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Abstract

Background JAK/STAT3 is one of the critical signaling pathways involved in the occurrence and development

of hepatocellular carcinoma (HCC). BBI608 (Napabucasin), as a novel small molecule inhibitor of STAT3, has shown
previously excellent anti-HCC effects in vitro and in mouse models. However, low bioavailability, high cytotoxicity
and other shortcomings limit its clinical application. In this study, PLGA was selected to prepare Napabucasin PLGA
nanoparticles (NPs) by solvent evaporation method, overcoming these limitations and improving the passive target-
ing effect that nanoparticle mediated. Base on this, we systematically evaluated the anti-HCC effect of Napabucasin-
PLGA NPs and explored the underlying mechanisms.

Methods Napabucasin-PLGA NPs were prepared by solvent evaporation method. CCK-8 assay, Annexin V/Pl double
staining, RT-gPCR, colony formation assay, and Western blotting were performed to evaluate the anti-HCC effect

of Napabucasin-PLGA NPs in vitro. Proliferation assay and migration assay were used to detect the effects of Napabu-
casin-PLGA NPs-treated HCC-TAMs on tumor biological characteristics of HCC cells. Flow cytometry was used

to detect anti-HCC immune responses induced by Napabucasin-PLGA NPs in vivo.

Results Our results demonstrated that Napabucasin-PLGA NPs could improve the bioavailability of Napabucasin
and enhance Napabucasin-mediated the anti-HCC effects in vitro and in vivo with no significant drug toxicity. In
addition to the direct inhibitory effects on the tumor biological characteristics of HCC cells, Napabucasin-PLGA NPs
could promote the polarization of macrophages from tumor-promoting M2-type to anti-tumor M1-type, improv-

ing the tumor immune microenvironment and augmenting T cell-mediated anti-tumor responses. The underlining
mechanisms showed Napabucasin-PLGA NPs suppressed the STAT3/FAQO signaling axis in HCC-induced tumor-associ-
ated macrophages (TAMs).

Conclusions These findings demonstrated Napabucasin-PLGA NPs is a potential therapeutic candidate
for HCC, and provided a new theoretical and experimental basis for further development and clinical application
of Napabucasin.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most com-
mon malignant tumors in the world, with approximately
7.5 million new cases each year and a higher incidence
in men than in women [1]. As a malignant tumor of the
digestive system, HCC has the characteristics of insidi-
ous onset, and most of the patients have entered the
advanced stage as diagnosed, making the treatment
for HCC more difficult and high recurrence rate. For
advanced HCC, sorafenib has been the first-line drug for
systemic therapy for more than a decade. However, the
clinical efficacy of sorafenib is not satisfactory and only
prolong the survival of patients with HCC by 3 months
[2]. Therefore, finding effective drugs is crucial for the
clinical treatment of HCC.

As a convergence point of many oncogenic signaling
pathways, signal transducer and activator of transcrip-
tion 3 (STAT3) plays a central role in regulating anti-
tumor immune responses. STAT3 inhibits the expression
of immune-activating factors and promotes the produc-
tion of immune-suppressing factors. Numerous studies
have shown that overexpression and constitutive activa-
tion of STAT3 frequently occur in HCC, which is cor-
related with poor prognosis of patients with HCC [3, 4].
IL-6 and IL-22 are the main stimulators of STAT3 signal-
ing in HCC cells. Through the transcriptional regulation
of target genes, cooperating with NF-kB and epigenetic
regulation of miRNAs [5-7], activated STAT3 augments
the proliferation, anti-apoptosis, migration, invasion,
angiogenesis and stem cell properties of HCC. Therefore,
targeting STAT3 signaling pathway has become a thera-
peutic strategy for many cancers.

Currently, STAT3-targeted inhibitors can be classi-
fied into three categories: peptides, small molecule com-
pounds and oligonucleotides [8]. Napabucasin (BBI608),
a small molecule inhibitor that selectively target the
DNA binding domain of STAT3, is the only one inhibi-
tor of STAT3 that enters phase III trials so far. The results
of monotherapy trials show Napabucasin has a potential
impact on advanced colorectal cancer [9], and FDA has
approved Napabucasin as an orphan drug for the treat-
ment of gastric and pancreatic cancers. However, the
clinical effect of Napabucasin on patients with HCC has
not been reported. Our previous study showed Napabu-
casin displayed excellent anti-HCC effects in vitro and in
mouse models [10]. Nevertheless, because of the low bio-
availability, Napabucasin displays low therapeutic index
and high toxicity. Poly lactic-co-glycolic acid (PLGA)
is formed by the polymerization of lactic acid and gly-
colic acid, which can be hydrolyzed to produce lactic
acid in vivo. After the tricarboxylic acid (TCA) cycle,
PLGA is degraded into water and carbon dioxide. PLGA
has been a pharmaceutical excipient approved by FDA.
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Over the past few decades, PLGA-based biodegradable
microspheres have been widely used in drug delivery,
and dozens of products have been approved for clinical
application such as cancer treatment [11]. Based on the
characteristics of different cancers, the delivery system is
designed to improve the target activity and therapeutic
effects of drugs, and prolongs the duration of drug action
[12-14].

Tumor-associated macrophages (TAMs) are involved
in the formation of tumor microenvironment (TME)
and widely present in various tumors. TAMs have been
demonstrated to be associated with tumor growth, inva-
sion, metastasis and drug resistance [15]. Based on the
phenotype and function, TAMs are usually divided into
two functional subtypes, namely classically activated M1
macrophages and alternative activated M2 macrophages.
Both M1 and M2 macrophages are highly plastic, the
former usually exerts pro-inflammatory and anti-tumor
functions, while the latter can disturb T cell-mediated
anti-tumor immune responses and promote the prolif-
eration, metastasis and angiogenesis of tumor cells [16].
However, TAMs are mainly M2-like phenotype, there-
fore targeted eliminating M2-type TAMs or reversing
M2-type to M1-type TAMs in TME has become a poten-
tial strategy for anti-tumor immunotherapy [17]. Note-
worthily, STAT3 is constitutively activated in TAMs,
and knockout of STAT3 can inhibit the M2 phenotype
of TAMs, thereby suppressing the growth of glioma
[18]. Thus, targeted inhibiting STAT3 activity in TAMs
might activate immune system and promote anti-tumor
immune responses.

