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Abstract

Alpha-fetoprotein (AFP) is a glycoprotein that plays an important role in immune

regulation with critical involvement in early human development andmaintaining

the immune balance during pregnancy. Postfetal development, the regulatory

mechanisms controlling AFP undergo a shift and AFP gene transcription is

suppressed. Instead, these enhancers refocus their activity to maintain albumin

gene transcription throughout adulthood. During the postnatal period, AFP

expression can increase in the setting of hepatocyte injury, regeneration, and

malignant transformation. It is the first oncoprotein discovered and is routinely

used as part of a screening strategy for HCC. AFP has been shown to be a

powerful prognostic biomarker, and multiple HCC prognosis models confirmed

the independent prognostic utility of AFP. AFP is also a useful predictive

biomarker for monitoring the treatment response of HCC. In addition to its role

as a biomarker, AFP plays important roles in immune modulation to promote

tumorigenesis and thus has been investigated as a therapeutic target in HCC. In

this review article, we aim to provide an overview of AFP, encompassing the

discovery, biological role, and utility as an HCC biomarker in combination with

other biomarkers and how it impacts clinical practice and future direction.

Abbreviations: AASLD, American Association for the Study of Liver Diseases; AFP, alpha-fetoprotein; AFP-L3, alpha-fetoprotein L3; APASL, Asian Pacific
Association for the Study of the Liver; BCLC, Barcelona clinic liver cancer; CLIP, Cancer of the Liver Italian Program; DC, dendritic cells; DCP, Des-Gamma-Carboxy
Prothrombin; EASL, European Association for the Study of the Liver; GALAD, Gender, Age, AFP-L3%, AFP, and DCP; HES, Hepatocellular Carcinoma Early
Detection Screening; nAFP, native AFP; OS, overall survival; RAR, retinoic acid receptor; tAFP, tumor-derived AFP.
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INTRODUCTION

Alpha-fetoprotein (AFP) is a glycoprotein with an
immunoregulatory role during fetal development. It is
a member of the albumin-like protein family, which
also encompasses other proteins like human serum
albumin and vitamin D–binding protein.[1] In adults,
although expressed in minimal levels, elevated levels
of AFP can be indicative of certain pathological
conditions involving active liver regeneration, hepatitis,
or cancer. AFP is secreted by HCC and other
aggressive tumor phenotypes such as germ cell
tumors and hepatoblastoma. AFP synthesis within
tumors is more common among tumors characterized
by large size, poor differentiation, and vascular
invasion. Consequently, AFP levels convey essential
prognostic information among patients with HCC. In
this review, we describe the physiological and patho-
logical functions of AFP and its diagnostic, prognostic,
and predictive role in HCC. We also review its utility as
an HCC biomarker in combination with other bio-
markers and future directions.

BIOCHEMICAL STRUCTURE OF AFP

The initial isolation of AFP was made possible through
immunochemical methods, a milestone achieved by
Nishi.[2] With a molecular mass of ~70 kDa, its structure
is composed of a single polypeptide chain that consists of
590 amino acid residues and is stabilized by a total of 15
disulfide (S-S) bridges.[3] This molecular architecture
confers a high degree of conformational stability to AFP.
Specifically, it retains its rigid native structure under a
wide range of environmental conditions, such as a pH
range between 4.5 and 10.5, temperatures below 70°C,
urea concentrations below 7.5 M, and guanidinium
hydrochloride concentrations below 2.0 M.[4–7] It is
noteworthy that this stability is particularly advantageous
in clinical settings, where samples may be exposed to
varying conditions during transport or storage, thus
preserving the integrity of AFP as a biomarker.

The amino acid sequence of AFP is divided into 3
distinct domains, referred to as domains I, II, and III.
Each of these domains is comprised of around 195
amino acid residues. Domains I, II, and III have 4, 5,
and 6 putative S-S bonds, respectively. These
domains are highly conserved in humans, rats, mice,
and bovines, implying a preserved functional role of
AFP across the different species.[3,8] The sequence
alignment has revealed about 28% homology between
the domains of human AFP and serum albumin.
Despite this similarity, significant differences exist
between domains I, II, and III of AFP and serum
albumin, suggesting that they possess unique func-
tionalities, such as the fatty acid–binding capacity
specific to AFP. It has been hypothesized that these

structural differences could be key to unlocking further
diagnostic or therapeutic uses for AFP, particularly if
these distinct domains interact differently with other
molecules in biological systems.[9]

AFP exists in 3 major isoforms, which differ in
their affinity for the lectin Lens culinaris agglutinin.
These isoforms are known as AFP-L1, AFP-L2, and
AFP-L3, and they are present in varying amounts under
different pathological conditions.[10] Emerging research
also indicates that these isoforms could provide additional
diagnostic and prognostic information in HCC.[11,12] The
ratio of these isoforms has been found to be a predictor for
malignancy, thereby adding another layer of clinical utility
to AFP as a diagnostic biomarker in HCC.[13,14]

AFP DURING DEVELOPMENT AND
PREGNANCY

AFP was first identified in the serum of human fetuses
<5 months old, reflecting its critical involvement in early
human development.[15,16] Subsequent research using
immunohistochemical and immunofluorescence tech-
niques pinpointed the liver parenchyma as the exclusive
site for AFP synthesis in the fetus.[17] Specifically,
around the 12th week of gestation, as the yolk sack
degenerates, the fetal liver takes over as the primary
source of AFP production.

