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Abstract

Background: The tumor microenvironment (TME) plays a critical role in the progression of
hepatocellular carcinoma (HCC) and is associated with angiogenesis and antitumor immunity.
Fibroblast activation protein (FAP) positive cancer-associated fibroblasts (CAFs) are important stromal
components of the TME; however, their relationship with distinct vascular patterns, particularly
vessels encapsulating tumor clusters (VETC) and tertiary lymphoid structures (TLS) remains poorly
characterized.

Materials and methods: This multicenter study included a retrospective cohort of 1003 patients with
HCC who underwent curative resection between January 2014 and June 2022 and a prospective
genomic cohort of 23 patients enrolled between March 2024 and November 2025. FAP expression

was evaluated using the H-score, and patients were classified into low- and high-FAP groups.



Differences in microvascular density (MVD), VETC patterns, and TLSs were compared between the
groups. Overall survival (OS) and recurrence-free survival (RFS) were analyzed using log-rank tests
before and after propensity score matching (PSM) and inverse probability of treatment weighting
(IPTW). Single-cell RNA sequencing (scRNA-seq) was used to explore angiogenic and immune-related
signatures.

Results: Compared to low-FAP HCCs (n=777), high-FAP HCCs (n=226) exhibited a significantly higher
prevalence of poor tumor differentiation (51.3% vs. 30.8%), VETC patterns (44.2% vs. 28.2%), and
elevated MVD levels (all adjusted P<0.001), whereas the incidence of intratumoral TLSs was
significantly lower (39.4% vs. 54.8%, adjusted P<0.001). These associations remained significant after
PSM and IPTW analyses. Patients in the low-FAP group had significantly better OS and RFS than those
in the high-FAP group before matching (P<0.001), after PSM (P=0.041 for OS; P=0.023 for RFS), and
after IPTW (P=0.030 for OS; P=0.021 for RFS). scRNA-seq showed that high FAP expression was
positively correlated with the proangiogenic marker PDGFRB (adjusted P<0.001), and with
angiogenesis-related signaling pathways, such as VEGF, MAPK, and focal adhesion. Furthermore, high
FAP expression was associated with a reduced proportions of CD8+ tissue-resident memory T cells
(TRM) (adjusted P=0.044).

Conclusions: FAP expression is associated with a proangiogenic and immunosuppressive TME in HCC,
characterized by the enrichment of VETC vascular patterns and reduced TLS formation. These findings
suggest that FAP-positive CAFs may contribute to the spatial organization of tumor vasculature and
immune exclusion, supporting further evaluation of FAP as a potential biomarker and therapeutic
target in HCC.

Keywords: Fibroblast activation protein; Hepatocellular carcinoma; Angiogenesis; immune infiltration;

Vessels encapsulating tumor clusters (VETC); Tertiary lymphoid structures (TLS)

1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy and a leading



cause of cancer-related mortality worldwide [1,2]. Despite advances in surgical resection and systemic
therapies, the long-term prognosis of patients with HCC remains unsatisfactory due to high rates of
recurrence and metastasis [3,4]. Increasing evidence indicates that tumor progression depends not
only on genetic alterations within malignant hepatocytes, but also on interactions within the tumor
microenvironment (TME), which regulates angiogenesis, immune surveillance, and metastatic
dissemination [5,6].

Among the stromal components of the TME, cancer-associated fibroblasts (CAFs) have emerged
as important contributors to tumor progression [7]. Fibroblast activation protein (FAP), a type |l
transmembrane serine protease selectively expressed by activated fibroblasts, is one of the
recognized markers of CAFs [8]. Previous studies have demonstrated that FAP-positive CAFs promote
tumor growth, angiogenesis, and immune evasion in multiple malignancies [9,10]. Although FAP-
positive CAFs are known to influence the TME through extracellular matrix (ECM) remodeling and the
secretion of growth factors, their potential role in coordinating the higher-order structural
organization of the HCC TME remains poorly characterized.

Two critical structural features that influence HCC progression are vascular architecture and the
organization of the immune microenvironment. The vessels-encapsulating tumor clusters (VETC)
pattern is a distinctive vascular phenotype that may promote tumor growth and facilitates metastasis
[11-13]. Tertiary lymphoid structures (TLS) are ectopic lymphoid aggregates that foster robust
antitumor immunity and are associated with favorable clinical outcomes [14-15]. Through ECM
remodeling and the secretion of proangiogenic factors such as VEGF, CAFs may facilitate VETC
formation [16]. Meanwhile, CAF-derived matrix components and immunomodulatory cytokines,
including TGF- B, may create physical and biochemical barriers that restrict lymphocyte infiltration
and impair TLS assembly [15,17]. Accordingly, it is hypothesized that FAP-positive CAFs may contribute
to shaping these divergent TME patterns. However, the associations between FAP expression,
coordinated vascular remodeling, and immune exclusion in HCC remains unclear.

In this study, we investigated the relationship between FAP expression, angiogenic patterns, and



immune organization in HCC. By integrating a large multicenter cohort with single-cell transcriptomic
analysis, we examined whether FAP expression is associated with vascular remodeling and immune
infiltration within the TME.

2. Materials and Methods

Study patients

This multicenter study included one retrospective dataset and one prospective dataset from
three tertiary referral hospitals and was conducted in accordance with the Declaration of Helsinki. The
study protocol was approved by the institutional review boards of all participating hospitals. Written
informed consent was obtained from patients in the prospective cohort, whereas the requirement for
informed consent was waived for the retrospective cohort owing to its retrospective design.