In order to improve the bioavailability and reduce the
toxicity of Napabucasin, in this study, PLGA was selected
as carrier material to prepare Napabucasin-loaded nan-
oparticles. We systemically evaluated the anti-tumor
effects of Napabucasin-PLGA NPs on HCC in vitro
and in vivo. Furthermore, we analyzed the influence
of Napabucasin-PLGA NPs on tumor immune micro-
environment, and clarified the relevant mechanism of
Napabucasin-PLGA NPs in regulating the polarization
and function of TAMs. This study provided a theoretical
and experimental basis for the further development and
application of Napabucasin-PLGA NPs in the treatment
of HCC.

Materials and methods

Cell lines

Human hepatocellular carcinoma cell lines Huh7, Hep3B
and mouse hepatocellular carcinoma cell line Hepal-
6, human embryonic kidney cell HEK-293T and mouse
monocyte-macrophage leukemia cell line RAW?264.7
were purchased from Shanghai Cell Bank (Chinese
Academy of Sciences). Huh7, Hepal-6, HEK-293T



Song et al. Journal of Translational Medicine (2024) 22:1125

and RAW?264.7 cells were cultured in DMEM medium
(HyClone), and Hep3B cells were cultured in MEM
medium (HyClone). The culture medium was supple-
mented with 10% fetal bovine serum (Biological Indus-
tries, 04-001-1ACS), 100 U/mL penicillin and 100 mg/
mL streptomycin. All cells were cultured in the 5% CO,
incubator at 37 °C.

Preparation of Napabucasin-PLGA NPs
Napabucasin-loaded nanoparticles (Napabucasin-PLGA
NPs) were prepared by solvent evaporation method
[19]. Briefly, 1 mg Napabucasin (Selleck, 83280-65-3)
and 10 mg PLGA (MW, 5000 Da) (Hangzhou Xingiao
Biotechnology Co., LTD) were completely dissolved in
400 pL dichloromethane. This solution was dropped into
5 mL sterile Milli-Q water and stirred at room tempera-
ture, and then ultrasonic emulsified for 30 min at low
temperature to get a uniform emulsion. After stirring
for 12 h to volatilize the dichloromethane, the emul-
sion was centrifuged at 10,000 rpm for 10 min, and the
deposit was Napabucasin PLGA nanoparticles (Napabu-
casin-PLGA NPs). Meanwhile, non-drug loaded PLGA
nanoparticles (Empty NPs) were prepared similarly but
without Napabucasin. Endotoxin-free Milli-Q water was
used for preparing all the aqueous solutions.

Characterization of Napabucasin-PLGA NPs

The hydrodynamic size of Napabucasin-PLGA NPs
was determined by dynamic light scattering (DynaPro
NanoStar). The suspension of Napabucasin-PLGA NPs
was centrifuged at 10,000 rpm for 10 min, and the super-
natant was collected and Napabucasin loading amount
in Napabucasin-PLGA NPs was detected by UV-vis
spectrophotometer at 235 nm. The deposit of Napabu-
casin-PLGA NPs and empty NPs were redispersed in
sterile Milli-Q water with the final concentration of
1 nM, respectively. The laser pointer was used to verify
whether the NPs had the Tyndall effect. The morphology
of Napabucasin-PLGA NPs was detected by transmission
electron microscopy (TEM). The drug release behavior
of Napabucasin-PLGA NPs in vitro was determined by
dynamic membrane dialysis method [20], and the con-
centration of Napabucasin at different time points was
measured by UV-vis spectrophotometry. The cumulative
release percentage of Napabucasin-PLGA NPs was calcu-
lated and the drug releasing curve was drawn.

Animal experiments

Male C57BL/6] mice (5-week-old) were purchased from
Beijing HFK Company (Beijing, China). All mice were
housed in the specific pathogen-free facility. 1x 10’
Hepal-6 cells were injected into the left axillary region of
the mice, and the body weight and tumor volume were
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recorded every 2 days. Seven days after inoculation of
Hepal-6 cells, these mice were treated with Napabuca-
sin-PLGA NPs and Napabucasin once every 2 days (i.p),
respectively. To confirm the role of T cells in Napabuca-
sin-PLGA NPs-induced anti-HCC effects, 200 pg/mouse
In vivo mAb anti-mouse CD4 (BE0119, Bio X Cell Com-
pany) or In vivo mAb anti-mouse CD8a (BE0061, Bio X
Cell Company) was intraperitoneally injected on the day
before Napabucasin-PLGA NPs treatment, and Empty
NPs was used as control. All animal protocols and experi-
ments conformed to the Institutional Animal Care and
Use Committee of Shandong University (19040), China.
All animals received humane care, and all operations and
experiments were carried out following the Guide for the
Care and Use of Laboratory Animals.

RNA extraction and quantitative real-time PCR

Cells were lysed using Trizol reagent (Invitrogen,
15596018), and the total RNA was extracted. Then cDNA
was obtained using a reverse transcription kit (CWBIO,
CW2569). The primer sequences for PCR are shown in
Supplementary Table 1. Real-time fluorescent quanti-
tative PCR (qPCR) was performed using SYBR premix
(CWBIO, CW0659S) according to the manufacturer’s
instructions.

Western blotting analysis

Cells were lysed with RIPA lysate (MedChemExpress,
HY-K1001) to obtain total cell protein. Protein concen-
trations were quantified using the BCA Protein Assay
Kit (Beyotime, P0012S). Then protein was added into the
equal-volume 2x loading buffer and denatured at 98 °C
for 15 min, followed by separating on 10% SDS-PAGE.
After electro-transferring to a polyvinylidene fluoride
membrane (Millipore, ISEQ00010, Billerica, MA, USA).
The flowing antibodies were used to probe target pro-
teins: B-actin (Rabbit, AC038, ABclonal), STAT3 (Mouse,
9139, CST), p-STAT3 (Rabbit, 30835, CST).