Research from the late 1980s has shown that both
the absolute size of the fetus and its gestational age
significantly influence AFP concentrations in both
maternal and fetal circulations. Moreover, a strong
correlation was observed between maternal AFP levels
and those found in the cord arterial and venous blood,
emphasizing the interrelatedness of these measures
during pregnancy.[18] Maternal AFP levels can serve as
key markers of fetal abnormalities, including neural tube
defects and Down syndrome.[19] Currently, AFP is used
as part of prenatal screening tests.

AFP has a compelling role in immunomodulation,
specifically in maintaining the immune balance during
pregnancy. Its primary function was initially under-
stood to prevent fetal rejection by suppressing
maternal immune responses. The first indirect evi-
dence supporting AFP’s immunosuppressive charac-
teristics came from studies where anti-AFP antibodies
were infused into pregnant rabbits, leading to fetal
rejection.[20] Further supporting this idea, experiments
demonstrated that serum from pregnant mice inhibited
antibody synthesis in vitro, an effect that was
dependent on native AFP (nAFP).[21] However, it is
important to note that nAFP may not be the sole
contributor to suppressed immunity in pregnancy.
For instance, studies have shown that pregnant
mice exhibit diminished immune responses to vacci-
nations, but this phenomenon is not solely attributable
to nAFP.

2 | HEPATOLOGY COMMUNICATIONS



Following birth, the regulatory mechanisms con-
trolling AFP undergo a shift. AFP enhancers, which
promote AFP gene transcription during the fetal
stage, are typically inhibited from the gene promoter
postnatally. Instead, these enhancers refocus their
activity to maintain albumin gene transcription
throughout adulthood.[22] Subsequent studies also
highlighted the potential role of AFP in stem cell
research and regenerative medicine, given its
early presence and role in developmental stages.
In a model of partial hepatectomy, AFP was
overexpressed acutely for 5 days in proliferated
hepatocytes.[23] AFP overexpression was also noted
in hepatocytes undergoing mitosis following galac-
tosamine-induced live injury.[23]

ROLE OF AFP IN IMMUNE
MODULATION, TUMORIGENESIS,
AND THERAPEUTIC TARGET

Role of AFP in antitumoral
immunomodulation

In the field of oncology, tumor-derived AFP (tAFP) has
broad immunosuppressive effects on multiple cell types,
including natural killer cells, T cells, and dendritic cells
(DCs), significantly contributing to the pathogenesis of
HCC by impacting various immune cells.[24] A landmark
study showed that while the nAFP and tAFP isoforms
share nearly identical structures except for a single
carbohydrate group, tAFP at physiological concentra-
tions had a notable inhibitory effect on DC differentia-
tion. This is not observed when using nAFP at
physiological concentrations.[25] The authors showed
that tAFP’s ability to inhibit DC differentiation and
function depends on low molecular mass substances.

Another potential mechanism of the immuno-
suppressive effect lies in the modulation of the
regulatory suppressor cells. An early study documented
AFP’s capacity to suppress certain T-cell–dependent
immune reactions in both mouse and human in vitro
settings.[26] A subsequent study showed AFP did not
directly act on T cells but monocytes by suppressing
their inflammatory processes.[27] The increase in
production of prostaglandin E2, a potent immuno-
regulatory agent and the reduced secretion of inflam-
matory cytokines such as TNFα and IL-1β had led to a
shift in CD4+ T-cell differentiation toward suppressive
regulatory T cells with impaired T-cell–stimulatory
capacity.[28,29] In addition, AFP derived from hepatoma
cells was shown to trigger polarization of M0 macro-
phage into M2-like phenotype through the PI3K/Akt
pathway and therefore prevent phagocytosis.[30] AFP
also hampers the proliferation of NK cells and T
lymphocytes in addition to fostering the polarization of
macrophages toward an M2-like phenotype, aiding in

liver cancer immune escape.[30,31] In addition, the
interaction of AFP with lipid elements, such as
polyunsaturated fatty acids, which are known to alter
cellular metabolism,[32,33] can influence the character-
istics, functionality, and metabolic pathway engagement
of DCs and natural killer cells.[34]

Single-cell RNA sequencing combined with multio-
mics analysis has revealed that AFP-positive HCC is
associated with a more suppressive microenvironment,
likely mediated by the SPP1-CD44 axis.[35] A positive
correlation has been observed between serum AFP
levels and the percentage of CD4+CD25High+FOXP3+

regulatory T cells in patients with HCC.[36]

Functional role of AFP in HCC
tumorigenesis

AFP has been reported to influence the ability of cancer
cells to maintain and propagate their undifferentiated
state. Liver tissue derived from HBV-related HCC was
found to show higher levels of reprogramming proteins
and stemness markers including pAKT(Ser473), Oct4,
Klf4, Sox2, and c-myc compared to noncancerous liver
tissues or non-HBV–related HCC that were negative for
AFP.[37] In addition, several studies have shown the
roles of AFP in tumor progression through inhibition of
apoptosis, promotion of tumor proliferation, and promo-
tion of tumor migration, invasion, and metastasis
(Figure 1). The caspase-3 signal cascade is one of
the pathways that AFP involves inhibiting HCC
apoptosis. Lin et al[38] reported that AFP directly
interacts with the caspase-3 active site to prevent its
activation by tumor necrosis factor–related apoptosis-
inducing ligand. Another study also demonstrated that
AFP may regulate the p53/Bax/cytochrome c/caspase-3
pathway to inhibit cell apoptosis.[39] Recently, AFP has
been identified to suppress the human antigen R–
mediated Fas/Fas-associated death domain extrinsic
apoptotic pathway. Interaction between AFP and
human antigen R leads to the relocation of human
antigen R from the nucleus to the cytoplasm, which
inhibits Fas translation and subsequent suppression of
Fas/Fas-associated death domain–mediated cell
apoptosis.[40] Lastly, AFP was found to interfere with
the all-trans retinoic acid–retinoic acid receptor (RAR)
signaling pathway.[41,42] Through binding to RAR, AFP
competitively decreases the possibility of all-trans
retinoic acid binding to RAR and inhibits its entrance
into the nucleus. As such, less RAR binds to the 5ʹ-
untranslated region of the Bcl-2 gene, thereby increas-
ing the expression of Bcl-2, the antiapoptotic protein.[42]

