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1 | INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most prevalent malig-
nancy and the second major cause of cancer death worldwide.
Currently, the primary therapeutic options for HCC are ineffective in

Abstract

HCC cell immune escape is a critical element in the evolution of HCC malignancy.
Herein, the regulatory mechanism of IncRNA NEAT1 in regulating HCC immune escape
was investigated. Exosomes were isolated from M2 TAMs using ExoQuick-TC. Then,
HCC cells were incubated with M2 TAMs-derived exosomes (M2-exos). The activation
of perforin™CD8™" T cells was measured using flow cytometry. The secretion of IFN-y
was assessed using ELISA. Cell viability and migration were detected using CCK8 and
Transwell assays, respectively. RIP and RNA pull-down assays were used to investigate
the link between NEAT1 and KLF5. ChlP and dual-luciferase reporter assays were used
to investigate the interaction between KLF5 and the LGALS3 promoter. Our results
showed that NEAT1, KLF5 and galectin-3 were overexpressed in HCC tissues. M2-exos
treatment promoted HCC proliferation, migration, and immune escape. It was found
that NEAT1 was enriched in M2-TAMs and M2-exos. M2-exos facilitated HCC immune
escape, whereas NEAT1 silencing reversed this effect. NEAT1 upregulated galectin-3 in
HCC cells by recruiting KLF5. Mechanically, M2-TAM-derived exosomal NEAT1
induced HCC immune escape by upregulating KLF5/galectin-3 axis. M2-TAM-derived
exosomal NEAT1 upregulated galectin-3 in HCC cells by recruiting KLF5 to promote

perforintCD8™ T cell depletion and further accelerate HCC immune escape.
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controlling tumor recurrence and metastasis.? Therefore, the ideal
therapy for HCC should not only remove the tumor in situ but also
remove residual tumor cells by activating the immune system to
1 prevent tumor metastasis and recurrence.® Tumor cells may resist

immune system detection and assault via several pathways, which
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constitutes a key strategy for tumor survival and progression, and
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this process is known as tumor immune escape.* Therefore, inhibiting
immune escape is crucial to improve the efficacy of immunotherapy
for HCC. Tumor-associated macrophages (TAMs) are major infil-
trating noncancerous cells and are closely associated with tumor
proliferation, metastasis, invasion, and immune escape in the tumor
microenvironment (TME).® Due to the heterogeneity of macrophages,
TAMs can be divided into M1-TAMs and M2-TAMs.

Most macrophages exhibit the M1 phenotype early and inhibit
tumor growth. In contrast, as tumor progression continues, macro-
phages gradually converge to the M2 phenotype, contributing to
tumor immune escape.®” As reported, M2-TAMs participate in tumor
progression by facilitating immune escape through facilitating CD8"
T cell exclusion® It's suggested that exploring the mechanisms
involved is of great significance in addressing the issue of tumor
immune escape in HCC.

Noncoding RNAs longer than 200 nucleotides (nts) are referred
to as long noncoding RNAs (IncRNAs),’ which are involved in
tumorigenesis,'® angiogenesis,’* and tumor metastasis.’> LncRNAs
have a major role in the development of tumors and immune escape.
As evidence, INcRNA FENDRR upregulation inhibited HCC cell pro-
liferation and the Treg-mediated immune escape.* LncRNA nuclear
paraspeckle assembly transcript 1 (NEAT1) aided in the growth of
several malignant cancers, including HCC.*®>"1° Kou et al. illustrated
that NEAT1 was upregulated in HCC tissues, and its silencing
restrained HCC cell proliferation and promoted cell apoptosis.*® It
was described that M2-TAM-secreted exosomal NEAT1 could pro-
mote ovarian cancer immune escape.® However, the role of M2-
TAM-secreted exosomal NEAT1 in regulating HCC immune escape
remains unclear and deserves further research.

Krappel-like factor 5 (KLF5), as a member of the KLF tran-
scription factor family, is closely related to cancer progression by
regulating the expression of downstream targets.?® KLF5 is widely
reported to be overexpressed in HCC, and its downregulation
repressed HCC cell malignant behaviors.'”*® A previous study dis-
played that KLF5 knockdown elevated the number and functionality
of intratumoral antitumor T cells,*® suggesting that KLF5 may have
immunosuppressive effects to contribute to tumor cell immune
escape. Notably, Ma et al. illustrated that KLF5 contributed to
tumorigenesis in gastric cancer by transcriptionally activating
NEAT1.2° Herein, KLF5 was predicted to have potential binding sites
to NEAT1 using the RPISeq database. All these pieces of evidence
suggest that NEAT1 may promote HCC immune escape by recruiting
KLF5, which has never been reported before.

Galectin-3, encoded by the LGALS3 gene, is a multifunctional
protein that has been linked to cancer development and metastasis.?*
It has been widely described that galectin-3 is highly expressed in
multiple types of cancer, including HCC.?? Recent research has shed
light on the role of galectin-3 as a ligand for lymphocyte activation
gene-3 (LAG3), which jointly affects T cell function with LAGS3,
thereby promoting immune escape of tumor cells.?® As evidence has
shown that galectin-3 suppressed anti-tumor immune responses by

decreasing plasmacytoid dendritic cell growth and lowering CD8" T

cell proliferation via LAG3.2* Herein, KLF5 was predicted to poten-
tially bind to the LGALS3 promoter by using the JASPAR database. It
suggests that KLF5 may promote T cell inhibition in HCC through
transcriptional activation of galectin-3.

It's hypothesized that M2-TAM-secreted exosomal NEAT1
upregulated galectin-3 by recruiting KLF5, thus promoting immune
escape in HCC cells. These findings lay the theoretical groundwork
for the development of innovative HCC treatments.

2 | MATERIALS AND METHODS

2.1 | Clinical sample collection

Post-operatively, 10 HCC tumor specimens and adjacent normal
tissues were taken from HCC patients at Hainan General Hospital,
Hainan Affiliated Hospital of Hainan Medical University. Pathology
clearly diagnosed the patients, and they were not treated. The Ethics
Committee at Hainan General Hospital, Hainan Affiliated Hospital of
Hainan Medical University approved this study, and all subjects

signed informed permission.

