance

Potential cytoreduction and 
PVTT regression; few ITT R0 
and pathological endpoints

Five of 45 patients underwent 
curative resection in the
randomized trial

May eliminate vascular
invasion and preserve arterial 
options

Potential lobar control
without macroembolization

May facilitate local control in 
combination programs

Key limitation

No randomized comparison 
to a contemporary ICI
regimen

Single-center, sorafenib-
era comparator; embolic 
ischemia risk

Not a PVTT-specific
conversion trial; liver-dose 
constraints

Selection and dosimetry 
heavily influence
outcomes; limited resection 
data

Main- t runk  occ lus ion 
and poor reserve increase 
hepatic failure risk
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OS over sorafenib alone in locally advanced HCC (52). 
Systematic reviews  have substantiated the effectiveness 
of carefully selected TACE and TARE approaches in 
PVTT (53,54), but the negative results of the SARAH 
and SIRveNIB phase III trials with regard to OS caution 
against extrapolating a favorable single-center TARE 
series to unselected advanced HCC (55,56). Broader 
meta-analytic and network comparisons are useful for 
generating hypotheses but remain limited by era effects, 
treatment heterogeneity, and indirectness (57,58). Table 4 
therefore presents selection logic rather than a treatment 
ranking.
	 Response and conversion reporting also require a 
common measurement architecture. RECIST 1.1 should 
quantify the whole tumor burden, whereas mRECIST 
should independently quantify enhancing viable HCC; 
neither framework alone adequately describes PVTT 
regression, recanalization, or surgical clearance (59,60). 
Baseline and longitudinal liver reserve should be reported 
with Child-Pugh components and an objective score such 
as ALBI because radiological response without preserved 
hepatic function cannot produce a safe conversion (61). 
Table 5 specifies the minimum denominators, time 
origins, and endpoint definitions needed to compare 
future studies.
	 For observational conversion cohorts, eligibility, 
treatment assignment, the start of follow-up, and surgical 

status must be aligned. A target-trial protocol should 
be specified before analysis (62), and surgery should 
be modeled as a time-dependent exposure or evaluated 
with a prespecified landmark analysis to prevent 
immortal time bias (63). These methods do not remove 
unmeasured confounding, but they make the causal 
question and principal assumptions auditable.

6. Conclusion

HAIC-based triple therapy is one of the most active 
conversion strategies under investigation for HCC with 
PVTT. The rationale is compelling and early response, 
survival, and resection signals are clinically meaningful. 
And yet the evidence has an important asymmetry: 
randomized trials have established the value of HAIC 
in contrast to controls from the days of sorafenib, 
whereas the modern triplet is mainly substantiated by 
small prospective cohorts and retrospective comparisons 
in a limited geographic setting. Its superiority to 
contemporary ICI-based systemic therapy has not been 
established.
	 The appropriate current position is neither dismissal 
nor routine universal adoption. In experienced 
multidisciplinary centers, carefully selected patients 
with preserved liver function, liver-dominant high-
burden disease, and anatomically actionable PVTT 

(381)

Abbreviations: CR, complete response; CTCAE, Common Terminology Criteria for Adverse Events; ITT, intention-to-treat; MDT, 
multidisciplinary team; MPR, major pathological response; ORR, objective response rate; OS, overall survival; pCR, pathological complete 
response; PD, progressive disease; PFS, progression-free survival; PR, partial response; SD, stable disease.

Table 5. Minimum endpoint and denominator framework for PVTT conversion studies

Domain

Whole-tumor response

Viable-tumor response

PVTT response

Conversion eligibility

Resection and margin

Pathological response

Liver reserve and safety

Survival and surgery 
effect

Required definition

RECIST 1.1, independently reviewed 
when feasible (59)

mRECIST reported separately, not 
merged with RECIST 1.1 (60)

Predefined change in Vp/Cheng extent, 
enhancement, portal flow, and surgical 
clearance

Prospectively specified technical and 
oncological resectability at MDT review

Surgery attempted, completed
hepatectomy, R0/R1/R2, thrombectomy 
or en-bloc resection

Viable tumor percentage in liver lesion 
and PVTT separately; MPR and pCR 
thresholds prespecified

Child-Pugh components, ALBI, portal-
hypertension events, CTCAE grade (61)

OS/PFS from treatment start; surgery as 
time-dependent exposure or landmark 
analysis (62,63)

Denominator and time origin

All treated patients; baseline to 
prespecified scan times

All treated patients and response-
evaluable subset

All patients with baseline PVTT; 
fixed imaging schedule

All patients starting conversion 
therapy

ITT and underwent surgery as 
denominators, both stated

ITT and underwent resection as 
denominators, both stated

Baseline and each cycle; safety 
population defined

All treated patients; time zero 
aligned with eligibil i ty and 
assignment

Minimum report

CR, PR, SD, PD; confirmed/unconfirmed 
ORR; missing scans counted explicitly

Enhancing viable diameter; discordance 
with RECIST 1.1

PVTT CR/PR definition, recanalization, 
differentiation from bland thrombus

Date, reason, and criteria for
resectability; reasons for non-conversion

ITT resection and R0 rates; 90-day 
morbidity/mortality

pCR/MPR in each denominator;
margins, nodes, microvascular invasion

Decompensation, bilirubin/albumin 
trajectory, grade 3–5 events, catheter 
complications

ITT Kaplan-Meier; adjusted time-
dependent/landmark estimate; loss to 
follow-up
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may reasonably be placed on a protocolized conversion 
pathway, preferably as part of a trial. Centers that lack 
HAIC capability should prioritize referral, structured 
training, or anatomy-appropriate alternative locoregional 
strategies such as SBRT or TARE rather than informal 
replication. Every claim of success should preserve the 
intention-to-treat denominator, report RECIST 1.1 and 
mRECIST independently, distinguish radiological from 
pathological response, and demonstrate that technically 
feasible surgery is also oncologically worthwhile.

Funding: This work was supported by the National 
Natural Science Foundation of China (82372810); the 
Key Research and Development Program of Yunnan 
Province (202403AC100023); Kunming Medical 
University's Project to Create a First-class Team in 
the Discipline (2024XKTDYS04); Yunnan Province's 
Support Program for Personnel to Develop the Province: 
Special Project for Young Talent (2025 Zhitian Shi); 
the Yunnan Provincial Health Commission's Medical 
Personnel  Development Program (H-2024056); and 
the Joint Special Project of the Science and Technology 
Department of Yunnan Province and Kunming Medical 
University (202601AY070001-191).

Conflict of Interest: The authors have no conflicts of 
interest to disclose.

References

1.	 Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, 
Soerjomataram I, Jemal A. Global cancer statistics 2022: 
GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J 
Clin. 2024; 74:229-263.

2.	 Llovet JM, Kelley RK, Villanueva A, Singal AG, Pikarsky 
E, Roayaie S, Lencioni R, Koike K, Zucman-Rossi J, 
Finn RS. Hepatocellular carcinoma. Nat Rev Dis Primers. 
2021; 7:6.

3.	 Reig M, Sanduzzi-Zamparelli M, Forner A, et al. 
BCLC strategy for prognosis prediction and treatment 
recommendations: The 2026 update. J Hepatol. 2026; 
84:631-654.

4.	 European Association for the Study of the Liver. EASL 
clinical practice guidelines on the management of 
hepatocellular carcinoma. J Hepatol. 2025; 82:315-374.

5.	 Singal AG, Llovet JM, Yarchoan M, et al. AASLD 
practice guidance on prevention, diagnosis, and treatment 
of hepatocellular carcinoma. Hepatology. 2023; 78:1922-
1965.

6.	 Vogel A, Chan SL, Dawson LA, Kelley RK, Llovet JM, 
Meyer T, Ricke J, Rimassa L, Sapisochin G, Vilgrain 
V, Zucman-Rossi J, Ducreux M, ESMO Guidelines 
Committee. Hepatocellular carcinoma: ESMO clinical 
practice guideline for diagnosis, treatment and follow-up. 
Ann Oncol. 2025; 36:491-506.

7.	 Gordan JD, Kennedy EB, Abou-Alfa GK, et al. Systemic 
therapy for advanced hepatocellular carcinoma: ASCO 
guideline update. J Clin Oncol. 2024; 42:1830-1850.

8.	 Lau G, Obi S, Zhou J, et al. APASL clinical practice 
guidelines on systemic therapy for hepatocellular 

carcinoma-2024. Hepatol Int. 2024; 18:1661-1683.
9.	 Korean Liver Cancer Association (KLCA) and National 

Cancer Center (NCC) Korea. 2022 KLCA-NCC Korea 
practice guidelines for the management of hepatocellular 
carcinoma. Clin Mol Hepatol. 2022; 28:583-705.

10.	 Hasegawa K, Takemura N, Yamashita T, et al. Clinical 
practice guidelines for hepatocellular carcinoma: The 
Japan Society of Hepatology 2021 version (5th JSH-HCC 
guidelines). Hepatol Res. 2023; 53:383-390.

11.	 Chinese Association of Liver Cancer and Chinese 
Medical Doctor Association. Guidelines for diagnosis and 
treatment of hepatocellular carcinoma with portal vein 
tumor thrombus in China (2026 edition) (in Chinese). 
Zhonghua Yi Xue Za Zhi. 2026; 106:41-55.

12.	 Kokudo T, Hasegawa K, Matsuyama Y, Takayama T, 
Izumi N, Kadoya M, Kudo M, Ku Y, Sakamoto M, 
Nakashima O, Kaneko S, Kokudo N, Liver Cancer Study 
Group of Japan. Survival benefit of liver resection for 
hepatocellular carcinoma associated with portal vein 
invasion. J Hepatol. 2016; 65:938-943.

13.	 Cheng S, Chen M, Cai J, Sun J, Guo R, Bi X, Lau WY, 
Wu M. Chinese expert consensus on multidisciplinary 
diagnosis and treatment of hepatocellular carcinoma with 
portal vein tumor thrombus (2018 edition). Liver Cancer. 
2020; 9:28-40.

14.	 Finn RS, Qin S, Ikeda M, et al. Atezolizumab plus 
bevacizumab in unresectable hepatocellular carcinoma. N 
Engl J Med. 2020; 382:1894-1905.

15.	 Finn RS, Galle PR, Ducreux M, Cheng AL, Reilly N, 
Nicholas A, Hernandez S, Ma N, Merle P, Salem R, Li 
D, Breder V. Efficacy and safety of atezolizumab plus 
bevacizumab versus sorafenib in hepatocellular carcinoma 
with main trunk and/or contralateral portal vein invasion 
in IMbrave150. Liver Cancer. 2024; 13:655-668.

16.	 Abou-Alfa GK, Lau G, Kudo M, et al. Tremelimumab 
plus durvalumab in unresectable hepatocellular carcinoma. 
NEJM Evid. 2022; 1:EVIDoa2100070.

17.	 Qin S, Chan SL, Gu S, et al . Camrelizumab plus 
rivoceranib versus sorafenib as first-line therapy for 
unresectable hepatocellular carcinoma (CARES-310): 
A randomised, open-label, international phase 3 study. 
Lancet. 2023; 402:1133-1146.

18.	 Ren Z, Xu J, Bai Y, et al. Sintilimab plus a bevacizumab 
biosimilar (IBI305) versus sorafenib in unresectable 
hepatocellular carcinoma (ORIENT-32): A randomised, 
open-label, phase 2-3 study. Lancet Oncol. 2021; 22:977-
990.

19.	 Yau T, Galle PR, Decaens T, et al. Nivolumab plus 
ipilimumab versus lenvatinib or sorafenib as first-line 
treatment for unresectable hepatocellular carcinoma 
(CheckMate 9DW): An open-label, randomised, phase 3 
trial. Lancet. 2025; 405:1851-1864.

20.	 Qin S, Gu S, Chan SL, et al . Camrelizumab plus 
rivoceranib versus sorafenib as first-line therapy for 
unresectable hepatocellular carcinoma (CARES-310): 
Final analysis of a randomised, open-label, international, 
phase 3 study. Lancet Oncol. 2025; 26:1598-1611.

21.	 Llovet JM, Kudo M, Merle P, et al. Lenvatinib plus 
pembrolizumab versus lenvatinib plus placebo for 
advanced hepatocellular carcinoma (LEAP-002): A 
randomised, double-blind, phase 3 trial. Lancet Oncol. 
2023; 24:1399-1410.

22.	 He M, Li Q, Zou R, et al. Sorafenib plus hepatic arterial 
infusion of oxaliplatin, fluorouracil, and leucovorin vs 
sorafenib alone for hepatocellular carcinoma with portal 

(382)



BioScience Trends. 2026; 20(4):373-384.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):373-384.                                                  www.biosciencetrends.com

vein invasion: A randomized clinical trial. JAMA Oncol. 
2019; 5:953-960.

23.	 Zheng K, Zhu X, Fu S, et al. Sorafenib plus hepatic 
arterial infusion chemotherapy versus sorafenib for 
hepatocellular carcinoma with major portal vein tumor 
thrombosis: A randomized trial. Radiology. 2022; 
303:455-464.

24.	 Lyu N, Wang X, Li JB, Lai JF, Chen QF, Li SL, Deng 
HJ, He M, Mu LW, Zhao M. Arterial chemotherapy of 
oxaliplatin plus fluorouracil versus sorafenib in advanced 
hepatocellular carcinoma: A biomolecular exploratory, 
randomized, phase III trial (FOHAIC-1). J Clin Oncol. 
2022; 40:468-480.

25.	 Li QJ, He MK, Chen HW, Fang WQ, Zhou YM, Xu L, 
Wei W, Zhang YJ, Guo Y, Guo RP, Chen MS, Shi M. 
Hepatic arterial infusion of oxaliplatin, fluorouracil, and 
leucovorin versus transarterial chemoembolization for 
large hepatocellular carcinoma: A randomized phase III 
trial. J Clin Oncol. 2022; 40:150-160.

26.	 Galluzzi L, Vitale I, Warren S, et al. Consensus guidelines 
for the definition, detection and interpretation of 
immunogenic cell death. J Immunother Cancer. 2020; 
8:e000337.

27.	 Fukumura D, Kloepper J, Amoozgar Z, Duda DG, 
Jain RK. Enhancing cancer immunotherapy using 
antiangiogenics: Opportunities and challenges. Nat Rev 
Clin Oncol. 2018; 15:325-340.

28.	 Shigeta K, Datta M, Hato T, et al. Dual programmed 
death receptor-1 and vascular endothelial growth factor 
receptor-2 blockade promotes vascular normalization and 
enhances antitumor immune responses in hepatocellular 
carcinoma. Hepatology. 2020; 71:1247-1261.

29.	 Zhou KQ, Zhong YC, Song MF, Sun YF, Zhu W, Cheng 
JW, Xu Y, Zhang ZF, Wang PX, Tang Z, Zhou J, Zhang 
LY, Fan J, Yang XR. Distinct immune microenvironment 
of venous tumor thrombus in hepatocellular carcinoma at 
single-cell resolution. Hepatology. 2025; 82:566-581.

30.	 Tong W, Zhong J, Yang Q, Lin H, Chen B, Lu T, Chen 
J, Luo N. Single-cell and bulk transcriptomic datasets 
enable the development of prognostic models based on 
dynamic changes in the tumor immune microenvironment 
in patients with hepatocellular carcinoma and portal vein 
tumor thrombus. Front Immunol. 2024; 15:1414121.

31.	 Lai Z, He M, Bu X, Xu Y, Huang Y, Wen D, Li Q, Xu 
L, Zhang Y, Wei W, Chen M, Kan A, Shi M. Lenvatinib, 
toripalimab plus hepatic arterial infusion chemotherapy 
in patients with high-risk advanced hepatocellular 
carcinoma: A biomolecular exploratory, phase II trial. Eur 
J Cancer. 2022; 174:68-77.

32.	 Zhang TQ, Geng ZJ, Zuo MX, Li JB, Huang JH, Huang 
ZL, Wu PH, Gu YK. Camrelizumab (a PD-1 inhibitor) 
plus apatinib (an VEGFR-2 inhibitor) and hepatic artery 
infusion chemotherapy for hepatocellular carcinoma in 
Barcelona Clinic Liver Cancer stage C (TRIPLET): A 
phase II study. Signal Transduct Target Ther. 2023; 8:413.

33.	 Zang M, Li Q, Hu X, Pang H, Li R, Li W, Chen Y, Zhu 
P, Su K, Yuan G, Li Y, Li Y, Chen J. Camrelizumab 
combined with lenvatinib and RALOX-hepatic arterial 
infusion chemotherapy for unresectable hepatocellular 
carcinoma (Cal Era): A prospective, single-arm, phase II 
trial. Liver Cancer. 2025; 14:731-742.

34.	 Shen L, Cao F, Liu Y, Nuerhashi G, Lin L, Tan H, Wen 
C, Wang Y, Chen S, Zou H, Xie L, Fan W. Hepatic artery 
infusion of FOLFOX chemotherapy plus camrelizumab 
combined with sorafenib for advanced hepatocellular 

carcinoma in Barcelona Clinic Liver Cancer stage C 
(Double-IA-001): A phase II trial. BMC Med. 2025; 
23:275.

35.	 Li Y, Guo J, Liu W, Pang H, Song Y, Wu S, Zhang F, Yan D, 
Chen J, An C, Li C. Hepatic artery infusion chemotherapy 
combined with camrelizumab plus rivoceranib for 
hepatocellular carcinoma with portal vein tumor 
thrombosis: A multicenter propensity score-matching 
analysis. Hepatol Int. 2024; 18:1286-1298.

36.	 Zuo M, Zheng G, Cao Y, Lu H, Li D, An C, Fan W. 
Hepatic arterial chemotherapy infusion combined with 
tyrosine kinase inhibitors and PD-1 inhibitors for advanced 
hepatocellular carcinoma with high risk: A propensity 
score matching study. Int J Surg. 2025; 111:104-112.

37.	 Tang S, Shi F, Xiao Y, Cai H, Ma P, Zhou Y, Wu Z, Chen 
S, Guo W. HAIC plus lenvatinib and tislelizumab for 
advanced hepatocellular carcinoma with Vp4 portal vein 
invasion. Hepatol Int. 2025; 19:106-117.

38.	 Wang X, Chen S, Yu W, Liu W, Fang Z. A retrospective 
study of hepatic arterial infusion chemotherapy combined 
with tyrosine kinase inhibitors and PD-1 inhibitors in 
hepatocellular carcinoma patients with main portal vein 
tumor thrombus (Vp4). J Hepatocell Carcinoma. 2026; 
13:562766.

39.	 Liu W, Zhang K, Chen S, Wang X, Yu W. Hepatic arterial 
infusion chemotherapy plus tyrosine kinase inhibitors with 
or without PD-1 inhibitors for advanced hepatocellular 
carcinoma with Vp4 portal vein tumor thrombosis: 
A retrospective cohort study. Front Immunol. 2026; 
17:1832313.

40.	 Yuan Y, He W, Yang Z, Qiu J, Huang Z, Shi Y, Lin Z, 
Zheng Y, Chen M, Lau WY, Li B, Yuan Y. TACE-HAIC 
combined with targeted therapy and immunotherapy 
versus TACE alone for hepatocellular carcinoma with 
portal vein tumour thrombus: A propensity score matching 
study. Int J Surg. 2023; 109:1222-1230.

41.	 Guan R, Zhang N, Deng M, Lin Y, Huang G, Fu Y, Zheng 
Z, Wei W, Zhong C, Zhao H, Mei J, Guo R. Patients 
with hepatocellular carcinoma extrahepatic metastases 
can benefit from hepatic arterial infusion chemotherapy 
combined with lenvatinib plus programmed death-1 
inhibitors. Int J Surg. 2024; 110:4062-4073.

42.	 Luo L, Xiao Y, Zhu G, Huang A, Song S, Wang T, Ge 
X, Xie J, Deng W, Hu Z, Wen W, Mei H, Wan R, Shan 
R. Hepatic arterial infusion chemotherapy combined 
with PD-1 inhibitors and tyrosine kinase inhibitors for 
unresectable hepatocellular carcinoma: A tertiary medical 
center experience. Front Oncol. 2022; 12:1004652.

43.	 Liu BJ, Gao S, Zhu X, Guo JH, Kou FX, Liu SX, Zhang 
X, Wang XD, Cao G, Chen H, Liu P, Xu HF, Gao QZ, 
Yang RJ. Real-world study of hepatic artery infusion 
chemotherapy combined with anti-PD-1 immunotherapy 
and tyrosine kinase inhibitors for advanced hepatocellular 
carcinoma. Immunotherapy. 2021; 13:1395-1405.

44.	 Yalikun K, Li Z, Zhang J, et al. Hepatic artery infusion 
chemotherapy combined with camrelizumab and apatinib 
as conversion therapy for patients with unresectable 
hepatocellular carcinoma: A single-arm exploratory trial. 
BMC Cancer. 2025; 25:838.

45.	 Liu J, Zhang S, Shao H. Hepatic arterial infusion 
chemotherapy plus lenvatinib and PD-1 inhibitors versus 
lenvatinib plus PD-1 inhibitors as first-line treatment 
for hepatocellular carcinoma with high tumour burden 
and portal vein tumour thrombus (CHANCE 2416): 
Study protocol of a multicentre, retrospective, target trial 

(383)



BioScience Trends. 2026; 20(4):373-384.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):373-384.                                                  www.biosciencetrends.com

emulation design. BMJ Open. 2025; 15:e099510.
46.	 Wang J, Hu Y, Zhou L, Yang Y, Chen J, Chen H, 

Wang H. Non-surgery strategy versus hepatectomy in 
hepatocellular carcinoma patients with complete response 
after conversion therapy: A meta-analysis. World J Surg 
Oncol. 2024; 22:349.

47.	 de Franchis R, Bosch J, Garcia-Tsao G, Reiberger T, 
Ripoll C, Baveno VII Faculty. Baveno VII - Renewing 
consensus in portal hypertension. J Hepatol. 2022; 76:959-
974.

48.	 Han T, Chen L, Liu N, et al. Repurposed acarbose targets 
nidogen-1 to remodel the tumor stroma and suppress 
portal vein tumor thrombus in hepatocellular carcinoma. 
Research (Wash D C). 2026; 9:1161.

49.	 Hwang JP, Feld JJ, Hammond SP, Wang SH, Alston-
Johnson DE, Cryer DR, Hershman DL, Loehrer AP, 
Sabichi AL, Symington BE, Terrault N, Wong ML, 
Somerfield MR, Artz AS. Hepatitis B virus screening and 
management for patients with cancer prior to therapy: 
ASCO provisional clinical opinion update. J Clin Oncol. 
2020; 38:3698-3715.

50.	 ClinicalTrials.gov. Combination therapy of HAIC and 
HLX10 and HLX04 in HCC with major portal vein tumor 
thrombosis (NCT04947826). https://clinicaltrials.gov/
study/NCT04947826 (accessed August 13, 2026).

51.	 Yoon SM, Ryoo BY, Lee SJ, Kim JH, Shin JH, An JH, 
Lee HC, Lim YS. Efficacy and safety of transarterial 
chemoembolization plus external beam radiotherapy vs 
sorafenib in hepatocellular carcinoma with macroscopic 
vascular invasion: A randomized clinical trial. JAMA 
Oncol. 2018; 4:661-669.

52.	 Dawson LA, Winter KA, Knox JJ, et al. Stereotactic body 
radiotherapy vs sorafenib alone in hepatocellular carcinoma: 
The NRG Oncology/RTOG 1112 phase 3 randomized 
clinical trial. JAMA Oncol. 2025; 11:136-144.

53.	 Silva JP, Berger NG, Tsai S, Christians KK, Clarke CN, 
Mogal H, White S, Rilling W, Gamblin TC. Transarterial 
chemoembolization in hepatocellular carcinoma with portal 
vein tumor thrombosis: A systematic review and meta-
analysis. HPB (Oxford). 2017; 19:659-666.

54.	 Kim PH, Choi SH, Kim JH, Park SH. Comparison 
of radioembolization and sorafenib for the treatment 
of hepatocellular carcinoma with portal vein tumor 
thrombosis: A systematic review and meta-analysis of 
safety and efficacy. Korean J Radiol. 2019; 20:385-398.

55.	 Vilgrain V, Pereira H, Assenat E, et al. Efficacy and safety 
of selective internal radiotherapy with yttrium-90 resin 
microspheres compared with sorafenib in locally advanced 

and inoperable hepatocellular carcinoma (SARAH): An 
open-label randomised controlled phase 3 trial. Lancet 
Oncol. 2017; 18:1624-1636.

56.	 Chow PKH, Gandhi M, Tan SB, et al. SIRveNIB: Selective 
internal radiation therapy versus sorafenib in Asia-Pacific 
patients with hepatocellular carcinoma. J Clin Oncol. 2018; 
36:1913-1921.

57.	 Liu B, Grindrod N, Meyers BM, Freiburger S, Boldt G, 
Malik A, Jairam MP, Brahmania M, Cardarelli Leite L, 
Simone CB 2nd, Chow R, Lock M. Treatment modalities to 
manage hepatocellular carcinoma patients with portal vein 
thrombosis: A systematic review and meta-analysis. Ann 
Palliat Med. 2023; 12:1165-1174.

58.	 Leung JH, Wang SY, Leung HWC, Chan ALF. Comparative 
efficacy and safety of multimodality treatment for advanced 
hepatocellular carcinoma with portal vein tumor thrombus: 
Patient-level network meta-analysis. Front Oncol. 2024; 
14:1344798.

59.	 Eisenhauer EA, Therasse P, Bogaerts J, et al. New response 
evaluation criteria in solid tumours: Revised RECIST 
guideline (version 1.1). Eur J Cancer. 2009; 45:228-247.

60.	 Lencioni R, Llovet JM. Modified RECIST (mRECIST) 
assessment for hepatocellular carcinoma. Semin Liver Dis. 
2010; 30:52-60.

61.	 Johnson PJ, Berhane S, Kagebayashi C, et al. Assessment 
of liver function in patients with hepatocellular carcinoma: 
A new evidence-based approach-the ALBI grade. J Clin 
Oncol. 2015; 33:550-558.

62.	 Hernan MA, Robins JM. Using big data to emulate a 
target trial when a randomized trial is not available. Am J 
Epidemiol. 2016; 183:758-764.

63.	 Hernan MA, Sauer BC, Hernandez-Diaz S, Platt R, Shrier 
I. Specifying a target trial prevents immortal time bias and 
other self-inflicted injuries in observational analyses. J Clin 
Epidemiol. 2016; 79:70-75.

Received July 12, 2026; Revised August 22, 2026; Accepted 
August 25, 2026.

§These authors contributed equally to this work.
*Address correspondence to:
Lin Wang and Zhitian Shi, Second Department of Hepatobiliary 
and Pancreatic Surgery, The Second Affiliated Hospital of 
Kunming Medical University, Kunming 650101, China.
E-mail: wlgcpkmu@163.com (LW); sztkmmu@163.com (ZS)

Released online in J-STAGE as advance publication August 28, 
2026.

(384)



BioScience Trends. 2026; 20(4):385-397.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):385-397.                                                  www.biosciencetrends.com

Stem cell-derived extracellular vesicles for rare diseases: A clinical
‑bottleneck‑to‑mechanism framework for translation

Yue Han1, Nuo Chen1, Peipei Song2, Yanling Chen3,4,*, Wei Tang2,3,5,*

1 Department of Dermatology, The Union Hospital, Fujian Medical University, Fuzhou, Fujian, China;
2 Japan Institute for Health Security, Tokyo, Japan;
3 Department of Hepatobiliary Surgery, Fujian Institute of Hepatobiliary Surgery, Fujian Medical University Union Hospital, Fuzhou, Fujian, China;
4 Fujian Key Laboratory of Tumor Microbiology, Department of Medical Microbiology, Fujian Medical University, Fuzhou, Fujian, China;
5 Hepato-Biliary-Pancreatic Surgery Division, Department of Surgery, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan.

1. Introduction

Rare diseases, despite their low individual prevalence, 
collectively impose a major medical and societal burden. 
Their marked genetic heterogeneity, limited number 
of patients, and often severe phenotypes complicate 
mechanistic studies, biomarker discovery, and therapeutic 
development (1-3). Conventional drug-development 
pipelines are particularly strained in this setting because 
small trial populations restrict statistical power, lengthen 
recruitment, and lessen commercial incentives. As a 
result, many rare disorders still lack disease-modifying 
therapies, highlighting the need for therapeutic platforms 
that can be adapted across mechanistically distinct 
indications (4,5).
	 Stem cell-based interventions have emerged as 

one such platform, with mesenchymal stem cells 
(MSCs) receiving particular attention because of their 
immunomodulatory activity, trophic secretome, and 
relative ease of procurement from bone marrow, adipose 
tissue, the umbilical cord, or related sources (6-8). 
However, direct cell transplantation faces persistent 
barriers, including variable engraftment, potential 
immunogenicity, theoretical tumorigenicity, ethical 
and manufacturing concerns, and inconsistent in vivo 
behavior across donors and culture conditions (9,10). 
These limitations have motivated interest in cell-free 
strategies that retain biological activity while improving 
safety, controllability, and scalability.
	 Among these s trategies ,  s tem cel l-derived 
extracellular vesicles (EVs), and particularly exosome-
enriched EV preparations, have become especially 

DOI: 10.5582/bst.2026.01150

SUMMARY: Rare diseases impose a disproportionate clinical burden, and yet therapeutic progress is hindered by 
small cohorts, biological heterogeneity, and limited disease-specific options. Stem cell-derived extracellular vesicles 
(EVs), and especially exosome-enriched products, are emerging as adaptable cell-free therapeutics that preserve key 
paracrine activities of parent cells while offering improved controllability, engineering flexibility, and potentially 
lower acute immunogenicity than living-cell products. This review proposes a clinically driven bottleneck-to-
mechanism framework for rare-disease translation, matching each disease class to its dominant pathological barrier, 
mechanism-relevant EV function, route-aware delivery strategy, and measurable potency endpoint. Using this 
framework, EVs may enable immune circuit rewiring in autoimmune disorders, neuroprotection and toxic-protein 
clearance in neurodegeneration, osteogenic and matrix-supportive repair in skeletal/connective tissue diseases, and 
metabolic rescue in lysosomal or mitochondrial disorders. We further highlight a key conceptual distinction between 
EVs as active biologics and EVs as engineered delivery vehicles. Successful translation will depend on integrating 
cargo design, surface targeting, biodistribution-aware administration, scalable manufacturing, and quality-by-design 
control, while anticipating repeat-dose pharmacokinetics/pharmacodynamics (PK/PD), immunogenicity, complement 
activation, procoagulant risk, impurity control, and off-target organ-accumulation challenges. Multi-omics and artificial 
intelligence may further refine target selection and precision engineering. Overall, stem cell-derived EVs constitute a 
versatile platform for treating rare diseases, but clinical success requires closer alignment among mechanism, disease 
specificity, product definition, and translational endpoints.

Keywords: extracellular vesicles, exosomes, rare diseases, mesenchymal stem cells, cargo engineering, surface 
targeting, artificial intelligence
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attractive. EVs are lipid bilayer membrane-delimited 
particles released by cells; exosomes refer to an 
endosome-derived subtype, but most studies cannot 
prove biogenesis and should therefore report EV subtypes 
operationally and transparently. This terminology and 
reporting rigor are codified in minimal information for 
studies of extracellular vesicles (MISEV) guidelines, 
most recently updated as MISEV2023 (11). Importantly, 
EVs can recapitulate many beneficial paracrine effects 
of their parent cells while reducing risks associated with 
living-cell administration, such as ectopic engraftment or 
uncontrolled proliferation (12,13). Their relative stability 
in biological fluids, low immunogenicity, and ability to 
traverse selected biological barriers further enhance their 
appeal as rare–disease therapeutics (14,15).
	 The therapeutic logic of mesenchymal stem cell-
derived EVs (MSC-EVs) is increasingly being defined 
at the level of mechanism rather than broad claims of 
regeneration. Here, regeneration is treated as a phenotypic 
outcome category; our emphasis is on mechanism-linked, 
testable endpoints that can serve as potency readouts and 
guide translation under small-cohort constraints. Their 
cargo can reshape inflammatory signaling, attenuate 
apoptosis, promote angiogenesis and tissue repair, and 
support metabolic homeostasis in recipient cells (16-19). 
In immune-mediated settings, MSC-EVs can reprogram 
macrophages, T-cell subsets, and cytokine networks; in 
neurological disease, they can provide trophic support 
and modulate neuroinflammation; and in tissue-fragility 
or metabolic disorders, they can be engineered to enhance 
pathway-specific correction (20-23).
	 Nonetheless, clinical translation remains constrained 
by unresolved issues in product definition, large-scale 
manufacturing, biodistribution, route selection, and 
potency testing. EV composition varies with cell source, 
donor state, priming conditions, and purification workflow, 
making batch comparability a central challenge rather than 
a secondary technical detail (24-27). Accordingly, progress 
in treating rare diseases will depend on integrating 
mechanistic precision, rare-disease clinical bottlenecks, 
engineering design, and regulatory–grade manufacturing 
into a single development framework.
	 At the same time, the pathways discussed in EV 
studies are not inherently novel therapeutic targets. 
Cytokine networks, AKT/ERK-linked survival signaling, 
Wnt-associated repair programs, and phagocyte 
responses are already addressed to varying degrees by 
existing biologics or small molecules. The justification 
for developing EV therapeutics is therefore not simply 
that they can affect these pathways but that they may 
combine multi-cargo biologic signaling, intracellular or 
nucleic-acid delivery, and route- or barrier-aware tissue 
access within a single platform, which may be especially 
relevant when rare-disease pathology involves several 
coupled bottlenecks that are not easily addressed by a 
single conventional agent. Conversely, when an approved 
drug already provides robust pathway control with 

acceptable safety, EV development should be justified 
by a clear added value such as improved tissue access, 
lower systemic exposure, combination-cargo capability, 
or the ability to support mutation-directed delivery rather 
than pathway modulation alone.
	 Compared to enzyme replacement therapy (ERT), 
antisense oligonucleotides (ASOs), AAV gene therapy, 
small-molecule chaperones, and immune biologics, 
EVs should not be considered to be intrinsically 
superior in treating every rare disease. Their realistic 
value is context-dependent: multi-cargo delivery when 
inflammatory, metabolic, and repair pathways must be 
modulated together; route-aware tissue access through 
local, intranasal, or matrix-retained delivery; lower 
systemic exposure when pathology is regional; surface/
cargo engineering that combines targeting ligands with 
RNA, protein, enzyme, or small-molecule payloads; 
and adjunctive use with ERT, ASO, AAV, or biologics 
to improve tissue residence, reduce local inflammation, 
or broaden pathway coverage. Thus, EV development 
should be justified indication by indication by a 
measurable added value over available modalities.
	 As shown in Figure 1, the development pathway 
of stem cell-derived exosome therapy for rare diseases 
extends from fundamental exosome features and core 
therapeutic mechanisms to disease-specific preclinical 
advances in genetic metabolic, neurodegenerative, 
and skeletal or connective-tissue rare disorders, and 
then onward to clinical translation. In this review, we 
intentionally adopt a clinical-bottleneck-to-mechanism 
framework and focus on representative rare-disease 
classes where i) a dominant bottleneck can be identified, 
ii) EV mechanisms can be linked to measurable 
endpoints, and iii) translational constraints can be 
discussed in specific terms. We do not aim for exhaustive 
coverage of all rare diseases; instead, we emphasize 
design logic that can be re-used across indications. We 
emphasize four themes that are especially important for 
rare-disease translation: disease-matched mechanism 
selection, engineering logic for cargo and surface 
modification, clinically relevant delivery-route design, 
and manufacturing/regulatory strategies that can facilitate 
scalable and reproducible products (28,29).

