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Abstract

Objective: The current treatment for hepatocellular carcinoma (HCC) to block angiogenesis and 

immunosuppression provides some benefits only for a subset of HCC patients, thus optimized 

therapeutic regimens are unmet needs, which require a thorough understanding of the underlying 

mechanisms by which tumor cells orchestrate an inflamed tumor microenvironment with 

significant myeloid cell infiltration. MicroRNA-223 (miR-223) is highly expressed in myeloid 

cells but its role in regulating tumor microenvironment remains unknown.

Design: Wild-type and miR-223 knockout mice were subjected to two mouse models of 

inflammation-associated HCC induced by injection of diethylnitrosamine (DEN) or orthotopic 

HCC cell implantation in chronic carbon tetrachloride (CCl4)-treated mice.

Results: Genetic deletion of miR-223 markedly exacerbated tumorigenesis in inflammation-

associated HCC. Compared to wild-type mice, miR-223 knockout mice had more infiltrated 

programmed cell death 1 (PD-1+) T cells and programmed cell death ligand 1 (PD-L1+) 

macrophages after DEN+CCl4 administration. Bioinformatic analyses of RNA-Seq data revealed 

a strong correlation between miR-223 levels and tumor hypoxia, a condition that is well-

documented to regulate PD-1/PD-L1. In vivo and in vitro mechanistic studies demonstrated 

that miR-223 did not directly target PD-1 and PD-L1 in immune cells rather than indirectly 

downregulated them by modulating tumor microenvironment via the suppression of hypoxia-

inducible factor 1α (HIF-1α)-driven CD39/CD73-adenosine pathway in HCC. Moreover, gene 

delivery of miR-223 via adenovirus inhibited angiogenesis and hypoxia-mediated PD-1/PD-L1 

activation in both HCC models, thereby hindering HCC progression.
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Conclusion: miR-223 plays a critical role in modulating hypoxia-induced tumor 

immunosuppression and angiogenesis, which may serve as a novel therapeutic target for HCC.

Introduction

Tumor microenvironment, which is characterized by enhanced angiogenesis and 

immunosuppression, plays a critical role in promoting tumor development and is closely 

associated with a poor survival rate.1 Targeting microenvironment via the combination 

therapy of anti-angiogenic agents and immune checkpoint inhibitors has shown some 

clinical benefits only in a subset of patients with hepatocellular carcinoma (HCC).2 Thus, 

optimized therapeutic regimens for most HCC patients are still urgently needed. To develop 

such therapies, we need to better understand HCC tumor microenvironment. The majority 

of HCC develops post chronic liver injury and inflammation from different etiologies, 

including viral hepatitis, alcohol-associated liver disease and nonalcoholic fatty liver 

disease.3, 4 Chronic liver inflammation is strongly associated with intrahepatic infiltration of 

myeloid cells such as macrophages and neutrophils,3–8 however, how myeloid cells regulate 

tumor microenvironment and HCC progression is still poorly understood.

MicroRNA-223 (miR-223) is a well-documented myeloid-enriched miRNA that acts as 

an important anti-inflammatory regulator, thereby preventing liver disease progression.9 

MiR-223 is expressed at the highest levels in neutrophils, followed by macrophages, but 

it is expressed at low levels in hepatocytes.10 It has been reported that miR-223 inhibits 

liver inflammation by attenuating the NLRP3 inflammasome,11, 12 the NF-κB pathway,13 

CXCL10,14 etc. Given myeloid cells are enriched in human HCC,3–8 we speculate that 

myeloid-enriched miR-223 may play a critical role in regulating tumor microenvironment 

and modulating HCC progression, but its exact role remains unknown. MiR-223 levels 

were reported to be significantly decreased in HCC tissues 15 and in the plasma from 

HCC patients.16 Additionally, miR-223 has been verified as a prognostic indicator for HCC 

patients17, 18 Mechanistic studies suggest that miR-223 downregulates the expression of 

stathmin 1, a multifunctional oncogene, to repress HCC.15 Although the downregulation 

of miR-223 is well documented in HCC, little is known about the roles of miR-223 in 

modulating tumor angiogenesis, immune response and HCC therapy.

In the current study, we examined the functions of miR-223 in modulating HCC tumor 

microenvironment by using two mouse HCC models with chronic liver inflammation, 

including injection of diethylnitrosamine (DEN) plus chronic carbon tetrachloride (CCl4) 

injection,19 and implantation of HCC cells plus chronic CCl4 injection. Our data suggest 

that miR-223 targets hypoxia inducible factor 1α (HIF-1α) in HCC and subsequently 

suppresses immune checkpoint PD1/PD-L1 expression by downregulating the hypoxia-

driven CD39 (ecto-nucleoside triphosphate diphosphohydrolase 1, E-NTPDase1)/ CD73 

(ecto-5’-nucleotidase, Ecto5’NTase)-adenosine pathway,20–23 thereby inhibiting HCC. 

Finally, we demonstrated that gene delivery of miR-223 inhibited tumor growth, hypoxia, 

angiogenesis and immunosuppression in two preclinical models of HCC, implying miR-223 

serves as a novel therapeutic target for HCC therapy.
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Methods and Materials

Mice

MiR-223 knockout (miR-223KO) and male C57B/6J mice were purchased from The 

Jackson Laboratory (Bar Harbor, ME). Male miR-223−/y (KO, the miR-223 locus is on 

the X chromosome) and littermate miR-223+/y (wild-type, WT) mice were obtained via 

the breeding of male miR-223−/y and female miR-223+/− mice. Mouse experiments were 

approved by the NIAAA Animal Care and Use Committee.