2.2 | Cell culture and treatment

ATCC (VA, USA) provided the human monocytes (THP-1 cells) and
HCC cells (HepG2 and MHCC97L cells). All cells were grown in
DMEM (Gibco, MD, USA) mixed with 10% FBS (Gibco) with 5% CO,
at 37°C. For exosome treatment, HCC cells were incubated with
100 pg/ml exosomes for 12 h. Millicell cell culture inserts with a pore
size of 1.0 um (Millipore, MA, USA) were sown at the bottom of 6-
well plates containing M2-TAMs, and 2 x 10° HCC cells were
seeded onto the inserts and cultured for 24 h. Blood was taken from
25 healthy volunteers and used to isolate peripheral blood mono-
nuclear cells (PMBCs) using the Ficoll-Hypaque density gradient
method (Sigma-Aldrich, MO, USA). The EasySep™ Human CD8™" T cell
enrichment Kit (NovoBiotechnology, Beijing, China) was used to
isolate CD8" T cells from PBMCs. All donors provided informed
consent. 10 U/mL IL-2 was used to induce PMBCs, and then co-
cultured with HCC cells for subsequent experiments.

2.3 | The induction and identification of M2 TAMs
To obtain MO macrophages, THP-1 cells were incubated with 100 ng/
mL PMA (Sigma-Aldrich) for 24 h. Macrophages were polarized in M2
macrophages by incubation with 20 ng/mL interleukin (IL)-4 and IL-
13 (R&D Systems, IL, USA). The markers (CD206, CD163 and

CCL22) were verified using flow cytometry and western blot.

2.4 | Cell transfection

GenePharma (Shanghai China) also provide the short hairpin RNAs (sh-
NEAT1 and sh-KLF5), the overexpression plasmid of galectin-3 (oe-
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Gal-3) and their negative controls. When the cell density reached 50%-
70%, cells were transfected with the vectors using Lipofectamine 3000
(Invitrogen, CA, USA). After transfection for 48 h, RNA was collected
for qRT-PCR to verify the transfection efficiency.

2.5 | Cell counting kit-8 (CCK-8) assay

Cells were cultured in 96-well plates (5 x 102 cells/well) for 24 h and
treated for 3 h with 10 uL CCK-8 solution (Sangon, Shanghai, China).
The absorbance at 450 nm was recorded on a microplate reader
(BioTex, TX, USA). All experiments were biologically repeated at least
three times.

2.6 | Flow cytometry

Cell concentration was diluted to 1 x 107/mL using PBS containing
10% FBS. Cells were then stained for 30 min with anti-CD8 (Abcam,
Cambridge, UK, 1:500, ab217344) and anti-LAG3 (Abcam, 1:500,
ab16074) in the dark. Following two washes, cells were suspended in
2 mL PBS containing 10% FBS and analyzed using flow cytometry
(BD, NJ, USA).

2.7 | Isolation and identification of exosomes
Exosomes were extracted using ExoQuick-TC (System Bioscience,
CA, USA). The markers (CD81, CD63 and TSG101) were verified
using flow cytometry. To determine the size, the exosomes were
submitted to NTA (Malvern Panalytical, Malvern, UK). Exosomes
were loaded and treated for 1 min with phosphotungstic acid (Sigma-
Aldrich) before being examined using transmission electron micro-
scopy (TEM) (HITACHI, Tokyo, Japan).

2.8 | Exosome labeling and uptake

Exosomes resuspended in Diluent C were treated for 4 min with 4 pL
PKH67 dye (Sigma-Aldrich). HCC cells were incubated with labeled
exosomes for 12 h. After that, the HCC cells were incubated with
iFluor 555 WGA (Solarbio, Beijing, China) working solution at 37°C
for 20 min. Then cells were fixed, labeled with DAPI and imaged using

laser scanning confocal microscopy (Olympus, Tokyo, China).

2.9 | Transwell assay

Cells were harvested and resuspended in serum-free medium and then
seeded onto the upper chamber (BD, NJ, USA) at a density of 1 x 10*
cells, whereas the bottom chamber was filled with DMEM containing
10% FBS (1000 uL). After 12 h, cells on the top chamber were removed,

INTERNATIONAL 3 of 13
Ssu -WILEY

SOCIETY

(@

whereas cells on the surface of the lower chamber were fixed with 0.5%

crystal violet. A microscope (Olympus) was used to image cells.

2.10 | Enzyme linked immunosorbent assay (ELISA)
Interferon (IFN)y level in PBMCs was detected by the ELISA kits
purchased from Abcam (ab174443). All operations were carried out
in strict accordance with the manuals. The OD values were recorded

at 450 nm and analyzed by Origin 9.5 software.

2.11 | Quantitative real-time polymerase chain
reaction (qQRT-PCR)

Total RNA was extracted using Trizol reagent (Invitrogen), and the
NanoDrop 2000 was applied for RNA concentration and quality
quantification. Total RNA (1 pg) was reversely transcribed into cDNA
with PrimeScript™ RT Kit (Takara, Tokyo, Japan) and subjected to
gRT-PCR assay using SYBR Green Master Mix (Takara). As the
reference gene, GAPDH was employed. The relative quantification
for target genes was calculated using the 2722¢T method. The
primers used in the study were listed as follows (5'-3'):

NEAT1 (F): GGCACAAGTTTCACAGGCCTACATGGG.

NEAT1 (R): GCCAGAGCTGTCCGCCCAGCGAAG.

GAPDH (F): AGGTCGGTGTGAACGGATTTG.

GAPDH (R): GGGGTCGTTGATGGCAACA.

2.12 | Western blot

A BCA kit from Beyotime (Shanghai, China) was used to measure the
proteins after they had been separated using RIPA (Beyotime).
Subsequently, total protein (20 pg) was isolated by 10% SDS-PAGE
and transferred to a PVDF membrane (Millipore). The membranes
were blocked and incubated with antibodies against KLF5 (Abcam,
1:1000, ab137676), galectin-3 (Abcam, 1:5000, ab76245), CD206
(Abcam, 1:2000, ab64693), CD163 (Abcam, 1:1000, ab182422),
CCL22 (Abcam, 1:1000, ab9847), CD81 (Abcam, 1:1000, ab79559),
CD63 (Abcam, 1:1000, ab134045), TSG101 (Abcam, 1:1000,
ab125011) and GAPDH (Abcam, 1:5000, ab8245), overnight, then
hybridized for 60 min with the secondary antibody (ab7090). The
bands were examined by ECL (Beyotime). The grayscale of those

protein bands was analyzed by using Image J.