This retrospective cohort included 1003 consecutive adult patients with untreated HCC who
underwent liver resection (LRE) at three institutions between January 2014 and June 2022. All patients
were successfully target-tested for histopathological evaluation. Specifically, 500 patients were
enrolled at the Second Xiangya Hospital of Central South University (January 2014 to May 2022), 302
at the Fourth Medical Center of PLA General Hospital (March 2015 to June 2022), and 201 at the Hunan
Provincial Hospital of Integrated Traditional Chinese and Western Medicine (February 2016 to
December 2021). A prospective genomic cohort comprising consecutive adult patients with untreated
HCC who underwent LRE at the Second Xiangya Hospital of Central South University between March
2024 and November 2025 was also recruited. The inclusion criteria for all cohorts were as follows: (1)
preserved liver function, (2) an Eastern Cooperative Oncology Group performance status of 0, and (3)
absence of macrovascular invasion or extrahepatic metastasis. The exclusion criteria for the
retrospective cohort were as follows: (1) noncurative resection with R1 or R2 margins, (2) absence of
baseline laboratory information within 1 week before LRE, (3) unavailability of pathology slides for
histological staining, and (4) loss to follow-up. The exclusion criterion for the genomic test cohort was

an unqualified single-cell suspension for sequencing. A flowchart of the study design is shown in Figure



1150 consecutive patients with HCC underwent

LRE as initial therapy between January 2014 and 26 consecutive patients with HCC
June 2022 at the Second Xiangya Hospital of underwent LRE as initial therapy
Central South University, the Fourth Medical Center between March 2024 and November
of PLA General Hospital and the Hunan Provincial 2025 at the Second Xiangya Hospital
Hospital of Integrated Traditional Chinese and of Central South University

Western Medicine
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Figure 1. Flowchart of the study population.

Clinical data and follow-up

Baseline clinical data including age, sex, Barcelona Clinic Liver Cancer stage, liver cirrhosis status,

and the etiology of the underlying liver disease were collected. Laboratory data, including neutrophil,



lymphocyte, monocyte, and platelet counts, as well as serum albumin, total bilirubin, alanine
aminotransferase, aspartate aminotransferase, international normalized ratio (INR), creatinine, and
alpha-fetoprotein (AFP) levels, were also collected.

Patients were monitored for 2-3 months after LRE and at least every 6 months thereafter.
Surveillance for tumor recurrence routinely involved contrast-enhanced computed tomography (CT)
or magnetic resonance imaging (MRI), along with serum AFP measurements. Follow-up data were
updated through December 2025 via telephone interviews or through review of the most recent
clinical records when telephone contact was unavailable. The primary clinical outcome was overall
survival (0S), defined as the interval from LRE to death from any cause. The secondary outcome was

recurrence-free survival (RFS), defined as the interval from LRE to tumor recurrence.

Histological examination

Diagnostic and morphological evaluations were conducted independently by two
hepatopathologists with 11 and 13 years of expertise, respectively, and any interpretive discrepancies
were resolved by collaborative consensus. All HCC cases were staged and diagnosed according to the
2019 WHO classification [18]. To evaluate FAP expression, archival formalin-fixed, paraffin-embedded
(FFPE) tissue blocks for all 1,003 patients were retrieved from the respective pathology departments.
For immunohistochemical analysis, 5-um FFPE tissue sections were subjected to a standardized
protocol, including rehydration and microwave-assisted antigen retrieval. These sections were
subsequently incubated overnight at 4°C with monoclonal primary antibodies against human CD34
and FAP (Supplementary Table S1). Following a 30-minute incubation with secondary antibodies at
37 °C, signals were developed using avidin-horseradish peroxidase (25 min) and 3,3’-diaminobenzidine
(5 min) for visualization.

FAP expression was quantified using the H-score method, defined as the mathematical product
of staining intensity (graded semiquantitatively from 0 [negative] to 3 [intense]) and the respective

percentage of positive neoplastic and stromal cells. Consistent with established protocols, an H-score



threshold of 10 was used to stratify patients into low-FAP (H-score <10) and high-FAP (H-score >10)

cohorts (Figure 2) [19].
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Figure 2. Integrated characterization of the tumor microenvironment in representative HCC
patients with high and low FAP expression.

(A-C) A representative case of high FAP expression in a 61-year-old male with chronic hepatitis
B virus (HBV)-related HCC and high FAP expression. (A) Immunohistochemistry (IHC) staining shows
intense and diffuse FAP expression within the tumor stroma. (B) scRNA-seq profile shows markedly
elevated transcript levels of pro-angiogenic genes, particularly PDGFRB. (C) The pie chart displaying
this high-FAP case is consistent with an immunosuppressive landscape characterized by a sparse
population of CD8+ tissue-resident memory T cells (TRM). (D-F) A representative case of low FAP
expression in a 51-year-old female with chronic HBV-related HCC and low FAP expression. (D) IHC
staining shows low FAP expression in the intratumoral stroma. (E) scRNA-seq analysis shows
significantly lower PDGFRB levels. (F) A pie chart showing this low-FAP case has a higher percentage

of CD8+ TRM cells. FAP, fibroblast activation protein; HCC, hepatocellular carcinoma



MVD was assessed by identifying three vascular "hot-spots" at 100x magpnification, followed by
definitive vessel counting at 200x magnification. The final MVD value represents the mean count
across these three fields. VETC, characterized by CD34-positive sinusoidal structures surrounding
discrete tumor nests in a cobweb-like configuration, was considered positive when the VETC pattern
involved >5% of the total tumor area [11].

Morphological evaluation of intratumoral TLS in tumors was performed using Hematoxylin and
Eosin (H&E)-stained slides [14]. TLS were classified as follows : 1) aggregates, defined as vague, ill-
defined clusters of lymphocytes; 2) primary follicles, defined as round clusters of lymphocytes without
germinal center formation; and 3) secondary follicles, defined as follicles with germinal center
formation. Tumors containing at least one TLS were classified as TLS+, whereas tumors without any
TLSs were classified as TLS-. A schematicillustration of these pathological indicators is shown in Figure

3.