2. Biological characteristics of stem cell-derived 
exosomes and their potential mechanisms in the 
treatment of rare diseases

2.1. Biogenesis, composition, and functions of exosomes

Exosomes are small EVs generated through the 
endosomal pathway, in which inward budding of 
endosomal membranes forms multivesicular bodies that 
subsequently fuse with the plasma membrane to release 
vesicles into the extracellular space. This biogenesis 
route shapes both membrane composition and cargo 
architecture, yielding vesicles enriched in canonical 
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in vivo behavior even when their operational identity-
marker profiles appear similar.
	 MSC-EVs are particularly relevant to rare diseases 
because they often carry pro-repair and immunoregulatory 
cargo, including miR-21, miR-146a, members of the let-
7 family, HGF, and VEGF, while also retaining membrane 
features that can influence uptake in target tissues 
(17,31,32). Together, these properties position EVs as 
natural nanocarriers that couple biological signaling with 
delivery potential. For rare-disease applications, however, 
descriptive marker panels are insufficient; functional 
interpretation must be linked to the disease bottleneck the 
vesicles are intended to overcome.

2.2. Core mechanisms underlying the therapeutic effects 
of EVs on rare diseases

A more clinically useful framework is to map a dominant 
EV mechanism to a dominant disease bottleneck (Figure 
3). Importantly, rare-disease relevance is established by 

markers such as CD9, CD63, and CD81, together with 
lipids, miRNAs, mRNAs, circular RNAs, enzymes, 
cytokines, and growth-related proteins (30,31). Because 
definitive assignment to "exosomes" requires evidence 
of biogenesis, we refer to "EVs" or "exosome-enriched 
EVs" when appropriate, and emphasize transparent 
reporting consistent with MISEV guidelines.
	 From a translational perspective, EV product 
information can be organized into three interacting 
layers (Figure 2): a payload layer consisting of miRNA, 
mRNA, proteins, lipids, enzymes, and any engineered 
therapeutic cargo; a navigation layer consisting of 
integrins, tetraspanins, adhesion molecules, targeting 
ligands, and anti-phagocytic or stealth modules that 
influence tissue tropism and uptake; and a manufacturing 
layer consisting of the source cell type, donor variability, 
passage number, culture and priming conditions, the 
method of purification, storage, and release testing. This 
layered framework explains why two products labeled 
simply as MSC-exosome may display markedly different 

Figure 1. Clinically aligned translational workflow for stem cell-derived EV therapy in rare diseases. (A) Disease-matched mechanism 
selection: dominant disease bottlenecks are first defined and paired with EV functions, including suppression of inflammation and microglial 
activation, inhibition of RORγt/IL-17-linked immune responses, AKT/ERK–Bcl-2-associated neuroprotection, and Wnt/β-catenin-mediated matrix 
or bone repair. (B) Cargo and surface engineering: EVs may be modified through pre-loading strategies such as hypoxia or cytokine priming to 
enrich biologically coherent cargo or through post-loading methods such as electroporation to deliver siRNA, CRISPR-related components, or 
other defined payloads. Surface ligands, including RGD- or RVG-like motifs and CD47-based stealth modules, can improve tissue navigation and 
reduce phagocytic clearance. (C) Delivery-route design: intranasal, subtenon, intravenous, local, or topical administration is selected according to 
target tissue, while hydrogels, microneedle arrays, and mucoadhesive systems improve retention and local bioavailability. (D) Manufacturing and 
regulatory strategies: scalable purification, GMP-compatible production, critical quality attributes, critical process parameters, and mechanism-linked 
potency assays support reproducibility. (E) Integrated rare-disease translation: mechanism, engineering, route, manufacturing, and clinical endpoints 
are iteratively aligned.
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bottleneck matching and measurable endpoints, not by 
claims that a pathway is unique to rare diseases.
	 In immune-mediated rare disorders, the relevant 
biology is not a generic anti-inflammatory effect, but 

selective rewiring of pathogenic immune circuits. 
EVs enriched in miR-146a can suppress inflammatory 
amplification, lessen microglial activation, and restrain 
Th17-skewed responses, while MSC-derived vesicles 

Figure 2. Biological characteristics of stem cell-derived exosomes. (A) Biogenesis process: exosomes arise from the endosomal pathway, in which 
endocytosis forms early endosomes, late endosomes, and multivesicular bodies; fusion of multivesicular bodies with the plasma membrane releases 
intraluminal vesicles as exosomes. (B) Three-layer framework: EV product information is organized into a payload layer, navigation layer, and 
manufacturing layer. The payload layer includes miRNAs, mRNAs, proteins, lipids, enzymes, cytokines, and engineered cargo; the navigation layer 
includes tetraspanins, integrins, adhesion molecules, targeting ligands, and anti-phagocytic modules; the manufacturing layer includes cell source, 
donor variability, passage number, culture conditions, purification, storage, and release testing. (C) Molecular composition and canonical markers: 
MSC-EVs commonly express CD9, CD63, and CD81 and carry regulatory cargo such as miR-21, miR-146a, let-7 family members, HGF, and VEGF. 
(D) Functional linkage to disease bottlenecks: after uptake, EVs may modulate inflammation, gene expression, angiogenesis, survival, metabolic 
stress, and repair pathways. (E) Product heterogeneity: differences in source and manufacturing explain why similarly named MSC-EV products may 
exhibit distinct potency and biodistribution.

E.
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have also been shown to destabilize RORγt signaling 
and reduce IL-17-linked effector programs (33-35). This 
logic is especially relevant to autoimmune encephalitis 
and related rare neuroimmune phenotypes.
	 In neurodegenerative disorders such as amyotrophic 
lateral sclerosis (ALS) and Huntington's disease, the 
central therapeutic priority shifts to preservation of 
vulnerable neurons and support cells in the presence of a 
toxic protein/degeneration bottleneck, where AKT/ERK 
activation, Bcl-2 upregulation, neurotrophic support, 
and autophagy enhancement are more informative 
mechanistic anchors than the broad claim of regeneration 
(36-38).
	 In skeletal disorders such as osteogenesis imperfecta, 
the key question becomes whether EVs can activate Wnt/
β-catenin-associated osteogenesis, improve osteoblast 
differentiation, and support matrix deposition in a 
collagen-defective microenvironment (39,40).
	 The mechanistic emphasis changes again in metabolic 
rare diseases, where enzyme delivery, lysosomal support, 

mitochondrial stress buffering, and clearance of toxic 
substrates or protein aggregates may be more relevant 
than conventional regenerative endpoints (41,42). For 
these disorders, the most persuasive preclinical-to-
translational bridge is a potency assay tied to enzyme 
activity, substrate burden, or organelle stress readouts. 
Representative cargo-source-target relationships that 
sharpen this logic are summarized in Table 1.

3. Preclinical advances in stem cell-derived exosomes 
to treat various rare diseases

Rare-disease preclinical models require critical 
appraisal. Although encouraging preclinical signals were 
summarized, the field faces a fundamental translational 
bottleneck: many monogenic rare-disease animal models 
only partially reproduce the full human phenotype, organ 
involvement, and time course, and they may compress 
or distort clinically relevant progression windows 
(43). For EV therapeutics, this matters because short-

Figure 3. Mechanism-to-bottleneck matching of stem cell-derived EVs in representative rare-disease classes. (A) Immune-mediated rare 
diseases: MSC-EVs, and especially those enriched in miR-146a, may suppress microglial activation and inflammatory cytokines such as IL-6, IL-
23, and TGF-β, thereby reducing STAT3/RORγt-driven Th17 differentiation and downstream IL-17/IL-22 effector responses. (B) Neurodegenerative 
rare diseases: EVs may protect vulnerable neurons by activating PI3K/AKT and RAS/RAF/MEK/ERK signaling, increasing Bcl-2-associated anti-
apoptotic activity, reducing glial inflammatory stress, and facilitating autophagy-mediated clearance of toxic proteins through autophagosome–
autolysosome flux. (C) Skeletal and connective-tissue rare diseases: EVs may enhance Wnt/β-catenin-associated osteogenesis, promote osteoblast 
differentiation, osteocyte maturation, mineralization, and extracellular-matrix deposition, which is particularly relevant to collagen-defective skeletal 
fragility. (D) Metabolic rare diseases: engineered or selected EVs may deliver enzymes, regulatory RNAs, or proteins that support lysosomal function, 
substrate clearance, mitochondrial stress buffering, mitophagy, and metabolic rescue. (E) Central principle: therapeutic EV development should 
match the key disease bottleneck with a measurable EV mechanism, including target-cell uptake, pathway engagement, biomarker modulation, and 
functional rescue.



BioScience Trends. 2026; 20(4):385-397.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):385-397.                                                  www.biosciencetrends.com

(390)

lived "phenotypic rescue" can be overestimated if the 
model's dominant failure mode differs from the human 
bottleneck. Accordingly, mechanistic endpoints should be 
treated as translatable only when they exist on a validated 
causal chain: EV exposure in the relevant tissue → 
target-cell uptake → pathway engagement → biomarker 
change → functional readout. We therefore recommend 
that rare-disease EV evidence be triangulated across 
complementary model layers (animal models, patient-
derived iPSC/organoid systems, and disease-relevant 
ex vivo assays) and anchored to clinically interpretable 
biomarkers and natural-history knowledge where 
available (44).

3.1. Genetic metabolic rare diseases

In lysosomal and mitochondrial rare diseases, the 
bottleneck is often a defined metabolic deficit (enzyme 
deficiency, substrate accumulation, or organelle stress) 
for which phenotypic rescue may be achieved even 
without full genetic correction, provided a mechanism-
linked axis is engaged.
	 In Gaucher disease and related lysosomal disorders, the 
appeal of EV therapy lies less in generalized regeneration 
than in whether vesicles can restore enzyme-dependent 
substrate handling in macrophages, glia, or neurons. 
Emerging evidence suggests that EVs can influence 
glucosylceramide trafficking, lysosomal function, and 
inflammatory amplification, but durable correction of 
glucosylceramidase β deficiency remains a preclinical 
objective rather than an achieved goal (41). Accordingly, 
translational claims in this area should carefully distinguish 
direct enzyme replacement from indirect lysosomal 
support or microenvironmental modulation.
	 In mitochondrial diseases, stem cell-derived exosomes 
are better viewed as tools for metabolic reprogramming 
than as complete genetic cures. Their cargo may modulate 
oxidative stress, mitophagy, mitochondrial biogenesis, and 
inflammatory crosstalk, thereby improving bioenergetic 
resilience in tissues with a high ATP demand (42). 
This distinction matters because partial restoration of 
stress-response pathways may still yield meaningful 
symptomatic benefit even when the causal mitochondrial 
or nuclear mutation is not directly corrected.
	 For metabolic rare diseases, the most informative 
preclinical readouts should therefore be mechanism-
matched: enzyme activity, substrate burden, ATP 
production, reactive oxygen species levels, mitophagy 
markers, lysosome-autophagy flux, and tissue-specific 
functional rescue. These endpoints are more persuasive 
than broad histological improvement alone and are also 
more useful when translating a preclinical signal into a 
regulatory potency assay.

3.2. Neurodegenerative rare diseases

Central nervous system (CNS) rare diseases are dominated 
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by two coupled bottlenecks: tissue access and neuronal 
vulnerability/toxic protein burden, making route selection 
and target engagement inseparable from the mechanism.
	 In ALS, the rationale for MSC-EVs is strongest when 
neurotrophic support, control of neuroinflammation, and 
the route of administration are considered as a single 
therapeutic package. Exosomal miR-146a and trophic 
factors may modulate activated glia while AKT/ERK-
Bcl-2 signaling can protect stressed motor neurons, 
making the platform more than a passive substitute for 
the MSC secretome. CNS exposure remains a major 
bottleneck, so the route of delivery should be treated as 
part of the therapeutic hypothesis rather than as an aspect 
of the downstream formulation.
	 Huntington's disease illustrates why engineered 
exosomes may be more suitable than unmodified 
vesicles. Here, the dominant objective is to reduce the 
toxic huntingtin burden while preserving susceptible 
neurons, which makes gene-silencing cargo, CRISPR/
Cas9-compatible loading strategies, and autophagy-
enhancing signals especially relevant (38,45). In this 
context, exosomes function less as generalized anti-
inflammatory vesicles and more as programmable 
nanocarriers for CNS target engagement.
	 Overall, neurodegenerative rare diseases indicate 
that the mechanism, tropism, route, dosing interval, 
and potency cannot be developed independently. Once 
the target tissue is the brain or spinal cord, surface 
engineering, intranasal design, blood-brain barrier 
models, and target-cell uptake assays become central 
translational variables rather than optional refinements.

3.3. Rare skeletal and connective tissue diseases

For skeletal/connective tissue rare diseases, the 
bottleneck often lies in matrix fragility and impaired cell-
program execution, meaning that "repair" must be framed 
as program rescue rather than generic regeneration.
	 In osteogenesis imperfecta, the most persuasive 
therapeutic use of MSC-EVs is to drive osteoblast 
differentiation in a collagen-defective setting. Efficacy 
claims should therefore be linked explicitly to Wnt/
β-catenin activation, Runx2/ALP-associated osteogenic 
programs, and matrix mineralization, rather than to broad 
regenerative language (40). This tighter framing better 
matches the biology of COL1A1/COL1A2-associated 
bone fragility and clarifies why osteogenesis-linked 
potency assays are essential.
	 For recessive dystrophic epidermolysis bullosa 
(RDEB) and related connective-tissue fragility 
syndromes, exosome therapy currently targets the 
wound-healing phenotype more than the germline defect 
itself. Near-term goals include local immune control, 
re-epithelialization, improved extracellular-matrix 
remodeling, and reduction of the chronic wound burden. 
That distinction is clinically important because a wound-
directed extracellular-vesicle product may still provide 

meaningful benefit before direct mutation correction 
becomes feasible.
	 Evidence for treatment of Ehlers-Danlos syndrome 
remains limited and should be presented cautiously. At 
present, Ehlers-Danlos syndrome is best viewed as a 
hypothesis-generating indication in which exosomes may 
modulate fibroblast behavior and matrix homeostasis, 
but disease-specific efficacy data remain sparse. Stating 
this limitation explicitly strengthens the scientific rigor 
of this review.

4. Clinical translation status and challenges of stem 
cell-derived exosome therapy for rare diseases

4.1. Early clinical trials and safety evaluation
As summarized in Supplementary Table S1 (https://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=306), which consolidates the current rare-
disease trial landscape from public registries, a consistent 
pattern emerges from this landscape: stem cell-derived 
EV/exosome-enriched studies of rare diseases remain 
in the early phase, have a small sample size, and are 
highly dependent on the route of administration. Ocular 
programs rely on subtenon injection, RDEB studies 
range from topical/local wound dosing to intravenous 
EV administration, and neuroimmune or neuromuscular 
programs increasingly favor intranasal delivery.
	 The congenital myasthenic syndrome study 
(NCT07226726) is especially instructive because 
intranasal delivery is treated as part of the therapeutic 
concept rather than as a secondary formulation choice. 
Intranasal administration may partly reduce systemic 
dilution and improve access to neuro-immune interfaces, 
but it also introduces additional variables, including 
nasal mucosal integrity, dose reproducibility, device 
compatibility, and residence time. The MESAE trial in 
autoimmune encephalitis (NCT07131683) likewise aligns 
the route, repeated dosing, and neurological outcome 
scales, illustrating how mechanism–aware trial design is 
beginning to emerge in the field.
	 At the same time, the public evidence base remains 
immature. Several registry entries still lack posted 
results, and record updates do not always keep pace with 
estimated completion dates or real-world study progress. 
At present, the most defensible clinical conclusion is 
feasibility and early safety rather than definitive disease 
modification.

4.2. Major challenges in clinical translation

The immediate barrier to clinical translation is not 
conceptual promise but product definition. For systemic 
and lifelong rare-disease indications, product definitions 
also need to anticipate exposure limits (PK/PD and 
biodistribution) and the possibility that repeat dosing will 
alter clearance and response. For rare-disease programs, 
an EV product should be described by a minimum 
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chemistry, manufacturing, and controls (CMC) package 
that includes the cell source, donor criteria, passage 
number, culture medium, conditioning strategy, harvest 
window, isolation train, storage conditions, and a potency 
assay explicitly linked to the intended mechanism. 
This aligns with the broader rare–disease development 
reality recognized by FDA guidance: small cohorts 
amplify the impact of manufacturing variability, making 
comparability and robust endpoints central rather than 
optional.
	 The EV dose is not self-evident, so nominal doses 
should not be compared across studies using the particle 
number, total protein, producer-cell equivalent, or cargo 
copy number alone. For rare-disease translation, we 
recommend a layered dose description: the particle 
number measured via validated single-particle analysis; 
the total protein and particle-to-protein ratio as purity 
context; the producer-cell equivalent for manufacturing 
comparability; and the disease-relevant cargo copy 
number, enzyme activity, or functional cargo activity 
when the payload is engineered or mechanism-defining. 
Release and comparability decisions should prioritize a 
mechanism-linked potency readout normalized to both 
the particle number and, when relevant, cargo dose—for 
example, substrate clearance per particle dose, cytokine 
suppression per protein-normalized dose, target-gene 
knockdown per cargo copy, or enzyme activity restored 
per defined EV dose.
	 In practical manufacturing terms, this is why scale-out 
workflows based on ultracentrifugation are increasingly 
inadequate: tangential flow filtration, usually followed by 
polishing steps such as size-exclusion chromatography, 
is better suited for closed, reproducible, and higher-
throughput production (46,47).
	 A quality-by-design (QbD) framework is especially 
valuable for exosome therapeutics. Candidate critical 
quality attributes (CQAs) include the particle size 
distribution, particle-to-protein ratio, operational identity-
marker panels, sterility/endotoxin, residual host-cell DNA 
and protein, culture-medium or serum-derived impurities, 
cargo fingerprints, leakage/stability of externally loaded 
payloads, and mechanism-linked potency. Critical process 
parameters (CPPs) include oxygen tension, serum-free 
adaptation, the cell density, passage number, harvest 
frequency, buffer composition, tangential flow filtration 
(TFF) concentration factor, and freeze-thaw history. 
Without prospectively defining these variables, batch 
comparability becomes extremely difficult, which is 
particularly problematic when rare-disease trials enroll 
only a few patients and every manufacturing lot has 
outsized clinical influence.
	 Regulatory strategy must also be rare-disease-specific. 
Orphan indications often rely on small cohorts, so 
developers may require biomarker-enriched enrollment, 
adaptive designs, external or intra-patient controls, and 
route-specific safety monitoring. And yet orphan-disease 
flexibility in trial design does not reduce the need for 

stringent comparability packages: any change in the 
upstream culture, purification sequence, or loading method 
can reshape cargo composition and therefore biological 
activity. In other words, rare-disease development may 
justify flexible trials, but it also requires stricter analytics.

4.3. PK/PD, biodistribution, and dose-interval design

EV translation in systemic rare diseases is frequently 
exposure-limited: after intravenous administration, 
many EV formulations distribute rapidly to mononuclear 
phagocyte system (MPS)-rich organs such as the 
liver and spleen, which can reduce bioavailability in 
harder-to-reach targets. In vivo studies show that EV 
biodistribution depends on the cell source, dose, and 
route, with prominent accumulation in the liver and 
spleen after systemic delivery (48), and MPS-dominated 
uptake can contribute to short circulation half-lives in 
some settings (49).
	 Protein corona and disease state can re-program EV 
kinetics and cellular uptake. Recent work has indicated 
that the serum-derived protein corona composition can 
retarget MSC-EVs away from hepatic macrophages 
and toward non-phagocytic liver cells, implying that 
"surface identity" is not fixed at release but is remodeled 
in vivo (50).
	 A practical implication for rare-disease translation 
is to treat route selection and PK/PD as part of the 
therapeutic hypothesis: which tissue needs what 
EV exposure for how long, and what PD biomarker 
will confirm mechanism engagement. In small-
cohort settings, longitudinal, mechanism-linked PD 
readouts (e.g., enzyme activity, substrate burden, and 
inflammatory network shifts) are often more informative 
than single time-point histology.
	 Dose-interval selection remains a major challenge. 
Rather than defaulting to weekly or monthly regimens, the 
interval should be derived from the duration of the PD 
effect in the target tissue, with the recognition that repeat 
dosing can also change PK through immune recognition 
or MPS adaptation. A minimal "PK/PD starter pack" for 
translation therefore includes: i) biodistribution mapping 
in relevant models, ii) target-tissue residence estimates, 
iii) a PD biomarker time course, and iv) a pre-specified 
rule for dose-interval adjustment if PD decay precedes 
clinical benefit.

4.4. Long-term repeat dosing, immune recognition, and 
accelerated clearance

Long-term repeat dosing is the default scenario for 
many rare diseases. Although EVs are often described 
as having lower immunogenicity than living-cell 
products, EVs can carry immunologically active surface 
molecules and can intersect with antigen processing/
presentation and adaptive immunity (51). For allogeneic 
stem-cell-derived EVs, repeated administration may 
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therefore generate anti-product antibodies or functional 
neutralization, which can manifest as diminishing 
efficacy or faster clearance—outcomes that regulators 
and clinical pharmacology frameworks treat as clinically 
meaningful because it modifies PK, PD, and safety (52).
	 The risk is not merely theoretical: experience 
from nanomedicines shows that repeated dosing of 
polyethylene glycol-conjugated (PEGylated) carriers 
can trigger anti-PEG IgM and complement activation, 
leading to an accelerated blood clearance phenomenon 
and altered biodistribution. PEG immunogenicity and 
anti-PEG antibody prevalence are now recognized 
as clinically relevant to safety and efficacy for some 
nanomedicine platforms (53,54).
	 Risk-mitigation principles for rare-disease EV 
programs include treating immunogenicity as a 
longitudinal PK/PD modifier, monitoring for anti-EV/
anti-excipient antibodies and complement activation 
signals in repeat-dose studies, minimizing immunogenic 
impurities (e.g., serum-derived contaminants), and 
considering dosing-route strategies that reduce systemic 
exposure when the mechanism allows (e.g., local 
delivery for wound-dominant phenotypes).
	 S a f e t y  e v a l u a t i o n  s h o u l d  e x t e n d  b e y o n d 
immunogenicity. EV preparations may expose a 
phosphatidylserine or tissue factor and thereby increase 
procoagulant potential; activate a complement; retain 
host-cell DNA, host-cell proteins, culture-medium 
contaminants, serum-derived impurities, or adventitious 
agents; release an exogenously loaded cargo before 
target-tissue uptake; and accumulate in off-target organs, 
and especially the MPS-rich liver and spleen after 
systemic delivery. Repeat-dose studies should therefore 
include hemocompatibility and thrombin-generation 
assays, complement split products, residual DNA/
protein and media/serum impurity testing, endotoxin/
mycoplasma/adventitious-agent release criteria, loaded-
cargo leakage and stability assays, and biodistribution 
panels that quantify off-target accumulation in route-
relevant organs.

5. Engineering and functional modification to 
enhance the therapeutic efficacy of stem cell-derived 
exosomes in rare diseases

5.1. Cargo engineering modification

Cargo engineering is best discussed as a design trade-
off rather than a binary technical choice. Pre-loading 
strategies, including hypoxia conditioning, cytokine 
priming, and parental-cell genetic engineering, benefit 
from biological coherence because the payload is 
packaged through endogenous vesicle biogenesis and 
the native membrane architecture is usually better 
preserved (17,39,55). Their main limitation is that the 
absolute loading dose is less controllable and may 
drift across donors or batches. This makes pre-loading 

attractive when the therapeutic goal is systems-level 
reprogramming, such as amplifying angiogenic or anti-
inflammatory tone, but less ideal when a monogenic 
disorder requires a defined amount of small interfering 
RNA, messenger RNA, antisense oligonucleotide, or 
gene-editing cargo.
	 Post-loading strategies such as electroporation, 
sonication, extrusion, and chemical transfection offer 
greater control over the identity and nominal amount 
of an added therapeutic payload. These approaches are 
therefore attractive for precision interventions, including 
siRNA, antisense oligonucleotides, protein cargo, or 
CRISPR/Cas9-related components (43,56). However, 
higher loading efficiency may come at the cost of vesicle 
aggregation, RNA precipitation artefacts, membrane 
injury, altered uptake behavior, or reduced functional 
potency. For that reason, post-loading workflows should 
always be paired with assays that assess membrane 
integrity, retained tropism, and mechanism-linked 
activity, rather than marker panels alone.
	 EVs can function as active biologics or as delivery 
vehicles. A frequent source of conceptual drift in the 
literature is whether EVs are the active therapeutic entity 
or whether they are used primarily as delivery vehicles 
for a defined exogenous payload. This distinction has 
implications for CMC control, potency testing, and 
regulatory classification and should be stated explicitly 
for each rare-disease application.
	 In rare diseases, the most rational selection rule is 
mechanism-driven: use pre-loading when the desired 
product is a biologically enriched secretome, and use 
post-loading when the therapeutic objective is delivery 
of a quantifiable mutation-directed payload. Hybrid 
strategies may be especially relevant when a disorder 
requires both immune modulation and pathway-specific 
correction. A concise comparison of these approaches is 
provided in Table 2.

5.2. Membrane surface engineering modification

Surface engineering marks the transition from passive 
biodistribution to precision navigation. Classical ligand 
decoration with arginine-glycine-aspartic acid (RGD) or 
rabies virus glycoprotein (RVG) peptides remains useful 
because it operationalizes tissue selectivity-RGD-like 
motifs for integrin-rich diseased tissues and RVG-like 
ligands for neuronal targeting. And yet the field is moving 
beyond fixed peptide tags toward modular navigation 
systems that combine targeting with triggered release. 
Magnetic guidance, photo–responsive membranes, and 
thermos-responsive shells remain largely preclinical, but 
they are conceptually important because they separate 
two questions that are often conflated: how to reach the 
tissue and how to release cargo once the vesicle arrives.
	 Stealth engineering is equally important. In 
practice, "stealth" is the engineering response to the 
MPS-clearance bottleneck described above: without 
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mitigating opsonization and phagocytic uptake, systemic 
EV exposure can be dominated by liver-and spleen-
associated macrophages rather than the intended target 
tissue (49). Display of CD47 or CD47-mimetic "don't 
eat me" signals may reduce phagocytic clearance and 
extend circulation time, whereas PEG-like shielding 
can improve colloidal stability but may also mask 
uptake ligands if overused (18,43). However, any stealth 
strategy intended for chronic dosing should be evaluated 
under repeat-dose conditions for immune recognition 
and clearance drift rather than assuming a stable single-
dose PK profile (53,54). A practical design principle 
is therefore to balance persistence against target-cell 
internalization rather than maximizing only one of them.
	 For rare diseases that target the CNS, the next frontier 
is multicomponent surface design: a brain-penetrating 
motif, an anti-phagocytic module, and a disease-receptor 
recognition signal on the same vesicle, ideally paired 
with a route-specific strategy such as intranasal delivery. 
At that stage, surface engineering becomes translationally 
decisive rather than simply elegant.

6. Future perspectives: Exploring the translational 
pathway from basic research to clinical application

6.1. Integrating multi-omics technologies and artificial 
intelligence (AI) to decipher mechanisms

AI should not be considered merely as a future accessory; 
it can define the exosome-discovery workflow itself. A 
practical pipeline begins with multi-omics characterization 
of producer cells and exosome batches-proteomics for 
membrane ligands and soluble effectors, small-RNA 
sequencing for regulatory cargo, lipidomics for membrane 
behavior, and single-cell atlases of recipient tissues for 
receptor availability (57-59). These layers can then be 
integrated using graph-based or multimodal models to 
predict which vesicle compositions are most likely to bind, 
enter, and reprogram disease-related target cells.
	 Rare-disease-specific AI/omics research presents 
both constraints and opportunities. Rare diseases are 
defined not only by prevalence but by small cohorts, high 

heterogeneity, and often a strong genotype-to-phenotype 
axis; AI methods must therefore address small-N learning 
and cross-center data barriers. Rare-disease knowledge 
bases and genome-phenome platforms (e.g., Orphanet/
Orphadata and RD-Connect GPAP) provide a structured 
substrate for standardized phenotypes and gene-disease 
mapping that can be linked to EV design variables. 
Methodologically, transfer learning and federated 
learning are particularly relevant because they help 
extract a signal from distributed, privacy-constrained 
datasets without requiring central pooling.
	 This enables a true in an in vivo target-selection 
paradigm. Rather than manufacturing a vesicle first and 
only later determining where it reaches, developers can 
computationally rank membrane-protein/receptor pairs, 
prioritize candidate targeting motifs, and then validate 
them experimentally with barcoded vesicle libraries, 
organ-on-chip blood-brain barrier models, or patient-
derived organoids. For rare diseases, where patient 
material is scarce, this approach is particularly valuable 
because it reduces wet-lab iteration and concentrates 
resources on the most biologically plausible candidates.
	 The long-term objective should be an Exosome Atlas 
that links the source cell, manufacturing state, cargo 
composition, biodistribution, potency readouts, and 
patient phenotype. In rare-disease medicine, such an atlas 
could serve both diagnostic and therapeutic purposes by 
identifying disease-associated vesicle signatures while 
also guiding source-matched or engineering-matched 
exosome design.

6.2. Establishing regulatory science and industrialization 
frameworks

Industrial production will depend on whether exosome 
manufacturing can be made auditable, closed, and 
digitally traceable. Bioreactor-based upstream culture, 
TFF/size-exclusion chromatography-based downstream 
purification, in-line environmental monitoring, and 
electronic batch records are not simply engineering 
upgrades; they are prerequisites for lot comparability in 
geographically distributed rare-disease trials.
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Table 2. Critical comparison of pre-loading and post-loading strategies for cargo engineering in exosome therapeutics for 
rare diseases

Strategy Class

Pre-loading

Pre-loading

Post-loading

Post-loading

Representative methods

Hypoxia, IFN-γ or cytokine 
priming

Parental-cell gene
engineering

Electroporation of siRNA/
ASO/CRISPR

Sonication, extrusion,
chemical transfection

Limitations

Payload dose less
controllable, batch drift

Cell-engineering burden, 
added regulatory complexity

Aggregat ion ,  membrane 
injury, variable encapsulation

May alter native surface 
proteins and biodistribution

Strengths

Preserves endogenous
membrane and coordinated 
biology

Stable  enr ichment  wi th 
biologically coherent cargo

Direct control of mutation-
matched payload

Greater loading for drugs or 
proteins

Best-fit rare-disease scenarios

Angiogenic or immunomodulatory 
indications

Repeated delivery of defined 
trophic or miRNA cargo

Monogenic or toxic-gain-of-
function disorders

Local delivery or combination 
products
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	 A mature regulatory-science package should therefore 
include reference materials, orthogonal identity assays, 
route-specific release criteria, and stability data linked 
to the final container-closure system. Many exosome 
products are biologically rich but analytically complex, 
so consensus potency assays—for example, suppression 
of a Th17 readout, induction of endothelial tube 
formation, restoration of enzyme activity, or rescue of a 
disease-relevant reporter cell line—are likely to become 
the bridge between mechanistic claims and regulatory 
acceptability.

6.3. Exploring combination therapies and innovative 
delivery systems

Combination therapy is especially attractive when 
exosomes cannot fully correct a monogenic defect 
on their own. In this setting, exosomes may serve 
as adjuncts to ERT, ASO, AAV gene therapy, small-
molecule chaperones, immune biologics, or genome 
editing by improving tissue access, reducing local 
inflammation, or prolonging residence time at the target 
site (27,39,60). Biomaterial carriers such as hydrogels, 
adhesive wound dressings, microneedle arrays, or 
intranasal mucoadhesive systems should therefore be 
viewed not as passive containers but as pharmacology-
shaping components that influence exposure kinetics and 
local bioavailability.
	 The strongest translational candidates are likely to be 
indication-specific platforms: wound-retentive matrices 
for RDEB, intranasal systems for neuroimmune rare 
diseases, and bone-targeting or integrin-targeting vesicles 
for skeletal disorders. Matching the carrier to the disease 
context may ultimately matter as much as matching the 
exosome to the cell type.

7. Conclusion

Stem cell-derived EVs remain one of the most promising 
cell-free platforms for rare-disease therapeutics, but 
their future depends on moving from proof-of-concept 
enthusiasm to matched product-disease design. The 
central message of this review is that exosome therapy 
will be far more persuasive when each disease section is 
anchored to a dominant rare-disease bottleneck, a route-
aware delivery strategy, and a potency assay that can 
travel with the product into clinical development.
	 Viewed through this lens, the field is shifting 
from generic regenerative claims toward a more 
disciplined architecture: source-specific cargo mapping, 
explicit trade-offs between pre-loading and post-
loading, precision surface navigation, TFF-compatible 
manufacturing, QbD-based control of CQAs and 
CPPs, and AI-enabled multi-omics pipelines for target 
selection. EV development for rare diseases is therefore 
not a smaller version of exosome development for 
common diseases; it is a stricter version, in which every 

lot, endpoint, and route decision carries greater weight 
because patient numbers are limited and heterogeneity is 
high.
	 In summary, the most credible path forward lies 
in integration: integration of the mechanism with 
disease specificity, engineering with biodistribution, 
manufacturing with regulatory science, and multi-
omics with artificial intelligence. Only by linking these 
layers can stem cell-derived exosomes evolve from an 
appealing biological concept into scalable, targetable, 
and clinically credible therapeutics for patients with rare 
disorders. This integration should explicitly include PK/
PD-aware dosing and proactive management of repeat-
dose immunogenicity, procoagulant/complement safety, 
impurity control, cargo leakage, and off-target organ 
accumulation because rare-disease programs rarely 
succeed when assuming single administration.
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1. Introduction

The widespread implementation of combination 
antiretroviral therapy (ART) has markedly prolonged 
the life expectancy of people with HIV (PWH), shifting 
the clinical focus from AIDS-defining opportunistic 
infections to chronic, non-communicable comorbidities 
(1). Modern antiretroviral regimens, particularly those 
containing integrase strand transfer inhibitors (INSTIs, 
such as dolutegravir, bictegravir, or cabotegravir) 
and tenofovir alafenamide (TAF), while achieving 
superb rates of virologic suppression, are frequently 
accompanied by significant weight gain and adipose 
tissue dysfunction (2-4). Although initial post-ART 
weight gain often represents a physiological "return-to-
health" phenomenon in advanced patients, long-term 
follow-up reveals that aging, polypharmacy including 
frequent antidepressant use, smoking cessation, and 

Western lifestyles synergistically drive undesirable, 
persistent, and pathological obesity, most notably among 
those with low baseline CD4+ T-cell counts (3).
	 In ART-treated PWH, persistent low-grade systemic 
inflammation and pathological obesity act synergistically 
to drive cardiovascular-kidney-metabolic (CKM) 
syndrome (5-7). This clinical entity is characterized by 
visceral adiposity, type 2 diabetes mellitus (T2DM), 
metabolic dysfunction-associated steatotic liver disease 
(MASLD), arterial hypertension, and accelerated 
atherosclerosis, collectively compromising comorbidity-
free healthspan (5-8). Consequently, identifying 
metabolic interventions that combine profound weight-
lowering efficacy with systemic anti-inflammatory 
properties is a premier clinical priority in modern HIV 
medicine (1,5).
	 Recently, glucagon-like peptide-1 receptor agonists 
(GLP-1 RAs), including semaglutide, liraglutide, and the 

DOI: 10.5582/bst.2026.01148

SUMMARY: Antiretroviral therapy (ART) has transformed HIV infection into a manageable chronic condition, but 
pathological weight gain, adipose dysfunction, and persistent inflammation are increasingly prevalent among aging 
people with HIV (PWH). Glucagon-like peptide-1 receptor agonists (GLP-1 RAs) and dual GIP/GLP-1 RAs have 
emerged as transformative therapies, although PWH were underrepresented in pivotal trials. This review integrates 
randomized trials, observational cohorts, pharmacogenomic studies, and emerging mechanistic evidence within a 
framework of GLP-1-mediated immunometabolic reprogramming. HIV-specific trials demonstrate reductions in 
visceral adiposity, body weight, inflammatory biomarkers, and liver fat. Exploratory or preliminary studies suggest 
possible effects on gut epithelial integrity, immune-cell trafficking, lymphoid pyroptosis, and DNA-methylation aging 
measures; however, several of these findings remain conference-level, preprint, or post hoc evidence and require 
prospective validation. We also examine lean-mass loss, weight regain after discontinuation, pharmacogenomic 
variation, drug access, and research priorities. Overall, GLP-1 RAs are promising components of cardiometabolic care 
for PWH, but immunologic, gerotherapeutic, and HIV-reservoir applications should currently be considered hypothesis-
generating.
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dual GIP/GLP-1 receptor co-agonist tirzepatide, have 
revolutionized the management of obesity and T2DM 
(9,10). By mimicking endogenous incretin hormones, 
GLP-1 RAs delay gastric emptying and act directly on 
the hypothalamic arcuate nucleus to enhance satiety and 
suppress appetite (9-11). In HIV-negative populations, 
semaglutide achieves a ~15% reduction in body weight 
(9) and reduces the risk of major adverse cardiovascular 
events (MACE) by 20% in overweight or obese adults 
without diabetes (12). Moreover, the landmark FLOW 
trial demonstrated a 24% reduction in composite renal 
outcomes in patients with T2DM and chronic kidney 
disease (CKD) (13).
	 However, because PWH were systematically excluded 
from early registrational trials, clinicians have faced 
a relative dearth of evidence specific to this high-risk 
population (12,13). In reality, the biological impact of the 
GLP-1 receptor pathway in chronic HIV infection extends 
far beyond simple weight loss and glucose homeostasis. 
Recent reviews have begun to synthesize emerging 
evidence on GLP-1 RAs in PWH, highlighting weight 
gain mechanisms specific to this population, clinical 
considerations for GLP-1 RA use, and the potential for 
cardiometabolic risk reduction (14,15). However, these 
prior clinical studies, including Phase 2b trials (16), 
focused primarily on clinical endpoints without providing 
an integrated framework linking GLP-1 receptor agonist-
mediated immunometabolic reprogramming with 
geroscience dimensions.
	 This review develops a translational framework of 
'GLP-1-mediated immunometabolic reprogramming' by 
evaluating clinical trials, real-world cohorts, and emerging 
mechanistic studies on visceral adipose remodeling, 
intestinal barrier biology, lymphoid pyroptosis, and 
epigenetic aging (16-22). Evidence maturity varies 
substantially across these domains; conference abstracts, 
preprints, and post hoc analyses are identified explicitly. 
By contrasting GLP-1 RAs with alternative metabolic 
strategies, we aim to provide a calibrated scientific basis 
for metabolic management and future research in PWH.

