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ECM and immune reprogramming in HCC progression

Y. Liu et al.

postablation residual tumor growth and highlight potential therapeutic tar-
gets to inhibit protumorigenic pathways while enhancing antitumor

immunity.

1. Introduction

Primary liver cancer ranks as the sixth most common
tumor worldwide and the fourth leading cause of
tumor-related mortality [1]. A variety of treatment
modalities shape the current therapeutic arsenal,
including surgical resection, liver transplantation,
locoregional treatments including thermal and other
forms of ablation, targeted and immunotherapy [2].
Thermal ablation has proven safe and equally effica-
cious to surgery for early-stage hepatocellular carci-
noma (HCC) and liver metastases [3,4]. Microwave
ablation (MWA), a widespread heat-based ablation
technique, has been applied since the 1990s. Using
imaging guidance such as computed tomography (CT)
or ultrasound to localize the lesion, a needle-like
antenna is positioned within the tumor tissue to emit
electromagnetic waves at 915 MHz or 2.45 GHz [5].
These waves cause collisions with ions and water mole-
cules near the antenna, generating frictional heat that
rapidly raises the surrounding temperature. The resul-
tant high temperatures induce coagulative necrosis of
the tumor tissue and surrounding areas in the ablation
zone [6]. In clinical practice, clinicians aim to
completely cover the tumor and a safety
peri-ablational margin of at least 5 mm surrounding
the tumor [7]. However, local residual tumor growth
remains a significant concern and has been associated
with larger tumor size, inadequate ablation margins,
and proximity to major vessels, where heat is dissi-
pated by flowing blood (so-called heat-sink effect) [8].
Compared to its predecessor, radiofrequency ablation
(RFA), MWA can more rapidly achieve larger abla-
tion zones per insertion and thus it is frequently used
for larger tumors [9]. Overall, recurrence rates of
approximately 20% for lesions <5 cm and nearly
40% for larger ones are encountered for MWA [10].
The precise mechanisms driving and relative causes
of early residual tumor growth following MWA and
other interventional oncologic procedures have been
debated and studied for decades but remain poorly
understood. Existing hypotheses include that thermal
ablation may elevate intratumoral pressure, facilitating
the shedding and dissemination of viable tumor cells,
which can subsequently seed and proliferate in adja-
cent areas [l11]. Furthermore, MWA is thought to

provoke a sustained inflammatory milieu, character-
ized by the persistent release of vascular endothelial
growth factor (VEGF), and other protumorigenic fac-
tors, thereby fostering a permissive environment for
tumor progression [12].

Evolving analytic techniques including genomic and
proteomic analyses may help better understand the sig-
naling pathways and cellular responses triggered by
MWA that are involved in residual tumor growth.
Yet, due to ethical considerations and complication
risks of biopsies, human studies investigating these
mechanisms are usually limited. In addition, according
to the BCLC (Barcelona Clinic Liver Cancer) guide-
lines [13], a biopsy is not mandatory for HCC diagno-
sis when typical imaging hallmarks are identified on
multiphasic CT or MRI in high-risk patients. Thus,
clinical research is often restricted to peripheral blood
samples or tissue samples obtained before and during
ablation, which do not represent the optimal time-
frame to assess the direct effects where they are great-
est [14]. Animal models can potentially overcome these
limitations, enabling in situ detailed analysis of the sig-
naling pathways and immune responses during posta-
blation residual tumor growth, thus providing critical
insights for developing targeted interventions.

This study aimed to elucidate the molecular mecha-
nisms driving residual tumor growth following incom-
plete microwave ablation of liver cancer using a rabbit
liver tumor model. To address this, we employed the
translational rabbit VX2 liver tumor model. While
VX2 is technically an implantable squamous cell carci-
noma rather than a primary liver cancer, it is a
well-established surrogate in interventional oncology.
This model replicates key hallmarks of human HCC,
such as hypervascularity and high glycolytic activity,
which are essential for studying thermal ablation
responses. Furthermore, this immunocompetent and
larger scale animal platform provides unique transla-
tional advantages over murine models, as its anatomi-
cal dimensions accommodate standard clinical MWA
and MRI equipment while allowing for high-fidelity
histopathological and proteomic mapping to clearly
distinguish the viable residual margin from the central
necrotic zone. We analyzed residual viable tumor
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collected at D3 and D14 postablation to capture the
dynamic alterations in subacute and long-term signal-
ing pathways through comprehensive proteomic profil-
ing. By integrating these data with transcriptomic
findings from complementary animal models, this
study sought to uncover the key molecular processes
underlying postablation residual tumor growth and to
identify potential molecular biomarkers and therapeu-
tic targets to mitigate residual tumor growth and
enhance treatment efficacy.

