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Abstract: Hepatocellular carcinoma (HCC) remains a major fatal disease, and recombinant adeno-associated virus-
thymidine kinase/ganciclovir (rAAV-tk/GCV) therapy is a newly discovered gene therapy with a unique mechanism 
of action for HCC. In the context of rAAV-tk/GCV treatment, serum alpha-fetoprotein (AFP), a commonly used clinical 
marker, is more of a static tumor-positive/negative biomarker and cannot dynamically and comprehensively reflect 
the pharmacodynamic response. Therefore, this article constructed a mechanistic model and integrates clinical 
and preclinical research data, proposing that changes in AFP kinetics are the result of four interacting processes: 
preferential elimination of proliferative tumor clones expressing high levels of AFP, heterogeneity of rAAV-tk trans-
duction and the bystander effect of tk/GCV, treatment-induced liver tissue damage and regeneration in cirrhosis, 
and adaptive and innate immune responses. This article summarizes the typical AFP kinetics, including biphasic or 
uniphasic decline, lag phase, transient “rebound rise”, low-level plateau phase, and secondary rise, and explains 
these characteristics in conjunction with reasonable physiologic mechanisms. Sources of uncertainty include im-
paired AFP clearance function or the basic regenerative state of the liver. Based on this, the article explores how 
early AFP kinetic parameters (e.g., percentage decline, slope, time to and depth of nadir) can serve as dynamic ef-
ficacy indicators and predictive biomarkers to facilitate dosage selection, trial enrichment and adaptive treatment. 
Finally, this article clarifies the main directions for translational research, including conducting follow-up clinical 
trials with intensive AFP sample collection, combining imaging detection and multi-omics analysis, and constructing 
of model-based decision-making models. It also proposes that the rational application of AFP kinetics based on its 
mechanism of action holds promise for significantly improving the optimization and clinical acceptance of rAAV-tk/
GCV therapy in HCC.
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Introduction

Hepatocellular carcinoma (HCC) remains a ma- 
jor global health challenge because of its high 
incidence, close association with chronic liver 
injury, marked biological heterogeneity, and 
persistently poor prognosis. HCC is considered 
one of the most frequent causes of cancer-
associated mortality, and it typically occurs 
against a background of chronic liver disease 
and cirrhosis [1, 2]. Although surgery has the 
potential to cure a small portion of patients 
diagnosed at an early stage, most patients are 

diagnosed at an intermediate or advanced 
stage, resulting in unsatisfactory prognoses.  
In recent years, systemic therapies such as 
multikinase inhibitors, anti-angiogenic drugs, 
and immune checkpoint inhibitors have enri- 
ched treatment options and have played a cer-
tain modulating role in patient survival [3-5]. 
However, primary and acquired drug resistance 
are the most prevalent problems, treatment 
response rates remain unsatisfactory, and the 
biological heterogeneity of HCC also poses 
challenges for optimizing treatment regimens. 
Therefore, there is an urgent demand to explore 
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novel treatment methods guided by mecha-
nisms of action, as well as highly efficient bio-
markers that can reflect clinical efficacy early, 
dynamically, and specifically. In addition to the 
limited duration of efficacy of existing treat-
ments, the complexity of HCC is further ex- 
acerbated by the liver cirrhosis microenviron-
ment, immune surveillance dysfunction, and 
inter-individual variability in carcinogenic driv-
ers. These factors hinder accurate prediction  
of treatment response and rational treatment 
stratification. The current situation indicates 
that we not only need more selective treatment 
platforms, but also biomarkers capable of cap-
turing biological responses in real time and in  
a targeted manner.

Against this background, gene-based thera- 
pies have garnered increasing attention as a 
potential precision-targeted treatment strategy 
for HCC [6-8]. Among emerging HCC treatment 
options, suicide gene therapy is particularly 
favored due to its reasonable tumor target- 
ing. The recombinant adeno-associated virus 
(rAAV), carrying the herpes simplex virus thymi-
dine kinase (HSV-tk) gene, is a typical example 
of this technology platform: tumor cells infect-
ed with the thymidine kinase (tk) gene can con-
vert the less toxic prodrug ganciclovir (GCV)  
into a phosphorylated metabolite, thereby in- 
ducing cell death [9]. In addition to direct cyto-
toxicity, the bystander effect can extend the 
killing effect to neighboring untransduced tu- 
mor cells. Increasing evidence indicates that 
suicide gene therapy using rAAV vectors can 
also induce immunogenic cell death and re- 
model the tumor microenvironment, and these 
vectors exhibit good safety, hepatotropism, and 
stable transgene expression characteristics 
[10, 11]. However, as rAAV-tk/GCV therapy  
progresses from preclinical models to clinical 
applications, there is an urgent need for sensi-
tive and practical biological activity monitor- 
ing and treatment decision-making tools. Im- 
portantly, the appeal of the rAAV-tk/GCV tech-
nology platform lies not only in its tumor-selec-
tive cytotoxic potential but also in its capacity 
to integrate vector biology, transcriptional tar-
geting, and immune remodeling into a unified 
treatment modality. For the highly heteroge-
neous HCC, this mechanism-oriented approa- 
ch offers advantages over conventional sys-
temic regimens, yet its successful translati- 
on relies on reliable assessment methods to 

determine whether the expected biological ef- 
fects occur promptly and are clinically mean- 
ingful.

Among existing biomarkers, serum alpha-feto-
protein (AFP) remains the most widely used 
indicator in HCC diagnosis and treatment due 
to its ease of detection, low cost, and long his-
tory of clinical application. Currently, serum AFP 
is the most commonly used circulating bio-
marker in HCC diagnosis and treatment; in 
tumors that produce AFP, its level can simul- 
taneously reflect tumor burden and pathophy- 
siologic status [12, 13]. Traditionally, AFP has 
been used as a static parameter in diagnosis, 
risk stratification and post-treatment monitor-
ing, but its low sensitivity and specificity limit  
its application value as an independent bio-
marker. In recent years, research has begun to 
focus on AFP kinetics, namely the magnitude, 
trend, and timing of AFP changes during treat-
ment, using it as a dynamic indicator for as- 
sessing treatment response and disease pro-
gression [14, 15]. In several treatment mo- 
dalities, early AFP decline and characteristic 
AFP kinetic changes are associated with radio-
graphic response and clinical prognosis, sug-
gesting that AFP kinetics could be a low-cost, 
minimally invasive biomarker for real-time mon-
itoring of treatment efficacy. Increasingly, stud-
ies no longer view AFP solely as a conventional 
tumor marker, but rather consider its dynamic 
changes to reflect the evolving biological inter-
play among tumor burden, treatment-induced 
cell death, inflammatory remodeling, and host 
response. This kinetic perspective is particu-
larly important in treatment scenarios where 
antitumor effects are not immediate or solely 
cytoreductive, since these effects operate th- 
rough a temporally progressive process, and 
their changes may precede or be inconsistent 
with radiographic changes.

