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Abstract: Intratumoral tertiary lymphoid structures (iTLSs) have emerged as critical immune features in hepatocellular carcinoma
(HCC). This narrative review critically synthesizes current evidence (sourced from PubMed, Embase, and Web of Science up to
January 2026) on the biological mechanisms, pathological assessment, non-invasive imaging, and clinical implications of iTLSs.
Moving beyond simple binary classifications, we emphasize that precise scoring based on morphological maturation is essential.
Clinically, functionally mature iTLSs are strongly associated with favorable prognosis and immunotherapy benefits, though metabolic
etiologies (e.g, NASH) can drive complex immunosuppression. Furthermore, while non-invasive radiomic models show high
predictive accuracy, their clinical translation is hindered by mathematical overfitting and a “black box” lack of biological interpret-
ability. Translating these biological insights into clinical practice, particularly through non-invasive imaging biomarkers and standar-
dized pathological evaluations, holds great promise for guiding personalized immunotherapy. Ultimately, however, overcoming inter-
study heterogeneity and conducting rigorous functional validations remain imperative before their routine clinical integration.
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Introduction
Hepatocellular carcinoma (HCC) is the most common primary liver malignancy, accounting for nearly 90% of all hepatic
cancers worldwide. China bears almost half of the global HCC burden, mainly due to the high prevalence of chronic
hepatitis B virus (HBV) infection, aflatoxin exposure, and metabolic liver disease.' Despite progress in diagnosis and
treatment, the prognosis of HCC remains poor, with a 5-year recurrence rate after curative resection reaching approxi-
mately 60—70%.>

Current treatments for HCC include surgery, liver transplantation, locoregional therapies, and systemic therapy, but
long-term outcomes remain unsatisfactory for advanced disease. In recent years, combinations of immune checkpoint
inhibitors and targeted agents-such as atezolizumab plus bevacizumab or durvalumab plus tremelimumab-have signifi-
cantly improved survival and response rates, marking a new era of immunotherapy-based treatment,>> emphasizing the
importance of understanding the tumor immune microenvironment in predicting therapeutic response and improving
clinical outcomes.

With growing recognition of the immune microenvironment’s role in HCC, increasing attention has focused on
tertiary lymphoid structures (TLSs). TLSs are ectopic immune aggregates composed of B cells, T cells, and dendritic
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cells, which develop in response to chronic inflammation or antigenic stimulation.® TLSs in HCC can be categorized into
intratumoral and peritumoral types, each showing distinct biological and clinical implications.” Intratumoral TLSs
(iTLSs) are operationally defined as organized lymphoid aggregates located directly within the tumor bed. Given the
heterogeneity in the literature, it is crucial to recognize that iTLSs exist on a continuum of maturation. They are generally
classified into immature iTLSs (simple lymphoid aggregates or primary follicles lacking germinal centers) and mature
iTLSs (secondary follicle-like structures characterized by well-developed germinal centers and follicular dendritic cell
networks). Emerging evidence presents conflicting findings regarding the prognostic role of peritumoral TLSs. Some
have suggested that higher peritumoral TLSs density is associated with enhanced local immune activation and improved
survival,”® whereas other studies have reported that peritumoral TLSs show either no significant association or even
a negative correlation with prognosis,”'® which may stem from methodological inconsistencies (eg, varying spatial
definitions) and clinical heterogeneities (such as underlying etiologies and tumor stages). In contrast, based on current
evidence predominantly derived from surgical resection and liver transplantation cohorts, viral-associated etiologies, and
emerging immunotherapy trials, there is growing consensus on the roles of iTLSs in modulating the tumor microenvir-
onment and guiding patient stratification.'''*

Understanding iTLSs may help refine immune-based prognostic assessment and guide individualized therapeutic
strategies in HCC. Therefore, the primary purpose of this review is to critically synthesize current evidence on iTLSs in
HCC and establish a multidimensional framework that explicitly separates their mere structural presence, morphological
maturation state, and underlying immune functionality. The scope of this comprehensive review encompasses four key
domains: (1) the biological mechanisms driving iTLSs formation across different etiologies; (2) precise histopathological
definitions and maturity scoring; (3) the emerging role and limitations of non-invasive imaging predictions; and (4) their
clinical implications for prognosis and immunotherapy response.

