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Abstract: This preclinical study explored the synergistic potential of sorafenib and NK cell chemoimmunotherapy to 
combat hepatocellular carcinoma (HCC) in a rat model. We aimed to enhance NK cell cytotoxicity through IL-12/18 
cytokines supplementation and elucidate the underlying molecular mechanisms driving this collaborative antitumor 
action. Twenty-four Sprague-Dawley rats were divided into distinct treatment groups, receiving sorafenib via gavage 
and NK cells via catheterization of the proper hepatic artery. Tumor growth and treatment response were moni-
tored through weekly MRI scans, including T1w, T2w, DCE, and DWI sequences. Histological examinations assessed 
tumor cell viability, apoptosis fraction, and microvessel density. The combined therapy demonstrated significant 
inhibition of tumor growth, angiogenesis, and induction of durable antitumor immunity compared to either modal-
ity alone. DCE-MRI and DWI revealed distinct alterations in tumor microvasculature, highlighting the effectiveness 
of the combination. Our findings highlight the promise of sorafenib-augmented NK cell chemoimmunotherapy as 
a potential therapeutic strategy for HCC management. The targeted delivery of IL-12/18 cytokines supplemented 
NK cells effectively enhanced cytotoxicity within the tumor microenvironment, leading to improved antitumor re-
sponses. Further investigation in clinical trials is warranted to validate these findings in human patients and explore 
the translational potential of this approach.
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Introduction

Hepatocellular carcinoma (HCC), a highly agg- 
ressive malignant disease frequently associat-
ed with liver cirrhosis, ranks as the fifth most 
common cancer globally and the second lead-
ing cause of cancer-related deaths worldwide 
[1, 2]. As hepatectomy, liver transplantation, 
and ablative therapies offer potential cures for 
early-stage HCC, most cases are diagnosed at 
intermediate or advanced stages, rendering 
these options ineffective. This makes systemic 
therapy a crucial component of the therapeutic 
approach for these patients [3]. 

Sorafenib, the first FDA-approved targeted  
drug for HCC, is a dual aryl urea multikinase 
inhibitor targeting cell signaling and angio- 

genesis [4, 5]. The antitumor action of sora- 
fenib unfolds through two main mechanisms: 
directly inhibiting tumor cell proliferation via the 
RAF/MEK/ERK pathway and indirectly sup-
pressing tumor growth by blocking vascular 
endothelial growth factor receptor (VEGFR)  
and platelet-derived growth factor receptor 
(PDGFR), thereby hindering angiogenesis [6]. 
Consequently, sorafenib has demonstrably im- 
proved patient survival rates [7, 8]. However, 
the widespread use of sorafenib is overshad-
owed by potential drawbacks. Non-specific 
uptake by healthy tissues can lead to adverse 
effects like skin rash, diarrhea, high blood pres-
sure, and hand-foot syndrome [9-11]. Addi- 
tionally, the emergence of drug resistance 
poses a growing challenge among patients [5].
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Natural killer (NK) cells, effector lymphocytes 
within the innate immune system, hold im- 
mense promise for treating HCC through adop-
tive transfer immunotherapy (NK-ATI). However, 
three significant hurdles must be overcome to 
unlock their full potential [12, 13]. The primary 
obstacle lies in the inadequate homing efficien-
cy of highly potent NK cells to the tumor site 
which limits efficiently targeting and eliminating 
cancerous cells. Moreover, predicting individual 
patient response to NK-ATI is crucial, yet we 
lack reliable non-invasive methods. This limita-
tion complicates the identification of individu-
als benefiting most from this promising therapy 
[14-16]. Another pivotal factor influencing the 
efficacy of NK cells in contemporary cancer 
therapies is NK cell exhaustion. This state is 
marked by reduced responsiveness and com-
promised capacity to eliminate tumor cells 
effectively. A multitude of factors contribute to 
NK cell exhaustion, such as inhibitory signals 
emanating from tumor cells, the presence of 
immunosuppressive cytokines within the tumor 
microenvironment, and heightened expression 
of checkpoint molecules that hinder NK cell 
function. Exploiting the immune memory exhi- 
bited by NK cells towards antigens, cytomega-
lovirus, and cytokines offers a promising  
avenue to enhance efficacy in response to  
this challenge [17]. The study of Zwirner and 
Domaica suggested an enhanced cytotoxicity 
against hematological malignancies when sup-
plemented with IL-12/15 and IL-18 cytokines in 
vitro [18]. Additionally, a recent study revealed 
increased cytotoxic function in NK cells when 
treated with IL-2 and IL-15 cytokines, combined 
with cetuximab, targeting HCC cells [19]. 
Therefore, cytokine activated NK cells (pNK) 
offer a viable strategy for sustaining enduring 
NK cell effector functions in vivo.