2. Literature Search Strategy

To ensure methodological rigor, we conducted a 
comprehensive narrative search of PubMed, MEDLINE, 
EMBASE, and ClinicalTrials.gov databases from 
inception through April 2026. We utilized combinations 
of the following Medical Subject Headings (MeSH) 
terms and free-text keywords: "GLP‑1 receptor agonist", 
"semaglutide", "tirzepatide", "liraglutide", "obesity", 
"diabetes", "cardiovascular disease", "NAFLD/
MASLD", "CKM syndrome", "inflammaging", 
"epigenetic clocks", "gut barrier", "immune activation" 
and "people with HIV". Our screening prioritized 
double-blind, randomized controlled trials (RCTs), 
prospective and retrospective multi-center clinical 
cohorts, and established clinical guidelines. To capture 

the latest advances in this rapidly evolving field, we 
integrated newly presented oral abstracts and posters 
from the 2024–2026 Conference on Retroviruses and 
Opportunistic Infections (CROI) and major national 
and international hepatology and cardiology symposia, 
explicitly qualifying these citations as preliminary 
conference evidence where applicable to maintain 
scientific transparency.

3. Main findings: Immunometabolic reprogramming 
via GLP-1 receptor agonists in PWH

3.1.1. Adipose tissue pathophysiology and CKM 
syndrome under ART

The prevalence of obesity (BMI ≥ 30 kg/m²) among ART-
treated PWH in North America rose from approximately 
14% in 2000 to 28% in 2018 (23,24). This rising obesity 
prevalence has been similarly documented in PWH 
across Western countries and Southeast Asia (25). 
Women living with HIV bear a disproportionately higher 
metabolic risk: a pooled analysis of three ART-naive 
trials demonstrated that women gained a mean BMI of 
1.91 kg/m² over 96 weeks, compared with 1.39 kg/m² in 
men (P < 0.001), with the most substantial weight gain 
occurring within the first year of ART initiation (2). Early 
weight gain typically plateaus approximately two years 
after treatment initiation, after which weight trajectories 
parallel those observed in the general population (26).
	 Although population-level obesity trends among PWH 
mirror those of the general population, African ancestry, 
advanced age, lower baseline CD4+ T cell counts, and 
higher pretreatment viral loads represent independent 
predictors of excessive ART-associated weight gain 
(24). ART-associated weight gain is tightly linked to 
lipohypertrophy, characterized by disproportionate 
visceral adipose tissue (VAT) accumulation (27). In 
obese PWH, VAT accounts for nearly one-quarter of 
total abdominal fat, a pattern strongly associated with 
insulin resistance and chronic inflammation (16). Prior 
exposure to thymidine analogues (e.g., stavudine) has 
caused irreversible subcutaneous adipose tissue (SAT) 
loss (lipoatrophy), resulting in a mixed body composition 
phenotype characterized by central visceral fat excess and 
peripheral fat wasting in long-term PWH survivors (28).
	 Visceral fat depots undergo extensive immune 
cell infiltration, secreting high levels of inflammatory 
adipokines (e.g., leptin, TNF-α, and IL-6) while 
suppressing anti-inflammatory adiponectin (28,29). 
Long-term exposure to INSTIs has been shown to exert 
proadipogenic and profibrotic effects and induce insulin 
resistance in human and simian adipose tissues (29). This 
localized adipocyte-driven inflammation, superimposed 
on HIV-mediated persistent systemic immune activation, 
establishes an "immunometabolic vicious cycle" that 
accelerates endothelial damage, impairs post-receptor 
insulin signaling, and induces glomerular sclerosis, 
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with central lipohypertrophy (16). In this 32-week 
study, 108 overweight/obese PWH without diabetes 
received weekly subcutaneous semaglutide (titrated 
to 1.0 mg) or placebo (16). Semaglutide induced a 
mean weight reduction of 10.4% (versus 2.3% in the 
placebo group; P < 0.001), accompanied by a 30.6% 
reduction in abdominal VAT area (P = 0.0017) and a 
9.32 cm reduction in waist circumference (P < 0.0001) 
(16). These results demonstrate that under optimal trial 
conditions, the visceral de-fatting efficacy of GLP-1 
RAs in PWH is highly robust and fully comparable to 
that observed in HIV-negative cohorts (16). Additionally, 
the SLIM LIVER trial corroborated these findings, 
reporting a 6.7 cm decrease in waist circumference after 
24 weeks of semaglutide therapy (17). The detailed 
efficacy outcomes of this landmark trial are summarized 
in Table 1 (16).
	 Furthermore, subgroup stratifications reveal that 
PWH with concomitant T2DM achieve more modest 
weight loss (typically 3–5%) compared to non-diabetic 
PWH (7–10%) (10,18). This efficacy attenuation aligns 
with general population trends, driven by central GLP-1 
resistance and altered receptor desensitization kinetics in 
diabetic states.

3.2.2. Real-world efficacy dilution: Biological and 
pharmacogenomic drivers

In contrast, real-world cohort studies reveal lower 
average effectiveness than tightly controlled trials 
(18,30). In the multicenter CNICS cohort (Haidar et al.), 
222 PWH achieved a mean weight loss of 5.7% after 
12 months of semaglutide (18). Similarly, in the UCSD 
single-center cohort analyzed by Nguyen et al. (N = 225), 
GLP-1 RA therapy yielded a mean weight reduction of 5.4 
kg, and tirzepatide use was associated with higher odds 
of achieving at least 5% weight loss than semaglutide use 
(OR = 5.46) (30). Preliminary CROI 2026 data from the 
Washington, DC cohort (O'Connor et al., abstract 695; N 
= 362) showed that 30.4% achieved at least 5% weight 
loss at 6-12 months; participants with diabetes had lower 
adjusted odds of reaching the 5% and 10% thresholds. 
These real-world findings identify three principal 
biological and clinical considerations (10,19,29):

ultimately promoting the full spectrum of CKM 
syndrome (5-7).

3.1.2. Efficacy in VAT and Intrahepatic Triglyceride 
Clearance

In the phase 2b SLIM LIVER trial evaluating weekly 
semaglutide (1 mg/week) in PWH with MASLD, 
semaglutide achieved a 31% relative reduction in 
intrahepatic triglyceride (IHTG) content over 24 weeks 
(P < 0.001). Complete resolution of hepatic steatosis was 
observed in 29% of participants. Furthermore, abdominal 
MRI sub-studies confirmed a significant 15.2% 
reduction in VAT volume and a 12.4% reduction in SAT 
(17). Tirzepatide, evaluating dual GIP/GLP-1 agonism, 
demonstrated even greater efficacy in early real-world 
PWH series, achieving up to 18.5% total body weight 
loss at 48 weeks (30).

3.1.3. Anthropometric Discrepancies and Lean Mass 
Considerations

While GLP-1 RAs produce substantial body weight 
reductions in PWH, clinician vigilance is warranted 
regarding the composition of weight lost. Given that 
PWH inherently face an elevated baseline risk for 
sarcopenia, frailty, and sarcopenic obesity due to chronic 
low-grade inflammation and legacy antiretroviral 
toxicities, progressive reductions in skeletal muscle 
mass (SMM) during rapid weight loss may compromise 
physical function. Thus, clinical implementation of GLP-
1 RAs in PWH should routinely incorporate structured 
resistance exercise regimens and optimized nutritional 
support (1.2–1.5 g protein/kg/day) to preserve lean mass 
and functional status (17,27,37).

3.2. Efficacy discrepancy: Reconciling RCTs with real-
world cohorts

3.2.1. Visceral de-fatting efficacy in clinical trials

The double-blind, randomized, placebo-controlled phase 
2b trial led by Eckard et al. provides high-quality level-
1b evidence on the efficacy of GLP-1 RAs in PWH 

Table 1. Key efficacy outcomes of semaglutide in HIV associated lipohypertrophy (32 Week RCT)

Outcome Endpoint

Body weight change (%)
Abdominal VAT area (cm2)
Total body fat (ln kg)*
Waist circumference (cm)
HbA1c (%)
HOMA-IR (ln unit)

*Note: β coefficient represents the estimated treatment effect on the natural logarithmic scale (ln kg or ln unit) derived from linear mixed-effects 
models adjusted for sex and treatment-by-time interactions. CI: confidence interval; VAT: visceral adipose tissue; HOMA-IR: homeostatic model 
assessment for insulin resistance.

Semaglutide (n = 54)

-10.40%
-30.60%
-18.90%
  -8.30%
  -0.47%
-43.00%

Change (95% CI)

       -8.1% (-10.88, -5.32)
 -30.82 cm2 (-50.13, -11.51)

β = -0.21 (-0.34, -0.05)
  -9.32 cm (-12.10, -6.54)
   -0.47% (-0.67, -0.28)
β = -0.56 (-1.04, -0.08)

P

< 0.001
     0.0017
     0.0009
  < 0.0001
  < 0.0001
     0.0238

Placebo (n = 54)

-2.30%
No significant change

-
-
-
-
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	 (1). Confounding by comorbid diabetes: In a real-world 
cohort, 82% of patients present with comorbid T2DM (30). 
In diabetic states, target tissue GLP-1 receptor expression 
is downregulated, and patients exhibit advanced insulin 
resistance, which blunts central satiety signaling, resulting 
in significantly lower weight-loss efficacy compared to 
patients with obesity alone (10,19).
	 (2). Pharmacogenomic and ancestral variations: Real-
world data indicate that Black patients achieve less weight 
loss on GLP-1 RAs than White patients (19). A landmark 
GWAS by Su et al. provided a genetic explanation for 
this disparity, identifying a missense variant in the signal 
peptide region of GLP1R (rs10305420, p. Pro7Leu) where 
each additional allele is associated with an extra -0.76 kg 
of body weight reduction (P = 2.9 ×10-10) (19). However, 
this "booster" allele is highly prevalent in European 
ancestry populations (~40%) but is found in only 7% of 
African ancestry populations, predisposing Black patients 
to a genetically blunted therapeutic response (19).
	 (3). Potential role of adipose tissue fibrosis and 
remodeling: PWH treated with INSTIs such as 

dolutegravir or raltegravir can develop a pathologically 
altered adipose tissue phenotype (29). Long-term INSTI 
exposure has been associated with increased fibrosis in 
subcutaneous and visceral adipose tissue, periadipocyte 
collagen deposition, adipocyte hypertrophy, and altered 
adipogenic and insulin-sensitizing pathways. Whether 
these histological changes translate into clinically 
meaningful resistance to GLP-1 RA-mediated fat loss in 
humans remains an open question and warrants dedicated 
investigation (29).
	 We also note the combination of GLP-1 RAs with 
growth hormone-releasing hormone (GHRH) analogs 
like tesamorelin (31) and emerging multi-agent strategy 
discussions (32). A comprehensive summary of key HIV-
specific studies, categorized by OCEBM evidence levels 
and clinical recommendation strengths, is presented in 
Table 2 (16-21,30,33), supported by retrospective CNICS 
analyses showing liver fibrosis score improvements (33).

3.3. Gut mucosal integrity and compartmentalized 
immune reconstitution

Table 2. Summary of key HIV-specific studies of GLP-1 RAs

Study & Year

Eckard et al. 
2024 (16)

Lake et al. 
(SLIM LIVER) 2024 (17)

Haidar et al. 
(CNICS) 2024 (18)

Nguyen et al. 
(UCSD) 2024 (30)

Su et al. 
(GWAS) 2026 (19)

Marin et al. 
(CROI 2026)*(20)

Corley et al. 
(2026) (21)

Ma et al. 
2026 (33)

*Preliminary conference evidence applies to Marin et al. only; findings await peer-reviewed publication. DM: diabetes mellitus; hsCRP: high-
sensitivity C-reactive protein; IHTG: intrahepatic triglyceride; OCEBM: Oxford Centre for Evidence-Based Medicine; OR: odds ratio; RCT: 
randomized controlled trial; SC: subcutaneous.

  Study Design &  
  Sample Size

RCT, placebo-
controlled, N = 108

Single-arm, open-
label, N = 51

Retrospective cohort, 
N = 222

Retrospective cohort, 
N = 225

Genome-wide 
association, N = 27885

Mechanistic pilot 
substudy (Preliminary 
conference abstract), 
N = 5

Post hoc analysis of 
RCT, N = 84

Retrospective cohort, 
N = 1850

Intervention

Semaglutide 1.0 mg SC 
weekly × 32 wk

Semaglutide 1.0 mg SC 
weekly × 24 wk

Semaglutide (real-world 
practice)

GLP1 RAs / Tirzepatide

GLP1 RAs/ Tirzepatide

Liraglutide SC × 8 mo

Semaglutide vs placebo

Semaglutide

Key outcomes and evidence interpretation

VAT -30.6%, weight -10.4%, and hsCRP 
-39.9%. Randomized phase 2b evidence 
for body-composition and inflammatory 
outcomes.

IHTG -31.3% and 29% MASLD resolution. 
Single-arm open-label evidence.

Weight -5.7% at 12 months and HbA1c 
-1.07% in participants with T2DM. 
Retrospective cohort evidence.

Weight -5.4 kg; tirzepatide associated with 
higher odds of at least 5% weight loss. 
Retrospective cohort evidence.

GLP1R rs10305420: -0.76 kg/allele; 
GIPR rs1800437 associated with nausea/
vomiting risk. Research-stage associations; 
no validated genotype-guided dosing 
recommendation.

Duodenal CD4+ T-cell increase and 
CD69+ reduction in a small mechanistic 
substudy. Preliminary conference evidence; 
hypothesis-generating.

Exploratory post hoc analysis of a 
phase 2b RCT; not a clinical treatment 
recommendation.

FIB-4 score -0.11 in moderate-to-advanced 
fibrosis and -0.64 in advanced fibrosis. 
Observational pre/post evidence.

Evidence Level 
  (OCEBM)

Level 1b

Level 2b

Level 2b

Level 2b

Level 2b 
(observational
 association)

Unrated

Level 2b

Level 2b
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3.3.1. The circulating CD4
+ T-cell paradox

A multi-center clinical cohort study in Germany 
evaluating PWH treated with dulaglutide or semaglutide 
reported a statistically significant, non-time-dependent 
decrease in circulating CD4+ T-cell counts, with a median 
decline of approximately -60 cells/μL (P = 0.035) (34). 
Crucially, this decline was restricted to the CD4+ T-cell 
compartment, as circulating CD8+ T-cell counts, plasma 
cytokines, and viral suppression remained entirely 
unaffected (34), most notably among individuals with 
low baseline CD4+ counts. While this initial finding 
raised concerns regarding potential incretin-mediated 
immunosuppression, tissue-level investigations suggest a 
possible compartmentalized mucosal phenomenon rather 
than cell depletion (20,34).

3.3.2. Preliminary signals of mucosal barrier repair and 
immune modulation

In a preliminary pilot mechanistic study presented at 
CROI 2026 (Marin et al., oral abstract 115, preliminary 
conference evidence; N = 5), paired duodenal and colonic 
mucosal biopsies were evaluated in PWH before and after 
liraglutide therapy (20):
	 Physical Barrier Repair: Liraglutide therapy induced 
progressive reconstruction of duodenal microvilli, 
accompanied by the significant upregulation of genes 
governing epithelial differentiation (CDX2, VIL1) 
and tight junction integrity (OCLN, TJP1) (20). This 
exploratory finding suggests potential mitigation of 
the "leaky gut" pathology that persists in PWH despite 
suppressive ART (35,36).
	 Exploratory mucosal T-Cell dynamics: Duodenal 
CD4+ T-cell frequency increased from 12% at baseline 
to 24% post-treatment (P < 0.01), while the proportion of 
highly activated CD69+ mucosal T-cells dropped from 
74% to 13% (20). Given the unblinded pilot design and 
extremely small sample size (N = 5), these quantitative 
shifts represent early mechanistic signals rather than 
definitive proof of tissue-level immune reconstitution 
(20,34).

3.3.3. Hypothesis-generating nature of mucosal homing 
dynamics

The observation of declining peripheral CD4+ T-cell 
counts alongside preliminary signals of increased mucosal 
CD4+ T cells in a small pilot cohort supports a speculative 
hypothesis of compartmental redistribution (20,34). Given 
that chronic HIV infection persistently compromises the 
intestinal barrier and promotes microbial translocation 
despite suppressive ART (35,36), it is hypothesized that 
GLP-1 RAs may modulate gut endothelial adhesion 
molecules (such as MAdCAM-1), encouraging 
α4β7+CCR9+ CD4+ T-cell recruitment into the lamina 
propria. However, because this model relies on a pilot 

conference abstract (N = 5), the α4β7/CCR9 homing axis 
must be strictly categorized as a hypothesis-generating 
concept (20,34,37). Well-powered, prospective clinical 
trials with expanded tissue-biopsy cohorts are required to 
validate these mucosal dynamics.

3.4. Cardio-kidney-metabolic (CKM) protection and 
inflammatory decay

3.4.1. Anti-inflammatory decay and endothelial 
preservation

Persistent chronic inflammation is a key driver of 
accelerated cardiovascular disease in PWH on suppressive 
ART (5,6). In the Eckard RCT, 32 weeks of once-weekly 
semaglutide led to a dramatic and statistically significant 
reduction in systemic and vascular inflammatory 
biomarkers (16):
	 High-Sensitivity C-Reactive Protein (hsCRP): 
Percent change of -39.92% (P = 0.01, 95% CI: -0.87 to 
-0.15), dropping the median baseline hsCRP from a high-
cardiovascular-risk state (4.04 μg/mL) toward a safer 
target (16).
	 Soluble CD163 (sCD163): Percent change of -12.10% 
(P = 0.05, 95% CI: -0.26 to 0.001), indicating a substantial 
cooling of vascular macrophage activation (16).
	 Interleukin-6 (IL-6): Percent change of -18.84% (P = 
0.07, 95% CI: -0.44 to 0.02) (16).
	 These findings were corroborated by Funderburg 
et al., confirming that the anti-inflammatory effects of 
semaglutide were weight-independent, pointing to a 
direct, receptor-mediated immunomodulatory action of 
GLP-1 RAs (38). In terms of calculated risk, semaglutide 
treatment resulted in a 33% reduction in the 10-year 
ASCVD risk score (P = 0.026) (16).

3.4.2. Cardiorenal and hepatic protection

In the prospective, single-arm, open-label phase 2b SLIM 
LIVER pilot trial (ACTG A5371, Lake et al.), 24 weeks 
of dose-escalated semaglutide led to a -31.3% relative 
reduction in intrahepatic triglyceride (IHTG) content, with 
complete MASLD resolution (defined as IHTG < 5%) 
achieved in 29% of participants (P < 0.0001) (17). This 
hepatic clearance was accompanied by a 5.8% decrease 
in waist circumference and a 10.5% decrease in plasma 
triglycerides (17). Key endpoints of the SLIM LIVER 
study are summarized in Table 3 (17).
	 In a general-population systematic review and meta-
analysis, GLP-1 RA therapy was associated with a 
slower annual decline in eGFR and a 24% reduction in 
microalbuminuria; HIV-specific renal outcome data remain 
limited (39). These findings are directionally consistent 
with cardiorenal benefits reported in large general-
population trials (13,40,41). In PWH, cardiovascular risk-
score changes should be interpreted cautiously (16,42). 
Preliminary CROI 2026 findings from Ross Eckard et 
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al. (abstract 699) reported improvement in calculated 10-
year ASCVD risk but no significant 32-week change in 
flow-mediated dilation, pulse-wave velocity, or coronary 
calcium (42). Thus, short-term changes in risk scores may 
reflect metabolic and inflammatory improvement rather 
than established structural vascular remodeling.

3.5. Epigenetic rejuvenation and gerotherapeutic potential

3.5.1. Multi-Tissue and Systems-Based DNA Methylation 
Clocks

Corley et al. reported an exploratory post hoc DNA-
methylation analysis of the randomized phase 2b trial 
of semaglutide in HIV-associated lipohypertrophy. 
Epigenetic aging was not a prespecified endpoint, but 
adjusted analyses identified significant between-group 
decelerations across multiple biological aging clocks 
(21):
	 PCGrimAge (High-precision mortality and healthspan 
clock) Decreased by -3.08 years (P = 0.007) (21).
	 GrimAge V2 (Multisystem chronic disease clock): 
Decreased by -2.26 years (P = 0.009) (21).
	 PhenoAge (Physiological aging clock): Decreased by 
-4.90 years (P = 0.004) (21).
	 DunedinPACE (Rate of aging clock): Decreased by 
-0.09 units/year, slowing the biological pace of aging by 
9% (P = 0.01) (21).
	 OMICmAge (Multi-omic clock) & RetroAge 
(Transposable elements clock): Decreased by -2.20 years 
(P = 0.009) and -2.20 years (P = 0.030), respectively, 
demonstrating enhanced multi-omic healthspan 
optimization and transposable element heterochromatin 
stability (21).
	 Systems-Based Organ Clocks: Evaluation of 11 organ-
system clocks demonstrated concordant decelerations 
across tissue compartments, highlighted by a significant 
reduction in composite SystemsAge (-4.17 years, P 
= 0.009), with the most prominent system-specific 
decelerations observed in inflammation, brain, and heart 
systems clocks (P < 0.05), highlighting multi-organ 
gerotherapeutic protection in PWH (21).

3.5.2. Organ-specific biological age deceleration

To eliminate confounding variables (e.g., weight loss 
and baseline inflammation), deconvoluted organ-system 
epigenetic clocks were evaluated (21). In fully adjusted 
ANCOVA models (controlling for age, sex, BMI, 
hsCRP, and sCD163), semaglutide demonstrated highly 
significant, localized epigenetic rejuvenation (21):
	 Inflammation Clock: Decreased by -5.01 years (P = 
0.0056), reflecting profound molecular "cooling" (21).
	 Brain Clock: Decreased by -4.99 years (P = 0.0049), 
establishing a molecular basis for evaluating GLP-1 RAs 
in HIV-associated neurocognitive disorders (HAND) (21).
	 Metabolic Clock: Decreased by -4.72 years (P = 
0.0090), indicating comprehensive resetting of insulin 
sensitivity pathways (21).
	 Cardiovascular, Renal, and Hepatic Clocks: Decreased 
by -4.34 years (P = 0.0088), -4.20 years (P = 0.014), and 
-4.19 years (P = 0.042), respectively (21).
	 In exploratory analyses, 49% of semaglutide-treated 
participants showed an increase in epigenetic telomere-
length estimates, and changes in selected aging measures 
were associated with 4.5-meter walk velocity (21). These 
findings do not establish cellular rejuvenation or frailty 
reversal and require prospective validation. Haidar and 
Delaney discussed the clinical implications of GLP-1 RAs 
in aging PWH (15), while Kim and Dixit reviewed the 
broader metabolic regulation of immunological aging (43). 
The reported biological-age measures are summarized in 
Table 4 (21).

3.6. Neurobehavioral regulation and substance use 
reduction

3.6.1. Central nervous system satiety and reward 
modulation

Tobacco and alcohol use are important behavioral 
treatment targets in PWH. The molecular rationale for 
incretin-mediated behavioral regulation involves central 
nervous system pathways (44). GLP-1 receptors are 
expressed in the hypothalamic arcuate nucleus and area 

Table 3. Key endpoints of the SLIM LIVER study (24 weeks of semaglutide)

Outcome Endpoint

IHTG (%)
Body weight (kg)
Waist circumference (cm)
HOMA-IR
Triglycerides (mg/dL)
ALT (IU/L)
MASLD resolution (IHTG < 5%)

*Note: Baseline and Week 24 values are raw observed means ± standard deviations (SD). Absolute and relative changes are modeled estimates 
accounting for baseline covariates. ALT elevation defined as > 19 IU/L in females and >30 IU/L in males. ALT: alanine aminotransferase; 
HOMA-IR: homeostatic model assessment for insulin resistance; IHTG: intrahepatic triglyceride; MASLD: metabolic dysfunction-associated 
steatotic liver disease.

Baseline

  12.7 ± 6.1%
103.0 ± 20.8kg
115.0 ± 11.8cm
    5.4 ± 5.1
150.0 ± 87.9
  30.7 ± 13.4
    0%

Relative change

-31.30%
  -8.10%
  -5.80%
-27.70%
-10.50%
-15.30%

P

  < 0.0001
  < 0.0001
  < 0.0001

   0.086
   0.007
   0.001
< 0.001

Absolute change (95% CI)

  -4.2% (-5.4, -3.1)
 -7.8kg (-9.5, -6.1)
-6.7cm (-8.2, -5.1)
     -1.5 (-3.2, 0.2)
   -26.8 (-46.1, -7.5)
     -6.1 (-9.7, -2.5)
  +29.00%

Week 24

    8.5 ± 4.7%
  95.1 ± 22.8kg
108.0 ± 12.9cm
    3.9 ± 3.9
131.0 ± 75.8
  24.8 ± 11.9
  29%
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postrema, and GLP-1 signaling can modulate mesolimbic 
reward pathways involving the ventral tegmental area and 
nucleus accumbens (44).

3.6.2. Clinical real-world evidence

Clinical real-world evidence strongly supports this model:
	 Tobacco use: In the final peer-reviewed CNICS 
analysis, 123 PWH who smoked reported a mean baseline 
intensity of 10.5 cigarettes/day. After semaglutide 
initiation, smoking intensity decreased by 2.5 cigarettes/
day (24%), and 21% reported no smoking at the end of 
follow-up (45).
	 Alcohol Use Disorder (AUD): In a nationwide 
registry analysis by Wang et al., semaglutide exposure 
was associated with a 36% reduction in the risk of 
hospitalization for alcohol use disorder (46).
	 Neuropsychiatric safety: Preliminary CROI 2026 
findings from Haidar et al. (abstract 447) reported 
improvement in depressive symptoms among PWH 
receiving semaglutide. Because this evidence remains 
conference-level, it should not be interpreted as proof of 
an antidepressant effect.
	 Ongoing and reported clinical trials of GLP-1 RAs for 
substance use reduction in PWH are summarized in Table 
5 (45):

3.7. Lymphoid sanctuary pyroptosis (GSDMD) and GLP-
1 counter-regulation

The persistence of chronic low-grade inflammation in 
PWH under suppressive ART has historically lacked 
a unified tissue-level explanation (22). A landmark 
study by Crawford et al. analyzed lymph node and 
ileal biopsies from 20 ART-suppressed PWH (22). 
Using high-sensitivity RNAscope, they detected 
transcriptionally active, latent HIV vRNA+ cells in all 
lymph node germinal centers, despite complete plasma 
viral suppression (22). Crucially, the frequency of these 
tissue-resident HIV vRNA+ cells correlated directly with 
markers of cell-intrinsic pyroptosis—specifically cleaved 
gasdermin D (GSDMD+)—in lymph nodes (22). This 
suggests that low-level transcription of latent HIV in 
tissue sanctuaries continually drives GSDMD-mediated 
cell death, perpetuating chronic localized inflammation 
(22).
	 Crawford et al. also observed more GLP-1-positive 
enteroendocrine L cells in the ileum of PWH than in HIV-
negative controls (22). Ileal GLP-1-positive cell density 
correlated directly with systemic inflammatory cytokines 
and inversely with lymph-node pyroptosis (22). These 
cross-sectional associations support a compensatory 
counter-regulatory model, but they do not demonstrate 
that exogenous GLP-1 RAs suppress GSDMD cleavage 
in PWH. Therapeutic enhancement of GLP-1 signaling 
should therefore be framed as a testable hypothesis rather 
than an established HIV-cure intervention (22,47,48).

3.8. Unified multi-organ topological signaling network

Table 5. Studies evaluating GLP-1 RAs for substance use reduction in PWH

Trial Name / Reference

GL1DER HIV RCT 
(NCT06351163)

Comprehensive Trial 
(NCT07221214)

CNICS cohort,
Ruderman et al. 2026 
(45)

AUD: alcohol use disorder; PWH: people with HIV; SC: subcutaneous.

Drug

Semaglutide SC

Semaglutide SC

Semaglutide SC

Status / Key Findings

Ongoing

Ongoing

Published: 24% 
reduction in smoking 
intensity; 21% reported 
no smoking at end of 
follow-up

Primary Endpoint

Reduction in alcohol consumption, 
cardiovascular risk markers

Weekly drinking days and heavy drinking 
days

Daily cigarette consumption reduction in 
PWH smokers

Target Study Population

PWH with unhealthy alcohol 
use (N = 120)

PWH with AUD (N = 80)

PWH who smoked cigarettes 
(N = 123)

Table 4. Effects of semaglutide on epigenetic clocks in PWH (32-week RCT)

DNA Methylation Clock

PCGrimAge
GrimAge V2
PhenoAge
DunedinPACE
OMICmAge
SystemsAge
RetroAge

*Note: All clocks measure absolute biological age in years, except DunedinPACE, which is a rate-of-aging metric expressed in units per year.

Core Physiological Relevance

High-precision mortality and healthspan clock
Multisystem chronic disease, mortality risk clock
Composite physiological aging clock
Current pace/velocity of biological aging
Multi-omics integrated biological age clock
Multisystem organ biological age clock
Transposable element epigenetic clock

P

0.007
0.009
0.004
0.010
0.009
0.009
0.030

Change with Semaglutide

-3.08 years
-2.26 years
-4.90 years
-0.09 units/year (~9% deceleration)
-2.20 years
-4.17 years
-2.20 years
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GLP-1 receptor agonists and dual GIP/GLP-1 receptor 
agonists engage canonical Gαs-coupled receptor 
signaling and downstream cAMP-dependent pathways 
(10). Direct immunoregulatory signaling through 
GLP-1R on T cells has been demonstrated mainly in 
preclinical alloimmune models (48). Together, these 
findings motivate—but do not yet prove—a multi-
system immunometabolic model across the following 
compartments in ART-suppressed PWH (Figure 1):
	 (A) Central nervous system (CNS reward & 
neurobehavioral reset): Direct activation of hypothalamic 
arcuate nucleus (ARC) neurons (POMC/CART↑, 
AgRP/NPY↓) suppresses hunger, while modulation of 
mesolimbic dopaminergic projections from the ventral 
tegmental area (VTA) to the nucleus accumbens resets 
reward circuitry (44). This behavioral reset drives a 26.0% 
reduction in daily cigarette consumption (45), a 21.0% 
complete tobacco cessation rate (45), and a 36.0% drop in 
alcohol use disorder (AUD)-related hospitalizations (46).
	 (B) Adipose and hepatic tissue (Immunometabolic 
fat remodeling): Activation of the cellular AMPK/PGC-
1α metabolic axis stimulates lipophagy (49) and blocks 
integrase strand transfer inhibitor (INSTI)-induced 
Collagen VI matrix deposition and profibrotic transcription 
(CEBPA/PPARG↓) (29). This converts fibrotic, hyper-
hypertrophic fat depots into beiged adipocytes, reducing 
VAT area by 30.6% (16) and IHTG content by 31.3% 
(achieving complete MASLD resolution in 29.0% of 
participants) (17).
	 (C) Gut mucosal barrier preservation & immune 

compartmentalization: Incretin signaling upregulates 
epithelial differentiation genes (CDX2, VIL1) and tight 
junction assembly (OCLN, TJP1), repairing leaky 
intestinal breaches and halting systemic lipopolysaccharide 
(LPS) endotoxemia (35,36) (Hypothesized pathway based 
on preliminary pilot data, N = 5). Concurrently, mucosal 
endothelial MAdCAM-1 induction recruits circulating 
α4β7

+CCR9+CD4+ T cells back into the lamina propria, 
doubling mucosal CD4+ T-cell density (12% to 24%) and 
extinguishing pathologically activated CD69+ mucosal T 
cells (74% to 13%) (20).
	 (D) Cardiovascular-kidney-metabolic (CKM) 
pathogenesis decay: Negative regulation of vascular 
macrophage NF-κB pathways cools systemic endothelial 
inflammation, reducing hsCRP by 39.92% and sCD163 by 
12.10% (16,38). This translates into arterial microvascular 
protection, lowering computed 10-year ASCVD risk 
scores by 33% (16) and reducing composite renal/
microalbuminuria events by 24.0% (39).
	 (E) Lymphoid sanctuary and epigenetic aging: 
Persistent lymphoid HIV transcription is associated 
with GSDMD-mediated pyroptosis, while ileal GLP-
1 upregulation may represent compensatory counter-
regulation (22). Plasma GDF-15 is associated with HIV 
reservoir markers and mitochondrial stress, but a GLP-
1 RA-mediated reduction in GDF-15 has not been 
established (50). Separately, an exploratory post hoc 
randomized-trial analysis found reductions in several 
DNA-methylation aging measures, including PCGrimAge 
and DunedinPACE (21).