Search Strategy and Literature Selection

This review was conducted as a structured narrative review. To enhance methodological transparency and comprehen-
siveness, a literature search was performed across major electronic databases, including PubMed, Embase, and Web of
Science. The search strategy utilized combinations of the following keywords and Medical Subject Headings (MeSH)
terms: (“tertiary lymphoid structures” OR “tertiary lymphoid organs” OR “ectopic lymphoid structures” OR “TLS”)
AND (“hepatocellular carcinoma” OR “liver cancer” OR “HCC”). The search encompassed articles published from
database inception to January 2026, with a primary focus on recent high-impact studies from the last five years. Inclusion
criteria were restricted to peer-reviewed original research articles, robust clinical trials, and comprehensive reviews
published in English. Two authors independently screened the titles and abstracts to identify studies reporting on the
formation mechanisms, pathological assessment, non-invasive imaging, and prognostic or predictive value of iTLSs in
HCC. Selected articles were critically appraised, with particular attention paid to the study design, etiologic context, and
the specific criteria used to define and score iTLSs maturation.

Formation Mechanisms of iTLSs

The formation and functional maturation of iTLSs within the tumor microenvironment (TME) are intricately linked to
chronic inflammation, immune cell interactions, tumor microenvironment remodeling, and immune regulatory pathways.
Emerging mechanistic studies have highlighted several key pathways driving the formation of iTLSs in HCC (Figure 1).
However, it is important to note that while some pathways are supported by HCC-specific data, others are currently
extrapolated from broader pan-cancer mechanistic literature.

Chronic Inflammation as a Proposed Driver of iTLSs Formation

The formation of iTLSs in HCC is frequently associated with chronic inflammation, a hallmark of liver diseases such as viral
hepatitis and non-alcoholic steatohepatitis. These conditions result in persistent inflammatory stimuli that initiate the
formation of TLSs by mimicking lymphoid organogenesis. Key cytokines, such as CXCL13, CCL19/21," and other
inflammatory mediators like tumor necrosis factor (TNF), IL-1B, and IFN-y, are upregulated in response to the chronic
inflammatory environment. These cytokines are proposed to mediate the recruitment of B cells, T cells, and dendritic cells
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Figure | Schematic illustration of multiple parallel mechanisms regulating intratumoral tertiary lymphoid structures formation. It details the progression from chronic
inflammation-driven immune recruitment and stromal-mediated organization to the establishment of functional germinal center-like structures. Additionally, the schematic
highlights the critical immunomodulatory role of the gut-liver axis via portal vein microbial signaling.

Abbreviations: CXCL, C-X-C motif chemokine ligand; CCL, C-C motif chemokine ligand; TNF, tumor necrosis factor; IL, interleukin; IFN-y, interferon gamma; HEYV, high
endothelial venule; LT o/B, lymphotoxin alpha/beta; GC, germinal center; TFH, follicular helper T cell; FDC, follicular dendritic cell; TLR, Toll-like receptor; LPS,
lipopolysaccharide; iTLSs, intratumoral tertiary lymphoid structures.

(DCs) to the tumor site, which then aggregate into the foundational structure for iTLSs.'®'® This cytokine-driven process
supports the formation of immune cell-rich regions that mimic the early stages of secondary lymphoid tissue development.

Immune-Stromal Interactions and Structural Organization

Once immune cells are recruited to the tumor site, immune-stromal interactions play a critical role in organizing iTLSs.
The lymphotoxin-o/p (LTo/B) signaling pathway is suggested to be a central mediator of this process, activating nuclear
factor-kB (NF-kB) signaling pathways, which are essential for establishing the architecture of iTLSs.'” However, the
stromal landscape in HCC is highly heterogeneous. While specific subsets of fibroblasts act as lymphoid tissue organizers
to promote iTLSs assembly via CXCL13 secretion,”° others contribute to a dense fibrotic stroma. This fibrosis can act as
a physical barrier, excluding lymphocytes and hindering the spatial organization required for iTLSs formation.?' Despite
these barriers, successful stromal remodeling facilitates the segregation of immune cells into distinct T-cell and B-cell
zones. Additionally, the formation of high endothelial venules (HEVs) supports continuous lymphocyte trafficking.?
This process leads to the stabilization of the iTLSs structure, ensuring that immune responses against tumor cells can be

sustained over time.