Figure 3. Histological features of the VETC patterns and intratumoral TLS. (A) VETC-positive (VETC+):

CD34 immunohistochemical staining highlights a "vessels encapsulating tumor clusters" pattern,
characterized by endothelium-lined vessels surrounding discrete tumor nests (CD34, X100). (B)
VETC-negative (VETC-): CD34 staining shows a conventional sinusoidal or disorganized angiogenesis
pattern, in which the vessels do not encapsulate tumor clusters (CD34, X100). (C) Lymphocyte
aggregates: Vague and ill-defined clusters of lymphocytes (black arrow, HE, X200). (D) Primary

follicles: Dense, round or oval-shaped clusters of lymphocytes without a germinal center (black



arrow, HE, X200). (E) Secondary follicles: Organized lymphoid structures centered by a distinct
germinal center (black arrow, HE, X200). (F) Secondary follicle at high magnification: Microscopic
examination shows a pale central area (germinal center, red arrow) surrounded by a dense outer rim

of small lymphocytes (mantle zone) (HE, X400). VETC, vessels encapsulated tumor clusters

Angiogenesis and immune infiltration levels analyses

Patients in the genomic cohort were categorized into low- and high-FAP groups. Single-cell RNA
sequencing (scRNA-seq; Supplementary Material) was used to compare the expression of
angiogenesis-related genes [20] (e.g., KDR, FGFR, and PDGFR) and the distribution of immune cell
populations between the two groups. Cell type identification for each cluster was performed using
canonical markers, genes obtained from the SynEcoSys™ reference database (Singleron
Biotechnology). Significant differences in gene expression and cell-type distribution were identified,
with P-values adjusted using the Benjamini-Hochberg correction. Furthermore, Gene Set Enrichment
Analysis (GSEA) was used to identify potential signaling pathways associated with the observed

angiogenic signatures.

Statistical analyses

Categorical variables were compared via the x? test or Fisher’s exact test, whereas continuous
variables were compared via the Mann—-Whitney U test or Student’ s t test, depending on their
distribution. To control the false discovery rate (FDR) across multiple baseline comparisons, P-values
for baseline clinical characteristics were further adjusted using the Benjamini-Hochberg method.

Interreader agreement for histological characteristics was assessed using the kappa coefficient

10



(Supplementary Material). RFS and OS were compared using the log-rank test. Furthermore,
multivariable Cox proportional hazards regression analysis was performed on the entire cohort to
identify independent prognostic predictors of RFS and OS, while simultaneously adjusting for potential
clinical and pathological confounders. To equilibrate the distribution of baseline covariates between
the study groups and minimize inherent selection bias, a comprehensive strategy involving Propensity
Score Matching (PSM) and weighting was employed. Specifically, a 1:1 nearest-neighbor PSM protocol
was implemented based on logit-transformed propensity scores, with a matching caliper strictly
limited to 0.1 to ensure precise pair alignment. To further validate the robustness of the findings,
stabilized inverse probability of treatment weighting (IPTW) was applied. This dual approach
generated a weighted pseudo-cohort in which baseline patient characteristics were balanced between
the high- and low-FAP cohorts without artificially inflating the total sample size .

The required sample size was determined via power calculations (Supplementary Material). R
software, version 4.0.2 (R Foundation for Statistical Computing; http://www.R-project.org), G¥Power
software (https://stats.oarc.ucla.edu/other/gpower), and SPSS, version 29.0 (IBM) were used to

perform the statistical analyses. Statistical significance was defined as a two-sided p-value <0.05.

3. Results
Baseline patient characteristics

In the retrospective cohort, 1150 patients were initially included, of whom 147 were excluded.
The final study population comprised 1003 patients (842 men and 161 women; mean age, 53.7 + 11.8
years). In total, 226 HCC samples were classified as having high FAP expression, whereas 777 were
classified as having low FAP expression. The median follow-up time was 49.0 months (interquartile
range [IQR], 27.5-71.9 months). Compared with patients with low FAP expression, patients with high
FAP expression were more likely to have serum alpha fetoprotein levels higher than 200 ng/mL (102
out of 226 cases [45.1%] vs 288 out of 777 cases [37.1%]); P=0.035, adjusted P=0.129), tumor size

greater than 5 cm (128 out of 226 cases [56.6%)] vs 346 out of 777 cases [44.5%]); P=0.002, adjusted
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P=0.009) and higher neutrophil count(3.54, IQR: 2.44-4.64 vs. 3.24, IQR: 2.38-4.22; P=0.027, adjusted

P=0.115). The baseline information of the study population is presented in Table 1. The study

flowchart is shown in Figure 1.

Tablel. Baseline clinical and pathologic characteristics of patients in total cohorts

Baseline characteristics  Retrospective Low FAP High FAP P Adjusted P*  Genomic-test
cohort group group cohort (n=23)
(n=1003) (n=777) (n=226)
Age (years) * 53.7+11.8 53.8+12.0 53.4+11.5 0.594 0.736 58.1+9.0
Gender (N, %) 0.873 0.897
male 842 (83.9) 651 (83.8) 191 (84.5) 18 (78.3)
female 161 (16.1) 126 (16.2)  35(15.5) 5(21.7)
Underlying liver 0.328 0.502
diseases (N, %)
absence 131 (13.1) 106 (13.6)  25(11.1) 4(17.4)
HBV 785 (78.3) 600 (77.2) 185 (81.9) 14 (60.9)
others 87 (8.7) 71(9.1) 16 (7.1) 5(21.7)
Liver cirrhosis (N, %) 0.636 0.739
absence 512 (51.0) 393 (50.6) 119 (52.7) 5(21.7)
presence 491 (49.0) 384 (49.4) 107 (47.3) 18 (78.3)
Ascites (N, %) 0.654 0.739
absence 918 (91.5) 709 (91.2) 209 (92.5) 22 (95.7)
little 85 (8.5) 68 (8.8) 17 (7.5) 1(4.3)
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Neutrophil (x10°) #

