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Abstract

Thermal ablation, including radiofrequency ablation and microwave ablation, is a critical treatment modality for
early-stage hepatocellular carcinoma (HCC); however, the high postoperative recurrence rate remains a significant
challenge. Underlying mechanisms of post-ablation recurrence - including autophagy, epithelial-mesenchymal
transition, hypoxic microenvironment formation, and immune suppression - are being progressively elucidated.
Insufficient ablation is considered a key initiating factor for these processes. Advanced imaging techniques have
thus been developed to improve intraprocedural monitoring and margin assessment, aiming to prevent insufficient
ablation. For cases with confirmed residual or recurrent tumors, integrated therapies such as transarterial
chemoembolization, radiotherapy, immunotherapy, and nanomedicine offer promising salvage options to mitigate
further recurrence and improve survival. This review summarizes the mechanisms of tumor recurrence following
HCC ablation and discusses potential countermeasures, aiming to provide valuable insights for clinical practice.
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INTRODUCTION

Locoregional therapies, particularly imaging-guided liver tumor-directed procedures, are crucial in
managing 50%-60% of hepatocellular carcinoma (HCC) cases'*. Thermal ablation, such as radiofrequency
ablation (RFA) and microwave ablation (MWA), has become a standard treatment for early-stage HCC,
especially in patients with compromised liver function, due to its repeatability, simplicity, and low
complication rates™". However, the 5-year recurrence rate remains above 50%, often due to insufficient
ablation. Residual tumors frequently exhibit rapid post-treatment growth'".

Studies indicate that sublethal thermal exposure from insufficient ablation triggers autophagy and epithelial-
mesenchymal transition (EMT), thereby accelerating tumor progression”®. Additionally, the hypoxic and
immunosuppressive microenvironment that follows supports the survival and proliferation of residual
tumor cells, promoting recurrence™”. In this context, accurate tumor evaluation is essential. Imaging
techniques such as contrast-enhanced ultrasound (CEUS) and computed tomography (CT) hepatic
arteriography (CTHA) play a critical role in assessing tumor infiltration and detecting satellite lesions,
facilitating more precise treatment planning""'?.. Moreover, adjuvant therapies that combine ablation with
modalities such as radiotherapy, targeted therapy, or immunotherapy show promise in reducing post-
ablation recurrence””. However, many HCC patients with underlying liver dysfunction exhibit limited
tolerance for aggressive adjuvant regimens. In addition, key challenges - including optimal regimen design,
efficacy prediction, and understanding mechanisms of resistance - require further validation through large-
scale, multicenter clinical trials.

In recent years, the emergence of nanomedicine has offered new opportunities for enhancing the efficacy of
thermal ablation-based combination treatments. Nanocarriers enable multifunctional and precise drug
delivery, potentially amplifying local therapeutic effects"*”. Our team previously developed a “macrophage
hitchhiking” system (MAMH) for delivering drug-loaded macrophages to ablated HCC tissue. This method
leverages the natural tropism of macrophages for post-ablation inflammatory gradients, increasing local
drug concentration nearly 10-fold, with significant tumor suppression observed in mouse and rabbit models
and favorable safety profiles"?. However, clinical translation of nanomedicine still necessitates extensive
systematic preclinical investigations and rigorous clinical trials for validation and optimization.

Considering these advances, we provide the first comprehensive review of the mechanisms behind tumor
progression following thermal ablation for HCC and discuss effective countermeasures, with the aim of
providing valuable insights for clinical practice.

OVERVIEW OF INSUFFICIENT ABLATION IN HCC

Thermal ablation, guided by imaging modalities such as ultrasound or CT, employs electrode needles to
emit radiofrequency currents or microwaves, generating high temperatures between 60 and 100 °C within
the tumor tissue, thereby inducing tumor necrosis"”. Narrowly defined, insufficient ablation is identified as
arterial-phase enhancement within the ablation zone one month post-procedure, detected by dynamic
contrast-enhanced magnetic resonance imaging (MRI) or CEUS, suggesting residual tumor tissue'. More
broadly, insufficient ablation encompasses any residual tumor cells after ablation, including microsatellite

[18]

lesions and vascular infiltration, which are key contributors to tumor recurrence

Key risk factors for insufficient ablation include large or multifocal tumors, irregular shapes, unclear
boundaries, and proximity to vital organs and major blood vessels"” [Figure 1]. For larger tumors, multi-
point thermal field ablation may leave blind spots due to vaporization during tissue carbonization,
increasing the risk of incomplete treatment™. Irregularly shaped or poorly defined tumors are also
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Figure 1. Risk factors for insufficient ablation in HCC. Key risk factors contributing to insufficient ablation include large tumors (> 3-
5 cm), multifocality, irregular shapes, and unclear boundaries, all of which hinder full tumor coveragem‘m.Tumors near vital structures
such as the bile duct or gut may require reduced ablation power to avoid damage, leading to insufficient thermal energy. Proximity to
major vessels may also produce a “heat-sink effect”, dissipate heat and reduce tumor margin temperatures. Additionally, liver cirrhosis
may promote satellite nodules and vascular invasion, raising recurrence risks post-ablation. Software: Adobe lIllustrator (version 27.0;
Adobe Inc.). HCC: Hepatocellular carcinoma.