The stimulatory effect of AFP on HCC proliferation is
achieved by activating the cAMP/PKA and PI3K/AKT/
mTOR signaling pathways, respectively. Extracellular
AFP binds to the AFP receptor on the cell membrane,
resulting in cAMP accumulation and increased PKA
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activity. This triggers the overexpression of oncogenes
such as c-Fos, c-Jun, and N-Ras, and mutant p53 and
p21 proteins.[43,44] On the other hand, intracellular AFP
binding to PTEN activates the PI3K/AKT/mTOR path-
way and upregulates the hypoxia-inducible factor-1α
transcription.[45,46] Hypoxia-inducible factor-1α subse-
quently binds to the promoters of Src, Ras, and CXCR4
in the nucleus to induce HCC cell proliferation. AFP also
plays a crucial role in HCC invasion and metastasis,
with serum levels correlating with distant metastasis,
especially in small HCCs (diameter ≤5 cm).[47]

Evidence from in vitro and in vivo studies showed that
AFP promotes the level of metastasis-related proteins,
including matrix metalloproteinase 2/9, CXC chemokine
receptor 4, Vimentin, EpCAM, keratin 19, and integrin
β1 through the PI3K/AKT pathway,[48–50] and down-
regulates the expression of E-cadherin.[49]

More recently, Xue et al[49] reported that the acetyla-
tion of AFP inhibits apoptosis by interacting with the
aforementioned caspase-3 cascade, increases cell
proliferation through enhancing the PTEN/PI3K/AKT
pathway, and promotes migration and invasion of HCC.

1. Inhibition of HCC cell apoptosis

3. Promotion of HCC migration,
invasion, and metastasis

2. Promotion of HCC cell proliferation
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F IGURE 1 Biological pathways of AFP involvement in the inhibition of HCC cell apoptosis, promotion of HCC cell proliferation, and promotion
of HCC migration, invasion, and metastasis. Abbreviations: Ac, acetylation; AFP, alpha-fetoprotein; AFPR, AFP receptor; ATRA, all-trans retinoic
acid; CBP, CREB binding protein; CXCR4, CXC chemokine receptor 4; DR5, death receptor 5; FADD, Fas-associated death domain; FasL, Fas
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untranslated region.
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The acetylation status of AFP is regulated by acetyl-
transferase and deacetylase, CREB binding protein, and
sirtuin type 1.[49] The authors also demonstrated that
hepatitis B virus X protein and palmitic acid can promote
AFP acetylation by inhibiting sirtuin type 1–mediated
deacetylation, and lead to HCC progression.[49]

AFP as a tumor antigen for immunotherapy
of HCC

AFP’s unique expression in HCC cells and its minimal
presence in normal adult tissues make it an ideal target
for immunotherapy approaches.[51,52] The journey of
exploiting AFP for therapeutic purposes began with the
development of AFP-based vaccines. Butterfield et al[53]

identified 4 HLA-A*0201–restricted AFP epitopes and
developed AFP peptide–based vaccinations for HCC. The
study demonstrated that these vaccines were capable of
inducing strong T-cell responses specifically targeted at
AFP-expressing tumor cells, leading to a marked reduc-
tion in tumor growth and enhanced survival in treated
mice. Subsequently, the initial phase I/II clinical trial
focused on the immunizing efficiency of AFP peptides
pulsed onto DC in patients with HCC. Moderate AFP-
specific T-cell responses were detected to at least one of
the peptides after vaccination.[54] However, no significant
clinical benefits were observed in these patients, suggest-
ing that additional approaches may be needed to enhance
this antitumor response. To improve the efficacy of AFP-
based HCC vaccines, further studies showed the efficacy
of epitope-optimized AFP genetic vaccines in preventing
carcinogen-induced murine autochthonous HCC.[51]

In addition, T-cell–based therapies also exhibited
potential in treating HCC. Comprehensive analyses of
AFP-specific CD8+ T-cell responses in patients with HCC
provided insights into the mechanisms of tumor immunity
and the potential for T-cell–mediated therapy.[55] In this
study, CD8+ T cells specific for the self-antigen AFP were
found in the normal T-cell repertoire and were not
centrally or peripherally depleted. High-avidity T-cell
receptors, induced by AFP-derived peptides, were
associated with significant antitumor effects in 15
patients with HCC, with a complete response in 1 and
stabilized tumor growth in 8 patients.[56]

More recent studies have explored the combination
of AFP vaccines with immune checkpoint inhibitors.
This approach has shown promise in slowing HCC
progression in preclinical models.[57] The authors
revealed that the combination therapy not only slowed
tumor progression but also improved the overall
immune response. This suggested a potential for
overcoming the immunosuppressive environment often
seen in HCC. Taken together, the synergistic effect of
enhancing the immune response to AFP while simulta-
neously inhibiting immune checkpoints offers a multi-
faceted attack on tumor cells.