Figure 1. Multidimensional systemic framework of GLP-1 RA-mediated immunometabolic reprogramming in PWH. Note: Figure 1 is 
structured as a dual-layer topological signaling diagram depicting molecular cascades and organ-system clinical endpoints.
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3.9. Cross-therapeutic comparison: GLP-1 RAs vs. 
alternative metabolic interventions

Optimizing clinical decision-making for aging PWH 
INSTI-induced obesity and CKM syndrome mandates 
a head-to-head comparison between incretin mimetics 
and alternative therapeutic regimens (27,28). A "one-
size-fits-all" approach is inadequate given post-ART 
adipose accumulation heterogeneity, legacy NRTI-
induced subcutaneous lipoatrophy, and prevalent anabolic 
resistance (27,28).
	 Lifestyle intervention remains the nonpharmacological 
foundation (27), while metformin offers low cost and 
exploratory mTOR-related reservoir effects (37,47). In 
HIV-specific studies, GLP-1 RAs have shown substantial 
reductions in VAT and inflammatory biomarkers (16,38); 
liver-fat, epigenetic, and gut outcomes derive from open-
label, post hoc, or preliminary studies and should be 
interpreted accordingly (17,20,21). Key clinical boundaries 
include:
	 Sarcopenia Mitigation: GLP-1 RA-mediated weight 
loss involves skeletal muscle mass reduction, mandating 
concurrent resistance exercise (17,27).
	 Legacy Adipose Protection: For PWH with extensive 
historical NRTI lipoatrophy, the depot-specificity of 
tesamorelin remains valuable for visceral fat reduction 
without worsening subcutaneous fat loss (28,31).
	 Adjuvant Reservoir Blunting: Metformin's capacity to 
suppress intracellular mTOR-driven proliferation provides 
unique utility (37,47).
	 PK/PD integrity: Bariatric surgery can alter gastric 
volume, pH, emptying, intestinal exposure, and bile-
acid handling, which may change antiretroviral exposure 
in a drug-specific manner (51-53). Regimen review and 
therapeutic monitoring should be considered rather than 
assuming a uniform loss of absorption (53).
	 A comprehensive multidimensional comparison is 
detailed in Table 6 (16,17,27,31,37,39,47,51,52):

3.10. Discussion: Unresolved biology, clinical 
implementation & translational frontiers

3.10.1. Gastrointestinal tolerability and stepped titration

Gastrointestinal adverse events such as nausea, vomiting, 
diarrhea, and constipation are common during dose 
escalation (16). Clinical implementation considerations 
are reviewed by Patoulias et al. (54). Recent observational 
analyses have not established an overall increase in 
thyroid-cancer risk (55,56). Current semaglutide labeling 
contraindicates use in patients with a personal or family 
history of medullary thyroid carcinoma or multiple 
endocrine neoplasia syndrome type 2 and recommends 
initiation at 0.25 mg once weekly with titration at 4-week 
intervals (57).

3.10.2. Sarcopenia prevention and muscle mass 

preservation

PWH are predisposed to sarcopenia and osteopenia due 
to the pro-inflammatory milieu of chronic infection, 
legacy antiretroviral toxicities, and aging (27). Clinical 
trials show that GLP-1 RA induced weight loss includes 
a significant reduction in skeletal muscle mass and psoas 
muscle volume (17). Consequently, clinicians should 
mandate structured resistance training (2–3 sessions 
weekly) and adequate protein intake (1.2–1.5 g/kg/day) 
during therapy (17,27,37).

3.10.3. Post-discontinuation metabolic rebound 
("Bounce-back effect")

Obesity and CKM syndrome are chronic conditions 
(58). Discontinuing GLP-1 RA leads to rapid appetite 
recovery, with most individuals regaining lost weight 
within 1.5 years (58). Follow-up data from the SLIM 
LIVER cohort (Erlandson et al.) confirmed that 24 weeks 
after stopping semaglutide, participants experienced 
rapid weight regain and reversal of cardiometabolic, 
lipidomic, and blood pressure benefits (59). Real-world 
database analyses (Sarpatwari et al.) revealed that up 
to 75% of patients discontinue GLP-1 RAs within 12 
months, influenced by out-of-pocket costs and access 
barriers (60). Short-term use is insufficient; long-term 
behavioral, dietary, and financial maintenance strategies 
are essential (58-60).

3.10.4. Pharmacogenomic precision medicine strategy

The GLP1R rs10305420 (p.Pro7Leu) association 
with treatment response and the GIPR rs1800437 
(p.Glu354Gln) association with nausea or vomiting 
provide hypotheses for precision pharmacotherapy (19). 
However, these associations require external validation 
and prospective clinical-utility studies; genotype-guided 
drug selection, avoidance, or dose titration is not currently 
validated. Table 7 therefore presents these variants as 
research-stage companion-diagnostic candidates rather 
than clinical recommendations (19).

3.10.5. GLP-1 RAs in HIV cure and reservoir eradication 
strategies

The association between persistent lymphoid HIV 
transcription, GSDMD-mediated pyroptosis, and 
compensatory ileal GLP-1 production suggests new 
mechanistic questions for HIV-cure research (22). 
Localized lymphoid inflammation and ongoing antigen 
expression may contribute to reservoir persistence 
(22,47,61,62). Whether exogenous GLP-1 RAs can safely 
modulate these pathways or improve reservoir outcomes 
remains untested; their role in 'shock and kill' or 'block 
and lock' strategies should be considered hypothesis-
generating (22,48). Four prospective research blueprints 

(406)
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are outlined in Table 8 (13,16,17,19,22,27,39,50).

4. Conclusions

GLP-1 RAs and dual co-agonists are promising options 
for obesity and cardiometabolic risk management in 
PWH. HIV-specific clinical studies support reductions 
in body weight, visceral adiposity, liver fat, and selected 
inflammatory biomarkers, while evidence for gut 
immune remodeling, biological-aging effects, and HIV-
reservoir modification remains preliminary, exploratory, 

or mechanistic. Treatment should be individualized using 
established clinical indications, standard dose titration, 
resistance exercise and adequate protein intake, and long-
term plans for weight maintenance. Pharmacogenomic 
dosing and HIV-cure applications should remain within 
research protocols until prospectively validated.
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Table 7. Research-stage pharmacogenomic associations requiring clinical validation

Screening target

GLP1R rs10305420 (19)

GLP1R rs10305420 (19)

GIPR rs1800437 (19)

Genotype and reported association

GLP1R p. Pro7Leu effect allele associated 
with an additional -0.76 kg weight loss per 
allele; ancestry frequencies were reported 
(19).

Absence of the GLP1R effect allele was 
associated with less average weight loss at 
the population level (19).

GIPR p. Glu354Gln variant associated 
with tirzepatide-related nausea or vomiting 
risk (19).

Clinical implication

Do not alter standard semaglutide 
titration solely on genotype 
outside a research protocol.

Assess response using standard 
clinical criteria; no validated 
genotype-based switching 
threshold exists.

Use product labeling and 
symptom-guided titration; 
genotype-guided dose reduction 
or avoidance is not validated.

Evidence status

Genome-wide association; requires 
external validation and prospective 
clinical-utility studies.

Population-level association; not a 
validated definition of an individual 
nonresponder.

Genome-wide association; 
prospective validation is required.

Table 8. High-priority clinical trial blueprints for future HIV-metabolic research

Project
Codename

PRO-MUSCLE 
HIV

CURE-MET HIV

GENO-GUIDE 
PWH

D U A L - M E T 
CARDIO

Study Design & Arm 
Allocation

Prospective, multi-center, 
randomized open-label 
RCT: Arm A: Semaglutide 
+ resistance training + 
protein; Arm B: Semaglutide 
monotherapy; Arm C: 
Lifestyle control

Multi-center double-blind 
RCT: Arm A: Tirzepatide 
weekly (15 mg); Arm B: 
Semaglutide weekly (2.4 mg);  
Arm C: Placebo control (16)

Prospective validation study 
comparing standard care with 
a prespecified genotype-
stratified research algorithm; 
no unvalidated dose changes 
outside protocol (19).

Exploratory randomized trial: 
semaglutide plus an SGLT2 
inhibitor versus semaglutide 
alone versus placebo 
(13,39,63).

Primary Scientific Hypothesis 
and Mechanism

Resistance exercise and 
high-protein intake prevent 
semaglutide induced lean 
mass loss, mitigating 
sarcopenia and frailty (17,27)

Test whether tirzepatide 
or semaglutide changes 
inflammatory and 
mitochondrial-stress markers, 
including GDF-15, and 
whether those changes 
correlate with reservoir 
measures (22,50).

Determine whether GLP1R/
GIPR variants improve 
prediction of response or 
tolerability beyond clinical 
factors (19).

Test additive cardiorenal 
effects and safety in PWH; 
HIV-specific combination 
efficacy is not established 
(13,39,63).

Target Study Population

Sarcopenic or elderly (> 65 
years) PWH on stable ART 
with central obesity (27)

Virologically suppressed 
PWH with high baseline 
inflammation (hsCRP > 3 μg/
mL) (16)

High-risk overweight PWH 
initiating GLP-1 RA therapy 
(19)

High-cardiovascular-risk 
PWH with T2DM, established 
ASCVD, or CKD (13,16,39).

Anticipated Clinical 
Endpoints

48-week change in skeletal 
muscle mass index (DXA); 
handgrip strength; Short 
Physical Performance 
Battery (SPPB) score (17,27)

72-week change in cell-
associated HIV-1 RNA/DNA 
ratio; Intact Proviral DNA 
Assay (IPDA); plasma GDF-
15 level (22,50)

12-month treatment 
discontinuation (dropout) 
rate; incidence of Grade 
3/4 gastrointestinal adverse 
events; mean weight loss 
(19)

96-week composite of major 
adverse cardiovascular 
events (MACE) and 
CKD progression; rate of 
genital mycotic infections 
(13,16,39)
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1. Introduction

Hepatocellular carcinoma (HCC), as the most prevalent 
subtype of primary liver cancer, persists as a primary 
cause of cancer-related mortality globally. Curative 
treatments, such as resection, local ablative procedures, 
and transplantation, can improve survival rates among 
carefully selected early-stage patients (1). Nevertheless, 
due to the asymptomatic progression and delayed 
detection, a substantial number of patients are diagnosed 
with advanced-stage disease, precluding the application 
of potentially curative therapies. For these patients, 
targeted therapy and immune checkpoint inhibitors (ICIs) 
have the potential to enhance overall survival. However, 
their efficacy is still constrained by tumor heterogeneity, 

immune microenvironment suppression, and acquired 
resistance (2). Consequently, exploring novel strategies 
that integrate "direct tumor cell killing" with "immune 
remodeling" remains a critical direction for HCC 
treatment.
	 Oncolytic virus (OV) therapy exerts its effects 
via dual mechanisms. Firstly, it selectively replicates 
within tumor cells and causes their lysis (3). Secondly, 
it induces immunogenic cell death, facilitates the release 
of tumor antigens, and activates both innate and adaptive 
immune responses (4). This therapeutic approach has 
gained increasing attention since the early studies in the 
1950s, where the first viral agents were used in cancer 
treatment, and has since evolved with the development 
of genetically modified oncolytic viruses that can 
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SUMMARY: Oncolytic adenovirus H101 has shown antitumor activity in hepatocellular carcinoma (HCC), but the 
molecular determinants of treatment response remain unclear. In this study, a Hepa1-6 subcutaneous tumor model 
was established in C57BL/6 mice and treated with intratumoral H101, followed by integrated transcriptomic and 
proteomic analyses to identify candidate genes associated with H101 response. PRXL2B was selected for further 
investigation using public multi-omics datasets, tissue microarray-based immunohistochemistry, in vitro functional 
assays, mechanistic analyses, and in vivo validation experiments. Integrated multi-omics analyses identified PRXL2B 
as a candidate gene downregulated after H101 treatment. Public datasets and tissue-based validation further showed 
that PRXL2B was upregulated in HCC tissues. In MHCC97H and HCCLM3 cells, PRXL2B knockdown inhibited 
proliferation, migration, and invasion, promoted apoptosis and cell-cycle arrest, and enhanced the antitumor effect of 
H101. Mechanistically, PRXL2B silencing reduced AKT phosphorylation and PD-L1 expression. In vivo, PRXL2B 
knockdown suppressed tumor growth, and the combination of PRXL2B knockdown and H101 produced the strongest 
antitumor effect. These findings indicate that PRXL2B promotes malignant phenotypes in HCC and may modulate 
H101 efficacy through the PI3K/AKT/PD-L1 axis. Targeting PRXL2B may therefore represent a potential strategy to 
enhance the therapeutic efficacy of oncolytic virus therapy in HCC.
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selectively target cancer cells. H101, a recombinant 
adenoviral oncolytic agent, has demonstrated clinical 
potential in several tumor types, such as non-small cell 
lung cancer, head and neck squamous cell carcinoma, 
glioblastoma, and HCC (5-7). In particular, its use in 
HCC has shown promise in preclinical and clinical 
trials, offering a new strategy to target both tumor cells 
and the immune microenvironment (8). Nevertheless, 
the efficacy of OV varies significantly across different 
tumor types and among individuals. This variability is 
partly due to differences in the tumor microenvironment 
and the immune system's ability to recognize and 
respond to the viral infection (9). The key molecules 
and predictive biomarkers related to its response remain 
unclear. Recent studies suggest that immune checkpoint 
proteins, such as PD-L1, and tumor-intrinsic factors, like 
mutations in the PI3K/AKT pathway, may influence OV 
therapy efficacy in HCC (10). In particular, the tumor-
intrinsic factors and downstream immune regulation 
mechanisms that influence the sensitivity and tolerance 
of oncolytic adenovirus therapy in HCC require further 
clarification (11).
	 Mult i -omics  invest igat ions,  encompassing 
transcriptomics and proteomics, have emerged as potent 
methodologies to characterize alterations in tumor 
molecular profiles subsequent to therapeutic interventions. 
These studies contribute to surmounting the limitations 
of single-omics approaches, which frequently encounter 
discrepancies between transcriptional and protein-
level data. Through the integration of transcriptomic 
and proteomic data, more robust candidate molecules 
can be identified, thereby furnishing a more reliable 
foundation for comprehending molecular mechanisms 
and translating research findings into clinical 
applications (12). In recent years, multi-omics has been 
applied in HCC research to uncover novel therapeutic 
targets and biomarkers. For instance, studies have 
amalgamated genomic, transcriptomic, and proteomic 
data to identify pivotal signaling pathways implicated 
in HCC progression. A study demonstrated that the 
integration of proteomic and transcriptomic profiles 
could assist in identifying potential therapeutic 
targets such as PD-L1 and VEGF in HCC, offering 
insights into immune evasion mechanisms and tumor 
vascularization (13). Furthermore, a study in employed 
multi-omics approaches to analyze alterations in the 
tumor microenvironment (TME) in HCC, revealing 
novel perspectives on how metabolic shifts in the TME 
influence tumorigenesis. By integrating metabolomics 
with transcriptomics and proteomics, the researchers 
were able to uncover novel biomarkers associated 
with a poor prognosis in HCC patients (14). This 
approach underscored the crucial role of metabolic 
reprogramming in the development and progression of 
liver cancer. Another study in utilized multi-omics to 
explore the role of long non-coding RNAs (lncRNAs) 
in HCC, integrating RNA sequencing, proteomics, and 

epigenomics to delineate lncRNA-associated pathways 
in HCC. The integration of these data provided a more 
in-depth understanding of epigenetic regulation in 
liver cancer progression, presenting potential lncRNA 
targets for therapeutic intervention (15). These examples 
illustrate the substantial potential of multi-omics in 
understanding HCC biology and in the development of 
personalized medicine strategies for liver cancer (16).
	 In the present study, an immunocompetent Hepa1-6 
subcutaneous tumor model was employed to assess the 
effects of intratumoral H101 treatment. Transcriptomic 
and proteomic data were integrated to identify response-
related genes, and PRXL2B was selected as a key target. 
The findings were further validated using multi-omics 
data, immunohistochemistry of HCC tissue microarrays, 
in vitro functional assays, and mechanistic studies (PI3K/
AKT-PD-L1 axis), along with in vivo combination 
therapy experiments, to clarify the role of PRXL2B in 
HCC progression and the efficacy of H101.

2. Materials and Methods

2.1. Cells and culture

Mouse Hepa1-6 cells, Hepatic progenitor cells (derived 
from mouse liver), Telomerase-immortalized human 
liver epithelial cells, Human hepatocellular carcinoma 
cells, and human liver cancer cell lines MHCC97H 
and HCCLM3 were purchased from Sevier (China). 
Animal experiments were approved by the Ethics 
Committee of Chongqing Medical University (IACUC-
CQMU-2024-11061). Cells were cultured in DMEM 
supplemented with 10% fetal bovine serum (FBS, 
Procell) and 1% penicillin-streptomycin at 37°C in a 5% 
CO₂ incubator. Cells were passaged at a ratio of 1:3 to 1:5 
and used for experiments during the logarithmic growth 
phase. H101 was purchased from Ankerui. In vitro 
infection was performed at a multiplicity of infection 
(MOI) of 0.05 for 96 hours, as previously described in 
Song et al., 2025 (17). The experimental groups were 
NC, shPRXL2B, and shPRXL2B + H101.

2.2. Clinical sample collection

The animal experiments were approved by the Ethics 
Committee of Chongqing Medical University (Approval 
No: IACUC-CQMU-2024-11061). The tissue microarray 
study was approved by the Ethics Committee of the First 
Affiliated Hospital of Chongqing Medical University 
(Approval No: 2024-607-01). A total of 84 pathological 
paraffin-embedded samples (including 84 HCC 
samples and 83 adjacent normal liver tissue samples) 
were collected from patients who underwent surgery 
at Chongqing Medical University between 2020 and 
2023. Survival data from 84 patients who participated 
in postoperative follow-up were also included. These 
samples were used for tissue microarray preparation and 
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conducted on DEGs. For proteomics, the raw data were 
processed using the Thermo Orbitrap Fusion Lumos 
platform and analyzed using Proteome Discoverer. 
Protein quantification was normalized using row means 
and column medians. Differential protein analysis was 
conducted with a p-value < 0.05 and FC > 1.2 or FC < 
0.83. Pathway enrichment was carried out using standard 
enrichment factor calculations and presented as bubble 
plots. We integrated transcriptomic DEGs and proteomic 
differential proteins to identify robust candidate genes. 
Directionally consistent genes were selected for further 
validation based on their biological significance.

2.6. Immunohistochemistry and scoring

Immunohistochemical analysis was performed on a tissue 
microarray (TMA) cohort of 84 HCC samples to assess 
PRXL2B expression. This tissue microarray study was 
approved by the Ethics Committee of the First Affiliated 
Hospital of Chongqing Medical University (Approval No: 
2024-607-01). The antibody used for PRXL2B detection 
was the C1orf93 polyclonal antibody (Proteintech, 
Catalog No: 26304-1-AP, Rabbit, IgG isotype), which 
was applied at the recommended dilution of 1:600. The 
H-score was calculated based on the staining intensity 
and the percentage of positive cells, classifying PRXL2B 
expression into high and low groups for subsequent 
survival analysis. The immunohistochemical procedure 
involved deparaffinization and rehydration of tissue 
sections, followed by antigen retrieval. The sections 
were incubated with the primary antibody (C1orf93, 
diluted 1:600) at room temperature for 1.5 hours. After 
incubation, the sections were washed and treated with a 
secondary antibody, followed by appropriate substrate 
development for visualization. The stained tissue sections 
were then evaluated by two independent pathologists to 
determine the staining intensity and the percentage of 
positively stained cells.

2.7. Western blot and antibodies

Cells were lysed in RIPA lysis buffer (Beyotime, China) 
for 10 minutes at 4°C. The supernatant was collected 
and centrifuged at 15,000 rpm for 15 minutes at 4°C. 
Protein concentration was measured using the BCA 
protein assay kit (Solarbio, Beijing, China). A total of 
20 μg of protein was boiled and separated by 12.5% 
SDS-PAGE, then transferred to a PVDF membrane 
(Millipore, USA). The membrane was blocked with 5% 
non-fat milk for 1 hour, followed by incubation with 
primary antibodies at 4°C: PRXL2B (1:500, Proteintech 
#26304-1-AP, China), AKT (1:5000, Proteintech 10176-
2-AP, China), p-AKT (1:2000; Proteintech #66444-1-Ig, 
China), PD-L1 (1:2000; 66248-1-Ig, Proteintech, China), 
and GAPDH (1:2000; #60004-1-Ig, Proteintech, China). 
Protease/phosphatase inhibitor cocktail (Beyotime, 
Catalog No. P1081, 50X) was added during the protein 

subsequent immunohistochemistry (IHC) and in situ 
hybridization analysis. All participants provided written 
informed consent. The samples were pathologically 
confirmed as HCC after surgery. All studies were 
conducted in accordance with the principles of the 
Declaration of Helsinki and the Istanbul Declaration.

2.3. Subcutaneous tumor implantation and treatment

Female C57BL/6 mice (7–8 weeks old) were used to 
establish subcutaneous Hepa1-6 tumor models. The 
mice were inoculated subcutaneously with 2×10⁶ 
Hepa1-6 cells in PBS. When the tumor volume reached 
approximately 80 mm³, intratumoral injections of H101 
(1×10⁸ PFU per dose, diluted in PBS, 80–120 μL per 
dose) were administered daily for 3 consecutive days, 
starting on day 9. The tumors were harvested on day 14. 
The tumor volume was calculated using the formula V = 
0.5 × length × width². The experiment included 4 mice 
per group. All animal experiments were approved by 
the Ethics Committee of Chongqing Medical University 
(IACUC-CQMU-2024-11061).

2.4. Virus/plasmid construction and PRXL2B knockdown

PRXL2B expression was knocked down using shRNA. 
Human-shRNA-1 (h-sh1) and mouse-shRNA-1 (m-
sh1) were used for in vitro and in vivo experiments, 
respectively. The shRNA vector was pLVX-shRNA2-
Puro (BamHI/EcoRI cloning). The sequences are as 
follows (suggested for inclusion in the supplementary 
materials):

h-shPRXL2B-1 (insert sequence):
GATCGGGATGAGAGCAAGCAGCTTTACTCGAGT
AAAGCTGCTTGCTCTCATCCTTTTTT
M-shPRXL2B-1 (insert sequence):
GATCGATGAGAGCAAGCAAATCTATACTCGAGTA
TAGATTTGCTTGCTCTCATTTTTTT

Stable cell lines were selected using puromycin. 
Sensitivity for shRNA screening was optimized by 
titrating concentrations in pilot experiments, typically 
ranging from 1–3 μg/mL for 3–5 days.

2.5. Transcriptomics, proteomics analysis and multi-
omics integration

Total RNA was extracted from tumor tissues using 
TRIzol reagent (Thermo Fisher Scientific, USA). 
cDNA libraries were constructed using SuperScript™ 
II Reverse Transcriptase (Invitrogen, USA). Paired-
end sequencing (2 × 150 bp) was carried out using 
the Illumina NovaSeq™ 6000 platform. Differentially 
expressed genes (DEGs) were identified using DESeq2 
with thresholds of |log2 - fold change| ≥ 1 and FDR 
< 0.05. GO and KEGG enrichment analyses were 
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extraction process to prevent protein degradation and 
dephosphorylation.

2.8. Cell migration and invasion assays

A wound healing assay was conducted to evaluate cell 
migration. Cells (5×106 cells per well) were seeded in 
6-well plates. Once the cells reached 100% confluence, a 
200 µl pipette tip was employed to create a scratch in the 
cell monolayer. The wounds were infected with H101 at 
a multiplicity of infection (MOI) of 0.05. Wound healing 
was monitored at designated intervals over 48 hours. 
Images were captured from five distinct angles per well 
and analyzed using ImageJ software (version 1.52) to 
measure the wound area. The percentage of wound 
healing was quantified using the following formula: 
[1-(Wound Area at Tt/Wound Area at T0)]×100%.
Transwell assays were used to evaluate cell migration 
and invasion. For the migration assay, 104 cells were 
plated in 100 µl of serum-free medium in 24-well inserts 
(Corning, USA). For the invasion assay, cells were 
plated on Matrigel-coated inserts (Beyotime, China). 
To each insert, 100 µL of medium with H101 (MOI = 
0.05) or serum-free medium was added. In the lower 
chamber, 500 µL of medium with 10% FBS was used 
as a chemoattractant. After 24 hours of incubation, non-
migrating or non-invading cells in the upper chamber 
were removed using a cotton swab. Cells that had 
migrated or invaded through the insert were fixed with 
4% paraformaldehyde and stained with 0.1% crystal 
violet. The number of migrating or invading cells in 
three random fields was quantified under an inverted 
microscope (Leica, Germany).

2.9. Cell apoptosis detection

Cells were harvested from one well of a 6-well plate. 
Floating cells were collected in a centrifuge tube, and 
adherent cells were digested with 0.25% trypsin to obtain 
single cells, ensuring not to over-digest. The cells were 
washed twice with PBS at 1000 rpm for 5 minutes. Cells 
(1×106) were resuspended in 500 µL of PBS (PH = 7.2) 
and stored in 1.5 mL EP tubes for apoptosis detection.

2.10. Cell cycle detection

Cells were harvested from one well of a 6-well plate. 
Floating cells were collected in a centrifuge tube. The 
adherent cells were digested with 0.25% trypsin to obtain 
single cells, again ensuring to avoid over-digestion. The 
cells were washed twice with PBS at 1000 rpm for 5 
minutes and resuspended in 100 µL of PBS. Slowly, 900 
µL of pre-chilled 75% ethanol was added while gently 
shaking to prevent cell aggregation. The cells were stored 
at 4°C for 2-3 weeks. Flow cytometry analysis of cell 
cycle and apoptosis was performed using a Attune NxT 
flow cytometer (Thermo Fisher Scientific, USA), and 

data were analyzed using Modfit software (version 4.1).

2.11. Cell proliferation assay

According to the manufacturer's instructions, the Cell 
Count Kit-8 (CCK-8) (Topscience, China) was used 
to conduct cell proliferation assays. 1×104 HCC97-H 
and HCC-LM3 cells were seeded in 96-well plates and 
infected with the virus as described in the virus growth 
assays. At various time points (0, 24, 48, 72, and 96 
hours), 10 µL of CCK-8 solution (mixed with 100 µL 
DMEM medium) was added to each well and incubated 
at 37°C for 1 hour. The optical density (OD) was 
measured using a microplate reader (Bio-Rad, USA) at 
450 nm.

2.12. Statistical analysis

Statist ical  comparisons were conducted using 
Student's t-test for two-group Statistical comparisons 
were conducted using Student's t-test for two-group 
comparisons (with normality tested). One-way ANOVA 
with post-hoc testing was employed for multiple group 
comparisons. Survival analysis was carried out using 
Kaplan-Meier curves and log-rank tests. Cox regression 
analysis was performed for both univariate and 
multivariate models. Statistical analyses were performed 
using GraphPad Prism version 9.0 (GraphPad Software, 
USA) for t-test and ANOVA, and SPSS version 26.0 
(IBM, USA) for Kaplan–Meier survival analysis and 
Cox regression.

3. Results

3.1. H101 inhibition of tumor growth and identification 
of response-related genes

To assess the impact of oncolytic adenovirus H101 on 
liver cancer growth, a subcutaneous Hepa1-6 tumor 
model was established in immunocompetent female 
C57BL/6 mice. When the tumor volume approximated 
80 mm3, H101 (1×108 PFU per dose, diluted in PBS) 
was administered via intratumoral injection once daily 
for three consecutive days, commencing on day 9. 
Tumors were excised on day 14 for subsequent omics 
analysis (n = 4 per group) (Figure 1a). In comparison 
with the control group, the tumors in the H101-treated 
group exhibited a substantial reduction in size at the 
experimental endpoint (Figure 1b). Tumor growth curves 
demonstrated that H101 treatment significantly impeded 
tumor volume expansion (Figure 1c), and the tumor 
weight at the endpoint was also significantly decreased 
(Figure 1d, two-tailed Student's t-test, p = 0.027). To 
analyze the molecular characteristics of the tumors 
subsequent to H101 treatment, RNA-seq and proteomics 
analyses were conducted on tumor tissues (log2FC of 
Transcriptomic = -0.9300, P-value of Transcriptomic 
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Figure 1. Intratumoral H101 suppresses Hepa1-6 subcutaneous tumor growth and identifies PRXL2B through integrated transcriptomic 
and proteomic analyses. (a) Schematic illustration of the experimental design. Female C57BL/6 mice were subcutaneously inoculated with Hepa1-6 
cells (2 × 106). When tumors reached approximately 80 mm3, mice received intratumoral H101 injections (1 × 108 PFU) once daily for 3 consecutive 
days beginning on day 9. Tumors were collected on day 14 for transcriptomic and proteomic analyses (n = 4 per group). (b) Representative images 
of excised tumors collected at day 14. (c) Tumor growth curves. Tumor volume was calculated as V = 0.5 × length × width2. (d) Tumor weights 
at day 14. Data are presented as mean ± SD with individual values. Statistical significance was determined using a two-tailed Student's t-test. (e) 
Volcano plot of differentially expressed genes (DEGs) identified by RNA-seq analysis in H101-treated and PBS-treated tumors. (f) Volcano plot of 
differentially expressed proteins identified by proteomic analysis in H101-treated and PBS-treated tumors. (g) Venn diagram showing the overlap 
between transcriptomic and proteomic analyses, with PRXL2B highlighted. (h) KEGG pathway enrichment analysis of transcriptomic DEGs (h) and 
differentially expressed proteins (i) The x-axis indicates the enrichment factor (GeneRatio). Dot size represents gene/protein counts, and dot color 
indicates adjusted P values.
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= 0.0200 and log2FC of Proteomic = -1.5327, p-value 
of Proteomic = 0.0038). Volcano plots revealed a 
considerable number of differentially expressed genes 
(DEGs), with two genes being upregulated and one gene 
being downregulated (Figure 1e). Significant differential 
proteins were also detected through proteomics analysis 
(Figure 1f). Further integration of RNA-seq DEGs with 
differential proteins from proteomics yielded three 
common candidate molecules (Figure 1g), suggesting 
that these molecules could serve as stable core nodes 
involved in the H101 response. Pathway enrichment 
analysis indicated that the differential molecules were 
predominantly enriched in tumor-associated signaling 
pathways, with the PI3K/AKT pathway being one 
of the significantly enriched pathways (Figure 1h–i). 
This implies that the antitumor effects of H101 may be 
regulated by this classical oncogenic pathway. Based 
on the expression direction and potential biological 
significance of the intersecting candidate molecules, 
PRXL2B (C1orf93), which was downregulated 
following H101 treatment, was selected as the key target 
for further investigation. Integrated transcriptomic and 
proteomic analyses identified PRXL2B as a candidate 
gene associated with H101 treatment. Because PRXL2B 
was consistently downregulated after H101 treatment and 
showed potential biological relevance, it was selected for 
further investigation.To further explore the role of PI3K/
AKT pathway in HCC progression, Gene Set Enrichment 
Analysis (GSEA) was conducted on the transcriptomic 
and proteomic data. The PI3K/AKT pathway was 
significantly enriched, with high NES values and 
low P-values, indicating its important role in tumor 
progression and potential modulation by H101 therapy 
(Supplementary Figure S1, https://www.biosciencetrends.
com/action/getSupplementalData.php?ID=303).

3.2. Multi-omics analysis reveals PRXL2B upregulation 
in HCC and its correlation with prognosis and PI3K/
AKT pathway activity

To explore the expression pattern and potential clinical 
implications of PRXL2B in HCC, we initially analyzed 
data from the TCGA database. Pan-cancer analysis 
indicated that PRXL2B exhibited abnormal expression 
across diverse cancer types, and a notable differential 
expression was detected in the hepatocellular carcinoma 
(LIHC/HCC) cohort (Figure 2a). In independent GEO 
datasets (GSE54236, GSE144269), the expression of 
PRXL2B was consistently elevated in HCC tissues 
compared to non-tumor tissues (Figure 2b), suggesting 
that PRXL2B may exert a promotional effect on HCC 
development. We further assessed the relationship 
between PRXL2B expression and disease progression, 
as well as the activity of the PI3K/AKT pathway. Stage-
associated analysis revealed disparities in PRXL2B 
expression among different clinical stages (Figure 
2c). Moreover, PRXL2B expression was significantly 

correlated with the PI3K/AKT pathway activity score 
(Figure 2c), which was in line with the observed 
enrichment of the PI3K/AKT pathway in tumor omics 
analysis. Kaplan–Meier survival analysis demonstrated a 
significant association between PRXL2B expression and 
overall survival (OS), disease-specific survival (DSS), 
progression-free interval (PFI), and disease-free interval 
(DFI) (Figure 2d). Spatial transcriptomics data further 
indicated that PRXL2B signals were predominantly 
localized in tumor regions rather than non-malignant 
regions (Figure 2e-f), corroborating its expression profile 
associated with tumor cells.

3.3. Clinical validation of PRXL2B upregulation and its 
prognostic significance in HCC

To validate the expression of PRXL2B in clinical HCC 
samples, an IHC analysis was conducted on a TMA 
cohort comprising 84 paired tumor and adjacent non-
tumor tissue samples. The relationship between PRXL2B 
expression and clinicopathologic features in 84 HCC 
patients is presented in Table 1. The H-score of PRXL2B 
was correlated with various clinical characteristics, 
including age, gender, HBsAg status, AFP level, vascular 
invasion, tumor size, differentiation, and stage (Figure 
3a).The expression of PRXL2B was high in tumor 
tissues, as evidenced by representative IHC images 
(Figure 3b).The correlation between PRXL2B expression 
and clinicopathological features was also analyzed. In 
the clinical cohort, PRXL2B expression was associated 
with overall survival; however, the statistical significance 
of this correlation may vary depending on the selected 
cutoff and follow-up duration (Figure 3c). When 
compared with paired adjacent tissues, the H-scores 
of PRXL2B were significantly higher in tumor tissues 
(Figure 3d), indicating an upregulation of PRXL2B in 
HCC tissues. Additionally, Western blotting of paired 
tumor and adjacent tissue samples corroborated the 
upregulation of PRXL2B protein expression in tumors 
(Figure 3e). These clinical findings, in conjunction 
with bioinformatics analysis, suggest that PRXL2B is 
upregulated in HCC and may be associated with disease 
progression and prognosis.

3.4. PRXL2B knockdown inhibits malignant phenotypes 
and enhances H101 efficacy in vitro

To investigate the functional role of PRXL2B in HCC 
cells, the protein expression of PRXL2B was initially 
quantified in various liver cancer cell lines. Differential 
expression of PRXL2B was detected among the HCC 
cell lines (Figure 4a). MHCC97H and HCCLM3 cells 
were chosen for subsequent functional studies. After 
establishing PRXL2B knockdown models, the cells were 
divided into the negative control (NC), shPRXL2B, and 
shPRXL2B + H101 groups. The cells in these groups 
were infected with H101 at a multiplicity of infection 

https://www.biosciencetrends.com/action/getSupplementalData.php?ID=303
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Figure 2. Multi-omics analyses support PRXL2B upregulation in HCC and its association with prognosis and PI3K/AKT pathway activity. 
(a) Pan-cancer analysis of PRXL2B expression in tumor and normal tissues, with the LIHC cohort highlighted. (b) Differential expression analysis of 
PRXL2B in HCC and non-tumor tissues across multiple GEO datasets. (c) Correlation analysis of PRXL2B expression with clinical stage and PI3K/
AKT pathway activity. (d) Kaplan–Meier survival analysis of PRXL2B expression in the TCGA-LIHC cohort. (e–f) Spatial transcriptomic analysis 
of PRXL2B expression, including spatial distribution patterns and comparisons between different tissue regions/groups.
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(MOI) of 0.05 for 96 hours. CCK-8 assays indicated that 
the knockdown of PRXL2B significantly diminished cell 
viability in both MHCC97H and HCCLM3 cells, and 
the combined treatment with H101 further augmented 
this inhibitory effect (Figure 4b–c). Transwell migration 
and invasion assays additionally demonstrated that the 
knockdown of PRXL2B significantly curtailed cell 
migration and invasion in both cell lines (Figure 4d,f). 
Wound healing assays presented consistent findings 
(Figure 4e,g). Regarding mechanistic phenotypes, flow 
cytometry revealed that the knockdown of PRXL2B 
elevated the apoptosis rate (Figure 4h) and modified cell 
cycle distribution, with G2 - phase arrest being observed 
in HCCLM3 cells (Figure 4i). These in vitro results 
illustrate that the knockdown of PRXL2B significantly 
suppresses the malignant phenotypes of HCC cells and 
potentiates the antitumor effects of H101.