challenging to fully cover with the typically ellipsoidal ablation zone. Tumors near vital organs (e.g., bile
duct or gut) may require reduced ablation power to avoid damage, limiting the energy needed for complete
ablation. Distant regions from the heat source may also fail to reach ablative temperatures®.
Additionally, tumors near major vessels may experience a “heat-sink effect”, where blood flow dissipates
heat, preventing sufficient marginal temperatures for full ablation. Heating-induced pressure may also
spread tumor cells via vascular pathways within the ablation zone™. Finally, liver cirrhosis and poor liver
function are associated with satellite nodules and vascular invasion, further increasing the risk of
insufficient ablation®..

RECURRENCE MECHANISMS FROM INSUFFICIENT ABLATION

While initial ablation effectively eliminates most tumor tissue, residual cells often recur through
mechanisms such as autophagy activation, EMT, hypoxic microenvironment formation, and
immunosuppressive changes. These processes create favorable conditions for the survival, proliferation, and
spread of residual cells in challenging environments [Figure 2]. Understanding these mechanisms is
essential for developing combination therapies that reduce recurrence and enhance long-term survival in
HCC patients.
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Figure 2. Mechanisms of recurrence after HCC ablation involve multiple biological processes. Autophagy activation supports cellular
homeostasis™*, promoting invasion and metastasis, while EMT enhances tumor cell plasticity, fostering invasiveness and stress
resistance'™. The hypoxic microenvironment from heat-induced damage and vascular occlusion activates HIF-1a signaling, driving
metabolic reprogramming, EMT, and angiogenesis”. Immune suppression is intensified via upregulated MDSCs™ and TAMs™" which
inhibit effective anti-tumor immune responses and foster tumor growth. Collectively, these mechanisms allow residual tumor cells to
survive, proliferate, and metastasize. Software: Adobe lIllustrator (version 27.0; Adobe Inc.). HCC: Hepatocellular carcinoma; EMT:
epithelial-mesenchymal transition; EMT-TFs: epithelial-mesenchymal transition-related transcription factors; Akt: protein kinase B; Wnt:
Wingless/Integrated signaling pathway; ERK: extracellular signal-regulated kinase; SQSTM1: sequestosome 1, mTOR: mechanistic target
of rapamycin; PI3K: phosphatidylinositol 3-kinase; p62: sequestosome 1/p62 protein; LC3B: microtubule-associated protein 1light chain
3 beta; HIF-Ta: hypoxia-inducible factor 1 alpha; BNIP3: BCL2 interacting protein 3; SNAIL: Snail family transcriptional repressor 1;
TWIST: Twist family bHLH transcription factor; SLUG: Snail family transcriptional repressor 2; B-catenin: beta-catenin; MMP-2: matrix
metalloproteinase-2; MMP-9: matrix metalloproteinase-9; METTLT: methyltransferase-like 1; WDR4: WD repeat domain 4; m7G: N7-
methylguanosine; TGF-B: transforming growth factor beta; VEGF: vascular endothelial growth factor; O-GlcNAcylation: O-linked B-N-
acetylglucosaminylation; MDSC: myeloid-derived suppressor cell; TAM: tumor-associated macrophage; LAPosome: LC3-associated
phagosome; ROS: reactive oxygen species; NOX2: NADPH oxidase 2; CCL7: C-C motif chemokine ligand 7; IL-10: interleukin-10; IL-4:
interleukin-4; IL-12b: interleukin-12 subunit beta; IFNy: interferon gamma; CTL: cytotoxic T lymphocyte; DC: dendritic cell.

Autophagy activation

Autophagy, a cellular defense mechanism, sustains homeostasis by degrading damaged organelles and
proteins. In the tumor microenvironment, however, autophagy enables tumor cells to adapt to stress,
promoting survival and malignant progression”. Sublethal thermal stress has been shown to induce
autophagy in cancer cell lines such as human cervical adenocarcinoma cell line (HeLa), human
hepatocellular carcinoma cell line (Huh-7), and human hepatocellular carcinoma cell line (SMMC7721),
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highlighting its role in survival under stress””. This stress activates the phosphatidylinositol 3-kinase
(PI3K)/mechanistic target of rapamycin (mTOR)/protein kinase B (AKT) pathway (regulates cell growth
and survival), enhancing HCC cell proliferation and invasion, whereas autophagy inhibitors can reduce
residual tumor growth after thermal stress”. Hypoxia may synergize with autophagy; high microtubule-
associated protein 1A/1B-light chain 3B (LC3B; autophagosome marker) protein levels correlate with
elevated hypoxia-inducible factor 1a (HIF-1a) in tumor regions”. Xu et al. found that silencing BCL2
interacting protein 3 (BNIP3; mediates mitophagy under hypoxia), a HIF-1a target, decreased heat-induced
LC3B and HIF-1q, supporting this link”®. Additionally, Yu et al. revealed that residual tumor cells post-
insufficient RFA (iRFA) recur through the HIF-10/LC3B/sequestosome 1/p62 protein (P62) autophagy
pathway™. Another key autophagy-related molecule, Sequestosome 1 (SQSTM1; encodes p62, a selective
autophagy receptor), has also been shown to be significantly associated with tumor recurrence after RFA".
Targeting the autophagy pathway may be an effective strategy to reduce recurrence.