This concept is particularly noteworthy in tre- 
atment based on rAAV-tk/GCV therapy. This 
approach is highly persuasive in HCC cases 
treated with rAAV-tk/GCV: suicide gene vectors 
regulated by AFP or other tumor-selective en- 
hancers can promote tumor cell death and 
immune regulation mediated by rAAV-tk/GCV, 
and the resulting dynamic enhancement of  
AFP expression characteristic of rAAV-tk/GCV 
can be maintained in immunosuppressive cell 
responses [16]. Although this theoretical basis 
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is very solid, the research evidence on suicide 
gene therapy for HCC, as well as the relevant 
evidence on the dynamic changes of AFP un- 
der different treatment modalities, are mostly 
developing in parallel, and few studies have 
integrated the two into a coherent translational 
research framework. This research gap is of 
great significance because a deep understan- 
ding of the mechanism of AFP kinetics can help 
optimize early efficacy assessment, accurately 
screen patients, and allow for optimization of 
biomarker-guided rAAV-tk/GCV treatment strat-
egies. This study reviews existing literature on 
rAAV-tk/GCV suicide gene therapy for HCC and 
the dynamic changes in serum AFP under vari-
ous treatment regimens for HCC. A model 
framework is constructed, in which serum AFP 
kinetics can serve as a biomarker for clinical 
efficacy and mechanism of action, providing 
guidance for the rational development of rAAV-
tk/GCV-based therapeutic intervention.

Serum AFP kinetic characteristics after rAAV-
tk/GCV treatment: a comprehensive analysis 
of clinical evidence

Although rAAV-based suicide gene therapy the-
oretically holds promising potential for HCC, 
sufficient clinical evidence is currently lacking 
regarding serum AFP kinetic characteristics 
associated with specific rAAV-tk/GCV treatment 
regimens. The vast majority of existing human 
studies on HSV-tk/GCV suicide gene therapy  
for HCC use adenovirus vectors (e.g., intratu-
moral injection of TK99UN, adjuvant ADV-TK 
therapy after transplantation), and continuous 
monitoring of AFP was not a pre-specified pri-
mary biomarker endpoint in such studies, re- 
sulting in relatively few related reports [17]. 
Similarly, rAAV-tk vectors carrying AFP promot-
ers or hepatocyte-specific promoters, while de- 
monstrating good tumor suppression effects in 
preclinical HCC tumor models, have not been 
used in AFP kinetic studies. Therefore, current 
understanding of normal AFP kinetics after 
rAAV-tk/GCV-targeted AFP gene therapy is lar- 
gely based on three aspects: first, the biologi- 
cal mechanisms of AFP-related tumor burden 
reduction; second, preclinical studies of the 
HSV-tk system targeting AFP; and third, the 
richer AFP kinetics data in non-gene-treated 
AFP-positive HCC patients.

Even with these limitations, several highly 
reproducible AFP kinetic patterns can still be 

predicted - some of which have been obser- 
ved incidentally and sporadically in a few cases 
and are supported by substantial analogous 
evidence from other anti-HCC therapy. In both 
local and systemic treatments, early AFP de- 
cline, normalization of AFP at key time points, 
and various delayed AFP kinetic changes (rapid 
decline, delayed decline, stabilization, and sus-
tained increase) have repeatedly been shown 
to be associated with radiographic efficacy and 
patient survival. This pattern is particularly evi-
dent in a series of studies combining radi- 
otherapy and immunotherapy: the proportion  
of early decreases in AFP and the return to  
normal levels are closely related to progres-
sion-free survival and overall survival, and the 
dynamic changes in AFP are superior to single 
numerical measurements [18-20]. Based on 
this framework, predictions for rAAV-tk/GCV 
treatment can be made as follows: First, in 
some patients, due to high viral transfection 
efficiency and significant bystander killing ef- 
fect, AFP will exhibit a rapid, monophasic de- 
crease; second, some patients will show a bi- 
phasic pattern, i.e., a brief increase in AFP fol-
lowed by a sustained decrease, which may be 
caused by transient tumor lysis or inflammatory 
necrosis; third, some patients will exhibit a bio-
logical resistance pattern, with poor bystander 
killing effect and viral transfection efficacy. The 
mechanism of action consistent with the above 
hypothetical patterns is cytotoxicity and immu-
nogenic cell death induced by HSV-tk/GCV, but 
this mechanism has not yet been quantitatively 
verified in a human cohort receiving rAAV-tk 
treatment.

However, limited clinical experience with sui-
cide gene therapy indicates that, in cases of 
elevated baseline AFP levels, increasing the  
frequency of testing and employing standard-
ized criteria can provide a low-cost, real-time 
alternative indicator reflecting the bioactivity  
of rAAV-tk/GCV. Future gene therapy research 
for HCC should incorporate high-density time-
series AFP monitoring (e.g., weekly monitoring 
during prodrug therapy and monitoring at pre-
determined critical post-treatment time points). 
This will rigorously quantify experimental end-
points such as changes in tumor burden, dy- 
namic range, and kinetic patterns, combining 
them with AFP molecular delivery and intra- 
tumoral tk expression, while simultaneously 
conducting imaging examinations and immu- 
ne monitoring. Such datasets can distinguish 
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between non-pathologic AFP fluctuations and 
biochemical failure-related AFP spikes, helping 
to elucidate the dynamic changes in AFP kinet-
ics with vector dosage and promoter selection, 
and clarifying the rationality of early treatment 
termination rules or dose escalation protocols 
based on AFP. Before relevant data are avail-
able, the clinical evidence for AFP kinetics af- 
ter rAAV-tk/GCV treatment can only serve as  
a theoretical model derived by extrapolation 
based on the mechanism of action. This model 
is highly reasonable and draws heavily on simi-
lar research findings in HCC [21-24], but it has 
not yet been directly verified in specific rAAV-tk/
GCV experiment.

Mechanistic analysis of AFP kinetics drivers

In HCC treated with rAAV-tk/GCV, serum AFP 
kinetics is a comprehensive result of multiple 
dynamic interactions, rather than a direct cor-
relation with tumor volume. Circulating AFP lev-
els at any given time point reflect the regional 
synthesis, cell release, and hepatic clearance 
of malignant and non-malignant hepatocytes, 
and gene therapy can perturb these processes 
to varying degrees [25, 26]. Mechanistically, 
rAAV-tk/GCV selectively targets proliferative, 
progenitor-like tumor cells - these cells typi- 
cally highly express AFP - while more differen- 
tiated tumor subclones with low or no AFP 
expression disappear. These subclones are in- 
herently less sensitive to S-phase-dependent 
cytotoxicity. Therefore, a sharp initial decrease 
in AFP often indicates the effective killing of 
AFP-rich proliferative tumor clones; while the 
inability of AFP to fully recover to normal, a 
gradual decline, or an early plateau suggests 
the presence of quiescent cancer stem cell-like 
cells, areas with poor tumor blood supply or 
extremely low transduction efficiency, and mi- 
crometastases. Even with significant lesion 
shrinkage visible on imaging, these sites will 
continue to produce residual AFP signals (Fi- 
gure 1).

The pharmacokinetic characteristics of the  
carrier and drug, superimposed on the afore-
mentioned intrinsic tumor determinants - cap-
sid serotype, vascular accessibility, and the 
expression levels of receptors and co-recep- 
tors regulating capsid-tumor binding, and in- 
terstitial pressure, cause characteristic delays 
and inflection points in the AFP time-varying 

curve, introducing nonlinear characteristics 
[27]. Furthermore, due to the need to comple- 
te second-chain synthesis and transcriptional 
activation, there is usually a lag of several days 
in tk expression reaching its peak after carrier 
delivery. Clinically, this often manifests as an 
early plateau in the AFP curve - even though  
the molecular initiation process is already 
active, AFP remains relatively stable or experi-
ences only slight fluctuations; however, once 
the tk/GCV-mediated killing effect takes ef- 
fect, AFP decreases more rapidly. Through the 
bystander effect, phosphorylated GCV metabo-
lites can be transferred between tk-positive 
and negative cells through gap junctions or 
vesicle efflux, exerting cytotoxic effects in ti- 
ghtly connected areas of tumor cells. When  
the transduced cell population reaches a criti-
cal density, it can trigger a sharp drop in AFP 
[28, 29]. On the other hand, during acute  
vascular injury, microthrombus formation, and 
necrosis, the release of pre-existing intracellu-
lar protein pools and stress-induced trans- 
criptional activation can lead to a short-term 
increase in AFP. These phenomena often occur 
briefly at the initial stage of GCV treatment ini-
tiation, and their mechanisms are distinctly dif-
ferent from long-term biochemical progression 
[30-32].

