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Abstract

Background: Hepatocellular carcinoma (HCC) is a deadly cancer with a

high global mortality rate, and the downregulation of GATA binding protein

4 (GATA4) has been implicated in HCC progression. In this study,

we investigated the role of GATA4 in shaping the immune landscape

of HCC.

Methods: HCC tumor samples were classified into “low” or “normal/high”

based on GATA4 RNA expression relative to adjacent non-tumor liver

tissues. The immune landscapes of GATA4-low and GATA4-normal/

high tumors were analyzed using cytometry by time-of-flight, bulk/

spatial transcriptomic analyses and validated by multiplex immuno-

fluorescence.

Results: GATA4-low tumors displayed enrichment in exhausted pro-

grammed cell death protein 1+ T cells, immunosuppressive regulatory T

cells, myeloid-derived suppressor cells, and macrophages, highlighting the

impact of GATA4 downregulation on immunosuppression. Spatial and bulk

transcriptomic analyses revealed a negative correlation between GATA4

and C-C Motif Chemokine Ligand 20 (CCL20) expression in HCC. Over-

expressing GATA4 confirmed CCL20 as a downstream target, contributing

to an immunosuppressive tumor microenvironment, as evidenced by

increased regulatory T cells and myeloid-derived suppressor cells in

CCL20-high tumors. Lastly, the reduced expression of GATA4 and higher

expression of CCL20 were associated with poorer overall survival in

patients with HCC, implicating their roles in tumor progression.

Conclusions: Our study reveals that GATA4 downregulation contributes

to an immunosuppressive microenvironment, driven by CCL20-mediated

enrichment of regulatory T cells and myeloid-derived suppressor cells in

HCC. These findings underscore the critical role of GATA4 reduction in

promoting immunosuppression and HCC progression.

INTRODUCTION

Primary liver cancer is the sixth most prevalent cancer
globally, with more than 900,000 cases and approxi-
mately 830,000 deaths reported in 2020, reflecting its
high mortality rate.[1] HCC accounts for 75%–85% of
liver cancer cases, while the rest of the cases are
composed of intrahepatic cholangiocarcinoma (10%–

15%) and other rare types. Several etiologies, such as
HBV and HCV infection, excessive alcohol consump-
tion, and type 2 diabetes, are associated with the
development of HCC.[1] In recent years, immune
checkpoint inhibitor combinations have become the
standard of care for advanced HCC.[2] However,
immunotherapy is highly dependent on the function of
immune cells, which are often suppressed in the HCC
tumor microenvironment (TME).

GATA binding protein 4 (GATA4) is a transcription
factor that is commonly expressed in mesodermal and
endodermal tissues such as the liver and acts as a
master regulator of tissue development and
differentiation.[3] GATA4 has been shown to promote
the senescence-associated secretory phenotype, a key
inflammatory response important for aging and tumor
promotion.[4,5] The frequent loss of GATA4, also a
known tumor suppressor gene, has been reported in
various cancers, including HCC.[3] More than 60% of
HCC cases show a chromosomal structural loss in the
short arm of chromosome 8, where GATA4 was
identified as the key targeted gene.[6] The loss of
GATA4 has been implicated in cancer progression and
malignancy. Conditional deletion of GATA4 allele in a
transgenic murine model produced mice with signifi-
cantly enlarged livers exhibiting fatty liver phenotypes
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and a hepatocyte gene expression profile similar to that
observed in HCC.[6] In addition, a recent study found
that GATA4-mediated senescence-associated secre-
tory phenotype may suppress tumor growth via
enhanced recruitment of cytotoxic CD8 T cells,[7]

suggesting that the loss of GATA4 leads to a poorer
antitumor immune response.

In this study, we aimed to elucidate the immune
landscape of HCC with respect to the expression of
GATA4 in the tumors and to determine how GATA4
shapes the HCC TME.[8,9] Investigating the impact of
GATA4 on the immune landscape of HCC is important
and may provide new insights into the mechanisms of
immunosuppression in HCC with implications for
future immunotherapeutic strategies.

METHODS

Patients and sample processing

All research was conducted in accordance with both
the Declarations of Helsinki and Istanbul. Patient
samples were collected from the National University
Hospital (NUH) Singapore, Singapore General Hospi-
tal (SGH), and National Cancer Centre Singapore
(NCCS), with approval by the NUH and SingHealth
Central Institution Review Board (CIRB) (CIRB Ref:
2018/2112 and 2016/2626). Resected tumor and
adjacent non-tumor liver tissues were obtained from
37 treatment-naive patients with HCC; each provided
written informed consent with the demographic and
clinical characteristics described in Supplemental
Table S1, http://links.lww.com/HC9/B7. Depending on
size, the tumors collected from each patient were
dissected into 2–5 sectors, separated by at least 1 cm
to account for intratumoral heterogeneity.[10] Adjacent
non-tumor liver tissues were at least 2 cm away from
the tumor. Each tissue sector was allocated for
downstream analysis using cytometry by time-of-flight
(CyTOF) and bulk tissue RNA sequencing. Tumor-
infiltrating leukocytes were isolated from resected
HCC tissue by enzymatic digestion with 500 μg/mL
collagenase IV (ThermoFisher, MA) and 50 μg/mL
DNase I (Roche, IN) for 30 minutes at 37 °C. The cells
were stored in liquid nitrogen with 10% DMSO in fetal
bovine serum until further analysis.