EMT

EMT is essential for embryogenesis, wound healing, and malignant progression. In the context of neoplasia,
EMT enhances tumor-initiating and metastatic potential, as well as therapy resistance. Yoshida et al.
demonstrated that sublethal thermal treatment induces EMT in HCC cells, promoting a stem cell-like
phenotype with high proliferation™. EMT transcription factors, including Snail (Snail family zinc finger
transcription factor - a master regulator that initiates EMT by repressing epithelial genes such as E-cadherin),
were notably upregulated by day 5 post-heat exposure!®. In post-ablation recurrent HCC specimens, cluster
of differentiation 44 (CD44), transforming growth factor-beta (TGF-B), twist family bHLH transcription
factor (TWIST), and Snail expression levels increased, strongly correlating with EMT activation. EMT
driven by protein kinase B (PKB, also known as Akt) and Extracellular signal-Regulated Kinase (ERK)
signaling reduces E-cadherin and increases Neuronal-cadherin (N-cadherin), matrix metalloproteinase-2
(MMP-2), and matrix metalloproteinase-9 (MMP-9), heightening lung metastasis risk*".

Accumulation of B-catenin, a key wingless-related integration site (Wnt) factor, is a major mechanism
driving EMT after ablation. EMT correlates with nuclear p-catenin buildup, and its inhibition can reduce
invasiveness”. Elevated Flotillin expression further enhances invasiveness via the Akt/Wnt/p-catenin
pathway™”. Additionally, under sublethal thermal stress, methyltransferase 1 (METTL1) and N7-
methylguanosine-modified transfer RNA (m7G tRNA) modifications enhance SLUG (Snail family
transcriptional repressor 2, encoded by the SNAI2 gene)/Snail translation in a codon frequency-dependent
manner”. Blocking EMT-related proteins and pathways thus presents a promising strategy to reduce
recurrence and invasiveness of residual HCC cells post-ablation.

Hypoxic microenvironment formation

Thermal ablation induces tumor necrosis through high temperatures, but the resulting heat damage and
vascular occlusion create a hypoxic environment that supports residual tumor cell survival®!. Hypoxia-
inducible factors (HIFs), key transcription factors in heat and hypoxia response, accelerate residual cell
growth through mechanisms such as metabolic reprogramming, EMT, and angiogenesis™. Studies show
that sublethal thermal stress-induced O-linked B-N-acetylglucosaminylation (O-GlcNAcylation) stabilizes
HIF-10, promoting the Warburg effect and tumor progression in HCC. Hypoxia also elevates TGF-
expression, linked to malignant progression; in post-RFA tumor tissue, TGF-p levels are notably higher,
enhancing cancer stem cell (CSC) invasiveness via the HIF-1¢/TGF-p1/Snail pathway”**". Increased TGF-p
also induces myeloid-derived suppressor cells (MDSCs), fostering immunosuppression””. Blocking TGF-B
signaling inhibits iRFA-induced progression and enhances anti-programmed death-1 (PD-1) antibody
efficacy”™. Hypoxia post-ablation raises vascular endothelial growth factor (VEGF) expression and
microvessel density. Kong et al. found that thermal treatment in human hepatocellular carcinoma cell line
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(HepG2) cells upregulated pro-angiogenic PI3K/Akt/HIF-10/vascular endothelial growth factor A (VEGFA)
signaling, with VEGF overexpression driving proliferation, migration, and CSC characteristics in residual
cells®”. Anti-angiogenic agents such as bevacizumab and sorafenib counter this effect. Targeting hypoxia-
related pathways may thus help mitigate recurrence risks associated with incomplete ablation. However,
tumor heterogeneity and the spatiotemporal dynamics of hypoxia complicate treatment efficacy.
Furthermore, clinical responses to anti-hypoxia and anti-angiogenic agents vary, with some patients
developing resistance, underscoring the need for further exploration of combination therapies and
biomarkers to precisely identify those who may benefit.

Immune suppression

Locoregional therapies can significantly influence the treatment outcomes of HCC by modulating the
immune microenvironment®. Thermal ablation induces anti-tumor immunity by exposing antigens and
triggering immunogenic cell death. However, residual tumors from incomplete ablation create an
immunosuppressive state, accelerating progression and reducing immune checkpoint blockade (ICB)
efficacy™. A major mechanism is MDSC upregulation, which is linked to postoperative recurrence.
Though ablation enhances T-cell responses to tumor-associated antigens (TAAs), these cells are suppressed
by MDSCs, with insufficient memory to prevent recurrence!. Studies reveal that heat-induced METTL1
upregulates TGF-p2 translation, increasing MDSC counts, while pro-inflammatory factors from thermal

stress enhance MDSC infiltration, promoting malignancy in residual tumors™".