Flow cytometry analysis

The tumor tissues were collected and cut into small
pieces, and then treated with digestive fluid (100 mL
DMEM supplemented with 2 mL FBS, 0.1 g collagenase
IV and 50 pL hyaluronidase) at 37 °C for 60 min, and
passed through a 74 um copper mesh. The infiltrating
mononuclear cells were obtained by 40% Percoll separa-
tion solution. For the detection of cell surface markers,
the cells were fixed with 4% paraformaldehyde and then
stained with specific antibodies for 1 h at 4 °C. For intra-
cellular molecule, the cells were pre-treated with 1 pg/
mL ionomycin (MedChemExpress, 56092-81-0) and
50 ng/mL PMA (MedChemExpress, HY-18739) for 5 h in
the presence of Brefeldin A (BioLegend, 420601) for the
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last 4 h. The antibodies used for flow cytometry analysis
were shown in Supplementary Table 2. FACSCelesta (BD
Biosciences, USA) was used to detect the expression of
molecules. The data were analyzed using the FlowJo soft-
ware (Treestar Inc., Ashland, OR, USA).

The co-culture of T cells and macrophages

The splenic CD8*T cells of mice were sorted using a
CDS8*T cell sorting kit (Biolegend, 480008), and then acti-
vated with anti-CD3 (Biolegend, 100340) and anti-CD28
(Biolegend, 102116) antibodies. After CFSE staining for
15 min at 37 °C, these CD8™T cells were co-cultured with
RAW?264.7 cells pretreated with Napabucasin PLGA NPs
at a ratio of 4:1 for 72 h. The proliferation and activation
of CD8*T cells were detected by FACS Calibur (BD Bio-
sciences, USA).

ECAR and OCR analysis

The RAW?264.7 cells pre-treated with the supernatant of
Hepal-6 cells or not were inoculated in a Seahorse XFe24
Cell Culture Microplates (Agilent, Palo Alto, CA, USA).
When cells were adhered, Napabucasin-PLGA NPs was
added for 24 h. The medium was changed to Seahorse
XF Base Medium and incubated in a non-CO, incubator
for 1 h at 37 °C prior to the start of the assay. The assay
was performed with the Seahorse XF Glycolysis Stress
Test Kit (103020-100; Agilent) and Seahorse XF Cell
Mito Stress Test Kit (103015-100; Agilent) according to
the manufacturer’ s instructions, respectively. The data
were collected and analyzed using XFe24 wave software
(Agilent).

Statistical analysis

GraphPad Software Prism 8.0 (San Diego, CA, USA) was
used for statistical analysis. Differences between two
groups were tested for significance using the student
t-test. All data are presented as mean + standard error of
the mean (mean + SEM). Statistical comparisons between
three or more groups were performed using one-way
analysis of variance (ANOVA), followed by Tukey’s mul-
tiple comparison test. Statistically significant differences
were set at *p < 0.05, **p<0.01, ***p < 0.001.

Results

The characterizations of Napabucasin-PLGA NPs
Napabucasin, as a novel STAT3 inhibitor, has shown
excellent anti-tumor effects at both early and advanced
stages of liver cancer in mouse models, and suppressive
effects on the stem cell characteristics of HCC cells [10].
In order to improve its bioavailability and reduce toxic-
ity, Napabucasin-PLGA NPs was prepared by solvent
evaporation method. We observed that Napabucasin-
PLGA NPs had the significant Tyndall effect (Fig. 1A).
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The hydrodynamic size and polydispersity index (PDI)
were evaluated by DLS, and the results showed that the
hydrodynamic size of Napabucasin-PLGA NPs was about
300 nm and good dispersibility (Fig. 1B). The TEM detec-
tion displayed the morphology of the Napabucasin-PLGA
NPs was spherical (Fig. 1C). The UV-vis spectrophotom-
etry analysis showed that the encapsulation efficiency
(EE%) of Napabucasin-PLGA NPs at a PLGA: Napabu-
casin ratio of 7.5:1 was over 90%, while the drug loading
(DL%) was 11.18% (Figure S1). In addition, the release of
Napabucasin-PLAG NPs under acidic condition (pH 5.0)
was higher than that under physiological condition (pH
7.4), and the cumulative release amount of Napabucasin
reached nearly to be 80% at 48 h (Fig. 1D), which shows
slight pH responsive release characteristics of this NPs.

Napabucasin-PLGA NPs inhibited the viability of HCC cells
In order to verify whether Napabucasin-PLGA NPs could
effectively exert anti-HCC effects like Napabucasin, we
firstly plotted the dose—response curves of Napabuca-
sin and Napabucasin-PLGA NPs in human HCC cell
lines Huh7, Hepa3B and murine HCC cell line Hepal-6
(Fig. 2A, B). The results showed that the IC50 value of
Napabucasin-PLGA NPs was slightly increased com-
pared with Napabucasin, but Napabucasin-PLGA NPs
still exhibit effective anti-HCC effects. According to the
IC50 value, Huh7, Hep3B and Hepal-6 cells were treated
with different concentrations of Napabucasin-PLGA NPs
and Napabucasin in vitro. Similar to that of Napabucasin,
we observed Napabucasin-PLGA NPs could inhibit HCC
cell proliferation (Fig. 2C, D) and induce HCC cell apop-
tosis (Fig. 2E, F) in a dose- and time-dependent manner.
These results suggested that Napabucasin-PLGA NPs
had potential anti-HCC activity.

