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Abstract

Hepatocellular carcinoma (HCC) remains a global health challenge due to molecular het-
erogeneity and frequent delayed diagnosis. This comprehensive review synthesizes recent
immunohistochemistry (IHC) advancements for HCC diagnosis, prognostication, and
therapeutic prediction. We systematically evaluate conventional markers, such as hepato-
cyte paraffin 1 (HepPar1), arginase-1 (Arg-1), and glypican-3 (GPC3), as well as emerging
biomarkers, detailing their diagnostic sensitivities and specificities in HCC with varied
tumor differentiation. Prognostic immunostaining markers, such as Ki-67 proliferation
index and vascular endothelial growth factor (VEGF) overexpression, correlate with re-
duced 5-year survival, while novel immune checkpoint IHC markers (PD-L1 and CTLA-4)
predict response to immunotherapy, particularly in advanced HCC. This work provides
evidence-based recommendations for optimizing IHC utilization in clinical practice while
identifying knowledge gaps in biomarker validation and standardization.

Keywords: hepatocellular carcinoma (HCC); immunohistochemistry (IHC); diagnostic
biomarkers; prognostic markers; predictive biomarkers

1. Introduction
Globally, primary liver cancer, including HCC and intrahepatic cholangiocarcinoma

(ICC), ranks as the sixth most common type of cancer and the fourth leading cause of
cancer-related deaths, with approximately 841,080 new cases and 781,631 fatalities reported
in 2018 [1]. Projections indicate that by 2025, more than one million people will be diag-
nosed with liver cancer worldwide annually [2]. HCC, consisting of epithelial cells with
hepatocellular differentiation, accounts for 75–85% of all primary liver cancer [3].

Over recent years, the epidemiology of HCC etiology has shifted significantly, with a
transition from viral to non-viral causes, especially in regions with high sociodemographic
indices [4]. In developed countries, non-alcoholic fatty liver disease (NAFLD, renamed
as MASLD (metabolic dysfunction-associated steatotic liver disease [5])) has emerged as
the most rapidly growing cause of HCC, with estimates predicting a 56% increase in non-
alcoholic steatohepatitis (NASH, renamed as MASH (metabolic dysfunction-associated
steatohepatitis [5])) cases over the next decade [6]. Despite advancements in screening and
surveillance, HCC is often detected at advanced stages, posing significant challenges for
effective treatment and management [7].

Diagnosing and managing HCC presents multiple challenges. First, it is well accepted
that early detection significantly improves patient outcomes, but in many developing coun-
tries, patients are frequently diagnosed at later stages due to insufficient surveillance [8].
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Second, the histologic heterogeneity of HCC and its frequent occurrence alongside chronic
liver diseases complicate accurate diagnosis and staging of this liver malignancy [9,10].

Immunohistochemistry (IHC) is a crucial tool for diagnosing HCC. It helps distinguish
HCC from other primary liver tumors and liver metastases, ensuring accurate diagnosis
for appropriate treatment selection. Immunohistochemical markers such as GPC3, CD34,
and HepPar1 have demonstrated high sensitivity in identifying HCC, differentiating HCC
from ICC and liver metastasis [11]. IHC technically allows for direct visualization and local-
ization of specific proteins within tissue samples, providing essential immunophenotypic
characteristics for accurate classification. In addition, IHC aids in assessing tumor hetero-
geneity, identifying prognostic factors, and evaluating potential therapeutic targets [12,13].
For instance, recent advancements in IHC techniques have enabled deeper exploration of
the tumor microenvironment, including immune checkpoint protein expression across a
broad spectrum of malignancies, including HCC [14].

This review provides a thorough overview of recent advancements in diagnostic
IHC in HCC. It assesses the latest biomarkers and their diagnostic and prognostic values,
highlighting emerging trends in IHC-based clinical research for HCC. By synthesizing
recent findings, this review offers pathologists, hepatologists, and oncologists insights into
the current landscape and future directions of IHC in HCC management.

2. Diagnostic Markers
Hepatocellular lineage markers include HepPar1 and Arg-1, while canalicular domain

markers, such as polyclonal carcinoembryonic antigen (pCEA) and CD10, serve as spe-
cific architectural immunomarkers for liver differentiation. Normal hepatocytes express
unique cytoskeletal proteins, i.e., cytokeratins (CK) 8 and 18. Notably, aberrant cytokeratin
19 expression in HCC is associated with poor prognosis. Table 1 summarizes currently
used diagnostic markers for HCC. Figure 1 illustrates representative HE stains of HCC
tissue, accompanied by IHC staining patterns: (A) H&E HCC; (B) HepPar1; (C) Arginase;
(D) glypican-3; (E) Poly-CEA; (F) CD10; (G) GS; (H) CD34; (I) albumin ISH; and (J) CD31.
Figure 2 illustrates a visual flowchart outlining the IHC diagnostic pathway for HCC.

Table 1. Currently used diagnostic markers for HCC.

Markers Target/Antigen Sensitivity
(%)

Specificity
(%)

Staining
Pattern Note

Hepatocellular
lineage

HepPar1
[15–19]

CPS1
(mitochondrial) 70–87 71–97 Granular

cytoplasmic

Stains
non-hepatocellular

tumors (e.g., gastroin-
testinal/hepatoid

tumors)

Arg-1 [15,20,21] Urea cycle
enzyme 76.6–96.0 97.5 Cytoplasmic

Rare negativity in
well-differentiated
HCC; occasional

positivity in ICC and
liver metastasis

Albumin ISH
[22–24]

Albumin
mRNA 99 100 ‡ Cytoplasmic

mRNA dots

Positivity in
small-duct type ICC
(31.6%) and hepatoid

carcinomas

CK8/18 [25,26] Cytokeratins 54.5–83.3 Variable Cytoplasmic
and membrane

Hepatocellular
cytokeratins but are

not specific for
hepatocellular

lesions. Positive in
most cancers and
some sarcomas.
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Table 1. Cont.

Markers Target/Antigen Sensitivity
(%)

Specificity
(%)

Staining
Pattern Note

Liver
architecture

CD10 [27,28] Metalloproteinase 61–86 84–87 Canalicular/
membranous

Expressed in focal
nodular hyperplasia

(FNH, 100%) and
ICC (31.6%)

pCEA [29,30] Biliary
glycoprotein 60–90 95–100 * Canalicular

Declining sensitivity
in poorly diff HCC;
technical variability

Malignant
hepatocyte

GPC3 [31–35] Cell-surface
proteoglycan 63–92 94–100

Cytoplasmic/
membranous

(heteroge-
neous)

Reduced sensitivity
in well-differentiated

HCC; positivity in
ICC (14–21%)

GS [36–38] β-catenin
pathway 43.9–100 90–94.3 Diffuse

cytoplasmic

Increased expression
in cirrhosis and

chronic hepatitis B
virus-infected liver;
focal positivity in

dysplastic nodules

HSP70
[37,39,40]

Stress response
protein 57.5–78.2 85–100 Nuclear/

cytoplasmic

Positivity in liver
metastatic

adenocarcinoma and
ICC; heterogeneity in
poorly differentiated

HCCs

AFP [34,35] Oncoprotein 30% (2–62%) 90% Cytoplasmic

Positive in yolk sac
tumor,

hepatoblastoma,
hepatoid tumor,

gastric carcinoma,
pancreatic

adenocarcinoma,
infantile hemangioen-
dothelioma, cirrhosis,

chronic hepatitis B,
and other liver

diseases.

Others

Ki-67 [41] Cell
proliferation N/A N/A Nuclear

Higher in malignant
cells than in
background
hepatocytes

CD34 [42,43] Sinusoidal
endothelium 92.8 85–90

Diffuse
sinusoidal

capillarization

Patchy staining in
well-differentiated
HCC and cirrhosis

CK19 [44,45] Biliary/progenitor
cells 15 95.6 † Cytoplasmic

and membrane

Indicates aggressive
subtypes; not
HCC-specific

* Specificity for canalicular pattern only. † When combined with AFP. ‡ Specificity for hepatic origin vs. non-
hepatic metastases. GS, glutamine synthetase. HSP70, heat shock protein 70.
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Figure 1. Diagnostic/prognostic markers in HCC. (A) HCC, H&E stain; (B) HepPar1, cytoplas-
mic staining; (C) arginase-1, cytoplasmic staining; (D) glypican-3, predominently cytoplasmic
staining; (E) Poly-CEA, canalicular staining; (F) CD10, canalicular staining; (G) GS, cytoplasmic
staining; (H) CD34, sinusoidal staining; (I) albumin ISH, cytoplasmic staining; and (J) CD31,
sinusoidal staining.
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Figure 2. IHC diagnostic pathway for HCC.

2.1. Classical HCC Markers
2.1.1. Hepatocyte Paraffin 1 (HepPar1)

HepPar1 is a monoclonal antibody that targets the mitochondrial urea cycle enzyme
carbamoyl phosphate synthetase 1 (CPS1), which is primarily expressed in hepatocytes.
It has been widely recognized in identifying hepatocellular differentiation for its high
sensitivity and specificity. The sensitivity of HepPar1 in detecting HCC ranges from 70% to
87%, while the specificity falls between 71% and 97% [15–18].

HepPar1 typically produces a granular cytoplasmic staining pattern in hepatocytes
and HCC cells, making it a valuable tool for distinguishing HCC from metastatic adenocar-
cinomas and other non-hepatocellular tumors [19,30]. However, HepPar1 is not entirely
specific to HCC, as it can stain some non-hepatocellular tumors, particularly those of gas-
trointestinal origin [29]. Notably, hepatoid tumors, such as those in the gastrointestinal (GI)
tract, pancreatobiliary system, lung, and genitourinary tract [46,47], can also stain positive
for HepPar1 [48].