Immunoregulatory Factors and iTLSs Maturation

The maturation and functional competence of iTLSs in HCC are critically dependent on the establishment of spatially
organized T-cell and B-cell zones and the subsequent formation of germinal center-like (GC-like) structures, which
represent the defining hallmark of mature iTLSs.>> Lymphocyte compartmentalization is orchestrated by coordinated
chemokine axes, with the CCL19/CCL21-CCR7 pathway directing T-cell positioning and the CXCL13-CXCRS5 axis
driving B-cell recruitment and follicle formation.**** Following T/B cell segregation, GC development is initiated by the
recruitment of follicular helper T (Tgy) cells into the B-cell zone, thereby promoting B-cell proliferation, class-switch
recombination, and somatic hypermutation.'® In parallel, follicular dendritic cell (FDC) differentiation, predominantly
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driven by TNFRI1 signaling, establishes a reticular network capable of capturing and retaining antigen-antibody com-
plexes through CD21-C3d-dependent mechanisms, ensuring sustained antigen presentation and GC stability.?
Collectively, Tgy cells and FDCs create a specialized microenvironment that enables effective humoral immune
responses within iTLSs. Conversely, iTLSs maturation can be constrained by immunosuppressive elements of the
HCC microenvironment, including regulatory T cells, tumor-associated macrophages, and tumor-intrinsic metabolic

pathways,?”%°

contributing to the marked heterogeneity in iTLSs structure and function observed.

Role of the Tumor Microbiome in iTLSs Formation

Emerging evidence suggests that the microbiota serves as an important modulator of iTLSs formation. Locally, the
intratumoral microbial community can activate pattern-recognition receptors (PRRs) on immune cells, triggering signal-
ing pathways that promote immune recruitment.>*>' More importantly, given the unique anatomical link between the gut
and the liver, the “Gut-Liver Axis” plays a pivotal role. Translocation of bacterial products (eg, LPS) and metabolites (eg,
bile acids) via the portal vein can prime hepatic cells through Toll-like receptor (TLR) signaling. This priming modulates
the hepatic immune microenvironment, suggesting that gut dysbiosis could be a critical distal regulator of intratumoral
lymphoid neogenesis in HCC.?? Specifically, microbial components can enhance B-cell responses, potentially fostering
the development of iTLSs.>* However, much of the current mechanistic understanding is extrapolated from other
gastrointestinal cancers, and direct HCC-specific evidence remains nascent. Furthermore, evaluating the microbiome’s
impact on iTLSs in HCC is heavily confounded by clinical variables such as prior antibiotic exposure, the severity of
underlying cirrhosis, specific liver disease etiologies, and recent treatment histories. While promising, the precise causal
mechanisms linking specific bacterial loads to iTLSs density remain an active area of investigation.

Histopathological Definition and Controversies of iTLSs

In HCC, iTLSs have attracted increasing attention as potential determinants of antitumor immunity and clinical outcome.
However, despite rapidly expanding literature, the pathological definition, classification, and assessment of iTLSs remain
subjects of ongoing debate, posing challenges to data interpretation and cross-study comparability.

Current literatures demonstrate that iTLSs display a spectrum of maturation states rather than a simple binary
presence or absence.'®**?> Pathologically, iTLSs are commonly classified into three subtypes according to their
structural organization and maturation status. Lymphoid aggregates: consist of loosely arranged clusters of more than
100 lymphocytes with poorly defined borders, containing scattered CD3" T cells and CD20" B cells, with occasional high
endothelial venules (identifiable by PNAd) but no follicular dendritic cell (FDC) networks. Primary follicle-like
structures: display organized lymphoid architecture without GC, characterized by centrally located CD20" B cells,
peripherally distributed CD3" T cells, and the presence of CD21'/CD23~ FDC networks. Secondary follicle-like
structures: represent fully mature iTLSs with active germinal centers (marked by BCL6 and Ki67 positivity) and well-
developed FDC networks expressing both CD21 and CD23°%37 (Figure 2). To ensure reproducible and operational
assessment across studies, we strongly recommend a core immunohistochemical or multiplex panel encompassing CD3,
CD20, CD21/CD23, BCL6/Ki67, and PNAdJ.

Although some studies broadly classify dense lymphoid aggregates within tumors as iTLSs,***°

this definition
remains controversial. Increasing evidence suggests that iTLSs represent a continuum of maturation rather than a binary
presence or absence. In this framework, simple lymphoid aggregates are considered early, immature forms that lack clear
architectural organization, B/T cell compartmentalization, or GC activity.”*' Consequently, indiscriminately categoriz-
ing unstructured lymphoid aggregates as functional iTLSs may obscure the true biological significance of mature iTLSs
and weaken their association with clinical outcomes, including tumor recurrence and patient survival.