The liver microenvironment in which most HCCs 
occur has a pathologic basis, which gives addi-
tional characteristics to the changes in AFP and 
essentially affects its dynamic performance, 
making it more difficult to interpret [33-35]. In 
cirrhotic or chronically inflamed livers, AFP is 
not a tumor-specific protein; during the liver  
tissue damage and repair phase, activated 
hepatic progenitor cells and regenerated hepa-
tocytes can re-express AFP and produce non-
tumor cytotoxicity, triggering massive apopto-
sis and compensatory regeneration of hepato- 
cytes. This type of regeneration mechanism 
may lead to a low-amplitude increase or a grad-
ual secondary increase in AFP, which does not 
necessarily mean tumor recurrence [36]. At  
the same time, cirrhosis, sinusoidal capillari- 
zation, and portosystemic shunting can inter-
fere with the clearance process of AFP, prolong-
ing its half-life, causing the decrease in serum 
AFP levels to lag behind the secondary decrea- 
se in tumor secretion [37]. Therefore, the rapid 
and significant decrease in AFP levels serves  
as a fast and sensitive indicator of effective 
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Figure 1. Mechanistic basis of serum AFP trajectories in rAAV-tk/GCV-treated hepatocellular carcinoma. Serum AFP 
reflects the net balance of production, release from dying cells, and hepatic clearance rather than a linear mea-
sure of tumor bulk. rAAV-tk/GCV preferentially eliminates proliferative, AFP-high tumor cells, producing steep early 
AFP declines, while sparing AFP-low/negative or quiescent subclones and poorly transduced regions that sustain 
residual AFP despite radiologic debulking. Recombinant adeno-associated virus-thymidine kinase/ganciclovir (rAAV-
tk/GCV), Hepatocellular carcinoma (HCC), alpha-fetoprotein (AFP).
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tumor reduction therapy and relatively intact 
liver clearance function. However, in patients 
with advanced cirrhosis, a slow or delayed 
decrease in AFP is often due to limited liver 
clearance function and persistent regenerative 
AFP expression, rather than treatment failure 
[38, 39]. Thus, analyzing the change patterns 
of AFP-based biomarkers requires simultane-
ous assessment of liver function, fibrosis level, 
and time-varying indicators of hepatocyte dam-
age and regeneration.

The innate and adaptive immune responses 
triggered by rAAV capsid, tk expression, and 
immunogenic tumor cell death provide an addi-
tional temporal regulatory effect on the later 
changes in AFP levels, which is particularly cru-
cial [40, 41]. The cytotoxic T-cell effect against 
AAV capsid or tk-expressing cells may shorten 
the expression duration of tk, reduce the ef- 
fective window of GCV dependent killing, and 
preferentially and selectively transfect tumor 
cell clones secreting AFP, ultimately forming a 
biphasic curve of AFP levels first decreasing 
and then increasing [42, 43]. Conversely, T cells 
can effectively cross-sensitize themselves to 
immunogenic cell death induced by endoge-
nous tk/GCV, potentially triggering a secondary 
immune-mediated tumor control effect inde-
pendent of direct tumor killing after the cyto-
toxic killing phase, thus maintaining AFP at a 
low plateau [44-46]. Based on the above mul-
tiple mechanisms, the AFP dynamics can be 
divided into stages and mechanistic definitions: 
first, the initial initiation/repression stage domi-
nated by carrier biologic effects; second, the 
execution stage of tk/GCV cytotoxicity and by- 
stander killing effect on tumor clones express-
ing high levels of AFP; and finally, the reba- 
lancing stage under the combined effects of 
residual tumor biological characteristics, liv- 
er microenvironment, and immune dynamics. 
Transforming the mechanism of AFP time-vary-
ing curves into high-quality clinical applications 
is of great significance, since it can distinguish 
between kinetic patterns that indicate treat-
ment resistance and those caused mainly by 
carrier heterogeneity, poor clearance function, 
or immune remodeling (Figure 2).

Application of AFP kinetics as a biomarker for 
efficacy assessment and prediction in transla-
tional applications

To translate AFP kinetics into a clinically valu-
able biomarker for in rAAV-tk/GCV-treated HCC, 

it is necessary to overcome fixed threshold li- 
mitations and define the data interpretation 
based on the mechanism of action. Unlike 
treating AFP as a binary variable (e.g., elevated 
vs. normal), its longitudinal changes can serve 
as a dynamic pharmacodynamic indicator of 
suicide gene activation and bodily response. 
Within the framework of translational research, 
early dynamic indicators such as the percent-
age decrease from baseline (e.g., a 50% or  
75% decline), slope of logarithmically trans-
formed AFP changes during the first treatment 
cycle, the time required to reach the lowest 
value, the level of the lowest value, and its 
duration are all potential early efficacy end-
points that may be correlated with radiographic 
tumor control, progression-free survival, and 
overall survival [47-50]. It is worth noting that, 
because rAAV-tk/GCV therapy exhibits selec-
tive cytotoxicity against proliferative tumor cells 
expressing high levels of AFP, a more signifi- 
cant early decrease in AFP levels can mecha-
nistically correspond to a targeted tumor-killing 
effect. Conversely, a gradual decrease or early 
stabilization suggests poor vector transfection 
efficiency, insufficient GCV exposure, or residu-
al lesions predominantly expressing low levels 
of AFP. Including pre-defined AFP kinetics pa- 
rameters (similar to viral load kinetics in anti-
viral drug development) in Phase I/II clinical tri-
als allows for more timely and rational deci-
sions to continue or terminate the trial, and 
optimization of dosage and regimen, offering 
superior temporal resolution compared to tradi-
tional imaging examinations.

However, AFP kinetics must be used in combi-
nation with clinical scenarios and covariates at 
the patient and disease levels to become a reli-
able predictive biomarker. The morphology and 
reference value of the AFP curve depend upon 
baseline AFP levels (including absolute values 
and pre-treatment rate of increase), tumor bur-
den and distribution, Child-Pugh liver function 
classification, underlying liver disease etiology, 
and the dosage and route of administration of 
the rAAV [51-53]. For patients with high base-
line AFP levels and good liver function preser-
vation, the percentage decrease in AFP and the 
rate of shortening of the half-life are likely to 
have high predictive value for sustained stable 
disease control. However, for patients with mo- 
derate baseline AFP levels, advanced cirrhosis, 
or both AFP-positive and AFP-negative lesions, 
the distinguishing effect of AFP changes of the 
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Figure 2. Immune-modulated phases of AFP kinetics after rAAV-tk/GCV in HCC. Innate and adaptive responses 
to rAAV capsid, tk expression, and immunogenic tumor cell death partition AFP kinetics into an early priming/lag 
phase, an execution phase driven by tk/GCV cytotoxicity and bystander effects in AFP-high clones, and a late re-
equilibration phase shaped by residual tumor, liver milieu, and T-cell dynamics. Depending on whether anti-capsid/
anti-tk responses prematurely terminate tk expression or effective cross-priming against HCC antigens is achieved, 
late AFP patterns diverge toward biphasic decline-rebound curves (tumor escape) or sustained slow decline/low-
level plateaus (secondary immune-mediated control). Recombinant adeno-associated virus-thymidine kinase/gan-
ciclovir (rAAV-tk/GCV), Hepatocellular carcinoma (HCC), alpha-fetoprotein (AFP).
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same magnitude may be poor. From a statisti-
cal perspective, combined models that inte-
grate the longitudinal trajectory of AFP changes 
with time endpoint events (progression-free 
survival/overall survival), as well as analytical 
methods that combine AFP indicators with 
standard time points or response models, are 
more suitable for assessing the prognostic 
value of kinetic characteristics than univariate 
time point or response analyses. Mechanism-
based parameters (such as biphasic decay pat-
terns, representing rapid clearance of tumor 
cells expressing high AFP and slow changes in 
subsequent residual lesions) can be incorpo-
rated into such models to achieve individual-
ized risk assessment and develop adaptive 
decision rules, such as identifying patients with 
poor AFP kinetics and enabling them to receive 
combination therapy or alternative regimens as 
early as possible.