Tumor-associated macrophages (TAMs) also play a role; they accumulate in transitional zones post-
ablation, suggesting involvement in residual tumor progression". Mechanistically, TAMs undergo
microtubule-associated protein 1A/1B-light chain 3 (LC3)-associated phagocytosis (LAP), enabling
interleukin-4 (IL-4)-mediated reprogramming that activates the phosphoinositide 3-kinase gamma (PI3Ky)/
AKT pathway, releasing anti-inflammatory cytokines to induce immunosuppression'*”. Additionally,
incomplete ablation reduces antigen presentation by dendritic cells (DCs) and diminishes cytotoxic T
lymphocyte (CTL) infiltration, reinforcing the immunosuppressive microenvironment”. In summary,
although incomplete ablation triggers an anti-tumor response, it also creates an immunosuppressive
environment that promotes recurrence. Overcoming this immunosuppressive microenvironment through
rational combination therapies is essential to improving ablation efficacy and reducing tumor relapse in
HCC.

STRATEGIES FOR COUNTERACTING INSUFFICIENT ABLATION

Imaging monitoring

Ablation requires complete inactivation of the tumor with adequate safety margins while minimizing
damage to normal liver tissue, demanding precise assessment of tumor infiltration and satellite lesions.
Currently guided by ultrasound and CT, thermal ablation faces limitations in intraoperative real-time
assessment. New methods aim to improve margin identification accuracy [Table 1]. Accurate imaging
evaluation enables clinicians to promptly adjust treatment strategies, thereby reducing the occurrence of
residual lesions.

CEUS reduces residual lesion incidence. In a study involving 93 patients, intraoperative CEUS identified
insufficient ablation in 34 patients (36.5%), who subsequently received additional treatment within the same
session. Twenty-four hours later, complete ablation was achieved in 88 patients (94.6%), thereby obviating
the need for secondary treatments in 29 patients (31.1%)"*’. Due to vapor-induced artifacts, a 10-15 min
wait before CEUS assessment post-ablation is recommended*. Additionally, hyperemia in ablated tissue
can complicate CEUS interpretation, which is operator-dependent. Combining CT/MRI-CEUS fusion
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Table 1. Summary of ablation efficacy evaluation methods
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Method Characteristics Drawbacks
Ultrasound Cost-effective and convenient™”’ Low resolution and poor sensitivity
The imaging effect is affected by the operator
CEUS Cost-effective and efficient, with sensitivity comparable to contrast-  Difficult to accurately assess lesions located deep,
enhanced CTV% above the heg)atic dome, or in patients with limited
positioning[7 !
Not suitable for patients with allergic tendencies
Ultrasound Allows integration of information from different imaging modalities, ~ Complex operation and registration, time-consuming,

Fusion Imaging

leveraging the advantages of each to comprehensively evaluate,
eliminate or minimize the drawbacks of each modality

Aids in intraoperative assessment of ablation margins, detection of
residual tumors, and supplementary ablation

highly dependent on experience
High equipment requirements, many influencing factors,
image registration deformation

CT Fast scanning speed, wide applicability Due to bleeding, edema, exudation, and infiltration of
Immediate intraoperative evaluation is primarily used to determine inflammatory cells around the ablation zone, accurate
the presence of complications such as pneumothorax, bleed7i1n7%, or tumor evaluation requires several weeks post-ablation
injury to adjacent organs, and to make timely interventions'’""!

MRI No radiation exposure, high resolution, excellent for vascular imaging, Slow imaging speed
can display temperature in real-time"’* Ablation equipment must be compatible with MRI to

ensure real-time imaging
Operation is more complex

CTHA Higher sensitivity for detecting small hepatic lesions both Requires catheter placement and specialized technical

preoperatively and intraopera’[ively[mz expertise
CTHA-guided MWA takes longer than conventional CT
PET/CT Can clearly delineate tumors before, during, and after ablation™? Expensive, patients are subjected to higher radiation

doses, higher false-positive rates

Still some time required before clinical translation and
application

Novel imaging
techniques

Capable of clearly identifying tumor margins, and some methods can
distinguish between residual active tumors and ablated dead
tumors'”

CEUS: Contrast-enhanced ultrasound; CT: computed tomography; MRI: magnetic resonance imaging; CTHA: CT hepatic arteriography; PET/CT:
positron emission tomography/computed tomography; MWA: microwave ablation.

imaging has shown promise in detecting and assessing liver tumors"”. Owing to its real-time capability and
operational convenience, CEUS provides valuable intraoperative guidance, particularly in resource-limited
settings.