Napabucasin-PLGA NPs suppressed cancer-stemness

of HCC cells in vitro

STATS3 is over-activated in a variety of tumors and is
confirmed as an important pathway for tumor stemness
[21]. Previously, we demonstrated Napacubucasin could
inhibit the stemness of HCC cells in vitro [10]. Similarly,
Napabucasin-PLGA NPs decreased the levels of p-STAT-
3179 significantly in Huh7 cells (Fig. 3A), accompanied
with the downregulation of tumor stemness-related mol-
ecules in HCC cells, including NANOG, SOX2, OCT4,
and KIF4 (Fig. 3B). Next, we performed cell colony assay
and sphere formation assay to evaluate the proliferation
ability and stemness characteristics of HCC cells in vitro.
Similar to the effect of Napabucasin, Napabucasin-PLGA
NPs significantly reduced the colony formation of HCC
cells (Fig. 3C) and the number of multicellular spheroids
derived from Huh7 and Hepal-6 cells (Fig. 3D). These
results indicated that Napabucasin-PLGA NPs could
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Fig. 1 Physicochemical properties of Napabucasin-PLGA NPs. A Tyndall effect was detected by laser irradiation. B The hydrodynamic size
of Napabucasin-PLGA NPs was determined by dynamic light scatterer. C The TEM image of Napabucasin-PLGA NPs. D Release behavior curves
of the Napabucasin-PLGA NPs in PBS under pH 5.0 and pH 7.4 conditions. Images are representatives of at least three independent experiments

suppress the stemness characteristics of HCC cells by
disturbing STAT3 phosphorylation.

Napabucasin-PLGA NPs restrained HCC growth in mice
with alleviative damage

Subsequently, we verified the therapeutic effects of
Napabucasin-PLGA NPs in a subcutaneous homograft
mouse model. On day 7 post of Hepal-6 cell inoculation,
these mice were treated intraperitoneally with Napabu-
casin or Napabucasin-PLGA NPs twice a day for total 8

(See figure on next page.)

times (Fig. 4A). Compared with untreated mice (PBS),
Napabucasin-PLGA NPs displayed similar anti-HCC
effects to Napabucasin (Fig. 4B-D). Notably, we observed
the body weight of tumor-bearing mice was decreased
by high-dose of Napabucasin (20 mg/kg) significantly
(Fig. 4E), accompanied with severe damage in heart, liver,
kidney, spleen and lung tissues, such as the enlargement
of intercellular spaces in the kidney and a large number
of vacuoles in the liver tissue (Fig. 4F). However, no sig-
nificant tissue damage was observed in neither low- nor

Fig. 2 Napabucasin-PLGA NPs inhibit the viability of HCC cells in vitro. A, B Viability of HCC cells treated with different concentrations

of Napabucasin (A) and Napabucasin-PLGA NPs (B) for 48 h. C, D Viability of HCC cells treated with Napabucasin (C) and Napabucasin-PLGA NPs
(D) for 24 h, 48 h and 72 h. E, F After treated with Napabucasin or Napabucasin-PLGA NPs for 12 h, the apoptosis rate of Huh7 (E) and Hepa1-6 (F)
cells was detected by Annexin V-PI using Flow cytometry. Napa, Napabucasin; Napa NPs, Napabucasin-PLGA NPs. Data are shown as mean+SD
from three independent experiments. Compared with 0 uM, one-way ANOVA with Tukey test. *p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001. ns,

no significance
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Fig. 3 Napabucasin-PLGA NPs downregulate p-STAT3™7% |evels and stemness characteristics of HCC cells. A Immunoblot showed STAT3

and p-STAT3™7% Jevels in Huh7 cells treated with different concentrations of Napabucasin-PLGA NPs. B The mRNA levels of stemness markers

in HCC cells treated with Napabucasin (1 uM) or Napabucasin-PLGA NPs (1 uM) for 12 h. C HCC cells were treated with different concentrations
of Napabucasin or Napabucasin-PLGA NPs, and the colony formation was detected on day 15. D HCC cells were treated with Napabucasin

or Napabucasin-PLGA NPs, and the sphericity was detected on day 10. Napa, Napabucasin; Napa NPs, Napabucasin-PLGA NPs. Data are shown

as mean = SD from three independent experiments. Compared with 0 uM, one-way ANOVA with Tukey test. *p <0.05, **p <0.01

high-dose of Napabucasin-PLGA NPs treated mice
(Fig. 4G). These data suggested that Napabucasin-PLGA
NPs exerted favorable anti-HCC effects and reduced the
risk of toxic side effects of Napabucasin.

Napabucasin-PLGA NPs improved tumor immune
microenvironment

The progression of tumors is closely related to the
immune microenvironment. Along with tumor devel-
opment, the important anti-tumor lymphocytes such
as effector CD8'T cells and NK cells are functionally
exhausted in the tumor microenvironment (TME) with
increased levels of immune checkpoints such as PD-1,
TIGIT, TIM3 and LAG3. Then, we explored the effects of
Napabucasin-PLGA NPs on the immune responses in the
subcutaneous homograft mouse model of Hepal-6 cells
(Fig. 5A). The results showed both empty nanoparticles
(Empty NPs) and Napabucasin-PLGA NPs could increase
the proportion of CD8*T cells in tumor tissues compared
to the untreated mice (PBS) (Fig. 5B), but Napabucasin-
PLGA NPs treatment promoted the production of IFN-y
and TNF-«a in CD8*T cells (Fig. 5C), and down-regu-
lated the checkpoint molecule TIGIT (Fig. 5D). In addi-
tion, Napabucasin-PLGA NPs augmented the infiltration
of NK cells (Fig. 5E), accompanied with the increased

production of TNF-a (Fig. 5F) and decreased expression
of TIGIT and TIM3 (Fig. 5G). The infiltration of CD4*T
cells was also enhanced by Napabucasin-PLGA NPs with
elevated levels of TNF-a (Fig. 5H).

Tumor associated macrophages (TAMs) are one of the
most abundant immune components in tumor microen-
vironment, and the M2 polarization of TAMs is closely
related to the development of tumors [22]. We observed
that Napabucasin-PLGA NPs treatment increased the
infiltration of macrophages (Fig. 5I) compared with
untreated or Empty NPs treated mice, accompanied
with the downregulation of CD206 (Fig. 5]), a marker of
M2 macrophages. Meanwhile, the levels of M1 markers
iNOS, CD86 and MHC II in macrophages were up-regu-
lated (Fig. 5K) by Napabucasin-PLGA NPs. Moreover, the
expression of PD-L1 on tumor infiltrated macrophages
from mice treated with Napabucasin-PLGA NPs was
lower than that from other groups (Fig. 5L). These find-
ings indicated that Napabucasin-PLGA NPs could
improve the tumor immune microenvironment of HCC.