All standardized operations that use AFP kinet-
ics as a decision-making tool, as well as the 
handling of known biological and technical con-
founding factors, must be rigorous. At the tech-
nical level, it is necessary to unify the detection 
platform, calibration method and lower limit of 
quantification, and to sample according to a 
fixed geometric scheme and time arrangement 
(for example, testing weekly after each com-
plete treatment cycle of GCV, and then every 4 
to 8 weeks thereafter), so as to form a regu- 
lar pattern for the detection of early inflection 
points and later rebalancing stages [54]. At  
the biological level, clinicians need to strictly 
distinguish the kinetic responses that are me- 
chanistically independent: the short-term sur- 
ge in AFP during GCV activation is consistent 
with cell necrosis and stress-induced release; 
while a sustained increase in the index is a 
typical feature of actual tumor progression; the 
appearance of a delayed plateau or decay trend 
is a typical manifestation of severe cirrhosis; a 
low-level plateau indicates low basic liver activ-
ity or the presence of minimal residual lesions. 
In practical applications, a composite response 
algorithm combining AFP kinetics with imaging 
examinations (such as volumetric or functional 
imaging), liver function tests, and, when con- 
ditions permit, circulating tumor DNA or other 
tumor-related biomarkers should be adopted, 
rather than relying solely on AFP indicators 
[55].

In future research, if it is fully integrated into 
mechanism-driven adaptive treatment strate-
gies and biomarker-optimized trial designs, a 
complete translational application of AFP kinet-
ics can be achieved in the rAAV-tk/GCV treat-
ment system.

In the early development stages, kinetic char-
acteristics based on molecularly anchored sur-
rogate endpoints can be used for dose selec-
tion. They can also be used for comparing 
different serotypes, promoters, or GCV dosing 
regimens. In later stages of the trial, pre-
defined AFP kinetic stratification (such as re- 
sponders exhibiting late-stage slope decline 
and deep trough values) can guide patient 
enrichment, randomization, or regimen switch-
ing to maximize the therapeutic index. By com-
bining each new test result and predicting 
dynamic changes in AFP using Bayesian meth-
ods or models, dynamic interventions can be 
implemented at the individual patient level, 
including increasing GCV dosage, adopting lo- 
cal or systemic therapy, or discontinuing inef-
fective treatment for non-responders. Finally, 
for AFP kinetics to become a high-quality bio-
marker in rAAV-tk/GCV therapy, prospective 
multicenter validation, external reproduction of 
the kinetic-response-prognostic association, 
and collaboration with regulatory agencies to 
establish acceptable kinetic endpoints are  
necessary. Implementing these measures will 
transform AFP from a traditional tumor marker 
into a pharmacodynamic tool that can be inter-
preted mechanistically and analyzed quantita-
tively, significantly promoting the development 
of suicide-gene therapy and use in HCC (Figure 
3).

Implications for future research and clinical 
practice

This review reveals that serum AFP kinetics can 
serve as a biomarker with rich mechanistic 
implications in rAAV-tk/GCV therapy for HCC. 
This conclusion has significant value for future 
research directions. First, prospective studies 
are urgently needed in this field to specifically 
study AFP as a dynamic biomarker, rather than 
treating it merely as a secondary laboratory 
indicator. Future clinical trials should pre-plan 
high-resolution longitudinal AFP testing, rather 
than using AFP as an intermittent auxiliary test 
for imaging examinations [56]. Intensive sam-
pling during the early initiation and implemen-
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Figure 3. Translational roadmap for using AFP kinetics as a mechanistic pharmacodynamic biomarker in rAAV-tk/
GCV-treated HCC. Central AFP trajectories (early slope and nadir depth) are leveraged as mechanistic PD readouts 
to optimize vector dose and schedule in early-phase studies, to predefine kinetic strata for enrichment and early-
switch designs in later-phase trials, and to enable Bayesian, patient-level forecasting that guides dynamic decisions 
(intensifying GCV, adding locoregional/systemic agents, or stopping futile therapy). Prospective multicenter valida-
tion and regulatory qualification could ultimately establish AFP kinetics as a top-tier biomarker for suicide-gene 
therapy in HCC. Recombinant adeno-associated virus-thymidine kinase/ganciclovir (rAAV-tk/GCV), Hepatocellular 
carcinoma (HCC), alpha-fetoprotein (AFP).
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tation phases of treatment and continuous 
monitoring during the rebalancing phase are 
crucial to identify reproducible kinetic proto-
types and establish their correlation with mo- 
lecular, immune, and imaging-related indica-
tors. Therefore, future trials should incorpo- 
rate pre-defined kinetic analyses, including the 
construction of multi-stage decline models, 
estimation of AFP half-life, quantitative analys- 
is of transient spikes and plateau phases, and 
joint modeling strategies that correlate AFP 
change trajectories with disease progression 
and survival endpoints. Equally important, it is 
necessary to verify the mechanistic hypothe-
ses behind specific kinetic patterns through a 
biomarker research protocol that integrates 
imaging, liver function indicators, immune mo- 
nitoring, and continuous carrier detection. For 
example, whether an early spike in AFP reflects 
cell necrosis, inflammatory release, or biologi-
cal resistance, and whether a later plateau 
phase represents impaired clearance function 
or minimal residual disease.

The second major direction is to use AFP kinet-
ics as a feedback tool to optimize the design  
of rAAV-tk/GCV-based therapy. Future research 
must use AFP time-varying curves as feedback 
indicators to assist in the optimization of vector 
design, dosage, and combination therapy regi-
mens [57, 58]. In this context, AFP kinetics 
should be regarded not only as an outcome 
evaluation indicator, but also as a real-time  
biomarker reflecting biological effects to gui- 
de the optimization of treatment regimens. For 
example, the inconsistent phenomenon of early 
decline but later rebound of AFP may indicate 
incomplete intratumoral transfection coverage, 
insufficient bystander killing effect, or inability 
to control drug-resistant subclones with low 
AFP expression, thus providing a basis for re- 
search directions such as the construction of 
dual promoter vectors, alternative capsid sero-
types with better tumor penetration, and com-
bination of local or systemic drugs targeting 
resting or stem cell-like tumor cells [59]. Si- 
milarly, a slight decrease in AFP levels in the 
presence of high-titer neutralizing anti-AAV an- 
tibodies or strong anti-capsid cell immunity 
helps identify patients requiring immunogeni- 
city reduction strategies or adjusted dosing 
regimens [60-62]. Besides specific rAAV-tk/
GCV systems, the above concepts may also 
provide a reference for other gene therapy  
and tumor-targeted immunotherapy regimens. 

In these treatments, AFP kinetics can serve  
as a universal pharmacodynamic evaluation 
indicator, facilitating cross-platform compari-
sons of biological activity, which traditional 
imaging efficacy evaluation standards cannot 
fully reflect [63].