A second controversy concerns how iTLSs are assessed. In early study, Hematoxylin and Eosin (H&E) staining has
been the foundational method for diagnosing iTLSs, as they share some histological features with lymph nodes.** In
routine practice, it is used to identify and assess their basic morphology. However, H&E staining has inherent limitations,
primarily its inability to accurately differentiate cellular subsets and functional structures within iTLSs.** Challenging
this limitation, a novel deep-learning approach utilizing H&E-stained slides demonstrated the ability to automatically
segment and quantify the “iTLSs ratio”, which effectively predicts cancer prognosis and immunotherapy response across

4 https: Journal of Hepatocellular Carcinoma 2026:13



Liu et al

Figure 2 Representative histological and immunohistochemical profiles of intratumoral tertiary lymphoid structures (iTLSs) in hepatocellular carcinoma. iTLSs within the
tumor microenvironment are categorized into three developmental stages based on their organizational complexity and cellular composition. Top row: Lymphoid aggregates
characterized by an immature, disorganized collection of CD3+ T cells and CD20+ B cells. Middle row: Primary follicle-like structures showing initial compartmentalization
of T and B cell zones with rudimentary follicular dendritic cell (FDC) networks (focal CD21+ and minimal CD23+ staining). Bottom row: Secondary follicle-like structures
representing mature iTLSs with well-defined germinal centers, featuring a dense, organized meshwork of FDCs (strong and extensive CD2 1+ and CD23+ immunoreactivity).
All images are original representative sections from our patient cohort. The leftmost column displays Hematoxylin and Eosin (H&E) staining, while subsequent columns
display immunohistochemistry on sequential sections. Scale bars = 50 pm.

Abbreviations: H&E, Hematoxylin and Eosin; CD, cluster of differentiation; FDC, follicular dendritic cell; iTLSs, intratumoral tertiary lymphoid structures.

multiple cohorts. By leveraging matched multiplex immunohistochemistry (mIHC) images as ground truth, these Al-
driven approaches reduce subjective human judgment. However, their clinical implementation faces several limitations,
including the current inability to computationally separate mature germinal center-containing iTLSs from immature
aggregates to refine predictive value, the challenge of using 2D histological sections to represent complex 3D immune
structures, and potential vulnerability to domain shift across different scanning platforms**. To achieve a more precise
characterization of iTLSs, such as identifying B/T cell zones, germinal centers, FDC networks, and specific immune cell
population-IHC or multiplex immunofluorescence are essential complementary techniques®****® (Table 1). However,
there is no current consensus agreement on the definition of iTLSs, which limits the diagnostic and prognostic value.
Developing a unified system for iTLSs identification, classification, and scoring, combining H&E and THC, is essential

for broader clinical application.

Non-Invasive Prediction of iTLSs in HCC
Accumulating evidence has increasingly underscored the clinical relevance of non-invasive, preoperative prediction of
iTLSs in HCC, given their close association with tumor immune contexture, prognosis, and therapeutic responsiveness. At
present, assessment of iTLSs relies largely on postoperative pathological evaluation, which is invasive and temporally
delayed. This limitation restricts the use of iTLSs-related information for preoperative treatment stratification and may be
influenced by sampling bias, thereby failing to capture intratumoral immune heterogeneity. Consequently, there is growing
interest in imaging-based non-invasive approaches that enable a virtual biopsy of the tumor immune microenvironment.
Early studies using contrast-enhanced CT demonstrated the feasibility of preoperative, non-invasive prediction of
iTLSs in HCC through nomogram- or machine learning—based frameworks. In a CT-based nomogram study, imaging-
derived features were combined to enable preoperative discrimination of tumors with and without iTLSs, providing
initial proof of concept for CT-driven iTLSs assessment.*’ Subsequent machine learning-based CT radiomics studies
further advanced this approach by integrating high-dimensional radiomic features extracted from multiphase CT images
with clinical variables. Notably, one study identified the albumin-bilirubin score as an independent clinical predictor of
iTLSs expression, and demonstrated that a combined clinical-radiomics model achieved superior predictive performance
compared with clinical-only or radiomics-only models, with reported area under the curve values exceeding 0.90 in both
training and validation cohorts.*® In addition, a multicenter study using multi-phase CT-based intratumoral and
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Table | Existing Histopathological iTLSs Scoring Approaches in HCC

Scoring

on H&E-stained slides

density grading (High vs. Low)

Scoring Approach Definition Used/Markers Maturity Grading Sampling Readout Association with Outcomes
Method
H&E Morphological Dense lymphoid aggregates Binary (Presence vs. Absence) or WSI or TMA iTLSs count or density Presence is associated with a lower

(number/mm?)

recurrence risk and significantly improved
RFS/DFS.