Studies have compared HepPar1 to other hepatocellular markers in the diagnosis of
hepatocellular lesions. Larson et al. utilized HepPar1 and Arg-1 to differentiate HCCs with
cytoplasmic clearing from non-hepatocellular clear cell tumors in liver biopsy specimens.
The results indicated that although both HepPar1 and Arg-1 IHCs displayed significantly
higher intensity in HCCs than in non-hepatocellular tumors, HepPar1 exhibited lower
specificity than Arg-1, as HepPar1 stained a greater proportion of non-hepatocellular
tumors compared to Arg-1 [19]. While HepPar1 remains a key marker in the immunohisto-
chemical diagnosis of HCC, its relative lack of specificity urges caution in interpreting the
results. This limitation supports the utilization of an IHC panel including more specific
hepatocellular markers for accurate diagnosis.

Recent investigations have explored the prognostic value of HepPar1 expression in
HCC. A study by Li et al. incorporated HepPar1 staining results into a novel risk-scoring
model to predict the early recurrence of HCC after curative resection. Taking HepPar1 with
GPC3 and alpha-fetoprotein (AFP) into consideration, this model demonstrated superior
prognostic accuracy compared to those using any of these three markers alone [49].
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2.1.2. Arginase-1 (Arg-1)

Arg-1 is primarily expressed in normal hepatocytes and plays a crucial role in the final
step of the urea cycle. It is currently considered as the best hepatocellular lineage marker.
Extensive studies have assessed its diagnostic value in HCC, with most investigations
confirming its superiority over other commonly used hepatocellular markers.

In the comprehensive study by Yan et al., Arg-1 exhibited an overall sensitivity of 96.0%
in HCC cases, outperforming HepPar1, which showed a sensitivity of 84.1% [15]. This
difference was particularly evident in poorly differentiated HCCs, where Arg-1 maintained
a sensitivity of 85.7% compared to 46.4% for HepPar1 [15]. Moreover, Arg-1 IHC has shown
near-perfect specificity in hepatocellular differentiation.

Elzeftawy et al. conducted a tissue microarray study on 117 cases of liver lesions
(77 HCCs, 13 ICCs, and 27 liver metastatic adenocarcinomas with unknown primary).
They found that Arg-1 IHC had a 97.5% specificity in distinguishing HCC from ICC and
metastatic carcinomas [50]. Arg-1 antibody works better for this differentiation when used
in a panel. In a study performed by Wang et al., an IHC panel consisting of Arg-1, GPC3,
and HepPar1 achieved an increased diagnostic sensitivity of 89.36% and specificity of
100.00% [20].

Despite its high sensitivity and specificity, the Arg-1 antibody has limitations. There
have been rare reports of the negativity of Arg-1 IHC in well-differentiated HCC cases.
Krings et al. identified four such cases that still maintained expression of other hepatocellu-
lar markers such as HepPar1 and pCEA [21]. Conversely, occasional Arg-1 positivity has
been observed in non-HCC tumors. Li et al. reported that 6.90% of ICC cases expressed
Arg-1, compared to 76.60% in HCC [20]. Additionally, isolated instances of Arg-1 positivity
have been documented in metastatic colorectal and pancreatic cancers [51]. In addition,
Arg-1 is frequently positive in hepatoid adenocarcinomas [52], which occur in the GI tract,
pancreas, and other sites.

2.1.3. Glypican-3 (GPC3)

GPC3 is a cell-surface glycoprotein typically expressed during fetal development but is
silenced in adult tissues. It regulates cell differentiation and apoptosis. As a heparan sulfate
proteoglycan anchored to the cell membrane via glycosylphosphatidylinositol (GPI), GPC3
is overexpressed in 63–92% of HCCs yet is absent in normal adult liver, cirrhotic nodules,
and most benign hepatic lesions [31–33]. Extensive studies have established the diagnostic
utility of GPC3 in HCC, demonstrating an overall diagnostic sensitivity of 75–85% for
HCC, which could be maintained as high as 89% in poorly differentiated HCC, and GPC3
outperforms HepPar1 (sensitivity 64%) [31,32].

In a tissue microarray study on 101 cases of HCC (33 well-, 22 moderately, and
12 poorly differentiated), Kaseb et al. reported GPC3 expression rates of 63%, 86%, and 92%
for HCCs, respectively [32]. Patients were stratified into clinical score categories (0–3) based
on GPC3 staining intensity and the percentage of stained tumor cells in their resection and
biopsy specimens. The individuals with GPC3-low expressing tumors (scores 0–1) had a
median overall survival of 49.9 months compared to 30.7 months for those carrying tumors
of high expressers (scores 2–3), corresponding to a 1.57-fold increase in mortality risk in
the latter.

More recent studies revealed the prognostic value of GPC3 expression in HCC. A
2014 meta-analysis by Xiao et al. (n = 1070, across eight studies) indicated that high
GPC3 expression correlated with poor overall survival (OS) (HR: 1.96) and disease-free
survival (DFS) (HR: 1.99). Subgroup analysis linked strong GPC3 expression to the presence
of vascular invasion (OR: 2.43), late TNM stage (OR: 2.26), and high tumor grade (OR:
3.30) [53].
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In a meta-analysis by Moudi et al., GPC3 overexpression was associated with a poorer
prognosis in patients with hepatitis B-related HCC [54]. A study by Chen et al. on 55
post-hepatectomy patients with early HCC, diagnosed according to the 2009 classifications
of the Liver Cancer Study Group of Japan and the International Consensus Group for
Hepatocellular Neoplasia, showed that the 5-year DFS rate was significantly lower in
patients with GPC3-positive early HCC (27%) than in patients with GPC3-negative early
HCC (62%) [55].

Together, these results indicate that GPC3 expression correlates with tumor differenti-
ation and clinical outcomes in HCC.

Recently, efforts have been made to explore the potential of GPC3 as an immunother-
apy target in HCC. For example, Zheng et al. conducted clinical trials investigating diverse
GPC3-targeted therapy strategies in HCC therapy, including humanized anti-GPC3 cyto-
toxic antibody therapy, peptide vaccine administration, and immunotoxin treatments [56].
A phase I clinical trial of the anti-GPC3 monoclonal antibodies, codrituzumab combined
with atezolizumab, demonstrated not only good tolerance of the agents but also significant
suppression of tumor growth in patients with advanced HCC. Among 18 evaluated pa-
tients, one case showed partial response (PR), and ten showed stable disease, among whom
six were maintained stable for more than 6 months before progression [57].

However, there are limitations of GPC3 in diagnosing HCC. First, its sensitivity can
vary among HCC tumor cells with different degrees of differentiation. Shafizadeh et al.
observed a drop in the diagnostic sensitivity to 50% in extremely well-differentiated HCC,
which mimicked hepatic adenoma [31]. Second, GPC3 expression heterogeneity in the
tumor further complicates interpretation, with 15–20% of HCCs demonstrating intratu-
moral variability in GPC3 expression. The variability is especially pronounced in combined
hepatocellular-cholangiocarcinoma tumors, in which the patchy positivity may lead to
diagnostic misclassification, particularly in small specimens such as liver core biopsy tis-
sue. Third, focal GPC3 immunoreactivity has been documented in 11% of regenerative
nodules in cirrhotic livers, necessitating strict correlation with morphological features to
avoid overdiagnosis of well-differentiated HCC [31]. Lastly, while GPC3 exhibits high
specificity for HCC, rare cases of positivity have been reported in non-HCC tumors, such
as melanoma, nonseminomatous germ cell tumors (e.g., yolk sac tumor, and choriocar-
cinoma), gastric adenocarcinoma, rare cases of cholangiocarcinoma, neuroblastoma, and
lung squamous cell carcinoma [58,59]. While the specificity of GPC3 IHC remains high
(94–100%) against metastatic adenocarcinomas [20,60], 14–21% of ICC cases showed focal
GPC3 staining [61,62], which necessitated additional IHC markers (e.g., CK19, mucin) for
further differentiation [22,33]. Li et al. reported GPC3 expression in 5.3% of liver metastatic
carcinomas and emphasized prudential interpretation of GPC3 IHC results in conjunction
with clinical and histopathological findings [63].

2.1.4. Polyclonal Carcinoembryonic Antigen (pCEA)

Carcinoembryonic antigen (CEA) is a glycoprotein primarily expressed in fetal ep-
ithelial cells and, to a lesser extent, in normal adult tissues. The utility of pCEA IHC in
diagnosing hepatocellular tumors takes advantage of the cross-reactivity of this antibody
to biliary glycoproteins to yield a distinctive canalicular staining pattern. This pattern
results from the localization of pCEA along bile canaliculi, setting it apart from the cyto-
plasmic or membranous staining commonly seen in adenocarcinomas. This unique staining
characteristic is specific to hepatocellular differentiation [64–66].

The canalicular staining pattern of pCEA is highly specific to HCC and observed in
60% to 90% of cases, particularly in well- and moderately differentiated tumors [64,66].
In contrast, liver metastatic adenocarcinomas and cholangiocarcinomas typically display
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diffuse cytoplasmic or membranous staining, making pCEA a valuable marker for distin-
guishing primary liver tumors from metastatic lesions [66]. However, the sensitivity of
pCEA declines significantly in poorly differentiated HCC compared to well- and moder-
ately differentiated HCC ones, as the canalicular staining pattern may be lost or replaced
by diffuse cytoplasmic staining.

Immunostaining for pCEA is commonly used as part of an IHC panel alongside
markers, such as HepPar1, CD10, and Arg-1, to confirm hepatocellular differentiation and
malignancy. This approach is particularly useful when histological features are unclear or
only a limited biopsy sample is available [67,68]. While the canalicular staining pattern is
specific to HCC, interpretation of pCEA IHC can be challenging due to technical variations,
background staining, and overlapping patterns with other tumor types. For example,
intense canalicular staining may resemble the membranous staining observed in liver
metastatic adenocarcinomas, necessitating careful evaluation [69].