Lymphocyte (x10°) #

Platelet (x10°) #

Monocyte (x10°) #

Albumin (g/L) #

Total bilirubin (umol/L)

#

ALT (U/L) #

AST (U/L) #

Creatinine (umol/L) #

INR

ALBI grade (N, %)

AFP (ng/mL, N, %)

<200

3.30 (2.39-
4.30)
137  (1.04-
1.74)

156 (111-209)

0.34  (0.25-
0.46)

393 (36.3-
42.2)

13.7  (10.3-
18.2)

310 (21.1-
47.3)

341 (24.7-
49.9)

712 (61.0-
80.6)

1.02  (0.96-
1.09)

493 (49.2)
510 (50.8)
613 (61.1)

3.24 (2.38-
4.22)
1.38 (1.05-
1.76)

155  (110-
206)
0.34 (0.25-
0.45)
39.3 (36.3-
42.1)
13.9 (10.4-
17.9)
31.4 (21.6-
47.5)
34.1 (24.7-
49.8)
716 (61.8-
80.8)
1.02 (0.96-

1.09)

392 (50.5)

385 (49.5)

489 (62.9)

3.54 (2.44-
4.64)
1.33 (1.03-
1.65)
162 (117-
211)
0.36 (0.25-
0.47)
39.2 (36.3-
42.2)
13.4 (9.9
19.0)
29.5 (19.8-
45.7)
33.6 (24.5-
51.1)
70.1 (59.6-
79.9)

1.03 (0.97-

1.10)

101 (44.7)

125 (55.3)

124 (54.9)

0.027

0.314

0.270

0.297

0.528

0.852

0.086

0.897

0.355

0.149

0.147

0.035

0.115

0.502

0.502

0.502

0.687

0.897

0.281

0.897

0.513

0.322

0.322

0.129

319 (272,
3.54)

1.24  (1.06-
1.61)

135 (97-157)
035  (0.29-
0.38)

420  (39.0-
42.8)

13.7  (11.5-
25.8)

310  (24.2-
43.1)

363  (26.9-
52.5)

726  (64.5-
87.0)

1.02  (0.97-
1.06)

17 (73.9)

6 (26.1)

15 (65.2)
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>200

Tumor size (mm, N, %)
<50
>50
Microvascular invasion
(N, %)
absence
presence
Satellite lesions (N, %)
absence
presence
Tumor differentiation
(N, %)
Moderately to well
poorly
Intratumoral TLS
absence
presence

MVD

VETC (N, %)
absence

presence

390 (38.9)

529 (52.7)

474 (47.3)

545 (54.3)

458 (45.7)

729 (72.7)

274 (27.3)

648 (64.6)

355 (35.4)

488 (48.7)
515 (51.3)
67.0 (41.7-

91.0)

684 (68.2)

319 (31.8)

288(37.1)

431 (55.5)

346 (44.5)

427 (55.0)

350 (45.0)

572 (73.6)

205 (26.4)

538 (69.2)

239 (30.8)

351 (45.2)
426 (54.8)
60.0 (35.3-

82.0)

558 (71.8)

219 (28.2)

102 (45.1)

98 (43.4)

128 (56.6)

118 (52.2)

108 (47.8)

157 (69.5)

69 (30.5)

110 (48.7)

116 (51.3)

137 (60.6)
89 (39.4)
92.8 (74.7-

113.0)

126 (55.8)

100 (44.2)

0.002

0.466

0.251

<0.001

<0.001

<0.001

<0.001

0.009

0.687

0.502

<0.001

<0.001

<0.001

<0.001

8 (34.8)

11 (47.8)

12 (52.2)

14 (60.9)

9(39.1)

19 (82.6)

4(17.4)

16 (69.6)

7 (30.4)

11 (47.8)
12 (52.2)
85 (64.0-

101.0)

15 (65.2)

8(34.8)

Note: *, data are presented as meanzSD; #, data are presented as median and IQR ; /, Adjusted P was
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corrected using the Benjamini-Hochberg (FDR)
Abbreviations: FAP, fibroblast activation protein; HBV, hepatitis B virus; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; ALBI, albumin-bilirubin; AFP, alpha-fetoprotein; MVD, microvessel

density; TLS, tertiary lymphoid structures VETC, vessels encapsulating tumor clusters;

Histological staining analysis before and after matching between the low and high FAP expression
groups

The relationship between FAP expression levels and various clinicopathological features was
evaluated in the retrospective cohort. Interreader agreement for the clinicopathological features was
excellent (Kappa 0.84-0.91, Supplementary Table S2). Importantly, high FAP expression in HCC was
significantly correlated with more aggressive clinicopathological characteristics (Table 1). Specifically,
compared with low-FAP HCCs, high-FAP HCCs exhibited a significantly higher prevalence of poor tumor

differentiation (51.3%, 116/226 vs. 30.8%, 239/777; adjusted P<0.001) and VETC patterns (44.2%,

15



100/226 vs. 28.2%, 219/777; adjusted P<0.001). Furthermore, high FAP expression was associated
with increased MVD (92.8, IQR:74.7-113.0 vs. 60.0, IQR:35.3-82.0; adjusted P<0.001) and a lower
presence of TLSs (39.4%, 89/226 vs. 54.8%, 426/777; adjusted P<0.001). To ensure the robustness of
these findings, PSM and IPTW analyses were performed to eliminate baseline imbalances (Table 2).
Following PSM (n=226 per group), high-FAP HCCs consistently demonstrated a significantly higher
frequency of poor differentiation (51.3% vs. 32.7%, P<0.001), a higher prevalence of VETC patterns
(44.2% vs. 28.3%, P=0.001), elevated MVD levels (P<0.001), and a reduced rate of intratumoral TLS
(39.4% vs. 52.2%, P=0.008). These associations remained significant after IPTW analysis (low-FAP,
n=1003; high-FAP, n=1000; all P < 0.05), further supporting the association between FAP expression
and these pathological indicators.