DEN+CCl4 induced HCC mouse model

Male miR-223KO and littermate WT mice were administered with a single dose of N-

nitrosodiethylamine (DEN) (Sigma-Aldrich, St. Louis, MO) (i.p. injection of 25 mg/kg at 

15 days of age), followed by chronic carbon tetrachloride (CCl4) (Sigma-Aldrich) treatment 

(starting at 8 weeks of age; 2 ml/kg, 10% dissolved in olive oil, once per week via i.p. 

injection) for continuous 21 weeks, to induce HCC model as described previously.19 Mice 

were also subjected to single DEN injection or chronic CCl4 alone.24

Inflammation associated hepatoma cell implanted HCC model

Twelve- to fourteen-week-old male miR-223KO, WT, and C57BL6/J mice were treated 

with chronic CCl4 for 2 weeks. Murine hepatoma Hepa1-6 cells (ATCC CRL-1830) were 

resuspended (3.0 × 105 cells in 20 μL phosphate-buffered saline per mouse) and mixed with 

20 μL Matrigel Matrix Basement Membrane High Concentration (per mouse) (Corning, Inc., 

Corning, NY). The cell mixture was orthotopically implanted at the margin of major lobes in 

mouse livers, and the implanted mice were treated with chronic CCl4 for 2 more weeks.

Statistical analysis

Data are presented as the means ± SEM and were analyzed by using GraphPad Prism 

software (v. 7.0; GraphPad Software, La Jolla, CA). To compare values from 2 groups, 

significance was evaluated by Student’s t-test. Data from multiple groups were compared 

with one-way ANOVA followed by Tukey’s post hoc test. Pearson correlation analysis 

was performed to evaluate linear relationship of two parameters. All statistical tests were 

two-sided. P values of < 0.05 were considered to be statistically significant.

All other methods are included in the Supporting materials.

Results

MiR-223 attenuates tumor development and angiogenesis in DEN+CCl4-induced 
inflammation-associated HCC

To address the role of miR-223 in HCC development, we used several models including 

single DEN injection, DEN+CCl4 injection, and chronic CCl4 injection. Our data revealed 

that miR-223 KO mice developed less HCC in the single DEN model (Supporting Fig. 

S1A–C) but more HCC in the DEN+CCl4 model (Fig. 1A) compared to their corresponding 

WT controls. Chronic CCl4 injection did not induce HCC in WT or miR-223 KO mice 

(data not shown). Our data suggest that miR-223 directly promotes a single dose of DEN-
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induced HCC that has little inflammation but suppresses inflammation-associated HCC in 

the DEN+CCl4 model. Because the DEN+CCl4 model is more relevant to human HCCs 

that are associated with strong inflammation,19 we focused on this DEN+CCl4 model in the 

current study.

Compared to WT mice, miR-223KO mice had greater tumor masses and number 

of DEN+CCl4 HCC, and more progressively proliferative capacity than WT mice as 

demonstrated by higher mRNA levels of HCC biomarkers (Afp, Gpc3, Golm1 and Tff3) 

and Ki67 index (a marker for tumor proliferation) (Fig. 1A–D). Interestingly, as a hallmark 

of tumor growth, angiogenesis of HCC tumor region (T) in miR-223KO mice was greater 

than that in WT mice, which was evidenced by higher CD31 (a marker for endothelial 

cell) expression, elevated expression of angiogenesis related genes (Endoglin, Vegf) and 

phosphorylated vascular endothelial growth factor receptor 2 (VEGFR2) protein (Fig. 1C–

F). Next, we examined miR-223 levels and found that miR-223 expression was remarkedly 

elevated in both HCC tumor and adjacent non-tumor tissues compared to healthy control 

livers with lower levels in tumor tissues than in adjacent non-tumor tissues (Supporting 

Fig. S1D). Analyses of TCGA database revealed that similar downregulation of miR-223 

expression was also observed in human HCC tissues vs non-tumor liver tissues (Supporting 

Fig. S1E).

MiR-223 attenuates chronic inflammation and PD-1/PD-L1 activation in DEN+CCl4-induced 
HCC

To compare the inflammatory tumor microenvironment between WT and miR-223KO 

mice in the DEN+CCl4 model, we performed several experiments. First, H&E and 

immunohistochemistry detected a large number of infiltrating immune cells in tumor-

adjacent regions with a greater number of neutrophil (MPO+) and macrophage (F4/80+) 

infiltration in the livers from miR-223KO mice compared to those from WT mice (Fig. 

2A–B). Additionally, greater liver inflammation and fibrosis were observed in miR-223KO 

mice than that in WT mice (Supporting Fig. S1F, Supporting Fig. S2A–B). Second, we 

examined the expression of several well-defined immune checkpoint molecules in both 

tumor and adjacent non-tumor tissues. Compared to WT mice, miR-223KO mice had higher 

expression of 3 genes including Pdcd1 (encodes PD-1), Cd274 (encodes PD-L1), and Cd272 
(also known as Btla) in adjacent non-tumor tissues (Fig. 2C, Supporting Fig. S2C), while the 

expression of these genes in tumor tissues was comparable between these two groups (Fig. 

2C). Next, we further characterized expression of PD-1 and PD-L1 in normal control livers 

(set as control), tumor and adjacent non-tumor samples from WT and miR-223KO mice. 

As illustrated in Fig. 2D, both proteins were detected at very low levels in normal livers 

but were upregulated in tumor and adjacent nontumor tissues. Expression levels of both 

proteins from adjacent nontumor tissues were higher in miR-223KO mice than those in WT 

mice, while expression of those proteins in tumor tissues was comparable between these two 

groups (Fig. 2D). Importantly, Pdcd1 or Cd274 mRNA levels in adjacent nontumor samples 

positively correlated with tumor numbers in DEN+CCl4 model (Fig. 2E). Intriguingly, such 

PD-1 and PD-L1 elevations in miR-223KO mice observed in the DEN+CCl4 model were 

not observed in chronic CCl4 alone or single DEN-induced HCC model (Supporting Fig. 
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S2D–F), suggesting that PD-1/PD-L1 induction depends on the synergistic effect of chronic 

inflammation and tumor cells.