2.1.5. CD10

CD10 (neutral endopeptidase) is a cell surface metalloproteinase that plays a critical
role in hepatocytic differentiation through its enzymatic activity in degrading bioactive pep-
tides, including the inactivation of hepatocyte growth factor and other bioactive peptides
that influence cellular proliferation and differentiation [66,70]. In HCC, CD10 demonstrates
a unique canalicular staining pattern due to its localization on bile canalicular membranes,
reflecting preserved hepatocytic polarization. This immunohistochemical feature has been
extensively studied for diagnostic applications in liver pathology, particularly for distin-
guishing HCC from metastatic carcinomas and benign hepatic lesions [70].

CD10 IHC exhibits moderate sensitivity but high specificity for determining hepato-
cellular differentiation, particularly displaying a canalicular staining pattern. In a seminal
study of 55 liver FNAB (fine-needle aspiration biopsy) cases (22 HCCs, 23 metastases, and
10 benign), Lin et al. found an average diagnostic sensitivity of 86% (19/22 HCC cases)
across all HCC cases with canalicular expression of CD10, with sensitivities of 82% in
well-differentiated HCCs and 91% in moderately to poorly differentiated HCCs [27]. In the
same study, the diagnostic specificity reached 87%, though renal cell carcinoma and lung
adenocarcinoma metastasizing to the liver showed cytoplasmic/membranous staining [27].
These findings were corroborated in a study of CD10 IHC in 50 liver lesions (25 HCCs
and 25 metastases) demonstrating a diagnostic sensitivity of 68% (17/25 HCC cases) and
a specificity of 84%, with nonspecific cytoplasmic or membranous staining in four cases
of metastatic carcinoma (one pancreatic primary, two gallbladder primary, and one of
unknown primary) [71].

Recent studies shed new light on the role of CD10 IHC in diagnosing liver lesions.
Wen et al. evaluated CD10 expression in 136 hepatic tumors (105 HCCs, 12 focal nodular
hyperplasia [FNH], and 19 ICCs) and found CD10 expression in 61% of HCCs, 100% of FNH,
and 31.6% of ICC tumors [28]. The study also detailed different CD10 expression patterns
in HCC, including cell membrane (13/64; 20.3%), luminal (9/64; 14.0%), cytoplasmic
puncta (15/64; 23.4%), and canalicular (27/64; 42.3%) patterns. Membranous CD10 staining
correlated with steatotic changes in HCC, while canalicular pattern predominated in both
FNHs (100%) and HCCs [28]. Furthermore, the authors reported CD10 expression in tumor
cells of 31.6% (6/19) ICC cases, including one case of cell membrane, three cytoplasmic,
and two luminal staining patterns.

The drawbacks of CD10 IHC in distinguishing liver lesions are worth mentioning.
CD10 does not differentiate malignant and benign hepatocytes since they all theoretically
express CD10 [27]. Also, ICC tumor cells may express this marker [28].
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2.1.6. Cytokeratin 8 and 18

Cytokeratin 8 and 18 (CK8/18) are intermediate filament proteins constitutively ex-
pressed in normal hepatocytes and play key roles in maintaining cell architecture and
signaling homeostasis. CK8/18 is expressed in normal and neoplastic hepatocytes. CK8/18
overexpression in HCC is mechanistically linked to neoplastic transformation through
phosphorylation-dependent complex formation [72]. Loss of CK8/18 represses the activa-
tion of focal adhesion kinase and promotes the metastatic potential of HCC cells [25].

CK8/18 IHC exhibits high sensitivity but variable specificity for HCC detection,
depending on tumor differentiation and background liver pathology. In a study of
53 liver biopsies, CK8/CK18 positivity was observed in 83.3% and 83.3% of HCCs versus
45.5% and 36.4% in chronic active hepatitis B, 20% and 26.7% in chronic active hepatitis C,
and 90% and 70% in autoimmune hepatitis (AIH), respectively. A retrospective study of
42 HCC cases reported CK8 and CK18 positivity in 54.54% and 75.75% of tumors, respec-
tively, with stronger expression in well-differentiated HCCs compared to poorly differenti-
ated tumors [26].

Serum CK18 may serve as a diagnostic marker for HCC workup, as suggested by
multiple lines of data. In a study with 90 Egyptian subjects (30 with cirrhosis, 30 with
HCC, and 30 healthy volunteers), serum CK18 levels were significantly elevated in HCC
cases (1247.8 ± 105.3 U/L) than those in cirrhotic patients (834.1 ± 38.8 U/L) and healthy
volunteers (265.2 ± 83.1 U/L), with a diagnostic sensitivity of 95.6% and specificity of
93.3% for HCC detection. When combined with serum AFP quantification, the diagnostic
sensitivity reached 98% [73].

Serum-fragmented CK18 (fCK18) levels, which reflect overall liver function, the degree
of liver fibrosis, and the progression of HCC, could be used as a potential predictor of
survival in HCC patients. In a study of 497 chronic liver disease patients (297 outpatients
and 200 hospitalized with HCC), serum-fragmented CK18 (fCK18) level < 1.15 ng/mL was
identified as an independent predictor of survival (HR = 3.5) [74].

Similar to other IHC markers for a diagnosis of HCC, CK8/18 expression is
differentiation-dependent, and the expression variability reduces the sensitivity of CK8/18
IHC in recognizing poorly differentiated HCCs [26].

2.1.7. CK19

Cytokeratin 19 (CK19) is a cytoskeletal structural protein. In the liver, it is typically
expressed in biliary epithelium and hepatic progenitor cells. Its expression in HCCs usually
correlates with aggressive histopathology and poor clinical outcomes.

In a study of 120 HBV-related HCC patients, CK19 IHC positivity (15%) was associated
with higher serum AFP levels, advanced peritumoral desmoplastic reaction, and prolifera-
tive peritumoral ductular reaction [44]. Another smaller study with 24 HCC patients by
Su et al. found that tumor-free survival was significantly shorter in the CK19+ primary
HCC group than that in the CK19− group (3 vs. 27 months) [75]. A similar conclusion was
drawn in a study of 206 HCC patients who underwent liver transplantation, linking CK19
expression to a 2.5-fold higher recurrence risk and possible resistance to sorafenib [76].
These results also implied that CK19 could potentially predict the therapeutic benefit of
regorafenib, though this point needs to be validated in large, multicentric clinical trials [76].

A recent study explored the preoperative prediction of CK19 expression by imaging.
The study retrospectively enrolled 158 treatment-naïve patients with solitary HCC who
underwent curative resection and preoperative gadoxetic acid–enhanced MRI with T1
mapping within two weeks before surgery. Patients from Institution I (n = 102) formed
the training cohort, and those from Institution II (n = 56) served as an external test cohort.
Imaging analysis was used to measure T1 relaxation times on unenhanced and 20 min
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hepatobiliary phases, relative ADC (rADC), and semantic features (e.g., margin and target
sign). Multivariable logistic regression identified AFP > 400 ng/mL (OR 4.6), rADC ≤ 0.71
(OR 3.5), and hepatobiliary-phase T1 relaxation time > 797 ms (OR 4.5) as independent
predictors of CK19 expression. The proposed model achieved a C index of 0.844 in the
training cohort and 0.818 in the external test cohort, indicating robust efficacy in predicting
CK19 expression [77].

A multicenter study of 141 surgically resected HCCs demonstrated an AUC of 0.82 for
predicting CK19 expression by IHC with a deep learning radiomics (DLR) model based
on gadoxetic acid–enhanced MRI hepatobiliary phase (HBP) images. The sensitivity and
specificity for predicting CK19 expression with this model reached 80% and 76.6%, respec-
tively, with the sensitivity improved to 96% when the serum AFP level of >400 ng/mL was
integrated into the model [45].

2.2. Novel Diagnostic Markers
2.2.1. Glutamine Synthetase (GS)

GS, an enzyme involved in nitrogen metabolism and a key target of the β-catenin path-
way, exhibits distinct expression patterns in HCC. It catalyzes the conversion of glutamate
and ammonia into glutamine within the liver. In a normal liver, GS expression is confined
to perivenular hepatocytes, but in HCC, it often presents with diffuse and homogeneous
staining in more than 50% of tumor cells [39,78].

GS IHC serves as a valuable tool in distinguishing between benign and malignant hep-
atocellular lesions. Factually, GS positivity possesses a diagnostic sensitivity of 43.9–100%
towards HCC in cirrhotic livers [36]. Differentiating low-grade liver neoplasms is challeng-
ing radiologically and pathologically, but GS IHC can be especially useful for this purpose.
Lagana et al. constructed a tissue microarray based on 30 low-grade HCC (LG-HCC)
and 18 hepatocellular adenoma (HCA) cases, and defined GS positivity as at least 50% of
tumor cells demonstrating immunoreactivity. This study yielded a sensitivity of 80% and a
specificity of 50% for distinguishing LG-HCC from HCA [37].

In a multicenter study of 260 liver tissue samples (120 HCC, 90 chronic hepatitis B
[CHB] in stage 4, and 50 CHB in stage 1–3), Long et al. found a GS IHC positive rate of 70%
in HCCs, compared to 46.7% in stage 4 CHB and 38% in stage 1–3 CHB [79]. A study by
Moudi et al. included a total of 121 cases, comprised of patients with HBV infection alone
(40), HCC without HBV (41), and HBV-related HCCs (40) for primarily assessing the utility
of GS IHC in diagnosing early HCC, using 30 normal liver tissue samples as controls [80].
They reported a sensitivity of 60.7% and specificity of 94.3% for GS IHC in differentiating
HCC from other hepatic lesions due to hepatitis B virus (HBV) infection [80].