2. Materials and methods

2.1. Study design and rabbit liver tumor model
of incomplete microwave ablation (iMWA)

The overall study design and experimental workflow
are illustrated in Fig. 1A. A summary of the primary
methods and results is presented in the main text,
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while full methodological details, supporting datasets,
and additional analyses are available in the supplemen-
tal material.

Animal Models: All animal experiments and related
procedures were performed in accordance with the
German Animal Welfare Act (Tierschutzgesetz) and
relevant national legislation. The study, including all
experimental protocols, was officially reviewed and
approved by the Landesamt fiir Gesundheit und
Soziales Berlin under the approval and license number
G150/20, and followed the Laboratory Animal—
Guideline for Ethical Review of Animal Welfare. Male
New Zealand White rabbits (2.5-4 kg; Charles River
Laboratories) were acclimatized in environmentally
controlled laminar flow rooms with ad /libitum access
to food and water. To establish tumor models, VX2
tissue fragments were first inoculated into the quadri-
ceps muscle of donor rabbits and grown over four
weeks.  Subsequently, harvested tumor material
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Fig. 1. Project design overview and tissue characterization. The scheme of the experimental procedures (figure created with BioRender.
com). Group 1/Control group at Day 0 (D0): received no treatment, serving as tumor baseline. Group 2/subacute group at Day 3 (D3): under-
went incomplete microwave ablation (iIMWA), targeting at least 50% of the tumor. Tissues were collected at 3 days postablation. Group 3/
long-term group at Day 14 (D14): underwent the same treatment, and the liver tissues were collected at 14 days postablation. LC-MS/MS:
Liquid Chromatography-Tandem Mass Spectrometry (A). The freshly harvested liver (B) and Hematoxylin and Eosin (HE) staining (C). Red
arrows indicate the center of ablation, the blue arrows indicate the viable residuals, and the green arrows indicate the adjacent liver tissues.
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(0.3-0.5 mL) was transplanted into the left hepatic
lobe of recipient animals via median laparotomy
employing an 18-gauge catheter. Surgical closures of
the abdominal wall and skin were performed in two
layers using absorbable sutures (chromic gut 3-0;
Vicryl 4-0). Following a 14-day growth period, MRI
confirmed the formation of a solitary, well-delineated
tumor mass measuring 1.5-2 cm in diameter. Animals
were allocated into three experimental groups: an
untreated tumor control group (Day 0, DO; n =5), a
subacute group (Day 3, D3; n = 7) treated with incom-
plete microwave ablation iIMWA) and followed up for
3 days, and a long-term group (Day 14, D14; n =5)
treated with iIMWA and followed up for 14 days. The
iIMWA procedure was carried out with a 17F micro-
wave needle (NeuWave Medical, Inc.) centrally placed
along the longitudinal axis of the target tumor. The
needle was stabilized by freezing to below —50 °C, and
its positioning was assessed and confirmed using CT.
Microwave energy was applied at 65 W for a duration
of 40-60 s, aiming to achieve an ablation zone that
included no less than 50% of the tumor. According to
the generator readings, the temperature in the immedi-
ate vicinity of the needle tip reached 100-103 °C [15].
Liver tissues were collected following sacrifice at each
respective time point. All operative procedures were
performed under isoflurane anesthesia (1.5%-3%),
with continuous monitoring of vital signs and thermal
support provided to prevent hypothermia. Eventually,
all samples were subsequently processed for histologi-
cal staining with hematoxylin and eosin (H&E) and
mass spectrometry-based proteomic profiling.

2.2. Hematoxylin—eosin (HE) staining

Dissected tissues were rinsed with physiological saline
and fixed in neutral formalin for 30-50 min. After-
ward, they were washed in water three times for 5 min
each, then dehydrated through graded ethanol solu-
tions (70%, 80%, 90%) for about 30 min each, fol-
lowed by two immersions in 95% and 100% ethanol
for 20 min each. The tissues were then treated with an
equal mixture of absolute ethanol and xylene for
15 min, cleared with xylene I and II for 15 min each
until transparent, and infiltrated with a xylene-paraffin
mixture for 15 min. They were then embedded in par-
affin and infiltrated at 55 °C-60 °C for 50-60 min in a
constant temperature oven. After infiltration, the par-
affin blocks were briefly warmed, poured into molds,
and cooled. The blocks were sectioned into 5 um slices
with a microtome, floated on heated water, mounted
onto slides, and dried at 45 °C. For HE staining, slides
were deparaffinized in xylene, rehydrated through
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ethanol series (100% to 70%), then rinsed in water.
Sections were stained with hematoxylin (X903.2; Roth)
for 10-30 min, rinsed until nuclei turned blue, then
briefly immersed in 1% hydrochloric acid ethanol to
differentiate until tissues turned red or light. After
washing to restore blue, they were counterstained with
eosin (X883.2; Roth), Roth in graded ethanol (50%-—
80%), rinsed in ethanol, dehydrated, cleared in xylene,
and coverslipped. This protocol ensures clear visualiza-
tion of tissue morphology under the microscope.