MiR-223 inhibits PD-1+ T cells and PD-L1+ macrophages in DEN+CCl4 -induced HCC

Next, we sought to identify the PD-1+ and PD-L1+ cell types by performing flow cytometric 

and immunohistochemistry analyses. As illustrated in Fig. 3A–B, Supporting Fig. S3A, flow 

cytometric analysis revealed that PD-1 expression was detected in both CD4+ and CD8+ T 

cells, while PD-L1 was mainly detected in infiltrating CCR2+CD11b+ macrophages from 

DEN+CCl4-treated WT mice. Double immunostaining confirmed that most of PD-L1+ cells 

were IBA+ macrophages (Supporting Fig. S3B). Finally, immunostaining revealed that the 

number of PD-1+ and PD-L1+ cells were much greater in the livers of miR-223KO mice 

compared with WT mice after DEN+CCl4 challenge (Fig. 3C–D, Supporting Fig. S3C).

Hif-1a is a target of MiR-223 in HCC

Next, we explored the underlying mechanism by which miR-223 regulates PD-1/PD-L1 

expression. To test whether miR-223 directly regulates PD-1/PD-L1, we transfected mouse 

macrophage RAW264.7 cells and human T lymphoblast MOLT-4 cells with miR-223 

mimics in vitro, respectively. As illustrated in Supporting Fig. S4A–B, overexpression of 

miR-223 did not attenuate rather than increase Cd274 mRNA in macrophages nor affected 

PD-1 expression in T cells, suggesting that PD-1 and PD-L1 expression in immune cells are 

not directly targeted/inhibited by miR-223.

To explore the mechanisms by which miR-223 regulates tumor microenvironment in HCC, 

we searched the potential targets of miR-223 in HCC cells by comparing the gene profiles 

of HCC patients with high- and low- miR-223 expression (miR-223high and miR-223low 

groups) in the Cancer Genome Atlas database (Supporting Fig. S5A). Gene ontology 

enrichment analysis indicated that miR-223high patients showed higher activation of several 

pathways including cellular response to oxygen levels compared to miR-223low patients 

(Fig. 4A). Bioinformatic analysis predicts that hypoxia inducible factor-1α (Hif-1α), a 

master regulator for cellular response to hypoxia,25 is a potential target of miR-223 

(Supporting Fig. S5B). In vitro transfection of miR-223 markedly reduced luciferase activity 

of luciferase vector containing the 3’ untranslated region (3’UTR) of Hif1α in Hepa1-6 

cells (Supporting Fig. S5C) and decreased Hif1a mRNA/HIF-1α protein and its target CA9 

expression (Fig. 4B, Supporting Fig. S5D), suggesting that HIF-1α is the target of miR-223 

in HCC. Immunostaining analyses detected HIF-1α in nucleus of HCC in DEN+CCl4 model 

with greater levels in miR-223KO mice than in WT mice (Fig. 4C). RT-qPCR and western 

blot analyses also detected higher Hif-1a mRNA and protein expression in the tumor region 

samples of miR-223KO mice than those in WT mice (Fig. 4D–E). In agreement with these 

data, several HIF-1α target genes were significantly higher in miR-223KO mice compared 

with WT mice in DEN+CCl4 model (Fig. 4F). Meanwhile, the expression of Pdcd1 or 

Cd274 in non-tumor adjacent livers positively correlated with Hif1a expressed in HCC 

tumor samples from DEN+CCl4 treated mice (Fig. 4G). A similar correlation was also 

observed between HIF1A (HIF1A encodes HIF-1α) and PDCD1 or CD274 in HCC patient 

samples from the TCGA cohort (Supporting Fig. S5E).
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MiR-223 downregulates PD-1 and PD-L1 by limiting HIF-1α in HCC cells in co-culture 
experiments

To investigate whether miR-223 inhibition of HIF-1α in HCC cells regulates PD-1/PD-L1 

in immune cells, we performed two types of experiments. First, the supernatants from 

Hepa1-6 cells transfected with miR-223 mimics or NC-mimics under normoxic or hypoxic 

conditions were added to primary mouse splenocytes or macrophages. Our data revealed 

that incubation with supernatant from miR-223 mimics-treated hypoxic Hepa1-6 cells 

downregulated Pdcd1/PD-1 and Cd274/PD-L1 expression in splenocytes and macrophages, 

respectively (Supporting Fig. S6A–C). Second, we conducted co-culture of primary CD3+ 

T cells or macrophages with Hepa1-6 cells transfected with miR-223 mimics or NC-mimics 

under normoxic and hypoxic conditions (The scheme is shown in Fig. 5A). Western blot 

and flow-cytometric analyses revealed that miR-223 reduced PD-1 and PD-L1 protein 

expression in T cells and macrophages, respectively, when these cells were co-cultured with 

hypoxic Hepa1-6 cells but did not affect their expression under normoxia condition (Fig. 

5B–E, Supporting Fig. S6D–E).