Recent investigations have revealed that 
sorafenib primes proinflammatory responses  
in tumor-associated macrophages (TAMs) with-
in the HCC microenvironment, subsequently 
enhancing cytotoxic activity in NK cells [20,  
21]. This suggests an additional mechanism 
through which sorafenib may exert anticancer 
effects, potentially offering novel insights for 
NK-based immunotherapy. This observation 
underscores the capacity of sorafenib to 
enhance the antitumor activity of NK cells in 
patients with HCC. Thus, sorafenib not only 
inhibits tumor cell proliferation but also syner-

gistically potentiates the antitumor activity of 
NK cells, particularly in conjunction with NK-ATI 
for HCC. 

In this study, we aim to evaluate the early treat-
ment response of sorafenib plus catheter deliv-
ery of pNK cell immunochemotherapy against 
HCC by monitoring changes in tumor tissue and 
tumor perfusion after implantation and treat-
ment in rodent models by MRI.

Materials and methods

In our preclinical studies, we follow the guide-
lines established by the Institutional Animal 
Care and Use Committee and treat animals 
humanely while regularly monitoring the quality 
of life of the subjects. The framework of the 
study was visualized in Figure 1. 

Cell lines and culturing

The N1-S1 rat hepatoma cell line was cultur- 
ed in Iscove’s Modified Dulbecco’s Medium 
(IMDM), supplemented with 10% fetal bovine 
serum (FBS) (Gibco, Grand Island, NY), 1.25% 
GlutaMAX (Gibco, Waltham, MA), and 1% peni-
cillin/streptomycin (Gibco, Waltham, MA), fol-
lowing established protocols. The cells were 
maintained in a controlled environment at 37°C 
with a humidified atmosphere comprising 5% 
CO2 and 95% air. The cells were sub-cultured 
approximately every three days, and viability 
measurements were obtained after staining 
the cells with 0.4% trypan blue dye (Invitrogen, 
Carlsbad, CA). The cell viability before implanta-
tion was ensured to be greater than 90%.

The rat NK cell line, RNK-16, generously pro-
vided by Thomas L. Olson (University of Virginia, 
Charlottesville, VA), was cultured in RPMI medi-
um (Life Technologies, Waltham, MA), supple-
mented as mentioned earlier, with the addition 
of 25 mM 2-Mercaptoethanol. Before experi-
mental use, RNK-16 cells underwent treatment 
with recombinant mouse IL-12 and IL-18 for 24 
hours. Subsequently, the cells were washed 
with PBS and allowed to rest in a fresh medium 
for an additional 24 hours. 

H&E staining

Hematoxylin and eosin (H&E) staining is a wide-
ly employed technique in histology for visualiz-
ing tissue architecture. Hematoxylin, through 
its affinity for cations, imparts a positive charge, 
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facilitating its interaction with negatively 
charged cellular components, such as nucleic 
acids within the cell nucleus, resulting in a dis-
tinctive purple-blue coloration. Conversely, 
eosin, possessing an acidic nature and nega-
tive charge, binds with positively charged struc-
tures like cytoplasmic proteins, yielding the 
characteristic pink hue observed in the cyto-
plasm. In healthy, viable cells, uniform staining 
and regular cellular morphology are typically 
observed. Consequently, the staining pattern 
can serve as an indicator of cellular viability. 
Additionally, during cellular proliferation, the 
nucleus undergoes enlargement due to chro-
mosome replication. Hence, the abundance of 
blue-stained cell nuclei can serve as a marker 
for cellular proliferation capacity.

IACUC approved protocol number

AUP-21-019

Animal model

All experimental procedures involving animals 
received ethical approval from the Institutional 
Animal Care and Use Committee at the 
University of California, Irvine. Twenty-four male 
Sprague-Dawley (SD) rats were randomly as- 
signed to distinct treatment groups, including a 
combination group, sorafenib-only group, NK 
cells-only group, and a control group, with six 
SD rats allocated to each group. Anesthesia 

was administered through inhalation of isoflu-
rane according to the guidelines during all pro-
cedures and imaging. N1-S1 cells were injected 
into the largest liver lobe of SD rats. Tumor size 
was measured using MRI approximately 5-7 
days post-implantation and treatment initiation 
occurred when tumors reached an approximate 
size of 5 mm.

Gavage and transcatheter infusion

Upon detecting orthotopic liver tumors measur-
ing approximately 5 mm, the treatment initia-
tion for the experimental subjects commenced. 
In the sorafenib-treatment group, sorafenib 
tosylate diluted in a 1:1 mixture of castor oil 
(Kolliphor® EL, Sigma Aldrich, St. Louis, MO) 
and 95% ethanol was infused using a bulb-
tipped gastric feeding needle to the rat’s stom-
ach. Sorafenib was administered at a daily dose 
of 10 mg/kg for 7 days in both the sorafenib 
treatment and combination treatment groups.

Rats assigned to the NK cell immunotherapy 
and combination groups underwent a me- 
ticulously executed invasive catheterization of 
the proper hepatic artery. The catheterization 
procedure involved surgically exposing the por-
tal triad above the initial duodenal loop. 
Subsequently, a temporary ligation of the com-
mon hepatic artery with a 2-0 suture was per-
formed to mitigate the risk of hemorrhage. 
Simultaneously, a permanent ligation of the 

Figure 1. 24 SD rats were all implanted with N1S1 cells and were randomly assigned to 4 different groups and re-
ceived weekly MRI examinations. When the tumor volume reached 5 mm, rats in the combination group, and control 
group underwent catheter surgery, and rats in the sorafenib group received sorafenib orally for one week.
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gastroduodenal artery was carried out with a 
4-0 suture to prevent the retrograde flow of 
microspheres into the gastrointestinal tract. 
Following this, a 24G microcatheter (Terumo 
SurFlash®, Somerset, NJ) was carefully inserted 
distal to the ligation point in the gastroduode-
nal artery, guiding it into the proper hepatic 
artery from the gastroduodenal artery (Figure 
2). Afterward, 0.1 mL of heparin was infused 
through the catheter, followed by the adminis-
tration of 1 × 107 rat NK cells suspended in 0.3 
mL PBS with an additional 0.5 mL of PBS. The 
catheter was then removed, and a 4-0 suture 
was employed to permanently ligate the gastro-
duodenal artery proximal to the inoculation site 
to prevent bleeding. The control group under-
went procedures mirroring those of the NK 
immunotherapy group, with the exception that 
1 mL of PBS was infused through the catheter 
instead of the therapeutic agent.

MRI

MRI scans were performed one week after 
tumor implantation utilizing a 3T Philips Achieva 
clinical MRI scanner and a commercially avail-
able wrist coil. Anesthesia was induced using 
1-2% isoflurane in a mixture of air and oxygen 

diffusion coefficient from pairs of zero and non-
zero values.

Upon completion of the MRI image collection, 
tumor tissues were demarcated utilizing ITK-
SNAP (version 4.0), leveraging anatomical  
(T1 weighted (T1W) and T2-weighted (T2W)), 
dynamic contrast-enhanced (DCE), and diffu-
sion-weighted imaging (DWI) MRI data. Sub- 
sequently, both Python and Graph Prism were 
employed for visualization and statistical 
analysis.

Histology

Following the completion of the MRI scan, liver 
tissues were systematically gathered for subse-
quent histological examinations, and their sec-
tions were meticulously aligned based on the 
MRI orientation. Typically, one to two sections 
spanning the identified lesion were procured 
and then meticulously fixed in a solution con-
taining 10% formalin. Subsequently, these 
specimens underwent paraffin embedding and 
were precisely sectioned to a thickness of 5 
µm. The processed samples were then dis-
patched to the Experimental Tissue Shared 
Resource Facility at the University of California, 
Irvine, in Orange, CA, for pathological analysis. 

Figure 2. Intrahepatic arterial (IHA) catheterization procedure: Expose liver, 
separate the vessel and insert catheter needle from GDA to IHA then inject 
Indian ink. In the real surgery, 0.1 mL of heparin, 4.0 × 10^6 pretreated NK 
cells (PNK), and 0.3 mL of PBS have been delivered from the IHA to the liver 
lobes. For the control group, 0.8 mL of PBS was infused, which was equiva-
lent to the volume of the IHA group, and the rest of procedure was performed 
as same as the IHA group.

(75/25% vol/vol, 2 L/min). 
Treatment initiation occurred 
upon the tumor reaching to 
diameter of 5 mm. Following 
this, rats underwent weekly 
MRI assessments until two 
weeks post-treatment to mon-
itor tumor growth and evalu-
ate treatment response in 
vivo. The imaging protocol 
included diffusion weighted 
echo planar images with rep-
etition time of 5017 ms, 83 
ms echo time, a voxel size of 
0.6 mm × 0.6 mm, a slice 
thickness of 2 mm without 
inter-slice gap. Additionally, 
the protocol specified opti-
mized 11 averages, and a 
maximal field of view (FOV) 
ranging from 5 cm to 6 cm. All 
DWI acquisitions employed 
three b-values (b = 0 s/mm2 
for the T2 component and b = 
500/1000 s/mm2), enabling 
the calculation of the average 
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Hematoxylin-eosin (H&E) staining was emplo- 
yed to assess both tumor and NK cells, while 
terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) staining was con-
ducted to evaluate cell apoptosis. Additionally, 
CD31 staining was performed to examine 
malignant tumor neovascularization. For CD31 
staining, tissue sections underwent standard 
processing and antigen retrieval. Following a 
1-hour block with a 10% BSA and horse serum 
in PBS, sections were incubated overnight at 
4°C with anti-CD31 antibody, appropriately 
diluted in the blocking solution, within a humidi-
fied chamber. After three PBS washes, sections 
were exposed to a peroxidase-conjugated sec-
ondary antibody, succeeded by DAB substrate 
for immunolabeling, and Mayer’s hematoxylin 
for counterstaining. A pathologist reviewed the 
histology slides upon the completion of the 
staining process.

Three quantitative histological measures were 
determined the number of viable tumor cells 
from H&E slides, the apoptosis fraction from 
TUNEL slides, and the microvessel density from 
CD31 slides. The apoptotic fraction represent-
ed the area of apoptosis as a percentage of  
the total tumor area. For microvessel density 
measurements, hot spots were identified, and 
brownish-color endothelial cells or clusters 
separated from surrounding structures were 
counted at 200X magnification. These three 
measurements were independently evaluated 
by researchers in a minimum of 5 fields per 
specimen, and the results were subsequently 
averaged.

the statistical significance, two-tailed tests 
were utilized, providing a robust evaluation of 
the data. The significance levels were delineat-
ed as follows: * denoting P < 0.05; ** indicat-
ing P < 0.01; *** representing P < 0.001; and 
**** signifying P < 0.0001. This rigorous sta-
tistical approach ensured a thorough examina-
tion of the data, facilitating precise interpreta-
tions and conclusions.

Results

MRI analysis

Five days post-tumor implantation, the rats 
underwent scanning, during which T1W, T2W, 
DCE, and DWI were conducted to acquire com-
prehensive images. HCC tumors were identified 
under guidance of T1W and T2W MRI data by 
comparing the signal intensities with liver tis-
sue. Figure 3 illustrates the clear localization of 
HCC through a comparative analysis of T2W 
MR images. The assessment of maximum 
tumor diameter on T2W MRI indicated an initial 
tumor size of approximately 5 mm across all 
groups. Treatment commenced immediately, 
followed by weekly scans for 2 weeks of 
post-treatment. 

DW-MRI data was acquired to identify height-
ened cellular density within tumor tissue com-
pared to normal liver tissue. This elevation is 
indicative of a constricted extracellular space 
and a higher density of hydrophobic mem-
branes, resulting in impeded diffusion of water 
protons. Analysis of the acquired images facili-

Figure 3. Representative T2w MRI data for the subjects receiving different 
treatments. In each pair, left image shows the initial size of the tumor and 
right one is at the end of the study.

Data analysis 

The presentation of the data 
employed various visualiza-
tion methods, such as box 
and whisker plots delineating 
the interquartile range, mini-
mum and maximum values, 
as well as bars representing 
the mean ± SEM (standard 
error of the mean). To analyze 
the data statistically, a com-
prehensive suite of tests, 
including one-way ANOVA and 
T tests, was executed using 
GraphPad Prism 7 (version 
7.0a, GraphPad Software, 
Boston, MA). In determining 
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tated the derivation of ΔADC, representing the 
difference between the ADC of the pretreated 
and post-treated. In the combined group, the 
ΔADC value showed a decreased ΔADC (*P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001), which significantly differ from other 
groups (Figure 4).

DCE-MRI is employed to evaluate quantitative 
and biologically pertinent insights into tumor 
vasculature and angiogenesis of the HCC tumor 
under different treatment conditions. A valu-
able imaging technique that furnishes. Figure 
5A illustrates the time intensity curve (TIC) of 
the control group, NK group, sorafenib group, 
and combination group during DCE-MRI at pre-
contrast injection, initial contrast arrival, and 
contrast plateau. Throughout the initial week 

the combination, NK, and sorafenib groups. 
Although there was no significant disparity in 
intensity between the NK group and sorafenib 
group, both exhibited intensities significantly 
greater than that in the control group. This indi-
cates that, in comparison to the other groups, 
the tumor blood supply is notably compromised 
in the combination group, leading to a signifi-
cant inhibition of new blood vessel growth.

Histology analysis

The assessment of tumor cell viability involved 
enumerating viable cells across five distinct 
regions on randomly selected H&E-stained digi-
tal histology slides (Figure 6A-D). One-way 
ANOVA revealed significantly divergent results 
among the experimental groups (P < 0.05). A 

Figure 4. Diffusion weighted images and analysis. A. Representative DWI be-
fore and after treatment. Red-dashed lines enclose margins of tumor zone. 
B. T-test showed that different group has different ΔADCs after treatment (*P 
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

(pre-treated phase), no signifi-
cant differences were obser- 
ved in the rate and peak sig-
nal intensity increase among 
the groups. However, by the 
third week (post-treatment 
phase), the control group ex- 
hibited the most pronounced 
and earliest elevation in tis-
sue signal intensity, reaching 
a peak and subsequently sta-
bilizing at this level. In con-
trast, the combined group dis-
played a gradual increase in 
tissue signal intensity, with a 
peak value significantly lower 
than that of the other groups. 
The peak tissue signal for the 
NK group and sorafenib group 
was notably lower than that of 
the control group and signifi-
cantly higher than that of the 
combination group, with no 
significant disparity between 
the NK and sorafenib groups. 
The area under the TIC was 
normalized to the baseline 
signal, and the area under the 
curve (AUC) was calculated 
every 30 seconds and aver-
aged across all animals (Fig- 
ure 5B). Consistent with the 
visual observations in Figure 
5, the control group exhibit- 
ed the most substantial in- 
tensity increase compared to 
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paired T-test demonstrated that the combined 
treatment of sorafenib and pNK cell immuno-
therapy notably facilitated robust cell growth in 
HCC tumors compared to all other treatment 
groups (P < 0.0001). Notably, the pNK cell 
group exhibited a more pronounced treatment 
response than the sorafenib group (P = 0.027), 
despite both groups displaying substantial pro-
gression in cell death (P < 0.001). Pairwise 
comparative analysis of tumor survival rates 
under various treatments further substantiated 
these findings (Figure 6E).

CD31 staining was performed to evaluate the 
microvessel density within the tumor regions as 
an indicator of tumor growing pattern. In analy-
sis of the tumor regions, we observed a signifi-
cantly decreasing ratio of microvessel density 
following any of the treatments that combined 
therapy leading the highest effect (1.61%) with 
least endothelial cell staining (Figure 6F-I). The 
presence of newly formed small blood vessels 
was evident, distributed throughout the tumor 
region in the control group (27.29%). Both 
sorafenib group (8.48%) and NK cell therapies 
(9.09%) displayed a reduced distribution and a 

smaller number of these newly formed small 
blood vessels. Sorafenib treatment led to stron-
ger reduction in microvessel compared to NK 
cell immunotherapy, yet no significant was 
reached (P = 0.91). The subjects in control 
group predominantly exhibited a modest posi-
tive reaction on CD31, facilitating higher ratio 
of vessels than treatment groups leading sig-
nificant changes (P < 0.02) (Figure 6J). 

In sections stained with the TUNEL assay, the 
combination treatment group exhibited robust 
overall positive staining for apoptosis (Figure 
6K-N). Within the tumor area, a substantial 
extent of cell death was observed, with nearly 
all cells demonstrating intense positive stain-
ing on TUNEL (1.91% apoptosis, Figure 6O). In 
contrast, both the NK cell group and the 
Sorafenib group displayed a heterogeneous 
pattern of cells, showing a mix of positive and 
negative staining on TUNEL (1.16% and 0.94% 
apoptosis, Figure 6O). The control group pre-
dominantly exhibited negative staining on 
TUNEL, with only a limited number of cells per 
field displaying positive staining at 200X magni-
fication (0.49% apoptosis, Figure 6O). Despite 

Figure 5. DCE-MRI and analysis of after treatment and before treatment groups. A. Representative TICs of control 
group, sorafenib group, NK group and sorafenib plus NK group. Representative DCE-MRI images of tumor at 25 s, 
100 s, 150 s, are presented below representative TICs. B. Average AUCs of control group, sorafenib group, NK group 
and sorafenib plus NK group at 30 s, 60 s, 90 s, 120 s, 150 s and 180 s. T-test of AUCs in different groups showed 
that AUCs are different across groups for all time points (P < 0.05).
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the strong difference between the groups, a 
significance was not able to be observed which 
may be indirectly affected by the tumor cell 
viability with H&E staining. Notably, the combi-
nation treatment group demonstrated the high-
est level of apoptosis, followed by Sorafenib 
and NK treatment groups, and finally, control 
group.

Discussion

Currently a range of clinically utilized drugs for 
HCC treatment, including bevacizumab, Len- 
vatinib, and cisplatin. However, these pharma-
ceuticals still harbor limitations. Bevacizumab, 
a monoclonal antibody targeting vascular endo-
thelial growth factor (VEGF), poses significant 

Figure 6. Histologic analysis of tumor tissues. HE-stained (A-D), CD31-stained (F-I), TUNEL-stained (K-N) represen-
tative cross sections of tumor tissue after different treatment, with 400× magnification views of each treatment 
region and for each stain. (E) Tumor cell viability index of each group’s tumor. (J) Microvessel density index of each 
group’s tumor. (O) Apoptotic index of each group’s tumor.
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risks of adverse reactions such as bleeding, 
hypertension, proteinuria, and gastrointestinal 
perforation. While it can impede tumor growth 
by targeting angiogenesis, its efficacy as a 
standalone agent in HCC treatment may be 
constrained compared to combination thera-
pies [22]. Lenvatinib, a multikinase inhibitor, is 
associated with side effects such as hyperten-
sion, proteinuria, diarrhea, and fatigue, poten-
tially compromising patients’ quality of life. 
Moreover, the development of resistance over 
time diminishes its efficacy as a viable treat-
ment option [23]. Cisplatin, a chemotherapy 
agent, is notorious for its nephrotoxic effects, 
leading to kidney damage [24]. Its mechanism 
of action impacts both malignant and healthy 
cells, resulting in severe side effects like nau-
sea, vomiting, and bone marrow suppression. 
In contrast, NK cell therapy leverages the 
body’s immune system to selectively target 
cancer cells, offering the promise of a more 
focused and sustained anti-tumor response. 
Furthermore, when combined with sorafenib, 
NK cell therapy engenders a synergistic effect 
that amplifies the overall efficacy of the 
treatment.

In our study, we focused on the synergistic 
effects of these modified NK cells in conjunc-
tion with sorafenib treatment against HCC 
tumor cells, assessing their efficacy through 
MRI and histological analysis. We cultured NK 
cells from rat NK cell line and pretreated them 
with IL-12 and IL-18 cytokines to increase the 
efficacy against HCC tumors. Twenty-four male 
SD rats implanted with N1-S1 tumor cells were 
given sorafenib, pretreated NK cell or combined 
treatment respectively. Our findings demon-
strated that the combination therapy outper-
formed individual treatments, significantly 
increasing HCC tumor cell death. Moreover, the 
combined therapy effectively suppressed early 
tumor growth, with visible results observed 
within the initial seven days of treatment.

In line with the current Barcelona Clinic Liver 
Cancer (BCLC) staging system, sorafenib 
stands as a crucial treatment option for patients 
grappling with intermediate and advanced 
HCC. Nonetheless, sorafenib falls short of per-
fection. Its administration typically elongates 
median survival time by a mere 3 months, and 
the array of side effects often compels patients 
to either scale back on dosage or discontinue 
usage altogether [25]. Our study endeavors to 

augment sorafenib’s efficacy while mitigating 
these drawbacks. Noteworthy research reveals 
sorafenib’s capacity to modulate various im- 
mune cells within the HCC tumor microenvi- 
ronment (TME), particularly enhancing NK cell 
function at lower doses without inducing 
exhaustion [26]. Moreover, NK cells play a piv-
otal role in the body’s immune surveillance, 
exhibiting no discernible cytotoxicity towards 
normal cells. This insight propels our investiga-
tion towards the amalgamation of NK cell ther-
apy with sorafenib treatment.

Certain studies have noted limited effective-
ness in transferring NK cells, potentially linked 
to prolonged tumor exposure [27]. To tackle 
this challenge, researchers have explored the 
use of cytokine-induced preconditioned NK 
cells, albeit predominantly in hematologic can-
cers rather than liver cancer. Asakawa et al. 
proposed a potential involvement of IL-18 and 
its receptor in constitutive activation [28]. 
Additionally, there’s evidence supporting IL-12’s 
capacity to enhance antigen presentation and 
improve tumor cell targeting [29, 30]. Our study 
focuses on assessing the viability of utilizing 
IL-12 and IL-18 pretreated NK cells in conjunc-
tion with sorafenib against HCC tumor cells.