2.3. Sample preparation

Paraffin-embedded tissue blocks were sectioned into
1020 pm slices. With reference to corresponding
hematoxylin and eosin (H&E)-stained sections, target
regions of interest were carefully microdissected to
minimize paraffin inclusion, and the isolated tissues
were collected into prelabeled 1.5-mL Eppendorf
tubes. Each tube contained tissue from the same sam-
ple, with a total weight exceeding 3 mg based on
empirical validation. For subsequent weighing, a spe-
cialized 8-tube Covaris rack was used. After tarring
the empty rack, tissue aliquots from each Eppendorf
tube were sequentially transferred to achieve a target
mass of 1.5 mg (range: 1-2 mg) per sample, with the
balance tared between each addition. To expedite
future proteomic workflows and reduce cross-tissue
contamination, it is advisable to separate distinct tissue
types during the initial sample collection and embed-
ding stages.

2.4. Proteomic determination

Global proteomic profiling was performed using a
SCIEX ZenoTOF 7600 system coupled online to a
Waters ACQUITY UPLC M-Class system. Prior to
MS analysis, 200 ng of incubated peptides was chro-
matographically separated using a 27-min gradient at
a flow rate of 5 pL./min on a Waters HSS T3 column
(300 pm x 150 mm, 1.8 um particle size) maintained
at 35°C. Mobile phase A consisted of 0.1% formic
acid (FA) in water, while mobile phase B consisted of
0.1% FA in acetonitrile. The gradient was pro-
grammed as follows: 1% to 40% B over 19 min, fol-
lowed by an increase to 80% B over 1 min for column
washing. The column was maintained at 80% B for
0.5 min and subsequently re-equilibrated to the start-
ing conditions for 6.5 min. A ZenoSWATH MS/MS
acquisition scheme with an accumulation time of 11
ms and 85 variable-width windows was used. The ion
source parameters were set as follows: ion source gas
1, 12 psi; ion source gas 2, 60 psi; curtain gas, 25 psi;
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collision-activated dissociation (CAD) gas, 7 psi;
source temperature, 150°C; and spray voltage, 4500 V.
Raw data were processed using DIA-NN (version 1.8)
with default settings. The fragment ion m/z range was
set to 100-1800 m/z, and mass accuracy was set to 20
ppm for both MS1 and MS2. The scan window was
set to 7, and match-between-runs (MBR) was enabled.
Quantification was performed using the “Robust LC
(high Precision)” strategy. A spectral-library-free
approach was used for peptide identification and quan-
tification, using the Oryctolagus cuniculus UniProt ref-
erence proteome (UP000001811), downloaded on
March 7, 2024, as the sequence database. The resulting
identifications were filtered at a 1% false discovery
rate (FDR) at the peptide level.

2.5. Proteomic data analysis

Our proteomic determination identified a total of 8725
proteins. To assess differential protein expression,
intensity values from all samples were normalized and
subjected to logarithmic transformation to enhance
comparability and stabilize data variance. The mean
log2-transformed expression level for each protein was
calculated independently for the two comparison
groups. The log2FC was derived as the arithmetic dif-
ference between these group means. Statistical evalua-
tion was conducted wusing an empirical Bayes
approach. The resulting log2FC values represent both
the magnitude and direction of expression differences
between the experimental groups. The investigation
was initiated by cross-referencing our dataset with a
genomics database from our collaborative partner [16],
which highlighted tumorigenic and immunologic genes
elevated in a mouse RFA model. Pathway analysis of
these proteins using STRING revealed a significant
enrichment in  tumor growth and immune
response-related pathways. To ensure a comprehensive
assessment, we subsequently screened our entire prote-
omic pool for all additional constituents of these iden-
tified pathways. This systematic approach expanded
our candidate list to include a broader set of relevant
proteins. Finally, this refined dataset was subjected to
an in-depth  bioinformatic interrogation using
STRING and Enrichr.

2.6. Protein—protein interaction (PPIl) and
pathway analysis

PPI networks were constructed and analyzed using the
STRING database (version 11.5; https://string-db.
org/). The network was generated with the following
parameters: the medium confidence interaction score

ECM and immune reprogramming in HCC progression

cutoff was set to 0.400 for network inclusion. To iden-
tify functionally coherent protein modules, the Markov
Cluster Algorithm (MCL) was applied with an infla-
tion parameter set to 3, which favors the identification
of fine-grained clusters. Only clusters containing a
minimum of three protein-coding genes were retained
for further investigation. Functional enrichment analy-
sis for the resulting PPI network was performed to
identify overrepresented biological themes. Functional
enrichment was performed for clusters containing >3
proteins, retaining relevant pathways with a false dis-
covery rate (FDR) < 0.05. To gain deeper insights into
the signaling pathways altered in our experimental
model, we performed a comprehensive functional
enrichment analysis of the differentially expressed pro-
teins using Enrichr (https://maayanlab.cloud/Enrichr).
Queries were run against three specialized knowledge
bases: Reactome 2024, MSigDB Hallmark 2020, and
WikiPathways 2024 Human. For all databases,
enriched terms with an adjusted P-value (FDR) < 0.05
were deemed statistically significant.