MiR-223 inhibition of the HIF-1α-CD39/CD73-adenosine pathway attenuates hypoxia-driven 
PD-1/PD-L1 activation, thus suppressing HCC development

The above data demonstrated that miR-223 regulates HIF-1α in HCC cells and subsequently 

regulates PD-1/PD-L1 expression in immune cells. To investigate the link between HIF-1α 
in HCC and PD-1/PD-L1 in immune cells, we focused on CD39 and CD73, two key 

ectonucleotides that have been proven to drive tumor immunosuppression by metabolizing 

ATP into adenosine.20–23 We firstly measured CD39/CD73 and adenosine levels in tumor 

regions in the DEN+CCl4 model, and found their levels in HCC tissues were higher in 

miR-223KO mice versus WT mice (Fig. 6A). In vitro experiments (Supporting Fig. S7A) 

revealed that under hypoxia condition, HCC cells had elevated Cd39/Cd73 expression, 

and such elevation was attenuated by miR-223 mimics. MiR-223 mimics did not affect 

Cd39/Cd73 expression under normoxia. These data suggest that miR-223 attenuates Cd39/
Cd73 expression in HCC via the downregulation of HIF1α. Previous studies have reported 

that Cd39 and Cd73 are direct target genes of HIF-1α as demonstrated by chromatin 

immunoprecipitation (ChIP) assay.26–28 Here we also performed several experiments to 

support this notion. First, knockdown of Hif1a with shRNA transfection markedly reduced 

Cd39 and Cd73 expression in hypoxic Hepa1-6 cells (Supporting Fig. S7B). Second, ChIP 

assay revealed that HIF-1α was recruited to the promoter regions of CD39 and CD73 

under hypoxia (Supporting Fig. S7C), suggesting that HIF-1α directly induces Cd39/Cd73 
expression in HCC.

Next, we performed in vitro experiments to test the hypothesis that CD39/CD73 in HCCs 

promote PD-1/PD-L1 expression in immune cells. In vitro treatment with the CD73 inhibitor 

AMP-CP reduced Cd274/PD-L1 and Pdcd1/PD-1 expression in primary macrophages and 

T cells co-cultured with hypoxic Hepa1-6 cells, respectively, while treatment with the 

CD39 inhibitor POM-1 had no effect (Supporting Fig. S7D). Furthermore, overexpression of 

miR-223 in Hepa1-6 cells under hypoxia suppressed the generation of adenosine (Fig. 6B). 

To define whether adenosine affects PD-1/PD-L1 activation, we treated primary T cells and 

macrophages with adenosine and A2A adenosine receptor inhibitor CPI-444. As illustrated 
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in Fig. 6C and Supporting Fig. S8A–B, treatment with adenosine significantly upregulated 

Pdcd1/PD-1 and Cd274/PD-L1 expression in T cells and macrophages, respectively, while 

co-treatment with CPI-444 diminished these elevations.

To examine whether the CD73-adenisine signaling is involved in HCC development by 

regulating PD-1/PD-L1 activation in vivo, we established an inflammation-related orthotopic 

HCC model by combining CCl4 intervention and Hepa1-6 implantation (supporting Fig. 

S9A). Compared to Hepa1-6 alone orthotopic model, this model not only presented greater 

tumor growth with many PD-1+/PD-L1+ immune cell infiltration, but also developed more 

severe angiogenesis, inflammation and tumor hypoxia as evidenced by higher CD31, CD45 

and HIF-1α protein levels (Supporting Fig. S9B–F). Blockage of CD73 with anti-CD73 

antibody markedly inhibited tumor growth and reduced the percentages of PD-1+ CD8+ 

T cells and PD-L1+ macrophages in this CCl4 plus orthotopic HCC model (Fig. 6D–E). 

Finally, treatment with the A2A adenosine receptor inhibitor CPI-444 significantly reduced 

tumor size and the percentages of PD-1+ CD8+ T cells and exhibited tendency to decrease 

PD-L1+ macrophages percentage in vivo (Supporting Fig. S10A–B).

MiR-223 downregulates PD-1/PD-L1 and angiogenesis in tumor microenvironment by 
targeting HIF-1α in HCC

To elucidate whether HIF-1α induction in HCCs contributes to miR-223-mediated inhibition 

of PD-1/PD-L1 in immune cells in vivo, we knocked down Hif1a expression in Hepa1-6 

cells by transfecting Hif1a shRNA, the knockdown efficiency is confirmed by RT-qPCR 

and western blot analyses (Supporting Fig. S11A–B). Hepa1-6 cells were then implanted 

in WT and miR-223KO mice for the orthotopic model establishment. As illustrated in Fig. 

7A–D and supporting Fig. S11C–D, miR-223KO mice had greater tumor volume, more 

severe angiogenesis, higher expression levels of Cd39/Cd73 and several pro-angiogenic 

genes (Egfr, Endogli, Vegf), and greater vascularization in tumor tissues than WT mice, 

such differences between WT and miR-223KO mice were diminished in Hif1a shRNA-

transfected HCC experiments. In addition, immunostaining and RT-qPCR analyses revealed 

that Hif1a knockdown in HCC cells ameliorated Pdcd1/PD-1 and Cd274/PD-L1 expression, 

and PD-1+/PD-L1+ cell infiltration in tumor adjacent liver tissues in both WT and miR-223 

KO mice (Fig. 7E–F, Supporting Fig. S11E).

Gene delivery of miR-223 ameliorates tumor angiogenesis, hypoxia, PD-1/PD-L1 
expression and tumor proliferation

To test the therapeutic efficacy of miR-223 in HCC, we performed tail vein injection 

with adenovirus loaded miR-223 (Ad-miR-223) in the DEN+CCl4 model (Supporting 

Fig. S12A). Compared with the control (adenovirus-GFP vector; Ad-GFP), Ad-miR-223 

significantly decreased HCC growth as demonstrated by reduced number and size of the 

tumor mass (Fig. 8A–B). Immunofluorescence staining demonstrated the expression of 

CD31, PCNA, CA9 and Ki67 in tumor region was suppressed in Ad-miR-223-treated group 

compared to control Ad-GFP group (Fig. 8C–D, Supporting Fig. S12B). Western blot 

analysis revealed that injection of Ad-miR-223 ameliorated angiogenesis, proliferation and 

hypoxia of HCC tumor in the DEN+CCl4 model, which was evidenced by reduced PCNA, 

HIF-1α, and phosphorylated VEGFR2 and Tie2 (Fig. 8E–F). Meanwhile, administration of 
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Ad-miR-223 markedly decreased the expression of several HIF-1α target genes (Fig. 9A). 