2.13 | RNA binding protein immunoprecipitation
(RIP) assay

The total RNA was incubated with KLF5 antibody (Abcam, 1:30,
ab137676) or IgG antibody (Abcam, 1:100, ab109489) and treated
for 1 h with protein A/G magnetic beads (Thermo Fisher Scientific).
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RNA was purified from the RNA-bead-antibody complex and

analyzed using qRT-PCR.

2.14 | RNA pull-down assay

NEAT1-sense or NEAT1-antisense RNA was transcribed, biotin-
labeled (Roche, Mannheim, Germany) and purified. In the gentle
lysis buffer containing 80 U/mL RNasin (Promega), about 2 x 10’
cells were lysed. Cell extract was incubated with biotinylated RNA
for 1 h, followed by incubation with washed streptavidin-coupled
agarose beads (Invitrogen) for 1 h. Beads were washed, and the

retrieved protein was assessed using western blot.

2.15 | Dual-luciferase reporter assay

LGALS3 promoter fragments containing KLF5 binding site (LGALS3-
WT) or the mutated binding site (LGALS3-MUT) were amplified by
PCR and inserted into the pGL3 reporter plasmids (Promega, WI,
USA). Then, cells were co-transfected with LGALS3-WT or LGALS3-
MUT plasmids and oe-NC or oe-KLF5 using Lipofectamine™ 3000,

and the luciferase activity was subsequently tested.

2.16 | Chromatin immunoprecipitation (ChIP) assay
Cells were fixed with 1% formaldehyde for 5 min to induce DNA-
protein cross-linking. The cell lysate was then ultrasonically treated
to produce chromatin fragments, and incubated with anti-KLF5
(Abcam, 1:60, ab277773) or anti-lgG (Abcam, 1:100, ab172730) at
4°C overnight. DNA that binds to KLF5 was immunoprecipitated
using Pierce protein A/G beads (Thermo Fisher Scientific), and the
cross-linking was eliminated. The precipitated DNA was then
analyzed using agarose gel electrophoresis.

2.17 | Animal experiments

4 week-old male C57BL/6 mice were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd (Beijing, China), and
randomized into the control group, M2-exo group and M2-exo-
shNEAT1 group, with a total of five mice in each group. For xeno-
graft studies, HepG2 and HCCLM3 cells (5 x 10° cells per mouse)
were injected subcutaneously into the right flanks of mice. Every
5 days, measurements of the size of the tumor were recorded, and
the volume of the tumor was determined by applying the following
formula: lengthxwidth? x 0.52. Starting on day 7, the tumor-
implanted mice received intraperitoneal injections of either M2-exo
(40 mg/kg), M2-exo-shNEAT1 (40 mg/kg), or saline every three
days, and they were euthanized 30 days after the initial injection. The
Hainan Provincial People's Hospital Medical Ethics Committee

authorized and oversaw the study.

2.18 | Immunohistochemistry (IHC)

Following deparaffinization and antigen retrieval (Dako, CA, USA),
the tumor tissue slices were then blocked and incubated overnight
with antibodies against KLF5 (Abcam, 1:200, ab137676) and
galectin-3 (Abcam, 1:250, ab76245). The sections were then treated
for 1 h with the secondary antibody (Abcam, 1:500, ab150077). The
sections reacted with DAB solution, stained with hematoxylin, dried,
and sealed with neutral gum. The photos were captured with an
Olympus microscope (Tokyo, Japan).

2.19 | Statistical analysis

All experimental data were analyzed using GraphPad Prism8 statis-
tical software and presented as the mean + SD. Data between two
groups were compared by student's t-test, and data among multiple
groups were analyzed by one-way ANOVA with Tukey's multiple
comparisons test. p < 0.05 was considered as a statistically significant

difference. All experiments were repeated at least 3 times.

3 | RESULTS

3.1 | NEAT1, KLF5 and galectin-3 were highly
expressed in HCC clinical samples

10 HCC tumor specimens and adjacent normal tissues were collected
from HCC patients post-operatively. NEAT1 was considerably over-
expressed in HCC tissues relative to adjacent normal tissues, as seen
in Figure 1A. Furthermore, KLF5 and galectin-3 protein levels in HCC
tissues were significantly higher than in adjacent normal tissues
(Figures 1B and S1A). Collectively, NEAT1, KLF5, and galectin-3 were
overexpressed in HCC tissues.

3.2 | M2-TAMs promoted HCC progression

M2-TAMs have been reported to have clear cancer-promoting func-
tions.2® Herein, THP-1 cells were treated for 24 h with 100 ng/mL PMA
to generate MO macrophages, which were subsequently incubated
with 20 ng/mL IL-4 and IL-13 to generate M2-TAMs. As shown in
Figures 2A-B, M2-TAMs presented higher levels of M2 markers
(CD206, CD163 and CCL22) than the MO macrophages group. In
addition, NEAT1 was markedly upregulated in M2-TAMs compared
with MO macrophages (Figure 2C). We subsequently co-treated HCC
cells with M2-TAMs, and HCC cells in the control group were cultured
in an ordinary culture medium. In addition, MO-TAMs were used as the
negative control. Functional experiments showed that M2-TAM
treatment remarkably facilitated HCC cell viability and migration
compared with the control and MO-TAMs groups (Figure 2D-E). It also
turned out that NEAT1 expression in HCC cells was significantly
elevated by M2-TAMs treatment (Figure 2F). Collectively, NEAT1 was
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FIGURE 1 NEAT1, KLF5 and galectin-3 were highly expressed in HCC clinical samples. HCC tumor tissues and adjacent normal tissues
were collected from diagnosed HCC patients. (A) NEAT1 expression in tissues was detected by qRT-PCR (n = 10). (B) Western blot was
employed to determine KLF5 and galectin-3 protein levels in tissues (n = 5). The measurement data were presented as mean + SD. All data
was obtained from at least three replicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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overexpressed in M2-TAMs, and M2-TAMs treatment could promote

HCC cell viability and migration.

3.3 | Extraction and identification of M2-TAM-
derived exosomes

Exosomes were isolated from M2-TAMs. Exosomes possessed
distinctive morphological properties under TEM and a size of 55-
150 nm, the polydispersity index is 0.36 + 0.05, and the zeta po-
tential is —22.73 & 0.91 mV (Figure 3A-B). Results from western blot
subsequently demonstrated that exosomes were CD81", CD63", and
TSG101" (Figure 3C). It was found that NEAT1 was both highly
expressed in M2-TAMs and M2-TAM-derived exosomes (M2-exo).
Moreover, compared with the M2-exo group, the level of NEAT1 in
M2-TAM was higher. However, NEAT1 was observed lowly
expressed in both MO-TAMs and MO-exo (Figure 3D). After incuba-
tion with HCC cells, PKH67-labelled exosomes presented red fluo-
rescence in HCC cells (Figure 3E), showing that exosomes could be
taken up by HCC cells. Taken together, exosomes were successfully
isolated from M2-TAMs.