Initially developed as a diagnostic tool, CTHA has demonstrated additional advantages in accurately
delineating tumor and vascular anatomy, improving puncture guidance, and enabling real-time monitoring
of the ablation zone'". CTHA can detect small lesions that are often missed by conventional contrast-
enhanced CT or MRI, thereby reducing the need for repeat scans and minimizing radiation exposure"".
Although its application is limited by higher costs and the requirement for catheter insertion, CTHA holds
significant promise for optimizing ablation procedures. With its superior spatial resolution and vascular
imaging capabilities, CTHA offers more precise treatment navigation, particularly in complex cases
involving ill-defined tumor margins or lesions adjacent to critical structures.

Positron emission tomography (PET) with 18F-fluorodeoxyglucose (18F-FDG) has demonstrated
significant potential for real-time evaluation of ablation efficacy. By administering 18F-FDG tracers both
before and after ablation, the immediate assessment of treatment response can be achieved*’. Furthermore,
the combination of 13N-ammonia-based metabolic and perfusion imaging allows for accurate delineation
of tumor margins within minutes post-ablation*. This approach highlights the feasibility of PET/CT as an
integrated imaging modality that supports pre-ablation path planning, intraoperative needle positioning,
immediate post-ablation assessment, and long-term follow-up. By providing dynamic insights into tumor
metabolic activity, PET/CT facilitates early detection of residual or recurrent lesions and aids in the
development of personalized therapeutic strategies.
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Recent advances in imaging technologies have led to the development of novel modalities that improve the
precision of ablation and the assessment of therapeutic outcomes. For instance, CEUS based on colony-
stimulating factor 1 receptor (CSF-1R)-targeted nanobubbles has shown promise in accurately delineating
ablation margins and detecting residual HCC lesions'”. Another novel approach is indocyanine green
(ICG)-guided optical imaging (OI), which allows for real-time visualization of tumor boundaries and
differentiation between viable and necrotic tumor tissue'*”. Collectively, these technological advancements
offer clinicians high-resolution, real-time insights that can significantly improve the safety and efficacy of
ablation therapy. However, the clinical utility and translational potential of these methods remain to be
rigorously validated in large-scale, multicenter studies.

In summary, the continuous advancement of imaging technologies has significantly enhanced the precision
and dynamic monitoring capacity of ablation therapy for HCC, providing robust support for intraoperative
decision-making and postoperative management. Notably, some advanced imaging modalities have already
been standardized in clinical practice at select centers - for example, intraoperative CEUS combined with
CT/MRI fusion imaging and real-time efficacy evaluation using PET/CT - demonstrating promising clinical
feasibility and adaptability'
prevent tumor recurrence. Given the complex biological characteristics of residual lesions and the adaptive

12,49,50

|. However, reliance on imaging alone remains insufficient to completely

mechanisms within the tumor microenvironment, the integration of postoperative adjuvant therapies has
become increasingly essential. Based on these considerations, the following sections will focus on recent
advances in combining ablation with other local treatments, chemotherapy, targeted therapy, and
immunotherapy, aiming to provide both theoretical rationale and practical guidance for developing a
multidimensional, integrated treatment paradigm.

Postoperative adjuvant therapy

With the advancement of imaging technologies, the ability to detect residual lesions during and after
ablation has been significantly improved, providing critical guidance for precise ablation procedures and
individualized patient management. Imaging surveillance has become an essential reference for formulating
postoperative treatment strategies, particularly in patients with a high risk of recurrence or suspected
insufficient ablation. Imaging-based monitoring and postoperative adjuvant therapies should be regarded as
an integrated interventional approach to collectively enhance overall treatment efficacy. Although ablation
achieves a relatively high rate of local tumor control, recurrence remains frequent - especially in patients
with minimal residual disease or highly aggressive tumors. Therefore, there is an urgent need to explore
more effective adjuvant strategies to delay recurrence and improve long-term survival outcomes.

For local therapies, several studies have investigated combining ablation with transarterial
chemoembolization (TACE), showing promise for tumor control, though large-scale randomized controlled
trials (RCTs) are still needed™". According to current studies, TACE is potentially beneficial for reducing
early recurrence in patients who have high-risk features, such as microvascular invasion (MVI), a tumor
diameter = 5 cm, multiple tumors, or suspected residual lesions™***. Combining ablation with radiotherapy
has demonstrated efficacy in preclinical models*”. However, due to the limited tolerance of the liver to
external beam radiotherapy, in patients with sufficient liver reserve who are suitable for arterial-based
therapies, pairing ablation with transarterial radioembolization (TARE) may offer a more viable option.
In a multicenter, prospective trial, early-stage HCC patients with 2-5 cm lesions received holmium-166
microspheres (***Ho-MS) infusions 5-10 days post-RFA. Among 12 patients followed for one year, no local