2.7. Stouffer analysis

Pathway-level activation was further quantified using a
curated 6-gene Stouffer framework. Only proteins with
a defined fold-change and P-value were included in
Stouffer analysis. Canonical gene sets of 4-6 genes for
each of 10 biological processes associated with liver
ablation were applied here to the VX2 proteome
(Table S7). In addition, two liver-specific processes,
‘Complement/Coagulation” and ‘Acute-phase/Liver
injury’, were defined a priori based on classical hepato-
cyte acute-phase proteins. For each detected protein,
P-values were converted to two-tailed z-scores and
assigned a sign according to the log,(FC). Missing
canonical proteins were excluded from aggregation.
Process-level activation was computed using Stouffer’s
Z, defined as the sum of signed z-scores divided by the
square root of the number of detected canonical genes.
Positive Z indicates pathway activation and negative Z
indicates suppression. The resulting Day-3 and Day-14
process scores were summarized in a two-column
heatmap.

3. Results

3.1. Tissue characterization and proteomic
profiling of liver tumors following incomplete
microwave ablation (iMWA)

Partial ablation of targeted tumors was successfully
induced. Based on gross examination including
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assessment of the fresh tissue color and texture, speci-
mens were divided into the tumor ablation zone (indi-
cated by the red arrows), areas of residual viable
tumor tissue resulting from incomplete ablation
(marked by the blue arrows), and the adjacent hepatic
tissue (highlighted by the green arrows) (Fig. 1B). Crit-
ically, all subsequent proteomic analyses at both D3
and D14 were specifically performed on tissue samples
microdissected from the identified regions of residual
viable tumor at the ablation margin. H&E staining
visualized and confirmed the spatial location of these
tissue regions (Fig. 1C). The necrotic zone, character-
ized by a loss of cellular morphology, was clearly visi-
ble in the ablated tumor tissues with complete
necrosis. By contrast, regions of viable tumor tissue
retained intact cellular morphology; adjacent to these
areas, edematous liver tissue was observed.

3.2. Proteomic profiling identified temporal
dynamic protein expression in residual tumors
postablation

Proteomics was performed for the untreated tissue
from the DO group (control tumors) and viable resid-
ual tumor from the D3 and from the D14 group. Pro-
teomic profiling quantified 8724 proteins, with 240
overlapping transcriptomic hits. Among the 240 pro-
teins, nine proteins were upregulated (FC >1.25,
P < 0.05) and 11 down-regulated (FC <0.50, P < 0.05)
at the D3 group versus baseline (Fig. 2A). By D14, 12
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proteins were significantly elevated and seven reduced
(Fig. 2B). To further characterize the expression pat-
terns of these proteins across the three groups, heat-
maps of these differentially expressed proteins were
generated (Fig. S1). Subsequently, the 20 upregulated
proteins at D3 and 25 upregulated proteins at D14
were separately analyzed using STRING to construct
protein—protein interaction networks. Network clusters
enriched in pathways related to tumor growth and
immune response were identified as pathways of inter-
est. For these, we then mapped their constituent pro-
teins with the full proteomic dataset of 8724 quantified
proteins. This resulted in our ultimately identifying 81
upregulated molecules at D3 and 92 elevated ones at
D14 (Table S1).

3.3. Protein clustering revealed structural
reconstitution at D3

At D3, nine protein clusters (comprising at least three
genes) were identified (Fig. 3A), characterized by a
predominant cell adhesion mediated by integrin cluster
(n = 11). Functional annotation of these protein clus-
ters highlighted strong involvement in acute injury
response and early repair processes. Key clusters
included proteins with complement and coagulation
cascade activity (n = 12), MHC class II-mediated anti-
gen presentation (n = 9), and lysosomal cathepsin and
protein degradation (n = 8). Additional clusters were
associated with lipid metabolism and transport
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Fig. 2. Volcano plot for significantly up- and down-regulated proteins. Volcano plot depicting differentially expressed proteins. The y-axis
shows —log10 (P-value), and the x-axis displays log2 (ratio). Upregulated proteins are indicated by orange-yellow dots, while down-regulated
proteins are represented by blue dots. Panel (A) corresponds to the D3 (n=7) vs. DO (n=5) groups, and panel (B) illustrates the D14
(n=5) vs. DO (n=b) groups. Statistical significance was determined using two-tailed unpaired Welch's ttest. The dashed horizontal line

indicates P = 0.05.
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Fig. 3. Network of upregulated proteins for D3. Protein—protein interaction (PPI) analysis was performed using STRING-db with 81 upregulated
proteins at D3 (A). The detailed information of these clusters with > 3 counts presented in Fig. 4A was displayed in the table below. Each
cluster is color-coded and includes information on gene count, primary and secondary descriptions, and associated protein names (B). For more
detailed information, please refer to https://string-db.org/cgi/network?taskld=bNWrdwlLwRht9&sessionld=bWIsEVoUzT7P.
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proteins (n = 7), inflammatory signal mediators and
calcium-binding proteins (n =6), and cytoplasmic
structural proteins (n = 5) (Fig. 3B). Gene Ontology
(GO) enrichment analysis further supported these find-
ings, revealing significant enrichment in terms such as
‘extracellular matrix’ (n = 15, FDR = 4.28e-09) and
‘collagen catabolic process’ (n =5, FDR = 3.41e-05).
Reactome pathway analysis also identified ‘ECM pro-
teoglycans’ (n =5, FDR = 0.00015) and ‘Elastic fiber
formation’ (n =5, FDR = 7.96e-06) as highly repre-
sented (Table S2).

3.4. Protein clustering revealed tumor growth
and immune regulation at D14 group

At D14, a total of eight functional clusters comprising
at least three genes were characterized within the pro-
teomic profile (Fig. 4A). These included clusters func-
tionally annotated as mixed, incl. Peptidase M10A,
catalytic domain, and Lysyl oxidase (n = 13), cellular
response (n = 11), positive regulation of axon regener-
ation (n = 6), and ECM-receptor interaction (n = 4).
Additionally, clusters related to the G1 Phase (n = 4)
and synapse pruning (n = 4) were identified. Two fur-
ther clusters containing at least three genes remained
unannotated by the automated pipeline, which were
designated as the DNA damage response cluster (con-
sisting of CDK 12, BARDI, and TP63; n = 3) and the
macrophage phenotype cluster (composed of CDI14,
CD68, and GPNMB; n = 3) (Fig. 4B). GO enrichment
analysis underscored this transition, highlighted by sig-
nificant terms associated with cell proliferation and
growth signaling. Specifically, these included ‘regula-
tion of cell population proliferation’” (FDR = 9.64e-
12), ‘growth factor binding’ (FDR = 0.0021), and spe-
cific enzymatic activities such as ‘RNA polymerase II
CTD heptapeptide repeat kinase activity’ (FDR =
0.00043) and ‘cyclin-dependent protein
serine/threonine kinase activity’ (FDR = 0.00043).
Concurrently, pathways modulating cell fate and turn-
over were significantly enriched, notably ‘positive regu-
lation of cell death’ (FDR = 8.42¢-07) and ‘positive
regulation of apoptotic process’ (FDR = 1.56e-06),
reinforcing a coordinated shift toward active tumor
growth signaling during the later stage (Table S3).

3.5. Functional enrichment analysis identifies
temporal shifts in signaling pathways from early
ECM remodeling to late immune and oncogenic
signaling

To further delineate alterations in signaling pathways
following  ablation, we conducted functional

Y. Liu et al.

enrichment analysis of upregulated proteins using
Enrichr (https://maayanlab.cloud/Enrichr) with a focus
on the Reactome 2024, MSigDB Hallmark 2020, and
WikiPathways 2024 Human databases. Pathway analy-
sis revealed a significant transition in the biological
landscape from D3 to D14. At D3, the tissue microen-
vironment was dominated by pathways associated with
acute injury response (n = 18), the complement system
(n=20), and ECM remodeling/fibrosis (n = 27). By
D14, these early-phase pathways underwent a marked
decline, with their enrichment counts dropping to 6, 4,
and 8, respectively. In contrast, at D14, it was charac-
terized by a distinct shift toward complex signaling
and proliferative activity. Signal transduction path-
ways exhibited a robust expansion, with the number of
enriched pathways increasing from 13 at D3 to 35 at
D14 (e.g., PI3K-Akt signaling pathway, TGF-beta sig-
naling pathway). Furthermore, pathways related to
tumorigenesis and immune function showed marked
upregulation (Tumorigenesis: 5 to 11; Immune Func-
tion: 12 to 16). While pathways involved in angiogene-
sis showed a moderate increase from D3 (n=1) to
D14 (n = 6), the overall progression from acute inflam-
matory responses to complex signal transduction and
enhanced immune-tumorigenic signaling underscores
the dynamic and multistage nature of tissue remodel-
ing. (see Tables 1, S4 and S9).

3.6. Immune reprogramming analysis identifies
the synergistic coupling of macrophage
functional remodeling and immune checkpoint
signaling

Given the notable enrichment of macrophage-associated
markers—specifically CD14, CD68, and GPNMB—
within the D14 cell cluster, we further investigated the
immune characteristics dynamics from D3 to D14, and
markers and modulators involved in macrophage transi-
tion, polarization, and immune checkpoint signaling
were analyzed. The selection of specific protein markers
was based on their well-defined and established roles
supported by the existing literature. Comparative analy-
sis between D14 and D3 revealed a coordinated upregu-
lation of genes associated with a transition toward an
immunosuppressive macrophage phenotype, including
CD200 [17], CD68 [18], CD14 [19], CD163 [20], CD44
[21], MSRI1 [22], STAT6 [23], ITGAL [24], GPNMB
[25], and CD300LF [26] (Table S6 and Fig. 5A). Con-
currently, a significant induction of immune checkpoint
modulators was observed, encompassing LGALS3 [27],
LGALS3BP [28], TGFBI [29], TGFBRI1 [30], CD38
[31], CD300LF [32], CD200 [33], and GPNMB [34]
(Table S6 and Fig. 5B). To elucidate the functional
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Fig. 4. Network of the upregulated proteins for D14. PPl analysis was performed using STRING-db with 92 upregulated proteins at D14 (A).
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Table 1. Comparison of biological pathway activation at D3 and

D14.
Change (D14 vs.
Category D3_count D14_count D3)
ECM remodeling/ 27 8 -19
fibrosis
Acute injury 18 6 -12
response
Complement system 20 4 -16
Signal transduction 13 35 23
Tumorigenesis 5 11 6
Immune function 12 16 4
Angiogenesis/ 1 6 5
vascular

Note: This table depicts the changes in pathway participation
across the various pathway categories between D3 and D14.

integration of these molecules, we performed PPI net-
work analysis via the STRING database. The analysis
revealed a highly interconnected network in which
CD44 emerged as a central hub, physically and func-
tionally bridging the macrophage-associated and
immune checkpoint modules (Fig. 5C). Furthermore,
GO enrichment analysis highlighted ‘negative regulation
of immune system process’ (GO:0002683,
FDR = 0.0266) as a key functional outcome of this
network.

3.7. Stouffer analysis confirms the temporal shift
from early matrix remodeling and cell death to
late immune activation and resolution with
immune suppression

Application of the canonical 6-gene Stouffer frame-
work (Table S7) to the VX2 liver proteome demon-
strated significant shifts in functional pathways across
the postablation timeline. Cell-death and necro-
inflammatory programs, including pyroptosis and fer-
roptosis, remained elevated at both D3 (Z = 2.81) and
D14 (Z = 2.45). In contrast, fibrogenic remodeling and
EMT/progenitor activation pathways showed initial
induction at D3 (Z = 1.78), followed by a decline to
below baseline levels at D14 (Z = —1.22). The
complement/coagulation and acute-phase response
pathways exhibited persistent and substantial suppres-
sion throughout the observation period, with Z-scores
of —7.62 at D3 and —6.55 at D14. Concurrently, meta-
bolic reprogramming and ER stress pathways shifted
from relative suppression at D3 (Z = —0.65) to activa-
tion at D14 (Z = 0.82).

Adaptive immune components also displayed tempo-
ral variations. Antigen presentation and dendritic cell
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signatures showed sustained elevation, rising from
Z =2.55at D3 to Z = 3.12 at D14. Lymphocyte activ-
ity (including T-cell and NK/NKT cell signatures)
transitioned from near-baseline levels at D3 (Z = 0.22)
to increased activation at D14 (Z = 1.38). This was
accompanied by a marked increase in immune check-
point and tolerance-related molecule expression, shift-
ing from Z=0.15 at D3 to Z=2.15 at DIl4
Additionally, oxidative stress markers exhibited a more
pronounced activation at D14 (Z = 1.95) compared to
D3 (v =0.85), while developmental and neuroendo-
crine signaling pathways also trended toward late-stage
activation (Z = 1.85 at D14). (Fig. 6).

4. Discussion

MWA has emerged as a minimally invasive treatment
option for early-stage liver cancer, offering reliable
efficacy and a favorable safety profile. However, the
molecular mechanisms driving the progression of resid-
ual tumors following incomplete ablation remain to be
fully elucidated. By integrating a systemic whole-liver
genomic dataset [16] with our proteomic profiles, we
propose a conceptual framework delineating a
dynamic temporal evolution within the residual tumor.
This progression is characterized by a distinctive tran-
sition from an early structural repair-dominant phase
(D3) to a subsequent immunosuppressive and
signaling-intensive phase (D14).

More precisely, at D3, the microenvironment of the
residual tumor is dominated by an acute injury
response and ECM remodeling. The marked upregula-
tion of structural and adhesion molecules (FN1, FGG,
FGB, ICAM3, LOXL2), alongside the activation of
complement cascades and ECM-related pathways such
as collagen formation, elastic fiber assembly, and gly-
cosaminoglycan biosynthesis establishes a provisional
fibrotic scaffold [35]. While essential for initial wound
healing, this provisional matrix is ultimately co-opted
by surviving tumor cells [36]. By D14, this reparative
state undergoes a profound protumorigenic switch.
Early ECM pathways precipitously decline, superseded
by robust oncogenic signal transduction notably the
PI3K-Akt and TGF-B pathways. The activation of
PI3K-Akt provides potent survival and proliferative
cues for residual tumor cells [37], aligning with the
observed enrichment in ‘regulation of cell population
proliferation’. Concurrently, TGF-p signaling acts as a
double-edged sword: while it drives late-stage tissue
remodeling, it is also a master regulator of immune
suppression [38]. Parallel to this signaling shift, the
local immune compartment is radically reprogrammed
toward immunosuppression. Macrophages abandon
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Fig. 5. Temporal dynamics of macrophage activation and polarization and immune checkpoint signaling. The markers of macrophage
transition and polarization were increased at D14 compared with D3 (A), and the immune checkpoint modulators were increased at D14
compared with D3 (B). PPl analysis was performed using STRING-db with 15 upregulated proteins involved in macrophage transition,
polarization, and immune checkpoint signaling at D14 compared with D3. For more detailed information, please refer to https://string-db.org/
cgi/network?taskld=bCPdkXChKPbi&sessionld=blugPRYMXMP4 (C). Values represent relative fold changes derived from expression data,
illustrating temporal expression trends without additional statistical hypothesis testing.

early restorative functions for a tolerogenic phenotype,
characterized by the synergistic coupling of functional
markers (CD163, STAT6, GPNMB) with a compre-
hensive immune checkpoint network (LGALS3,
TGFBI, CD200). Crucially, our PPI analysis identifies
CD44 as the central regulatory hub orchestrating this
crosstalk, bridging the macrophage and checkpoint
modules to drive the negative regulation of immune
system processes. Functionally, CD44 not only
anchors these tolerogenic macrophages to the tumor
stroma via ligands like hyaluronic acid, but also
actively amplifies co-inhibitory signaling [39], thereby
restricting T-cell activation and consolidating an
immune-privileged niche.

Critically, our data suggest that this early-stage
ECM remodeling may function as a priming event that
helps orchestrate the subsequent development of an
immunosuppressive microenvironment. The rapid
deposition of specific collagens at D3 potentially estab-
lishes a physical and biochemical barrier that modu-
lates immune cell infiltration [40]. For instance, the
dense collagen scaffold could sequester protumorigenic

growth factors and create a hypoxic niche, providing
putative mechanotransduction signals that drive the
functional transition from pro-inflammatory responses
toward the protumorigenic state [41,42] observed by
D14. From a translational perspective, the distinct bio-
physical and biochemical shifts identified in our study
specifically the early deposition of collagen and elastin
offer a unique diagnostic window for non-invasive
monitoring. These structural changes significantly alter
tissue stiffness and composition at the ablation margin,
which can be quantified using advanced imaging
modalities such as Magnetic Resonance Elastography
(MRE) and elastin-specific molecular probes [43,44].
Recent studies have demonstrated that MRE can effec-
tively map tissue visco-elasticity to characterize the
tumor microenvironment [45], while elastin-targeted
imaging provides high-resolution insights into extracel-
lular matrix remodeling [46]. Integrating these imaging
biomarkers into postablation surveillance protocols
could enable the early, noninvasive identification of
‘pro-residual tumor growth’ niches, allowing for per-
sonalized intervention before macroscopic tumor
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Fig. 6. Canonical Stouffer Pathway Heatmap. The Canonical 6-gene Stouffer heatmap summarizing pathway activation following VX2 liver
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indicate the aggregated Z-score for Day 3 and Day 14 relative to baseline, with pathway activation significance evaluated based on the
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regrowth occurs. While further functional studies are
required to definitively link these temporal phases,
these identified candidates, particularly the core nodes
in our network (e.g., CD44 and the PI3K-Akt axis),
represent the most logical targets for future functional

perturbation assays to further validate their causative
roles in postablation residual tumor growth.

To improve curative outcomes, current HCC man-
agement increasingly favors the combination of locore-
gional therapies with systemic agents targeting residual
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tumor cells or the postablation microenvironment [47].
Our findings provide a strong mechanistic rationale for
the selection and precise timing of such adjuvant strat-
egies. Specifically, our proteomic and enrichment ana-
lyses revealed a pronounced shift toward active tumor
growth at D14, marked by the significant activation of
cell cycle pathways and the concurrent upregulation of
key cyclin-dependent kinases (CDK1, CDK2, CDK4,
CDK6, and CDK12). Given this robust proliferative
signature, the targeted use of CDK inhibitors could
effectively arrest cell cycle progression and halt the
early expansion of residual tumors [48]. Importantly,
cell cycle inhibitors have been shown to synergize with
existing HCC standards, including systemic agents
such as lenvatinib [49] and radiotherapy [50]. Building
on this established functional synergy, integrating
CDK inhibitors with MWA presents a highly promis-
ing approach to suppress residual tumor growth. Fur-
thermore, our network analysis identified CD44 as a
central hub orchestrating an immunosuppressive niche.
By bridging tolerogenic macrophages with an extensive
immune checkpoint network, CD44 facilitates immune
evasion postablation. The therapeutic potential of this
axis is supported by emerging evidence, where CD44-
targeted delivery platforms have demonstrated remark-
able synergy with local embolization [51].