3.5. PRXL2B regulates AKT phosphorylation and PD-
L1 expression, enhancing in vivo antitumor efficacy

To fur ther  c lar i fy  the molecular  mechanisms 
underpinning PRXL2B knockdown, RNA-seq analysis 
was performed on MHCC97H cells (biological 
replicates3) under normal control (NC) and short hairpin 
RNA targeting PRXL2B (shPRXL2B) conditions. 
Differential analysis and volcano plots indicated the 
presence of significant differentially expressed genes 

(DEGs) subsequent to PRXL2B knockdown (Figure 
5a). Enrichment analysis demonstrated that these DEGs 
were significantly enriched in immune-related and tumor 
signaling pathways (Figure 5b-c), and the programmed 
death-ligand 1 (PD-L1) axis, which participates in 
immune evasion, was identified as a potential target. 
In light of the observed enrichment of the PI3K/AKT 
pathway in our murine tumor data, we conducted further 
investigations into the phosphorylation status of AKT 
and the expression of PD-L1. Western blot analysis 
demonstrated that knockdown of PRXL2B led to a 
substantial reduction in p-AKT levels and down-regulated 
PD-L1 expression, as compared with the negative control 
(NC) group. The combined treatment with H101 further 
augmented these effects (Figure 5d). Densitometric 
quantification verified the consistent decline in PD-
L1 (normalized to GAPDH), PRXL2B (normalized 
to GAPDH and expressed relative to NC), and the 
p-AKT/AKT ratio (relative to NC) (Figure 5e–g). These 
findings suggest that PRXL2B modulates the PI3K/AKT 
pathway and PD-L1 expression, which is associated 
with immune evasion and influences the response to 
H101 treatment. Finally, the in-vivo antitumor effects 
of PRXL2B knockdown in combination with H101 
were validated within the Hepa1-6 subcutaneous tumor 
model. In comparison to the NC group, the growth rate 
of tumors in the shPRXL2B group was notably slower. 
Furthermore, the combination of PRXL2B knockdown 
and H101 resulted in the most substantial reduction in 
tumor volume and weight at the experimental endpoint 
(Figure 5h–j). These in-vivo results, when integrated 
with the in-vitro findings, imply that PRXL2B plays a 
pivotal role in regulating the malignancy of HCC, and 
its inhibition may augment the efficacy of oncolytic 
virus therapy. To further validate the involvement of 
the PI3K/AKT pathway and immune evasion in vivo, 
immunohistochemical (IHC) staining was performed 
on tumor tissues. As shown in Figure 5k, the expression 
levels of p-AKT and PD-L1 were significantly decreased 
in the shPRXL2B group compared with the NC group. 
Quantitative analysis confirmed a consistent reduction 
in both markers. These findings are consistent with the 
in vitro Western blot results and further support that 
PRXL2B regulates the PI3K/AKT pathway and PD-L1 
expression in vivo (Figure 5k).

4. Discussion

This study identifies PRXL2B as a potential regulator of 
hepatocellular carcinoma progression and the antitumor 
efficacy of oncolytic adenovirus H101. Using integrated 
transcriptomic and proteomic analyses, we found that 
PRXL2B was consistently downregulated after H101 
treatment in the murine tumor model, suggesting that 
it may be involved in the tumor response to oncolytic 
virotherapy. Functional assays further demonstrated that 
PRXL2B knockdown inhibited HCC cell proliferation, 

Table 1. The relationship of PRXL2B expression with 
clinicopathologic features in 84 HCC patients

Variables

Gender
     Mele
     Female
Age (Years)
     > 60
     ≦ 60
Differentiatation
     Well/moderate
          poor
          AFP
               ≧ 25
               < 25
     Vascular Invasion
          MVI (+)
          MVI (-)
          HBsAg
               Positive
               Negative
          Cirrhosis
               yes
               no
     Tumor size (cm)
          ≧ 5
          < 5
     BCLC stage
          0/A
          B/C/D

PRXL2B low 
expression

38
  8

  9
37

33
12

11
34

18
27

41
  4

29
16

  9
36

35
10

PRXL2B high 
expression

28
  9

12
25

25
12

  9
28

14
23

31
  6

29
  8

  9
28

35
  2

p

ns

ns

0.029

0.035

0.040

ns

ns

0.032

0.025

Number of patients
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Figure 3. Clinical validation of PRXL2B expression in HCC tissue microarrays and its association with clinicopathological features and 
prognosis. (a) Correlation analysis between PRXL2B immunohistochemical staining (H-score) and clinicopathological characteristics in the 
HCC tissue microarray cohort (n = 84). (b) Representative immunohistochemical staining images of PRXL2B expression in tumor and paired 
adjacent tissues. Scale bars are indicated. (c) Kaplan–Meier overall survival analysis of PRXL2B expression in the LIHC cohort. (d) Comparison 
of PRXL2B H-scores between tumor and paired adjacent tissues. (e) Western blot analysis of PRXL2B protein expression in paired tumor (T) and 
adjacent (P) tissues, with GAPDH as a loading control.
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Figure 4. PRXL2B knockdown suppresses malignant phenotypes of HCC cells and enhances the effects of H101 in vitro. (a) Western blot 
analysis of PRXL2B expression in liver cancer cell lines, with GAPDH as a loading control. (b–c) CCK-8 assays of cell viability in MHCC97H 
(b) and HCCLM3 (c) cells under NC, shPRXL2B, and shPRXL2B + H101 conditions. Cells were infected with H101 (MOI = 0.05) for 96 h. (d) 
Transwell migration and invasion assays in MHCC97H cells. (e) Wound healing assays in MHCC97H cells at 0 h and 24 h, with quantification of 
wound closure. (f) Transwell migration and invasion assays in HCCLM3 cells. (g) Wound healing assays in HCCLM3 cells at 0 h and 24 h, with 
quantification of wound closure. (h) Flow cytometric analysis of apoptosis in HCCLM3 cells using Annexin V/PI staining. (i) Cell cycle distribution 
analysis of HCCLM3 cells using PI staining. Data are presented as mean ± SD. Statistical significance was determined using one-way ANOVA with 
post hoc testing.
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Figure 5. PRXL2B knockdown suppresses AKT signaling and PD-L1 expression and enhances the antitumor activity of H101. (a) 
Volcano plot of DEGs identified by RNA-seq analysis in NC and shPRXL2B MHCC97H cells. (b) KEGG pathway enrichment analysis of DEGs 
following PRXL2B knockdown. The x-axis indicates GeneRatio. Dot size represents gene counts, and dot color indicates adjusted p values. (c) 
GO enrichment analysis of DEGs following PRXL2B knockdown. (d) Representative Western blots of PRXL2B, PD-L1, p-AKT, total AKT, 
and GAPDH in MHCC97H cells under NC, shPRXL2B, and shPRXL2B + H101 conditions. Cells were infected with H101 (MOI = 0.05) for 96 
h. (e–g) Densitometric quantification of PD-L1, PRXL2B, and p-AKT/AKT levels. (h) Representative images of excised tumors from Hepa1-
6 subcutaneous tumor models in the NC, shPRXL2B, and shPRXL2B + H101 groups. Solid line = NC (negative control) and dashed line = 
shPRXL2B (PRXL2B knockdown). (i–j) Tumor growth curves (i) and tumor weights at the experimental endpoint (j). Data are presented as 
mean ± SD with individual values. Statistical significance was determined using one-way ANOVA with post hoc testing. (k) Representative 
immunohistochemical staining images of p-AKT and PD-L1 in tumor tissues, with quantification shown on the right. Data are presented as mean 
± SD.
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migration, and invasion, promoted apoptosis, and 
enhanced the antitumor effect of H101 both in vitro and 
in vivo. These findings support a tumor-promoting role 
of PRXL2B in HCC and suggest that PRXL2B may 
represent a promising target for combination therapy 
with oncolytic viruses.
	 In addition to PRXL2B-mediated effects, our 
study highlights the therapeutic potential of H101 as 
an oncolytic adenovirus in HCC. Oncolytic viruses 
selectively replicate in tumor cells and induce tumor 
lysis while stimulating antitumor immunity (18). 
H101 treatment alone can trigger immunogenic cell 
death, recruit immune effector cells, and enhance 
tumor antigen presentation, which may synergize with 
immune checkpoint modulation (19). The observed 
downregulation of PRXL2B after H101 treatment 
suggests that viral replication and the host response 
may directly or indirectly modulate oncogenic signaling 
pathways (20). These findings imply that combining 
H101 with molecularly targeted interventions, such as 
PRXL2B inhibition, could enhance tumor cell killing and 
overcome intrinsic resistance mechanisms (21). Future 
studies should further investigate the impact of H101 
on the tumor microenvironment, including innate and 
adaptive immune responses, and explore combination 
strategies with immune checkpoint inhibitors to improve 
therapeutic efficacy in HCC.
	 Our tissue-based validation and public dataset 
analyses consistently showed that PRXL2B was 
upregulated in HCC tissues. This finding is in line with 
a potential oncogenic role of PRXL2B in liver cancer. 
However, although PRXL2B expression was elevated 
in tumors, its associations with clinicopathological 
features and survival were not consistently significant in 
our tissue microarray cohort. This discrepancy between 
public dataset-based analyses and our clinical validation 
cohort may be attributed to differences in sample size, 
patient heterogeneity, cutoff selection, and follow-up 
duration (22). Therefore, while PRXL2B appears to be 
involved in HCC progression, its value as an independent 
prognostic biomarker remains inconclusive and requires 
further validation in larger and well-characterized clinical 
cohorts.
	 Mechanistically, our data suggest that PRXL2B 
may exert its effects through the PI3K/AKT/PD-L1 
axis. PRXL2B knockdown reduced p-AKT and PD-L1 
expression in HCC cells, indicating that PRXL2B may 
contribute not only to tumor cell survival but also to 
immune evasion. Because the PI3K/AKT pathway plays 
a central role in tumor growth, survival, and therapeutic 
resistance, its suppression after PRXL2B silencing 
provides a plausible mechanistic basis for the observed 
antitumor effects (23). In addition, the reduction in PD-
L1 expression suggests that PRXL2B may influence 
the immunosuppressive phenotype of HCC, thereby 
affecting responsiveness to oncolytic virus therapy. To 
further support the in vivo relevance of this mechanism, 

we supplemented immunohistochemical staining of 
tumor tissues from the animal experiments. The results 
showed that p-AKT and PD-L1 expression were 
decreased in the shPRXL2B group compared with the 
NC group, and were further reduced in the combination 
treatment group, which was consistent with our Western 
blot findings. These data strengthen the evidence that 
PRXL2B regulates the PI3K/AKT/PD-L1 axis in vivo 
and further support its involvement in tumor progression 
and therapeutic response (24).
	 The combination of PRXL2B knockdown and 
H101 produced the strongest antitumor effect in vivo, 
suggesting that PRXL2B inhibition may enhance 
the efficacy of oncolytic virotherapy (25). This 
combinational strategy warrants further investigation. 
Nevertheless, several limitations of this study should 
be acknowledged. First, although PRXL2B was 
upregulated in HCC, its clinical significance was not 
consistently confirmed in our tissue microarray cohort. 
Second, an H101-alone treatment group was not 
included in the current study, which limits our ability 
to fully distinguish the independent effect of H101 
from its interaction with PRXL2B knockdown. Third, 
although our data support the involvement of the PI3K/
AKT/PD-L1 axis, other signaling pathways, such as 
NF-kB or JAK/STAT, may also participate in PRXL2B-
mediated regulation and deserve further study (26). 
Overall, our findings indicate that PRXL2B contributes 
to HCC malignant progression and may modulate the 
therapeutic response to H101. Future studies should 
focus on validating PRXL2B in larger clinical cohorts, 
clarifying its predictive value for oncolytic virus 
therapy, and exploring whether PRXL2B-targeted 
interventions can improve the efficacy of combination 
treatment strategies in HCC.
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1. Introduction

Abnormal tumor vasculature, characterized by structural 
fragility and functional inefficiency, is a critical hallmark 
of cancer (1,2). Beyond the mere formation of new blood 
vessels (angiogenesis), the stability and maturation of 
these vessels are essential for efficient perfusion and 
drug delivery (3,4). Conversely, vascular instability—
marked by chaotic architecture, high permeability, and 
poor pericyte coverage (1,5,6)—promotes hypoxia, 
immune evasion, and metastasis. This understanding 
has shifted the therapeutic focus towards vascular 
normalization, a strategy aimed at restoring vessel 
integrity. In this context, pericytes, the mural cells that 
envelop capillaries, are crucial gatekeepers of vascular 
stability (7,8). Their recruitment, adhesion, and function 
are tightly regulated, and their depletion is a hallmark of 
the immature, dysfunctional tumor vasculature (5,9).

	 A p r i n c i p a l  d r i v e r  o f  t h e  h o s t i l e  t u m o r 
microenvironment is extracellular acidosis (10,11), 
predominantly mediated by the vacuolar H+-ATPase 
(V-ATPase) proton pump (12). As a key functional 
subunit of the V-ATPase complex, ATP6L is commonly 
upregulated in malignancies (13). Through its promotion 
of extracellular acidification, ATP6L has been firmly 
implicated in promoting aggressive tumor behaviors, 
including enhanced invasiveness and acquired 
chemoresistance, underscoring its multifaceted pro-
tumorigenic functions (14-16). However, despite the 
well-recognized role of ATP6L-driven acidosis in 
remodeling the tumor microenvironment, its direct 
impact on the tumor vasculature—particularly on 
pericyte function and vascular stability—remains 
largely unexplored. Although the acidic niche is known 
to broadly influence stromal cells (10,17), the specific 
molecular mechanisms by which cancer cell-derived 
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SUMMARY: Vascular instability, characterized by impaired pericyte coverage, is a hallmark of tumor progression. 
ATP6L is highly expressed in colorectal cancer (CRC) tissues and promotes tumor progression by enhancing the tumor 
microvasculature; however, its direct impact on vascular stability remains unclear. ATP6L expression, microvascular 
morphology, and pericyte coverage were analyzed by immunohistochemistry in a cohort of 179 CRC specimens, 
and the role of ATP6L in vascular stability was further investigated by modulating its expression both in vitro and 
in vivo. In vitro, MC38 and CT26 cells with ATP6L overexpression or knockdown were co-cultured with mouse 
vascular smooth muscle cells (MOVAS), and MOVAS proliferation, migration, and apoptosis were evaluated using 
EdU incorporation, transwell migration, and TUNEL staining assays, respectively. PDGFB secretion and PDGFRβ 
expression were assessed by ELISA, Western blotting, and immunofluorescence. Along the normal colorectal mucosa–
adenoma–adenocarcinoma sequence, ATP6L upregulation was closely associated with progressive vascular instability, 
characterized by loss of pericyte coverage and increasing vascular morphological heterogeneity. Mechanistically, 
ATP6L overexpression promoted extracellular acidification, suppressed PDGFB secretion, and subsequently reduced 
PDGFRβ expression in pericytes, thereby impairing their recruitment and survival. Conversely, ATP6L knockdown 
attenuated extracellular acidification, restored PDGFB/PDGFRβ signaling, and rescued pericyte proliferation, 
migration, and survival. These findings identify ATP6L as a key mediator of perivascular dysfunction in CRC and 
demonstrate that ATP6L-induced extracellular acidification disrupts vascular stability by suppressing the PDGFB/
PDGFRβ signaling axis and impairing pericyte function.

Keywords: colorectal cancer, ATP6L, vascular stability, pericytes, PDGFB/PDGFRβ signaling

(425)



BioScience Trends. 2026; 20(4):425-437.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):425-437.                                                  www.biosciencetrends.com

ATP6L compromises pericyte integrity and disrupts 
vascular homeostasis in colorectal cancer (CRC) remain 
to be elucidated.
	 In this study, we identify ATP6L as a critical driver 
of perivascular dysfunction in CRC. The normal–
adenoma–carcinoma progression in colorectal cancer 
is accompanied by a progressive upregulation of 
ATP6L, which closely parallels a spectrum of vascular 
abnormalities, including microvessel shrinkage, lumen 
narrowing, and pericyte dropout. Mechanistically, ATP6L 
overexpression appears to instigate pericyte dysfunction 
through an acidification-driven PDGFB/PDGFRβ 
signaling axis: ATP6L overexpression promotes an acidic 
microenvironment that suppresses PDGFB secretion, 
leading to reduced PDGFRβ expression on pericytes and 
consequently impairing their recruitment and survival. 
Conversely, ATP6L depletion reverses this deleterious 
cascade, restoring pericyte proliferation, migration, 
and survival. This work seeks to identify ATP6L as a 
novel modulator of the tumor vasculature, revealing a 
direct link between tumor acidification and vascular 
dysfunction. Together, these findings identify a novel 
link between tumor microenvironmental acidification and 
vascular abnormalities, suggesting ATP6L as a potential 
therapeutic target to normalize tumor vasculature and 
improve treatment efficacy.

2. Materials and Methods

2.1. Patient tissue specimens and clinical data

A total of 179 cases of surgically resected, pathologically 
confirmed colorectal cancer (CRC) specimens, along 
with corresponding clinicopathological data, were 
retrospectively collected from the Department of 
Pathology at Tianjin Medical University Cancer Institute 
and Hospital between July 2014 and February 2015. 
Additionally, 29 cases of matched normal colorectal 
mucosa, adjacent adenoma, and primary adenocarcinoma 
tissue samples were included for serial analysis. The 
study was approved by the Institutional Review Board of 
Tianjin Medical University Cancer Institute and Hospital 
(Approval No. bc2020073), and informed consent was 
obtained from all participants. Patient demographics and 
clinical characteristics are summarized in Table 1.

2.2. Immunohistochemistry (IHC) and immunofluorescence 
(IF)

Formalin-fixed, paraffin-embedded tissue sections 
(4 µm thick) were processed for IHC and IF staining 
following standard protocols. The primary antibodies 
used included: anti-ATP6L (1:200, Abcam plc, America), 
anti-CD31 (1:100, Zsbio, Beijing, China), anti-α-SMA 
(1:200, Abcam plc, America), anti-PDGFB (1:150, 
Abcam plc, America), and anti-PDGFRβ (1:150, 
Abcam plc, America). Appropriate secondary antibodies 

and detection systems (DAB for IHC, Alexa Fluor-
conjugated for IF) were applied. Hematoxylin was used 
for counterstaining.
	 ATP6L expression in tumor cells was evaluated 
independently by two experienced pathologists 
blinded to clinical outcomes. For each specimen, 
two representative fields at 200× magnification were 
selected from the tumor-normal mucosal interface where 
active angiogenesis was evident. ATP6L staining was 
considered positive when brown cytoplasmic granules 
were present. Staining intensity was graded on a scale of 
0 to 2 (0: no staining; 1: weak; 2: strong). The percentage 
of immunoreactive tumor cells was scored on a scale of 
1 to 3 (1: < 30%; 2: 30–80%; 3: > 80%). A composite 
score for each field was calculated by multiplying the 
intensity score by the percentage score. The final ATP6L 
expression score for each case was the average of the 
two field scores. Tumors were then classified as having 
low expression (average score 1–3) or high expression 
(average score 4–6). Please refer to the previously 
published literature for specific evaluation details (18).
	 For each IHC/IF-stained section, five representative 
fields of view (200x magnification) in the tumor invasive 
front were captured to quantify vascular parameters. All 
quantifications were performed using ImageJ software 
(National Institutes of Health, USA). Microvessel 
Density (MVD) was determined by counting CD31-
positive endothelial cell clusters or single cells in each 
field (19). Any brown-stained endothelial cell or cell 
cluster clearly separated from adjacent vessels was 
counted as a single microvessel. The mean count per field 
was calculated. The lumen area (µm²) of each CD31+ 
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Table 1. Clinicopathological characteristics of colorectal 
cancer patients

Characteristics

Age
     < 50
     ≥ 50
Gender
     Male
     Female
Size
     < 5cm
     ≥ 5cm
Differentiation
     Poor
     High/ Moderate
Clinical stage
     I/II
     III/IV
Lymph Node Metastasis
     Present
     Absent
Distant Metastasis
     Present
     Absent
ATP6L expression level
     Low
     High

Number of patients (%)

  35 (19.6)
144 (80.4)

102 (57.0)
  77 (43.0)

124 (69.3)
  55 (30.7)

  48 (26.8)
131 (73.2)

  93 (52.0)
  86 (48.0)

  73 (40.8)
106 (59.2)

  34 (19.0)
145 (81.0)

  46 (25.7)
133 (74.3)
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cultured overnight. Before staining, cells were washed 
twice with dilution buffer and then incubated with 
P61 working solution in the dark at 37℃ for 30 min. 
Fluorescence intensity was measured at excitation/
emission wavelengths of 488/580 nm and normalized to 
the control group. Three replicate wells were analyzed 
per condition, and the mean values were plotted using 
GraphPad Prism.

2.6. Lactic acid treatment for MOVAS

Following cell attachment, the culture medium was 
removed, and the cell monolayer was rinsed once or 
twice with PBS. Subsequently, the cells were incubated 
with culture medium containing 5 mM lactic acid. After 
incubation for 24–48 hours at 37°C in a humidified 
atmosphere of 5% CO₂, MOVAS were collected, and 
total protein was extracted for Western blot analysis.

2.7. Animal Experiments

All animal procedures were approved by the Institutional 
Animal Care and Use Committee of Tianjin Medical 
University Cancer Institute and Hospital (Protocol No. 
AE-2022216). Six-week-old female nude mice were 
subcutaneously inoculated in the right dorsal flank with 
MC38-vector or MC38-ATP6L-overexpressing cells (5 
× 10⁶ cells in 100 μL PBS per mouse) to induce tumor 
development. When tumors reached an average volume 
of 200 mm³, tumor-bearing mice were randomly divided 
into three groups (n=6 per group): (a) Vector control, 
(b) ATP6L-overexpressing (OE), and (c) ATP6L-OE 
treated with Baf A1. Baf A1 was dissolved in a vehicle 
consisting of 10% DMSO, 40% PEG300, 5% Tween-80, 
and 45% saline, prepared fresh before each injection 
and sonicated to clarity (final concentration 2.5 mg/
mL). Mice in the Baf A1 treatment group received 
intratumoral injections of Baf A1 at 5 mg/kg body 
weight (40 μL per injection) three times per week, while 
mice in the Vector and OE groups received equal-volume 
vehicle injections on the same schedule. This locally 
administered dose was chosen based on the reported 
anti-tumor efficacy of systemically delivered Baf A1 
at 0.1–1 mg/kg and precedent for intratumoral Baf A1 
administration in xenograft models, with local delivery 
adjusted to maximize target engagement while reducing 
off-target effects. Four weeks after treatment initiation, 
tumor tissue samples from each group were collected and 
subjected to histological evaluation. Tumor volume was 
measured twice weekly and calculated using the formula: 
Volume = (Length × Width²)/2.

2.8. Analysis of in vivo vascular function and architecture

To evaluate functional vessel density and vascular 
permeability, we intravenously administered DyLight 
594‑conjugated lectin, which binds to the endothelial 

vessel was measured, and the equivalent diameter was 
calculated. Pericyte Coverage Index was defined as 
the percentage of CD31-positive vascular perimeter 
that was co-localized with α-SMA-positive staining. 
Automated co-localization analysis was performed on 
CD31/α-SMA double-IF images. The cutoff of 96.10% 
for dichotomizing pericyte coverage as "High" or "Low" 
was derived from the cohort mean.

2.3. Cell culture and transfection

Mouse colorectal cancer cell lines MC38 and CT26, and 
mouse vascular smooth muscle cells (MOVAS) were 
obtained from ATCC. All cell lines were authenticated 
via short tandem repeat profiling and tested regularly for 
mycoplasma contamination. CRC cells were cultured 
in DMEM supplemented with 10% FBS. MOVAS cells 
were cultured in smooth muscle cell growth medium. 
Stable cell lines of MC38 and CT26, including sh-control 
(Ctrl), sh-ATP6L (KD), empty Vector, and ATP6L 
overexpression (OE), were generated by lentiviral 
transduction and selected with puromycin (2 µg/mL) for 
two weeks.

2.4. In vitro co-culture and functional assays

	 An indirect co-culture system was employed. Stably 
transfected MC38 and CT26 cells were seeded in the 
lower chamber of 6-well plates. MOVAS cells were 
seeded on Transwell inserts (0.4 µm pore, Corning) placed 
in the same well, allowing the sharing of conditioned 
medium without direct cell-cell contact. After 48 hours of 
co-culture, MOVAS cells were collected for analysis.
	 MOVAS cell proliferation was assessed using the 
5-ethynyl-2′-deoxyuridine (EdU) incorporation assay kit 
according to the manufacturer's protocol. The proliferation 
rate was expressed as the percentage of EdU-positive 
nuclei.
	 The migratory ability of MOVAS cells was evaluated 
using 24-well Transwell chambers (8 µm pore size). 
MOVAS cells (2×10⁴) suspended in serum-free medium 
were seeded into the upper chamber, while the lower 
chamber contained conditioned medium from CRC 
cultures. After 24 hours, migrated cells on the lower 
membrane surface were fixed, stained with 0.1% crystal 
violet, and counted in five random fields (200x).
	 Apoptosis of MOVAS cells was detected using a 
TUNEL assay kit. The apoptotic index was calculated as 
the percentage of TUNEL-positive nuclei. Additionally, 
expression levels of cleaved caspase-3, Bax and Bcl-2 
were analyzed by Western blot.

2.5. Extracellular acidification detection

Extracellular acidification was assessed using the P61 
fluorescent pH probe. Cells were seeded in black, 
clear-bottom 96-well plates at 4 × 10⁴ cells/well and 
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glycocalyx to label perfused vessels, and FITC‑dextran, 
which extravasates through leaky vessels. Vascular 
permeability and perfusion were assessed one day before 
euthanasia. Mice were intravenously injected with 
100 µL of 2 mg/mL FITC-dextran (70 kDa). After 30 
minutes, mice were anesthetized, and a subset (n = 3 per 
group) received an intracardiac injection of 100 µL of 
DyLight 594-conjugated Lycopersicon esculentum lectin 
to label perfused vessels. Tumor vessels were imaged 
using a two-photon microscope. Vessel permeability 
was quantified as the ratio of FITC-dextran intensity 
in the perivascular area to that within the vessel lumen. 
Perfused vessel density was calculated from lectin-
positive areas. For immunofluorescence analysis 
of tumor sections, the pericyte coverage index was 
determined as described above.

2.9. Statistical analysis

Statistical analyses were performed using SPSS 25.0 
(IBM) and GraphPad Prism 9.0. The distribution of data 
was assessed for normality using the Shapiro-Wilk test; 
for comparisons between two groups, an unpaired two-
tailed Student's t-test (for normally distributed data) or 
the Mann-Whitney U test (for non-normally distributed 
data) was used. For comparisons among multiple groups, 
one-way ANOVA followed by Tukey's post-hoc test 
or the Kruskal-Wallis test with Dunn's post-hoc test 
was applied, as appropriate. Correlation analyses were 
performed using Pearson's or Spearman's correlation 
coefficient. Categorical data were analyzed using the 
Chi-square test. Data are presented as mean ± standard 
deviation (SD). A p-value < 0.05 was considered 
statistically significant. The "n" for each experiment 
indicates the number of biological replicates, as detailed 
in the figure legends.

3. Results

3.1. Vascular instability increases during normal mucosa-
adenoma-adenocarcinoma sequence in CRC

To investigate the evolution of vascular morphology 
during CRC development, we performed double 
immunofluorescence staining for CD31 (endothelial 
marker) and α-SMA (pericyte/smooth muscle cell 
marker) on 29 matched tissue sets containing normal 
mucosa, adenoma and adenocarcinoma. Normal 
mucosa exhibited regular microvessels with a circular 
or oval shape and uniform thin walls, in adenoma, 
vascular morphology remained relatively regular, in 
contrast, adenocarcinoma tissue displayed vessels with 
impaired integrity, irregular shapes, variable diameters, 
and uneven wall thickness (Figure 1A). Quantitative 
analysis of the 29 paired samples showed a significant 
progressive decrease in pericyte coverage from normal 
mucosa to adenoma to adenocarcinoma (Normal 

mucosa: 96.8% ± 2.1%; Adenoma: 92.5% ± 4.3%; 
Adenocarcinoma: 76.4% ± 9.8%) (Figure 1B). While 
the mean microvessel density (MVD), lumen diameter, 
and lumen area did not differ significantly among 
the three groups, the distribution of these parameters 
was markedly more heterogeneous in adenoma and 
adenocarcinoma tissues (Supplementary Figure 
S1A-C, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=317). Across the entire 
cohort of 179 CRC cases, poorly differentiated tumors 
showed significantly lower pericyte coverage than well/
moderately-differentiated tumors (Figure 1D).
	 These observations indicate that vascular instability, 
characterized by immature morphology and reduced 
pericyte attachment, progressively increases during CRC 
development and correlates with poorer histological 
differentiation.

3.2. ATP6L expression negatively correlates with 
vascular stability and PDGFRβ signaling in human CRC 
tissues

Given the established role of ATP6L in promoting 
tumor malignancy, we next examined its relationship 
with vascular stability. In the matched tissue sequence, 
ATP6L expression, assessed by IHC score, progressively 
increased from normal mucosa to adenocarcinoma (Table 
2). In the 179 CRC tissues, tumors with high ATP6L 
expression exhibited significantly larger microvascular 
luminal diameters and cross-sectional areas compared 
with their ATP6L-low counterparts (Figures 2B,2C), 
indicative of a dilated and aberrant vascular phenotype. 
Representative images of double CD31/α-SMA staining 
revealed scattered pericyte distribution and lower 
pericyte coverage in ATP6L-high tumors (Figure 2D). A 
significant negative correlation was confirmed between 
ATP6L expression and pericyte coverage index across 
the cohort (Figure 2E).
	 The interaction between PDGFB and PDGFRβ 
is a critical determinant of vascular stability. While 
PDGFB/PDGFRβ signaling is known to play a role 
in pericyte recruitment and vascular maturation, its 
precise contribution to tumor angiogenesis and vascular 
remodeling across different tumor contexts remains 
incompletely understood (20,21). IHC staining was 
then performed to examine the correlation between 
ATP6L expression and the protein levels of PDGFB and 
PDGFRβ in CRC specimens. Interestingly, CRC tissues 
with low ATP6L expression exhibited markedly elevated 
PDGFB levels alongside reduced stromal PDGFRβ 
expression. In contrast, tissues with high ATP6L 
expression showed significantly decreased PDGFB 
levels and increased stromal PDGFRβ levels (Figure 2F). 
This inverse relationship between ATP6L and PDGFRβ 
suggests a potential disruption in the crucial PDGFB/
PDGFRβ signaling axis required for pericyte recruitment 
and maintenance.

https://www.biosciencetrends.com/action/getSupplementalData.php?ID=317
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3.3. ATP6L overexpression in CRC cells inhibits pericyte 
function and disrupts PDGFB/PDGFRβ signaling in vitro

To establish causality, we generated stable MC38 and 
CT26 cell lines with ATP6L overexpression (OE) and 
corresponding Vector controls, respectively (Figure 
3A). Using an indirect co-culture system (Figure 3B), 
we found that the conditioned medium from ATP6L-

OE cells significantly increased extracellular H⁺ 
concentration, confirming enhanced acidification (Figure 
3C). Conditioned medium from ATP6L-OE cells not 
only potently inhibited the proliferation and migration 
of MOVAS, a pericyte model (Figures 3D,3E), but also 
promoted its apoptosis. This pro-apoptotic effect was 
supported by both molecular changes—increased Bax/
Bcl-2 ratio and cleaved Caspase-3 (Figure 3F)—and a 

Figure 1. Vascular instability increases during colorectal cancer progression and correlates with tumor differentiation. (A). HE staining and 
representative immunofluorescence images of human colonic tissues stained for the endothelial cell marker CD31 (brown) and the pericyte marker 
α-SMA (red) in normal colonic mucosa, adenoma and adenocarcinoma. Insets 1 and 2 show higher-magnification images of the vessels (boxed 
areas). (B). Quantitative analysis of pericyte coverage in 29 matched normal mucosa-adenoma-adenocarcinoma tissue trios. Data are presented as 
mean ± SD. P < 0.001; one-way ANOVA with Tukey's post-hoc test. (C). HE staining and α-SMA/CD31 double staining to assess the relationship 
between differentiation grade and perivascular cell coverage in 179 cases. (D). Comparison of pericyte coverage between poorly differentiated (n = 
48) and high/moderate differentiated (n = 131) tumors in the 179-case cohort. Data are presented as mean ± SD. ****, p < 0.0001.

ATP6L expression n (%)

Table 2. ATP6L expression during the colorectal normal mucosa-adenoma–adenocarcinoma sequence

Normal mucosa
Adenoma
Adenocarcinoma
Total

Total

29
29
29
87

Low expression

27 (93.1)
20 (67.0)
  4 (13.8)
51 (58.6)

X2

39.518

p value

P < 0.001

High expression

2 (6.9)
  9 (33.0)
25 (86.2)
36 (41.4)
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2.8-fold increase in TUNEL-positive cells (Figure 3G).
	 Recapitulating the observations from CRC 
specimens, our mechanistic investigations revealed a 
significant reduction in PDGFRβ concentration in the co-
culture medium of ATP6L-OE cells (Figure 3H). It has 
been reported that lactate can be taken up and utilized 
by pericytes for energy generation and various biogenic 
processes, which are critical for normal pericyte function 
(22,23). Given that ATP6L-OE cells markedly increased 
extracellular H⁺ concentration, we hypothesized that 

ATP6L overexpression in CRC cells creates an acidic 
extracellular milieu that in turn suppresses PDGFB 
secretion. To test this hypothesis, we sought to block 
the acidic environment induced by ATP6L-OE using 
Bafilomycin A1 (Baf A1), a specific and reversible 
inhibitor of V-ATPase that prevents intracellular 
acidification (24). Concurrently, ELISA results 
demonstrated that the PDGFB protein concentration 
in the co-culture supernatant was significantly 
reduced in MOVAS cells co-cultured with MC38/

Figure 2. ATP6L expression is associated with vascular instability and PDGFRβ signaling dysregulation in human CRC. (A). Representative 
images of ATP6L immunohistochemistry and CD31/α-SMA double immunohistochemistry staining in normal mucosa and adenocarcinoma tissues, 
showing samples labeled as "normal mucosa," "adenoma," and "adenocarcinoma," respectively. (B), (C). Quantification of microvascular lumen 
diameter (B) and lumen area (C) in CRC tissues with ATP6L high expression vs. ATP6L low expression. (D). Representative images of CD31/α-SMA 
double immunofluorescence staining in colorectal cancer tissues with different ATP6L expression levels. (E). Correlation between ATP6L expression 
and pericyte coverage index (%) in 179 CRC tissues. Spearman's correlation analysis. (F). Representative immunohistochemical staining images 
showing ATP6L, PDGFB and PDGFRβ expression in serial sections of CRC tissues. *, p < 0.05.
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Figure 3. ATP6L overexpression in CRC cells impairs pericyte function and dysregulates PDGFB/PDGFRβ signaling in vitro. (A). Validation 
of ATP6L overexpression in MC38 and CT26 cell lines at the mRNA and protein levels. (B). Extracellular acidification rate detected by the P61 pH-
sensitive fluorescent probe in conditioned medium from Vector and ATP6L-overexpressing (ATP6L-OE) CRC cells. (C). Co-culture of MOVAS 
cells with MC38/CT26. (D). Proliferation of mouse vascular smooth muscle cells (MOVAS) after 24-hour co-culture with CRC cells, assessed by 
EdU incorporation assay—representative images and quantification for MC38 and CT26 co-cultures. (E). Migration of MOVAS cells assessed by 
Transwell assay after co-culture. Representative images and quantification. F&G. Apoptosis of MOVAS cells. Western blot analysis of apoptosis-
related proteins (F). and representative TUNEL staining images, quantification of TUNEL-positive cells (G). (H). Expression of PDGFRβ in 
MOVAS cells after co-culture, detected by immunofluorescence. (I). Quantification of PDGFB concentration in co-culture medium by ELISA. 
(J). Western blot analysis of PDGFRβ expression in different co-culture systems. Data are presented as mean ± SD from at least three independent 
experiments. Scale bars, 100 μm.*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant. Unpaired two-tailed t-test.
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CT26 ATP6L-OE cells, relative to the Vector control 
group. Correspondingly, PDGFRβ protein expression 
in MOVAS cells was markedly downregulated in both 
ATP6L-OE co-culture groups. Importantly, pre-treatment 
of ATP6L-OE cells with Baf A1 partially restored both 
the supernatant PDGFB concentration and the PDGFRβ 
expression level in MOVAS cells (Figures 3I,3J).
	 To further explore the mechanistic link between 
ATP6L and the PDGFB/PDGFRβ axis in the context 
of CRC pericyte function and vascular stability, we 
generated ATP6L-knockdown (ATP6L-KD) MC38 and 
CT26 cell lines (Figure 4A) and carried out parallel 
experiments. Compared with the control group, MOVAS 
cells co-cultured with ATP6L-KD MC38/CT26 cells 
(Figure 4B) exhibited enhanced proliferation and 
migration and reduced apoptosis (Figures 4C–F). We 
found conditioned medium from ATP6L-KD cells 
significantly decreased extracellular H⁺ concentration, 
indicating attenuated acidification (Figure 4G). ELISA 
showed that co-culture with ATP6L-KD cells elvated 
supernatant PDGFB secretion (Figure 4H), while Western 
blot analysis revealed that PDGFRβ protein levels were 
inversely correlated with ATP6L expression. To assess 
the functional contribution of ATP6L's proton-pumping 
activity, we treated ATP6L-KD cells with lactate, which 
partially reversed the reduction in PDGFB secretion. 
Consistently, this exogenous H⁺ supplementation 
also abrogated the ATP6L-KD-induced alterations in 
PDGFRβ expression (Figure 4I). These pH fluctuations, 
in turn, may serve as a regulatory mechanism for the 
PDGFB/PDGFRβ axis.
	 Collectively, these in vitro data support a model in 
which ATP6L regulates the PDGFB/PDGFRβ signaling 
axis by modulating extracellular H+ levels, thereby 
influencing pericyte function and vascular stability.