Table 2. Baseline characteristics of the two groups after matching in retrospective cohort.

Baseline After PSM After IPTW
characteristics Low-FAP High-FAP P SMD Low-FAP High-FAP P SMD
(n=226) (n=226) (n=1003) (n=1000)
Age (years)* 53.3112.0  53.4+114 0.402 0.079 53.8+12.0 53.2+11.2 0.477 0.053
Gender (N, %) 0.798 0.036 0.550 0.046
male 188 (83.2) 191 (84.5) 840 (83.7) 854 (85.4)
female 38 (16.8) 35 (15.5) 163 (16.3) 146 (14.6)
Underlying liver 0.079 0.213 0.117 0.162
diseases (N, %)
absence 37 (16.4) 25(11.1) 139 (13.8) 103 (10.3)
HBV 165 (73.0) 185 (81.9) 773 (77.1)  835(83.5)
others 24 (10.6) 16 (7.1) 91 (9.1) 62 (6.2)
Liver cirrhosis (N, %) 0.925 0.009 0.799 0.020
absence 120 (53.1) 119 (52.7) 511 (50.9) 519 (51.9)
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presence

Ascites (N, %)
absence
little

Neutrophil (x10°) #

Lymphocyte (x10°) #

Platelet (x10°) #

Monocyte (x10°) #

Albumin (g/L) #

Total bilirubin
(umol/L) #

ALT (U/L) #

AST (U/L) #

Creatinine (umol/L)

#

INR

106 (46.9)

198 (87.6)
28 (12.4)
3.60 (2.59-
4.62)

1.39 (1.03-
1.71)

160 (121-
211)

0.34 (0.26-

0.47)

39.2 (36.5-
42.2)
13.7 (10.5-
17.7)
28.7 (19.9-
42.8)
33.6 (24.7-
49.7)
71.2 (61.6-
80.3)
1.01 (0.96-

1.08)

107 (47.3)

209 (92.5)
17 (7.5)
3.54 (2.44-
4.64)

1.33 (1.03-
1.65)

162 (117-
211)

0.36 (0.25-

0.47)

39.2 (36.3-
42.2)
13.4(9.9-
19.0)

29.4 (19.8-
45.7)

33.6 (24.5-
51.1)

70.1 (59.6-
79.9)

1.03 (0.97-

1.10)

0.116

0.694

0.608

0.847

0.921

0.669

0.901

0.990

0.888

0.560

0.140

0.163

0.030

0.087

0.044

0.030

0.044

0.168

0.101

0.069

0.005

0.127

492 (49.1)

913 (91.3)
90 (8.7)
3.27 (2.41-
4.28)

1.38 (1.04-
1.75)

156 (110-
209)

0.34 (0.25-

0.46)

39.2 (36.3-
42.1)
13.8 (10.4-
18.0)
31.2 (21.4-
47.3)
34.5 (24.8-
49.8)
71.5 (61.6-
80.6)
1.02 (0.96-

1.09)

481 (48.1)

928 (92.8)
72(7.2)
3.39(2.33-
4.27)

1.33 (1.03-
1.66)

157 (112-
204)
0.34(0.25,

0.45)

39.3 (36.3-
42.2)
13.5(9.9-
19.1)

29.5 (19.9-
46.0)
33.2(23.7-
49.4)

69.9 (59.6-
79.9)

1.02 (0.97-

1.10)

0.399

0.834

0.332

0.858

0.713

0.729

0.965

0.272

0.554

0.410

0.550

0.066

0.002

0.099

0.039

0.080

0.032

0.204

0.022

0.006

0.003

0.010
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ALBI grade (N, %)

AFP (ng/mL, N, %)

<200

>200
Tumor size (mm,
N, %)

<50

>50
Microvascular
invasion (N, %)

absence

presence
Satellite lesions
(N, %)

absence

presence
Tumor
differentiation (N, %)

Moderately to

well

poorly
Intratumoral TLS
absence

presence

108 (47.8)

118 (52.2)

120 (53.1)

106 (46.9)

103 (45.6)

123 (54.4)

159 (70.4)

67 (29.6)

166 (70.8)

66 (29.2)

152 (67.3)

74 (32.7)

108 (47.8)

118 (52.2)

101 (44.7)

125 (55.3)

124 (54.9)

102 (45.1)

98 (43.4)

128 (56.6)

166 (70.8)

66 (29.2)

157 (69.5)

69 (30.5)

110 (48.7)

116 (51.3)

137 (60.6)

89 (39.4)

0.571

0.777

0.705

0.935

0.837

<0.001

0.008

0.062

0.036

0.045

0.035

0.029

0.383

0.260

503 (50.2)

500 (49.8)

612 (61.0)

391 (39.0)

529 (52.7)

474 (47.3)

742 (73.9)

261 (26.1)

733 (73.0)

270 (27.0)

691 (68.9)

312 (31.1)

456 (45.5)

547 (54.5)

442 (44.2)

558 (55.8)

604 (60.4)

396 (39.6)

525 (52.5)

475 (47.5)

473 (47.3)

527 (52.7)

717 (71.7)

283 (28.3)

500 (50.0)

500 (50.0)

582 (58.2)

418 (41.8)

0.122

0.857

0.950

0.864

0.690

<0.001

0.001

0.120

0.014

0.005

0.042

0.030

0.392

0.258
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MVD 59.0 (33.2- 92.8 (74.7- <0.001 1.141 58.9(34.7- 94.5(75.5- <0.001 1.177
80.7) 113.0) 81.4) 113.7)
VETC (N, %) 0.001 0.336 <0.001 0.308
absence 162 (71.7) 126 (55.8) 716 (71.4) 568 (56.8)
presence 64 (28.3) 100 (44.2) 287 (28.6) 432 (43.2)

Note: *, data are presented as mean+SD; #, data are presented as median and IQR

Abbreviations: FAP, fibroblast activation protein; HCC, hepatocellular carcinoma; PSM, propensity
score matching; IPTW, Inverse Probability of Treatment Weighting; HBV, hepatitis B virus; ALBI,
albumin-bilirubin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AFP, alpha-
MVD, microvessel density; TLS, tertiary lymphoid structures

fetoprotein; ALBI, albumin-bilirubin;

VETC, vessels encapsulating tumor clusters

Prognosis before and after matching between the low and high FAP expression groups

The median follow-up time was 49.0 months (IQR: 27.5-71.9 months). By the end of the follow-
up period, 482 patients had died (48.1%, 482/1003), and 668 had experienced tumor recurrence
(66.6%, 668/1003). The median OS was 76.5 months ([95% Cl: 66.8-86.2 months]), and the 1-, 2-, 3-,
4-, and 5-year OS rates were 89.8%, 78.8%, 70.2%, 63.1%, and 55.9%, respectively. The median RFS
was 35.2 months ([95% Cl: 30.4-40.1 months]), and the corresponding 1-, 2-, 3-, 4-, and 5-year RFS
rates were 73.4%, 58.8%, 49.7%, 41.9%, and 35.8%, respectively (Table 3).

Before matching, patients in the low-FAP group had significantly better OS than those in the high
FAP group (81.8 months, 95%Cl: 70.8-97.3 months vs. 56.6 months, 95%Cl: 46.4-65.3 months; P<0.001)
and significantly longer RFS (40.6 months, 95%Cl: 34.8-47.0 months vs. 20.5 months, 95%Cl: 17.6-30.0

months; P<0.001) (Figure 4A-B). The post-adjustment survival analysis further supported the
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prognostic relevance of FAP expression. After PSM, 226 matched pairs were generated, and no
significant differences in baseline characteristics were observed between the two groups. The post-
PSM analysis revealed that patients in the low-FAP group had significantly better OS (77.7 months
[95%Cl: 65.6-98.2 months] vs. 56.6 months [95%Cl: 46.4-65.3 months]; P=0.041) and RFS (28.5 months
[95%Cl: 25.1-39.0 months] vs. 20.5 months [95%Cl: 17.6-30.0 months]; P=0.023) than those in the
high-FAP group (Figure 4C-D). For the IPTW analysis, weighted pseudo-cohorts comprising 1003
weighted patients in the low-FAP group and 1000 weighted patients in the high-FAP group were
generated. After matching, patients with low-FAP HCCs maintained a significantly better OS (81.7
months [95%Cl: 69.4-96.4 months] vs. 59.0 months [95%Cl: 51.9-80.7 months]; P=0.030) and RFS (39.5
months [95%Cl: 33.6-45.6 months] vs. 23.6 months [95%Cl: 19.0-36.8 months]; P=0.021), compared
to patients with high-FAP HCCs (Figure 4E-F). The RFS and OS between the Low FAP group and the

High FAP groups before and after matching are summarized in Table 3.

Table 3. The RFS and OS between the Low FAP group and High FAP group before and after

matching.
Entire Before matching After PSM After IPTW
populati Low High P Low High P Low High P
on FAP FAP FAP FAP FAP FAP
group group group group group  group
(n=77 (n=22 (n=22 (n=22 (n=100 (n=100
7) 6) 6) 6) 3) 0)
Medi 76.5 818 566 <0.0 77.7 56.6 0.04 817 59.0 0.03

an0S (66.8-  (70.8- (46.4- 01  (65.6- (46.4- 1  (69.4- (51.9- O

(95%  86.2) 97.3) 65.3) 98.2) 65.3) 96.4)  80.7)

20



Cl)

year

(%)

year

(%)

year

(%)

year

(%)

year
(%)
Medi
an
RFS
(95%

Cl)

year

89.8

78.8

70.2

63.1

55.9

35.2
(30.4-

40.1)

73.4

91.1

80.9

72.3

65.4

58.3

40.6
(34.8-

47.0)

75.8

85.0

71.1

62.6

54.6

46.6

20.5

(17.6

30.0)

65.0

<0.0

01

86.7

76.4

68.1

62.3

56.7

28.5
(25.1-

39.0)

71.2

85.0

71.1

62.6

54.6

46.6

20.5 0.02

(176 3

30.0)

65.0

90.8

80.3

71.6

64.6

57.6

39.5
(33.6-

45.6)

75.0

86.2

73.3

65.8

57.4

49.0

236  0.02
(19.0- 1

36.8)

68.1
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(%)

2- 58.8 62.3 46.0 56.6 46.0 61.5 48.8
year

(%)

3- 49.7 52.5 39.8 44.1 39.8 51.8 43.1
year

(%)

4- 41.9 44.7 32.3 38.2 32.3 44.2 34.6
year

(%)

5- 35.8 38.5 26.4 36.1 26.4 38.0 27.9
year

(%)

Abbreviations: RFS, Recurrence-free survival; OS, overall survival; HCC, hepatocellular
carcinoma; PSM, propensity score matching; IPTW, inverse probability of treatment

weighting.
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Figure 4. Survival curves for patients with Low FAP and High FAP HCCs before and after matching. RFS
(A) and OS (B) before matching. RFS (C) and OS (D) after PSM analysis. RFS (E) and OS (F) after IPTW
analysis. Before matching, both RFS and OS were significantly better for patients with low FAP HCCs

than for those with high FAP HCCs. After PSM, patients with low FAP HCCs maintained a significantly
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better RFS and OS, compared to patients with high FAP HCCs. In terms of IPTW analysis, patients with
low FAP HCCs also had a better RFS and OS compared to patients with high FAP HCCs. FAP, fibroblast
activation protein; HCC, hepatocellular carcinoma; OS, overall survival; RFS, recurrence-free survival;

PSM, propensity score matching; IPTW, inverse probability of treatment weighting
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Independent prognostic value of FAP expression for RFS and OS

Multivariable Cox proportional hazards regression analysis was performed in the entire cohort to
simultaneously adjust for relevant clinical and pathological confounders (Table 4). Notably, to
optimize model stability and represent the overall aggressive behavior of tumors, microvascular
invasion and satellite lesions were combined and analyzed as "mVI/S,", which defined as positive if
either situation was present. After fully controlling for variables such as age, tumor size, AFP, VETC,
and TLS status, high FAP expression was successfully confirmed as an outstanding and independent
adverse prognostic factor for both reduced RFS (Adjusted HR=1.21, 95% Cl: 1.01-1.45, P=0.040) and
worse OS (Adjusted HR=1.26, 95% Cl: 1.02-1.55, P=0.033). In addition, liver cirrhosis, tumor burden
beyond the up-to-seven criteria, larger tumor size, higher AFP levels, pathological high-risk invasive

factors, and VETC positivity were identified as independent risk factors (Table 4).

Table 4. Multivariable Cox Proportional Hazards Analysis of Predictors for Recurrence-Free

Survival and Overall Survival

Variable RFS 0S
HR 95% Cl P HR 95% Cl P
Age 1.00 0.99-1.00 0.500 1.00 0.99-1.01 0.523
Gender (N, %)
male 1.00 1.00
female 0.93 0.75-1.15 0.498 095 0.74-1.22 0.710

Underlying liver diseases
(N, %)

absence 1.00 1.00
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HBV
others

Liver cirrhosis (N, %)
absence
presence

Up to seven criteria (N, %)
within
beyond

AFP level (N, %)

<200

>200
TLS (N, %)
absence
presence
Tumor differentiation
(N, %)
Moderately to well
poorly
mVI/S (N, %)
absence
presence
ALBI (N, %)

1.13

1.27

1.00

1.21

1.00

1.53

1.00

1.15

1.00

0.89

1.00

1.31

1.00

1.45

1.00

0.88-1.44

0.91-1.79

1.04-1.41

1.31-1.80

0.98-1.35

0.76-1.04

1.08-1.58

1.24-1.69

0.333

0.164

0.015

<0.001

0.095

0.135

0.005

<0.001

1.10

1.34

1.00

1.26

1.00

1.81

1.00

131

1.00

0.93

1.00

1.15

1.00

1.28

1.00

0.82-1.47

0.91-1.97

1.05-1.52

1.50-2.18

1.09-1.58

0.77-1.12

0.98-1.35

1.07-1.54

0.520

0.133

0.012

<0.001

0.005

0.458

0.094

0.008
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I 1.16 0.99-1.35 0.065 1.25 1.04-1.50 0.016

VETC (N, %)
absence 1.00 1.00
presence 1.27 1.08-1.50 0.004 1.25 1.04-1.52 0.020

FAP level (N, %)
Low 1.00 1.00

High 1.21 1.01-1.45 0.040 1.26 1.02-1.55 0.033

Abbreviations: HBV, hepatitis B virus; AFP, alpha-fetoprotein; TLS, tertiary lymphoid

structures; VETC, vessels encapsulating tumor clusters; FAP, fibroblast activation protein
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Gene testing cohort for analysis of angiogenesis-related genes and immune infiltration levels

To further examine the relationship between FAP expression levels, angiogenesis, and immune
cell infiltration, 209910 single cells from 23 participants (high-FAP group, n=7; low-FAP group, n=16)
in the prospective genomic-test cohort were analyzed. Unsupervised dimensionality reduction and
clustering of the entire dataset identified 15 major cell lineages (Figure 5A). Given the pivotal role of
T cells in the TME, the T-cell population was further re-clustered into distinct functional subsets (Figure
5B). Notably, higher FAP expression was positively correlated with PDGFRB expression (P<0.001,
adjusted P<0.001) (Figure 5C) and was associated with reduced proportions of CD8+ tissue-resident
memory T cells (TRM) (P=0.006, adjusted P=0.044) (Figure 5D). Functional enrichment analysis and
GSEA were performed to explore the biological significance of high FAP expression. As shown in the
bubble plot, high FAP expression was significantly associated with several oncogenic and stroma-
remodeling pathways, including the MAPK, Wnt, and TGF-beta signaling pathways (Figure 5E). GSEA
further showed that the high FAP group was enriched for gene sets associated with intratumoral
angiogenesis and extracellular matrix (ECM) remodeling, including the VEGF signaling pathway
(ES=0.5160, NP=0.0576), focal adhesion (ES=0.5171, NP=0.0087), and ECM-receptor interactions
(Figure 5F-H). Furthermore, enrichment of the chemokine and T-cell receptor signaling pathways was
consistent with an association between high FAP levels and a complex, potentially immunosuppressive

TME.
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Figure 5. Single-cell transcriptomic landscape and functional enrichment analyses based on FAP
expression. (A) UMAP plot illustrating the 15 major cell lineages identified across the entire
prospective scRNA-seq cohort (n=23). (B) UMAP plot showing the refined subclustering and
annotation of T-cell subpopulations. (C) Violin plots comparing the expression levels of key
angiogenesis-related genes between the high- and low-FAP expression groups. (D) Box plots showing
the infiltration levels and proportions of distinct T-cell subsets between the high- and low-FAP groups.
(E) Dot plot illustrating the differential enrichment of key signaling pathways involved in immune
regulation and angiogenesis between the high- and low-FAP expression cohorts. GSEA plots showing
the significant enrichment of the (F) MAPK, (G) FOCAL ADHESION, and (H) VEGF signaling pathways in
the high FAP group compared to the low FAP group. Statistical significance was defined as follows: *,
adjusted P < 0.05; **, adjusted P < 0.01; and ns, not significant (adjusted P > 0.05). FAP, fibroblast
activation protein; GSEA, Gene Set Enrichment Analysis; UMAP, Uniform Manifold Approximation and

Projection; ES, enrichment score; NP, nominal P-value.