In addition, we found that the percentage of PD-1+ CD8+ T cells, and PD-L1+ macrophages 

(IBA1+ cells) in tumor adjacent region, was lower in Ad-miR-223 treated mice than those in 

control Ad-GFP group (Fig. 9B). As expected, Ad-miR-223 decreased fibrosis and chronic 

inflammation in tumor microenvironment of HCC (Supporting Fig. S12C).

We also tested the therapeutic efficacy of miR-223 in HCCs by using the inflammation-

associated orthotopic HCC mouse model. Notably, injection of Ad-miR-223 markedly 

reduced progression of HCC (Fig. 10A–B). RT-PCR analyses confirmed the upregulated 

miR-223 in the HCC region of mice after Ad-miR-223 injection (Fig. 10C). Immunostaining 

analysis also confirmed the successful injection of Ad-miR-223 (labelled with GFP) 

(Supporting Fig. S13A). Western blot analysis demonstrated that treatment with Ad-

miR-223 markedly reduced tumor cell proliferation, angiogenesis, and hypoxia as evidenced 

by lower protein levels of HIF-1α, PCNA and p-VEGFR2 in the Ad-miR-223 group than 

those in the Ad-GFP group (Fig. 10D–E). Immunostaining also demonstrated that treatment 

with Ad-miR-223 reduced the expression of angiogenesis marker CD31, cell proliferation 

marker Ki67, and decreased PD-1+/PD-L1+ cell infiltration in the inflammation-associated 

orthotopic HCC mouse model (Fig. 10F).

Discussion

In the present study, we identified miR-223 as a key orchestrator for tumor hypoxia and 

inflammatory tumor microenvironment in controlling HCC progression. Mechanistically, 

HIF-1α is a direct target of miR-223 in HCC, and miR-223 ameliorates HCC growth, 

angiogenesis and PD-1/PD-L1 activation in HCC surrounding regions by limiting HIF-1α. 

The therapeutic potential of miR-223 was tested in two mouse models of HCC with chronic 

liver inflammation. Collectively, we present a model depicting an important anti-HCC effect 

of miR-223 by modulating HCC hypoxia, immunosuppression, and angiogenesis (Fig. 11).

Abnormal expression of miR-223 is well-documented in many malignancies and miR-223 

has been regarded as a biomarker for early-stage screening or diagnosis in various types of 

cancers.29, 30 In HCC, miR-223 was found to be preferentially expressed in EpCAM+ HCC 

cells31 but was markedly reduced in tumor tissues compared with adjacent non-tumoral 

livers.16 Several in vitro studies using cultured cells suggest that miR-223 exerts tumor 

suppressor functions by regulating STMN1 and FOXO1 in HCC.15, 32 However, it remains 

unknown whether and how miR-223 regulates tumor environment and HCC progression in 
vivo. This question was investigated in the current study by using two clinically relevant 

mouse models of HCC. Our data revealed an important role of miR-223 in attenuating 

HCC progression by regulating angiogenesis and immune checkpoint. First, deletion of 

miR-223 exacerbated chronic inflammation, liver fibrosis and HCC growth. Second, deletion 

of miR-223 upregulated pro-angiogenic responses as evidenced by elevation of endothelial 

cell marker CD31, angiogenesis related genes (Endoglin, Vegf), and phosphorylated 

VEGFR2. The miR-223 deficiency-associated angiogenesis may also contribute to the 

increased PD-1+ and PD-L1+ immune cell infiltration in miR-223KO mice in addition 

to the well-documented miR-223-mediated direct inhibition of immune cell infiltration.14 

Third, deletion of miR-223 markedly promoted tumor immunosuppression by enhancing 
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infiltration of PD-1+ T cells and PD-L1+ macrophages surrounding HCC tumor tissues, 

suggesting miR-223 acts an immune checkpoint blockade to control HCC progression. 

To our surprise, overexpression of miR-223 did not directly inhibit PD-1 and PD-L1 

expression in T cells and macrophages, respectively. These data suggest that miR-223 

regulates PD-1 and PD-L1 expression in immune cells during HCC development via an 

indirect mechanism. Our subsequent study suggests that miR-223 directly targets HIF-1α 
in HCC and modulate tumor hypoxia microenvironment, thereby limiting angiogenesis and 

PD-1/PD-L1 expression.

Hypoxia has been strongly linked to enhanced tumor progression, angiogenesis and 

poor clinical outcomes.33–35 As a key regulator of hypoxia, HIF-1α contributes to HCC 

development by regulating USP22 and SENP1 to control HCC tumor growth 36, 37 and 

upregulating angiogenesis related genes.38 Emerging data suggest that HIF-1α modulates 

immune microenvironment to promote HCC by inducing myeloid-derived suppressor cell 

accumulation and cytokine secretion,39, 40 by causing T cell exhaustion, and modulating the 

PD-1/PD-L1 pathway.41–44 However, it is still obscure how HIF-1α, which is regulated by 

miR-223, orchestrates pro-angiogenic and immunosuppressive tumor environment in HCC. 