The third research focus is on constructing a 
composite biomarker system, because relying 
solely on AFP kinetics is insufficient in all bio-
logical or clinical scenarios. The liver’s baseline 
microenvironment, differences in liver function 
reserve, and the presence of low AFP or AFP-
negative tumors all significantly affect the in- 
terpretation of AFP results, reducing the reli-
ability of a single kinetic signal. Future resear- 
ch needs to establish a composite kinetic pro-
file of AFP and other serum biomarkers (such 
as AFP isoform L3, abnormal prothrombin, or 
indicators related to inflammation and liver 
regeneration), circulating tumor DNA, and qu- 
antitative imaging methods. In low-AFP or AFP-
negative HCC, other analytes are particularly 
important, as biomarkers with similar mecha-
nisms can more accurately reflect the kinetics 
of protein secretion, release, and clearance 
[64-66]. Simultaneously, constructing large-
scale, high-quality labeled datasets that in- 
clude longitudinal biomarker detection data, 
imaging results, tumor genomic characteris-
tics, immune status, liver function, and clinical 
outcomes is crucial for clarifying when AFP 
kinetics can independently provide effective 
information and when it needs to be interpret-
ed in conjunction with multimodal indicators 
[67, 68]. Related research also needs to con-
sider etiological heterogeneity, including viral 
and non-viral HCC, different stages of cirrhosis, 
and significant differences in the accessibility 
of detection methods, sampling frequency, and 
follow-up systems in different clinical settings 
worldwide.

Finally, to apply the above research findings  
to clinical practice, AFP kinetics needs to be 
transformed into practical and standardized 
clinical tools. Future research should not rely 
solely on fixed thresholds, but rather translate 
AFP kinase levels into actionable clinical deci-
sion-making rules. This would help clinicians 
distinguish between treatment-related benign 
fluctuations and actual disease progression, 
identify characteristic patterns indicating in- 
sufficient carrier activity or impaired liver clear-
ance, and provide a scientific basis for continu-
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Figure 4. Translational roadmap for establishing serum AFP kinetics as a mechanistically informed pharmacody-
namic biomarker in rAAV-tk/GCV-treated hepatocellular carcinoma. This schematic summarizes a forward-looking 
framework for the clinical and translational deployment of serum AFP kinetics in HCC treated with rAAV-tk/GCV 
suicide gene therapy. The roadmap begins with high-resolution longitudinal AFP sampling, enabling identification 
of reproducible kinetic archetypes, including multiphasic decline, transient flares, and plateau patterns, and linking 
these trajectories to underlying molecular, radiologic, and immunologic processes. AFP time-course data are then 
incorporated into an optimization loop to refine vector design, promoter/capsid selection, dosing schedules, and 
combination regimens, while also helping detect incomplete intratumoral coverage or treatment-limiting immuno-
genicity. At the biomarker level, AFP kinetics is positioned within a composite framework that integrates comple-
mentary analytes, including AFP-L3, PIVKA-II, circulating tumor DNA, and quantitative imaging, thereby improving 
biological interpretation, especially in AFP-low or AFP-negative disease and within the context of cirrhosis. Finally, 
these integrated kinetic signals are translated into practical clinical tools, including digital platforms, dynamic risk 
models, and decision algorithms that distinguish benign AFP flares from minimal residual disease, progression, or 
insufficient vector engagement, and thereby support individualized decisions regarding treatment continuation, vec-
tor adjustment, combination therapy, or routine monitoring. Collectively, this framework highlights how mechanisti-
cally interpreted AFP kinetics may evolve from a conventional tumor marker into a clinically actionable biomarker for 
response assessment, therapeutic optimization, and precision management of rAAV-tk/GCV-based therapy in HCC.

ing, intensifying, or changing treatment regi-
mens. This requires developing validated no- 
mograms, dynamic risk models, and conve-
nient digital decision support systems that in- 
tegrate AFP kinase levels, baseline clinical indi-
cators, liver function data, and imaging results. 
Professional societies and expert alliances also 
need to develop standardized sampling pro- 
tocols, reporting formats, and efficacy evalua-
tion criteria, explicitly incorporating kinetic 
measurements and achieving standardization 
across clinical centers and clinical trials. In the 

long term, for AFP kinetic endpoints to gain reg-
ulatory approval and become alternative or 
adjunctive biomarkers in rAAV-tk/GCV and re- 
lated treatment systems, rigorous prospective 
multicenter validation and close integration of 
mechanistic studies and clinical evidence are 
essential. With systematic advancement of re- 
lated research, AFP has the potential to evolve 
from a traditional tumor marker into a core indi-
cator with mechanistic interpretation value and 
clinical guidance significance in the precise 
monitoring of HCC gene therapy (Figure 4).
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Conclusion

Existing data and mechanistic analyses sup-
port a unified view. In HCC treated with rAAV- 
tk/GCV, serum AFP kinetics is a high-value but 
currently underutilized biomarker bridging bio-
logical mechanisms and clinical practice. rAAV-
tk/GCV suicide gene therapy interferes with 
tumor burden, clonal composition, liver regen-
eration, and anti-tumor immune status in AFP-
secreting tumors, and this interference is com-
prehensively reflected through time-dependent 
changes in circulating AFP. Redefining AFP as  
a dynamic pharmacodynamic response indica-
tor rather than a simple diagnostic biomarker 
can uncover early evidence of efficacy or resis-
tance, construct core efficacy and resistance 
driver models, and provide rational insights for 
vector design, dosage, and combination regi-
men formulation. To put this concept into prac-
tice, intensive and standardized in vivo AFP 
testing is needed, along with combined analy-
sis of its kinetic indicators with imaging, liver 
function, and immune biomarkers, and ad- 
vanced longitudinal data analysis methods to 
extract reliable and clinically significant kine- 
tic profiles. Ultimately, after rigorous validation 
across different etiologies, disease stages, and 
clinical scenarios, AFP kinase dynamics can 
serve not only as a classic tumor marker but 
also as a quantifiable and mechanistic-guided 
decision support tool. This tool can be applied 
to rAAV-tk/GCV gene therapy to accelerate 
research and development process, optimize 
efficacy evaluation, and allow clinical treatment 
of HCC guided by biomarkers.

Disclosure of conflict of interest

None.

Address correspondence to: Shengjun Cao, De- 
partment of Burn Surgery, General Technology 
Aerospace Medicine, Baogang Hospital of Inner 
Mongolia, No. 20 Shaoxian Road, Kundulun District, 
Baotou 014010, Inner Mongolia, China. Tel: +86-
13604724437; E-mail: caoshengjun2025@126.com

References

[1]	 Sayiner M, Golabi P and Younossi ZM. Disease 
burden of hepatocellular carcinoma: a global 
perspective. Dig Dis Sci 2019; 64: 910-917.

[2]	 Singal AG, Kanwal F and Llovet JM. Global 
trends in hepatocellular carcinoma epidemiol-

ogy: implications for screening, prevention and 
therapy. Nat Rev Clin Oncol 2023; 20: 864-
884.

[3]	 Zhong Y, Huo H, Dai S and Li S. Efficacy and 
safety of immune checkpoint inhibitors-com-
bined antiangiogenic drugs in the treatment  
of hepatocellular carcinoma: a systematic re-
view and meta analysis. Front Oncol 2022; 12: 
964779.

[4]	 Duda DG and Jain RK. Revisiting antiangiogen-
ic multikinase inhibitors in the era of immune 
checkpoint blockade: the case of Sorafenib. 
Cancer Res 2022; 82: 3665-3667.