IHC-based Maturation

CD3, CD20, CD21/23

3-tier classification: lymphoid

WSI or multi-ROI

Proportion of mature vs.

Mature iTLSs (GC+) strongly correlate with

extraction from digitized
H&E slides

continuous quantitative metrics

Grading (FDCs), BCL6/Ki67 (GCs), aggregates, primary follicles, assessment immature iTLSs, spatial robust local antitumor immunity and
PNAd (HEVs) secondary follicles (GC+) distribution prolonged OS.
mlF Spatial Profiling Core panel multiplexing (e.g, Spatial compartmentalization and ROI or spatial Cellular proximity, cluster High density of mature iTLSs predicts
CD3, CD20, CD21, PNAd, cellular composition profiling density, immune niche favorable response to ICls.
Ki67) enrichment
Al/Deep Learning Deep learning feature Probability scores for presence or Digitized WSI “iTLSs ratio” (iTLSs area / total High predictive scores correlate with

tissue area) or predicted iTLSs

status

improved survival and ICI efficacy.

Abbreviations: Al artificial intelligence; DFS, disease-free survival; FDC, follicular dendritic cell; GC, germinal center; H&E, hematoxylin and eosin; HCC, hepatocellular carcinoma; HEV, high endothelial venule; ICl, immune checkpoint
inhibitor; IHC, immunohistochemistry; iTLS, intratumoral tertiary lymphoid structure; mIF, multiplex immunofluorescence; OS, overall survival; RFS, recurrence-free survival; ROI, region of interest; TMA, tissue microarray; WSI, whole-

slide imaging.
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peritumoral radiomics confirmed the robustness of CT radiomic signatures for iTLSs prediction across independent
cohorts, reporting good discriminative performance in both internal and external validation sets.*

Subsequent advances using MRI-based approaches further improved predictive performance and biological interpret-
ability for non-invasive assessment of iTLSs. Several studies demonstrated that conventional MRI-derived features were
associated with iTLSs status or maturity. In particular, MRI-based models identified imaging features such as intratu-
moral hemorrhage, tumor-in-vein, complete capsule, satellite nodules, and intratumoral arterial features as significant
predictors when stratifying different iTLSs maturity stages. These feature-based models achieved moderate discrimina-
tive performance, with reported area under the curve values of approximately 0.75 and 0.76 for distinguishing adjacent
iTLSs maturity categories, and maintained consistent performance in external validation cohorts.*®

Beyond conventional imaging features, advanced MRI-based radiomic and transfer learning models substantially
enhanced predictive accuracy. A multicenter transfer learning radiomic study based on contrast-enhanced MRI achieved
excellent discrimination of iTLSs presence, with reported AUC values of 0.91 in the training cohort and approximately
0.85 in both internal and external validation cohorts, and further demonstrated associations between model-predicted
iTLSs status and improved survival outcomes.’® In parallel, hybrid models integrating MRI radiomic signatures with
clinical-radiologic variables achieved AUC values ranging from 0.82 to 0.88 across training and validation cohorts, and
were shown to identify patient subgroups that derived survival benefit from postoperative targeted-immunotherapy.”'

More recently, susceptibility-weighted imaging (SWI) has emerged as a complementary MRI technique for iTLSs
prediction. An interpretable SWI-based radiomics model reported an AUC of 0.77 in an independent validation cohort,
and identified specific radiomic features as significant predictors of iTLSs-positivity.”* In addition, diffusion-based MRI
techniques, including intravoxel incoherent motion (IVIM) imaging, demonstrated added value, with radiomics-based
IVIM models achieving an AUC of approximately 0.80, outperforming models based solely on IVIM parameters or
clinical-radiologic features.>