In current preclinical investigations, multiphase 
CT or MRI serve as the primary tools for moni-
toring. CT is favored for its accessibility and 
thorough examination of the chest and abdo-
men [31]. MRI boasts greater sensitivity,  
particularly in T2W images, which delineate 
normal tissue as hypointense regions, while 
highlighting viable tumors as hyperintense [32]. 
Treatment-induced necrosis may lead to a lack 
of enhancement in subsequent imaging, hence 
the preference for MRI to avoid potential inter-
ference from CT. Among imaging techniques, 
DWI is notable for its ability to accurately quan-
tify tumor necrosis post-treatment. DCE images 
offer a visual representation of tumor blood 
supply. Our focus was on correlating MRI find-
ings with histological outcomes. Consistently, 
our experimental data demonstrate the effec-
tiveness of MRI in monitoring tumor treatment, 
providing a non-invasive means for assessing 
therapeutic response.

Conclusions

This study investigated the synergistic antitu-
mor potential of combination sorafenib plus 
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pNK cell chemoimmunotherapy and targeted 
delivery techniques for the treatment of HCC. 
Our findings suggest that this multifaceted 
approach holds significant promise for over-
coming current limitations and improving thera-
peutic outcomes in HCC patients. To address 
the homing limitation, we employed transcath-
eter IHA infusion of pNK cells directly into the 
liver tissue. This targeted delivery strategy facil-
itated efficient pNK cell infiltration, enabling 
them to strategically accumulate around and 
directly engage with tumor cells. Furthermore, 
pretreatment of NK cells with IL-12 and IL-18 
enhanced their cytotoxic potential, thereby 
amplifying their antitumor capacity. For the pur-
pose of tumor detection, our study employed 
MRI imaging modalities, specifically T2W, DCE, 
and DWI, to assess tumor growth and function-
al characteristics. After data acquisition, histo-
logical analysis was undertaken. The concor-
dance observed between the histological find-
ings and those derived from MRI underscores 
the potential of MRI as a non-invasive modality 
for HCC monitoring.

However, our experiments faced certain limita-
tions. Sorafenib, while effective, comes with 
significant side effects, including skin reac-
tions, diarrhea, fatigue, hypertension, and 
potential blood and liver toxicity. These adverse 
reactions may necessitate dosage adjustments 
or even discontinuation, which can severely 
impact the treatment’s effectiveness. Regret- 
tably, in our experiments, monitoring and man-
aging these side effects were not feasible. The 
duration of our drug administration, lasting only 
one week, was insufficient for significant side 
effects to manifest. Nevertheless, previous 
research has outlined strategies for handling 
such side effects. The primary approach 
involves adjusting the sorafenib dosage based 
on the severity of adverse events (AEs), follow-
ing BCLC recommendations. Tailored strategies 
are employed for each type of adverse event. 
Diarrhea requires immediate intervention to 
mitigate its severity and maintain treatment 
efficacy. Management primarily focuses on 
symptom relief, hydration, electrolyte balance, 
and patient education regarding dietary modifi-
cations and the use of antidiarrheal medica-
tions like loperamide. Hand-foot skin reaction 
which typically resolves upon discontinuing 
sorafenib [33].

Despite the challenges posed by limitations, 
the transition of our experimental findings into 
clinical application remains highly feasible. This 
feasibility is underpinned by the FDA approval 
of both Sorfenib and IL-12 as clinical drugs, 
along with the extensive utilization of IL-18 in 
numerous preclinical studies [34, 35]. While 
our experiments utilized rat NK cell line, it is 
worth noting that the FDA has approved NK-92 
as a clinical drug [36]. Although further efforts 
may be required to facilitate the translation into 
clinical practice, the prospects for such transi-
tion remain promising.
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