HIF-1α complex is known to be mainly regulated post-translationally in response to oxygen 

level,44 our data that Hif1a gene is a direct target of miR-223 add an additional important 

mechanism regulating HIF-1 expression at mRNA levels in HCC. Downregulation of Hif1a 
mRNA is consistent with downregulation of HIF-1α protein and its downstream target 

genes by mR-223 in HCC, as demonstrated in the current study. In addition, we provided 

several lines of evidence suggesting that miR-223 downregulates the HIF-α-CD39/CD73-

adenosin pathway in HCC, and subsequently abolishes adenosine-mediated upregulation 

of PD-1 and PD-L1 in immune cells. First, CD39/CD73 and adenosine levels in HCC 

were higher in miR-223KO mice compared to WT mice in DEN+CCl4 induced HCC. 

Second, overexpression of miR-223 reduces expression of CD39/CD73 and adenosine 

concentrations in the supernatant of Hepa1-6 cells under hypoxia. Third, treatment with 

adenosine upregulates Pdcd1/Cd274 expression in immune cells. Finally, in vivo treatment 

with CD73 antibody or A2A adenosine receptor inhibitor reduced Pdcd1/Cd274 expression 

and tumor size in inflammation-associated Hepa1-6-tranplanted HCC model. In addition 

to regulation of the CD39/CD73-adenosine pathway, HIF-1α also induces many other 

immunosuppressive genes to promote immunosuppressive environment, 41–44 whether these 

genes also contribute to HIF-1α-mediated immunosuppression in our HCC models deserves 

further studies.

MiR-223 is mainly expressed in myeloid cells (especially neutrophils) with low expression 

in hepatocytes,10 but it can be transferred from myeloid cells into hepatocytes via 

extracellular vesicles (EVs); thereby inhibiting expression of proinflammatory and fibrotic 

genes in hepatocytes.11, 45 In the current study, we found that a large number of infiltrating 

neutrophils were detected in tumor adjacent regions, which may partially explain lower 

miR-223 expression in tumor tissues compared to neutrophils-enriched adjacent non-tumor 

liver tissues, both in mouse model and human HCC samples. Additionally, we found that 

HCC cells were able to take up neutrophils-derived EVs and miR-223 (Supporting Figure 

S13B–C). Thus, we speculate that infiltrated myeloid cells may transfer miR-223 into HCCs 
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and subsequently inhibit HIF-1α and modulate tumor microenvironment; however, future 

studies using cell-specific miR-223KO mice are required to confirm this speculation.

Clinical significance of the current study.

Recent clinical trials of anti-PD-1/PD-L1 immune checkpoint inhibitors have offered a 

promising future for cancer patients. For HCC clinical therapy, considerable efforts are 

underway to improve the efficacy of immunotherapy. Emerging evidence revealed that the 

combination of PD-1/PD-L1 inhibitors and anti-angiogenic regimens, such as multi-kinase 

inhibitors and VEGF targeted agents showed better benefits and encouraging clinical 

efficacy for HCC treatment.46, 47 In our current study, we found adenovirus miR-223 

gene therapy significantly hindered HCC development by limiting chronic inflammation, 

PD-1/PD-L1-mediated immune escape and tumor angiogenesis in two mouse models of 

inflammation-associated HCC, which is partially mediated via the direct inhibition of 

HIF-1α in tumor tissues. It is known that injection of adenovirus miR-223 also transduces 

hepatocytes but very unlikely transduces immune cells, and miR-223 has been shown to 

inhibit the expression of multiple inflammatory and fibrogenic genes in liver.12, 14, 48 Thus, 

gene delivery of miR-223 in hepatocytes may generate additional anti-inflammatory and 

anti-fibrotic benefits during anti-HCC therapy. Since miR-223 is markedly downregulated 

in HCC,15 it is plausible that restoration of miR-223 in HCC may improve the efficacy of 

the current combination therapy for HCC with PD-1/PD-L1 inhibitors and anti-angiogenic 

regimens.
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What is already known on this topic

MiR-223 has anti-inflammatory and anti-fibrotic functions in liver disease.

MiR-223 expression is downregulated in HCC

What this study adds

MiR-223 inhibits hepatocarcinogenesis by modulating tumor microenvironment

MiR-223 attenuates hypoxia-induced tumor immunosuppression and angiogenesis in 

HCC via the inhibition of HIF-1α

How this study might affect research, practice or policy

Restoration of miR-223 in HCC may improve the efficacy of the current combination 

therapy for HCC with PD-1/PD-L1 inhibitors and anti-angiogenic regimens
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Figure 1. MiR-223 deficiency exacerbates HCC development and angiogenesis.
(A) Scheme of DEN+CCl4-induced HCC mouse model (see details in methods). 

Representative gross images of livers from miR-223KO and WT mice post DEN+CCl4 

treatment are shown. The largest tumor diameter and the number of tumor masses were 

calculated (right panel). (B) RT-qPCR analyses of HCC markers including Afp, Gpc3, 
Golm2, and Tff3 in samples from miR-223KO and WT mice after DEN+CCl4. (C) 

Representative images of Ki-67 and CD31 staining in livers from miR-223KO and WT 

mice are shown. Tumor region was surrounded by dashed line (T: tumor region). (D) 
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Ki-67 positive cells were counted and quantified as proliferation index; CD31 staining 

was quantified as the percentage of positive area in the whole section area. (E) RT-

qPCR analyses of angiogenesis-related genes Endoglin and Vegf in HCC samples from 

miR-223KO and WT mice. (F) Western blot analysis of VEGFR2 and phosphorylated 

VEGFR-2 in non-tumor and tumor samples. Relative p-VEGFR2 protein levels were 

quantified. Values represent means ± SEM. *P< 0.05, **P< 0.01, ***P< 0.001.
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Figure 2. MiR-223 deficiency promotes inflammation-associated tumor immunosuppression and 
PD-1/PD-L1 expression.
WT and miR-223KO mice were challenged with DEN+CCl4 as described in Figure 1. (A) 

Representative images of H&E staining in livers from miR-223KO and WT mice are shown. 