[5]	 Li SQ, Yang Y and Ye LS. Angiogenesis and  
immune checkpoint dual blockade: opportuni-
ties and challenges for hepatocellular carcino-
ma therapy. World J Gastroenterol 2022; 28: 
6034-6044.

[6]	 Chakraborty E and Sarkar D. Emerging thera-
pies for hepatocellular carcinoma (HCC). Can-
cers (Basel) 2022; 14: 2798.

[7]	 Wang X, Tai Z, Zhang W and Gao S. Current sta-
tus of gene therapy for hepatocellular carcino-
ma, with a focus on gene delivery approaches. 
Curr Gene Ther 2015; 15: 120-41.

[8]	 Kim YH, Kim KT, Lee SJ, Hong SH, Moon JY, 
Yoon EK, Kim S, Kim EO, Kang SH, Kim SK, 
Choi SI, Goh SH, Kim D, Lee SW, Ju MH, Jeong 
JS and Kim IH. Image-aided suicide gene ther-
apy utilizing multifunctional hTERT-targeting 
adenovirus for clinical translation in hepatocel-
lular carcinoma. Theranostics 2016; 6: 357-
68.

[9]	 Zhang WG, He L, Su HQ, Shi XM, Zhang B, Wu 
SS, Mei L, Foad K, Xu YJ, Zhang ZX, Zhao JP, 
Xiong WN, Zhen GH and Zhang HL. Establish-
ment of surfactant-associated protein A sui-
cide gene system and analysis of its activity. J 
Huazhong Univ Sci Technolog Med Sci 2014; 
34: 337-342.

[10]	 Hadi M, Qutaiba B Allela O, Jabari M, Jasoor 
AM, Naderloo O, Yasamineh S, Gholizadeh O 
and Kalantari L. Recent advances in various 
adeno-associated viruses (AAVs) as gene ther-
apy agents in hepatocellular carcinoma. Virol J 
2024; 21: 17.

[11]	 Meumann N, Schmithals C, Elenschneider L, 
Hansen T, Balakrishnan A, Hu Q, Hook S, 
Schmitz J, Bräsen JH, Franke AC, Olarewaju O, 
Brandenberger C, Talbot SR, Fangmann J, 
Hacker UT, Odenthal M, Ott M, Piiper A and 
Büning H. Hepatocellular carcinoma is a natu-
ral target for adeno-associated virus (AAV) 2 
vectors. Cancers (Basel) 2022; 14: 427.

[12]	 Wong RJ, Ahmed A and Gish RG. Elevated al-
pha-fetoprotein: differential diagnosis - hepa-
tocellular carcinoma and other disorders. Clin 
Liver Dis 2015; 19: 309-23.



AFP kinetics as biomarker in rAAV-tk/GCV-treated HCC

4094	 Am J Transl Res 2026;18(5):4082-4096

[13]	 Hanif H, Ali MJ, Susheela AT, Khan IW, Luna-
Cuadros MA, Khan MM and Lau DT. Update on 
the applications and limitations of alpha-feto-
protein for hepatocellular carcinoma. World J 
Gastroenterol 2022; 28: 216-229.

[14]	 Yang H, Lu L, Guo W, Gong B, Wang X, Chen Y 
and Chen X. A longitudinal study of AFP trajec-
tories and clinical outcomes in intermediate-
stage hepatocellular carcinoma after hepa- 
tectomy. J Hepatocell Carcinoma 2024; 11: 
219-228.

[15]	 An C, Wei R, Yao W, Han W, Li W, Shi G and  
Wu P. Association of serum AFP trajectories 
and hepatocellular carcinoma outcomes after 
hepatic arterial infusion chemotherapy: a  
longitudinal, multicenter study. Cancer Med 
2024; 13: e7319.

[16]	 Lai YH, Lin CC, Chen SH and Tai CK. Tumor-
specific suicide gene therapy for hepatocellu-
lar carcinoma by transcriptionally targeted ret-
roviral replicating vectors. Gene Ther 2015; 
22: 155-62.

[17]	 Li N, Zhou J, Weng D, Zhang C, Li L, Wang B, 
Song Y, He Q, Lin D, Chen D, Chen G, Gao Q, 
Wang S, Xu G, Meng L, Lu Y and Ma D. Adju-
vant adenovirus-mediated delivery of herpes 
simplex virus thymidine kinase administration 
improves outcome of liver transplantation in 
patients with advanced hepatocellular carci-
noma. Clin Cancer Res 2007; 13: 5847-54.

[18]	 Gerolami R, Uch R, Cardoso J, Bagnis C, Man-
noni P and Bréchot C. Gene therapy for hepa- 
tocellular carcinoma. From the idea to clini- 
cal trials. Gastroenterol Clin Biol 2001; 25: 
273-86.

[19]	 Habib N, Salama H, Abd El Latif Abu Median A, 
Isac Anis I, Abd Al Aziz RA, Sarraf C, Mitry R, 
Havlik R, Seth P, Hartwigsen J, Bhushan R, 
Nicholls J and Jensen S. Clinical trial of E1B-
deleted adenovirus (dl1520) gene therapy for 
hepatocellular carcinoma. Cancer Gene Ther 
2002; 9: 254-9.

[20]	 Chakraborty E and Sarkar D. Emerging thera-
pies for hepatocellular carcinoma (HCC). Can-
cers (Basel) 2022; 14: 2798.

[21]	 Zhang F, Wang YS, Li SP, Zhao B, Huang N, 
Song RP, Meng FZ, Feng ZW, Zhang SY, Song 
HC, Chen XP, Liu LX and Wang JZ. Alpha-feto-
protein combined with initial tumor shape ir-
regularity in predicting the survival of patients 
with advanced hepatocellular carcinoma treat-
ed with immune-checkpoint inhibitors: a retro-
spective multi-center cohort study. J Gastroen-
terol 2025; 60: 442-455.

[22]	 Hsu YC, Lin PT, Teng W, Hsieh YC, Chen WT,  
Su CW, Wang CT, Chai PM, Lin CC, Lin CY  
and Lin SM. Comparing lenvatinib/pembroli-
zumab with atezolizumab/bevacizumab in un-
resectable hepatocellular carcinoma: a real-

world experience with propensity score mat- 
ching analysis. Cancers (Basel) 2024; 16: 
3458.

[23]	 Reghupaty SC and Sarkar D. Current status  
of gene therapy in hepatocellular carcinoma. 
Cancers (Basel) 2019; 11: 1265.

[24]	 Schmidt M, Foster GR, Coppens M, Thomsen 
H, Dolmetsch R, Heijink L, Monahan PE and 
Pipe SW. Molecular evaluation and vector inte-
gration analysis of HCC complicating AAV gene 
therapy for hemophilia B. Blood Adv 2023; 7: 
4966-4969.

[25]	 Khodadadi Karimvand S, Cuperlovic-Culf M, 
Kamen AA and Bolic M. Model-based charac-
terization of the metabolism of recombinant 
adeno-associated virus (rAAV) production via 
human embryonic kidney (HEK293) cells. Bio-
engineering (Basel) 2025; 12: 345.

[26]	 Ismail AM, Witt E, Bouwman T, Clark W, Yates 
B, Franco M and Fong S. The longitudinal kinet-
ics of AAV5 vector integration profiles and eval-
uation of clonal expansion in mice. Mol Ther 
Methods Clin Dev 2024; 32: 101294.

[27]	 Lotze MT and Kost TA. Viruses as gene de- 
livery vectors: application to gene function, tar-
get validation, and assay development. Cancer 
Gene Ther 2002; 9: 692-9.