While current non-invasive imaging models demonstrate high predictive accuracy, their clinical translation faces
significant hurdles. A primary challenge is the “black box” nature of radiomics, where high-dimensional mathematical
features often lack direct biological interpretability.* Consequently, it remains difficult to definitively determine whether
imaging-predicted iTLSs truly represent functionally active anti-tumor immune niches or merely reflect non-specific
stromal alterations. Moreover, the heavy reliance on high-dimensional data extraction, coupled with heterogeneous
imaging protocols, inherently increases the risk of mathematical overfitting and center-specific bias.> Specifically, the
frequently reported high AUCs must be carefully contextualized, as they are often derived from retrospective designs and
can be heavily influenced by the pathological ground truth used for training—such as the inherent differences between
comprehensive whole-slide imaging (WSI) and sampling-limited biopsy specimens. A structured summary of key
imaging studies and their specific limitations is provided in Table 2.

iTLSs and Clinical Outcomes in HCC

Prognostic Association: Recurrence and Overall Survival

Accumulating evidence suggests that iTLSs in HCC are generally associated with a more favorable immune contexture and
improved clinical outcomes, although their prognostic and therapeutic significance is heterogeneous and context dependent.
Multiple studies have reported that the presence of iTLSs correlates with lower recurrence risk and improved survival,

C,'"131% and is accompanied by increased infiltration of cytotoxic T cells, B cells, and other

particularly in early-stage HC
effector immune populations.’®>’ Current evidence suggests that the prognostic association is particularly robust for
recurrence-related outcomes, such as recurrence-free survival (RFS) or disease-free survival (DFS), following curative
treatments like surgical resection.'? This strong correlation is biologically plausible, as the localized, primed immune
microenvironment orchestrated by iTLSs actively suppresses micrometastases and delays local recurrence. While mature
iTLSs are also generally associated with improved overall survival (OS), this relationship can sometimes appear less
pronounced across studies. This is because OS in HCC is heavily confounded by competing risks over the long term, such as
the progression of underlying liver cirrhosis, hepatic failure, or the development of de novo tumors.’®>° Therefore,

explicitly distinguishing these endpoints is essential for accurately interpreting the clinical impact of iTLSs.
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Table 2 Summary of Key Non-Invasive Imaging Studies for iTLSs Prediction in HCC

Imaging Modality & Cohort External Endpoint Predictive Major Limitations & Context
Approach Size Validation | Evaluated Performance

(AUC)
CT Radiomics (incl. clinical | N=142-697 | Yes / No iTLSs Presence 0.75-0.91 Retrospective design; high risk of
models) overfitting.
CT Transfer Learning / N=660 Yes iTLSs Presence 0.85 Retrospective; manual segmentation;
Deep Learning ignored maturity; black-box.
Conventional MRI Features | N=388 Yes iTLSs Maturity 0.75 and 0.76 Retrospective; Subjective visual evaluation.

(iTLSs-0/1/2/3)

Enhanced MRI Radiomics N=332 Yes iTLSs Presence 0.88 Retrospective; small validation cohort;
(e.g, Gd-EOB-DTPA) ignored maturity; HBV-dominant.
Functional MRI Radiomics N=477 Yes iTLSs Presence 0.77 Scanner-dependent protocols; limited
(e.g, SWI) broad generalizability.

IVIM MRI Radiomics N=168 No iTLSs Presence 0.80 Single-center; temporal partitioning; lacks

external validation.

Abbreviations: AUC, area under the curve; CT, computed tomography; Gd-EOB-DTPA, gadoxetate disodium; HBV, hepatitis B virus; IVIM, intravoxel incoherent motion;
MRI, magnetic resonance imaging; SWI, susceptibility-weighted imaging.

At the cellular level, single-cell transcriptomic analyses indicate that iTLSs-associated regions are enriched in

2960 supporting the concept that iTLSs function as local platforms

memory T-cell subsets and organized immune niches,
for sustained antitumor immune responses. However, emerging data emphasize that treating iTLSs as a simple binary
variable (presence versus absence) risks conflating biologically distinct entities. The functional quality and maturation
status of iTLSs critically determine their clinical relevance.’”°' Mature iTLSs, characterized by active germinal centers
and robust FDC networks, are consistently associated with robust antitumor immunity and superior survival. In contrast,
immature lymphoid aggregates often fail to mount effective humoral responses and may even harbor immunosuppressive
cells.”® Consequently, the failure of earlier studies to clearly separate immature aggregates from germinal center-
containing mature structures likely accounts for much of the inter-study variability regarding the prognostic value of
iTLSs. Investigations focusing on spatial organization demonstrate that the presence of mature iTLSs, rather than mere
immature lymphoid aggregates, is strongly associated with favorable patient outcomes.*”*** In addition, the prognostic
value of iTLSs appears context dependent and is influenced by other tumor microenvironmental features. Evidence from
studies that jointly evaluate iTLSs with microvascular invasion or incorporate neutrophil-related states, including N1/
N2 heterogeneity and systemic neutrophil-to-lymphocyte ratio, shows that combined models can provide more granular

. . . . 8,63,64
prognostic stratification than iTLSs measures alone.”"”