Napabucasin-PLGA NPs promoted the M1 polarization

of TAMs

To understand whether Napabucasin-PLGA NPs directly
affect the polarization and function of HCC-induced
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Fig. 4 Napabucasin-PLGA NPs inhibit HCC growth in vivo. A Schematic diagram of the treatment regimen for the subcutaneous homograft
mouse model. B The growth curves of tumors in each group; n=3/4. C The image of subcutaneous tumors from each group. D The average

tumor weight of each group. E Body weight curves of tumor-bearing mice. F, G HE staining was performed to evaluate the damage of heart, liver,
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Napabucasin-PLGA NPs. Data are shown as mean = SD, and compared with PBS, one-way ANOVA with Tukey test. *p < 0.05, **p < 0.01, ****p < 0.0001

(See figure on next page.)

Fig. 5 Napabucasin-PLGA NPs improve the tumor immune microenvironment. The phenotype and activation of tumor-infiltrating immune cells
from HCC-bearing mice were assessed by flow cytometry. A The gating strategy for tumor-infiltrating immune cells. The percentages of CD8*T cells
(B), IFN-y*-, TNF-a*- (C) and TIGIT*CD8*T cells (D). The percentages of NK cells (E), IFN-y* NK cells (F), TIGIT*- and TIM3* NK cells (G). The percentages
of tumor-infiltrated CD4*T and TNF-a*CD4™T cells (H). The frequency of CD11b*F4/80" macrophages (1), CD206" macrophages (J), INOS*-, MHC

II*-, CD86" macrophages (K) and PD-L1*macrophages (L). n=6. Napa NPs, Napabucasin-PLGA NPs. Data are shown as mean + SD, one-way ANOVA

with Tukey test. *p <0.05, **p <0.01, ***p <0.001. ns, no significance

TAMs, RAW264.7 cells (a murine macrophage cell line)
were treated with the culture supernatant from Hepal-6
cells (TCM) to induce HCC-TAMs with M2-like pheno-
type (Fig. 6A, B). Furthermore, the culture supernatant
(CM) from these HCC-TAMs (Fig. 6C) could promote
the proliferation (Fig. 6D) and migration (Fig. 6E) of
Hepal-6 cells, indicating HCC-induced TAMs exhibited
tumor-promoting function of M2-like TAMs.

STAT3 is over-activated in TAMs and promotes
M2 macrophage polarization [23]. Compared with
RAW?264.7 cells cultured in medium (Naive), we found
p-STAT3™7% levels were significantly increased
in HCC-TAMs (Untr), which could be significantly
decreased by the treatments of Napabucasin-PLGA
NPs and Napabucasin (Fig. 6F). Furthermore,

Napabucasin-PLGA NPs showed more potent inhibi-
tory effect on the proliferation ability of HCC-TAMs
than Napabucasin (Fig. 6G). Significantly, compared
to Empty-NPs, Napabucasin-PLGA NPs reduced the
mRNA levels of M2 markers such as CD206, IL-10
and TGF-p in HCC-TAMs, and increased M1 markers
iNOS and IL-12 mRNA levels (Fig. 6H). Consistently,
the ratio of CD206/iNOS in HCC-TAMs was obviously
decreased by the treatment of Napabucasin-PLGA
NPs, accompanied with the increase of IL-12 (Fig. 6I).
In addition, the culture supernatant from Napabu-
casin-PLGA NPs-treated HCC-TAMs (Fig. 6]) could
inhibit the proliferation (Fig. 6K) and migration ability
(Fig. 6L) of Hepal-6 cells. These results demonstrated
that Napabucasin-PLGA NPs could directly influence
the phenotype and convert tumor-promoting HCC-
TAMs to anti-tumor HCC-TAMs.
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Fig. 6 Napabucasin-PLGA NPs convert M2 type tumor-promoting HCC-TAMs to M1 type anti-tumor HCC-TAM. A, B RAW264.7 cells were

incubated with TCM from Hepa1-6 cells for 48 h to induce HCC-TAMs. The expression levels of CD206 on RAW264.7 cells were detected by flow
cytometry (A). Transcription levels of markers for M2 macrophages were determined by RT-gPCR (B). C, D The supernatant of HCC-TAMs (CM)

was collected to incubate Hepal-6 cells (C). The cell viability of Hepa1-6 cells treated with indicated volumes of CM for 24 h was detected

by CCK-8 assay (D). E Hepa1-6 cells were scratched with a plastic pipette tip and incubated with culture medium (Medium) or CM for 24 h. F
Immunoblot analysis for STAT3 and p-STAT3™7% |evels in HCC-TAMs treated with Napabucasin (3 uM), Napabucasin-PLGA NPs (3 uM) or Empty NPs.
G Viability of HCC-TAMs incubated with Napabucasin (3 uM), Napabucasin-PLGA NPs (3 uM) for 24 h. H The mRNA levels of M2 and M1 markers

in HCC-TAMs treated with Napabucasin-PLGA NPs (3 uM) or Empty NPs were determined by RT-gPCR. I The ratio of CD206/iNOS and IL-I2 level

in HCC-TAMs treated with Napabucasin-PLGA NPs (3 uM) or Empty NPs for 24 h were measured by flow cytometry. J-L HCC-TAMs were treated
with Napabucasin-PLGA NPs (3 uM) and Empty NPs for 24 h. Then, these HCC-TAMs were cultured with fresh medium for 24 h, and the supernatants
(CM) were collected to treat Hepal-6 cells (J). The viability of Hepa1-6 cells incubated with CM for 24 h and 48 h was tested by CCK8 assay (K). The
migration ability of Hepa1-6 cells was detected by cell scratches (L). Naive, RAW264.7 cells incubated in culture medium; Untr, untreated HCC-TAMs;
Napa, Napabucasin; Napa NPs, Napabucasin-PLGA NPs. Data are shown as mean =+ SD from three independent experiments. *p < 0.05, **p < 0.01,
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Napabucasin-PLGA NPs suppressed FAO in HCC-TAMs
Macrophages exhibit extremely strong metabolic plastic-
ity. In the TME, the metabolic pathways in macrophages
were changed by metabolic reprogramming, obtaining
sufficient energy and metabolic intermediates to meet
the demands for biosynthesis, proliferation, differentia-
tion and functions [24]. M2 macrophages predominantly
use oxidative phosphorylation (OXPHOS) to gener-
ate ATP for the energy. By Seahorse energy metabolism
assay, we found both ECAR (Extracellular acidification
rate) and OCR (Oxygen consumption rate) levels were
significantly increased in HCC-TAMs compared to con-
trol macrophages (Naive), which could be markedly
suppressed by Napabucasin-PLGA NPs. Especially, the
reduction of OCR level was greater than ECAR (Fig. 7A,
B). Commonly, lipid accumulation is increased in TAMs
of tumor tissues. Free long-chain fatty acids provide raw
materials and metabolic intermediates for OXPHOS
through fatty acid B-oxidation (FAQO), and the enhanced
FAO process is also one of the metabolic characteristics
of TAMs [25]. Through GEPIA2 database analysis, we
found that STAT3 in HCC was positively correlated with
many enzymes involved in FAO process such as CPT1A,
CPT2, ACADM, HADHA and ACACA (Fig. 7C), indi-
cating the activation of STAT3 might contribute to the
FAO process.

BODIPY staining showed increased lipid accumulation
in HCC-TAMs (Fig. 7D). Unexpectedly, Napabucasin-
PLGA NPs further enhanced lipid accumulation in HCC-
TAMs. To understand whether Napabucasin-PLGA
NPs augment lipid uptake, we detected the mRNA lev-
els of fatty acid transporters CD36, CD69 and MARCO
in HCC-TAMs. The results showed Napabucasin-PLGA
NPs did not influence the mRNA levels of these molecules
(Fig. 7E). Next, we examined the mRNA levels of FAO-
related molecules in HCC-TAMs. We found the mRNA
levels, including CPT1A, CPT1B, ACADM, ECHS1 and
ACACA, were elevated in HCC-TAMs (Fig. 7F), which
could be obviously decreased by Napabucasin-PLGA NPs
(Fig. 7G). Therefore, Napabucasin-PLGA NPs reduced

(See figure on next page.)
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lipid consumption by inhibiting FAO process, resulting in
the enhanced lipid accumulation in HCC-TAM:s.

CPT1 is responsible for transporting activated fatty
acids to mitochondria and is the rate-limiting enzyme in
the FAO process. To confirm the role of FAO process on
M2-polariztion of HCC-TAMs, CPT1A over-expression
vectors were transfected into HCC-TAMs. We found
the overexpression of CPT1A could resist the inhibitory
effect of Napabucasin-PLGA NPs on FAO-related mol-
ecules (Fig. 7H) and M2-type polarization of HCC-TAMs
(Fig. 71, J). Collectively, these findings indicated Napabu-
casin-PLGA NPs disturbed OXPHOS via inhibiting FAO
process, leading to the suppression of M2 polarization of
HCC-TAMs.

Napabucasin-PLGA NPs augmented T cell-mediated
anti-HCC effects

To understand whether T cells involved in Napabucasin-
PLGA NPs induced anti-HCC effects, CD8*T cells were
isolated from the spleen of mice by magnetic bead and
stimulated with anti-CD3/CD28 antibodies in vitro, and
then co-incubated with HCC-TAMs pre-treated with
Napabucasin-PLGA NPs or not for 72 h. Compared with
T cells alone, HCC-TAMs could inhibit the prolifera-
tion of CD8™T cells, which could be significantly relieved
by pre-treatment of Napabucasin-PLGA NPs (Fig. 8A).
Moreover, HCC-TAMs pre-treated with Napabucasin-
PLGA NPs increased the production of IEN-y, Perforin
and Granzyme B by CD8*T cells, accompanied with the
downregulation of immune checkpoint molecule PD-1
(Fig. 8B). However, when CD8*T cells were co-cultured
with HCC-TAMs pre-treated with Napabucasin-PLGA
NPs or not using Transwell method, no significant
change was shown in the proliferation of CD8*T cells
(Fig. 8C), suggesting HCC-TAMs disturbing CD8*T cells
through cell-to-cell interaction. Furthermore, we verified
the anti-tumor effects of T cells in Napabucasin-PLGA
NPs treatment by eliminating CD4*T or CD8*T cells
in the Hepal-6 subcutaneous homograft mouse model
(Fig. 8D). Compared with untreated (PBS) or Empty NPs

Fig. 7 Napabucasin-PLGA NPs inhibit FAO in HCC-TAMs. A The levels of ECAR, glycolysis, glycolytic reserve, glycolytic capacity of HCC-TAMs treated
as indicated for 24 h. B The levels of OCR, basal respiration, ATP production, spare respiratory capacity of HCC-TAMs treated as indicated for 24 h.
CThe analysis of correlation between FAO-related molecules and STAT3 in HCC through GEPIA 2 database. D The lipid levels of RAW264.7 cells
cultured in medium (Naive) and HCC-TAMs treated as indicated were detected by flow cytometry. E The mRNA levels of CD36, CD69 and Macro

in HCC-TAMs treated with Napabucasin-PLGA NPs or not were determined by RT-gPCR. F The mRNA levels of FAO-related genes in RAW264.7

cells cultured in medium (Naive) and HCC-TAMs were determined by RT-gPCR. G The mRNA levels of FAO-related genes in HCC-TAMs treated

with Napabucasin-PLGA NPs or Empty NPs for 24 h were determined by RT-qPCR. H, | The mRNA levels of FAO-related (H) and M2 markers (1)

in HCC-TAMs treated as indicated for 24 h were determined by RT-gPCR. J The levels of CD206, iINOS in HCC-TAMs treated as indicated for 24 h
were measured by flow cytometry. Naive, RAW264.7 cells incubated in culture medium; Untr, untreated HCC-TAMs; Napa NPs, Napabucasin-PLGA
NPs (3 uM); ov-CPTIA, HCC-TAMs over-express CPT1A. Data are shown as mean =+ SD from three independent experiments. *» <0.05, **p <0.01,

***n<0.001. ns, no significance
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Fig. 7 (Seelegend on previous page.)