recurrence was observed™”.
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Thermal ablation-induced tumor necrosis generates antigens that stimulate anti-tumor immunity; however,
the resulting immunosuppressive microenvironment following insufficient ablation often drives rapid
tumor progression. As a result, combination immunotherapy has emerged as a promising strategy. A
multicenter Phase III trial (NCT00699816) found that postoperative cytokine-induced killer (CIK) cell
therapy significantly extended recurrence-free survival (RFS), with medians of 44 months in the CIK group
vs. 30 months in the control group. The CIK group also demonstrated reduced overall mortality [hazard
ratio (HR) 0.21; 95% confidence interval (CI): 0.06-0.75; P = 0.008] and cancer-related mortality (HR 0.19;
95%Cl: 0.04-0.87; P = 0.02)"". Emerging evidence indicates that adjuvant therapy with PD-1 inhibitors can
activate anti-tumor immune responses within the HCC microenvironment and has shown promise in
improving RFS®™. A retrospective study found that combining PD-1 inhibitors with RFA vyielded a 1-year
RFS rate of 32.5%, compared to 10.0% for RFA alone®”. The IMbraveos0 study (NCT04102098) randomized
high-risk HCC patients after resection or ablation into adjuvant atezolizumab-bevacizumab (atezo-bev) and
active surveillance groups, enrolling 668 patients. After a median 17.4 month follow-up, the 12 month RFS
rate was 78% in the atezo-bev group vs. 65% in the surveillance group. This is the first Phase III trial
showing improved RFS with adjuvant therapy post-curative resection or ablation, underscoring its potential
to enhance prognosis following insufficient ablation'*’. Numerous trials exploring ablation-combination
therapies are ongoing, aiming to advance these strategies from preclinical studies into clinical practice
[Table 2].

The use of appropriate biomarkers for patient stratification is key to further improving the efficacy of
immune checkpoint inhibitors (ICIs) in HCC. However, predicting response to ICIs in HCC is highly
complex. The value of programmed death-ligand 1 (PD-L1) expression (2 1%) or tumor mutational burden
(TMB) as predictive biomarkers has not been clearly established”. However, current research consensus
suggests that “inflamed” HCCs - which are characterized by the enrichment of three distinct gene
signatures: inflammatory, interferon-related antigen presentation, and T-cell-inflamed - are associated with
a more favorable response to ICIs. These features are posited to be predictive of ICI responsiveness'*”. In
clinical practice, caution is warranted when considering immunotherapy for patients with chronic hepatitis
B virus (HBV) infection. HBV infection is closely linked to persistent liver inflammation and immune
exhaustion. In particular, patients who are hepatitis B surface antigen (HBsAg)-positive or have a high viral
load often exhibit severe T-cell dysfunction, which may impair their overall response to immunotherapy.
Moreover, ICI therapy itself carries a significant risk of HBV reactivation*. While high-quality RCTs on
adjuvant antiviral therapy for early-stage HCC patients’ post-ablation are lacking, retrospective studies
suggest that antiviral therapy significantly reduces recurrence risk and prolongs overall survival (OS) in
HBV-related HCC patients after REA"*Y. Future studies should incorporate HBV status into biomarker
stratification to better guide personalized treatment strategies.