Predictive Value for Immunotherapy Efficacy

From a therapeutic perspective, recent clinical evidence indicates that iTLSs-positive tumors exhibit enhanced respon-
siveness to adjuvant PD-1 inhibitor therapy following hepatectomy, with distinct immune cell profiles observed in iTLSs-
rich tumors, suggesting a potential role for iTLSs as biomarkers of immunotherapy benefit.

Integrating iTLSs patterns with HCC molecular subtypes offers crucial translational insights. The WNT/B-catenin-
activated phenotype represents a classic “immune-excluded” class, where pathway activation suppresses immune cell
infiltration.®>°® This environment presumably hinders iTLSs neogenesis. Consequently, the absence of iTLSs may serve
as a morphological surrogate for this immune-excluded subtype, identifying patients likely resistant to immune check-
point inhibitors. Conversely, iTLSs-rich tumors likely align with the “immune-inflamed” subclass, suggesting better

responsiveness to immunotherapy.
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Furthermore, it is increasingly recognized that the functional variability of iTLSs is closely tied to the etiologic
heterogeneity of HCC. iTLSs in virus-associated HCC (such as HBV or HCV infection) are generally linked to the
classical activation of robust anti-tumor T-cell and B-cell responses, the continuous presence of viral antigens often
provides strong immunogenic stimuli that support the maturation of iTLSs, correlating with favorable prognosis and
enhanced responsiveness to immunotherapy. Metabolic etiologies present a fundamentally distinct immunopathology.
Emerging data indicate that in non-alcoholic steatohepatitis (NASH)-associated HCC, the unique chronic inflammatory
milieu can drive the formation of dysfunctional iTLSs. In these specific metabolic contexts, iTLSs may paradoxically
entrap immunosuppressive IgA+ plasma cells or regulatory B cells, thereby dismantling immune surveillance and
potentially blunting the efficacy of immunotherapies.”*® Although literature specifically addressing iTLSs in toxin-
and alcohol-related HCC remains scarce, non-viral insults such as chronic alcohol consumption are known to drive
distinct immunosuppressive pathways. Mechanistically, alcohol exposure induces severe oxidative stress and promotes
the intrahepatic accumulation of immunosuppressive MDSCs, profoundly suppressing T-cell recruitment and impeding
effective adaptive immunity.®” Consequently, this highly compromised microenvironment hinders the de novo formation
of mature iTLSs, leading to a poorer clinical prognosis and reduced responsiveness to immune checkpoint inhibitors
compared to viral HCCs. Therefore, incorporating the underlying liver disease context is no longer optional but essential
for accurately predicting the clinical trajectory and immunotherapy response based on iTLSs status.

Despite these strong prognostic associations, the exact causal relationship between iTLSs and clinical outcomes
remains insufficiently addressed. A critical question is whether iTLSs are active drivers of antitumor immunity, or merely
epiphenomenal biomarkers of a pre-existing, permissive immune microenvironment.**’® Most current evidence in HCC
relies on retrospective, observational studies, which establish correlation rather than direct causation. As highlighted in
recent literature, it is important to realize that part of the observed prognostic value of iTLSs is likely explained by the
fact that their formation indicates the presence of an ongoing immune response, rather than acting as the sole central
driver.** While the highly organized spatial architecture of mature iTLSs strongly implies an active role in educating
tumor-reactive lymphocytes, the conflicting data from NASH-related HCC introduces significant complexity. In meta-
bolic contexts, the aberrant formation of immunosuppressive iTLSs suggests they might sometimes merely reflect the
underlying dysfunctional inflammatory milieu rather than orchestrating an effective defense. Therefore, while iTLSs are
undoubtedly robust biomarkers, definitive proof of their causal role as indispensable drivers of anti-HCC immunity
requires further functional validation using sophisticated in vivo models and prospective trials.