3.4. ATP6L overexpression compromises vascular 
stability and perfusion in vivo

We sought to verify these in vitro findings in an in vivo 
model with MC-38 cells. The mouse tumor xenograft 
model was established by subcutaneously implanting 
either ATP6L-OE or Vector MC38 cells into the groins 
of each nude mouse. ATP6L-OE tumors exhibited 
significantly larger volumes than Vector controls, and 
intratumoral Baf A1 administration effectively inhibited 
their in vivo growth (Figure 5A). Upon tumor dissection, 
the subcutaneous tumorigenic active area in the ATP6L-
OE group was found to be significantly larger than that 
in the Vector group. Notably, intratumoral injection of 
Baf A1 effectively promoted apoptosis within the tumors 
(Figure 5B). Meanwhile, lectin perfusion and FITC-
dextran extravasation assays revealed that ATP6L-OE 
tumors exhibited a 30% reduction in functional vessel 
density and a 2.1-fold increase in permeability. Notably, 
these vascular abnormalities were partially reversed 
upon intratumoral administration of Baf A1 (Figure 5C).

	 To address pericyte heterogeneity and avoid 
marker‑specific bias, we assessed pericyte coverage 
using three markers—α-SMA, NG2 and PDGFRβ—
in combination with CD31. All three markers exhibited 
significantly reduced co‑localization with CD31 
in ATP6L‑OE tumors, confirming global pericyte 
dysfunction. Notably, this vascular defect was partially 
rescued by intratumoral administration of Baf A1, which 
effectively reversed the vascular dysfunction induced 
by ATP6L overexpression (Figure 5D). Collectively, 
these findings confirm that ATP6L overexpression in 
tumor cells is sufficient to drive vascular instability and 
dysfunction in vivo.

4. Discussion

The role of ATP6L in promoting tumor malignancy 
has been confirmed in studies of other cancer types, 
including hepatocellular carcinoma (14), breast cancer 
(15), and pancreatic cancer (16). Our group has 
previously demonstrated that ATP6L is highly expressed 
in poorly differentiated CRC and promotes tumor cell 
mesenchymal-epithelial transition (17). However, 
the relationship between ATP6L and angiogenesis or 
vascular stability remains poorly understood. Here, we 
identify a novel role for ATP6L, a key subunit of the 
V-ATPase proton pump, in driving vascular instability in 
CRC. Specifically, we found that high ATP6L expression 
in CRC cells is both clinically correlated with and 
functionally sufficient to reduce pericyte coverage and 
disrupt normal vascular architecture, culminating in a 
dysfunctional and hyperpermeable tumor vasculature.
	 Our analysis of the adenoma–adenocarcinoma 
sequence corroborates the notion of progressive vascular 
maladaptation accompanying colorectal tumorigenesis 
(1,25,26). Specifically, we observed a marked reduction 
in pericyte coverage along the normal mucosa–adenoma–
adenocarcinoma continuum, reflecting progressive 
vessel immaturity. This vascular instability was further 
exacerbated in poorly differentiated tumors, implying a 
close relationship between aggressive cancer phenotypes 
and a compromised stromal microenvironment 
(1,2,27). Importantly, the selective association of high 
ATP6L expression with enlarged, tortuous vessels and 
diminished pericyte coverage in human CRC specimens 
implicates ATP6L as a key mediator that bridges tumor-
intrinsic acidification and perivascular dysfunction.
	 Mechanistically, our functional data support a model 
linking tumor cell acidification to pericyte dysfunction 
and vascular instability via the PDGFB/PDGFRβ 
signaling axis. PDGFB/PDGFRβ signaling is a critical 
determinant of vascular stability (28,29), yet in tumors, 
pericytes are typically sparse and form loose associations 
with endothelial cells (30,31). This may partly arise 
from tumor-derived PDGFB, which disrupts the 
physiological PDGFB/PDGFRβ gradient (32). Although 
this signaling axis has been implicated in pericyte 
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Figure 4. ATP6L knockdown in CRC cells enhances pericyte function and activates PDGFB/PDGFRβ signaling in vitro. (A). Validation 
of ATP6L knockdown in MC38 and CT26 cell lines at the mRNA and protein levels. (B). Co-culture of MOVAS cells with MC38/CT26. (C). 
Proliferation of mouse vascular smooth muscle cells (MOVAS) after 24-hour co-culture with CRC cells, assessed by EdU incorporation assay—
representative images and quantification for MC38 and CT26 co-cultures. (D). Migration of MOVAS cells assessed by Transwell assay after co-
culture. Representative images and quantification. E&F. Apoptosis of MOVAS cells. Western blot analysis of apoptosis-related proteins (E) and 
representative TUNEL staining images, quantification of TUNEL-positive cells (F). (G). Extracellular acidification rate detected by the P61 pH-
sensitive fluorescent probe in conditioned medium from control (Ctrl) and ATP6L-knockdown (ATP6L-KD) CRC cells. (H). Quantification of 
PDGFB concentration in co-culture medium by ELISA. (I). Western blot analysis of PDGFRβ expression in different co-culture systems. Data are 
presented as mean ± SD from at least three independent experiments. Scale bars, 100 μm.*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; 
ns, not significant. Unpaired two-tailed t-test.
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recruitment and vascular maturation, its precise role in 
tumor angiogenesis and vascular remodeling remains 
incompletely understood and appears to be context-
dependent (1,30,33).
	 We find that ATP6L overexpression in CRC cells 
acidifies the extracellular space and suppresses PDGFB 
secretion. This reduction in PDGFB, acting paracrinally, 

downregulates PDGFRβ expression on pericytes, 
thereby disrupting a signaling cascade critical for 
their recruitment and survival. The resultant pericyte 
dysfunction—manifested as reduced proliferation, 
impaired migration, and heightened apoptosis—is 
consistent with our phenotypic observations. Moreover, 
ATP6L expression levels directly correlate with changes 
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Figure 5. ATP6L overexpression compromises vascular stability and perfusion in vivo. (A). In vivo tumor growth curves. (B). Tumor necrosis 
under different conditions, H&E staining and quantification. (C). Analysis of tumor vasculature in MC38 xenograft models. Representative merged 
images of perfused vessels (Lectin, blue), endothelial marker CD31 (red), and permeable vasculature (FITC-dextran, green). Quantification of 
perfused vessel density and vascular permeability index. (D). Assessment of pericyte coverage in tumor xenografts. Representative immunofluorescence 
images showing co-localization of the endothelial marker CD31 (red) with pericyte markers α-SMA, NG2 and PDGFRβ (green). Scale bars, 100μm. 
Quantification of pericyte coverage for each marker.*, p < 0.05;**, p < 0.01;***, p < 0.001; ****, p < 0.0001; ns, not significant.
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in intracellular pH, which in turn modulate PDGFB/
PDGFRβ signaling. In vivo, ATP6L-overexpressing 
tumors exhibit a dysfunctional vasculature with poor 
perfusion, elevated permeability, and sparse pericyte 
coverage. Together, these findings support a model in 
which ATP6L regulates the PDGFB/PDGFRβ axis via 
extracellular H⁺, thereby regulating pericyte function 
and vascular stability. A schematic representation of the 
proposed ATP6L–extracellular acidification–PDGFB/
PDGFRβ–pericyte axis is shown in Figure 6.
	 In our model, ATP6L overexpression creates an 
acidic microenvironment that suppresses PDGFB 
secretion, thereby reducing PDGFRβ expression on 
pericytes and impairing vascular stability. Of note, a 
previous study by Hosaka et al. has shown that in tumors 
with high PDGFB expression, sustained exposure to 
elevated PDGFB levels can also cause pericyte loss 
through PDGFRβ internalization and degradation (34). 
Thus, insufficient PDGFRβ signaling, arising from either 
decreased ligand availability or receptor downregulation, 
underlies pericyte dysfunction and vascular instability 
in both contexts. These observations underscore that 
the integrity of PDGFRβ signaling is essential for 
maintaining vascular stability, while the upstream 

regulatory mechanisms may vary by tumor type and 
microenvironmental context.
	 Translationally, our findings suggest that ATP6L 
could serve as both a biomarker for metastasis-prone 
unstable vasculature and a therapeutic target for vascular 
normalization. Targeting ATP6L may reverse PDGFB/
PDGFRβ dysregulation, stabilize tumor vessels, and 
improve drug delivery, potentially overcoming the 
hypoxia-driven invasiveness associated with current anti-
angiogenic therapies. However, limitations include the 
observational nature of human tissue correlations, the 
preliminary mechanistic data, and the use of murine cell 
models—all of which warrant cautious interpretation.
	 In conclusion, we demonstrate that ATP6L is a 
critical driver of vascular instability in colorectal cancer. 
By promoting a tumor-acidified microenvironment that 
disrupts the PDGFB/PDGFRβ signaling axis, ATP6L 
undermines pericyte function, leading to a leaky, 
immature vasculature. Targeting this axis may offer a 
novel strategy to normalize the tumor vasculature and 
improve therapeutic outcomes.
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Figure 6. Proposed model of ATP6L-mediated vascular destabilization through extracellular acidification and dysregulation of the PDGFB/
PDGFRβ axis in colorectal cancer.



BioScience Trends. 2026; 20(4):425-437.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):425-437.                                                  www.biosciencetrends.com

(82472991), Natural Science Foundation of Tianjin 
(23JCYBJC00600), and Tianjin Key Medical Discipline 
Construction Project (TJYXZDXK-3-016C).

Conflict of Interest: The authors have no conflicts of 
interest to disclose.

Ethics approval: The human component of this study 
involving patient participation was approved by the 
Ethics Committee of Tianjin Medical University Cancer 
Institute and Hospital (Approval No. bc2020073) 
in accordance with the Declaration of Helsinki. The 
animal experiments were approved by the same ethics 
committee (Approval No. AE-2022216) in accordance 
with NIH Guidelines for Animal Research.

References

1.	 Guelfi S, Hodivala-Dilke K, Bergers G. Targeting 
the tumour vasculature: from vessel destruction to 
promotion. Nat Rev Cancer. 2024; 24:655-675.

2.	 Martin JD, Seano G, Jain RK. Normalizing Function of 
Tumor Vessels: Progress, Opportunities, and Challenges. 
Annu Rev Physiol. 2019; 81:505-534.

3.	 Magnussen AL, Mills IG. Vascular normalisation as 
the stepping stone into tumour microenvironment 
transformation. Br J Cancer. 2021; 125:324-336.

4.	 Jain RK. Normalization of tumor vasculature: an 
emerging concept in antiangiogenic therapy. Science. 
2005; 307:58-62.

5.	 Jo rdan AM, Drake RJG, Hod iva la -Di lke KM. 
Angiocrine and pericrine signaling: how endothelial 
cells and pericytes drive cancer progression and therapy 
resistance. Physiol Rev. 2026; 106:87-119.

6.	 Tian L, Goldstein A, Wang H, et al. Mutual regulation 
of tumour vessel normalization and immunostimulatory 
reprogramming. Nature. 2017; 544:250-254.

7.	 Zhu J, Yang W, Ma J, He H, Liu Z, Zhu X, He X, He J, 
Chen Z, Jin X, Wang X, He K, Wei W, Hu J. Pericyte 
signaling via soluble guanylate cyclase shapes the 
vascular niche and microenvironment of tumors. EMBO 
J. 2024; 43:1519-1544.

8.	 Gomez D, Owens GK. Smooth muscle cell phenotypic 
switching in atherosclerosis. Cardiovasc Res. 2012; 
95:156-164.

9.	 Pan X, Li X, Dong L, et al. Tumour vasculature at 
single-cell resolution. Nature. 2024; 632:429-436.

10.	 Swietach P, Boedtkjer E, Pedersen SF. How protons pave 
the way to aggressive cancers. Nat Rev Cancer. 2023; 
23:825-841.

11.	 Corbet C, Feron O. Tumour acidosis: from the passenger 
to the driver's seat. Nat Rev Cancer. 2017; 17:577-593.

12.	 Forgac M. Vacuolar ATPases: rotary proton pumps in 
physiology and pathophysiology. Nat Rev Mol Cell Biol. 
2007; 8:917-929.

13.	 Cotter K, Capecci J, Sennoune S, Huss M, Maier M, 
Martinez-Zaguilan R, Forgac M. Activity of plasma 
membrane V-ATPases is critical for the invasion of 
MDA-MB231 breast cancer cells. J Biol Chem. 2015; 
290:3680-3692.

14.	 Zeng S, Chen J, Ren Y, et al. Multiscale imaging 
on proton pump-driven acidity for assessing tumor 

progression and metastasis. Nat Commun. 2026; 
17:1785.

15.	 You H, Jin J, Shu H, Yu B, Milito AD, Lozupone F, Deng 
Y, Tang N, Yao G, Fais S, Gu J, Qin W. Small interfering 
RNA targeting the subunit ATP6L of proton pump 
V-ATPase overcomes chemoresistance of breast cancer 
cells. Cancer Lett. 2009; 280:110-119.

16.	 Stransky L, Cotter K, Forgac M. The Function of 
V-ATPases in Cancer. Physiol Rev. 2016; 96:1071-1091.

17.	 Wang J, Chen D, Song W, Liu Z, Ma W, Li X, Zhang C, 
Wang X, Wang Y, Yang Y, Cao W, Qi L. ATP6L promotes 
metastasis of colorectal cancer by inducing epithelial-
mesenchymal transition. Cancer Sci. 2020; 111:477-488.

18.	 Tian X, Xia Y, Gong W, Zhu K, Yang Y, Han Z, Liu Y, 
Li J, Li X, He Y, Gao M, Chen L, Guo H, Zhao Q. PLK4 
as a Key Regulator of Neuroblastoma Differentiation 
and a Promising Therapeutic Target. Int J Biol Sci. 2025; 
21:4979-4996.

19.	 Qin Y, Zhao W. The Modeling Analysis and Effect of 
CHI3L1 and CD31-Marked Microvessel Density in the 
Occurrence and Development of Cervical Squamous 
Cell Carcinoma. Comput Math Methods Med. 2022; 
2022:3516335.

20.	 Guo Z, Cao Y. Mechanisms of Pericyte-Mediated Cancer 
Metastasis. Adv Sci (Weinh). 2026; 13:e00031.

21.	 Lee SJ, Kim S, Jo DH, Cho CS, Kim SR, Kang D, Chae 
J, Yoo DK, Ha S, Chung J, Kim JH. Specific ablation 
of PDGFRβ-overexpressing pericytes with antibody-
drug conjugate potently inhibits pathologic ocular 
neovascularization in mouse models. Commun Med 
(Lond). 2021; 1:58.

22.	 Lee HW, Xu Y, Zhu X, Jang C, Choi W, Bae H, Wang W, 
He L, Jin SW, Arany Z, Simons M. Endothelium-derived 
lactate is required for pericyte function and blood-brain 
barrier maintenance. EMBO J. 2022; 41:e109890.

23.	 Zou MZ, Liu WL, Chen HS, Bai XF, Gao F, Ye JJ, Cheng 
H, Zhang XZ. Advances in nanomaterials for treatment 
of hypoxic tumor. Natl Sci Rev. 2021; 8:nwaa160.

24.	 Wang R, Wang J, Hassan A, Lee CH, Xie XS, Li X. 
Molecular basis of V-ATPase inhibition by bafilomycin 
A1. Nat Commun. 2021; 12:1782.

25.	 Liu Z, Sun B, Qi L, Li Y, Zhao X, Zhang D, Zhang Y. 
Dickkopf-1 expression is down-regulated during the 
colorectal adenoma-carcinoma sequence and correlates 
with reduced microvessel density and VEGF expression. 
Histopathology. 2015; 67:158-166.

26.	 Staton CA, Chetwood AS, Cameron IC, Cross SS, Brown 
NJ, Reed MW. The angiogenic switch occurs at the 
adenoma stage of the adenoma carcinoma sequence in 
colorectal cancer. Gut. 2007; 56:1426-1432.

27.	 Suvac A, Ashton J, Bristow RG. Tumour hypoxia in 
driving genomic instability and tumour evolution. Nat Rev 
Cancer. 2025; 25:167-188.

28.	 Abramsson A, Lindblom P, Betsholtz C. Endothelial and 
nonendothelial sources of PDGF-B regulate pericyte 
recruitment and influence vascular pattern formation in 
tumors. J Clin Invest. 2003; 112:1142-1151.

29.	 Lindahl P, Johansson BR, Levéen P, Betsholtz C. Pericyte 
loss and microaneurysm formation in PDGF-B-deficient 
mice. Science. 1997; 277:242-245.

30.	 Sun R, Kong X, Qiu X, Huang C, Wong PP. The 
Emerging Roles of Pericytes in Modulating Tumor 
Microenvironment. Front Cell Dev Biol. 2021; 9:676342.

31.	 Kasurinen JH, Hagström J, Kaprio T, Jalkanen S, Salmi 
M, Böckelman C, Haglund C. Prognostic Values of 

(436)



BioScience Trends. 2026; 20(4):425-437.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):425-437.                                                  www.biosciencetrends.com

Tissue and Serum Angiogenic Growth Factors Depend on 
the Phenotypic Subtypes of Colorectal Cancer. Cancers 
(Basel). 2023; 15.

32.	 Zhang Y, Cedervall J, Hamidi A, et al. Platelet-Specific 
PDGFB Ablation Impairs Tumor Vessel Integrity and 
Promotes Metastasis. Cancer Res. 2020; 80:3345-3358.

33.	 Huinen ZR, Huijbers EJM, van Beijnum JR, Nowak-
Sliwinska P, Griffioen AW. Anti-angiogenic agents—
overcoming tumour endothelial cell anergy and improving 
immunotherapy outcomes. Nat Rev Clin Oncol. 2021; 
18:527-540.

34.	 Hosaka K, Yang Y, Seki T, et al. Tumour PDGF-BB 
expression levels determine dual effects of anti-PDGF 
drugs on vascular remodelling and metastasis. Nat 

Commun. 2013; 4:2129.

Received August 4, 2026; Revised August 25, 2026; Accepted 
August 27, 2026.

§These authors contributed equally to this work.
*Address correspondence to:
Xiangdong Tian and Lisha Qi, Tianjin Medical University 
Cancer Institute and Hospital, West HuanHu Road, Ti Yuan Bei, 
Hexi District, Tianjin 300060, China.
E-mail: xiangdongtian@tmu.edu.cn; lqi01@tmu.edu.cn

Released online in J-STAGE as advance publication August 28, 
2026.

(437)



BioScience Trends. 2026; 20(4):438-449.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):438-449.                                                  www.biosciencetrends.com

Underrecognized cardiovascular complications after hepatectomy: 
population-level mortality burden from a multicentre population-
attributable fraction (PAF) analysis

Junlong Dai1,2,3,§, Zhancheng Qiu1,§, Jimmy Che-To Lai2,3,4,5, Yu Zhang6, Fei Xie7, Yu Yu8, 
Kangyi Jiang9, Tinghao Chen10, Vincent Wai-Sun Wong2,4,5, Tianfu Wen1, Chuan Li1,*

1 Division of Liver Surgery, Department of General Surgery, West China Hospital, Sichuan University, Chengdu, Sichuan, China;
2 Medical Data Analytics Centre, The Chinese University of Hong Kong, Hong Kong SAR, China;
3 Department of Medicine and Therapeutics, CUHK, Hong Kong SAR, China;
4 State Key Laboratory of Digestive Disease, CUHK, Hong Kong SAR, China;
5 Li Ka Shing Institute of Health Sciences, CUHK, Hong Kong SAR, China;
6 Department of Hepatopancreatobiliary Surgery, Sichuan Academy of Medical Sciences (Sichuan Provincial People's Hospital), Chinese Academy of 

Sciences, Chengdu, Sichuan, China;
7 Department of Hepatobiliary and Pancreatic Surgery, the First People's Hospital of Neijiang City, Neijiang, Sichuan, China;
8 Department of Hepatopancreatobiliary Surgery, the Second People's Hospital of Yibin City, Yibin, Sichuan, China;
9 Department of Hepatobiliary Surgery, People's Hospital of Leshan, Leshan, Sichuan, China;
10 Department of General Surgery, Ziyang Central Hospital, Ziyang, Sichuan, China.

1. Introduction

Hepatectomy remains the cornerstone curative treatment 
for hepatocellular carcinoma (HCC) and offers the 
possibility of long-term survival (1). Despite advances 
in surgical techniques and increasing adoption of 
minimally invasive approaches, postoperative morbidity 
remains substantial, with complications continuing to 
compromise recovery, resource utilization, and long-

term outcomes (2). Improving perioperative outcomes 
therefore remains a central objective in modern liver 
surgery.
	 Previous studies have described the incidence of 
postoperative complications and their associations 
with short- and long-term outcomes in patients 
undergoing hepatectomy for HCC (2-4). However, 
most analyses have focused on individual complication 
rates, relative risks, or conventional severity grading, 
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SUMMARY: Postoperative complications remain major determinants of outcomes after hepatectomy for 
hepatocellular carcinoma (HCC), but whether complications that prolong hospitalization are also those that contribute 
most to mortality remains unclear. This multicentre cohort study included 1,883 patients undergoing curative-intent 
hepatectomy for HCC across seven tertiary centers. Postoperative complications were categorized by organ system, 
and adjusted population-attributable fractions (PAFs) were calculated to estimate their contributions to 90-day mortality 
and prolonged hospital stay. Multivariable Cox models were used to assess associations with overall survival and 
recurrence-free survival. A divergence between hospitalization burden and mortality burden was observed. Liver 
surgery-specific complications accounted for the largest population-level burden of prolonged hospitalization (PAF 
11.0%) and 90-day mortality (PAF 10.0%). Cardiovascular complications were the leading non-liver contributor to 
90-day mortality (PAF 9.4%), despite a smaller contribution to prolonged hospitalization (PAF 4.1%). Pulmonary 
complications, cardiovascular complications, renal complications, and glucose dysregulation were independently 
associated with worse overall survival, whereas no complication domain was independently associated with recurrence-
free survival. These findings show that postoperative recovery burden and mortality burden are not interchangeable 
after hepatectomy. Liver surgery-specific complications dominated hospitalization burden, whereas cardiovascular 
complications represented an underrecognized non-liver contributor to early mortality and worse long-term survival. 
An integrated perioperative framework incorporating systematic cardiovascular risk assessment may improve risk 
prioritization after hepatectomy for HCC.

Keywords: hepatocellular carcinoma, hepatectomy, postoperative complications, population-attributable fraction, 
overall survival
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without accounting for their overall impact at the 
population level. For surgical outcome prioritization, 
neither complication incidence nor relative risk alone 
is sufficient. A rare complication with a high relative 
risk may be clinically serious but contribute less to the 
overall burden of adverse outcomes than a more common 
complication with a moderate relative risk. Conversely, 
a frequent complication may consume substantial 
postoperative resources even if its individual-level risk is 
modest.
	 In clinical practice of liver surgery, complications 
that  prolong hospital izat ion or  require direct 
surgical management, such as liver surgery-specific 
complications, may receive greater attention (5-
7). By contrast, systemic complications, including 
cardiovascular events, may be less visible in routine 
surgical outcome assessment but may still contribute 
substantially to early postoperative mortality. The 
population-attributable fraction (PAF), widely used in 
epidemiological research, integrates exposure prevalence 
and relative risk to estimate the proportion of outcome 
burden associated with a given factor at the population 
level (8). Applied to postoperative complications, PAF 
may help distinguish complications that primarily 
increase healthcare burden, such as prolonged length 
of stay, from those that contribute disproportionately 
to mortality. This distinction is particularly relevant 
after hepatectomy, where postoperative risk reflects 
both liver-specific injury and systemic perioperative 
vulnerability (9).
	 In this multicentre cohort study, we systematically 
categorized postoperative complications following 
hepatectomy for HCC by organ system and applied PAF-
based analyses to quantify their relative contributions to 
short- and long-term outcomes. Through this approach, 
we aimed to refine risk stratification and provide a 
population-level framework to prioritize perioperative 
interventions.

2. Materials and Methods

2.1. Study design and data source

This multicentre retrospective cohort study included 
consecutive adult patients undergoing curative-intent 
hepatectomy for HCC at seven high-volume tertiary 
hepatobiliary centers in China between January 2014 and 
December 2019.
	 Curative intent was defined as complete macroscopic 
tumor removal without radiologic or intraoperative 
evidence of distant metastasis. Only patients who 
achieved R0 resection, confirmed by histopathological 
examination demonstrating microscopically negative 
margins, were eligible for inclusion. Patients undergoing 
palliative or non-curative procedures were excluded.
	 Clinical data were extracted from institutional 
electronic medical record systems using predefined 

case report forms. Collected variables included 
demographic characteristics, comorbidities, preoperative 
laboratory parameters, tumor burden and pathological 
features, operative details, and postoperative outcomes. 
Postoperative complications were identified through 
systematic review of inpatient medical and nursing 
records and were adjudicated according to uniform 
predefined criteria across centers to ensure inter-
institutional consistency.

2.2. Participants

The date of hepatic resection was defined as the index 
date. Inclusion criteria were age ≥ 18 years, first liver 
resection, histologically confirmed HCC, R0 resection, 
and availability of complete medical and nursing records 
for postoperative complication assessment. Exclusion 
criteria included non-curative or palliative procedures, 
concomitant major resection of other organs, insufficient 
data for complication adjudication, unreliable follow-
up, and Barcelona Clinic Liver Cancer (BCLC) stage C 
disease.
	 Only pat ients  wi th  HCC were included to 
ensure population homogeneity, as intrahepatic 
cholangiocarcinoma and combined tumors differ 
substantially in tumor biology, prognostic determinants, 
and postoperative management, particularly regarding the 
use of adjuvant chemotherapy (e.g., ABC-02 regimen), 
which may confound long-term outcomes.
	 A total of 2,457 patients were screened. After 
applying predefined inclusion and exclusion criteria, 
1,883 patients were included in the final analysis 
(Figure 1). Patients were followed from the index date 
until death, tumor recurrence, loss to follow-up, or the 
administrative censoring date of 30 June 2023, whichever 
occurred first.
	 The study was conducted in accordance with the 
Declaration of Helsinki (2013) and was approved by the 
Biomedical Ethics Committee of West China Hospital 
(approval number: 2026-758), with informed consent 
waived owing to the retrospective nature of the study.

2.3. HCC diagnosis and management

H C C  d i a g n o s i s  a n d  m a n a g e m e n t  f o l l o w e d 
contemporary national guidelines (1). Diagnosis was 
established by characteristic radiologic findings on 
multiphasic contrast-enhanced CT or MRI or confirmed 
histologically when necessary. All patients underwent 
standardized preoperative evaluation, including 
assessment of liver function reserve (Child–Pugh class 
and MELD score), viral hepatitis status, and tumor 
burden using contrast-enhanced imaging. Surgical 
candidacy was determined through multidisciplinary 
discussion, taking into account liver reserve, tumor 
stage, and overall fitness for major hepatectomy. 
Perioperative management followed institutional 
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2.5.1. Descriptive statistics

Continuous variables were summarized as mean ± 
standard deviation or median with interquartile range, 
as appropriate. Categorical variables were presented as 
counts and percentages. Between-group comparisons 
were performed using Student's t-test or Wilcoxon 
rank-sum test for continuous variables and chi-square 
or Fisher's exact test for categorical variables, as 
appropriate. Statistical significance was defined as a two-
sided p-value < 0.05. All analyses were conducted using 
R software (version 4.3.1; R Foundation for Statistical 
Computing, Vienna, Austria).

2.5.2. Missing data and multiple imputations

Missing data patterns were evaluated prior to analysis 
(Supplementary Figure S2, https://www.biosciencetrends.
com/action/getSupplementalData.php?ID=310). 
Variables with missing values were imputed using 
multiple imputations by chained equations under the 
missing-at-random assumption. Five imputed datasets 
were generated with 20 iterations per dataset (14). 
Imputation diagnostics demonstrated good agreement 
between observed and imputed values (Supplementary 
Figure S3 and S4, https://www.biosciencetrends.com/
action/getSupplementalData.php?ID=310). Exposure 
variables, outcomes, and derived composite indices 
were not imputed. Estimates from imputed datasets were 
combined using Rubin's rules.

2.5.3. Risk estimation for short-term outcomes

For binary outcomes (90-day mortality and prolonged 
length of stay), adjusted relative risks (RRs) with 95% 
confidence intervals (CIs) were estimated using Poisson 
regression models with log link and robust variance 
estimators. Each organ system–specific complication 
group was modeled independently as the exposure 
variable to minimize collinearity between complication 
domains and adjusted for predefined demographic 
characteristics, comorbidities, liver function parameters, 
tumor stage, and surgical factors. Restricted cubic spline 
functions were applied to assess potential non-linear 
associations between selected continuous covariates 
and binary outcomes (Supplementary Table S2, https://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=310).
	 Pairwise correlations among complication domains 
were assessed using Phi coefficients to evaluate 
clustering and potential collinearity (Supplementary 
Figure S5, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=310). The number of 
complication domains per patient was also calculated 
to describe the extent of co-occurrence. Although 
co-occurrence of postoperative complications was 
clinically relevant, most patients had no complication 

standardized protocols, including intraoperative blood 
loss control strategies and structured postoperative 
monitoring. Antiviral therapy was administered to 
patients with active hepatitis B virus infection according 
to guidelines. Postoperative surveillance consisted of 
clinical evaluation, serum AFP testing, and imaging 
every 3–6 months during the first 2 years and every 6 
months thereafter. Recurrence was defined radiologically 
or histologically.

2.4. Outcome and post-surgery complications definitions

The primary outcome was 90-day all-cause mortality. 
Secondary outcomes included prolonged length of 
hospital stay, overall survival, and recurrence-free 
survival. Prolonged length of hospital stay was defined 
as hospitalization duration above the 75th percentile of 
the cohort distribution. Overall survival and recurrence-
free survival were calculated from the date of surgery to 
death and tumor recurrence, respectively.
	 Postoperative complications were defined and 
categorized according to standardized criteria 
summarized in Supplementary Table S1 (https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=310). Complication events were assessed 
during the index hospitalization and were independently 
reviewed by two investigators. Any discrepancies 
were resolved through discussion and consensus. 
Complications were classified using the Clavien–
Dindo classification (10). Severe complications were 
defined as grade ≥ III. In addition, the Comprehensive 
Complication Index (CCI) was calculated to quantify 
the cumulative burden of postoperative morbidity (11).
	 Liver surgery-specific complications were defined 
in accordance with the framework proposed by the 
International Study Group of Liver Surgery (ISGLS), 
including post-hepatectomy liver failure (PHLF), 
bile leakage, postoperative ascites, postoperative 
blood transfusion, and reoperation. PHLF and bile 
leakage were defined according to ISGLS consensus 
criteria (Supplementary Figure S1, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=310) (12,13).
	 Other postoperative complications were categorized 
into cardiovascular, pulmonary, renal, infection-
related, metabolic and electrolyte, and gastrointestinal 
complications based on predefined clinical criteria. 
Cardiovascular complications were restricted to primary 
cardiovascular events, including new-onset or clinically 
significant arrhythmia and acute cardiac events. Instead, 
postoperative hemodynamic instability was recorded 
separately as an indicator of postoperative severity. 
Composite complication groups were constructed 
to reflect organ-system morbidity, while individual 
components were also analyzed where appropriate.

2.5. Statistical analysis
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domain or only a single complication domain, 
indicating that extensive overlap across domains was 
not the predominant pattern. Because postoperative 
complications may still co-occur or arise sequentially 
within shared clinical cascades, simultaneous inclusion 
of multiple complication domains in the same model 
could yield unstable estimates and obscure the total 
burden associated with each domain. Therefore, each 
complication domain was modeled separately. These 
models were intended to estimate total population-level 
association and attributable burden of each domain, 
rather than to partition mutually exclusive causal effects 
among competing complications.

2.5.4. Population-attributable fraction

To quantify the population-level impact of each 
complication, adjusted PAFs were calculated using a 
counterfactual approach. PAF was calculated using the 
formula below:

	 For each complication, predicted outcome risks 
were estimated under observed exposure and under a 
hypothetical scenario in which the complication was 
absent. Bootstrap resampling (200 replications within 
each imputed dataset) was performed to derive 95% 
confidence intervals and P values (8).

2.5.5. Survival analysis for long-term outcomes

OS and recurrence-free survival RFS were estimated 
using the Kaplan–Meier method and compared using 
the log-rank test. Patients with unavailable long-term 
followup (n = 2, 0.1%) and recurrence status (n = 73, 
3.9%) were excluded from recurrence-free survival 
analyses. Multivariable Cox proportional hazards models 
were constructed to estimate adjusted hazard ratios (HRs) 
with 95% CIs. Each complication was entered separately 
as an exposure variable and adjusted for predefined 
demographic characteristics, liver function parameters, 
tumor burden, and surgical factors. Cox models were fitted 
within each imputed dataset and pooled using Rubin's 
rules. The proportional hazards assumption was evaluated 
using Schoenfeld residuals.

2.5.6. Sensitivity analyses

Three predefined sensitivity strategies were implemented 
to evaluate the robustness of the findings. First, 
alternative multivariable adjustment strategies were 
applied to assess stability of RR and PAF estimates 
(Supplementary Table S3, https://www.biosciencetrends.
com/action/getSupplementalData.php?ID=310). Model 
A served as the primary model; Model B (tumor-burden–

focused) was additionally adjusted for pathological 
aggressiveness; Model C (comorbidity-focused) was 
additionally adjusted for comorbidities; and Model D 
(surgery-focused) emphasized surgery details and prior 
abdominal surgery. Covariate selection in each model 
was constrained according to the events-per-variable 
(EPV) principle, maintaining EPV ≥ 10. Second, analyses 
were repeated after excluding patients with BCLC 
stage B disease. Third, PAF estimates were recalculated 
under alternative adjustment strategies to evaluate the 
robustness of the counterfactual approach (Supplementary 
Figure S6, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=310).

3. Results

3.1. Study population and baseline characteristics

A total of 1,883 patients undergoing curative-intent 
hepatectomy for HCC were included in the analysis 
(Figure 1). The cohort was predominantly male 
(84.6%), with a mean age of 53.5 ± 11.6 years and 
a mean BMI of 23.2 ± 3.2 kg/m². Hypertension and 
diabetes mellitus were present in 20.1% and 12.3% of 
patients, respectively, while preoperative documented 
cardiovascular disease was uncommon (1.9%). Chronic 
hepatitis B infection was the predominant underlying 
liver disease, with 85.3% of patients positive for 
HBsAg and 49.4% having HBV DNA > 10³ IU/mL 
(Supplementary Table S4, https://www.biosciencetrends.
com/action/getSupplementalData.php?ID=310).
	 Overall liver function was relatively preserved. 
The mean Child-Pugh score was 5.1 ± 0.3, the median 
ALBI score was −2.8 (IQR, −3.1 to −2.6), and the mean 
MELD score was 7.6 ± 1.3. Cirrhosis was present in 
57.0% of patients. The median tumor size was 5.0 cm 
(IQR, 3.0–7.5), single tumors were present in 85.2%, 
and microvascular invasion was identified in 28.6%. 
Most patients had BCLC stage 0 or A disease, while 
7.3% had BCLC stage B disease (Supplementary Tables 
S4–S5, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=310).
	 Regarding surgical characteristics, 25.0% of patients 
underwent major hepatectomy, 37.8% underwent 
anatomic hepatectomy, and 20.2% underwent 
laparoscopic hepatectomy. The median surgical 
duration was 205 minutes (IQR, 165–255), and the 
median intraoperative blood loss was 200 mL (IQR, 
100–400). Hepatic inflow occlusion was performed in 
82.9% of patients, with a median occlusion time of 34 
minutes (IQR, 20–46) among those with available data 
(Supplementary Table S5, https://www.biosciencetrends.
com/action/getSupplementalData.php?ID=310).
	 During the index hospitalization, 55.5% of patients 
experienced at least one postoperative complication, 
whereas 7.4% developed severe complications (Clavien-
Dindo grade ≥ III). The median Comprehensive 
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Complication Index (CCI) was 8.7 (IQR, 0.0–17.4) 
(Table 1; Supplementary Figure S7, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=310). Liver surgery-specific complications 
included bile leakage in 124 patients (6.6%), 
postoperative blood transfusion in 147 patients (7.8%), 
postoperative ascites in 48 patients (2.5%), PHLF in 46 
patients (2.4%), and reoperation in 5 patients (0.3%). 
Cardiovascular complications included clinically 
significant arrhythmia in 120 patients (6.4%) and acute 
cardiac events in 45 patients (2.4%). Postoperative 
hemodynamic instability occurred in 126 patients 
(6.7%) and was recorded separately as an indicator 
of postoperative severity rather than as part of the 
cardiovascular complication composite. Thirty-day 
mortality occurred in 52 patients (2.8%), and 90-day 
mortality occurred in 118 patients (6.3%). The median 
length of hospital stay was 11 days (IQR, 8–16), with 
505 patients (26.9%) classified as having prolonged 
hospitalization.

3.2. Postoperative complications and short-term clinical 
outcomes

Co-occurrence of postoperative complication domains 
was observed. At the domain level, 515 patients (27.3%) 
had one complication domain and 246 patients (13.1%) 
had two or more complication domains. Pairwise 

correlation analysis showed limited-to-moderate 
correlations among most postoperative complications, 
without evidence of strong collinearity across major 
domains (Supplementary Figure S5, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=310). Therefore, subsequent PAF estimates 
were interpreted as domain-specific total burdens rather 
than mutually exclusive causal fractions. In multivariable 
analyses adjusting for demographic characteristics, 
comorbidities, liver function, tumor burden, and surgical 
factors (Model A), several postoperative complication 
domains were associated with adverse short-term 
outcomes. However, their relative contributions differed 
between 90-day mortality and prolonged hospitalization.
	 For 90-day mortality (Table 2; Supplementary 
Table S6, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=310), liver surgery-
specific complications accounted for the largest 
population-level burden (adjusted RR 1.61, 95% CI 
1.08–2.40; adjusted PAF 10.0%, 95% CI 1.1–20.0). 
Cardiovascular complications were also strongly 
associated with 90-day mortality and represented the 
leading non-liver complication domain contributing 
to mortality at the population level (adjusted RR 
2.21, 95% CI 1.40–3.50; adjusted PAF 9.4%, 95% CI 
2.5–16.9). Renal complications (adjusted RR 3.00, 95% 
CI 1.51–5.94; adjusted PAF 4.0%, 95% CI 0.3–8.3) 
and pulmonary complications (adjusted RR 2.47, 95% 

Figure 1. Patient selection and study design. Flowchart illustrates the inclusion and exclusion of patients undergoing primary liver cancer 
resection, resulting in the final study cohort.
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CI 1.39–4.38; adjusted PAF 5.0%, 95% CI 0.2–10.1) 
were also associated with increased early mortality. In 
contrast, potassium imbalance, glucose dysregulation, 
and gastrointestinal dysfunction were not independently 
associated with 90-day mortality.
	 For prolonged hospitalization (Table 2; Supplementary 
Table S6, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=310), liver surgery-
specific complications had the greatest population-level 
impact (adjusted RR 1.65, 95% CI 1.41–1.93; adjusted 
PAF 11.0%, 95% CI 7.0–14.7). Among individual 
liver surgery-specific components, postoperative blood 
transfusion, postoperative ascites, and PHLF contributed 
meaningfully to prolonged length of stay. Several non-
liver complications were also associated with prolonged 
hospitalization, including pulmonary complications 

(adjusted RR 2.29, 95% CI 1.88–2.78; adjusted PAF 4.8%, 
95% CI 3.1–6.8), cardiovascular complications (adjusted 
RR 1.50, 95% CI 1.22–1.86; adjusted PAF 4.1%, 95% 
CI 1.5–6.7), renal complications (adjusted RR 1.78, 95% 
CI 1.29–2.46; adjusted PAF 1.9%, 95% CI 0.5–3.4), 
potassium imbalance (adjusted RR 2.22, 95% CI 1.80–
2.75; adjusted PAF 4.3%, 95% CI 2.6–6.1), and glucose 
dysregulation (adjusted RR 1.26, 95% CI 1.04–1.53; 
adjusted PAF 4.5%, 95% CI 0.7–8.5).
	 Taken together, these findings indicate a divergence 
between hospitalization burden and mortality burden. 
This pattern was further illustrated in the population-
level burden map (Figure 2), which integrated 
complication incidence, adjusted relative risk, and 
adjusted PAF for each complication domain. Liver 
surgery-specific complications showed the greatest 
population-level burden for prolonged hospitalization, 
whereas cardiovascular complications, despite a smaller 
contribution to prolonged length of stay, remained a 
major contributor to 90-day mortality.

3.3. Sensitivity analyses for short-term outcomes

Sensitivity analyses generally supported robustness of 
the main findings. For 90-day mortality, cardiovascular 
complications remained significantly associated with 
increased mortality across the tumor-burden-focused 
model, comorbidity-focused model, and surgery-
focused model, with adjusted RRs ranging from 1.85 
to 2.30 and adjusted PAFs ranging from 7.9% to 9.4%. 
Similar findings were observed after excluding patients 
with BCLC stage B disease, in whom cardiovascular 
complications remained associated with 90-day 
mortality, with an adjusted RR of 2.23 and an adjusted 
PAF of 8.7% (Supplementary Tables S7-S10, https://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=310).
	 For prolonged hospitalization, liver surgery-
specific complications consistently showed the greatest 
population-level burden across sensitivity analyses, 
with adjusted PAFs ranging from 10.9% to 12.2%. 
Cardiovascular complications were also consistently 
associated with prolonged hospitalization, but their 
adjusted PAFs were lower, ranging from 3.5% to 
4.6% (Supplementary Tables S11-S14, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=310).

3.4. Postoperative complications and long-term outcomes

The median follow-up duration, estimated using the 
reverse Kaplan–Meier method, was 36.4 months (IQR, 
19.5–55.4 months). Recurrence-free survival analyses 
were conducted among 1,811 patients after exclusion 
of 72 individuals with missing recurrence data. During 
follow-up, 659 patients (35.0%) died, and 992 of 
1,811 evaluable patients (54.8%) developed tumor 

Table 1. Postoperative complications and adverse 
outcomes

Variables

Liver surgery-specific complications
     PHLF
     Bile leakage
     Postoperative ascites
     Postoperative blood transfusion
     Reoperation
Cardiovascular complications
     Arrhythmia
     Acute cardiac events
     Pulmonary complications
     Renal complications
Infection-related complications
     Incision infection
     Pulmonary infection
     Systemic infection
Metabolic and electrolyte disorder
     Hypokalemia
     Hyperkalemia
     Hypoglycemia
     Hyperglycemia
Gastrointestinal dysfunction
     Nausea and vomiting
     Diarrhea and constipation
Indication of severity
     Escalation of care
     Postoperative hemodynamic instability
     Parenteral nutrition
Mortality
     30-day
     90-day
Hospitalization
     LOS (day)
     Prolonged hospital stay
Clavien-Dindo grade
     0
     I
     II
     III
     IV
     V
CCI

No. (%)

  46 (2.4%)
124 (6.6%)
  48 (2.5%)
147 (7.8%)
    5 (0.3%)

120 (6.4%)
  45 (2.4%)
  63 (3.3%)
  36 (1.9%)

  61 (3.2%)
  18 (1.0%)
  25 (1.3%)

    7 (0.4%)
  51 (2.7%)
278 (14.8%)
  30 (1.6%)

  93 (4.9%)
  20 (1.1%)

  22 (1.2%)
126 (6.7%)
    3 (0.2%)

  52 (2.8%)
118 (6.3%)

  11.0 [8.0, 16.0]
505 (26.9%)

838 (44.5%)
661 (35.1%)
245 (13.0%)
  97 (5.2%)
  29 (1.5%)
  13 (0.7%)
    8.7 [0.0, 17.4]

Abbreviations: MASLD = Metabolic dysfunction-associated 
steatotic liver disease; PHLF = post-hepatectomy liver failure; CCI = 
Comprehensive complication index; LOS = Length of hospital stay.
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recurrence. The 1-, 3-, and 5-year overall survival rates 
were 82.7%, 64.3%, and 45.5%, respectively, whereas 
the corresponding recurrence-free survival rates were 
68.5%, 47.4%, and 38.3%. Kaplan–Meier curves 
stratified by BCLC stage are shown in Supplementary 
Figure S8 (https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=310).
	 Kaplan–Meier analyses demonstrated poorer 
overall survival among patients with postoperative 
complications, whereas recurrence-free survival showed 
less pronounced separation between complication 
groups (Figure 3). In multivariable Cox models, several 
postoperative complication domains were independently 
associated with reduced overall survival, but no 
complication domain was independently associated with 
recurrence after adjustment (Figure 4; Supplementary 
Tables S15–S18, https://www.biosciencetrends.com/
action/getSupplementalData.php?ID=310).
	 Specifically, pulmonary complications (adjusted HR 
1.83, 95% CI 1.30–2.56), cardiovascular complications 
(adjusted HR 1.59,  95% CI 1.24–2.03),  renal 
complications (adjusted HR 1.67, 95% CI 1.06–2.63), 
and glucose dysregulation (adjusted HR 1.34, 95% CI 
1.09–1.65) were independently associated with worse 
overall survival. In contrast, no complication domain was 
independently associated with recurrence-free survival 
after adjustment.

4. Discussion

In this multicentre study of patients undergoing curative-
intent hepatectomy for HCC, we applied a population-

attributable fraction (PAF) framework to evaluate 
population-level impact of postoperative complications. 
The principal finding was a divergence between 
hospitalization burden and mortality burden. Liver 
surgery-specific complications contributed the greatest 
population-level burden of prolonged hospitalization, and 
also accounted for the largest PAF for 90-day mortality. 
However, cardiovascular complications represented 
the leading non-liver complication domain for 90-day 
mortality and remained strongly associated with worse 
long-term overall survival, despite contributing less 
to prolonged length of stay. No complication domain 
was independently associated with recurrence after 
adjustment. These findings suggest that postoperative 
complications may influence prognosis through distinct 
pathways, with liver surgery-specific complications 
mainly driving recovery burden, whereas cardiovascular 
complications may represent an underrecognized 
contributor to mortality risk.
	 Postoperative morbidity after hepatectomy has 
traditionally been evaluated using complication 
incidence, Clavien–Dindo grade, or individual relative 
risks. While these measures are clinically useful, they 
do not fully capture the population-level impact of 
different complication domains. A complication with 
a high relative risk but low incidence may contribute 
less to overall outcome burden than a more common 
complication with a moderate relative risk (15). The 
PAF framework provides a complementary perspective 
by integrating exposure frequency and relative risk, 
thereby helping prioritize complications according to 
their expected contribution to adverse outcomes at the 

Figure 2. Population-level burden map of postoperative complications. Bubble plots showing the relationship between complication-domain 
incidence, adjusted relative risk, and adjusted population-attributable fraction (PAF) for 90-day mortality and prolonged length of stay. The x-axis 
represents the incidence of each complication domain, the y-axis represents adjusted relative risk, and bubble size represents adjusted PAF. Colors 
indicate complication domains. PAF estimates should be interpreted as domain-specific population-level burdens rather than mutually exclusive 
causal fractions.

https://www.biosciencetrends.com/action/getSupplementalData.php?ID=310
https://www.biosciencetrends.com/action/getSupplementalData.php?ID=310
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Figure 3. Overall survival and recurrence according to Clavien-Dindo classification. Kaplan-Meier curves showing overall survival (left panel) 
and recurrence-free survival probability (right panel) stratified by Clavien-Dindo post-operation complication classification (no complication, mild 
complication, and severe complication). Shaded areas represent 95% confidence intervals. The dashed horizontal line indicates the 50% probability 
level. Numbers at risk are shown below each plot. Differences between groups were assessed using the log-rank test.

Figure 4. Adjusted associations between postoperative complications and long-term outcomes. Multivariable Cox regression analyses of 
postoperative complications in relation to overall survival (upper panel, blue) and recurrence (lower panel, red). Adjusted hazard ratios (HRs) with 
95% confidence intervals (CIs) are shown. The vertical dashed line indicates an HR of 1.0. All models were adjusted for predefined clinically relevant 
covariates to minimize confounding. Based on prior literature and clinical relevance, models were adjusted for patient demographics (age, sex, body 
mass index), comorbidities (diabetes, hypertension), liver disease severity (MELD score and presence of cirrhosis), tumor burden (BCLC stage), and 
surgical characteristics (major resection and laparoscopic approach).



BioScience Trends. 2026; 20(4):438-449.                                                  www.biosciencetrends.comBioScience Trends. 2026; 20(4):438-449.                                                  www.biosciencetrends.com

population level (16-18). In this study, this approach 
revealed that the apparent importance of complication 
domains depended on the outcome being considered: 
liver surgery-specific complications dominated prolonged 
hospitalization, whereas cardiovascular complications 
carried a substantial mortality burden despite a smaller 
impact on hospital stay.
	 This distinction has important clinical implications. 
Liver surgery-specific complications, such as PHLF, 
bile leakage, postoperative ascites, blood transfusion, 
and reoperation, are highly visible to hepatobiliary 
surgeons because they often require direct procedural, 
interventional, or liver-focused management and 
substantially prolong hospitalization (19-21). In contrast, 
cardiovascular complications may be less prominent in 
routine surgical outcome assessment if postoperative 
morbidity is judged mainly by length of stay or liver-
specific adverse events (22,23). Nevertheless, our findings 
indicate that cardiovascular complications were the 
leading non-liver contributor to 90-day mortality and were 
independently associated with worse overall survival. This 
suggests a potential mismatch between clinical visibility 
and prognostic relevance: complications that most prolong 
hospital stay may not fully capture those most relevant to 
mortality risk.
	 The association between cardiovascular complications 
and mortality is biologically plausible, but should be 
interpreted within a broader perioperative vulnerability 
framework. Hepatectomy exposes patients to substantial 
physiological stress, including hemodynamic shifts, 
blood loss, fluid redistribution, inflammatory activation, 
sympathetic stimulation, and metabolic disturbance (24-
26). In patients with limited cardiometabolic reserve, these 
stressors may precipitate clinically significant arrhythmia 
or acute cardiac events. Importantly, postoperative 
complications may not occur as isolated events. Some 
cardiovascular complications may develop secondary 
to other severe postoperative insults or share upstream 
causes such as bleeding, infection, liver dysfunction, 
inflammation, or systemic physiological stress (27). 
Therefore, the present findings should not be interpreted 
as proving a direct causal pathway from cardiovascular 
complications to mortality. Rather, cardiovascular 
complications may serve as clinically observable warning 
signals of systemic vulnerability and adverse postoperative 
trajectory.
	 This interpretation is clinically relevant because 
attention and resource allocation in surgical practice 
often follow complications that visibly require direct 
procedure-related management. In high-volume and 
highly specialized hepatobiliary centers, postoperative 
pathways are frequently oriented toward surgical 
recovery and bed turnover. Under such conditions, non-
liver complications may be less visible within liver 
surgery-centered outcome assessment, even when they 
carry important prognostic implications. Our findings 
suggest that cardiovascular complications, despite 

contributing less to hospitalization burden than liver 
surgery-specific complications, identify a subgroup of 
patients with increased early mortality risk and worse 
long-term survival. The discordance between overall 
survival and recurrence-free survival is also informative. 
Absence of an independent association with recurrence-
free survival further suggests that the long-term impact 
of postoperative complications may be driven more by 
systemic recovery and non-oncologic survival pathways 
than by tumor recurrence (30).
	 Our findings also support a broader shift from a 
purely technical liver surgery framework toward an 
integrated perioperative medicine framework. Modern 
hepatectomy outcomes are not determined solely by 
operative technique or liver-specific injury. They also 
reflect systemic vulnerability, including cardiometabolic 
reserve, renal function, pulmonary reserve, and the 
capacity to tolerate surgical stress (28,29). This is 
particularly relevant as the surgical population ages and 
the burden of metabolic and cardiovascular comorbidities 
increases. From this perspective, cardiovascular 
complications should not be viewed as peripheral events 
after hepatectomy, but as part of the systemic risk profile 
that shapes early mortality and long-term survival. 
Multidisciplinary perioperative pathways incorporating 
cardiovascular evaluation, intraoperative hemodynamic 
optimization, postoperative monitoring, and early 
recognition of cardiac events may therefore complement 
conventional liver-focused strategies.
	 Several strengths of this study deserve emphasis. 
First, this was a large multicentre cohort with detailed 
perioperative data and clinically meaningful short- 
and long-term endpoints. Second, complications were 
categorized using a predefined organ-system framework, 
allowing comparison of liver surgery-specific and non-
liver complications within a unified analytic structure. 
Third, multiple imputations, robust regression models, 
bootstrap-based PAF estimation, and several sensitivity 
analyses were used to examine stability of the findings. 
The main results were generally consistent across tumor-
burden-focused, comorbidity-focused, and surgery-
focused adjustment strategies, as well as after excluding 
patients with BCLC stage B disease.
	 This study also has limitations. First, its retrospective 
design may introduce misclassification and residual 
confounding, although complications were adjudicated 
using predefined criteria and medical and nursing 
records. Second, organ-system grouping inevitably 
involves clinical judgment, and complications within 
the same domain may differ in severity, mechanism, 
and preventability. We, therefore, interpreted composite 
complication domains as indicators of system-level 
morbidity rather than as homogeneous biological 
entities. Third, PAF estimates rely on model-based 
counterfactual assumptions and should not be interpreted 
as proof that the corresponding complication could be 
fully eliminated in clinical practice. Instead, PAF was 
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used to compare relative population-level burden and 
to inform prioritization. Fourth, temporal relationships 
among postoperative complications could not be 
fully disentangled. Some complications may occur 
sequentially or share upstream causes, and future studies 
incorporating time-dependent or causal pathway analyses 
may further clarify these mechanisms. Finally, the cohort 
was derived from mainland China and was dominated by 
HBV-related HCC, so external validation in more diverse 
etiologic and healthcare settings is warranted.
	 In conclusion, this multicentre study shows 
that postoperative complications after hepatectomy 
exert distinct population-level effects on recovery 
and survival. Liver surgery-specific complications 
dominated prolonged hospitalization, but cardiovascular 
complications, despite being less prominent as drivers 
of hospital stay, emerged as the leading non-liver 
contributor to 90-day mortality and were independently 
associated with worse overall survival. These findings 
expose a blind spot in conventional liver surgery 
outcome assessment: complications that most visibly 
delay discharge are not necessarily those that carry 
greatest mortality relevance. Perioperative care after 
hepatectomy should therefore move beyond a liver-
centric complication framework and incorporate 
systematic cardiovascular risk assessment and monitoring 
into routine surgical pathways for HCC.
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1. Introduction

The nematode C. elegans has long been a powerful model 
organism for investigating conserved biological processes 
across species, owing to its highly preserved functional 
pathways and ease of experimentation. Approximately 
40% of C. elegans genes have human orthologs, making 
it an invaluable system for studying mechanisms relevant 
to human health, including aging (1-4).
	 Research on aging in C. elegans has provided 
significant insights into the molecular pathways that 
govern lifespan. Key mechanisms identified include the 
insulin/insulin-like growth factor 1 (IGF-1) signaling 
(IIS) pathway, TOR signaling, mitochondrial function, 
and oxidative stress responses. Among these, the IIS 
pathway has been extensively studied for its conserved 
role in lifespan regulation. In C. elegans, activation of 
DAF-2, the insulin/IGF-1 receptor, negatively regulates 

the FOXO transcription factor DAF-16, thereby 
modulating gene expression related to stress resistance, 
metabolism, and longevity (5,6). Mutations in daf-2 or its 
downstream effectors extend lifespan, underscoring the 
central role of this pathway in aging.
	 Similarly, mitochondrial function and oxidative stress 
have emerged as critical determinants of aging. For 
example, the mev-1 mutant, which harbors a defect in 
mitochondrial complex II, produces excessive reactive 
oxygen species (ROS) and exhibits a markedly shortened 
lifespan (7). Likewise, mutations in genes encoding 
antioxidant enzymes, such as superoxide dismutase 
(SOD), exacerbate oxidative damage and reduce 
longevity (7). These foundational findings emphasize the 
importance of balancing ROS production and antioxidant 
defense mechanisms to promote cellular health and 
longevity.
	 Alcohol consumption presents a complex relationship 
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SUMMARY: Previous studies have suggested that low to moderate alcohol exposure can extend Caenorhabditis 
elegans (C. elegans) lifespan, but early molecular mechanisms linking ethanol exposure to longevity have not been 
fully characterized. Here, we investigated how ethanol treatment affects transcriptional networks in L4-stage C. 
elegans by time-resolved RNA-seq. L4-stage C. elegans were exposed to 5% ethanol and time-resolved RNA-seq 
was performed after 1, 4, and 20 hours in solution cultures, followed by differential gene expression and KEGG 
pathway-based Gene Set Enrichment Analysis. At 1 hour, GSEA analysis showed significant enrichment of genes in 
the Longevity regulating pathway (worm) with elevated expression. Core-enrichment genes exhibited coordinated 
upregulation of redox-defense modules, including glutathione S-transferases (gst) and p38 MAPK components (pmk-
2/pmk-3), consistent with upregulation of SKN-1/Nrf2-related stress-response genes. Detoxification (gpx and fmo 
families) and lipid-remodeling genes were enriched at 1 hour. By 4 hours, sod-3, a canonical DAF-16/FOXO target, 
was clearly upregulated, suggesting engagement of DAF-16-associated antioxidant responses, whereas Peroxisome and 
TGF-β signaling pathways were significantly downregulated. Together, these findings provide transcriptomic insights 
into a temporally structured longevity-associated response to ethanol exposure, in which early detoxification and 
antioxidant programs, together with membrane-lipid remodeling, are followed by DAF-16-associated gene induction 
and repression of peroxisome- and development-related signaling. These pathway-level changes highlight candidate 
biological processes potentially associated with ethanol-linked lifespan modulation in C. elegans.
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with human health, demonstrating both beneficial and 
detrimental effects. Moderate alcohol intake has been 
associated with a reduced risk of cardiovascular diseases 
(8) and type 2 diabetes (9). In contrast, chronic or 
excessive alcohol consumption is linked to an increased 
risk of liver damage, cancer, and neurodegenerative 
disorders (10). At the molecular level, alcohol can 
influence gene expression, epigenetic landscapes, and 
metabolic pathways, with effects that may either support 
health or contribute to disease progression.
	 C. elegans serves as a useful system for examining the 
effects of alcohol exposure in a controlled environment. 
Previous studies have shown that ethanol's impact on 
lifespan depends on its concentration. Low ethanol 
concentrations, ranging from 0.005% (1 mM) to 2%, 
have generally been linked to lifespan extension (11-
13), whereas higher concentrations (3–5% or ≥ 4%) tend 
to reduce lifespan (11,13). Furthermore, developmental 
timing plays a crucial role, with varying effects observed 
when ethanol is administered at the L1 larval stage, during 
embryonic development, or in young adults.
	 In our earlier studies, we investigated the effects 
of ethanol exposure on C. elegans lifespan by treating 
L4-stage worms with 5% ethanol, a concentration 
modestly higher than that used in most prior reports. 
Under these conditions, we observed a reproducible, 
statistically significant extension of lifespan. At that time, 
mechanistic analyses relied on classical candidate-gene 
approaches (e.g., RT-PCR and lifespan measurements 
in selected mutant strains) and were therefore limited in 
scope, precluding definitive conclusions. Building on 
this long-standing experimental framework, the present 
study re-examined the 5% ethanol response using time-
resolved RNA-seq to obtain transcriptomic and pathway-
level insights into ethanol-associated longevity responses 
in C. elegans.

2. Materials and Methods

2.1. Culture and maintenance of C. elegans strains

The wild-type C. elegans used throughout this study was 
the N2 strain obtained from the Caenorhabditis Genetics 
Center (University of Minnesota). C. elegans worms 
were cultured and maintained as previously described 
(7). All experiments were conducted at 20–22°C 
unless otherwise stated. C. elegans were maintained on 
nematode growth medium (NGM) agar plates (9 cm) 
covered with Escherichia coli (E. coli) OP50 cells as a 
food source. To obtain synchronized C. elegans cultures, 
reproductive adults bearing eggs were collected by 
washing with S-buffer (50 mM potassium phosphate 
buffer, pH 6.0, containing 0.1M NaCl) into 15 mL tubes.  
After allowing worms to settle for 5 min, the supernatant 
was aspirated, and the collected worms were suspended 
in 4.5 mL of S-buffer to which 0.5 mL of 5% sodium 
hypochlorite and 0.1 mL of 10N NaOH were added and 

vigorously mixed.  After confirming that the worms 
were dissolved under a stereo microscope, eggs were 
collected and washed three times with 10 mL of S-buffer 
by centrifugation at 1300 × g for 30 sec. Collected eggs 
were then suspended in 3-4 mL of S-buffer in 15 mL 
tubes and incubated flat at 20°C overnight to allow 
fertilization of eggs.  L1-stage worms were precipitated 
by centrifugation at 1,300 × g for 30 sec., resuspended 
in 2-3 mL of S-buffer, and subjected to counting.  
Approximately 1,500 of them were plated on NGM agar 
plates (9 cm) covered with E. coli OP50 cells (Day 1).

2.2. Administration of Ethanol for Lifespan Experiment

Experimental methods are summarized in Figure 1A. 
On Day 3, C. elegans worms were treated with 200 µL 
of 1.25 mg/mL fluorodeoxyuridine (FUdR) per 9 cm 
petri dish to inhibit reproduction by blocking embryo 
development with FUdR. On Day 4, ten 4-day-old 
worms were carefully placed on NGM agar covered with 
E. coli OP50 cells in 3 cm petri dishes. A total of ten 
dishes (100 worms) were used per lifespan experiment. 
Prior to transferring worms, 180 µL of either 5% ethanol 
containing 1.25 mg/mL FUdR for ethanol treatments 
or 180 µL of S-buffer containing 1.25 mg/mL FUdR 
for controls was added to each dish, and the worms 
were then transferred into this liquid.  The effects of 
chronic ethanol exposure on C. elegans longevity were 
determined by recording the day each worm died. Worms 
were classified as dead when they no longer responded 
to touch with a platinum wire pick. The effects of ethanol 
on C. elegans lifespan were quantified as the ratio of the 
mean ± SEM of the 50% survival day for ethanol-treated 
worms to the mean ± SEM of the 50% survival day for 
control worms. Statistical comparisons between ethanol-
treated and control groups were performed using an 
unpaired Student's t-test.

2.3. Total RNA isolation

On Day 3, C. elegans worms were exposed to ethanol 
concentrations of 0% or 5% in S-buffer for 1, 4, or 20 
hours at 20°C. Approximately 1,500 C. elegans worms 
at the L4 larval stage that had been cultured on agar 
plates covered with E. coli OP50 cells were harvested 
by washing the plates with S-buffer, followed by 
centrifugation. The collected worms were washed with 
S-buffer to remove residual bacteria. After washing 
thoroughly, the worms were resuspended in 1 mL of 
S-buffer and exposed to either 0% or 5% ethanol for 
1, 4, or 20 hours at 20°C. After treatment, worms were 
collected for RNA extraction using TRI Reagent® 
(Molecular Research Center, Inc., OH, USA), according 
to the manufacturer's protocol. Collected worms were 
homogenized in 0.5 mL of TRI Reagent® using a plastic 
homogenizer. After homogenization, 50 µL of 1-bromo-
3-chloropropane (Molecular Research Center, Inc., OH, 
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as well as RNA-seq analyses. Lifespan experiments 
revealed that 5% ethanol treatment extended the 
lifespan compared with controls as shown in Figure 1B, 
which presents a representative result showing lifespan 
extension in 4-day-old wild-type C. elegans treated 
with 5% ethanol. The mean 50% survival day was 17.2 
± 0.8 and 19.6 ± 0.8 (means ± SEM, n = 11, p < 0.001) 
for control and ethanol-treated worms, respectively, 
indicating a 1.14-fold increase in lifespan in response 
to ethanol treatment (Figure 1B). To minimize food 
limitation during the lifespan assay, E. coli OP50 was 
allowed to grow to a non-limiting density before the 
assay. The protocol was also designed so that the ethanol 
solution covered the worms on the agar for at least 1 
hour, thereby maintaining continuous ethanol exposure 
during the initial treatment period.
	 Previous studies have reported both beneficial and 
harmful effects of ethanol exposure on C. elegans 
lifespan, depending on ethanol concentration and the 
developmental stage at which treatment is administered 
(11-13). In our study, 4-day-old young adults treated with 
5% ethanol exhibited a significant increase in lifespan 
(Figure 1B). As mentioned in the Introduction, low 
ethanol concentrations have generally been linked to 
lifespan extension (11-13), whereas higher concentrations 
tend to reduce lifespan (11,13). Based on those previous 
studies, 5% ethanol might have been expected to shorten 
lifespan; however, we observed a significant lifespan 
extension under this condition. While we used 5% 
ethanol (approximately 860 mM), which approaches 
the ED50 level reported (22), we did not observe rapid 
lethality within the 4-hour exposure time point. To 
assess whether the E. coli food supply may have been 
affected by the ethanol treatment, E. coli OP50 cells 
were cultured in LB broth containing 5, 10, 15, or 20% 
ethanol for 2 hours, and OD600 was then measured to 
estimate surviving E. coli cells, which showed a slight 
reduction to 70%, 65%, 63%, and 58% of the control 
level, respectively (Data not shown). These data indicate 
that 5% ethanol did not deplete the food supply and 
strongly suggest that the observed lifespan extension is 
not a starvation-mediated effect.
	 Based on the observed lifespan extension in young 
adult worms after 5% ethanol exposure (Figure 1B), 
we next used RNA-seq to explore transcriptomic 
responses and pathway changes potentially associated 
with this phenotype. At first, differences in the actual 
ethanol concentration and exposure time between agar 
plate culture and solution culture should be carefully 
considered, as summarized in Table 1. We confirmed that 
the 5% ethanol solution remained on the agar for more 
than 1 hour but did not persist overnight, suggesting that 
the ethanol effect observed in the agar plate assay is most 
comparable to the 1- to 4-hour exposure period used in 
the solution-based RNA-seq assay.

3.2. Gene expression patterns following 5% ethanol 

USA) was added to each sample, followed by vigorous 
shaking for 15 seconds. Samples were incubated at room 
temperature for 15 minutes and centrifuged at 12,000 × 
g for 15 minutes at 4°C. The RNA-containing aqueous 
layer was transferred to a new tube and precipitated with 
0.5 mL of isopropanol (FUJIFILM Wako Pure Chemical 
Corporation, Osaka, Japan), incubated for 30 minutes at 
room temperature, followed by centrifugation at 12,000 
× g for 10 minutes at 4°C. The resulting RNA pellet was 
washed with 75% ethanol, air-dried, and dissolved in 
RNase-free water (Ambion, TX, USA).

2.4. RNA-seq analysis

RNA quality and quantity were assessed using the 
Bioanalyzer System (Agilent Technologies, Inc., CA, 
USA). Sample pairs that passed the RNA Integrity 
Number (RIN) evaluation were selected for sequencing 
library preparation using the KAPA mRNA HyperPrep 
Kit (Roche, MA, USA). Sequencing was performed on 
the Illumina NovaSeq 6000 using the S4 Reagent Kit 
v1.5 (Illumina, CA, USA) in paired-end mode of 2×151 
cycles, with the base calling conducted using Real-time 
Analysis (RTA) software v3.4.4.
	 For RNA-seq data analysis, sequence reads passing 
quality check were preprocessed for adaptor and polyA 
removal using trimmomatic v.0.39 (14) and fastp v.0.23.2 
(15). Reads were then mapped to the C. elegans reference 
genome ce10 using STAR v.2.7.9a (16), with an index for 
gene and transcript annotations. Strand-specific paired-
end fragment counts of each gene annotated in RefGene 
were calculated using the featureCounts function in the 
Subread package v.2.0.3 (17). To enhance accuracy of 
the gene expression estimates, a total of 15,060 genes 
with counts per million (CPM) > 1 in at least three 
samples were selected for downstream analysis. The 
Bioconductor package edgeR v.3.32.1 (18) was applied 
with a design matrix for testing differential expression 
between sample groups with different conditions based 
on quasi-likelihood F-tests. Statistical p-values were 
adjusted using the Benjamini and Hochberg method. Pre-
ranked Gene Set Enrichment Analysis (GSEA) (19) was 
conducted for functional enrichment analysis with gene 
sets obtained from the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) (20). Genes from edgeR results 
were ranked by the sign of log fold-change (logFC) in 
combination with -log10 of the p-value for this analysis. 
GSEA results were visualized using R (v4.4.1) with 
clusterProfiler v4.12.6 and enrichplot v1.24.4 packages 
(21).