[28]	 Yi QY, Bai ZS, Cai B, Chen N, Chen LS, Yuan T 
and Mao JH. HSV-TK/GCV can induce cytotoxic-
ity of retinoblastoma cells through autophagy 
inhibition by activating MAPK/ERK. Oncol Rep 
2018; 40: 682-692.

[29]	 Gentry BG, Im M, Boucher PD, Ruch RJ and 
Shewach DS. GCV phosphates are transferred 
between HeLa cells despite lack of bystander 
cytotoxicity. Gene Ther 2005; 12: 1033-41.

[30]	 Duan RX, Liu L, Wang Y and Wu WM. Prognos-
tic value of combined detection of alpha-feto-
protein, plasma prothrombin activity, and se-
rum prealbumin in acute-on-chronic liver 
failure. World J Gastrointest Surg 2025; 17: 
99531.

[31]	 Warkentin TE. Limb ischemic necrosis second-
ary to microvascular thrombosis: a brief his-
torical review. Semin Thromb Hemost 2024; 
50: 760-772.

[32]	 Force M, Park G, Chalikonda D, Roth C, Cohen 
M, Halegoua-DeMarzio D and Hann HW. Alpha-
fetoprotein (AFP) and AFP-L3 is most useful in 
detection of recurrence of hepatocellular carci-
noma in patients after tumor ablation and with 
low AFP level. Viruses 2022; 14: 775.

[33]	 Galle PR, Foerster F, Kudo M, Chan SL, Llovet 
JM, Qin S, Schelman WR, Chintharlapalli S, 
Abada PB, Sherman M and Zhu AX. Biology 
and significance of alpha-fetoprotein in hepa-
tocellular carcinoma. Liver Int 2019; 39: 2214-
2229.



AFP kinetics as biomarker in rAAV-tk/GCV-treated HCC

4095	 Am J Transl Res 2026;18(5):4082-4096

[34]	 Johnson P, Zhou Q, Dao DY and Lo YMD. Circu-
lating biomarkers in the diagnosis and man-
agement of hepatocellular carcinoma. Nat Rev 
Gastroenterol Hepatol 2022; 19: 670-681.

[35]	 Samban SS, Hari A, Nair B, Kumar AR, Meyer 
BS, Valsan A, Vijayakurup V and Nath LR. An 
insight into the role of alpha-fetoprotein (AFP) 
in the development and progression of hepato-
cellular carcinoma. Mol Biotechnol 2024; 66: 
2697-2709.

[36]	 Damaskos C, Garmpis N, Dimitroulis D, Garmpi 
A, Psilopatis I, Sarantis P, Koustas E, Kanavidis 
P, Prevezanos D, Kouraklis G, Karamouzis MV, 
Marinos G, Kontzoglou K and Antoniou EA. Tar-
geted therapies for hepatocellular carcinoma 
treatment: a new era ahead-A systematic re-
view. Int J Mol Sci 2022; 23: 14117.

[37]	 Galati G, Massimo Vainieri AF, Maria Fulgenzi 
CA, Di Donato S, Silletta M, Gallo P, Onorato A, 
Vespasiani-Gentilucci U and Picardi A. Current 
treatment options for hcc: from pharmacoki-
netics to efficacy and adverse events in liver 
cirrhosis. Curr Drug Metab 2020; 21: 866-
884.

[38]	 Fang T, Yang C, Yang C, Qiu H, Qiu H, Liu C, Liu 
C, Li X, Shi J and He Z. Conversion of trans-
planted mature hepatocytes into Afp + repro-
grammed cells for liver regeneration after in-
jury. Adv Sci (Weinh) 2026; 13: e17126. 

[39]	 Tayob N, Kanwal F, Alsarraj A, Hernaez R and 
El-Serag HB. The performance of AFP, AFP-3, 
DCP as biomarkers for detection of hepatocel-
lular carcinoma (HCC): a phase 3 biomarker 
study in the United States. Clin Gastroenterol 
Hepatol 2023; 21: 415-423, e4.

[40]	 Cao D, Byrne BJ, de Jong YP, Terhorst C, Duan 
D, Herzog RW and Kumar SRP. Innate immune 
sensing of adeno-associated virus vectors. 
Hum Gene Ther 2024; 35: 451-463.

[41]	 Hösel M, Broxtermann M, Janicki H, Esser K, 
Arzberger S, Hartmann P, Gillen S, Kleeff J, 
Stabenow D, Odenthal M, Knolle P, Hallek M, 
Protzer U and Büning H. Toll-like receptor 
2-mediated innate immune response in hu-
man nonparenchymal liver cells toward adeno-
associated viral vectors. Hepatology 2012; 55: 
287-97.

[42]	 Inagaki T, Espera JM, Wang KH, Komaki S, Nair 
S, Davis RR, Kumar A, Nakajima KI and Izumi-
ya Y. Design, development, and evaluation of 
gene therapeutics specific to KSHV-associated 
diseases. Mol Ther Oncol 2025; 33: 201050.

[43]	 Shirley JL, Keeler GD, Sherman A, Zolotukhin I, 
Markusic DM, Hoffman BE, Morel LM, Wallet 
MA, Terhorst C and Herzog RW. Type I IFN sens-
ing by cDCs and CD4+ T cell help are both req-
uisite for cross-priming of AAV capsid-specific 
CD8+ T cells. Mol Ther 2020; 28: 758-770.

[44]	 Mizukoshi E, Nakamoto Y, Arai K, Yamashita T, 
Sakai A, Sakai Y, Kagaya T, Yamashita T, Honda 
M and Kaneko S. Comparative analysis of vari-
ous tumor-associated antigen-specific t-cell 
responses in patients with hepatocellular car-
cinoma. Hepatology 2011; 53: 1206-16.

[45]	 Gehring AJ, Ho ZZ, Tan AT, Aung MO, Lee KH, 
Tan KC, Lim SG and Bertoletti A. Profile of tu-
mor antigen-specific CD8 T cells in patients 
with hepatitis B virus-related hepatocellular 
carcinoma. Gastroenterology 2009; 137: 682-
90.

[46]	 Liu X, Li M, Wang X, Dang Z, Jiang Y, Wang X, 
Kong Y and Yang Z. PD-1+ TIGIT+ CD8+ T cells 
are associated with pathogenesis and pro- 
gression of patients with hepatitis B virus-relat-
ed hepatocellular carcinoma. Cancer Immunol 
Immunother 2019; 68: 2041-2054.

[47]	 Akabane M, Kawashima J, Altaf A, Woldesen-
bet S, Cauchy F, Aucejo F, Popescu I, Kitago M, 
Martel G, Ratti F, Aldrighetti L, Poultsides GA, 
Imaoka Y, Ruzzenente A, Endo I, Gleisner A, 
Marques HP, Oliveira S, Balaia J, Lam V, Hugh 
T, Bhimani N, Shen F and Pawlik TM. Enhanc-
ing recurrence-free survival prediction in hepa-
tocellular carcinoma: a time-updated model 
incorporating tumor burden and AFP dynam-
ics. Ann Surg Oncol 2025; 32: 5648-5656.

[48]	 Kapuruge EP, Jehanathan N, Rogers SP, Wil-
liams S, Chung Y and Borges CR. Tracking the 
stability of clinically relevant blood plasma pro-
teins with Delta-S-Cys-albumin-A dilute-and-
shoot LC/MS-based marker of specimen ex- 
posure to thawed conditions. Mol Cell Pro-
teomics 2022; 21: 100420.

[49]	 Cabibbo G, Celsa C, Enea M, Battaglia S, Rizzo 
GEM, Busacca A, Matranga D, Attanasio M, 
Reig M, Craxì A and Cammà C. Progression-
free survival early assessment is a robust sur-
rogate endpoint of overall survival in immuno-
therapy trials of hepatocellular carcinoma. 
Cancers (Basel) 2020; 13: 90.