Key Confounders and Modifiers

The clinical utility and prognostic interpretation of iTLSs are significantly modulated by several key confounders reported in
the current literature. First, underlying etiology fundamentally alters iTLSs functionality; while viral (HBV/HCV) HCCs
typically harbor immune-active iTLSs, metabolic (NASH) backgrounds can drive paradoxically immunosuppressive
configurations.®”*® Second, tumor stage and tissue sampling introduce critical variability. Given the high spatial heterogeneity
of the tumor microenvironment, limited core-needle biopsies are highly susceptible to sampling errors compared to whole-
tumor resections, often failing to accurately capture the true density and maturity of iTLSs.®® Third, prior locoregional
therapies introduce significant variability depending on their specific modalities. Ischemia-inducing treatments (such as TACE
or ablation) cause severe hypoxia and necrosis, which can physically disrupt the tumor environment. Conversely, non-
embolizing treatments like hepatic arterial infusion chemotherapy (HAIC) can trigger immunogenic cell death and potentially
induce de novo iTLSs formation.”' This modality-dependent remodeling of the immune microenvironment heavily confounds
baseline iTLSs assessment. Finally, reducing iTLSs to a binary presence rather than evaluating functional germinal centers
remains a major confounder limiting cross-cohort comparability.

Challenges and Future Perspectives

Future research should increasingly move beyond passive observation of iTLSs and toward therapeutic strategies that
actively modulate iTLSs function and spatial distribution to optimize personalized immunotherapy for HCC. Despite the
promising prognostic value of iTLSs in HCC, their clinical translation is currently impeded by critical challenges
regarding functional heterogeneity, standardization, and safe induction. For instance, the lack of standardized scoring
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systems and biopsy sampling errors underscore the urgent need to validate non-invasive, Al-driven radiomic signatures
for dynamic iTLSs assessment. Although recent advances in Al-driven radiomic models offer a promising non-invasive
alternative, it must be explicitly acknowledged that the majority of current imaging-based models are retrospective in
nature and often lack robust external validation. Furthermore, their clinical implementation is limited by variability in
imaging protocols, scanner platforms, and tumor segmentation strategies across centers.

Overcoming these translational hurdles may require large-scale, prospective, multicenter studies with standardized
imaging acquisitions to rigorously validate these radiomic signatures before they can be reliably integrated into routine
clinical workflows. To advance this field beyond merely optimizing mathematical performance metrics, a standardization
roadmap integrating pathological scoring, non-invasive imaging surrogates, and functional molecular signatures is essen-
tial. Furthermore, prospective study designs must be optimized: early-stage cohorts should directly link pre-operative
imaging with whole-mount resection pathology mapping and clinical outcomes, while advanced cases require combining
limited biopsies with mIHC and spatially resolved multi-omics to decode complex immune phenotypes and overcome
sampling bias. In this regard, advanced single-cell and spatial RNA technologies, which have recently provided profound
insights into the complex inflammatory mosaic of other digestive tract disorders such as inflammatory bowel disease,””
should be increasingly leveraged to decode the spatiotemporal heterogeneity within HCC-associated iTLSs.

Moreover, most existing imaging approaches are trained to predict pathologically defined iTLSs presence or
maturation, rather than distinguishing functionally active from dysfunctional immune niches, underscoring the necessity
of integrating imaging with immunophenotypic or molecular profiling. Future strategies must also navigate the distinct
immunopathologies of viral versus metabolic etiologies to develop etiology-specific induction therapies (eg, HAIC or
STING agonists) that promote mature iTLSs formation,'? while avoiding autoimmunity or vascular destruction, and
inspired by successful lipid metabolism models in other cancers,”” integrating metabolic profiling with iTLSs transcrip-
tomic signatures could significantly refine risk stratification, particularly for metabolic-associated HCC. However, safely
translating these “iTLSs-inducing” approaches requires stringent safety evaluations. Actively hyper-stimulating ectopic
lymphoid neogenesis carries significant inherent risks, including the triggering of severe off-target autoimmunity,
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excessive local inflammatory cascades, and severe vascular injury, thereby necessitating highly targeted, tumor-

restricted delivery systems.

Conclusion

iTLSs appear to function as important immune hubs and are strongly associated with favorable antitumor response in HCC.
Moving forward, standardizing the pathological assessment of iTLSs maturation and leveraging advanced, non-invasive
radiomic imaging may significantly refine patient risk stratification. Ultimately, translating these biological and radiological
insights into routine clinical workflows holds great promise for optimizing patient selection for immunotherapy and driving
the development of personalized, etiology-specific therapeutic interventions for HCC.
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