Marginal sections (comprising tumor and adjacent
normal tissues) from 2 of the 37 patients matched for
viral status (HBV-negative), stage (TNM stage III)
and grade (Edmonson grade III) were subjected to
spatial RNA sequencing. Concurrently, archival for-
malin-fixed paraffin-embedded (FFPE) tissue micro-
array (TMA) sections from an independent cohort of 49
treatment-naive patients with resected HCC[11] were
used for multiplexed immunofluorescence (mIF), as
described below.

Bulk RNA sequencing of tumor and normal
tissues

Total RNA from tumor tissues was isolated using the
Picopure RNA-Isolation kit (ThermoFisher, MA), and
cDNA was generated using the SMART-Seq v4 Ultra
Low Input RNA Kit for Sequencing (Takara Bio, Shiga,
Japan). With the Nextera XT DNA Library Prep Kit
(Illumina, CA), indexed libraries were created and
multiplexed for 2×101 bp-sequencing. Raw reads were
aligned to the Human Reference Genome hg19
using STAR. The gene-level expected counts were
calculated using RNA-seq by expectation maximiza-
tion v1.3.0 and filtered for protein-coding genes
with > 1 count/million reads in ≥ 5% of the samples.
Bulk RNA sequencing (RNA-seq) data from this
study were deposited in the European Genome-
phenome Archive (EGA) under the accession code:
EGAS00001003814.

GATA4 gene counts in transcripts per million were
obtained for each tissue sample. The fold change (FC)
of GATA4 expression for each tumor sector of each
patient was calculated as FC=Tx / N, where Tx refers
to the tumor sector (x is the number between 1 and 5),
and N refers to the adjacent normal liver tissue of the
same patient. Each tumor sector was then classified as
GATA4 normal or high (norm/high), FC ≥ 0.5 or GATA4
low (low), FC< 0.5.

Analyses of differentially expressed genes (DEGs)
were performed using the R package, Limma, with the
false discovery rate adjusted for multiple testing using
the Benjamini-Hochberg method. Functional pathway
analyses were performed using the Database for
Annotation, Visualization, and Integrated Discovery
pathway analysis v.6.8. Significant pathways (Benja-
mini-Hochberg p-value < 0.05) were filtered out, and
the top ten functional pathways by fold enrichment were
selected for analysis. Known gene markers for tumor
progression or immune functions were further identified
for visualization.

Cytometry by time-of-flight

Isolated immune cells from tumor and normal adjacent
non-tumor liver tissues were stained with 2 CyTOF
panels: lymphoid-centric and myeloid-centric (Supple-
mental Table S2, http://links.lww.com/HC9/B7 and
Supplemental Table S3, http://links.lww.com/HC9/B7)
to capture the respective subsets. Briefly, immune cells
were thawed, stimulated, or unstimulated for 5 hours
with phorbol 12-myristate 13-acetate and ionomycin
(Sigma Aldrich, MO). Brefeldin A and monensin
(eBioscience, CA) were added during the last 3.5 hours
of the incubation. The cells were then washed and
stained with cisplatin viability stain (DVS Sciences, CA)
and anti-human CD45 leukocyte markers conjugated
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with lanthanide metal-89, 115, and 172, respectively, a
triple-barcode system, as described.[12] The barcoded
immune cells were combined and then stained with
antibodies targeting surface markers. The cells were
fixed with 1.6% paraformaldehyde and permeabilized in
100% methanol to permit intracellular antibody staining.
Finally, a DNA intercalator (DVS Sciences, CA) was
added for cellular visualization before analysis using a
Helios mass cytometer (Fludigm, CA).

Single-cell CyTOF data from each panel were
analyzed separately by FlowJo (v.10.8): live single cells
(cisplatin-negative and DNA-intercalator-positive) were
normalized and de-barcoded to each sample file
based on their unique CD45 barcodes as described.[12]

The resulting data was down-sampled to 10,000 live
immune cells for each group for subsequent dimension
reduction and unsupervised clustering using an in-house
developed Extended Polydimensional Immunome Char-
acterization analysis pipeline, which contains the
browser-based R Shiny app “SciAtlasMiner”[13] for data
visualization. Forty-nine clusters were obtained for each
panel using a 7×7 FlowSOM clustering algorithm. The
clusters were then analyzed for enrichment in either
GATA4-Norm/High or -Low for all tumor sectors. Data
were further validated by manual gating using FlowJo
(v.10.8). Owing to limited availability, a subset of the
samples was run on the myeloid-centric panel for
CtyTOF.