3.4 | M2-TAM-derived exosomal NEAT1 promoted
immune escape in HCC

To probe the role of NEAT1 in M2-exo-mediated the effect on HCC
progression, we induced NEAT1 silencing in M2-TAMs. NEAT1

A B

expression in M2-TAMs and M2-exos was markedly reduced after
sh-NEAT1 transfection (Figure 4A). HCC cells were subsequently
incubated with exosomes derived from M2-TAMs transfected with
sh-NC or sh-NEAT1. It turned out that M2-exos treatment increased
NEAT1 expression in HCC cells, while this change was eliminated by
NEAT1 knockdown (Figure 4B). In addition, NEAT1 silencing
reversed the promoting effect of M2-exos on HCC cell viability and
migration (Figure 4C-D). The EasySep™ Human CD8™" T cell enrich-
ment Kit was used to isolate CD8" T cells from PBMCs, and CD8" T
cells were co-cultured with the above-grouped HCC cells. Our results
showed that M2-exos treatment inhibited the activation of
perforintCD8™" T cells, whereas this effect was abolished by NEAT1
downregulation (Figure 4E). Additionally, IFNy level in CD8" T cells
was decreased by M2-exos treatment, which was abrogated by
NEAT1 knockdown (Figure 4F). Moreover, M2-exos treatment
inhibited the inhibitory effect of CD8" T cell co-culture on HCC cell
vitality while this effect was abolished by NEAT1 downregulation
(Figure 4G). Taken together, M2-exos prompted HCC immune escape
by carrying NEAT1.

3.5 | KLF5 directly bound to NEAT1 and galectin-3
As revealed by RIP and RNA pull-down assays, NEAT1 directly
interacted with KLF5 (Figure 5A-B). In addition, using the JASPAR
database, it was predicted that KLF5 had potential binding sites on
the LGALS3 promoter (Figure 5C). ChIP results further showed that
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FIGURE 4 M2-TAM-derived exosomal NEAT1 prompted HCC immune escape. (A) M2-TAMs were transfected with sh-NC or sh-NEAT1,
and NEAT1 expression in M2-TAMs and M2-exos was assessed by gRT-PCR. HCC cells were incubated with exosomes derived from M2-
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detect HCC cell viability. (D) Cell migration was measured by Transwell assays (Scale bars = 100 um). CD8™ T cells isolated from PBMCs were
co-cultured with the above-grouped HCC cells. (E) The activation of perforintCD8" T cells was measured by flow cytometry. (F) IFNy level in
CD8™ T cells was examined using ELISA. (G) CCK8 assay was employed to detect HCC cell viability. The measurement data were presented as
mean =+ SD. All data was obtained from at least three replicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

MUT (Figure 5E). All the above results suggested that KLF5 tran-
In summary, both NEAT1 and

galectin-3 are directly bound with KLF5.

anti-KLF5 antibody could significantly enrich the LGALS3 promoter
in HCC cells (Figure 5D). Meanwhile, KLF5 overexpression boosted
the luciferase activity of LGALS3-WT but had no impact on LGALS3-

scriptionally activated galectin-3.
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3.6 | M2-TAM-derived exosomal NEAT1
upregulated galectin-3 by recruiting KLF5 to promote
immune escape in HCC

To investigate the interaction between NEAT1, KLF5, and galectin-3
in M2-exo-mediated effect on HCC immune escape, HCC cells were
treated with M2-exos combined with sh-KLF5 and oe-Gal-3 co-
transfection. As shown in Figure 6A, M2-exos treatment signifi-
cantly elevated NEAT1 expression in HCC cells, and sh-KLF5 and
oe-Gal-3 transfection had no significant effect on NEAT1 expres-
sion. In addition, KLF5 knockdown reduced the viability and prolif-
eration of HCC cells. Galectin-3 overexpression and M2-exos
alleviated the inhibition of KLF5 downregulation on the viability and
proliferation of HCC cells. M2-exos could further promote cell
viability and proliferation in sh-KLF5 and oe-GI3 co-transfected
HCC cells (Figure 6B-C). Moreover, the upregulation of galectin-3
rescued the galectin-3 level inhibited by sh-KLF5 but had no ef-
fect on the KLF5 level. M2-exos alleviated the inhibition of KLF5

knockdown on the expressions of KLF5 and galectin-3, and galectin-

3 overexpression further upregulated galectin-3 level in sh-KLF5
and M2-exos co-treated HCC cells (Figure 6D). Isolated CD8" T
cells from PBMCs were co-cultured with the above-grouped cells. It
turned out that KLF5 knockdown increased the activation of
perforintCD8" T cells, galectin-3 overexpression or M2-exos
treatment alleviated the promotion of KLF5 downregulation on
the activation of perforintCD8" T cells, and further enhanced by
M2-exos (Figure 6E). Furthermore, KLF5 silencing increased IFNy
level in CD8" T cells, whereas M2-exos and galectin-3 over-
expression reversed the above effects. Galectin-3 overexpression
further downregulated the level of IFNy in CD8" T cells, which co-
cultured with KLF5 knockdown and M2-exos co-induced HCC cells
(Figure 6F). It also turned out that KLF5 silencing enhanced the
inhibitory effect of CD8" T cells on HCC cell vitality, whereas M2-
exos and galectin-3 overexpression reversed the above effect, and
galectin-3 overexpression further increased cell vitality in M2-exos
and sh-KLF5 co-treated HCC cells (Figure 6G). In conclusion, M2-
TAM-derived exosomal NEAT1 increased galectin-3 expression by

recruiting KLF5 to promote HCC immune escape.
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3.7 | M2-TAM-derived exosomal NEAT1 promoted
HCC tumor growth in vivo

For xenograft studies, HCC tumor-bearing mouse models were
established. Starting on day 7, the tumor-implanted mice were
treated with M2-exo, M2-exo-sh-NEAT1, or saline every 3 days. As
shown in Figures 7A-C, M2-exo treatment markedly inhibited tu-
mor growth, whereas this effect was abolished by NEAT1 down-
regulation. Additionally, the level of CD8 in tumor tissues was
significantly reduced by M2-exo treatment, whereas this change
was eliminated by NEAT1 knockdown (Figure 7D). Collectively,
M2-TAM-derived exosomal NEAT1 promoted HCC tumor growth in
mice.