Inflammatory cytokines such as interleukin (IL)-1p, IL-6, and growth factors including TGF-p and VEGF
play critical roles in tumor initiation and progression. Molecular targeted therapies aimed at these pro-
tumorigenic signaling pathways may improve patient outcomes®™. A multicenter retrospective study
demonstrated that adjuvant sorafenib after RFA in early-stage HCC patients significantly reduced
recurrence and prolonged OS"’. However, the STORM trial (NCT00692770) failed to show a significant
reduction in recurrence following curative surgery or ablation, possibly due to the lack of stratification
based on inflammatory status and the limited proportion of ablation cases included””. Therefore, stratifying
patients based on inflaimmatory biomarkers - such as IL-6, C-reactive Protein (CRP), and VEGFA - may
enhance the efficacy of targeted adjuvant therapies. For patients with high systemic inflammation and poor
hepatic reserve, locally delivered targeted drug systems may also offer a promising alternative by
minimizing systemic toxicity.
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Table 2. Summary of clinical trials for combination therapy with ablation
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Identifier Study title Interventions Primary outcome Secondary outcome Phases Locations
NCT00699816 Efficacy and safety of immuncell-LC group and non-treatment ~ Curative treatment combined with RFS OS, cancer-specific Il Korea
group in hepatocellular carcinoma patients CIK cells survivals
NCT01853618 Tremelimumab with chemoembolization or ablation for liver Tremelimumab + RFA or TACE AEs PFS, OS /11 United States
cancer
NCT02851784 Combination therapy of microwave ablation and cellular Radical MWA combined with CIK  Cumulative survival DFS /1 China
immunotherapy for hepatocellular carcinoma cells rates
NCT03864211 Thermal ablation followed by immunotherapy for HCC RFA/MWA followed by PFS ORR, OS, DCR, TMR, etc. /11 China
toripalimab
NCT03867084 Safety and efficacy of pembrolizumab (MK-3475) vs. placebo ~ Complete surgical resection or RFS, OS AEs, HRQoL I United States, Argentina,
as adjuvant therapy in participants with HCC and complete local ablation combined with Australia, Belgium, Brazil,
radiological response after surgical resection or local ablation ~ pembrolizumab Canada, etc.
(MK-3475-937/KEYNOTE-937)
NCT03939975 Anti-PD-1therapy combined with thermal ablation for Pembrolizumab or nivolumab or ~ AEs, ORR, DoR, DCR TTP, PFS, OS, etc. Il China
advanced HCC JSO0T combined with RFA/MWA
NCT04102098 A study of atezolizumab plus bevacizumab vs. active Curative resection or ablation RFS 0OS, TTR, time to 11 United States, Australia,
surveillance as adjuvant therapy in patients with hepatocellular (RFA or MWA) combined with extrahepatic spread or Austria, Brazil, Canada, China,
carcinoma at high risk of recurrence after surgical resection or  atezolizumab and bevacizumab or macrovascular invasion, Costa Rica, Czechia, France,
ablation not AEs, etc. Germany, etc.
NCT04204577 The safety and efficacy of thermal ablation combined with Local ablation combined with PFS ORR, DCR, OS, AEs, SAEs, I China
apatinib and carilimub for advanced liver cancer apatinib and PD-1 antibody SHR- HRQoL
1210 or not
NCT04220944 Combined locoregional treatment with immunotherapy for MWA combined with PFS ORR, TTP, OS, TEAEs China
unresectable HCC simultaneous TACE plus PD-1
inhibitor
NCTO04517227 The combination therapy of TACE and ablation with TACE and ablation combined with AEs PFS, TTP, OS NA China
durvalumab in HCC at intermediate stage durvalumab
NCT04652440 Ablation combined with PD-1in HCC: phase Il study PD-1antibody and RFA or MWA  TRAEs, SAEs CR, TFR, local recurrence /Il China
rate, distant metastasis
rate, DFS, OS
NCT04665609 Thermal ablation combined with anlotinib and TQB2450 MWA plus TQB2450 solution ORR OS, PFS, DCR, HRQol, AEs, /1 China
solution for HCC (anti-PD-L1) combined with SAEs
anlotinib or not
NCT04864379 Clinical study of a personalized neoantigen cancer vaccine Neoantigen cancer vaccine (iNeo- AEs, ORR, measurement OS, PFS, the diversity and | China
combined with anti-PD-1and RFA in patients with solid tumors  Vac-PO1) combined with anti-PD- of CD4/CD8+T clonability of T cells
1antibody and RFA lymphocyte subsets
NCT06537505 A Study of MWA combined with immunotherapy =+ anti- MWA and adebrelimab combined ORR DCR, PFS, OS, AEs Il China

angiogenic drugs in the treatment of solid tumors

with apatinib or not

AEs: Adverse events; CIK: cytokine-induced killer; CR: complete response; DCR: disease control rate; DoR: duration of response; DFS: disease-free survival; HCC: hepatocellular carcinoma; HRQoL: health-related
quality of life; MWA: microwave ablation; ORR: objective response rate; OS: overall survival; PFS: progression-free survival; RFA: radiofrequency ablation; RFS: recurrence-free survival; SAEs: serious adverse events;
TEAESs: treatment emergent adverse events; TACE: transarterial catheter chemoembolization; TFR: treatment failure rate; TMR: tumor marker response; TTP: time to tumor progression; TTR: time to recurrence.
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Nanomedicine shows significant potential in preventing tumor recurrence post-ablation by enhancing immune responses and anti-tumor effects through
various mechanisms. As an emerging field, its clinical indications have not yet been standardized but may include patients with insufficient ablation, poor
hepatic reserve, or intolerance to systemic therapy. In these cases, nanoplatforms can leverage the enhanced permeability and retention (EPR) effect for tumor
accumulation and remodel the immunosuppressive microenvironment, thereby inhibiting the progression of residual tumors'*'***. Patient selection might
prioritize individuals with an immunosuppressive tumor microenvironment or high risk of residual disease, though this requires further validation in clinical
translation. Several preclinical studies have demonstrated its promise. For example, iRFA has been shown to enhance vascular permeability and facilitate the
accumulation of arsenic trioxide (ATO)-loaded zeolitic imidazolate framework-8 (ZIF-8) nanoparticles in residual tumors, thereby reversing EMT and
improving local control*”. Ao et al. designed an injectable hydrogel containing stimulator of interferon genes (STING) agonists that effectively activated the
STING pathway, increased M1 (classically activated, pro-inflammatory) macrophage polarization and cytotoxic T cell infiltration, and reversed local
immunosuppression"”. Xiao et al. created an antigen-capturing nanoplatform that co-delivers TAA and Neé-methyladenosine (m6A) demethylase inhibitors to
tumor-infiltrating DCs (TIDCs), enhancing DC maturation and, in combination with ICB therapy, inhibiting distant tumor growth and lung metastasis'*”.