ETIOLOGY OF ELEVATED AFP

Table 1 summarizes the diverse etiologies for the
elevation of AFP, categorized into hepatic and
nonhepatic causes.[58–60] Under hepatic neoplastic
conditions, HCC is the primary malignancy known for
increasing AFP levels, although it can be seen rarely in
intrahepatic cholangiocarcinoma, and liver metastasis.
These conditions underscore the protein’s significance
as a biomarker in the detection and monitoring of
hepatic malignancies. Table 1 also delineates non-
neoplastic hepatic disorders such as liver cirrhosis, viral
hepatitis (particularly those with active viral replication),
and other liver diseases, which can contribute to
elevated AFP, thus signaling liver regeneration,
distress, or damage.

In contrast, nonhepatic causes of AFP elevation are
diverse, encompassing neoplastic conditions like germ
cell tumors and gastric cancer, as well as a range of non-
neoplastic conditions including normal pregnancy, vari-
ous fetal disorders, and autoimmune diseases. Hepatic
adenoma can undergo malignant transformation.[61,62]

While elevated AFP levels could be helpful in indicating
malignant transformation in adenoma,[63,64] contempo-
rary guidelines do not recommend the use of AFP in
monitoring the progression of hepatic adenoma into HCC
given insufficient evidence of diagnostic utility.[65] This
array of potential sources for AFP elevation highlights the
biomarker’s broad clinical implications beyond liver
pathology and necessitates a careful differential diagno-
sis when elevated levels are detected. Notably, the
inclusion of liver metastasis as a neoplastic hepatic
cause of AFP elevation expands the diagnostic context
wherein AFP may serve as an indicator of secondary
hepatic involvement by extrinsic malignancies.

AFP AS A DETECTION/SCREENING
BIOMARKER FOR HCC

Performance of AFP for early-stage HCC
detection

AFP holds the distinction of being the first recognized
oncofetal biomarker. Its utility in liver cancer diagnosis
dates back to initial discoveries in mouse hepatoma and
was later confirmed in the serum of patients with
HCC.[66,67] Even as early as the 1960s, AFP was
reported as a biomarker, not only for HCC but also to
distinguish between primary and metastatic liver
tumors.[67–69] Since then, serial biomarker studies have
been conducted to investigate the use of AFP as a
biomarker for HCC detection/screening. Table 2
summarizes the performance of AFP and AFP-
integrated biomarkers/panels for detecting early-stage
HCC from at-risk patients with various phases of
biomarker studies.[70,91]
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In a Cochrane systematic review and meta-analysis
of phase 2 biomarker studies, at an AFP cutoff of 20 ng/
mL, the sensitivity and specificity were 60% and 84%,
respectively, for detecting HCC.[92] However, the sensi-
tivity of AFP is compromised to 49% with a specificity of
88% among patients with early-stage HCC (Barcelona
clinic liver cancer [BCLC] stage 0-A or within Milan
criteria).[93] As a large proportion of patients with early-
stage HCC do not exhibit elevated AFP levels,[88,89] and
AFP levels tend to be lower in HCC with nonviral
etiologies, the sensitivity of AFP can diminish in a
contemporary cohort of nonviral HCC.[94] Given that the
limitation of AFP as a standalone biomarker for HCC is
evident, Singal and colleagues performed landmark
meta-analyses including phase 2–4 biomarker studies
to investigate the performance of ultrasound with or
without AFP in the setting of HCC screening. They
reported that the addition of AFP to ultrasound improved
sensitivity for early-stage HCC detection from 45%–

52% to 63%–74%.[93,95] In addition, AFP is the only
biomarker that has been evaluated in a phase 5
biomarker study with ultrasound.[96,97] In a large
randomized controlled trial from China with 9373
patients in the screening arm or 9443 patients in the
control arm, the authors showed that AFP combined
with ultrasound resulted in a 37% reduction in HCC
mortality compared to those without HCC screening.[96]

Furthermore, with the rising incidence of nonviral HCC,
it is imperative to assess the diagnostic accuracy of
AFP in this specific subpopulation. However, cases of

nonviral HCC, particularly those associated with
NAFLD/metabolic dysfunction–associated fatty liver
disease, have shown a lower likelihood of exhibiting
high AFP levels (≥20 ng/mL). In a large cohort with
1.4k patients with HCC, the proportion of a high AFP
was 64.9%, whereas it was 52.5% in those with NAFLD/
metabolic dysfunction–associated fatty liver disease–
related HCC.[98] Consistently, another cohort study
indicated that patients with metabolic dysfunction–
associated fatty liver disease–associated HCC typically
had a lower elevation of AFP levels than those with
HCV-related HCC.[99] As such, AFP is currently
recommended for HCC surveillance with ultrasound by
both the American Association for the Study of Liver
Diseases (AASLD)[100] and the Asian Pacific Associa-
tion for the Study of the Liver (APASL),[74] although the
use of AFP is not endorsed by the European Associ-
ation for the Study of the Liver (EASL).[101]