4 | DISCUSSION

HCC is the most common type of primary liver cancer in the world.?®
Immune escape, which refers to the acquired ability of HCC cells to
avoid immune-mediated lysis, is a significant element in HCC devel-
opment.?” Repressing the immune escape of HCC cells might be a
viable HCC treatment method. The current study found that M2-
TAM-derived exosomal NEAT1 increased galectin-3 expression by

recruiting KLF5 to promote HCC immune escape.

The M1/M2 macrophage paradigm acts as a key part of tumor
development. M1 macrophages have traditionally been thought to be
anti-tumor, but M2-polarized macrophages contribute to a variety of
pro-tumorigenic outcomes in cancer, including immune suppres-
sion.?® In addition, M2-TAMs infiltration usually suppresses the im-
mune system and promotes cancer cell immune escape.?’ Herein, it
was observed that M2-TAMs promoted HCC cell proliferation,
migration and immune escape. Exosomes are small vesicles with
phospholipid bilayers that serve as essential intercellular communi-
cation mediators.*® M2-TAM-secreted exosome transfer proteins,
IncRNA, lipids and other molecules through the TME, endow cancer
cells with different phenotypes, and contribute to immune escape.?’
As evidence, M2-TAM-derived exosomal LINC01232 induced im-
mune escape in glioma.29 It has been widely illustrated that NEAT1
plays a key role in promoting tumorigenesis.'*3* NEAT1 is a key
player in regulating immunity, including T cell activation.3? Notably, it
was reported by Yi et al. that NEAT1 was a risk factor facilitating
immune evasion in glioblastoma.®® In the current study, it was
observed that NEAT1 was highly expressed in M2-TAMs and M2-
exos. NEAT1 silencing reversed the promoting effect of M2-exos
on HCC cell viability, migration and immune escape. Collectively,
M2-TAMs promoted HCC immune escape by carrying NEAT1.

KLF5 is a critical oncogenic transcription factor in malig-

nancies.'® Increasing evidence suggests that KLF5 can reshape the
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TME.®* A previous study described that KLF5 deletion could promote
anti-tumor immunity by enhancing the proliferation and function of
CD4" and CD8* T cells.!? In the current research, it turned out that
KLF5 was highly expressed in HCC cells. More importantly, NEAT1
directly interacted with KLF5. KLF5, being an efficient transcription
factor, can recognize the GCCCGCCC pattern in gene promoters.
Using the JASPAR database, we predicted KLF5 binding sites in the
LGALS3 promotor region. It was subsequently confirmed that KLF5
could bind to the LGALS3 promotor and activate its transcriptional
program. Galectin-3 is proven to be a carbohydrate-binding protein
with regulatory involvement in tumor growth and metastatic pro-
cesses.>> Notably, galectin-3 overexpression was correlated with
HCC metastasis and poor prognosis.® The structural complexity of
galectin-3 allows it to bind with multiple molecules in the extra-
cellular and intracellular milieu via protein-protein and/or protein-
carbohydrate interactions and control several signaling pathways,
some of which appear to be oriented at immune escape.®>” Along
with PD-1 and CTLA-4, LAG3 is the most promising immune
checkpoint. A high LAG3 level facilitates tumor development by
suppressing the immune microenvironment.® It has been exten-
sively reported that galectin-3 presents an immunosuppressive
function in cancers by binding to LAG3.2% For example, galectin-3
upregulation promoted immune escape in cancer by inhibiting
CD8 T cells through binding to LAG3.2* Our results showed that
M2-TAM-derived exosomal NEAT1 upregulated galectin-3 in HCC
cells by recruiting KLF5. As expected, KLF5 knockdown in HCC
cells promoted T cell activation and prevented M2-exos-induced
HCC immune escape, whereas galectin-3 upregulation eliminated
these effects mediated by KLF5 knockdown. All our results revealed
that M2-TAM-derived exosomal NEAT1 upregulated galectin-3 in
HCC cells by recruiting KLF5 to promote T cell depletion and
contribute to HCC immune escape.

In conclusion, our research study proved that M2-TAM-derived
exosomal NEAT1 promoted immune escape in HCC by upregulating
galectin-3 by recruiting KLF5. These findings lay the theoretical
groundwork for the development of innovative HCC treatments. But
our research also has certain insufficiency. We didn't perform animal
experiments to verify our experimental conclusion in vivo. We will
conduct animal experiments in the future to make our research

conclusions more credible.

AUTHOR CONTRIBUTIONS

Wei Yuan: Conceptualization; formal analysis; investigation; meth-
odology; validation; visualization; writing—original draft. Qigang Sun:
Conceptualization; data curation; investigation; methodology; vali-
dation; visualization; writing—original draft. Xiaodan Zhu: Data
curation. Bo Li: Formal analysis. Yongping Zou: Conceptualization;
funding acquisition; project administration; supervision; writing—
original draft; writing—review & editing. Zhehao Liu: Resources;

software.

INTERNATIONAL 11 of 13
sy -WILEY

SOCIETY

(@]

ACKNOWLEDGMENTS
This work was supported by Hainan Provincial Natural Science
Foundation of China (822MS172).

CONFLICT OF INTEREST STATEMENT
All authors agree with the presented findings, have contributed to

the work, and declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
All data generated or analyzed during this study are included in this
published article.

ETHICS STATEMENT
The Ethics Committee at Hainan General Hospital, Hainan Affiliated
Hospital of Hainan Medical University approved this study, and all

subjects signed informed permission.

ORCID

Yongping Zou https://orcid.org/0009-0006-7187-4743

REFERENCES

1. Sung, Hyuna, Jacques Ferlay, Rebecca L. Siegel, Mathieu Laversanne,
Isabelle Soerjomataram, Ahmedin Jemal, and Freddie Bray. 2021.
“Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence
and Mortality Worldwide for 36 Cancers in 185 Countries.” Ca - a
Cancer Journal for Clinicians 71(3): 209-49. https://doi.org/10.3322/
caac.21660.