The tumor region was surrounded by dashed line (NT: non-tumor region; T: tumor region). 

(B) Representative images of F4/80 and MPO staining in non-tumor and tumor regions 

are shown. F4/80+ and MPO+ cells per field (x200) were quantified. (C) The expression 

levels of targeted immune checkpoint molecules in non-tumor (NT) and tumor (T) samples 

were analyzed by RT-qPCR analyses. (D) Western blot analysis PD-1 and PD-L1 proteins 
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in control healthy livers, tumor and adjacent non-tumor samples. (E) Correlation between 

Pdcd1 or Cd274 expression levels and tumor number in DEN+CCl4-treated WT (n=14, blue 

dots) and miR-223KO mice (n=9, red dots) was analyzed. Values represent means ± SEM. 

*P< 0.05, **P< 0.01, ***P< 0.001.
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Figure 3. MiR-223KO mice have higher PD-1+T cells and PD-L1+macrophages than WT mice in 
DEN+CCl4-induced HCC.
WT and miR-223KO mice were treated with DEN+CCl4 as described in Figure 1. (A, 

B) Mouse livers from DEN+CCl4-induced HCC were dissociated, PD-1+ or PD-L1+ cells 

were determined by flow cytometry. PD-L1 and PD-1 expression were mainly detected in 

CD11b+ CCR2+ macrophages (panel A) and CD4+/CD8+ T cells (panel B), respectively. 

(C, D) Representative images of PD-1 and PD-L1 staining of tumor and adjacent non-tumor 

samples from DEN+CCl4 are shown in panel C. PD-1+ and PD-L1+ cells per field were 

quantified and are shown in panel D. Values represent means ± SEM. *P< 0.05.
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Figure 4. HIF-1α in HCC cells is a direct downstream target of miR-223.
(A) Gene Ontology (GO) analysis was performed to compare the difference of gene 

profiling between miR-223high and miR-223low HCC patients in TCGA database, and 

the results are shown on the right side. (B) Measurement of HIF-1α protein levels by 

western blot in Hepa1-6 cell after miR-223 mimics transfection. HIF-1α protein levels 

were quantified (lower left panel). RT-qPCR was performed to determine Hif1a mRNA 

expression in Hepa1-6 cell after miR-223 mimics transfection (lower right panel). (C) WT 

and miR-223KO mice were treated with DEN+CCl4 as described in Figure 1. Representative 
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images of HIF-1α staining in HCC samples from miR-223KO and WT mice are shown. 

Tumor region was surrounded by dashed line (T: tumor region). (D, E) Tumor and adjacent 

non-tumor samples from miR-223KO and WT mice were subjected to RT-qPCR (panel 

D) and western blot analysis (panel E). (F) RT-qPCR analyses of HIF-1α target genes in 

samples from miR-223KO and WT mice after DEN+CCl4. (G) Correlation analysis of Hif1a 
expression in tumor samples and PD-1/PD-L1 (Pdcd1/Cd274) expression in non-tumor (NT) 

adjacent liver tissues from DEN+CCl4 challenged WT (n=11; blue dots) and miR-223KO 

(n=8; red dots) mice. The average value from WT mice was set as 1. Values represent means 

± SEM. *P< 0.05, **P< 0.01, ***P< 0.001.
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Figure 5. MiR-223 downregulates PD-1 and PD-L1 expression by targeting HIF-1α-mediated 
hypoxia in HCC.
(A) Scheme of co-culture of primary T cells or macrophages with Hepa1-6 cells under 

normoxia and CoCl2-induced hypoxia. Hepa1-6 cells were transfected with miR-223/NC 

mimics in vitro prior to establishment of co-culture system. (B, C) PD-1 expression 

in T cells or PD-L1 expression in macrophages were determined and quantified by 

western blot analysis. T cells or macrophages without any stimuli were set as control. 

(D) Representative flow cytometry analysis and quantification of PD-L1 expression of co-

cultured primary macrophages. Mean Fluorescent Intensity (MFI) of PD-L1 was quantitated. 
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(E) Representative flow cytometry analysis of PD-1 expression of co-cultured T cells. The 

percentage of PD-1+ cells was quantified. Values represent means ± SEM. *P< 0.05, **P< 

0.01.
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Figure 6. Inhibition of the CD39/CD73-adenosine pathway ameliorates hypoxia-driven 
immunosuppression in HCC development.
(A) WT and miR-223KO mice were treated with DEN+CCl4 as described in Figure 1. 

Levels of extracellular adenosine ectonucleotidases Cd39 and Cd73 mRNA expression, and 

adenosine levels in HCC tissues from WT and miR-223KO mice were determined. (B) The 

relative adenosine levels in cell medium were analyzed in Hepa1-6 cells after miR-223/NC 

mimics transfection under normoxia and hypoxia. (C) Adenosine and/or A2A adenosine 

receptor inhibitor CPI-444 were applied in primary macrophages or primary T cells, Cd274 
and Pdcd1 mRNA expression were determined by RT-qPCR. (D, E) C57BL/6J mice were 
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subjected to CCl4+Hepa1-6-derived HCC model and treated with anti-CD73 (n=10) or 

isotype antibodies (n=8). Gross images of livers are shown, and tumor volume (mm3) was 

measured (panel D). The percentages of PD-1+CD8+ T cells and PD-L1+ macrophages were 

analyzed by flow cytometry (panel E). Values represent means ± SEM. *P< 0.05, **P< 0.01, 