The synergistic application of GS with another marker, such as heat shock protein 70
(HSP70) and GPC3, has emerged as a robust diagnostic strategy for distinguishing HCC
from preneoplastic lesions and benign hepatocellular proliferations. A multicenter study
by Di Tommaso et al. analyzed 176 biopsies encompassing large regenerative nodules
(n = 13), low-grade dysplastic nodules (n = 21), high-grade dysplastic nodules (HGDN;
n = 50), and HCCs stratified by differentiation (very well-differentiated (VWD, n = 17; well-
differentiated (WD, grade 1), n = 40; moderately/poorly differentiated (MPD, n = 35) [81].
The panel (HSP70, GPC3, and GS) demonstrated 100% specificity for HCC detection when
≥2 markers were positive, with sensitivity increasing from 23.5% in VWD-HCC to 74%
in MPD-HCC [81]. Notably, no HGDN cases exhibited dual positivity, while 72.9% of
WD-G1/VWD-HCC cases showed ≥2 markers [81].

Recent research suggested a potential prognostic value of GS expression in HCC. Shao
et al. conducted a retrospective analysis of 431 HCC patients who underwent curative hepa-
tectomy between 2010 and 2019 at West China Hospital. Among them, 251 patients received
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hepatectomy alone, while 180 received sorafenib as adjuvant treatment after surgery. In the
hepatectomy-only group, GS-negative patients showed significantly better overall survival
(OS) and recurrence-free survival rates (RFS) compared to GS-positive patients. The median
RFS was 52.0 months for GS-negative patients compared to 16.0 months for GS-positive
patients. Among patients who received adjuvant sorafenib, those with GS-negative tumors
demonstrated a significantly better response to the treatment. The 1-year and 3-year RFS
rates for GS-negative patients in the sorafenib group were 89.9% and 71.7%, respectively,
compared to 78.2% and 60.9% in the control group [38]. The findings suggest that GS
expression status could serve as a simple and applicable approach for predicting patient
prognosis and guiding targeted therapy in HCC [38].

GS IHC has notable pitfalls in identifying HCC. This marker is expressed in 27–46.7%
of non-malignant liver diseases, including CHB and cirrhosis [79]. Diffuse GS positivity
(≥50% tumor cells) is specific for HCC, but focal or heterogeneous patterns occur in 10–23%
of HGDN cases [78].

2.2.2. Heat Shock Protein 70 (HSP70)

HSP70, a member of the heat shock protein family, plays a crucial role in protein
folding, cellular stress response, and cytoprotection. In the context of HCC, HSP70 has
gained considerable attention due to its overexpression in malignant hepatocytes. This
overexpression is believed to be a response to the persistent stress conditions within the
tumor microenvironment, enabling cancer cells to adapt and survive [82].

HSP70 is a molecular chaperone that facilitates the folding of newly synthesized
proteins and the refolding of damaged proteins. In neoplastic conditions, it facilitates tumor
survival by suppressing apoptosis and promoting proliferation by inhibiting mitochondrial
permeability transition pores to prevent cytochrome c release and caspase activation [83].
HSP70 expression is upregulated in HCC, contributing to tumor cell survival and resistance
to apoptosis [84].

In a study of 56 primary hepatic lesions (5 FNHs, 5 hepatic adenomas, 33 cases of small,
vaguely nodular lesions (5 dysplastic nodules, 28 early HCCs), and 13 late HCCs), HSP70
IHC exhibited a sensitivity of 78.2% and a specificity of 100% for HCC detection when
moderate-to-strong nuclear staining in ≥10% of tumor cells was considered as positive [85],
reinforcing its role as a reliable biomarker in recognizing malignant hepatocytes. HSP70
is also helpful for diagnosing very early hepatocellular carcinoma. In a prospective study
evaluating expression of HSP70 alongside GPC3 and GS in 60 cirrhotic patients with
ultrasound-detected nodules measuring 5–20 mm (40 confirmed HCCs and 20 controls
with non-malignant nodules), HSP70 exhibited a sensitivity of 57.5% and a specificity
of 85%, when positive staining was defined by crisp nuclear/cytoplasmic expression in
neoplastic cells [39]. However, the combination of HSP70 with GPC3 IHCs achieved perfect
specificity (100%), though unsatisfactory sensitivity (40%) [39].

HSP70 is currently considered a valuable immunohistochemical marker for differen-
tiating WD-HCC. Nguyen et al. evaluated HSP70 expression in a cohort of 107 hepato-
cellular lesions, including 17 typical hepatocellular adenomas, 20 atypical hepatocellular
neoplasms (14 clinically atypical and 6 pathologically atypical), 13 very well-differentiated
HCC, 43 well-differentiated HCC (20 in non-cirrhotic liver and 23 in cirrhotic liver), and
15 HGDNs [86]. The HSP70 expression was observed in 68% of HCCs, with similar posi-
tivity rates in very well-differentiated HCC (71%) and well-differentiated HCC (67%) [86].
Importantly, HSP70 was negative in all typical hepatocellular adenomas, yet positive in
only 10% of atypical hepatocellular neoplasms and positive in just 6% of HGDNs. Other
investigators also explored the utility of combined HSP70 and GS IHCs, finding that dual
positivity was present in 45% of all HCCs, compared to only 10% of atypical hepatocellular
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neoplasms, but none in the typical adenomas [86]. Several studies found that a panel of
three IHC markers (GPC3, GS, and HSP70) is useful for detecting well-differentiated HCC
in biopsies [87,88].

HSP70 expression has considerable prognostic relevance in HCC. Joo et al. con-
ducted a comprehensive study examining HSP70 expression in 71 surgically resected HCC
cases [40]. Their cohort included tumors of varying differentiation based on Edmondson–
Steiner grading (20 well-differentiated and 51 poorly differentiated) and diverse etiologies
(52 HBV-associated, 7 HCV-associated, and 12 non-viral cases). Using monoclonal anti-
bodies and a three-tiered scoring system (<10% negative, 10–50% 1+, and >50% 2+), they
found HSP70 immunoreactivity in 56.3% of HCCs, with both cytoplasmic and nuclear
staining displaying a characteristic fine granular pattern. They demonstrated significant
correlations between HSP70 expression and adverse prognostic factors, including large
tumor size (p = 0.0129), presence of portal vein invasion (p = 0.0231), high tumor stage
(p = 0.0392), and higher Ki-67 labeling indices (p = 0.0159). While in sarcomatoid HCCs
(n = 63), Zhou et al. found that HSP70 predicted OS and RFS when used in a prognostic
panel including GS and GPC3 [89].

The pitfalls of HSP70 IHC are noticeable. On one hand, HSP70 expression is not
exclusive to HCC, as liver metastatic adenocarcinomas and cholangiocarcinomas may
show immunoreactivity [37]. On the other hand, tumor heterogeneity further complicates
interpretation, particularly in poorly differentiated HCCs, where HSP70 expression may
diminish [40].

2.2.3. CD34

As a transmembrane phosphoglycoprotein, CD34 is primarily expressed on hematopoi-
etic stem cells and endothelial cells. The process of sinusoidal capillarization represents
a fundamental morphological alteration during hepatocarcinogenesis, characterized by
phenotypic changes in liver sinusoidal endothelial cells (LSECs).

In normal liver parenchyma, hepatic sinusoids lack conventional basement membranes
and exhibit distinctive fenestrations. During malignant transformation, these sinusoids pro-
gressively acquire features of continuous capillaries, including the formation of basement
membranes and loss of characteristic fenestrations. This architectural remodeling signifi-
cantly impacts hepatic hemodynamics and contributes to the altered microenvironment
that supports tumor growth and progression. The expression of CD34, a marker typically
absent in normal liver sinusoids, emerges as a reliable indicator of this capillarization pro-
cess. In normal liver tissue, its expression is restricted to portal vessels and a few periportal
sinusoids. However, as liver disease progresses toward HCC, CD34 expression increases
significantly, reflecting the transformation of sinusoidal endothelial cells into continuous
capillaries [42,90].

The transition from normal liver to HCC is accompanied by progressive changes
in CD34 expression patterns. In chronic hepatitis and early cirrhosis, sinusoidal CD34
immunoreactivity begins to emerge focally, particularly in periportal areas and around
cirrhotic nodules, though staining remains sparse with weak to moderate (+/++) intensity
[91]. As lesions progress to dysplastic nodules, particularly high-grade dysplasia, CD34
staining becomes more pronounced but typically maintains a peripheral or focal distribu-
tion [43]. Upon transformation of dysplastic nodules to HCC, CD34 expression undergoes
dramatic amplification, with diffuse and strong (+++) sinusoidal staining becoming evident
in more than 50% of sinusoidal cells regardless of tumor grade [43].

Recent studies have demonstrated the high sensitivity of CD34 immunostaining in
diagnosing HCC. A retrospective study from Northeast India found that 92.8% of HCC
tumors exhibited strong, complete, and diffuse CD34 expression in sinusoidal vessels in
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tumors with a hepatic plate thickness of more than three cell plates. In contrast, benign liver
conditions typically showed either negative or weak CD34 expression in hepatic sinusoids,
with periportal and perinodular staining observed in only 35.1% of cases [92].

Reticulin loss in HCC disrupts the normal trabecular architecture, while CD34 high-
lights the aberrant vascular network; thus, the integration of CD34 IHC with reticulin
staining can enhance diagnostic accuracy. In a landmark study, comprised of 65 HCC
cases, 29 non-malignant neoplastic nodules (FNH, n = 10; large regenerative nodules, n = 6;
low-grade dysplastic nodules, n = 3; HGDN, n = 7; and liver cell adenomas, n = 3) and
30 hepatolithiasis (as controls), HCCs exhibited diffuse CD34 positivity in >50% of sinu-
soidal cells (62/65 cases, 95.4%) alongside abnormal reticulin patterns characterized by thin,
incomplete networks surrounding expanded trabeculae (>3 cell layers) [42]. In contrast,
non-malignant lesions showed preserved reticulin architecture (72.4% specificity) and lim-
ited CD34 expression (<20% sinusoidal staining). The combined reticulin+/CD34+ panel
achieved a sensitivity of 95.4% and a specificity of 86.2% for HCC diagnosis, outperforming
individual markers [42].