[50]	 Stewart DJ, Bossé D, Goss G, Hilton JF, Jonker 
D and Fung-Kee-Fung M. A novel, more reliable 
approach to use of progression-free survival as 
a predictor of gain in overall survival: the Otta-
wa PFS predictive model. Crit Rev Oncol Hema-
tol 2020; 148: 102896.

[51]	 Carr BI, Guerra V, Giannini EG, Farinati F, Cic-
carese F, Rapaccini GL, Di Marco M, Benvegnù 
L, Zoli M, Borzio F, Caturelli E, Chiaramonte M 
and Trevisani F; Italian Liver Cancer Group. Sig-
nificance of platelet and AFP levels and liver 
function parameters for HCC size and survival. 
Int J Biol Markers 2014; 29: e215-23.

[52]	 Campani C, Bamba-Funck J, Campion B, Sidali 
S, Blaise L, Ganne-Carrié N, Demory A, Sutter 
O, Larrey E, Evain M, Ghannouchi H, Wagner 
M, Marra F, Sutton A, Allaire M and Nault JC. 



AFP kinetics as biomarker in rAAV-tk/GCV-treated HCC

4096	 Am J Transl Res 2026;18(5):4082-4096

Baseline ALBI score and early variation of se-
rum AFP predicts outcomes in patients with 
HCC treated by atezolizumab-bevacizumab. 
Liver Int 2023; 43: 708-717.

[53]	 Reichman TW, Bahramipour P, Barone A, Kon-
eru B, Fisher A, Contractor D, Wilson D, Dela 
Torre A, Cho KC and Samanta A. Hepatitis sta-
tus, child-pugh classification, and serum AFP 
levels predict survival in patients treated with 
transarterial embolization for unresectable he-
patocellular carcinoma. J Gastrointest Surg 
2005; 9: 638-45.

[54]	 Dessy F, Sonderegger I, Wagner L, Buoninfante 
A, Wadhwa M, Agnes J, Aksyuk A, Baclin A, 
Bonhomme M, Cloney-Clark S, Corsaro B, Neto 
JT, Fries L, Gagnon L, Garofolo F, Giardina P, 
Green T, Guimera N, Harris S, Helmy R, Huleatt 
J, Ishii-Watabe A, Jaeger R, Jani D, Janssen S, 
Kierstead L, Makar K, Marshall JC, Mayer C, 
Mendes DN, Murphy R, Nadarajah S, Nolan K, 
Plested J, Scully I, Solstad T, Stoop J, Tan C, 
Verch T, Wilkins D, Xu A, Zheng L and Zhu M. 
Harmonization of vaccine ligand binding as-
says validation. Bioanalysis 2024; 16: 1067-
1091.

[55]	 Li X, Xu Y, Ou Y, Li H and Xu W. Optimizing tre- 
atment selection for early hepatocellular carci-
noma based on tumor biology, liver function, 
and patient status. J Hepatocell Carcinoma 
2025; 12: 777-790.

[56]	 Chytka L, Avoni G, Brandt A, Cavallaro E, Davis 
PM, Förster F, Hrabovsky M, Huang Y, Jirakova 
K, Kocian M, Komarek T, Korcyl K, Lange J, Mi-
chalek V, Nozka L, Paz IL, Rijssenbeek M, 
Schovanek P, Sykora T and Urbasek V. Timing 
resolution studies of the optical part of the AFP 
time-of-flight detector. Opt Express 2018; 26: 
8028-8039.

[57]	 Faraj JA, Al-Athari AJH, Mohie SED, Kadhim IK, 
Jawad NM, Abbas WJ and Jalil AT. Reprogram-
ming the tumor microenvironment to improve 
the efficacy of cancer immunotherapies. Med 
Oncol 2022; 39: 239.

[58]	 Lin B, Dong X, Wang Q, Li W, Zhu M and Li M. 
AFP-inhibiting fragments for drug delivery: the 
promise and challenges of targeting therapeu-
tics to cancers. Front Cell Dev Biol 2021; 9: 
635476.

[59]	 She WH, Chan MY, Ma KW, Tsang SHY, Dai WC, 
Chan ACY, Lo CM and Cheung TT. Alpha-feto-
protein in predicting survival of patients with 
ruptured hepatocellular carcinoma after resec-
tion. J Invest Surg 2022; 35: 1091-1097.

[60]	 Gorovits B, Azadeh M, Buchlis G, Harrison T, 
Havert M, Jawa V, Long B, McNally J, Milton M, 
Nelson R, O’Dell M, Richards K, Vettermann C 
and Wu B. Evaluation of the humoral response 
to adeno-associated virus-based gene therapy 
modalities using total antibody assays. AAPS J 
2021; 23: 108.

[61]	 Gross DA, Tedesco N, Leborgne C and Ronzitti 
G. Overcoming the challenges imposed by hu-
moral immunity to AAV vectors to achieve safe 
and efficient gene transfer in seropositive pa-
tients. Front Immunol 2022; 13: 857276.

[62]	 Dhungel BP, Winburn I, Pereira CDF, Huang K, 
Chhabra A and Rasko JEJ. Understanding AAV 
vector immunogenicity: from particle to pa-
tient. Theranostics 2024; 14: 1260-1288.

[63]	 Ruch B, Wagler J, Kumm K, Zhang C, Katariya 
NN, Garcia-Saenz-de-Sicilia M, Giorgakis E and 
Mathur AK. Hepatocellular carcinoma, alpha 
fetoprotein, and liver allocation for transplan-
tation: past, present and future. Curr Oncol 
2022; 29: 7537-7551.

[64]	 Lin Z, Liu X, Wang H, Li S, Miao Z, Yang J, Zhang 
Y, Lei K, Wu Y, Kang Y, Zheng R, Xie Z, Wen Y, 
Ren X, Liu C, Cheng AS, Xie Y, Chen S, Kuang 
M, Peng S, Peng Z and Dai Z. Androgen recep-
tor promotes arachidonic acid metabolism and 
angiogenic microenvironment in AFP-negative 
hepatocellular carcinoma. Nat Commun 2025; 
16: 6451.

[65]	 Parpart S, Roessler S, Dong F, Rao V, Takai A,  
Ji J, Qin LX, Ye QH, Jia HL, Tang ZY and Wang 
XW. Modulation of miR-29 expression by 
α-fetoprotein is linked to the hepatocellular 
carcinoma epigenome. Hepatology 2014; 60: 
872-83.

[66]	 Mitsuhashi N, Kobayashi S, Doki T, Kimura F, 
Shimizu H, Yoshidome H, Ohtsuka M, Kato A, 
Yoshitomi H, Nozawa S, Furukawa K, Takeuchi 
D, Suda K, Miura S and Miyazaki M. Clinical 
significance of alpha-fetoprotein: involvement 
in proliferation, angiogenesis, and apoptosis 
of hepatocellular carcinoma. J Gastroenterol 
Hepatol 2008; 23: e189-97.

[67]	 Akhoundova D and Rubin MA. Clinical applica-
tion of advanced multi-omics tumor profiling: 
Shaping precision oncology of the future. Can-
cer Cell 2022; 40: 920-938.

[68]	 Kane LE, Mellotte GS, Conlon KC, Ryan BM 
and Maher SG. Multi-omic biomarkers as po-
tential tools for the characterisation of pancre-
atic cystic lesions and cancer: innovative pa-
tient data integration. Cancers (Basel) 2021; 
13: 769. 