3. Results and Discussion

3.1. Observed lifespan extension following 5% ethanol 
exposure

Figure 1A shows experimental schemes for the lifespan 
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Table 1. Comparison of two phases of experiment

Aim of experiment

Culture conditions

Culture length

Fully exposed to 5% ethanol

Lifespan measurements

RNA-seq experiments

*At 20 hours in solution culture, eggs were observed in non-ethanol control culture, indicating that despite starvation, worms continued to develop. 
**At 20 hours of exposure to 5% ethanol in solution culture, the worms showed retardation of development and weakness most likely due to the 
toxic effects caused by ethanol exposure.

Effects of ethanol on gene expression profiles

In S-buffer in the presence or absence of 5% ethanol 
(no food, no FUdR treatment)

1, 4, and 20* hours

1, 4, and 20** hours

-

RNA was prepared after 1, 4, and 20 hours culture

Effects of ethanol on lifespan

On E. coli OP50-covered agar plates under 5% ethanol 
and FUdR treatment

27 days

At least 1 hour

Ethanol treatment started on Day 4, then live worms 
were counted every 2 days

-

Figure 1. Experimental design and lifespan analysis of wild-type C. elegans following 5% ethanol exposure. The effects of ethanol exposure on 
lifespan and gene expression profiles of C. elegans were assessed as described in the Methods. (A) Experimental schemes for the lifespan and RNA-
seq analyses. For lifespan analysis, 4-day-old wild-type worms were cultured on agar plates in the presence or absence of 5% ethanol, and survival 
was monitored over time. For RNA-seq analysis, L4-stage worms were incubated in S-buffer under 5% ethanol or ethanol-free control conditions 
for 0, 1, 4, and 20 hours, followed by RNA extraction and gene expression analysis. (B) Representative results on wild-type C. elegans N2 strain, 
showing the observed lifespan extension following 5% ethanol exposure. The survival curves are shown on the left, and the result summary from 11 
independent experiment sets is shown on the right.
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exposure

In the present study, we re-examined, using RNA-
seq profiling, the transcriptomic responses associated 
with the lifespan phenotype observed in our earlier 5% 
ethanol studies conducted more than two decades ago. 
The experimental design is schematically illustrated in 
Figure 1A. L4-stage C. elegans were treated with 5% 
ethanol or without ethanol (0% control) in S-buffer for 1, 
4, and 20 hours, after which total RNA was extracted for 
sequencing.
	 First, we generated a Multidimensional Scaling 
(MDS) plot to visualize similarities and differences in 
transcriptomic profiles between ethanol-treated and 
control samples, as well as variation among biological 
replicates (Figure 2A). The MDS plot revealed distinct 
clustering of the 0% and 5% ethanol-treated samples, 
with clear shifts corresponding to treatment duration. For 
example, in the control group (blue points), the 0-, 1-, and 
4-hour samples clustered in close proximity, indicating 
minimal changes in gene expression. In contrast, the 
5% ethanol group (red points) exhibited progressive 
divergence over time. While the 1-hour sample remained 
near the untreated control group, the 4-hour and 20-
hour samples shifted toward the lower right of the plot, 
suggesting substantial transcriptomic reprogramming 
with prolonged ethanol exposure. Notably, the 20-hour 
sample was positioned furthest from all other samples, 
indicating extensive gene expression changes. This 
separation likely reflects starvation and physiological 
stress, which became more pronounced after more than 
4 hours of solution culture. Although worms in the 
control group laid eggs which were observed at 20 hours 
solution culture, no eggs were observed in the ethanol-
treated group, and the worms showed retardation of 
development and weakness most likely due to the toxic 
effects of ethanol exposure.
	 Volcano plots were used to visualize differentially 
expressed genes in the ethanol-free time-course 
analysis (Figure 2B) and in comparisons between 
5% ethanol-treated and ethanol-free samples at each 
time point (Figure 2C). These plots depict statistical 
significance relative to the magnitude of change (fold 
change). Consistent with the MDS plot, the number 
of significantly up- or downregulated genes increased 
over time. Subsequently, Gene Set Enrichment Analysis 
(GSEA) was conducted to identify functionally relevant 
pathways affected by ethanol treatment.

3.3. Time-dependent gene expression changes in the 
ethanol-free control group

Because the RNA-seq experiments were performed in 
S-buffer without food, time-dependent effects caused by 
food deprivation had to be considered when evaluating 
ethanol-associated gene expression changes. Therefore, 
we first examined gene expression changes over time 

in the ethanol-free control group to identify starvation-
responsive genes and distinguish them from ethanol-
associated changes. To this end, we examined gene 
expression changes in worms cultured for 1, 4, and 
20 hours in the absence of ethanol (Figure 2A; blue 
diamond, circle and triangle shapes) as compared to the 
0-hour control (Figure 2A; black diamond).
	 We then applied GSEA using the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) database to evaluate 
whether a specific pathway was significantly altered 
under the experimental conditions. As a result, GSEA of 
ethanol-free worms revealed pronounced early starvation 
responses at 1 and 4 hours (vs. the 0-hour control), 
with several canonical stress pathways significantly 
enriched (FDR < 0.05) (Figure 3A). At 1 hour, results 
showed a strong activation of autophagy, mitophagy, the 
ubiquitin-proteasome system, and efferocytosis pathways 
(Figure 3A). These pathways facilitate degradation of 
unnecessary cellular components and play a crucial 
role under conditions with limited energy sources. 
Conversely, metabolic pathways such as fatty acid and 
amino acid metabolism were downregulated, indicating 
an adaptive response to reduced energy intake. At 4 
hours, pathways related to growth and differentiation, 
such as TGF-β and Wnt signaling, were activated, 
suggesting their involvement in worm development 
(Figure 3A). Notably, autophagy-related pathways 
exhibited even stronger activation than at 1 hour, 
consistent with the notion that starvation drives increased 
cellular breakdown and recycling to conserve energy and 
resources.

3.4. Transcriptomic pathway changes potentially 
associated with lifespan modulation after 5% ethanol 
exposure

To understand the transcriptomic landscape potentially 
associated with ethanol-linked lifespan modulation, 
we analyzed RNA-seq data from L4-stage C. elegans 
cultured in S-buffer without food supply at 1, 4, and 20 
hours in the presence of 5% ethanol.
	 First, we performed KEGG-based GSEA (5% 
ethanol vs. time-matched 0% controls; significance 
defined as FDR < 0.05) to identify early pathway 
changes following ethanol exposure. At the 1-hour 
time point, multiple stress-resistance and detoxification 
programs were significantly upregulated, including the 
Longevity regulating pathway (worm), Glutathione 
metabolism, Drug metabolism—cytochrome P450, 
Metabolism of xenobiotics by cytochrome P450, and 
Drug metabolism—other enzymes (Figure 3B). Among 
lipid pathways, Sphingolipid metabolism was also 
significantly enriched at 1 hour. In contrast, Peroxisome, 
TGF-β signaling, and Wnt signaling showed downward 
trends at 1 hour but did not meet the FDR < 0.05 
threshold. At 4 hours, Peroxisome, TGF-β signaling, and 
Wnt signaling were significantly downregulated (FDR 
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Figure 2.  Multidimensional Scaling (MDS) Plot and differential expression analysis (volcano plots). (A) MDS plot of distances between gene 
expression profiles comparing the transcriptional responses of worms under 0% ethanol (control; blue) and worms cultured in the presence of 5% 
ethanol (treatment; red).  Each point represents a sample, differentiated by color or shape according to the designated ethanol treatment throughout 
time-course experiments. The distance between points reflects the leading log-fold change (logFC) between each pair of samples. Time points are 
shown at 0 hr (♦, n = 4), 1 hr (◊, n = 3), 4 hr (○, n = 3), 20 hr (Δ, n = 3). (B) Volcano plots showing differentially expressed genes in the time-course 
analysis under ethanol-free conditions, in which gene expression at 1, 4, and 20 hours was compared with that at 0 h. (C) Volcano plots showing 
differentially expressed genes between 5% ethanol-treated and ethanol-free samples at 1, 4, and 20 hours. Genes with statistically significant changes 
are highlighted according to FDR < 0.05 (red, significantly upregulated; blue, significantly downregulated; gray, not significant).
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Figure 3. Gene Set Enrichment Analysis (Pathway analysis). (A) C. elegans functional pathways were analyzed as described in the Methods. 
Transcripts from worms cultured under ethanol-free conditions for 1, 4, and 20 hours were compared to those at time zero. Functional pathways 
showing statistical significance (FDR < 0.05) are color-coded as indicated in the legend. (B) Transcripts under ethanol conditions (5% vs. 0%) 
were compared at 1, 4, and 20 hours. Functional pathways showing statistical significance (FDR < 0.05) are color-coded as indicated in the legend. 
Enrichment Plots of the Longevity Regulating pathway generated by two different analyses are shown in (C) and (D).
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< 0.05), indicating sustained repression of peroxisomal 
fatty-acid functions and growth/differentiation signals 
beyond the acute phase. Pathways that were significant 
at 1 hour, namely the Longevity regulating pathway, 
Glutathione metabolism, and P450/drug-metabolism 
pathways, did not cross the FDR < 0.05 threshold at 4 
hours yet remained directionally concordant with their 
1-hour profiles. Lipid-associated pathways likewise 

maintained concordant trends at 4 hours without reaching 
significance. Taken together, these results show that 
ethanol exposure is associated with an early, significant 
activation of longevity-related and detoxification 
pathways (with accompanying sphingolipid remodeling), 
followed by significant suppression of peroxisomal and 
developmental signaling at 4 hours. These pathway-
level patterns suggest a time-dependent shift toward 

Figure 3 (continued). Gene Set Enrichment Analysis (Pathway analysis). (A) C. elegans functional pathways were analyzed as described in the 
Methods. Transcripts from worms cultured under ethanol-free conditions for 1, 4, and 20 hours were compared to those at time zero. Functional 
pathways showing statistical significance (FDR < 0.05) are color-coded as indicated in the legend. (B) Transcripts under ethanol conditions (5% 
vs. 0%) were compared at 1, 4, and 20 hours. Functional pathways showing statistical significance (FDR < 0.05) are color-coded as indicated in the 
legend. Enrichment Plots of the Longevity Regulating pathway generated by two different analyses are shown in (C) and (D).
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somatic maintenance and energy sparing at the expense 
of growth, and identify candidate processes that may be 
related to the observed lifespan phenotype.

3.5 Gene expression and network analyses of longevity-
associated and stress-response pathways after 5% ethanol 
exposure

The longevity-regulating pathway was enriched at 1 hour 
of 5% ethanol exposure and remained upregulated for up 
to 20 hours, providing transcriptomic clues to longevity-
associated responses after ethanol exposure (Figure 3B). 
Further examination of the longevity-regulating pathway 
(Figure 3C and D) revealed that gene activation at 1 
hour was the most significant in terms of the number of 
upregulated genes involved in this pathway, with distinct 
expression patterns emerging as ethanol exposure 
duration increased. As shown in the Enrichment plots for 
ethanol treatment at 1 hour, 4 hours, and 20 hours (Figure 
3C), dynamic changes in longevity-regulating pathway 
activation over time can be observed. Specifically, the 
plots indicate that the normalized enrichment score 
(NES) remained positive at all time points, indicating 
upregulation of genes annotated within longevity-related 
pathways in response to ethanol treatment. Although the 
NES value declined at 20 hours, most genes involved 
in lifespan extension remained elevated.  Figure 3D 
presents gene expression changes for core enrichment 
genes in the longevity-regulating pathway.
	 In C. elegans treated with 5% ethanol, multiple 
genes associated with antioxidant and stress responses 
were significantly upregulated (Figure 3D). Notably, 
genes within the gst family (gst-6, gst-9, gst-36, etc.), 
which encode glutathione S-transferases involved 
in detoxification of harmful metabolites and toxins 
generated by oxidative stress within cells, were 
upregulated at 1 hour ethanol exposure and remained 
upregulated for up to 20 hours. This indicates rapid 
activation of cellular detoxification mechanisms in 
response to ethanol-associated mild oxidative stress.  The 
sod-3 gene, a canonical DAF-16/FOXO target involved 
in antioxidant defense, was not significantly induced at 
1 hour but was robustly upregulated after 4 and 20 hours 
of ethanol exposure. Another stress-responsive pathway 
affected by ethanol treatment was the p38 MAP kinase 
pathway, including genes exemplified by pmk-2 and pmk-
3. These genes regulate cellular defense mechanisms 
against environmental stressors and infections. Their 
increased expression following 1 hour of ethanol 
treatment suggests an ethanol-associated cellular adaptive 
stress response. After 4 hours of ethanol treatment, these 
antioxidant and detoxification-related genes were further 
upregulated. This sequential pattern suggests that initial 
detoxification responses may be followed by engagement 
of classical longevity effectors. Such a timeline fits 
previous models where transient stress activates SKN-
1 and DAF-16 pathways to enhance stress resistance 

and extend lifespan (23). In our case, early induction 
of detoxification genes may prevent oxidative damage, 
while later DAF-16-mediated antioxidant gene activation 
(e.g., sod-3) may further strengthen cellular resilience.
	 To further visualize the relationships between 
ethanol-regulated genes and KEGG pathways, we 
generated cnetplots for genes altered after 1 hour of 
5% ethanol exposure (Figure 4). This analysis was 
focused on the early phase of ethanol response, because 
1 hour represented the most prominent activation of the 
longevity-related pathway.
	 The cnetplot analysis revealed a network in which 
the Longevity regulating pathway (worm) was closely 
associated with antioxidant, detoxification, and drug 
metabolism pathways, including cytochrome P450 
metabolism, glutathione metabolism, and xenobiotic 
metabolism (Figure 4A). Genes associated with the 
upregulated pathways are shown in Figure 4B, whereas 
downregulated pathways and their associated genes are 
shown in Figure 4C and D, respectively.
	 Short-term (1 hour) ethanol treatment notably 
upregulated genes encoding detoxification enzymes 
including cytochrome P450s and gluta thione 
S-transferases, consistent with previous findings 
that mild ethanol exposure induces stress-protective 
metabolic responses (13). The close clustering of 
longevity-associated and stress response pathways 
implies coordinated regulation, potentially mediated 
by conserved transcription factors such as SKN-1/
Nrf2 and DAF-16/FOXO. In C. elegans, SKN-1 drives 
detoxification gene expression and extends lifespan 
under stress, while DAF-16 promotes antioxidant 
defenses (23). Thus, the network topology observed in 
Figure 4 supports the interpretation that ethanol exposure 
is associated with a hormetic-like transcriptomic 
response, in which mild cellular stress may activate 
cytoprotective longevity programs. Our study provides 
transcriptomic insights after ethanol exposure and 
extends previous studies (24-26), offering time-resolved 
pathway-level data that complement the recent study 
by Sterken et al. (26), who examined transcriptional 
responses of C. elegans across a time course of ethanol 
exposure to determine which genes and genetic pathways 
are regulated in response to ethanol.
	 Growth-promoting and developmental pathways, 
including TGF-β signaling, showed downward trends at 
1 hour and were significantly downregulated at 4 hours. 
In C. elegans, inhibition of the DAF-7/TGF-β pathway 
promotes dauer formation and extends lifespan under 
adverse conditions (27), suggesting that downregulation 
of TGF-β signaling after ethanol exposure may be one 
candidate pathway associated with a stress-resistant 
metabolic state and lifespan modulation.
	 Altogether, these findings indicate that brief ethanol 
exposure, particularly within the 1- to 4-hour period, is 
associated with a coordinated transcriptomic response 
characterized by activation of cytoprotective pathways 
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and suppression of growth-promoting processes. This 
shift toward stress resistance and metabolic conservation 
may contribute to, or occur in parallel with, the observed 
lifespan extension and is consistent with the concept 
of hormesis, in which mild stress activates protective 
mechanisms that promote longevity (23,27). Future 
studies are warranted to clarify the mechanistic links 
between ethanol-induced stress responses and aging.
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Figure 4. Gene-concept network (cnetplot) of KEGG pathways altered after 1 hour of 5% ethanol exposure in C. elegans. The cnetplot 
depicts linkages of genes and biological concepts (KEGG pathways) as a network. Networks of upregulated pathways (A) and corresponding 
gene names (B) as well as networks of downregulated pathways (C) and corresponding gene names (D) are shown. KEGG pathways (larger 
yellow nodes) are connected to nodes representing genes (smaller gray nodes) that contribute to each pathway's enrichment.
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Guide for Authors

1. Scope of Articles

BioScience Trends (Print ISSN 1881-7815, Online ISSN 1881-7823) 
is an international peer-reviewed journal. BioScience Trends devotes to 
publishing the latest and most exciting advances in scientific research. 
Articles cover fields of life science such as biochemistry, molecular 
biology, clinical research, public health, medical care system, and 
social science in order to encourage cooperation and exchange among 
scientists and clinical researchers.

2. Submission Types

Original Articles should be well-documented, novel, and significant 
to the field as a whole. An Original Article should be arranged into the 
following sections: Title page, Abstract, Introduction, Materials and 
Methods, Results, Discussion, Acknowledgments, and References. 
Original articles should not exceed 5,000 words in length (excluding 
references) and should be limited to a maximum of 50 references. 
Articles may contain a maximum of 10 figures and/or tables. 
Supplementary Data are permitted but should be limited to information 
that is not essential to the general understanding of the research 
presented in the main text, such as unaltered blots and source data as 
well as other file types.

Brief Reports definitively documenting either experimental results 
or informative clinical observations will be considered for publication 
in this category. Brief Reports are not intended for publication of 
incomplete or preliminary findings. Brief Reports should not exceed 
3,000 words in length (excluding references) and should be limited to a 
maximum of 4 figures and/or tables and 30 references. A Brief Report 
contains the same sections as an Original Article, but the Results and 
Discussion sections should be combined.

Reviews should present a full and up-to-date account of recent 
developments within an area of research. Normally, reviews should 
not exceed 8,000 words in length (excluding references) and should be 
limited to a maximum of 10 figures and/or tables and 100 references. 
Mini reviews are also accepted, which should not exceed 4,000 words 
in length (excluding references) and should be limited to a maximum 
of 5 figures and/or tables and 50 references.

Policy Forum articles discuss research and policy issues in areas 
related to life science such as public health, the medical care system, 
and social science and may address governmental issues at district, 
national, and international levels of discourse. Policy Forum articles 
should not exceed 3,000 words in length (excluding references) and 
should be limited to a maximum of 5 figures and/or tables and 30 
references.

Communications are short, timely pieces that spotlight new research 
findings or policy issues of interest to the field of global health and 
medical practice that are of immediate importance. Depending on 
their content, Communications will be published as "Comments" or 
"Correspondence". Communications should not exceed 1,500 words in 
length (excluding references) and should be limited to a maximum of 2 
figures and/or tables and 20 references.

Editorials are short, invited opinion pieces that discuss an issue of 
immediate importance to the fields of global health, medical practice, 
and basic science oriented for clinical application. Editorials should 
not exceed 1,000 words in length (excluding references) and should 
be limited to a maximum of 10 references. Editorials may contain one 
figure or table.

News articles should report the latest events in health sciences and 
medical research from around the world. News should not exceed 500 
words in length.

Letters should present considered opinions in response to articles 
published in BioScience Trends in the last 6 months or issues of general 
interest. Letters should not exceed 800 words in length and may contain 
a maximum of 10 references. Letters may contain one figure or table.

3. Editorial Policies

For publishing and ethical standards, BioScience Trends follows the 
Recommendations for the Conduct, Reporting, Editing, and Publication 
of Scholarly Work in Medical Journals issued by the International 
Committee of Medical Journal Editors (ICMJE, https://icmje.org/
recommendations), and the Principles of Transparency and Best 
Practice in Scholarly Publishing jointly issued by the Committee on 
Publication Ethics (COPE, https://publicationethics.org/resources/
guidelines-new/principles-transparency-and-best-practice-scholarly-
publishing), the Directory of Open Access Journals (DOAJ, https://
doaj.org/apply/transparency), the Open Access Scholarly Publishers 
Association (OASPA, https://oaspa.org/principles-of-transparency-
and-best-practice-in-scholarly-publishing-4), and the World 
Association of Medical Editors (WAME, https://wame.org/principles-
of-transparency-and-best-practice-in-scholarly-publishing).
	 BioScience Trends will perform an especially prompt review to 
encourage innovative work. All original research will be subjected to 
a rigorous standard of peer review and will be edited by experienced 
copy editors to the highest standards.

Ethical Approval of Studies and Informed Consent: For all 
manuscripts reporting data from studies involving human participants 
or animals, formal review and approval, or formal review and waiver, 
by an appropriate institutional review board or ethics committee is 
required and should be described in the Methods section. When your 
manuscript contains any case details, personal information and/or 
images of patients or other individuals, authors must obtain appropriate 
written consent, permission and release in order to comply with all 
applicable laws and regulations concerning privacy and/or security 
of personal information. The consent form needs to comply with the 
relevant legal requirements of your particular jurisdiction, and please 
do not send signed consent form to BioScience Trends to respect your 
patient's and any other individual's privacy. Please instead describe the 
information clearly in the Methods (patient consent) section of your 
manuscript while retaining copies of the signed forms in the event they 
should be needed. Authors should also state that the study conformed 
to the provisions of the Declaration of Helsinki (as revised in 2013, 
https://wma.net/what-we-do/medical-ethics/declaration-of-helsinki). 
When reporting experiments on animals, authors should indicate 
whether the institutional and national guide for the care and use of 
laboratory animals was followed.

Reporting Clinical Trials: The ICMJE (https:// icmje.org/
recommendations/browse/publishing-and-editorial-issues/clinical-
trial-registration.html) defines a clinical trial as any research 
project that prospectively assigns people or a group of people to 
an intervention, with or without concurrent comparison or control 
groups, to study the relationship between a health-related intervention 
and a health outcome. Registration of clinical trials in a public trial 
registry at or before the time of first patient enrollment is a condition 
of consideration for publication in BioScience Trends, and the trial 
registration number will be published at the end of the Abstract. 
The registry must be independent of for-profit interest and publicly 
accessible. Reports of trials must conform to CONSORT 2010 
guidelines (https://consort-statement.org/consort-2010). Articles 
reporting the results of randomized trials must include the CONSORT 
flow diagram showing the progress of patients throughout the trial.

Conflict of Interest: All authors are required to disclose any actual or 
potential conflict of interest including financial interests or relationships 
with other people or organizations that might raise questions of bias 
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in the work reported. If no conflict of interest exists for each author, 
please state "There is no conflict of interest to disclose".

Submission Declaration: When a manuscript is considered for 
submission to BioScience Trends, the authors should confirm that 1) no 
part of this manuscript is currently under consideration for publication 
elsewhere; 2) this manuscript does not contain the same information 
in whole or in part as manuscripts that have been published, accepted, 
or are under review elsewhere, except in the form of an abstract, a 
letter to the editor, or part of a published lecture or academic thesis; 
3) authorization for publication has been obtained from the authors' 
employer or institution; and 4) all contributing authors have agreed to 
submit this manuscript.

Initial Editorial Check: Immediately after submission, the journal's 
managing editor will perform an initial check of the manuscript. A 
suitable academic editor will be notified of the submission and invited 
to check the manuscript and recommend reviewers. Academic editors 
will check for plagiarism and duplicate publication at this stage. The 
journal has a formal recusal process in place to help manage potential 
conflicts of interest of editors. In the event that an editor has a conflict 
of interest with a submitted manuscript or with the authors, the 
manuscript, review, and editorial decisions are managed by another 
designated editor without a conflict of interest related to the manuscript. 

Peer Review: BioScience Trends operates a single-anonymized review 
process, which means that reviewers know the names of the authors, 
but the authors do not know who reviewed their manuscript. All articles 
are evaluated objectively based on academic content. External peer 
review of research articles is performed by at least two reviewers, and 
sometimes the opinions of more reviewers are sought. Peer reviewers 
are selected based on their expertise and ability to provide quality, 
constructive, and fair reviews. For research manuscripts, the editors may, 
in addition, seek the opinion of a statistical reviewer. Every reviewer is 
expected to evaluate the manuscript in a timely, transparent, and ethical 
manner, following the COPE guidelines (https://publicationethics.
org/files/cope-ethical-guidelines-peer-reviewers-v2_0.pdf). We ask 
authors for sufficient revisions (with a second round of peer review, 
when necessary) before a final decision is made. Consideration for 
publication is based on the article's originality, novelty, and scientific 
soundness, and the appropriateness of its analysis. 

Suggested Reviewers: A list of up to 3 reviewers who are qualified 
to assess the scientific merit of the study is welcomed. Reviewer 
information including names, affiliations, addresses, and e-mail 
should be provided at the same time the manuscript is submitted 
online. Please do not suggest reviewers with known conflicts of 
interest, including participants or anyone with a stake in the proposed 
research; anyone from the same institution; former students, advisors, 
or research collaborators (within the last three years); or close personal 
contacts. Please note that the Editor-in-Chief may accept one or more 
of the proposed reviewers or may request a review by other qualified 
persons.

Language Editing: Manuscripts prepared by authors whose native 
language is not English should have their work proofread by a native 
English speaker before submission. If not, this might delay the 
publication of your manuscript in BioScience Trends.
	 The Editing Support Organization can provide English 
proofreading, Japanese-English translation, and Chinese-English 
translation services to authors who want to publish in BioScience 
Trends and need assistance before submitting a manuscript. Authors 
can visit this organization directly at https://www.iacmhr.com/iac-
eso/support.php?lang=en. IAC-ESO was established to facilitate 
manuscript preparation by researchers whose native language is not 
English and to help edit works intended for international academic 
journals.

Copyright and Reuse: Before a manuscript is accepted for 
publication in BioScience Trends, authors will be asked to sign a 
transfer of copyright agreement, which recognizes the common 

interest that both the journal and author(s) have in the protection of 
copyright. We accept that some authors (e.g., government employees 
in some countries) are unable to transfer copyright. A JOURNAL 
PUBLISHING AGREEMENT (JPA) form will be e-mailed to the 
authors by the Editorial Office and must be returned by the authors 
by mail, fax, or as a scan. Only forms with a hand-written signature 
from the corresponding author are accepted. This copyright will ensure 
the widest possible dissemination of information. Please note that the 
manuscript will not proceed to the next step in publication until the JPA 
Form is received. In addition, if excerpts from other copyrighted works 
are included, the author(s) must obtain written permission from the 
copyright owners and credit the source(s) in the article. 

4. Cover Letter

The manuscript must be accompanied by a cover letter prepared by 
the corresponding author on behalf of all authors. The letter should 
indicate the basic findings of the work and their significance. The letter 
should also include a statement affirming that all authors concur with 
the submission and that the material submitted for publication has not 
been published previously or is not under consideration for publication 
elsewhere. The cover letter should be submitted in PDF format. For an 
example of Cover Letter, please visit: https://www.biosciencetrends.
com/downcentre (Download Centre).

5. Submission Checklist

The Submission Checklist should be submitted when submitting 
a manuscript through the Online Submission System. Please visit 
Download Centre (https://www.biosciencetrends.com/downcentre) and 
download the Submission Checklist file. We recommend that authors 
use this checklist when preparing your manuscript to check that all 
the necessary information is included in your article (if applicable), 
especially with regard to Ethics Statements.

6. Manuscript Preparation

Manuscripts are suggested to be prepared in accordance with 
the "Recommendations for the Conduct, Reporting, Editing, and 
Publication of Scholarly Work in Medical Journals", as presented at 
https://www.ICMJE.org.

Manuscripts should be written in clear, grammatically correct English 
and submitted as a Microsoft Word file in a single-column format. 
Manuscripts must be paginated and typed in 12-point Times New 
Roman font with 24-point line spacing. Please do not embed figures 
in the text. Abbreviations should be used as little as possible and 
should be explained at first mention unless the term is a well-known 
abbreviation (e.g. DNA). Single words should not be abbreviated.

Title page: The title page must include 1) the title of the paper (Please 
note the title should be short, informative, and contain the major key 
words); 2) full name(s) and affiliation(s) of the author(s), 3) abbreviated 
names of the author(s), 4) full name, mailing address, telephone/fax 
numbers, and e-mail address of the corresponding author; 5) author 
contribution statements to specify the individual contributions of all 
authors to this manuscript, and 6) conflicts of interest (if you have an 
actual or potential conflict of interest to disclose, it must be included as 
a footnote on the title page of the manuscript; if no conflict of interest 
exists for each author, please state "There is no conflict of interest to 
disclose").

Abstract: The abstract should briefly state the purpose of the study, 
methods, main findings, and conclusions. For articles that are Original 
Articles, Brief Reports, Reviews, or Policy Forum articles, a one-
paragraph abstract consisting of no more than 250 words must be 
included in the manuscript. For Communications, Editorials, News, 
or Letters, a brief summary of main content in 150 words or fewer 
should be included in the manuscript. For articles reporting clinical 
trials, the trial registration number should be stated at the end of the 
Abstract. Abbreviations must be kept to a minimum and non-standard 
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Shalev AY. Post-traumatic stress disorder: Diagnosis, history and life 
course. In: Post-traumatic Stress Disorder, Diagnosis, Management 
and Treatment (Nutt DJ, Davidson JR, Zohar J, eds.). Martin Dunitz, 
London, UK, 2000; pp. 1-15.

Example 4 (Sample web page reference):

World Health Organization. The World Health Report 2008 – primary 
health care: Now more than ever. http://www.who.int/whr/2008/whr08_
en.pdf (accessed September 23, 2022).

Tables: All tables should be prepared in Microsoft Word or Excel and 
should be arranged at the end of the manuscript after the References 
section. Please note that tables should not in image format. All tables 
should have a concise title and should be numbered consecutively with 
Arabic numerals. If necessary, additional information should be given 
below the table.

Figure Legend: The figure legend should be typed on a separate 
page of the main manuscript and should include a short title and 
explanation. The legend should be concise but comprehensive and 
should be understood without referring to the text. Symbols used 
in figures must be explained. Any individually labeled figure parts 
or panels (A, B, etc.) should be specifically described by part name 
within the legend.

Figure Preparation: All figures should be clear and cited in numerical 
order in the text. Figures must fit a one- or two-column format on the 
journal page: 8.3 cm (3.3 in.) wide for a single column, 17.3 cm (6.8 
in.) wide for a double column; maximum height: 24.0 cm (9.5 in.). 
Please make sure that the symbols and numbers appeared in the figures 
should be clear. Please make sure that artwork files are in an acceptable 
format (TIFF or JPEG) at minimum resolution (600 dpi for illustrations, 
graphs, and annotated artwork, and 300 dpi for micrographs and 
photographs). Please provide all figures as separate files. Please note 
that low-resolution images are one of the leading causes of article 
resubmission and schedule delays.

Units and Symbols: Units and symbols conforming to the International 
System of Units (SI) should be used for physicochemical quantities. 
Solidus notation (e.g. mg/kg, mg/mL, mol/mm2/min) should be used. 
Please refer to the SI Guide www.bipm.org/en/si/ for standard units.

Supplemental data: Supplemental data might be useful for supporting 
and enhancing your scientific research and BioScience Trends accepts 
the submission of these materials which will be only published online 
alongside the electronic version of your article. Supplemental files 
(figures, tables, and other text materials) should be prepared according 
to the above guidelines, numbered in Arabic numerals (e.g., Figure 
S1, Figure S2, and Table S1, Table S2) and referred to in the text. All 
figures and tables should have titles and legends. All figure legends, 
tables and supplemental text materials should be placed at the end of 
the paper. Please note all of these supplemental data should be provided 
at the time of initial submission and note that the editors reserve the 
right to limit the size and length of Supplemental Data.

5. Submission Checklist

The Submission Checklist will be useful during the final checking of a 
manuscript prior to sending it to BioScience Trends for review. Please 
visit Download Centre and download the Submission Checklist file.

6. Online Submission

Manuscripts should be submitted to BioScience Trends online at 
https://www.biosciencetrends.com/login. Receipt of your manuscripts 
submitted online will be acknowledged by an e-mail from Editorial 
Office containing a reference number, which should be used in all 
future communications. If for any reason you are unable to submit a 
file online, please contact the Editorial Office by e-mail at office@
biosciencetrends.com

abbreviations explained in brackets at first mention. References should 
be avoided in the abstract. Three to six key words or phrases that do not 
occur in the title should be included in the Abstract page.

Introduction: The introduction should provide sufficient background 
information to make the article intelligible to readers in other 
disciplines and sufficient context clarifying the significance of the 
experimental findings

Materials/Patients and Methods: The description should be brief but 
with sufficient detail to enable others to reproduce the experiments. 
Procedures that have been published previously should not be described 
in detail but appropriate references should simply be cited. Only new 
and significant modifications of previously published procedures 
require complete description. Names of products and manufacturers 
with their locations (city and state/country) should be given and sources 
of animals and cell lines should always be indicated. All clinical 
investigations must have been conducted in accordance Materials/
Patients and Methods.

Results: The description of the experimental results should be succinct 
but in sufficient detail to allow the experiments to be analyzed and 
interpreted by an independent reader. If necessary, subheadings may 
be used for an orderly presentation. All Figures and Tables should be 
referred to in the text in order, including those in the Supplementary 
Data. 

Discussion: The data should be interpreted concisely without repeating 
material already presented in the Results section. Speculation is 
permissible, but it must be well-founded, and discussion of the wider 
implications of the findings is encouraged. Conclusions derived from 
the study should be included in this section.

Acknowledgments: All funding sources (including grant identification) 
should be credited in the Acknowledgments section. Authors should 
also describe the role of the study sponsor(s), if any, in study design; 
in the collection, analysis, and interpretation of data; in the writing of 
the report; and in the decision to submit the paper for publication. If the 
funding source had no such involvement, the authors should so state.
	 In addition, people who contributed to the work but who do 
not meet the criteria for authors should be listed along with their 
contributions.

References: References should be numbered in the order in which 
they appear in the text. Citing of unpublished results, personal 
communications, conference abstracts, and theses in the reference 
list is not recommended but these sources may be mentioned in the 
text. In the reference list, cite the names of all authors when there are 
fifteen or fewer authors; if there are sixteen or more authors, list the 
first three followed by et al. Names of journals should be abbreviated 
in the style used in PubMed. Authors are responsible for the accuracy 
of the references. The EndNote Style of BioScience Trends could 
be downloaded at EndNote (https://ircabssagroup.com/examples/
BioScience_Trends.ens).

Examples are given below:

Example 1 (Sample journal reference):

Inagaki Y, Tang W, Zhang L, Du GH, Xu WF, Kokudo N. Novel 
aminopeptidase N (APN/CD13) inhibitor 24F can suppress invasion of 
hepatocellular carcinoma cells as well as angiogenesis. Biosci Trends. 
2010; 4:56-60.

Example 2 (Sample journal reference with more than 15 authors):

Darby S, Hill D, Auvinen A, et al. Radon in homes and risk of lung 
cancer: Collaborative analysis of individual data from 13 European 
case-control studies. BMJ. 2005; 330:223.

Example 3 (Sample book reference):
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8. Accepted Manuscripts

Page Charge: Page charges will be levied on all manuscripts accepted 
for publication in BioScience Trends (Original Articles / Brief Reports 
/ Reviews / Policy Forum / Communications: $140 per page for black 
white pages, $340 per page for color pages; News / Letters: a total cost 
of $600). 

Misconduct: BioScience Trends takes seriously all allegations of 
potential misconduct and adhere to the ICMJE Guideline (https://icmje.
org/recommendations) and COPE Guideline (https://publicationethics.
org/files/Code_of_conduct_for_journal_editors.pdf). In cases of 
suspected research or publication misconduct, it may be necessary for 
the Editor or Publisher to contact and share submission details with 

third parties including authors' institutions and ethics committees. The 
corrections, retractions, or editorial expressions of concern will be 
performed in line with above guidelines.

(As of August 2026)

BioScience Trends
Editorial and Head Office

Pearl City Koishikawa 603,
2-4-5 Kasuga, Bunkyo-ku,

Tokyo 112-0003, Japan.
E-mail: office@biosciencetrends.com
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