Moreover, a Trinity nanovaccine with spatiotemporal immune effects has shown improved immune activation as an adjuvant to REA"*. Cell-based micro/
nanorobots with targeted penetration, immune modulation, and precise therapy are gaining prominence in biomedical research. Our team previously
developed a “hitchhiking” technology that uses drug-loaded macrophages (MAMH) directed by ablation-induced inflammatory gradients. In this approach,
macrophage robots carrying lenvatinib accumulate in tumor tissue under these gradients, enhancing drug concentration by nearly 10-fold within lesions. This
method has shown significant tumor inhibition and favorable biosafety in mouse and rabbit models"”. Nanomedicine offers a multifunctional platform that
not only enables precise targeting of residual tumors but also enhances post-ablation anti-tumor responses by reshaping the immune microenvironment.
However, despite their encouraging preclinical results, most nanomedicine strategies remain far from clinical translation. Major challenges include the lack of
standardized manufacturing and characterization protocols, unpredictable biodistribution and long-term biosafety, and substantial differences between animal
models and human pathophysiology. Furthermore, immune responses to nanomaterials and scalability of production under good manufacturing practice
(GMP) conditions remain critical barriers. Future efforts should prioritize large-animal validation, comprehensive pharmacokinetic and toxicity evaluation,
and early-phase clinical trials to bridge the gap between laboratory innovation and real-world application.

Conclusion and future perspective

Thermal ablation has become a crucial therapeutic modality for HCC, particularly in patients with impaired liver function or those unsuitable for surgical
resection. Despite its minimally invasive nature and relatively high local control rates, postoperative tumor recurrence remains a significant clinical
challenge™”. The primary cause of recurrence is insufficient ablation leading to rapid progression of residual tumor cells, driven by key mechanisms such as
autophagy activation, EMT, hypoxia-induced signaling, and tumor immune evasion. These biological processes collectively establish a tumor-promoting
microenvironment around residual lesions, representing a major barrier to therapeutic efficacy''**.
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To address these challenges, current research efforts are increasingly focused on multidimensional and
multimodal comprehensive interventions. Foremost, achieving complete ablation under precise imaging
guidance remains the cornerstone of successful treatment. Advanced imaging modalities - including CEUS,
CTHA, PET/CT, and emerging intraoperative OI techniques - hold promise for improving the accuracy of

[12,18,

ablation margin delineation and enabling real-time monitoring">***!. Furthermore, postoperative adjuvant

therapies, particularly combinations involving interventional, molecular targeted, and immunotherapeutic

approaches, have demonstrated potential in delaying tumor recurrence® .

Based on these considerations, we propose an integrated management framework and decision algorithm
for HCC thermal ablation [Figure 3]. This framework begins with preoperative risk stratification and
multidisciplinary team (MDT) evaluation to identify high-risk features - including large or irregular tumors
and those adjacent to critical structures - enabling consideration of alternative approaches such as surgical
resection or combined TACE-ablation. The intraoperative phase emphasizes real-time imaging guidance
with continuous assessment of the ablation zone and safety margins, incorporating technical adjustments
such as multi-point ablation when needed, and allowing for immediate salvage ablation if margins appear
insufficient"**!. Postoperative management is guided by one-month definitive imaging assessment.
Patients are stratified according to clinical and pathological findings. For patients with confirmed
macroscopic residual lesions in anatomically suitable locations and no distant metastases, local treatment
options such as repeat ablation, TACE, or radiotherapy should be prioritized. For patients without
macroscopic residual disease but exhibiting high-risk features (e.g., MVI, multiple tumors, or large tumor
size), local regional therapies such as TACE may be considered to reduce the risk of early recurrence**.
Concurrently, immunotherapy and/or targeted therapy serve as viable adjunctive strategies, demonstrating
favorable recurrence control in multiple studies. Patients exhibiting tumor “inflamed” characteristics may
derive greater benefit from immunotherapy'®>*>*. Furthermore, novel therapies including nanomedicine
and CIK cell therapy remain exploratory and should only be administered within rigorously designed
clinical trials"*'**. For patients achieving complete remission without high-risk features, standardized
follow-up protocols are recommended, encompassing regular imaging studies and serological assessments.

Looking forward, advancements in HCC thermal ablation will inevitably depend on the deep integration of
imaging-guided precision ablation and mechanism-driven combination therapies. The convergence of
multidisciplinary approaches and innovative technologies is anticipated to overcome current therapeutic
limitations, facilitating the development of personalized and precision medicine strategies that significantly
improve long-term patient outcomes.
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Figure 3. Integrated management framework and decision algorithm for HCC thermal ablation. This comprehensive chart delineates the
four-phase clinical management pathway, aligning procedural stages (left) with corresponding decision-making algorithms (right).
Software: Adobe lllustrator (version 27.0; Adobe Inc.). HCC: Hepatocellular carcinoma; MDT: multidisciplinary team; CEUS: contrast-
enhanced ultrasound; MRI: magnetic resonance imaging; PET/CT: positron emission tomography/computed tomography; TACE:
transarterial chemoembolization; TARE: transarterial radioembolization; SBRT: stereotactic body radiation therapy.
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