Spatial transcriptomics

Sample preparation for analysis of mRNA in 2
FFPE sections (GATA4-norm/high vs. GATA4-low)
was performed using the Visium spatial pipeline
(10X Genomics, CA), according to the manufacturer’s
instructions. Briefly, 5 µm FFPE tissue sections were
deparaffinized by immersion in xylene, followed
by immersion in 100% ethanol, 95% ethanol, 70%
ethanol, and Milli-Q water. The slide was then placed
in a tissue slide cassette, and de-cross-linking buffer
was added to the deparaffinized slide, sealed, and
incubated at 95 °C for 1 hour. The sections were then
subjected to probe hybridization and ligation. The
whole transcriptome probe panel consisted of ~3 pairs
of specific probes for each targeted gene, enabling
hybridization and ligation of each probe pair.

Tissue slides and Visium CytAssist spatial gene
expression slides (10X Genomics, CA) were loaded into
the Visium CytAssist instrument (10X Genomics, CA),
where they were brought near one another. Visium
CytAssist spatial gene expression slides utilize
6.5×6.5 mm capture areas with approximately 5000-
oligonucleotide barcoded spots required to capture
gene expression probes. Gene expression probes were
released from the tissue on CytAssist-enabled RNA
digestion and probe release, allowing capture by

spatially barcoded oligonucleotides present on the slide
surface. Next, the Visium CytAssist spatial gene
expression slide was removed from the Visium CytAs-
sist instrument for downstream library preparation.
Gene expression libraries were generated for each
tissue section for whole transcriptome sequencing.
Spatial barcodes were used to associate the reads
back to the tissue section images for the spatial
mapping of gene expression. Data available on request
from the authors.

Spatial transcriptomics data analysis

The Visium expression matrix for each sample obtained
through the Space Ranger 2.0.1 pipeline (10X Geno-
mics, CA), mapped using the GRCh38-2020-A reference
transcriptome, was processed using Seurat v4.0.4 (Satija
Lab, NY). The Seurat object contains both spot-level
expression data and the associated image of the tissue
slice. Spots containing more than 3 transcripts (unique
molecular identifiers) were defined as valid spots and
processed for downstream analysis. Normalization and
variable gene detection were performed using the
SCTransform function. Spatial gene expression analysis
was carried out using the SpatialFeaturePlot function.
Clustering and uniform manifold approximation and
projection were performed on a Loupe browser (10X
Genomics, CA), and clusters were annotated using the
Deeply Integrated human Single-Cell Omics scEnrich-
ment tool.[14] Specific features (genes) were analyzed
using Seurat 4.0. Normalization was performed using
SCTransform,[15] and gene expression was visualized
using SpatialFeaturePlot.[16]

Multiplexed immunofluorescence

mIF was performed on FFPE TMA sections of tumor
tissues from an independent cohort of 49 patients with
HCC. Two samples of tumor were obtained from each
patient. FFPE sections were deparaffinized and stained
using the OPAL 7-color IHC Kit (Akoya Biosciences,
MA). The primary antibodies used for staining were all
from Abcam, Cambridge, UK (Supplemental Table S4,
http://links.lww.com/HC9/B7): anti-human CD4
(EPR6855), anti-human CD11b (EPR1344), anti-human
CD33 (SP266), anti-human CCL20 (polyclonal), and
anti-human Forkhead box P3 (FoxP3) (236A/E7). The
sections were co-stained with DAPI. Images were
acquired at room temperature using Vectra 3.0 Pathol-
ogy Imaging System Microscope (UPlanSAPO 20x/0.75
objective; Olympus, Tokyo, Japan) with the in-built TMA
imaging pipeline. Unmixing was performed using
InForm v2.1 (Akoya Biosciences, MA), and images
were exported through Imaris v9.1.0 (Bitplane,
Belfast, UK).
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Quantification of CCL20 expression and the densities
of CD4 T cells, Tregs, and myeloid-derived suppressor
cells (MDSCs) was conducted using ImageJ software.
CCL20 expression was quantified as area (mm2 per tumor
core), whereas the densities of CD4 T cells, Tregs, and
MDSCs were quantified as number of cells/mm2 using
average data from 3 to 5 tumor cores from each patient.
Note that 1 mm2 was the area of each tumor core.

Data analysis

Data were analyzed using unpaired Student t test (for
quantitative reverse transcription polymerase chain
reaction), unpaired Mann-Whitney U tests (for CyTOF
and mIF data), chi-squared test (for categorical data)
and Spearman correlation on GraphPad Prism 9.3.1.
Two-tailed p-values were reported. Identification and
visualization of the GATA4 binding site on the CCL20
promoter in the HepG2 cell line was performed using
Cistrome DB, a chromatin immunoprecipitation
sequencing database.[17,18]

Kaplan-Meier analysis of overall survival (OS) of
patients with the Cancer Genome Atlas (TCGA) (liver
cancer; n= 364) was performed using the KMplot.[19]

The best-performing threshold was selected as the
cutoff[20] based on the tissue expression. The cutoff
values for GATA4 and CCL20 were 946 (range of
expression: 68–6067) and 286 (range of expression:
0–28,000), respectively. Additionally, we classified the
TCGA cohort into GATA4-low or GATA4-high groups
based on median GATA4 expression and investigated
the OS of patients with high versus low CCL20
expression in both groups separately. The cutoff values
for CCL20 were 351 (range of expression: 0–28,000) in
the GATA4-low tumors and 2066 (range of expression:
0–23,583) in the GATA4-high tumors, respectively.

RESULTS

GATA4-low tumors expressed genes
related to tumor aggressiveness and
immune exhaustion

Resected samples comprising up to 5 tumor sectors and
1 adjacent non-tumor liver tissue sector were collected
from 37 patients with treatment-naive HCC (Supplemen-
tal Table S1, http://links.lww.com/HC9/B7). Multiple
tumor sectors were collected to account for intratumoral
heterogeneity as previously reported.[10,21] All tissue
sectors were subjected to bulk RNA-seq and GATA4
gene counts (transcripts per million) were obtained from
each tissue sample. The fold change for each tumor
sector was calculated by normalizing the GATA4
expression of the tumor to that of the nontumor-adjacent
tissue. Each tumor sector was then individually classified

as GATA4-norm/high (FC≥0.5) or GATA4-low (FC<0.5;
Figure 1A). Overall, 31 tumor sectors were classified as
GATA4-low, and 102 tumor sectors were classified as
GATA4-norm/high. To rule out the possibility of other
confounding factors, we showed that the patients were
clinically comparable, with no significant difference in any
of the clinical parameters, including viral status, stage, or
grade, between the GATA4-low and GATA4-norm/high
tumors (Supplemental Table S1, http://links.lww.com/
HC9/B7).

To assess the role of GATA4 in the TME of each
individual tumor sector, we performed DEG analysis on
bulk RNA-seq data and compared GATA4-low and
GATA4-norm/high tumor sectors. We found that the
enriched genes from GATA4-low tumors were associ-
ated with poorer prognosis in HCC. Conversely, genes
associated with tumor suppression and better prognosis
were enriched in GATA4-norm/high tumors. For
instance, secreted phosphoprotein 1 (SPP1), mucin
13 (MUC13), heat shock protein family A (Hsp70)
member 6 (HSPA6), contactin 1 (CNTN1), cartilage
oligomeric matrix protein (COMP), F-box and WD
repeat domain containing 10 (FBXW10), matrix metal-
lopeptidase 12 (MMP12), and FXYD domain containing
ion transport regulator 3 (FXYD3) have been associated
with poorer outcomes or tumor growth in HCC and are
expressed in GATA4-low tumors[22–24] (Figure 1B and
Supplemental Table S5, http://links.lww.com/HC9/B7).
Furthermore, immunosuppressive and exhaustion
markers such as Programmed Cell Death 1 (PDCD1)
(programmed cell death protein 1 [PD-1]), T-cell
immunoreceptor with Ig and ITIM domains (TIGIT),
cytotoxic T lymphocyte-associated protein 4 (CTLA4),
and hepatitis A virus cellular receptor 2 (HAVCR2) (Tim-
3), as well as IL10 were elevated in GATA4-low tumors
(Figure 1B and Supplemental Table S5, http://links.lww.
com/HC9/B7). In contrast, genes that have been
associated with tumor suppression or antitumor activity
in HCC, such as crystallin alpha A (CRYAA), t-complex
10 like (TCP10L), betaine-homocysteine S-methyltrans-
ferase (BHMT), insulin-like growth factor binding protein
acid labile subunit (IGFALS), fibronectin type III domain
containing 5 (FNDC5), and hydroxyacid oxidase 2
(HAO2)[25,26] were enriched in GATA4-norm/high HCC
tumors (Figure 1B and Supplemental Table S5, http://
links.lww.com/HC9/B7).

Additionally, the DEGs enriched in either group were
analyzed for their involvement in various signaling
pathways using the Database for Annotation, Visualiza-
tion, and Integrated Discovery. Significant pathways
enriched in GATA4-norm/high tumors included pro-
cesses involved in mitochondrial function and fatty acid
beta-oxidation (Figure 1C). Despite the enrichment of a
few immune-active pathways, overall the GATA4-low
tumors were enriched with more immunosuppressive
pathways and genes (Supplemental Tables S5, S6,
http://links.lww.com/HC9/B7). One such upregulated
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F IGURE 1 Comparison of differentially expressed genes between GATA4-norm/high and GATA4-low tumors. (A) Two to 5 tumor sectors (T) and 1
adjacent nontumor sector (N) sample were collected from each of the 37 patients with HCC and analyzed by RNA sequencing (seq) and CyTOF for their
transcriptomic and immunomic profiles. (B) Volcano plot highlighting the significant genes upregulated in GATA4-norm/high and GATA4-low from bulk
RNA sequencing. (C) Functional pathway analysis of the differentially expressed genes using the Database for Annotation, Visualization, and Integrated
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pathway in GATA4-low tumors is IL-1b secretion
(Figure 1C), which has been reported to be
associated with poorer prognosis in various solid
tumors such as lung, colon, melanoma, esophageal,
and breast cancers.[27,28] Furthermore, the pathway
involved in the negative regulation of IL-12 production, a
well-described antitumor cytokine,[29] was also
upregulated GATA4-low tumors (Figure 1C). Similarly,
the positive regulation of epidermal growth factor
receptor, which is associated with primary resistance to
sorafenib,[30] was observed (Figure 1C). Furthermore,
previous studies have shown that epidermal growth
factor receptor promotes tumor metastasis in vitro and
in vivo.[31] Thus, the DEG analysis corroborates the
notion that GATA4-low tumors exhibit a tumor subtype
with an immunosuppressive microenvironment.

GATA4-low tumors are enriched with
immunosuppressive and exhausted
lymphoid subsets

To better examine the immune landscapes of the
tumors, we next used CyTOF to phenotype lymphoid
(lymphoid-centric antibody panel, Supplemental Table
S2, http://links.lww.com/HC9/B7) subsets in the TME
from GATA4-low and GATA4-norm/high tumors. First,
we examined lymphoid immune subsets using the two-
dimensional t-distributed stochastic neighbor embed-
ding plots generated from the CyTOF data of individual
cells clustered based on similarity in their protein
markers expression (Supplemental Figure S1A, http://
links.lww.com/HC9/B7). Unpaired Mann-Whitney U
test on the proportions of the resulting cell clusters
identified 13 lymphocyte clusters that were signifi-
cantly enriched in either GATA4-norm/high or GATA4-
low HCC tumors (Figure 2A, B). These clusters were
further classified into 4 main immune lineages: CD4
and CD8 T cells, natural killer (NK) cells, and NKT
cells (Figure 2A).

Within CD4 T-cell clusters, CTLA4-expressing cen-
tral memory T cells and regulatory T cells (Tregs)
were found to be significantly enriched in GATA4-low
tumors (Figure 2C). Furthermore, higher numbers of
PD-1+CCR6+ (C-C Motif Chemokine Receptor 6)
exhausted CD8 central memory T cells were present
in GATA4-low tumors, whereas PD-1− nonexhausted
CD8 resident memory T cells were enriched in GATA4-
norm/high tumors (Figure 2D). Cytotoxic granzyme B
(GzmB+) T-box transcription factor TBX21 (Tbet+) NK
cells, activated CD69+CD244+ NK, and NKT cells were
significantly enriched in GATA4-norm/high tumors
(Figure 2E). We further validated the enrichment of
each cluster by manual gating using FlowJo (v.10.8.1)
(Figure 2C–E and Supplemental Figure S1B, http://
links.lww.com/HC9/B7). These data support the above
bulk RNA-seq findings that immunosuppressive or

exhausted cells are indeed more prevalent in the
GATA4-low tumors.

GATA4-low tumors showed enrichment in
myeloid-derived suppressor cells and
immunosuppressive macrophages

Next, we performed CyTOF analysis specifically on
myeloid subsets (myeloid-centric antibody panel; Supple-
mental Table S3, http://links.lww.com/HC9/B7). CD3+ T
cells were excluded before performing unsupervised
clustering of myeloid subsets (Supplemental Figure S2A,
http://links.lww.com/HC9/B7). We identified 4 clusters of
myeloid cells, with further manual gating validation
(Supplemental Figure S2B, http://links.lww.com/HC9/B7),
that were enriched in GATA4-low tumors (Figure 3A, B).
Among them, 3 MDSC subsets, mononuclear MDSCs and
polymorphonuclear MDSCs, which are known to be
associated with immunosuppression,[32] were found to be
significantly enriched in GATA4-low tumors (Figure 3C).
V-domain Ig suppressor of T-cell activation (VISTA)+ and
tunica intima endothelial kinase 2+ macrophages were also
found in higher proportions in GATA4-low tumors
(Figure 3C). VISTA has been shown to selectively
interact with and suppress T cells in the TME at acidic
pH,[33] while TIE2 has been shown to promote tumor
vascularization.[34] In contrast, nonclassical monocytes,
proinflammatory (CD86+CD11c+) macrophages, and type
2 conventional dendritic cells, which have been associated
with a more favorable tumor prognosis and antitumor
response,[35–37] were significantly enriched inGATA4-norm/
high tumors (Figure 3D). Therefore, immune profiling
revealed that low GATA4 expression in HCC is
significantly linked to the enrichment of various myeloid
subsets associated with immunosuppression and tumor
progression.

GATA4-low tumors express higher levels of
immunosuppressive cytokine CCL20

As chemokines are key contributors to an immuno-
suppressive TME,[38] we next sought to visualize the
expression of GATA4 and its correlation with the
chemokine network with spatial transcriptomic anal-
ysis. To do this, we performed Visium CytAssist spatial
gene expression analysis (10X Genomics) (see
Methods section) on 2 representative HCC samples
with either GATA4-norm/high (HCC1) or GATA4-low
(HCC2) status. We first performed hematoxylin and
eosin staining on FFPE samples to observe tumor
morphology and delineate the tumor margins
(Figure 4A) before performing spatial transcriptomic
analysis on sequential FFPE sections. Average reads
of 14,774 and 15,598 per spot were captured for
HCC1 and HCC2, respectively. Clustering, annotation,
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F IGURE 2 Immune profiling of the lymphoid subsets from GATA4-norm/high and GATA4-low tumors. (A) Median expression of selective
immune markers in CD4 T cells, CD8 T cells, NKT cells, and NK cells clusters (C). (B) t-distributed stochastic neighbor embedding plots of the 13
significantly enriched lymphoid clusters (C) in GATA4-norm/high or GATA4-low tumor sectors. (C–E) Proportions of enriched immune clusters and
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F IGURE 3 Immune profiling of the myeloid subsets from GATA4-norm/high and GATA4-low tumors. (A) Median expression of immune
markers in MDSCs, macrophages, nonclassical monocytes, and cDC2 clusters (C). (B) t-distributed stochastic neighbor embedding plots of the
enriched myeloid clusters (C) in GATA4-norm/high and GATA4-low. (C) Proportions of enriched immune clusters in GATA4-low tumors and further
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F IGURE 4 Spatial correlation of GATA4 and CCL20 in HCC tumors. (A) H&E staining of HCC1 and HCC2 tissues. (B) Clustering and uniform
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and uniform manifold approximation and projection
were performed based on the spatial RNA expression
of the tissues (Figure 4B and Supplemental Table S7,
http://links.lww.com/HC9/B7).

We investigated the expression of various cytokines
in GATA4-low and GATA4-norm/high samples. Of note,
mRNA expression of co-stimulatory cytokines CXCL9,
C-X-C Motif Chemokine Ligand 9 (CXCL9) and C-X-C
Motif Chemokine Ligand 10 (CXCL10) were higher in
HCC1 (GATA4-norm/high) than HCC2 (GATA4-low)
(Supplemental Figure S3A, B, http://links.lww.com/
HC9/B7). On the other hand, cytokines associated with
tumor progression such as C-C Motif Chemokine
Ligand 2 (CCL2)[39] and C-C Motif Chemokine Ligand
21 (CCL21)[40] (Supplemental Figure S3C, D, http://
links.lww.com/HC9/B7) and immunosuppression, C-C
Motif Chemokine Ligand 11 (CCL11)[41] (Supplemental
Figure S3E, http://links.lww.com/HC9/B7) were
increased at the tumor borders and adjacent “normal”
regions of HCC2 (GATA4-low), compared to HCC1
(GATA4-norm/high). Importantly, we observed elevated
CCL20 expression in GATA4-low compared to GATA4-
norm/high particularly in the tumor regions (Figure 4C,
D), showing a trend of higher CCL20 expression in
regions where GATA4 was lost.

Next, we investigated whether GATA4 downregula-
tion correlated with an increase in CCL20 expression.
Indeed, using bulk RNA sequencing, we found that
GATA4 RNA expression was inversely correlated with
CCL20 RNA expression in the tumors (Figure 5A). To
confirm whether CCL20 is indeed a downstream target
of GATA4, we utilized a lentiviral system containing the
doxycycline (Dox)-inducible GATA4 gene to
overexpress GATA4 in two HCC cell lines, Huh7 and
PLC/PRF/5, both of which express very low baseline
levels of GATA4 (Figure 5B and Supplemental
Methods, http://links.lww.com/HC9/B7). Using quantita-
tive reverse transcription polymerase chain reaction, we
first showed that Dox treatment strongly induced GATA4
overexpression in Huh7 and PLC/PRF/5 cell lines
(Figure 5B). We then compared the downregulated
genes in GATA4-overexpressed Huh7 and PLC/PRF/5
cells with the upregulated genes in 102 HCC tumors
compared to nontumor tissues from our previous HCC
cohort study using bulk transcriptomics.[21] We have
identified five overlapping genes that were highly
expressed in the GATA4-low tumor sectors from our
previous HCC cohort data set and downregulated by
GATA4 overexpression in the cell lines (Figure 5C),
indicating their potential roles in tumor progression.

Using quantitative reverse transcription polymerase
chain reaction we validated the reduced CCL20 expres-
sion in Huh7 and PLC/PRF/5 cell lines with concomitant
GATA4 overexpression on Dox treatment (Figure 5D). In
addition, publicly accessible chromatin immuno-
precipitation sequencing data (from Cistrome Data
Browser[17,18]) has shown that GATA4 binds to the

promoter of CCL20 in the HepG2 cell line (Supplemental
Figure S4, http://links.lww.com/HC9/B7). Combining this
with our transcriptomics data above, these indicate that
the binding of GATA4 to the CCL20 promoter site would
suppress its transcription and expression. Thus, we show
that CCL20 is a downstream target of GATA4 and a
potential chemotactic gene responsible for shaping the
immunosuppressive TME mediated by GATA4.

CCL20-high tumors are enriched with
Tregs and MDSC subsets

Given the fact that CCL20 contributes to the recruit-
ment and expansion of immunosuppressive cells such
as Tregs[8] and MDSCs,[42] and our CyTOF data
showed the enrichment of both Tregs and MDSCs in
GATA4-low tumors (Figures 2C, 3C), we next
examined whether low GATA4 expression could
contribute to immunosuppression via CCL20-
mediated Treg and MDSC recruitment to the TME.
We gated on Tregs and MDSCs from our CyTOF data
(Figures 2C, 3C) and showed that, indeed, their
frequencies were positively correlated with the RNA
expression of CCL20 in HCC tumors (Figure 6A, B).
To further validate this, we performed mIF staining on
TMA sections from an independent cohort of 49
patients with HCC with 89 tumor cores (Figure 6C).
Tumor cores were separated into CCL20-high or
CCL20-low groups based on the median CCL20
protein expression (Figure 6D, G). The numbers of
Tregs and MDSCs were quantified and compared
between CCL20-high and CCL20-low tumors. We
found that, indeed, CCL20-low tumors showed a
significant enrichment of Tregs (Figure 6E, H) and
MDSCs (Figure 6F, H). CD4+ T cells and the ratio of
Tregs to CD4 T cells were also higher in CCL20-high
than CCL20-low tumor sections (Supplemental Figure
S5A, B, http://links.lww.com/HC9/B7). These results
indicate that the recruitment of immunosuppressive
cells in the TME observed in GATA4-low tumors is
potentially mediated by CCL20.

Patients with GATA4-low and CCL20-high
tumors were associated with poorer OS

As our above data demonstrated that GATA4 reduction
is related to tumor aggressiveness and immuno-
suppression of TME in HCC, we investigated its
relevance in the clinical outcomes of patients with
HCC. To examine this, we performed Kaplan-Meier
survival analysis on the TCGA liver cancer cohort
(n= 364) according to their tumor expression of GATA4
and CCL20. Patients with GATA4-low tumor expression
showed a trend of lower OS than patients with high
GATA4 expression in the tumors (Figure 7A). As GATA4
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reduction may exert its immunosuppressive function via
corresponding increase in CCL20 as shown by our
data above, we also examined the impact of CCL20
expression on patient survival. Correspondingly,
Kaplan-Meier analysis of the TCGA liver cancer cohort
showed that patients with CCL20-high tumors had
lower OS than patients with CCL20-low tumors
(Figure 7B).

Further survival analyses demonstrated that the
survival differences segregated by CCL20 expression

were only significant in patients with GATA4-low
tumors (Figure 7C) but not in patients with GATA4-
high tumors (Figure 7D). These findings further
emphasize the interaction between GATA4 and
CCL20 in HCC progression. In conclusion, our
current findings demonstrate the clinical relevance of
GATA4 and CCL20 in liver cancer prognosis and
immunosuppression underscoring their potential
importance in future research and therapeutic
strategies.
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F IGURE 5 Identification of CCL20 as a downstream target of GATA4. (A) Correlation between GATA4 fold change and CCL20 expression
according to bulk RNA sequencing. (B) Quantitative RT-PCR showing mRNA overexpression of GATA4 on doxycycline (Dox) treatment in PLC/
PRF/5 and Huh-7 cell lines containing lentiviral system with Dox-inducible GATA4 gene. (C) Venn diagram representing genes downregulated
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CCL20. (D) mRNA levels of CCL20 were reduced on Dox-induced GATA4 overexpression in PLC/PRF/5 and Huh-7 cell lines, measured by
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binding protein 4; TPM, transcripts per million.
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DISCUSSION

GATA4 has been reported to be downregulated in
approximately 60% of HCC cases, and studies have
shown that the copy number of GATA4 is positively
correlated with the number of tumor-infiltrating leuko-
cytes in the tumor.[6,7] In the current study, we found that
the TME of GATA4-low HCC tumors exhibited more
exhausted immune cells and immunosuppressive cells
based on CyTOF analysis. Concurrently, we found that
the expression of CCL20 was increased in GATA4-low
tumors by correlative analysis and further supported by
functional analysis in HCC cell lines. CCL20 is an
immunosuppressive chemokine that is highly upregu-
lated in cancers including HCC.[43,44] Our current
findings confirm the correlation between high CCL20
expression and accumulation of immunosuppressive
subsets, including Tregs and MDSCs, in HCC tumors.
To establish a causal relationship between GATA4 and
CCL20, we showed that GATA4 overexpression results
in a direct downregulation of CCL20 in vitro, establish-
ing CCL20 as a downstream target of GATA4.
Collectively, these results suggest that GATA4 down-
regulation contributes to an immunosuppressive
TME via CCL20.

Our current investigation revealed that the chemo-
kine CCL20, in conjunction with GATA4, contributes to
the establishment of an immunosuppressive tumor
milieu in HCC. Indeed, CCL20 has been identified in
several reports as a potential prognostic marker and
therapeutic target for HCC.[44,45] CCL20 can promote
cancer progression by inducing tumor cell proliferation
and migration via epithelial-mesenchymal transition.[9]

Furthermore, tumor-infiltrating CD4+ FOXP3+ Treg
cells could be recruited in a CCL20-CCR6–dependent
manner, which was further demonstrated by our
findings showing a correlation between CCL20
expression and tumor infiltration of Tregs. Moreover,
we found that MDSCs were also enriched in GATA4-
low CCL20-high tumors. This is consistent with
previous studies showing that the CCL20-CCR6 axis
mediates the recruitment of multiple immuno-
suppressive subsets into the TME.[43] Thus, our
findings demonstrate the enrichment of immuno-
suppressive cells via upregulation of the chemokine
CCL20, driven by the reduction or loss of GATA4 in
HCC tumors.

The current, in-depth exploration of the interplay
between GATA4 and immune regulation offers

valuable insights into potential therapeutic strategies
for HCC. Harnessing strategies that enhance GATA4
or inhibit CCL20 holds the potential to reverse
the observed immunosuppressive mechanisms and
enhance the effectiveness of immunotherapy. For
instance, in vivo studies of cardiotoxicity have
shown that treating cardiomyocytes with α1-adrener-
gic agonists such as phenylephrine increases
GATA4 activity.[46] As such, targeting GATA4
through its activators, such as phenylephrine, or
inhibiting CCL20-CCR6 pathways could be consid-
ered promising avenues for therapeutic intervention
in HCC.

Furthermore, our findings will pave the way for
innovative combinatorial therapeutic approaches.
Combining anti-CCL20/CCR6 and anti-PD1 treat-
ments could emerge as an appealing immuno-
therapeutic strategy. By inhibiting the CCL20/CCR6
pathway, we can potentially suppress or even prevent
the infiltration of immunosuppressive subsets, thus
creating a more favorable TME. Simultaneously,
blocking PD-1 can reactivate exhausted CD8+ T cells,
harnessing their antitumor potential and ultimately
contributing to improved clinical outcomes. Indeed, a
preclinical study on non–small cell lung carcinoma
showed promising outcomes by combining blocking
strategies for CCR6 and PD-1 to enhance the
therapeutic effect.[47] The enrichment and preferential
migration of CCR6+ Tregs to the TME have been
previously observed in HCC, contributing to tumor
progression.[8] Additionally, CCR6+ B cells have been
implicated in HCC progression by promoting
angiogenesis.[48] Thus, the potential of anti-CCR6
and anti-PD1 combination therapy as a new immuno-
therapeutic strategy warrants further exploration in
HCC.

In conclusion, our study showed that GATA4-low
tumors were significantly enriched with immuno-
suppressive cells, encompassing both the lymphoid
and myeloid subsets. Moreover, our findings revealed
a negative correlation between GATA4 expression and
CCL20, a chemokine that has previously been linked
to immune suppression and unfavorable cancer
prognosis. Collectively, these observations under-
score the pivotal role of GATA4 loss in facilitating
CCL20-mediated immunosuppression. Therefore, we
propose GATA4 and CCL20/CCR6 as promising and
clinically relevant targets for potential antitumor ther-
apeutic interventions in HCC.

(C) mIF staining was performed on tissue microarray sections from an independent cohort of 49 patients with HCC. (D–F) Representative images
showing protein expression of (D) CCL20 (yellow), (E) Tregs (FoxP3=green; CD4= red) as denoted by white arrows and (F) MDSCs
(CD11b=green; CD33= red, co-stained with DAPI=blue), all based on their respective median densities. Scale bars: 150 μm. (G) Box plot
showing the area of CCL20 expression mm2 per core in tumors from CCL20-low and CCL20-high groups. (H) Box plot showing densities of Tregs
or MDSCs, quantified as count per 1 mm2 core in CCL20-low versus CCL20-high tumors. Abbreviations: CCL20, C-C Motif Chemokine Ligand 20;
CyTOF, cytometry by time-of-flight; FoxP3, Forkhead box P3; MDSCs, myeloid-derived suppressor cell; mIF, multiplexed immunofluorescence;
TPM, transcripts per million; Tregs, regulatory T cells.
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F IGURE 7 Clinical implications of GATA4 and CCL20 status in patients with HCC. (A, B) Kaplan-Meier analysis of overall survival profiles of
the Cancer Genome Atlas liver cancer cohort (n=364) segregated by high (red) or low (black) expression of (A) GATA4 (cutoff value= 946, range
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profiles of the Cancer Genome Atlas liver cancer cohort segregated by high (red) or low (black) expression of CCL20 in (C) GATA4-low (cutoff
value=351, range of expression: 0–28,000) and (D) GATA4-high tumors (cutoff value=2066, range of expression: 0–23,583). Abbreviations:
CCL20, C-C Motif Chemokine Ligand 20; GATA4, GATA binding protein 4.
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