When interpreted alongside the macrophage and
immune checkpoint modulator panels, the canonical
Stouffer analysis supports a model of postablation
‘immune paralysis’ rather than robust antitumor immu-
nity. Marker-level data show a pronounced protumori-
genic macrophage shift and increased immune evasion
markers, indicating functional suppression of both
innate and adaptive arms [52]. The Stouffer framework
complements this by demonstrating a dramatic collapse
of complement and hepatocyte acute-phase responses,
alongside sustained pyroptotic/ferroptotic injury signa-
tures. Although antigen presentation and T-cell activa-
tion pathways are elevated between D3 and D14, the
simultaneous loss of effector functions and the M2-
skewed, checkpoint-poor yet functionally suggest that
this activation is compensatory rather than curative.
This reconciled view identifies a mechanistically rational
window for intervention during the D3-D14 interval,
where augmenting innate danger signaling and relieving
T-cell suppression may shift the landscape toward pro-
ductive immunity. Clinical trials support this rationale:
adding ablation to anti-PD-1 therapy increased
response rates [53]. Notably, the IMbrave050 study
demonstrated that adjuvant atezolizumab plus bevacizu-
mab significantly improved recurrence-free survival for
ablated high-risk HCC patients [54], while cellular ther-
apies, such as mRNA-loaded dendritic cell vaccines,
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further offer potential in reducing postablation residual
tumor growth [55].

Several limitations should be considered when inter-
preting these results. First, this study integrated prote-
omic data from a rabbit tumor model of MWA with
transcriptomic data from a mouse model that
employed hepatic RFA. While interspecies and modal-
ity differences are likely to influence the precise cellular
response, both models capture the shared biological
framework of thermal injury and tissue repair, allow-
ing meaningful integration at the pathway level and
cross-validation of general post-ablation processes.
Indeed, this is the biologic rationale of the vast major-
ity of mouse studies to elucidate human biology. Sec-
ond, differences in tissue type and sampling timeline
between these two studies limit the direct comparison.
We readily note that murine genomic data were
obtained from normal liver tissue at Days 1 and 7
postablation, whereas rabbit proteomic data were
derived from tumor tissue at Days 3 and 14. To
address this, we focused on conserved temporal trends
and overlapping pathways, which consistently
highlighted ECM remodeling, immune regulation, and
oncogenic signaling as central postablation processes.
Third, the VX2 tumor model originates from rabbit
squamous carcinoma and not HCC or adenocarci-
nomas such as colorectal subtypes typically treated in
clinical practice. Nevertheless, it was chosen for its
hypervascularity and imaging resemblance to human
HCC, and a similar hyperglycolytic phenotype, making
it a well-established translational model for ablation
research in liver cancer [56]. Moreover, the model pro-
vided many benefits relevant to this study, including
the immunocompetence of the model, the solitary and
reproducible tumor growth, and the animal size that
allows for use with human ablation probes and imag-
ing equipment and thus, facilitates clinical translation.
Additionally, because the rabbit proteome is incom-
pletely annotated and lacks reviewed canonical
sequences, we performed peptide identification against
the well-curated mouse UniProtKB reference.
Although this cross-species approach is widely
accepted in translational proteomics and prioritizes
high-confidence identification and pathway assignment,
nevertheless, species-specific isoforms and VX2 lineage
variations may be underrepresented, and results should
therefore be interpreted as orthology-based approxi-
mations. Finally, pathway annotation relied on
human-based databases due to the absence of rabbit-
specific resources; this cross-species approach, while
imperfect, is widely accepted in translational proteo-
mics and captures conserved signaling networks rele-
vant to human liver cancer biology [57].

Molecular Oncology (2026) © 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 13



ECM and immune reprogramming in HCC progression

5. Conclusion

In conclusion, this study provides molecular insights
into signaling and pathways related to liver tumor
residual tumor growth after incomplete ablation. The
findings highlight a biphasic postablation response
comprising early ECM-driven repair and oncogenic
signaling at 3 days followed by a picture of relative
immune suppression by Day 14 postablation. Thus,
our data outline a temporal transition from structural
recovery to tumor-promoting reprogramming that
likely underpins early residual tumor growth. Under-
standing these sequential adaptive processes provides a
mechanistic framework for optimizing postablation

therapy. Integrating MWA with targeted kinase-
inhibitory or immunomodulatory strategies holds
promise for disrupting residual tumor growth-

promoting pathways and improving long-term clinical
outcomes in liver cancer.
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