Recent exploration of the relationship between the expression of CD34 and other
molecular markers in HCC revealed an inverse correlation between the expression of
CD34 and C-type Lectin Domain Family 4 Member G (CLEC4G) in HCC tumor tissues.
CLEC4G, typically expressed in liver sinusoidal endothelial cells, decreased, whereas CD34
expression increased as HCC progressed, supporting the notion of sinusoidal capillarization
in HCC [90].

While CD34 shows significant promise as a diagnostic marker for HCC, it is crucial
to interpret its expression in conjunction with other clinical and pathological findings,
as the sensitivity and specificity of CD34 alone may not be sufficient for a definitive
diagnosis, particularly in well-differentiated or early-stage HCC. Therefore, using CD34, in
combination with markers such as Golgi protein-73 (GP73) and GPC3 as a diagnostic panel,
is recommended to enhance diagnostic accuracy in challenging cases [42].

2.2.4. Albumin mRNA In Situ Hybridization (ISH)

Albumin ISH is an extremely useful tool in diagnosing lesions of hepatobiliary primary.
This detection pictures the presence and location of albumin mRNA within cells in tissue
sections using RNA-targeted probes designed to bind specifically to albumin mRNA. This
circumvents the limitations of traditional IHC, which often carries nonspecific background
staining due to unavoidable contamination of serum albumin in the tested tissue. Albumin
ISH is a sensitive and specific method for identifying lesions of hepatocellular or small bile
duct origin. Applying signal amplification technology can improve diagnostic sensitivity.
For example, platforms such as RNAscope™ (ACD Bio) employ a double-Z probe design
to enhance signal-to-noise ratios, while branched-chain RNA ISH (e.g., Affymetrix) ampli-
fies RNA signals through sequential hybridization steps, to achieve high sensitivity and
specificity [22].

Albumin ISH has demonstrated good diagnostic performance in identifying HCC,
even in poorly differentiated cases. Shahid et al. examined 93 HCCs (6 well-differentiated,
51 moderately differentiated, and 36 poorly differentiated) along with an extensive range
of potential mimics, including neuroendocrine tumors of the gastrointestinal tract (n = 31),
pancreatic neuroendocrine tumors (n = 163), melanoma (n = 15), and gallbladder car-
cinoma (n = 34) [22]. Albumin ISH demonstrated 99% sensitivity for HCC, with 92
of 93 cases exhibiting positive staining, significantly exceeding the performance of tra-
ditional immunohistochemical markers, HepPar1 and Arg-1, which showed sensitivities
of 84% and 83%, respectively. Furthermore, 97% of HCCs showed albumin positivity in
>50% of tumor cells, compared to only 76% for HepPar1 and 70% for Arg-1. The sin-
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gle HCC case that was negative on albumin ISH was a poorly differentiated tumor with
suboptimal mRNA preservation related to prior radiofrequency ablation. Albumin ISH
performed exceptionally well in poorly differentiated HCC, where traditional markers
often underperform: Albumin ISH maintained a sensitivity of 99% in poorly differentiated
HCCs, significantly surmounted both Arg-1 (71%) and HepPar1 (64%) [22]. Ferrone et al.
conducted a large study involving 42 HCCs and 83 ICCs, along with 332 non-hepatic
carcinomas from various sites, including lung, breast, pancreas, stomach, and colon. They
reported albumin ISH positivity in 100% of HCCs and 99% of ICCs, confirming its high
sensitivity for liver-origin tumors [23].

The specificity of albumin ISH is nuanced. Nasir et al. found that albumin ISH demon-
strates high sensitivity for hepatocellular origin, detecting 100% of HCCs (22 conventional
HCCs and 4 fibrolamellar carcinomas) and 81% of ICCs (22/27 cases) in a multicenter
study. While albumin ISH was highly sensitive for cancers of hepatocellular origin, they
also noted focal positivity in a subset of non-hepatocellular tumors: 39% of gallbladder
adenocarcinomas (5/13 cases evaluated), 20% of lung adenocarcinomas (3/15 cases), 25%
of yolk sac tumor (2/8 cases evaluated), 29% of acinar cell carcinoma (2/7 cases evaluated),
hepatoid pancreatic adenocarcinoma (n = 1 of 1), and 18% of breast invasive ductal carcino-
mas (2/11 cases) [24]. Notably, these non-hepatocellular tumors displayed patchy staining,
distinct from the diffuse expression pattern in HCC and ICC [24].

Recent studies have highlighted evolving insights into the oncogenic role of albumin in
the development of HCC. Albumin protein acts as a tumor suppressor and plays a key role
in HCC progression, particularly in tumor invasion and metastasis [93]. Reduced albumin
expression correlates with aggressive tumor behavior, potentially through downregulating
metastasis-associated genes such as urokinase plasminogen activator surface receptor
(uPAR) and matrix metalloproteinase (MMP) [93].

We conducted a small-scale investigation of IHC markers of HCC at the Geisinger
Medical Laboratories (GML). On examination of 18 HCC, as shown in Table 2 [94], our
results demonstrated comparability to those in the literature, recapitulating the reliability
and reproducibility of these immunohistochemical markers in routine clinical practice.

Table 2. Performance of IHC markers of HCC at GML [94].

Markers or Antibodies GML Data %(N)

Hep Par1 94% (18)

Arginase-1 98% (17/18)

Glypican-3 72% (13/18)

pCEA 94% (17/18)

CD10 61% (11/18)

CK19 6% (1/18)

CD34 100% (18/18)

The diagnostic accuracy and prognostic utility of IHC markers in HCC varies sig-
nificantly across histological subtypes, disease stages, and etiological backgrounds, ne-
cessitating subtype-specific diagnostic approaches and prognostic stratification strategies.
Conventional HCC markers exhibit notable limitations in specific HCC variants. Here are
some examples: Scirrhous HCC has significantly reduced HepPar1 positivity compared to
conventional HCC (26% vs. 74%) while frequently expressing adenocarcinoma-associated
markers, including CK7 (53% vs. 2%), CK19 (26% vs. 2%), and epithelial cell adhesion
molecule (EpCAM, 63% vs. 11%) [95]. Fibrolamellar HCC possess distinctive immunophe-
notypic characteristics featuring uniform CK7 and epithelial membrane antigen (EMA)
positivity (100% vs. <33% in conventional HCC), while maintaining expression of hepato-
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cellular markers including HepPar1 (sensitivity of 78% vs. 85%, compared to conventional
HCC) and variable GPC3 expression (59% vs. 39% in conventional HCC) [96]. Clear cell
HCC needs to be distinguished from metastatic renal cell carcinoma – it stains positive
for HepPar1 in 82–97% and albumin ISH in 100% of cases, but negative for EMA and
LeuM1 [97]. Sarcomatoid HCC displays a complex immunophenotype characterized by
the retention of cytokeratin and vimentin expression but complete loss of hepatocellular
markers, including HepPar1 and arginase-1, in sarcomatoid areas [98,99]. Etiological differ-
ences in HCC also significantly influence the performance of diagnostic markers. HCCs
due to viral infection (particularly HBV-related) show distinct transcriptomic profiles and
immune infiltration patterns compared to non-viral ones, potentially affecting biomarker
expression patterns and necessitating etiology-specific diagnostic algorithms [100,101].
Geographic variations further complicate the utility of HCC markers, as geographic dif-
ferences in viral etiology prevalence (93% HBV-related HCC in China vs. higher HCV
prevalence in Western populations) may affect population-specific diagnostic accuracy of
IHC panels [102]. These findings underscore the critical need for subtype-specific validation
of immunohistochemical markers, integration of molecular diagnostic approaches, and
development of etiology-stratified diagnostic algorithms that take into consideration the
distinct biological characteristics and marker performance variability across different HCC
variants and patient populations [103].

3. Prognostic Markers
3.1. Cell Cycle Regulators
3.1.1. p53

The p53 IHC staining has been used for a long time in diagnosing and assessing the
prognosis of various malignancies. Its diagnostic judgment is based on the accumulation of
mutant p53 protein or complete loss of p53 protein in tumor cells, also known as the mutant
or null phenotype, respectively. In normal cells, wild-type p53 has a short half-life with an
average half-life of just nine minutes [104] and is typically undetectable by IHC. However,
mutations in the TP53 gene, which are common in HCC, produce mutant p53 proteins that
are resistant to Mdm2-mediated degradation, causing the buildup of the stable mutant p53
protein in the nucleus, making it visible on IHC [105].

TP53 is the most critical tumor suppressor in the human body, so loss of the function
of the p53 protein usually predicts poor prognosis in most malignancies. Therefore, p53
staining is often used as a valuable marker for risk assessment and treatment planning in
many malignancies, including HCC.

The 2016 meta-analysis by Liu et al. evaluated 36 studies with a total of 1659 HCC
patients. This analysis compared p53 IHC overexpression (using antibodies such as PAb1801
and DO-7) against TP53 mutation status. The study showed a sensitivity of 83% and a
specificity of 74% for detecting TP53 mutations by p53 IHC. More specifically, the PAb1801
antibody outperformed other prognostic markers. However, cross-study heterogeneity in
IHC protocols and cutoffs (e.g., 10% vs. 20% positivity thresholds) contributed to varied
positivity rates reported across regions, ranging from 22.8% in U.S. studies to 91% in
Romanian cohorts.

A 2023 cross-sectional study of 41 surgically resected HCC cases revealed p53 expres-
sion in 35 patients (85.4%) of tumors (8 weak, 11 moderate, 16 strong expression) using
nuclear staining thresholds ≥ 10% positivity [106]. This cohort included diverse histologi-
cal subtypes of HCC: 17 classic HCC, 11 steatohepatitic, 9 macrotrabecular-massive, and
4 clear cell variants. The study utilized non-neoplastic liver tissue as controls and found no
significant correlation of p53 expression with AJCC stages (IB-IIIA) or specific subtypes.
In the HCC cohort, p53 expression was significantly associated with tumor differentiation
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status, with higher levels in poorly differentiated tumors (40.40 ± 25.697% expression
rate) compared to well-differentiated counterparts. A higher percentage of positive p53
expression was observed in male patients over 60 years old, particularly in those with
single HCC nodules exceeding 5 cm in diameter and vascular invasion.

3.1.2. Ki-67

Ki-67 is a widely used IHC marker to assess cell proliferation in different types of
tumors. The Ki-67 antibody reacts with the antigen expressed in all the cell cycle phases
(G1, S, G2, and M) but not in quiescent cells (G0) [107]. This temporal expression pattern of
Ki-67 protein allows for quantifying tumor proliferative activity by Ki-67 staining, with the
labeling index (LI) typically reported as the percentage of positively stained nuclei among
total tumor cells examined [41].

Clinical studies have demonstrated the prognostic value of Ki-67 LI in HCC manage-
ment. Patients with a HCC of Ki-67 LI > 10% had significantly shorter 5-year DFS and OS,
compared to Ki-67 low-expressing cases, regardless of TNM stage [41]. A meta-analysis
of 54 studies (n = 4996) found similar associations, showing that high Ki-67 LI correlated
with advanced histological grade (OR = 3.21), vascular invasion (OR = 2.89), and metastatic
disease (OR = 2.45) [108]. A recent research in transplanted populations revealed similar
trends, with Ki-67 LI > 5% predicting worse RFS (HR = 2.1) and OS (HR = 1.8) among
114 HCC patients [109].

The role of Ki-67 as a proliferation marker in HCC has been reinforced by recent
transcriptomic analyses, which demonstrated that high Ki-67 gene expression (MKi67)
correlates with histologic progression from cirrhotic liver to advanced HCC, independent
of tumor grade [110]. Ramos-Santillan et al. analyzed transcriptomic data from 358 HCC
patients in the Cancer Genome Atlas (TCGA) cohort and 115 patients in the Gene Expression
Omnibus (GSE76427) validation cohort [110]. Patients were stratified into MKi67-high and
MKi67-low groups based on median gene expression levels. Notably, MKi67 expression
increased incrementally across the carcinogenic sequence, with the lowest levels in normal
liver and the highest in advanced HCC. MKi67 expression in cirrhotic liver was comparable
to that in normal liver but increased in early HCC and further in advanced HCC. Critically,
this association remained significant after adjusting for tumor grade. Subgroup analyses
of TCGA data revealed that MKi67-high tumors had worse DFS, disease-specific survival
(DSS), and OS across all histologic grades (G1–G3), with hazard ratios exceeding 5.42 for
high-risk patients. Even in grade 1 tumors, MKi67-high cases exhibited a 3.5-fold increased
risk of recurrence compared to those with MKi67-low expression. The study’s multivariate
Cox regression analysis identified MKi67 as an independent prognostic factor for HCC
development in cirrhotic patients (HR = 5.42). These results underscore Ki-67’s role not
only as a histologic progression marker but also as a predictor of aggressive behavior in
HCC, independent of conventional grading systems [110].

Adequate caution should be exercised in the interpretation of Ki-67 IHC results for
several reasons. Interstudy variability in staining protocols and LI cutoff values (ranging
from 5% to 50%) [41,108,109,111] complicates cross-trial comparisons and clinical applica-
tion. Additionally, appropriate controls are essential but inconsistently applied [41,112].
Pathophysiologically, chronic liver disease itself alters hepatocellular proliferative activity,
so control selection must account for underlying liver pathology. Furthermore, standard-
ization of Ki-67 LI quantification adds another layer of complexity in the evaluation of
proliferation activity.
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3.2. Angiogenesis-Related Markers: Vascular Endothelial Growth Factor (VEGF) and CD31
3.2.1. Vascular Endothelial Growth Factor (VEGF)

Angiogenesis plays a crucial role in the progression and development of HCC. Nu-
merous angiogenesis-related markers have been studied for their potential role in the
diagnosis, prognosis, and treatment of HCC, with VEGF being one of the most extensively
researched. VEGF is upregulated in HCC due to hypoxia-driven mechanisms involving
hypoxia-inducible factors (HIF-1α and HIF-2α), which promote tumor vascularization
and progression [113]. High serum VEGF expression levels are associated with poor
prognosis in HCC. Histologically, VEGF expression is often significantly higher in HCC
tissues compared to normal liver tissue, reflecting the increased angiogenic activity within
tumors [114,115].

Clinically, VEGF IHC may serve as a prognostic marker. In a study of 105 HCC patients,
68.6% of tumors demonstrated VEGF-positive staining in the tumor tissues. Capsular
infiltration, vascular invasion, and intrahepatic metastasis were observed more frequently
in VEGF-positive tumors than in VEGF-negative ones [116].

Another study with 234 patients with HCCs following surgical resection showed
that VEGF expression was an independent prognostic factor for overall survival [117].
In this comprehensive analysis, a standardized immunohistochemical scoring system
was employed, stratifying VEGF expression into low [VEGF (−)/(+)] and high [VEGF
(++)/(+++)] categories based on staining intensity and percentage of positive cells [117].
Multivariate analysis revealed that a high level of VEGF expression in tumor tissue (≥50%
positive cells) was associated with reduced 5-year OS (54.3% vs. 82.6% in low-expression
groups), and the VEGF expression and tumor T stage were independent prognostic factors
for overall survival (HR = 2.573 and 4.953, respectively) [117].

Comparably, serum VEGF levels > 500 pg/mL were an independent preoperative
factor predictive of microscopic venous invasion in 100 resected HCC cases [113]. In a
median duration of follow-up of 11.6 months, serum VEGF levels > 500 pg/mL were
associated with a higher postoperative recurrence (48% vs. 27%) [113].

The correlation between VEGF overexpression and poor prognosis in HCC appears to
be due to VEGF-mediated angiogenesis and potential enhancement of tumor invasiveness,
which could be a therapeutic target in HCC.

VEGF-targeted therapies in HCC have illustrated remarkable clinical benefit across
multiple therapeutic lines. The IMbrave150 phase III trial disclosed an improved median
overall survival in patients with unresectable HCC from 13.4 months with therapy of
sorafenib to 19.2 months when treated with the combinatory therapy of bevacizumab
(anti-VEGF antibody) and atezolizumab (PD-L1 inhibitor) [118].

In the second-line therapy setting, the REACH-2 trial validated ramucirumab (VEGF
receptor-2 inhibitor) as an effective therapy for patients with advanced HCC and elevated
AFP ≥ 400 ng/mL, with improved median overall survival of 8.5 months versus 7.3 months
with placebo [119]. Additionally, combination approaches incorporating VEGF inhibition,
such as transarterial chemoembolization (TACE) with lenvatinib, have shown enhanced
therapeutic efficacy with improved objective response rates and survival outcomes com-
pared to single-agent approaches [120].

These clinical achievements stress the critical role of inhibiting the VEGF pathway
in HCC treatment and establish anti-angiogenic therapy as a cornerstone of modern
HCC management.

Several key considerations should be taken into account when utilizing VEGF IHC
in the diagnosis of HCC. Semiquantitative scoring systems (0–3 scale for staining inten-
sity) might introduce interobserver variability, and there are currently no guidelines for
evaluating VEGF expression in HCC. In addition, non-neoplastic cirrhotic hepatocytes fre-
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quently exhibit stronger VEGF expression (79.4%, 54/68 cases) than adjacent HCC (69.1%),
complicating its diagnostic utility [116]. A solution to overcome these limitations would be
the development of standardized IHC protocols, integration with molecular profiling, and
correlation with clinical outcomes to optimize VEGF’s role in HCC management.

3.2.2. CD31

CD31 (platelet endothelial cell adhesion molecule-1/PECAM-1) is a transmembrane
glycoprotein expressed on endothelial cells, platelets, and leukocytes, mediating cell–cell
adhesion and angiogenesis [121]. The primary role of CD31 IHC staining in HCC is to
evaluate tumor angiogenesis, particularly through the quantification of microvascular
density (MVD), which is essential for understanding tumor growth, progression, and
metastatic potential. MVD is defined as the number of microvessels per unit area within
tumor “hotspots.” Higher MVD, as determined by CD31 staining, is often associated with
more aggressive tumor behavior and a poorer prognosis in HCC patients. A 2013 tissue
microarray study of 135 HCC cases linked higher CD31 MVD to shorter RFS (26.5 vs.
56.6 months for high vs. low MVD) [122].

A 2022 study examined the clinicopathological features of HCC patients with the
“vessels that encapsulate tumor clusters” (VETC) pattern, a distinctive vascular structure
in HCC. By using CD31 staining to identify this pattern, researchers found that higher
intra-tumoral MVD was associated with the VETC pattern, which independently predicted
poorer long-term oncological outcomes. This underlines the prognostic significance of
MVD in HCC, as tumors with higher MVD tend to be more aggressive and associated with
worse survival outcomes [123].

4. Predictive Markers for Targeted Therapies
The increasing use of immune checkpoint inhibitors in HCC has highlighted the im-

portance of immunohistochemical evaluation of PD-L1 and CTLA-4 as a crucial component
in both prognostic assessment and therapeutic stratification. The current National Com-
prehensive Cancer Network guideline (NCCN version 1, 2025) recognizes the biological
significance of PD-L1 and CTLA-4 pathways in HCC and includes immunotherapy agents
targeting these checkpoints with atezolizumab (anti–PD-L1), durvalumab (anti–PD-L1),
tremelimumab (anti–CTLA-4), and nivolumab plus ipilimumab (anti–PD-1/CTLA-4) as
preferred or recommended options for advanced HCC [124]. However, there is no estab-
lished role for routine PD-L1, CTLA-4, or other immune biomarker testing (including MSI,
MMR, or TMB) in selecting patients for immunotherapy in HCC. Regulatory approvals for
immune checkpoint inhibitors in HCC have been granted regardless of PD-L1 or CTLA-4
IHC status, as clinical trials have not consistently demonstrated predictive value for these
markers in this context. The European Society for Medical Oncology (ESMO) supports the
use of immune checkpoint inhibitors for advanced HCC as well, and notes the investiga-
tional nature of IHC biomarkers for therapy selection [125]. Ongoing studies are evaluating
whether the quantitative or spatial analysis of PD-L1 and CTLA-4 by IHC could identify
subgroups of HCC patients who are more likely to benefit from immunotherapy or to
experience immune-related adverse events.

Table 3 summarizes currently used prognostic markers in HCC.
Predictive markers for targeted therapies in HCC have gained increasing attention

with the emergence of new treatment options. The primary purpose of these markers is
to identify patients who are more likely to respond to specific targeted therapies. This
personalized approach helps optimize treatment strategies for maximal clinical benefits.
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4.1. Programmed Cell Death Protein 1/Programmed Cell Death Ligand 1 (PD-1/PD-L1)

PD-1, a transmembrane receptor expressed on activated T cells, B cells, and myeloid
cells, interacts with its ligand PD-L1—a surface glycoprotein upregulated on tumor cells
and tumor-associated macrophages in HCC—to transmit inhibitory signals that suppress
cytotoxic T-lymphocyte activity and promote immune tolerance [126].

In HCC, this interaction facilitates tumor immune escape by inducing T-cell exhaustion.
The PD-1 protein expressed on activated T cells binds to PD-L1 expressed on HCC cells,
Kupffer cells, and hepatocytes, transmitting inhibitory signals through immunoreceptor
tyrosine-based switch motifs (ITSMs) to suppress cytotoxic T-cell activity [127,128]. This
exhaustion is characterized by reduced cytokine production and impaired proliferative
capacity, while simultaneously enhancing the survival of immunosuppressive regulatory T
cells within the tumor microenvironment [129,130].

Anti-PD-1 and anti-PD-L1 antibodies are immunotherapy drugs that target the PD-
1/PD-L1 pathway. By blocking the interaction between PD-1 and PD-L1, these drugs rescue
immune cells to resume their anti-tumor activity, resulting in suppression of the tumor
growth and improved patient survival [131,132].

A 2024 study examined the PD-L1 expression in advanced HCC. The researchers
found that 25.4% of tumor tissues showed positive PD-L1 expression in tumor cells, while
53.7% exhibited PD-L1 positivity in immune cells. This study highlights the importance
of assessing PD-L1 expression in both tumor and immune cell compartments for a more
comprehensive evaluation [133].

A meta-analysis of 1843 HCC patients across 13 studies demonstrated PD-L1 positivity
correlated with shorter overall survival (HR = 1.57) and poorer DFS (HR = 2.07), particularly
in advanced Barcelona Clinical Liver Cancer (BCLC) stages [134]. This meta-analysis re-
vealed critical associations between PD-L1 expression and key clinicopathological features
that help explain its prognostic impact. High PD-L1 expression was significantly correlated
with liver cirrhosis (OR = 1.66), indicating that PD-L1 upregulation may be linked to un-
derlying liver dysfunction and chronic inflammatory processes. Most notably, elevated
PD-L1 expression was associated with poorer BCLC staging (OR = 0.30), suggesting that
PD-L1 upregulation becomes increasingly prominent in advanced disease stages where
treatment options are limited and prognosis is poor. High PD-L1 expression also correlated
with portal vein invasion (OR = 1.96), a feature associated with aggressive tumor behavior
and metastatic potential.

However, research examining circulating PD-L1 levels in patients undergoing curative
treatments revealed paradoxical associations, where higher circulating PD-L1 levels were
linked to improved HCC-specific survival rather than worse outcomes [135]. This study
of 81 HCC patients who underwent hepatic resection or liver transplantation found that
elevated preoperative circulating PD-L1 (>700 pg/mL) was associated with improved sur-
vival (HR 0.12), directly contradicting the tissue-based findings. The authors proposed that
in early-stage, resectable disease, high circulating PD-L1 may represent adaptive immune
resistance against successful immune attack, whereas in advanced disease, elevated PD-L1
may reflect an overwhelming tumor burden and immune system failure.

Pembrolizumab monotherapy has received a category 2B recommendation based
on the results of the KEYNOTE-224 (NCT02702414) and KEYNOTE-240 (NCT02702401)
trials. KEYNOTE-224, a single-arm phase II study of 104 sorafenib-experienced patients,
reported an ORR of 17% (3% complete responses) and a median OS of 13.2 months [132].
KEYNOTE-240, a phase III trial randomizing 413 patients to pembrolizumab or placebo,
showed a numerical but non-significant OS improvement (13.9 vs. 10.6 months; HR 0.78,
p = 0.0238) [131]. The efficacy of immune checkpoint therapy in HCC varies greatly among
individuals, with only a small proportion of HCC patients responding positively. A major
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cause of immune resistance and poor efficacy in HCC patients is immune evasion, which
is often due to insufficient infiltration of immune cells [136].However, the combination of
anti-PD-L1 and anti-VEGF-A therapy has proved effective in HCC treatment (as mentioned
above). The IMbrave150 trial (NCT03434379) established atezolizumab + bevacizumab as a
category 1 preferred first-line regimen in the current NCCN Guidelines.

4.2. CTLA-4

CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) is a transmembrane receptor
expressed on activated CD4+ T cells and regulatory T cells (Tregs), functioning as a negative
regulator of T-cell activation [137,138]. Mechanistically, CTLA-4 competes with CD28 for
binding to B7 ligands (CD80/CD86) on antigen-presenting cells, thereby suppressing
co-stimulatory signals required for T-cell activation [139].

In HCC, CTLA-4 overexpression is associated with immune evasion, mediated by
Treg infiltration and suppression of effector T-cell responses [137]. CTLA-4 IHC staining in
tumors localizes its expression on TILs (tumor-infiltrating lymphocytes) and, less frequently,
on tumor cells [138].

CTLA-4 IHC serves as a prognostic and predictive tool. CTLA-4 IHC staining pro-
vides critical insights into HCC immunobiology, prognostic stratification, and therapeutic
targeting, but varies by cellular compartment (TILs vs. tumor cells), which complicates
prognostic interpretation [140]. Additionally, CTLA-4 staining helps identify patients who
are likely to benefit from immune checkpoint inhibitors (ICIs).

A study of 112 HCC cases demonstrated that the quantity of CTLA-4+ on TILs corre-
lated with high-grade tumors (Edmondson–Steiner grade III/IV), while CTLA-4 expression
in tumor cells was linked to multiple lesions and lower tumor grades [140]. Stromal CTLA-
4+ Treg infiltration has been linked to reduced CD8+ T-cell activity and poorer survival,
highlighting the role of CTLA-4+ Treg in immune suppression [139,141].

The clinical evaluation of CTLA-4 inhibitors in HCC has progressed through several
pivotal trials, revealing both the therapeutic potential and the challenges associated with
this approach. One phase II trial (NCT01008358) investigated tremelimumab monotherapy
in 20 patients with advanced HCV-related HCC, including individuals with Child–Pugh
B cirrhosis (42.9%) and those refractory to sorafenib (23.8%). The participants achieved
a partial response rate of 17.6% and a disease control rate of 76.4%, with a median OS of
8.2 months [142].

In the HIMALAYA phase III trial, 1171 unresectable HCC patients were randomized
to receive either the STRIDE regimen (tremelimumab plus durvalumab), durvalumab
monotherapy, or sorafenib. The STRIDE arm demonstrated superior median OS compared
to that with sorafenib only (16.4 vs. 13.8 months; HR 0.78), with a 20.1% objective response
rate versus 5.1% in the sorafenib group [143]. Four-year follow-up data further revealed
a 25% long-term survival rate in STRIDE-treated patients, compared to that of 15.1% in
the patients treated with sorafenib alone, spotlighting the durable response in a subset of
individuals [143].

A separate study evaluating salvage anti-CTLA-4 therapy in 32 patients who
progressed on prior anti-PD-1 agents reported a 22% objective response rate with
nivolumab/ipilimumab combination therapy. However, this approach carried a significant
toxicity burden, with 41% of patients experiencing immune-related adverse events (irAEs),
including six cases of grade 3–4 events such as adrenal insufficiency and pneumonitis [144].

These trials collectively demonstrate that CTLA-4 inhibition, particularly in combina-
tion with PD-1/PD-L1 blockade, represents a meaningful therapeutic advance for HCC
patients, with the STRIDE regimen now establishing a new standard of care for first-line
treatment of unresectable disease. However, the substantial immune-related toxicity profile
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necessitates careful patient selection and close monitoring, particularly when considering
salvage CTLA-4-based therapy in patients with compromised liver function or those who
have failed prior checkpoint inhibitor treatment.

4.3. Microsatellite Instability-High (MSI-H)/Deficient Mismatch Repair (dMMR)

Microsatellite instability-high (MSI-H) and deficient mismatch repair (dMMR) status
have emerged as critical predictive biomarkers in HCC, particularly in the context of
immunotherapy. MSI-H arises from germline or somatic mutations in MMR genes (EPCAM,
MLH1, MSH2, MSH6, and PMS2) or epigenetic silencing, leading to defective DNA repair
and accumulation of frameshift mutations [145]. IHC for MMR proteins (MLH1, MSH2,
MSH6, and PMS2) is the primary method to detect dMMR, with loss of nuclear staining
indicating deficient protein expression.

In HCC, MSI-H occurs in approximately 2.0% of advanced cases, as demonstrated
in a prospective cohort of 50 patients, where one case showed MSH2/MSH6 protein loss
and PCR-confirmed MSI-H using BAT25 and NR24 markers [146]. Despite negative PD-L1
expression (<1%), this patient experienced tumor shrinkage with pembrolizumab, though
another lesion showed resistance, suggesting intratumoral heterogeneity [146]. The MSI-
H HCC cases [146] exhibited a high tumor mutation burden (TMB), CD8+ lymphocyte
infiltration, and low VEGF expression, consistent with immunogenic microenvironments,
as seen in other MSI-H cancers (such as colorectal cancer [147]).

The clinical application of MSI-H/dMMR testing in HCC faces several challenges.
Most (97%) of HCC tumors are MMR proficient/MSI-stable, which limits the general
utility of these markers as standalone indicators [148,149]. In a comprehensive analysis
of 1306 HCC cases using next-generation sequencing and IHC, the overall prevalence
of dMMR/MSI-H was found to be just 0.2%, with high TMB detected in only 5.1% of
cases [150].

The inherent tumor heterogeneity characteristic of HCC further complicates MSI-
H/dMMR applications, as different tumor clones may coexist within the same liver, poten-
tially leading to false-negative results if MSI-H areas are not adequately represented in the
biopsy specimen [146]. Technical aspects compound these issues, as discordances between
IHC and PCR-based MSI testing can occur, necessitating careful correlation of results and
potentially requiring both methodologies for accurate diagnosis [151].

Additionally, evidence gaps persist due to the lack of HCC-specific immunotherapy
trials stratified by MSI status. HCC trials such as KEYNOTE-240 excluded MSI-H subanal-
yses, leaving efficacy estimates reliant on case reports. These limitations underscore the
need for standardized IHC protocols, multimodal testing approaches, and dedicated trials.

Table 3. Prognostic markers in HCC.

Marker Expression Pattern Prognostic
Significance

Therapeutic
Implications Limitations

p53 [105,106]
Nuclear accumulation
in tumor cells
Null pattern

Associates with
aggressive tumor
behavior;
-Predicts early
recurrence

Potential target for p53
pathway modulators
(Amentoflavone).
May enhance response
to Donafenib.

Nonspecific staining in
cirrhotic liver.
Requires combination
with molecular testing.

Ki-67 [41,109] Nuclear staining in
proliferating cells

LI > 10% predicts
reduced 5-year survival.
Correlates with
vascular invasion.

Dual-energy CT shows
promise for
preoperative
assessment.
Guides adjuvant
therapy selection.

Variable cutoff values
(5–50%) cross studies.
Affected by underlying
liver pathology.
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Table 3. Cont.

Marker Expression Pattern Prognostic
Significance

Therapeutic
Implications Limitations

VEGF [113,116] Cytoplasmic in tumor
vessels

High expression: 48%
1-year recurrence.
Serum
levels > 500 pg/mL
predict mVI.

Predicts response to
beva-
cizumab/atezolizumab.
Guides
TACE–lenvatinib
combinations.

Strong expression in
cirrhotic hepatocytes.
Semiquantitative
scoring variability.

CD31 [110,122] Endothelial cell
membrane

Higher MVD correlates
with shorter RFS (26.5
vs. 56.6 months).
Associates with VETC
pattern.

Potential biomarker for
anti-angiogenic
therapies.
Helps identify vascular
subtypes.

Lacks tumor specificity.
Cross-reacts with
platelets/macrophages.

PD-L1 [126,132,133]
Tumor cell
membrane/immune
cells

tumor cell+ (25.4%)
correlates with reduced
OS (HR = 1.57).
immune cell+ (53.7%)
correlates with
resistance.

Guides pembrolizumab
use.
Combination with
VEGF inhibitors shows
synergy.

Spatial heterogeneity.
Requires dual
tumor/immune cell
assessment.

CTLA-4 [139,144] TILs and tumor cells

Stromal Treg
infiltration correlates
with poor CD8+
activity.
Tumor cell expression
correlates with
multifocality.

STRIDE regimen shows
durable responses.
May benefit salvage
nivolumab/ipilimumab.

Toxicity.
Prognostic value varies
by cellular localization.

MSI-H/
dMMR [146,147,151]

Loss of MMR protein
nuclear staining

2% prevalence in
advanced HCC.
High TMB despite
PD-L1 negativity.

Pembrolizumab shows
activity in case reports.
Potential for
neoantigen-directed
therapies.

Low prevalence.
Temporal and spatial
heterogeneity.

5. Summary
While classical markers, such as HepPar1, Arg-1, and GPC3, remain foundational

for distinguishing HCC from benign lesions and metastatic tumors, their limitations in
specificity and sensitivity underscore the need for combinatorial approaches. For instance,
Arg-1 demonstrates superior sensitivity (85.7%) in poorly differentiated HCC compared to
HepPar1 (46.4%) [11], but its occasional reactivity in cholangiocarcinoma (6.9%) [152] neces-
sitates integration with GPC3 (specificity 97.3%) or pCEA (canalicular pattern specificity).
Albumin ISH, with 99% sensitivity for HCC detection, addresses gaps in high-grade tumors
but shows cross-reactivity in 31.6% of ICCs, necessitating adjunct markers like CK19.

Recent advancements, such as the nine-factor IHC classifier (including PD-L1, CD8+,
and macrophage markers), have further refined prognostic stratification in early-stage
HCC, augmenting traditional systems like BCLC staging [153]. Additional prognostic
indicators include cell cycle regulators such as Ki-67 and mutant p53. A Ki-67 labeling
index > 10% predicts a 28.3% disparity in 5-year survival (54.3% vs. 82.6%), while p53
mutations correlate with epithelial–mesenchymal transition (EMT) and ferroptosis resis-
tance. Angiogenesis-related markers, particularly VEGF, are also prognostically significant,
with high VEGF expression (≥50% positive cells) correlating with decreased 5-year overall
survival rates.

Predictive applications of prognostic markers have expanded with the advance of
immunotherapy. PD-L1 expression in tumor cells and immune cells, as well as CTLA-
4+ tumor-infiltrating lymphocytes, informs response to checkpoint inhibitors. Although
MSI-H/dMMR status is rare in HCC (with a prevalence of 2%), it identifies candidates for
exceptional immunotherapy responses despite technical challenges in detection. Recent
research highlights the promising predictive value of novel biomarkers, such as long
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non-coding RNAs like ST8SIA6-AS1, Angiopoietin-like protein 4 (ANGPTL4), and Tyrosyl-
tRNA synthetase 1 in HCC [154–156].

While immunohistochemistry has significantly advanced diagnostic precision in HCC,
several critical limitations persist. Interobserver variability remains a significant obstacle,
with substantial disagreement between pathologists even when using identical slides, par-
ticularly in small biopsy samples, where threshold assessments for immunoreactivity can
produce discordant results [157,158]. Lack of standardization presents another fundamental
challenge, as IHC suffers from variable consistency and poor reproducibility across labora-
tories due to under-fixation, irregular fixation protocols, minimal validation procedures,
and the absence of standard interpretation systems [159]. These issues are compounded by
limited availability in resource-constrained settings, where high maintenance costs, power
fluctuations, expensive reagents, and supply chain delays create additional barriers to
optimal implementation [160,161].

HCC sits at the crossroads of precision oncology and computational pathology. In
recent years, artificial intelligence (AI) and machine learning have transformed immunohis-
tochemistry (IHC) from a largely manual, semi-quantitative assay into a data-rich platform
capable of yielding reproducible, multiplexed, and clinic-ready biomarkers [162]. Artificial
intelligence (AI)-assisted IHC in HCC is poised to move beyond single-marker quantifica-
tion toward a holistic, spatially resolved “digital immunogram” that integrates multiplexed
chromogenic stains, RNA-ISH, and spatial transcriptomics under a unified analytical frame-
work [163,164]. Advances in weakly supervised virtual staining will further democratize
access by extracting surrogate biomarker information from routine H&E slides, obviating
costly antibody panels and facilitating large-scale retrospective studies [165]. ML-enhanced
IHC is reshaping the diagnostic, prognostic, and predictive landscape of hepatocellular car-
cinoma. By coupling quantitative accuracy with unprecedented scalability, AI promises to
harmonize biomarker interpretation across pathologists and practice settings. Realizing this
potential hinges on rigorous validation, transparent algorithms, and seamless integration
into digital pathology ecosystems, initiatives are already underway but require sustained
multidisciplinary collaboration. Future research directions hold promise for addressing
these limitations. Multiplex IHC techniques enable simultaneous detection of multiple
markers on single tissue sections, providing high-throughput, standardized quantitative
analysis [166,167]. Integration with AI-based digital pathology represents a transformative
opportunity, with artificial intelligence algorithms demonstrating remarkable accuracy in
analyzing IHC-stained slides while reducing usage requirements and increasing diagnostic
confidence [162].

IHC in HCC has transformed from a supplementary diagnostic tool to an integral
component of precision oncology practice. The continued evolution of marker panels,
technological platforms, and analytical approaches positions IHC as a cornerstone technol-
ogy for advancing HCC care through improved diagnostic accuracy, refined prognostic
assessment, and optimized therapeutic selection.
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