Several studies investigated the longitudinal trend of
AFP for HCC detection.[102] A recent large-scale phase 3
biomarker study with 2776 patients undergoing serial
AFP monitoring in Taiwan demonstrated that a serial
AFP increase of ≥10% was associated with a 12.1-fold
increased risk of HCC in 6 months.[103] The risk increased
13-to-60-fold in patients with cirrhosis, hepatitis B or C,
receiving antiviral therapy, or with AFP levels <20 ng/mL.
Combining a serial AFP increase of ≥10% with AFP
levels ≥20 ng/mL at 6 months prediagnosis significantly
raised the HCC risk by 41.7 fold.[103] Despite these
promising results, other studies reported limited

TABLE 1 Etiology of elevated alpha-fetoprotein levela

Hepatic causes of AFP elevation Nonhepatic causes of AFP elevation

Neoplastic Non-neoplastic Neoplastic Non-neoplastic

Hepatocellular carcinoma Cirrhosis Germ cell tumors (testicular
and ovarian)

Normal pregnancy/infancy

Intrahepatic cholangiocarcinoma Fulminant acute hepatitis Gastric cancer Colitis

Liver metastasis Viral hepatitis Sepsis

Metabolic dysfunction–associated
steatotic liver disease

Fetal disorders
(gastroschisis, neural tube
defect)

Biliary obstruction
(intrahepatic and extrahepatic)

Hereditary tyrosinemia
type 1

Drug-induced liver injury Hereditary AFP persistence

Alcohol liver disease Beckwith-Wiedemann
syndrome

Hepatic inflammatory pseudotumor Systemic lupus
erythematosus

Neonatal hepatitis Hirschsprung disease

Massive hepatic necrosis Ataxia telangiectasia

Autoimmune hepatitis

Wilson disease

Hemochromatosis

aModified from Hanif et al.[58]

Abbreviation: AFP, alpha-fetoprotein.
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TABLE 2 Performance of AFP, AFP-L3%, and AFP-integrated biomarkers/panels for detecting early-stage HCC from at-risk patients

Biomarker
(cutoff)

Biomarker
development

phasea Variables
Study
type

Major
etiology No. subjectsb

Definition of
early-stage

HCC Sensitivity (%) Specificity (%) AUROC Reference

Blood-based protein marker

AFP 2–4 AFP Meta-
analysis

HBV,
HCV,

alcohol,
MASLD

NA BCLC 0/A or
within Milan

49 88 NA [70]

AFP (20 ng/
mL)

2 AFP Meta-
analysis

HBV,
HCV

1722 Resectable 65 80 NA [69]

AFP 3 AFP Meta-
analysis

HBV,
HCV,

alcohol,
MASLD

NA BCLC 0/A or
within Milan

38 90 NA [70]

AFP 4 AFP Meta-
analysis

HCV,
HBV,

alcohol,
MASLD

NA BCLC 0/A or
within Milan

55 90 NA [70]

AFP-L3% 2–3 AFP-L3% Meta-
analysis

HBV,
HCV,
alcohol

497 :1950 BCLC 0/A or
AJCC I

34 92 0.76 [71]

AFP-L3%
(10%)

3 AFP-L3% Cohort HCV,
alcohol,
MASLD

355; 484 BCLC 0/A or
single,
≤5 cm

27–74 83–95 0.64 [72,73]

AFP + AFP-
L3%

3 AFP, AFP-L3% Cohort HBV 42 : 168c NA 66d 85d 0.78d [74]

AFP + DCP 3 AFP, DCP Cohort HBV,
HCV

42 : 168; 36 :
108; 39 : 77c

NA 46–86d 69–82d 0.61–0.88d [74–76]

AFP + AFP-
L3% + DCP

3 AFP, AFP-L3%,
DCP

Cohort HCV,
alcohol,
MASLD

484; 42 : 168c NA 31–77d 66–91d 0.69d [73,74]

AFP-integrated clinical score

GALAD score
(−0.63)

2 Gender, age,
AFP, AFP-L3%,

DCP

Meta-
analysis

HBV,
HCV,

alcohol,
MASLD

1183 : 2838 BCLC 0-A,
AJCC I/II, or
within Milan

69 91 0.83 [68]

GALAD score
(−0.63)

3 Gender, age,
AFP, AFP-L3%,

DCP

Meta-
analysis

HCV,
alcohol,
MASLD

849 BCLC 0/A or
single
≤5 cm

58 83 0.73 [68]

HES algorithm 3 AFP, ΔAFP over
the last year, age,
platelets, ALT,
interaction terms

Cohort HCV,
alcohol,
MASLD

355; 484 BCLC 0/A or
single
≤5 cm

27–42 91–95 0.76 [72,73]
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TABLE 2 . (continued)

Biomarker
(cutoff)

Biomarker
development

phasea Variables
Study
type

Major
etiology No. subjectsb

Definition of
early-stage

HCC Sensitivity (%) Specificity (%) AUROC Reference

Doylestown
algorithm

2 Age, gender,
logAFP, alkaline
phosphatase, ALT

Case-
control

HBV,
HCV,
others

101 : 195 + 225 :
438 + 113 : 586
+ 140 : 804

BCLC 0/A 35–58 90–95 0.77–0.89 [77,78]

Doylestown
Plus
algorithm

3 Age, logAFP,
PEG-precipitated
IgG, fucosylated

kininogen

Cohort HCV,
alcohol,
MASLD

17 : 58 BCLC 0/A 80 90 NA [79]

GALAD-C
model

2 Gender, age,
AFP, AFP-L3%,

DCP

Case-
control

HBV,
HCV

242 : 283 + 169 :
139 ; 395 : 846c

NA 85d 92d NA [80,81]

GAAP model 2 Gender, age,
AFP, DCP

Case-
control

HBV,
HCV

242 : 283 + 169 :
139 ; 395 : 846;