2. Li, Ya, Zhenwei Song, Qiuju Han, Huajun Zhao, Zhaoyi Pan, Zhen-
gyang Lei, and Jian Zhang. 2022. “Targeted Inhibition of STAT3 In-
duces Immunogenic Cell Death of Hepatocellular Carcinoma Cells
via Glycolysis.” Molecular Oncology 16(15): 2861-80. https://doi.org/
10.1002/1878-0261.13263.

3. Shi, Yue, Xiaoping Men, Xueting Li, Zhicun Yang, and Hongjuan Wen.
2020. “Research Progress and Clinical Prospect of Immunocyto-
therapy for the Treatment of Hepatocellular Carcinoma.” Interna-
tional Immunopharmacology 82: 106351. https://doi.org/10.1016/j.
intimp.2020.106351.

4. Yu, Zhenyu, Hui Zhao, Xiao Feng, Haibo Li, Chunhui Qiu, Xiaomeng
Yi, Hui Tang, and Jianwen Zhang. 2019. “Long Non-coding RNA
FENDRR Acts as a miR-423-5p Sponge to Suppress the Treg-
Mediated Immune Escape of Hepatocellular Carcinoma Cells.” Mo-
lecular Therapy - Nucleic Acids 17: 516-29. https://doi.org/10.1016/j.
omtn.2019.05.027.

5. Xu, Jing, X.-Yuan Liu, Qi Zhang, Hua Liu, Peng Zhang, Zi-Bin Tian, C.-
Ping Zhang, and X.-Yu Li. 2021. “Crosstalk Among YAP, LncRNA, and
Tumor-Associated Macrophages in Tumorigenesis Development.”
Frontiers Oncology 11: 810893. https://doi.org/10.3389/fonc.2021.
810893.

6. Yin, Lili, and Yu Wang. 2023. “Extracellular Vesicles Derived from
M2-Polarized Tumor-Associated Macrophages Promote Immune
Escape in Ovarian Cancer through NEAT1/miR-101-3p/ZEB1/PD-
L1 axis.” Cancer Immunology, Immunotherapy : CIl. 72(3): 743-58.
https://doi.org/10.1007/s00262-022-03305-2.

7. Qian, B.-Zhi, and Jeffrey W. Pollard. 2010. “Macrophage Diversity
Enhances Tumor Progression and Metastasis.” Cell 141(1): 39-51.
https://doi.org/10.1016/j.cell.2010.03.014.


https://orcid.org/0009-0006-7187-4743
https://orcid.org/0009-0006-7187-4743
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1002/1878-0261.13263
https://doi.org/10.1002/1878-0261.13263
https://doi.org/10.1016/j.intimp.2020.106351
https://doi.org/10.1016/j.intimp.2020.106351
https://doi.org/10.1016/j.omtn.2019.05.027
https://doi.org/10.1016/j.omtn.2019.05.027
https://doi.org/10.3389/fonc.2021.810893
https://doi.org/10.3389/fonc.2021.810893
https://doi.org/10.1007/s00262-022-03305-2
https://doi.org/10.1016/j.cell.2010.03.014

12 of 13 Wl LEY—@

8.

10.
11.

12.

13.

14.
15.

16.

17.
18.
19.
20.

21.

INTERNATIONAL
CCN

JOURNAL OF CELL COMMUNICATION AND SIGNALING

SOCIETY

Fang, Wenli, Ting Zhou, He Shi, Mengli Yao, Dian Zhang, Husun
Qian, Qian Zeng, et al. 2021. “Progranulin Induces Immune Escape in
Breast Cancer via Up-Regulating PD-L1 Expression on Tumor-
Associated Macrophages (TAMs) and Promoting CD8(+) T Cell
Exclusion.” Journal of Experimental & Clinical Cancer Research : CR
40(1): 4. https://doi.org/10.1186/s13046-020-01786-6.

Zhang, Peiwen, Shuang Wu, Yuxu He, Xinrong Li, Yan Zhu, Xutao Lin,
Lei Chen, et al. 2022. “LncRNA-Mediated Adipogenesis in Different
Adipocytes.” International Journal of Molecular Sciences 23(13): 7488.
https://doi.org/10.3390/ijms23137488.

Ghafouri-Fard, Soudeh, Mohammadhosein Esmaeili, and Mohammad
Taheri. 2020. “H19 IncRNA: Roles in Tumorigenesis.” Biomedicine &
Pharmacotherapy = Biomedecine & Pharmacotherapie 123: 109774.
https://doi.org/10.1016/j.biopha.2019.109774.

Liu, Z. Z,, Y. F. Tian, H. Wu, S. Y. Ouyang, and W. L. Kuang. 2020.
“LncRNA H19 Promotes Glioma Angiogenesis through miR-138/
HIF-1a/VEGF axis.” Neoplasma 67(1): 111-8. https://doi.org/10.
4149/neo0_2019_190121n61.

Li, Juan, Hui Meng, Yun Bai, and Kai Wang. 2016. “Regulation of
IncRNA and its Role in Cancer Metastasis.” Oncology Research 23(5):
205-17. https://doi.org/10.3727/096504016x14549667334007.
Kou, J. T., J. Ma, J. Q. Zhu, W. L. Xu, Z. Liu, X. X. Zhang, et al. 2020.
“LncRNA NEAT1 Regulates Proliferation, Apoptosis and Invasion of
Liver Cancer.” European Review for Medical and Pharmacological Sci-
ences 24(8): 4152-60.

Azizidoost, Shirin, Farhoodeh Ghaedrahmati, Omid Anbiyaee, Riyadh
Ahmad Ali, Maryam Cheraghzadeh, and Maryam Farzaneh. 2022.
“Emerging Roles for INcRNA-NEAT1 in Colorectal Cancer.” Cancer
Cell International 22(1): 209. https://doi.org/10.1186/512935-022-
02627-6.

Pan, Junping, Yingzhe Hu, Chenlu Yuan, Yafu Wu, and Xinhua Zhu.
2022. “IncRNA NEAT1 Promotes the Proliferation and Metastasis of
Hepatocellular Carcinoma by Regulating the FOXP3/PKM2 axis.”
Frontiers Oncology 12: 928022. https://doi.org/10.3389/fonc.2022.
928022.

Luo, Yao, and Ceshi Chen. 2021. “The Roles and Regulation of the
KLF5 Transcription Factor in Cancers.” Cancer Science 112(6): 2097~
117. https://doi.org/10.1111/cas.14910.