***P< 0.001.
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Figure 7. Knockdown of Hif1a in HCC abolishes miR-223 deficiency-driven angiogenesis and 
PD-1/PD-L1 activation.
Four groups of mice were used: NC-shRNA or Hif1a-shRNA-transfected HCC in WT and 

miR-223KO mice in CCl4 plus Hepa1-6 orthotopic HCC model. NC-shRNA stands for 

negative control of Hif1a-shRNA. (A) Gross images of HCC tumor masses. (B) Tumor 

volumes were analyzed. (C) Representative images of CD31 staining in HCC sections (NT: 

non-tumor region; T: tumor region) of 4 groups are shown; scale bar=200 μm. (D) RT-qPCR 

analyses of angiogenesis-related genes in HCC tissues. (E) Representative images of PD-1/

PD-L1 staining in HCC section of 4 groups are shown. The specific enlarged regions are 
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shown on the right upper corner of the image. The numbers of PD-L1+ and PD-1+ cells were 

quantified and are shown in Supporting Figure 11E. (F) RT-qPCR analyses of Pdcd1 and 

Cd274 mRNA levels in adjacent non-tumor samples. values represent means ± SEM. *P< 

0.05, **P< 0.01.
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Figure 8. Administration of Ad-miR-223 attenuates PD-1/PD-L1 activation and tumor 
angiogenesis, hypoxia in DEN+CCl4-induced HCC.
C57BL/6J mice were treated with DEN+CCl4 as described in Figure 1, and were treated 

with Ad-miR-223 or Ad-GFP. (A) Gross images of HCC tumor masses from Ad-miR-223 

and control Ad-GFP-treated mice are shown. (B) The largest tumor diameter and the number 

of tumor masses between Ad-GFP and Ad-miR-223-treated mice were analyzed. (C, D) 

Representative immunofluorescence staining of CD31/PCNA (panel C) or hypoxia marker 

(CA9)/proliferative marker (Ki-67) (panel D) in tumor regions of Ad-GFP and Ad-miR-223-

treated liver samples are shown. Relative CD31 and CA9 intensity, the percentages of PCNA 
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and Ki67 positive cells were quantified and are shown in Supporting Figure 12B. (E, F) 

Protein levels of phosphorylated Tie-2 and VEGFR2 (p-TIE-2, p-VEGFR2), HIF-1α, PCNA 

and AFP were determined and quantified by western blot. Values represent means ± SEM. 

*P< 0.05, **P< 0.01, ***P< 0.001.
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Figure 9. Overexpression of miR-223 in vivo reduces tumor hypoxia and PD-1/PD-L1 expression 
in DEN+CCl4-induced HCC.
C57BL/6J mice were treated with DEN+CCl4 as described in Figure 1, and were 

treated with Ad-miR-223 or Ad-GPF. (A) RT-qPCR analyses of HIF-1α target genes 

in HCC samples from Ad-miR-223 and control Ad-GFP-treated mice. (B) Upper panel: 

representative immunostaining for infiltrated PD-1+ CD4+/CD8+ T cells surrounding tumor 

region are shown. Scale bar: 200μm. Lower left panel: representative images for PD-L1+ 

macrophages surrounding tumor region are shown. Lower right panel: counts of PD-1+ T 

cells and PD-L1+ macrophages in non-tumor region (NT) were quantified and are shown. 
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Tumor region was labeled with ‘T’; tumor border was depicted with black dash line. Values 

represent means ± SEM. *P< 0.05, **P< 0.01.
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Figure 10. Administration of Ad-miR-223 suppresses PD-1/PD-L1 axis and angiogenesis in 
inflammation-related orthotopic HCC model.
C57BL/6J mice were treated with CCl4 plus Hepa1-6-implantation and were treated with 

Ad-miR-223 (n=8) or Ad-GPF (n=6). (A) Gross images of livers. (B) Tumor volume 

(mm3) in Ad-GFP and Ad-miR-223 treated-mice were analyzed. (C) miR-223 levels in 

tumor tissues of Ad-miR-223- or Ad-GFP-treated mice were measured. (D) Protein levels 

of HIF-1α, PCNA, phosphorylated VEGFR2, total VEGFR2 were determined by western 

blot analysis. (E) Quantitative analysis of HIF-1α, PCNA, total VEGFR2 and ratio of 

phosphorylated VEGFR2 to total VEGFR2 (p-VEGFR2/VEGFR2 ratio). (F) Upper panel: 
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Representative images of H&E and immunostaining (CD31, Ki-67, PD-1, PD-L1) in 

consecutive liver sections from Ad-GFP and Ad-miR-223-treated groups are shown. Lower 

panel: quantification of CD31, Ki-67, PD-1, PD-L1 staining. Tumor region was surrounded 

by dashed white line. (T: tumor region). Values represent means ± SEM. *P< 0.05, **P< 

0.01, ***P< 0.001.

Fu et al. Page 32

Gut. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11. A model depicting the anti-HCC role of miR-223 in blocking tumor hypoxia-driven 
PD-1/PD-L1 immunosuppression and angiogenesis.
In chronic inflammation-associated HCC, the source of miR-223 in HCCs is likely 

transferred via the extracellular vesicles from myeloid cells including neutrophils and 

macrophages, which are enriched in adjacent tumor regions. MiR-223 directly inhibits 

Hif1a/HIF-1α in HCC cells and subsequently alters hypoxic tumor microenvironment, 

thereby limiting hypoxia-driven angiogenesis and immunosuppression. HIF-1α-mediated 

upregulation of CD39/CD73-adenosine pathway contributes to PD-1 and PD-L1 

upregulation in immune cells, which is suppressed by miR-223.
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