199 : 508c

NA 75–88d 80–91d 0.92d [80–82]

ASAP model 2 Gender, age,
AFP, DCP

Case-
control

HBV 318 : 603 + 286 :
211; 199 : 508

BCLC 0/A 73–74 88–90 NA [82–84]

AALP model 2 Age, AFP, AFP-
L3%, DCP

Case-
control

HBV,
HCV

395 : 846 NA 85d 92d 0.94d [81]

Plasma cfDNA+biomarkers

Multitarget
HCC blood
test (mt-
HBT)

2 3 cfDNA
methylation

markers (HOXA1,
TSPYL5,

B3GALT6), sex,
AFP

Case-
control

HCV,
alcohol,
MASLD,
HBV

81 : 404 + 78 :
245

BCLC 0/A 82 87 0.92 [85]

HelioLiver test 2 28 methylation
markers, age,
sex, AFP, AFP-

L3%, DCP

Case-
control

HBV,
others

46 : 236 + 37 :
125

AJCC I/II 76 91 0.92 [86]

HCCscreen 3 Mutations in
TP53, CTNNB1,
AXIN1, TERT
promoter, HBV
integration

breakpoint, AFP,
DCP

Cohort HBV 331 BCLC 0/A 100 94 NA [87]

Ultrasound+AFP/GALAD score

Ultrasound
+AFP

2–4 Ultrasound, AFP Meta-
analysis

HBV,
HCV,

alcohol,
MASLD

7140 BCLC 0/A or
within Milan

63–74 84 NA [70,88]
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sensitivity and specificity of serial AFP measurement for
early-stage HCC detection.[102] Therefore, further studies
are warranted to externally validate the findings, espe-
cially among patients with early-stage HCC and other
races/ethnicities.

Fucosylated fraction of AFP (AFP-L3)

Alpha-fetoprotein L3 (AFP-L3), a variant of AFP that
specifically binds to the lectin Lens culinaris agglutinin,
emerges predominantly in patients with HCC.[71] It is
often associated with advanced tumor characteristics,
including larger tumor size, portal vein invasion, tumor
stage, and higher grade.[72,104]

The percentage of AFP-L3 to total AFP, named AFP-
L3%, has been studied as a biomarker for detecting HCC
(Table 2).[71,73,105] The sensitivity of measuring the
percentage of AFP-L3 in AFP is inversely affected by the
AFP level using the conventional detecting method, liquid-
phase binding assay on an auto-analyzer (LiBASys).[75,106]

The introduction of new methodologies, including
microfluidics-based separation and immunochips, has
enabled not only the accurate measurement of AFP-
L3% at very low AFP concentrations but also the use of
smaller specimen volumes, particularly in cases where
AFP levels are <20 ng/mL.[76,107] Compared to AFP, while
the specificity of AFP-L3% for early-stage HCC is excellent
at 92%, its sensitivity is relatively low at 34% in phase 2
and 3 biomarker studies.[105] Recently, several phase 3
biomarker studies in Japan, South Korea, and the United
States demonstrated that AFP-L3% has AUROCs of
0.60–0.80 a year before any-stage HCC diagnosis, with
sensitivity ranging from 30% to 67% for detecting
HCC.[90,108–110] In these studies, the AUROC of AFP-
L3% for the detection of BCLC stage 0-A HCC is similar
between 0.76 and 0.89; however, its sensitivity varies
widely from 27% to 74%.[109,110] As such, larger phase 3
and phase 4-5 studies are required to evaluate its
performance for clinical application.

Combination of AFP, AFP-L3%, and other
biomarkers/panels for early-stage HCC
detection

In the evolving landscape of HCC diagnostics, the search
for novel biomarkers to enhance the accuracy of AFP is
paramount.[91] The amalgamation of AFP with additional
biomarkers, such as AFP-L3%, Des-Gamma-Carboxy
Prothrombin (DCP, also known as prothrombin induced by
vitamin K absence-II), Glypican-3, GP73, Heat Shock
Protein 90 alpha, Midkine, and Osteopontin not only
elevates the AUROC for early-stage HCC detection but
also significantly outperforms AFP alone.[77,78,111,112] For
example, in a phase 3 study including 42 patients with
HCC and 168 matched controls, Choi and colleagues
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compared the 3 most commonly used biomarkers, AFP,
AFP-L3%, DCP as well as their combinations. They found
AFP+AFP-L3% has the highest AUROCs of 0.78 and
0.71, respectively, at 6 and 12 months before HCC
diagnosis.[90] In another phase 3 study containing patients
without HBV, the combined use of AFP, AFP-L3%, and
DCP resulted in a sensitivity of 47% and a specificity of
91% for early-stage HCC detection.[110] The performances
of the AFP-integrated biomarkers/panels for early-stage
HCC detection are also summarized in Table 2.

GALAD score, which incorporates Gender, Age,
AFP-L3%, AFP, and DCP is a practical and accurate
model for early-stage HCC detection and has been
validated in various populations.[79,91] The performance
of the GALAD score for early-stage HCC detection
remained stable across different etiologies and races/
ethnicities, and a recent meta-analysis showed that the
pooled AUROC of the GALAD score was 0.83 and
0.73 in phase 2 and phase 3 biomarker studies,
respectively.[91] The sensitivity (69% vs. 58%) and
specificity (91% vs. 85%) of the GALAD score at the
commonly applied cutoff of −0.63 also decreased in the
phase 3 studies, highlighting the need for further
validation of novel biomarkers in cohort studies to avoid
overestimation of their performance.[91] Recently, one of
these phase 3 studies demonstrated better sensitivity
for early-stage HCC detection with longitudinal mea-
surement of the GALAD score than single time point
measurement (69% vs. 54%).[109] Another study that
combined ultrasound with the GALAD score to detect
BCLC stage 0/A HCC augmented the AUROC to 0.98
and a remarkable sensitivity (95%) and specificity
(91%), and remained accurate in the external validation
cohort (AUROC: 0.97).[80]

Similar to the GALAD score, the Hepatocellular
Carcinoma Early Detection Screening (HES) Algorithm
is another AFP-based algorithm that has been serially
validated in multiple phase 2 studies[81–84,113] and phase
3 studies.[109,110] The HES algorithm incorporates the
data of AFP, rate of AFP change within the last year,
age, alanine aminotransferase (ALT), platelets, HCC
etiology, and interaction terms (AFP and alanine
aminotransferase, and AFP and platelets).[81,82] In
phase 3 studies, the sensitivity within 6 months before
early-stage HCC diagnosis was comparable between
the HES algorithm (39%–42%) and the GALAD score
(31%–74%) at a specificity of 90%.[109,110] However, the
comparison of performance between the HES Algo-
rithm, the GALAD score, AFP, AFP-L3%, and DCP
remains controversial in these 2 studies[109,110] and
larger studies are warranted.

The Doylestown algorithm is also an algorithm well-
validated in several phase 2 biomarker studies for HCC
screening.[114,115] On top of its original variables including
age, gender, logAFP, alkaline phosphatase, and alanine
aminotransferase, recently an updated version known as
the Doylestown Plus algorithm incorporates the values of

polyethylene glycol-precipitated immunoglobulin G and
fucosylated kininogen.[85] The Doylestown Plus algorithm
yielded promising results, with AUROC of 0.92 for
detecting BCLC stage 0/A HCC any time before
diagnosis, in a phase 3 study.[85]

In addition to the aforementionedGALAD score and the
algorithms, there are several AFP-integrated protein-
based panels still under phase 2 biomarker validation
(Table 2). For example, using the same variables included
in the GALAD score, GALAD-C,[86,87] GAAP,[86,87,116]

ASAP,[116–118] and AALP[87] models were tailored and
validated for HCC detection in Chinese populations.
Another approach includes the incorporation of machine-
learning models, such as gradient boosting that optimize
the combination of AFP, AFP-L3%, andDCP to augment
HCC detection.[119] This integration of computational
prowess with clinical biomarkers is poised to improve the
use of AFP and its combination for HCC screening. Lastly,
the addition of AFP measurement to liquid biopsy
techniques, such as circulating cell-free DNA and other
extracellular markers (eg, cell-free microRNA, extracellular
vesicles, or tumor-educated platelets), is evidencing
notable potential.[91,120–124] Currently, large phase 2 and
phase 3 biomarker clinical trials are ongoing for validating a
couple of promising AFP-embedded cell-free DNA–based
panels including multitarget HCC blood test algorithm,[122]

HelioLiver Test,[123] and HCCscreen.[124]

Looking ahead, while more research is necessary to
refine AFP’s utility with other biomarkers/panels across
various HCC etiologies and to establish standardized
cutoff values for broader applications, the focus is
shifting toward the development of new predictive
models. The challenge lies in effectively integrating
statistical and machine-learning tools to tailor person-
alized HCC screening, enhancing the efficacy through
novel blood-based biomarkers for AFP-negative HCC,
and increasing provider awareness of these emerging
diagnostic technologies to enhance early detection.[125]

AFP AS A PROGNOSTIC BIOMARKER
FOR HCC

Prognostic value of AFP

The prognostic significance of AFP levels before
hepatectomy in HCC has been well-documented, with
elevated AFP levels signaling a worse prognosis.
Specifically, AFP levels exceeding 9000 ng/mL have
been linked to shorter disease-free survival, while levels
above 14,000 ng/mL are associated with decreased
overall survival (OS), suggesting that high AFP levels
could necessitate an upstaging of the disease.[126] In a
large cohort study utilizing data from 78,743 patients
with HCC within the Surveillance, Epidemiology, and
End Results database, the level of AFP at the time of
diagnosis was identified as a predictor of pathological
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grade, disease progression, and survival, even after
adjusting for various confounding factors. This study
highlighted that a positive AFP status carries a higher
HR compared to other factors such as sex, race, marital
status, and fibrosis severity.[127]

Multiple prognostic scoring systems including MESH
(model to estimate survival for HCC) system (tumor
size, the presence of vascular invasion or metastasis,
Child-Turcotte-Pugh score, performance status, AFP,
and alkaline phosphatase),[128] the Taipei Integrated
Scoring System (total tumor volume, Child-Turcotte-
Pugh score, and AFP),[129,130] and Cancer of the Liver
Italian Program (CLIP) score (AFP, Child-Turcotte-Pugh
score, invasion of portal vein, and tumor morphology)[130]

incorporated AFP along with other predictors to predict
the OS of patients with HCC.

AFP and liver transplantation—patient
selection

The evolving role of AFP (combined with other bio-
markers) in assessing eligibility for liver transplantation
presents promising avenues for enhancing patient out-
comes. Drawing on data from 1164 patients within the
United Network for Organ Sharing database, it has been
established that pretransplant AFP levels are indepen-
dently predictive of survival rates in patients experiencing
HCC recurrence. Notably, individuals exhibiting pretrans-
plant AFP levels equal to or exceeding 500 ng/mL were
found to have a 1.6-fold increased mortality risk compared
to those with AFP levels at or below 20 ng/mL, a
statistically significant finding (p<0.001).[131] Furthermore,
the introduction of the New York/California (NYCA) score,
which employs a dynamic AFP rate—defined as the
difference between the maximum and final pre-liver
transplant AFP levels—has shown significant potential in
refining the selection process for candidates with HCC
undergoing liver transplant. This dynamic assessment
offers a more nuanced evaluation compared to static AFP
measurements. The findings suggest that AFP-based
models have a superior prognostic accuracy compared to
the traditional Milan criteria, providing a more tailored
approach to patient selection for transplantation. This
implies that integrating AFP and similar biomarkers into
the selection criteria could significantly improve the
stratification of transplant candidates, potentially leading
to better posttransplantation outcomes and a more
equitable distribution of resources in the field of
hepatology.

AFP and liver transplantation—
posttransplant outcome

Metroticket 2.0 Model, which integrates AFP levels, further
refines the prognostication of HCC-related death following

liver transplantation, exemplifying the continued evolution
of predictive modeling in HCC.[132] Similarly, the MORAL
score, a prognostic model for HCC recurrence after liver
transplant, incorporates preoperative information including
tumor size, maximum AFP levels, neutrophil-lymphocyte
ratio, and postoperative factors such as tumor grade and
vascular invasion, offering a comprehensive view of
patient prognosis.[133] A nomogram was developed based
on both pretransplant characteristics, including AFP,
cholesterol, neutrophil-lymphocyte ratio, and tumor size,
and explant pathological features to predict posttransplant
HCC recurrence.[134] The Shanghai criteria, involving 1078
patients with HCC who underwent liver transplantation,
used AFP alongside other markers to predict OS or
disease-free survival, highlighting the value ofmultifaceted
diagnostic approaches.[135] Another scoring system,
RETREAT, is derived from a multicenter cohort with
external validation.[136] The score featured a high accuracy
despite having 3 variables only (microvascular invasion,
pretransplant AFP, and tumor size-related data). In
addition, the R3-AFP predictive model, established using
a large and international cohort of patients transplanted for
HCC, includes various parameters like the number of
nodules, the size of the largest nodule, the presence of
microvascular invasion, nuclear grade, and the last pre-
liver transplantation AFP value, demonstrating its utility in
predicting HCC recurrence after transplantation.[137]

Finally, a recent scoring system, RELAPSE, showed an
accurate 2- and 5-year recurrence risk discrimination and
was consistent with external validation.[138] Notably, the
variables, which included AFP were identified through
Fine and Gray competing risk analysis and machine-
learning algorithms.

Moreover, the use of a dual biomarker model
incorporating AFP-L3 and DCP has demonstrated high
predictive power for posttransplant recurrence. An AFP-
L3 level of 15% or higher, coupled with a DCP level of at
least 7.5 ng/mL, was a strong indicator of the risk of
early HCC recurrence in a prospective study of 285
patients who underwent liver transplantation.[139] This
evidence supports the utility of these biomarkers not
only in diagnosis but also in the strategic planning of
postoperative care and surveillance.

Predictive and prognostic value of AFP in
patients with HCC receiving systemic
treatment

AFP plays a crucial prognostic role for immunotherapy-
treated patients with HCC. In patients treated with
atezolizumab and bevacizumab (Atezo-Bev), a combi-
nation of early AFP response (defined as a reduction in
AFP ≥20% at 3 wk) and the albumin-bilirubin (ALBI)
grade has been shown to correlate with the radiological
response (using mRECIST criteria) and OS.[125] This
finding illustrates the growing importance of AFP as a
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dynamic biomarker that can be used not only in
diagnostic and prognostic settings but also in monitor-
ing treatment efficacy and patient outcomes in the era of
advanced therapeutic interventions. A multicenter study
combined AFP and C-reactive protein as a predictive
model for patients with HCC put on PD-(L)1-based
immunotherapy.[140] The authors demonstrated an
effective and simple stratification model using serum
AFP (100 ng/mL) and C-reactive protein (1 mg/dL) to
stratify patients’ OS, which was validated in another
study with 2 cohorts: lenvatinib-immunotherapy combi-
nation and lenvatinib only.[141] However, given a low
c-statistic of 0.62 in both training and validation sets,
further modification of the score is warranted. AFP was
also found to be a predictive biomarker for HCC. A
randomized, double-blind, placebo-controlled, phase 3
trial with advanced HCC and AFP concentrations of
400 ng/mL or greater (REACH-2) showed improved OS
in ramucirumab treatment arm.[142] This trial was a
biomarker-enriched trial as the trial was designed based
on the subgroup analysis of the prior negative REACH
trial showing the survival benefit of ramicirumab among
patients with HCC with AFP of 400 ng/mL or greater.[142]

CONCLUSIONS

AFP is the first recognized oncofetal biomarker in HCC
and remains a useful biomarker for early detection of
cancer, especially when it is being used with imaging
surveillance tests or another biomarker panel. Further-
more, it showed promising potential as an excellent
prognostic and predictive biomarker and therapeutic
target in HCC. Future studies should attempt to
leverage machine-learning algorithms to refine the
diagnostic, predictive, prognostic, and therapeutic
capacity of AFP, which will likely further enhance the
role of AFP in personalized patient care of HCC.[143]
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