An, Tingting, Tianxiu Dong, Haoxin Zhou, Yaodong Chen, Jiuwei
Zhang, Yu Zhang, Zizhuo Li, and Xiuhua Yang. 2019. “The Tran-
scription Factor Krippel-like Factor 5 Promotes Cell Growth and
Metastasis via Activating PI3SK/AKT/Snail Signaling in Hepatocellu-
lar Carcinoma.” Biochemical and Biophysical Research Communications
508(1): 159-68. https://doi.org/10.1016/j.bbrc.2018.11.084.

Liang, Hao, Huiping Sun, Jinfeng Yang, and Chun Yi. 2018. “miR-145-
5p Reduces Proliferation and Migration of Hepatocellular Carci-
noma by Targeting KLF5.” Molecular Medicine Reports 17(6): 8332-8.
https://doi.org/10.3892/mmr.2018.8880.

Wu, Qi, Zhou Liu, Zhijie Gao, Yao Luo, Fubing Li, ChuanYu Yang,
Tiantian Wang, et al. 2023. “KLF5 Inhibition Potentiates Anti-PD1
Efficacy by Enhancing CD8(+) T-cell-dependent Antitumor Immu-
nity.” Theranostics 13(4): 1381-400. https://doi.org/10.7150/thno.
82182.

Ma, Pei, Yutian Pan, Fan Yang, Yuan Fang, Weitao Liu, Chenhui Zhao,
Tao Yu, et al. 2020. “KLF5-Modulated IncRNA NEAT1 Contributes
to Tumorigenesis by Acting as a Scaffold for BRG1 to Silence
GADDA45A in Gastric Cancer.” Molecular Therapy - Nucleic Acids 22:
382-95. https://doi.org/10.1016/j.omtn.2020.09.003.

Nakahara, S., N. Oka, and A. Raz. 2005. “On the Role of Galectin-3 in
Cancer Apoptosis.” Apoptosis : An International Journal on Programmed
Cell Death 10(2): 267-75. https://doi.org/10.1007/5s10495-005-
0801-y.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Chen, Xing, Chunyu Yu, Xinhua Liu, Beibei Liu, Xiaodi Wu, Jiajing
Wu, Dong Yan, et al. 2022. “Intracellular Galectin-3 Is a Lipopoly-
saccharide Sensor that Promotes Glycolysis through mTORC1
Activation.” Nature Communications 13(1): 7578. https://doi.org/10.
1038/s41467-022-35334-x.

Huo, J.-Ling, Ya-Tao Wang, W.-Jia Fu, Nan Lu, and Z.-Suo Liu. 2022.
“The Promising Immune Checkpoint LAG-3 in Cancer Immuno-
therapy: from Basic Research to Clinical Application.” Frontiers in
Immunology 13: 956090. https://doi.org/10.3389/fimmu.2022.
956090.

Kouo, Theodore, Langing Huang, Alexandra B. Pucsek, Minwei Cao,
Sara Solt, Todd Armstrong, and Elizabeth Jaffee. 2015. “Galectin-3
Shapes Antitumor Immune Responses by Suppressing CD8+ T
Cells via LAG-3 and Inhibiting Expansion of Plasmacytoid Dendritic
Cells.” Cancer Immunology Research 3(4): 412-23. https://doi.org/10.
1158/2326-6066.cir-14-0150.

Liu, Qing, Chaogang Yang, Shuyi Wang, Dongdong Shi, Chen Wei,
Jialin Song, Xiaobin Lin, et al. 2020. “Wnt5a-induced M2 Polarization
of Tumor-Associated Macrophages via IL-10 Promotes Colorectal
Cancer Progression.” Cell Communication and Signaling : CCS 18(1):
51. https://doi.org/10.1186/s12964-020-00557-2.

Ren, Zhigang, Xiaochao Ma, Zhenfeng Duan, and Xinhua Chen. 2020.
“Diagnosis, Therapy, and Prognosis for Hepatocellular Carcinoma.”
Analytical Cellular Pathology 2020: 8157406. https://doi.org/10.
1155/2020/8157406.

Zan, Jie, Xuya Zhao, Xiya Deng, Hongda Ding, Bi Wang, Minyi Lu,
Zijing Wei, Zhi Huang, and Shuai Wang. 2021. “Paraspeckle Pro-
motes Hepatocellular Carcinoma Immune Escape by Sequestering
IFNGR1 mRNA.” Cellular And Molecular Gastroenterology And Hep-
atology 12(2): 465-87. https://doi.org/10.1016/j.jcmgh.2021.
02.010.

Boutilier, Ava J., and Sherine F. Elsawa. 2021. “Macrophage Polari-
zation States in the Tumor Microenvironment.” International Journal
of Molecular Sciences 22(13): 6995. https://doi.org/10.3390/
iims22136995.

Li, Junjun, Keshan Wang, Chao Yang, Kai Zhu, Cheng Jiang, Minjie
Wang, Zijie Zhou, et al. 2023. “Tumor-Associated Macrophage-
Derived Exosomal LINC01232 Induces the Immune Escape in Gli-
oma by Decreasing Surface MHC-I Expression.” Advanced Science
10(17): e2207067. https://doi.org/10.1002/advs.202207067.
Kalluri, Raghu, and Valerie S. LeBleu. 2020. “The Biology, Function,
and Biomedical Applications of Exosomes.” Science (New York, N.Y.)
367(6478). https://doi.org/10.1126/science.aaué977.

Park, Mi Kyung, Li Zhang, K.-Won Min, J.-Hyun Cho, C.-Chen Yeh,
Hyesu Moon, Daniel Hormaechea-Agulla, et al. 2021. “NEAT1 Is
Essential for Metabolic Changes that Promote Breast Cancer
Growth and Metastasis.” Cell Metabolism 33(12): 2380-97.e9.
https://doi.org/10.1016/j.cmet.2021.11.011.

Chen, Wenxiu, Shuna Liu, and Fang Wang. 2021. “Potential Impact
and Mechanism of Long Non-coding RNAs on Cancer and Associated
T Cells.” Journal of Cancer 12(16): 4873-82. https://doi.org/10.7150/
jca.58859.

Yi, Kaikai, Xiaoteng Cui, Xing Liu, Yunfei Wang, Jixing Zhao, Shixue
Yang, Can Xu, et al. 2021. “PTRF/Cavin-1 as a Novel RNA-Binding
Protein Expedites the NF-Kb/pd-L1 Axis by Stabilizing IncRNA
NEAT1, Contributing to Tumorigenesis and Immune Evasion in
Glioblastoma.” Frontiers in Immunology 12: 802795. https://doi.org/
10.3389/fimmu.2021.802795.