treated mice, the tumor growth was obviously suppressed
in mice treated with Napabucasin-PLGA NPs, which was

significantly weakened by the depletion of CD8*T and
CD4™T cells, especially CD8*T cells (Fig. 8E-G). These
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Fig. 8 Napabucasin-PLGA NPs enhance T cell-mediated anti-HCC immune responses. A-C CFSE-labelled CD8*T cells were activated with anti-CD3
and anti-CD28 antibodies, and then co-cultured with HCC-TAMs pre-treated by Napabucasin-PLGA NPs (3 uM) or Empty NPs in a ratio 4:1 for 72 h.
The proliferation of (A) and the production of IFN-y, Perforin, Granzyme B and PD-1 (B) in these CD8*T cells were measured by flow cytometry. C
CFSE-labelled T cells activated with anti-CD3 and anti-CD28 antibodies, and then co-cultured with HCC-TAMs treated as above in Transwell. The
proliferation of CD8'T cells was analyzed by flow cytometry. D Experimental scheme for the subcutaneous homograft mouse model in C57BL/6J
mice. E The tumor growth curves. F Image of the subcutaneous tumors from each group. G The average tumor weight of each group. n=6. Napa

NPs, Napabucasin-PLGA NPs. Data are shown as mean + SD, one-way ANOVA with Tukey test. *p < 0.05, **p < 0.01, ***p <0.001, ****» < 0.0001. ns,

no significance

results suggest T cells are important effector cells in anti-
HCC treatment of Napabucasin-PLGA NPs.

Discussion

The occurrence of HCC is a complex multi-step process,
which is regulated by many factors such as genetics and
environment, and associated with the abnormal activa-
tion of various carcinogenic signaling pathways [26].
Studies have shown that overexpression and constitutive
activation of STAT3 are closely related to the pathogene-
sis of HCC [4, 27], and liver cancer tissues with high acti-
vated STAT3 levels are more aggressive [28]. Although
STAT3 knockdown is embryonic lethal, STAT3 inhibi-
tor or local knockdown of STAT3 does not influence the
survival of differentiated cells [29], so STAT3 signaling

pathway has become a potential target for pharmacologi-
cal intervention in cancer therapy [30]. Napabucasin is
the only STAT3 inhibitor that has entered phase III clini-
cal trials. It can interfere STAT3 phosphorylation and
down-regulate the expression of tumor stemness-related
genes such as S-catenin, NANOG and SOX2, inhibiting
the proliferation and survival of a variety of cancer cells
and preventing cancer recurrence and metastasis [21,
31]. In order to improve the bioavailability and reduce
the dosage and side effects of Napabucasin in vivo, we
prepared Napabucasin-PLGA NPs and evaluated it’s anti-
HCC efficiency. The hydrodynamic size of Napabucasin-
PLGA NPs was about 300 nm with a good dispersibility
and spherical morphology. Notably, Napabucasin-PLGA
NPs showed slight pH responsive release characteristic,
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which can increase the release of Napabucasin in the
acidic environment of tumor tissue and decrease the
cytotoxicity to normal tissues. The results proved that
Napabucasin-PLGA NPs still exerted excellent anti-HCC
effects, demonstrating nano-formulation did not influ-
ence the drug properties of Napabucasin. Significantly,
low-dose of Napabucasin-PLGA NPs could obviously
inhibit HCC growth in mice with no obvious effect on
the body weight or vital organs of tumor-bearing mice.
Therefore, PLGA NPs improved the bioavailability of
Napabucasin, augmenting the anti-HCC efficiency and
safety of Napabucasin. In addition to the direct inhibi-
tory effects on the tumor biologic characteristics of HCC,
we found Napabucasin-PLGA NPs also improved tumor
microenvironment to enhance the anti-HCC immunity.
TME is a highly complex and heterogeneous ecosys-
tem, which is composed of tumor-infiltrating immune
cells, cancer-associated fibroblasts (CAFs), smooth mus-
cle cells, endothelial cells and tumor cells [32, 33]. TME
can promote cancer progression and mediate therapeutic
resistance, especially for anti-tumor immunotherapy [34,
35]. More and more evidences show that STAT3 is over-
activated not only in tumor cells, but also in immune cells
such as TAMs in TME [36-38], significantly impacting
on anti-tumor immunity by multiple mechanisms. TAMs
are one of the most abundant immune cells in the TME
and tend to be M2 phenotype, mediating the regression
of inflammatory response and tissue repair. In addi-
tion, TAMs with high heterogeneity and plasticity are
an important factor for the establishment of the prem-
etastatic niche, priming the growth and metastasis of
tumor [39]. Now, reprogramming TAMs polarization has
become an important strategy for cancer therapy. TAMs
play an important role in regulating the progression
of HCC, and we observed that HCC supernatant could
induce the constitutive activation of STAT3 and M2-type
of TAMs. Interestingly, Napabucasin-PLGA NPs could
directly inhibit STAT3 activation in HCC-TAMs in vitro,
and promote the transformation of M2- into M1-type
HCC-TAMs in vitro and in TME of tumor-bearing mice.
Increasing evidences show the activation of mac-
rophages is closely related to metabolic reprogramming.
The changes of metabolic patterns are crucial for mac-
rophages to defend against host infection, clear patho-
gens and repair tissue damage [40]. Macrophages have
extensive metabolic adaptability to respond to multiple
stimuli in TME. Aerobic glycolysis and OXPHOS are two
important metabolic pathways and are closely related to
the polarization of macrophages. For M1 macrophages,
TCA cycle and OXPHOS are generally impaired, while
the glycolysis is the major metabolic mode [41]. Gly-
colysis facilitates the rapid production of ATP to main-
tain the phagocytosis of macrophages, and provides
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metabolic precursors for the pentose phosphate pathway.
As a pluripotent transcription factor, STAT3 increases
glycolysis by upregulating the key enzymes such as
HIF-1a, GLUT1 and PKM2 in the process of glycolysis
[42]. Recent studies show M2-type macrophages induced
by IL-4 exhibited enhanced glycolysis levels [15]. And,
our previous studies also proved that inhibiting glycoly-
sis in TAMs can impede M2 polarization [43]. Here, we
observed Napabucasin-PLGA NPs could decrease ECAR
level of HCC-TAMs, indicating Napabucasin-PLGA NPs
might suppress M2 polarization via disrupting STAT3-
regulated glycolysis in HCC-TAMs. More significantly,
we found Napabucasin-PLGA NPs exhibited stronger
suppressive effect on OXPHOS than on glycolysis of
HCC-TAMs. M2-type macrophages have the complete
TCA cycle, and the oxygen consumption are increased
significantly in activated macrophages, hence OXPHOS
pathway and FAO process become the important energy
supply ways [44]. FAO is the major way for long-chain
fatty acids in mitochondrial metabolism, and an impor-
tant way for cells to obtain energy. FAO process is com-
plex and involves the activation, transfer and p-oxidation
of fatty acids, and finally acetyl CoA is completely oxi-
dized through the TCA cycle to CO, and H,O, and
release energy. In this study, Database analysis suggested
that STAT3 was positively correlated with many enzymes
in the process of FAO. And, we observed lipid accumu-
lation was increased in HCC-TAMs, accompanied by a
significant upregulation of metabolic enzymes related to
FAO. Significantly, Napabucasin-PLGA NPs could inhibit
OXPHOS process in HCC-TAMs by disturbing the FAO,
reducing endogenous lipid consumption and OCR levels,
which converted the M2-polarization of HCC-TAMs to
M1-type polarization HCC-TAMs. Therefore, Napabu-
casin-PLGA NPs promoted the conversion of M2-type to
M1-type HCC-TAMs via suppressing both glycolysis and
OXPHOS processes.

In TME, TAMs continuously interact with tumor-
infiltrated T cells. By secreting high levels of inhibitory
cytokines such as IL-10 and TGF-B, M2-type TAMs
up-regulate the expression of immune checkpoint
molecules such as PD-1, TIGIT, TIM3 and LAG3 on
the surface of T cells, but down-regulate the produc-
tion of IFN-y and IL-2 by T cells, inducing CD8*T
cells exhaustion and damage of anti-tumor immunity.
Targeted elimination of CD163*TAMs in tumor tis-
sue can significantly enhance the infiltration of CD8*T
cells and inhibit tumor growth [45]. In our study, we
found HCC-TAMs disrupted CD8'T cells mainly
through cell—cell interaction in vitro. And, Napabuca-
sin-PLGA NPs could relieve the inhibitory effects of
HCC-TAMs on CD8*T cells, promoting CD8*T cell
proliferation and function. In tumor-bearing mice,
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Napabucasin-PLGA NPs promoted the transformation
of M2- into M1-type TAMs, accompanied with the up-
regulation of MHC II and CD86 and the decrease of
PD-L1. Simultaneously, Napabucasin-PLGA NPs aug-
mented the production of IFN-y and TNF-a in CD8*T
cells and decreased the checkpoint molecule TIGIT.
However, the depletion of CD8'T cells significantly
impaired the therapeutic effects of Napabucasin-PLGA
NPs. These results indicated that Napabucasin-PLGA
NPs treatment could enhance the antigen presenta-
tion function of HCC-TAMs, reversing the exhaustion
of CD8™T cells to play an important role in anti-tumor
effects. In addition, the elimination of CD4*T cells also
showed significant impact on the anti-tumor response
triggered by Napabucasin-PLGA NPs. CD4*T cells
can differentiate into different cell subtypes to assist
the immune responses. For instance, Th17 cells can
cooperate with CD8*T cells to kill tumor cells, and the
immune balance between Th17 and Tregs is also crucial
for maintaining immune homeostasis [46]. We noted
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that Napabucasin-PLGA NPs also promoted the infil-
tration and activation of NK cells in tumor tissues, indi-
cating NK cells also participated in Napabucasin-PLGA
NPs-triggered anti-HCC immune responses. Therefore,
the interaction between TAMs and CD4*T or NK cells
was also worth further exploration in the future.

In summary, as shown in Fig. 9, our study demon-
strated that Napabucasin-PLGA NPs exhibited excellent
anti-HCC effects and reduced the risk of toxic side effects
of Napabucasin. On the one hand, Napabucasin-PLGA
NPs directly disturbed the tumor biologic properties of
HCC cells such as the viability and cancer-stemness. On
the other hand, Napabucasin-PLGA NPs could inhibit
STAT3 phosphorylation in HCC-TAMs, and induce the
metabolic reprogramming in HCC-TAMs via disturb-
ing FAO process, which suppressed M2-type polariza-
tion and enhanced the antigen presentation ability of
HCC-TAMs, recovering T cell function and augmenting
anti-tumor immune responses. Therefore, Napabucasin-
PLGA NPs is a potential therapeutic candidate for HCC.
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Fig. 9 Schematic diagram of the anti-HCC effects of Napabucasin-PLGA NPs. Napabucasin-PLGA NPs can downregulate the phosphorylation
of STAT3 in HCC and inhibit the biological characteristics of tumor. Meanwhile, Napabucasin-PLGA NPs can reprogram HCC-TAMs
through STAT3-FAQ axis, thus improving the tumor microenvironment and enhancing CD8* T cell anti-tumor function
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CAF Cancer associated fibroblasts
CccL2 C-C motif chemokine 2

FAO Fatty acid oxidation

GLUT1 Facilitative glucose transporter 1
HCC Hepatocellular carcinoma

HE Hematoxylin—eosin staining
IFN-y Interferon-y

iNOS Inducible nitric oxide synthase
NPs Nano particles

OXPHOS  Oxidative phosphorylation

PBS Phosphate buffered saline

PKM2 Pyruvate kinase isozyme typeM2
PLGA Poly lactic-co-glycolic acid

SH2 Src homology domain 2

TAMs Tumor associated macrophages
TIGIT T cell immunoreceptor with Ig and ITIM domains
TIM3 T cell immunoglobulin domain and mucin domain-3
TGF-B Transforming growth factor-
TME Tumor microenvironment
TNF-a Tumor necrosis factor-a

Tregs Regulatory T cells
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