30



4.Discussion

The biological heterogeneity of the TME is increasingly recognized as a major determinant of
therapeutic failure in HCC [21]. In this study, we systematically analyzed a large multicenter cohort
and found that high FAP expression was an independent prognostic marker of poor OS and RFS.
Moreover, high FAP expression was associated with a proangiogenic and immunosuppressive
microenvironment characterized by increased MVD count, enrichment of the VETC vascular pattern,
and reduced formation of intratumoral TLSs. These observations suggest that FAP-positive CAFs may
contribute to vascular remodeling and immune organization within the HCC microenvironment.

A key finding of our study was the positive correlation between FAP expression and the VETC
pattern. VETC has been reported to facilitate the release of intact tumor clusters into the circulation,
bypassing the need for cell-EMT (Epithelial-mesenchymal transition) and thereby enhancing
metastatic efficiency [12]. Our data showed that high-FAP tumors exhibited significantly higher MVD
and a greater prevalence of the VETC pattern. The scRNA-seq analysis further showed that elevated
FAP levels were associated with enrichment of proangiogenic pathways, such as VEGF and MAPK
signaling pathways. Furthermore, PDGFRB expression was significantly higher in the high-FAP group.
These findings are consistent with a potential association between FAP-positive fibroblasts,
endothelial organization, and ECM remodeling in tumors with VETC features. In addition, enrichment
of the focal adhesion and ECM-receptor interaction pathways suggest that FAP-associated stromal
remodeling may contribute to alterations in tumor vascular architecture, which may be related to the
shorter RFS observed in patients with high FAP expression.

Another important finding of this study was that high FAP expression was negatively correlated
with antitumor immune markers. High-FAP HCCs exhibited markedly lower rates of TLS and reduced
proportions of CD8+ TRM. TLS are essential ectopic sites for lymphocyte recruitment and activation,
and their absence or reduced abundance is often associated with "immunologically cold" tumors [22-
23]. Our finding that high FAP expression correlated with lower TLS rates (39.4% vs. 54.8%) suggests

that FAP-associated stromal remodeling may contribute to physical barriers that limit lymphocyte
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infiltration and the formation of organized immune niches. Enrichment of the TGF-beta signaling
pathway in high-FAP tumors further supports a possible association between FAP+ CAFs and restricted
immune aggregate maturation. Furthermore, the reduced proportion of CD8+ TRM cells, which play a
critical role in long-term immune surveillance and prevention against tumor recurrence [24-25], may
partially explain the poorer postoperative prognosis observed in patients with high FAP expression.

The clinical implications of these findings suggest that FAP expression may help refine patient
stratification for systemic therapy. Currently, combination therapy with antiangiogenic agents and
immune checkpoint inhibitors is the standard first-line treatment for advanced HCC [26-27]. However,
our data indicate that high-FAP expression may be associated with a less favorable response to ICls,
potentially related to the "immune-excluded" and "high-VETC" features. In this context, targeting FAP-
positive fibroblasts may offer a complementary approach for modulating the TME. Recent studies
have highlighted that 68Ga-FAPI PET/CT offers superior diagnostic sensitivity for HCC compared to
traditional 18F-FDG [28], while pilot trials of 177Lu-FAPI radioligand therapy have demonstrated
favorable safety profiles and promising tumor uptake [29,30]. Future studies should evaluate whether
FAP-directed interventions can modify VETC-associated tumor dissemination and stromal barriers,
and thereby improve responses to concurrent immunotherapy.

Several limitations of this study should be acknowledged. First, the sample size of the prospective
genomic cohort was relatively small. Specifically, the high-FAP group included only seven of the 23
patients analyzed by scRNA-seq. Consequently, these single-cell transcriptomic findings should be
considered exploratory rather than confirmatory. Furthermore, the association between high FAP
expression and reduced CD8+ TRM cell exclusion showed only borderline statistical significance,
warranting validation in larger, independent prospective trials. Second, although the multicenter
retrospective design provided a large sample size, it could not completely eliminate the possibility of
residual selection bias. Furthermore, our cohort predominantly comprised patients with HBV-related
HCC, which may limit the generalizability of these FAP-centric immune exclusion patterns to Western

populations, where MASLD- or HCV-related HCC is more frequent. Finally, the assessment of VETC
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patterns and TLS relied on morphological evaluation, which may introduce interobserver variability
despite the excellent interreader agreement observed in this study. Therefore, future studies should
incorporate standardized digital pathology approaches to improve the reproducibility of these
histopathological assessments.

In conclusion, our multicenter study identified FAP expression as an independent marker
associated with a proangiogenic and immunosuppressive TME in HCC, characterized by enrichment of
the VETC patterns and reduced intratumoral TLS formation. These findings suggest that FAP may
contribute to the spatial organization of the tumor microenvironment and support further
investigation of FAP-targeted interventions as a promising component of future combination
therapeutic strategies aimed at overcoming treatment resistance and improving survival in patients

with HCC.

List of abbreviations: HCC, Hepatocellular carcinoma; TME, Tumor microenvironment; CAFs, Cancer-
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Computed tomography; MRI, Magnetic resonance imaging; OS, overall survival; RFS, Recurrence-free
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