Wei, Ruozheng, Yuning Zhou, Chang Li, Piotr Rychahou, Shulin
Zhang, William B. Titlow, Greg Bauman, et al. 2022. “Ketogenesis
Attenuates KLF5-dependent Production of CXCL12 to Overcome
the Immunosuppressive Tumor Microenvironment in Colorectal


https://doi.org/10.1186/s13046-020-01786-6
https://doi.org/10.3390/ijms23137488
https://doi.org/10.1016/j.biopha.2019.109774
https://doi.org/10.4149/neo_2019_190121n61
https://doi.org/10.4149/neo_2019_190121n61
https://doi.org/10.3727/096504016x14549667334007
https://doi.org/10.1186/s12935-022-02627-6
https://doi.org/10.1186/s12935-022-02627-6
https://doi.org/10.3389/fonc.2022.928022
https://doi.org/10.3389/fonc.2022.928022
https://doi.org/10.1111/cas.14910
https://doi.org/10.1016/j.bbrc.2018.11.084
https://doi.org/10.3892/mmr.2018.8880
https://doi.org/10.7150/thno.82182
https://doi.org/10.7150/thno.82182
https://doi.org/10.1016/j.omtn.2020.09.003
https://doi.org/10.1007/s10495-005-0801-y
https://doi.org/10.1007/s10495-005-0801-y
https://doi.org/10.1038/s41467-022-35334-x
https://doi.org/10.1038/s41467-022-35334-x
https://doi.org/10.3389/fimmu.2022.956090
https://doi.org/10.3389/fimmu.2022.956090
https://doi.org/10.1158/2326-6066.cir-14-0150
https://doi.org/10.1158/2326-6066.cir-14-0150
https://doi.org/10.1186/s12964-020-00557-2
https://doi.org/10.1155/2020/8157406
https://doi.org/10.1155/2020/8157406
https://doi.org/10.1016/j.jcmgh.2021.02.010
https://doi.org/10.1016/j.jcmgh.2021.02.010
https://doi.org/10.3390/ijms22136995
https://doi.org/10.3390/ijms22136995
https://doi.org/10.1002/advs.202207067
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1016/j.cmet.2021.11.011
https://doi.org/10.7150/jca.58859
https://doi.org/10.7150/jca.58859
https://doi.org/10.3389/fimmu.2021.802795
https://doi.org/10.3389/fimmu.2021.802795

JOURNAL OF CELL COMMUNICATION AND SIGNALING

35.

36.

37.

Cancer.” Cancer Research 82(8): 1575-88. https://doi.org/10.1158/
0008-5472.can-21-2778.

Nangia-Makker, Pratima, Victor Hogan, and Avraham Raz. 2018.
“Galectin-3 and Cancer Stemness.” Glycobiology 28(4): 172-81.
https://doi.org/10.1093/glycob/cwy001.

Setayesh, Tahereh, Steven D. Colquhoun, and Yu-Jui Yvonne Wan.
2020. “Overexpression of Galectin-1 and Galectin-3 in Hepatocel-
lular Carcinoma.” Liver Research 4(4): 173-9. https://doi.org/10.
1016/j.livres.2020.11.001.

Fuselier, Camille, Alyssa Dumoulin, Alex Paré, Rita Nehmé, Samy
Ajarrag, Philippine Granger Joly de Boissel, David Chatenet, Nicolas
Doucet, and Yves St-Pierre. 2023. “Placental Galectins in Cancer:

38.

INTERNATIONAL 13 of 13
sy -WILEY

@ SOCIETY

Why We Should Pay More Attention.” Cells 12(3): 437. https://doi.
org/10.3390/cells12030437.

Shi, An-Ping, Xi-Yang Tang, Y.-Lu Xiong, K.-Fu Zheng, Yu-Jian Liu, X.-
Gui Shi, Yao Lv, Tao Jiang, Nan Ma, and J.-Bo Zhao. 2021. “Immune
Checkpoint LAG3 and its Ligand FGL1 in Cancer.” Frontiers in Immu-
nology 12: 785091. https://doi.org/10.3389/fimmu.2021.785091.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Sup-

porting Information section at the end of this article.


https://doi.org/10.1158/0008-5472.can-21-2778
https://doi.org/10.1158/0008-5472.can-21-2778
https://doi.org/10.1093/glycob/cwy001
https://doi.org/10.1016/j.livres.2020.11.001
https://doi.org/10.1016/j.livres.2020.11.001
https://doi.org/10.3390/cells12030437
https://doi.org/10.3390/cells12030437
https://doi.org/10.3389/fimmu.2021.785091

	M2‐polarized tumor‐associated macrophage‐secreted exosomal lncRNA NEAT1 upregulates galectin‐3 by recruiting KLF5 and promo ...
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Clinical sample collection
	2.2 | Cell culture and treatment
	2.3 | The induction and identification of M2 TAMs
	2.4 | Cell transfection
	2.5 | Cell counting kit‐8 (CCK‐8) assay
	2.6 | Flow cytometry
	2.7 | Isolation and identification of exosomes
	2.8 | Exosome labeling and uptake
	2.9 | Transwell assay
	2.10 | Enzyme linked immunosorbent assay (ELISA)
	2.11 | Quantitative real‐time polymerase chain reaction (qRT‐PCR)
	2.12 | Western blot
	2.13 | RNA binding protein immunoprecipitation (RIP) assay
	2.14 | RNA pull‐down assay
	2.15 | Dual‐luciferase reporter assay
	2.16 | Chromatin immunoprecipitation (ChIP) assay
	2.17 | Animal experiments
	2.18 | Immunohistochemistry (IHC)
	2.19 | Statistical analysis

	3 | RESULTS
	3.1 | NEAT1, KLF5 and galectin‐3 were highly expressed in HCC clinical samples
	3.2 | M2‐TAMs promoted HCC progression
	3.3 | Extraction and identification of M2‐TAM‐derived exosomes
	3.4 | M2‐TAM‐derived exosomal NEAT1 promoted immune escape in HCC
	3.5 | KLF5 directly bound to NEAT1 and galectin‐3
	3.6 | M2‐TAM‐derived exosomal NEAT1 upregulated galectin‐3 by recruiting KLF5 to promote immune escape in HCC
	3.7 | M2‐TAM‐derived exosomal NEAT1 promoted HCC tumor growth in vivo

	4 | DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT


