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Abstract

Background and Aims: Overexpression of IGF2BP3 is asso-
ciated with the prognosis of hepatocellular carcinoma (HCC). 
However, its role in regulating tumor immune microenviron-
ment (TME) is not well characterized. Here, we investigated 
the effects of IGF2BP3 on macrophages and CD8+ T cells 
within the TME of HCC. Methods: The relationship between 
IGF2BP3 and immune cell infiltration was analyzed using 
online bioinformatics tools. Knockout of IGF2BP3 in mouse 
hepatoma cell line Hepa1-6 was established using CRISPR/
Cas9 technology. In vitro cell coculture and subcutaneously 
implanted hepatoma mice model were used to explore the 
effects of IGF2BP3 on immune cells. Expression of CCL5 or 
transforming growth factor beta 1 (TGF-β1) was detected 
with quantitative real-time polymerase chain reaction, west-
ern blotting, and enzyme-linked immunosorbent assay. The 
binding of IGF2BP3 and its target RNA was verified by trimo-
lecular fluorescence complementation system and RNA im-
munoprecipitation followed by quantitative or semiquantita-
tive polymerase chain reaction. Results: IGF2BP3 expression 
was elevated in HCC and was positively correlated with mac-
rophage infiltration. Patients with higher IGF2BP3 expres-
sion and lower macrophage infiltration had a better survival 
rate. We found that IGF2BP3 could bind to the mRNA of CCL5 
or TGF-β1, increasing their expression, and inducing mac-
rophage infiltration and M2 polarization while inhibiting the 
activation of CD8+ T cells. Furthermore, inhibition of IGF2BP3 
combined with anti-CD47 antibody treatment significantly 
suppressed the growth of hepatoma in Hepa1-6 xenograft tu-
mor mice. Conclusions: IGF2BP3 promoted the infiltration 
and M2-polarization of macrophages and suppressed CD8+ T 
activation by enhancing CCL5 and TGF-β1 expression, which 
facilitated the progression of Hepa1-6 xenograft tumor.
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Introduction
Hepatocellular carcinoma (HCC) is the most commonly diag-
nosed primary liver cancer. The complex immune environment 
in liver cancer has a crucial role in the progression of this dis-
ease.1,2 Macrophages are important regulators of the tumor 
immune microenvironment (TME).3 In general, macrophages 
can polarize into two distinct phenotypes, the classically acti-
vated M1 macrophages and the alternative activated M2 mac-
rophages. M1 macrophages have pro-inflammatory and anti-
tumor activity, while M2 macrophages suppress inflammation 
and participate in angiogenesis.4,5 Available evidence suggests 
that tumor-associated macrophages have an M2-like pheno-
type and are associated with poor prognosis in many malig-
nancies.6–8 In HCC, M2 macrophages facilitate the migration 
and invasion of tumor cells and are usually associated with a 
poor prognosis.3,9 Various cytokines and proteases secreted 
by M2 macrophages are involved in the inhibition of CD8+ T 
cells, tumor neovascularization, and tumor metastasis.10

IGF2BP3, located on chromosome 7p15.3 in humans, is 
weakly expressed in normal adult tissue but is dramatically 
elevated during carcinogenesis.11–13 It activates signal path-
ways related to cell growth and promotes the differentiation, 
proliferation, invasion, and metastasis of HCC cells.14–18 In 
colon cancer, IGF2BP3 acts as a N6-methyladenosine reader 
to regulate the tumor cell cycle.19 IGF2BP3 also promotes 
the expression of drug resistance genes, leading to drug re-
sistance of tumors.20 However, there is a paucity of studies 
investigating the role of IGF2BP3 in regulating immune cells 
within the TME. Bioinformatics analysis showed that high IG-
F2BP3 expression in clinical bladder cancer tissues was asso-
ciated with the infiltration of multiple immune cells, including 
neutrophils and macrophages.21 Additionally, bioinformatics 
analysis indicated that N6-methyladenosine-related gene 
clusters, including IGF2BP3, were closely associated with the 
infiltration of a variety of immune cells in HCC, including fol-
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licular helper T cells and macrophages.22 The results suggest 
a potential regulatory role of IGF2BP3 in the immune micro-
environment of HCC. However, further study is required to 
obtain more definitive evidence. In this study, we explored 
the role of IGF2BP3 in the tumor immune microenvironment 
of HCC. The focus of the study was to investigate the effects 
of IGF2BP3 on immune cells including macrophages as well 
as CD8+ T cells. We also investigated the key molecules and 
mechanisms mediating the function of IGF2BP3.

Methods

Bioinformatics analysis
Bioinformatic analysis was performed using publicly available 
data from various databases. The expression of IGF2BP3 
in liver cancer and corresponding normal tissues was ana-
lyzed with the GEPIA2 online tool (http://gepia2.cancer-pku.
cn/#index). In addition, its expression at the single-cell level 
in the HCC tumor microenvironment was investigated using 
TISCH (http://tisch.comp-genomics.org/home/). IGF2BP3 
expression in HCC samples at different stages and grades 
was analyzed on TISIDB (http://cis.hku.hk/TISIDB/). The 
relationship between IGF2BP3 expression and infiltration of 
various immune cells was analyzed in CAMOIP (https://www.
camoip.net/). The association of the infiltration level of mac-
rophages combined with IGF2BP3 expression and the over-
all survival rate of HCC patients was evaluated using TIMER 
(http://cistrome.org/TIMER/). The correlation between IG-
F2BP3 and immunosuppressive markers was analyzed in the 
TCGA HCC dataset (https://portal.gdc.cancer.gov/) (n=371).

Cell lines and reagents
Raw264.7 mouse macrophage cells and Hepa1-6 mouse 
hepatoma cells were obtained from the American Type Cul-
ture Collection (Manassas, VA, USA). Cells were cultured in 
Dulbecco’s modified Eagle’s medium (06-1055-57-1A; Bio-
logical Industries, Los Angeles, CA, USA) supplemented with 
10% fetal bovine serum (10099-141; Thermo Fisher Scien-
tific, Waltham, MA, USA) and 1% penicillin and streptomycin 
(15140122; Thermo Fisher Scientific). Cells were cultured at 
37°C and 5% CO2.

Construction of plasmids
The clustered regularly interspaced short palindromic re-
peat/Cas9 endonuclease (CRISPR/Cas9) was used to knock 
out Igf2bp3 in Hepa1-6 cells. Plasmids containing gRNAs 
(TTCGTGGACTGCCCGGACGAGGG or AGACACTTTCCAGGTC-
CGCGGGG) targeting murine Igf2bp3 were purchased from 
Ubigene_Bio and transfected into the Hepa1-6 cells. Cells 
successfully transfected were labeled with enhanced green 
fluorescent protein and sorted into single cells. Single clones 
were collected to confirm the knockout efficiency. The origi-
nal plasmid of the trimolecular fluorescence complementa-
tion (TriFC) system was a gift from Professor Zongqiang Cui 
(State Key Laboratory of Virology, Wuhan Institute of Virol-
ogy, Chinese Academy of Sciences, Wuhan 430071, China), 
and the plasmids were constructed as previously described.23 
The Ccl5-7 or Tgf-β1-28 fragment, which had been screened 
by RNA immunoprecipitation, was cloned into the pECFP-C1-
ms2 plasmids, namely pECFP-C1-MS2-Ccl5-7 or pECFP-C1-
MS2-Tgf-β1-28. The coding sequence of Igf2bp3 was insert-
ed into the pMN155 plasmid, namely pIgf2bp3-MN155.

Animal model and treatment
The animal study was approved by the Ethics Review Com-

mittee of the Peking Union Medical College (Beijing, China). 
Six-week-old, male C57BL/6J mice were purchased from Bei-
jing Vital River Laboratory Animal Technology Co. Ltd. (Bei-
jing, China). Briefly, 5×106 Hepa1-6 Igf2bp3 wild-type and 
Igf2bp3 knockout cells were subcutaneously implanted in the 
right flank of each mouse. Tumor size was measured start-
ing on day 5, and the mice were sacrificed on day 18 after 
inoculation. For treatment experiment, tumor-bearing mice 
were administered intraperitoneal injection of anti-CD47 
mAb (400 µg per mouse) (BE0270; Bio X Cell, Lebanon, NH, 
USA) on the seventh day after tumor implantation and then 
every 3 days for a total of five doses.

Western blotting
To extract total protein, cells were lysed with RIPA lysis and 
extraction buffer (89901; Thermo Fisher Scientific), followed 
by centrifugation at 13,000 g for 15 m. Protein concentration 
was determined with Pierce Rapid Gold bicinchoninic acid as-
say kits (A53226; Thermo Fisher Scientific) and the protein 
samples were resolved by sodium dodecyl-sulfate polyacryla-
mide gel electrophoresis and transferred to 0.22 µm polyvi-
nylidene difluoride membranes (1620177; Bio-Rad, Hercules, 
CA, USA). Membranes were blocked with 5% bovine serum 
albumin for 1.5 h and the membranes were incubated over-
night with primary antibodies against IGF2BP3 (ab177477; 
Abcam, Cambridge, UK), TGF-β1 (ab215715; Abcam), CCL5 
(AF5151; Affinity Biosciences, Cincinnati, OH, USA), ARG1 
(A1847; ABclonal, Woburn, MA, USA), and NOS2 (A14031; 
ABclonal) at 4°C. The next day, the membranes were washed 
and incubated with secondary antibodies for 1 h, and read 
using a high-sig enhanced chemiluminescence western blot-
ting substrate (180-5001; Tanon Science & Technology Co, 
Ltd, Shanghai, China). Band quantification was performed 
with ImageJ software.

Enzyme-linked immunosorbent assay (ELISA)
Tumor cell culture supernatants were collected by centrifu-
gation. Mouse TGF-β1 ELISA kits (EK981-96; MultiSciences, 
Bellingham, WA, USA) and mouse CCL5/RANTES ELISA kits 
(EK2129/2-96; MultiSciences) were used to determine the 
concentration of TGF-β1 and CCL5.

T-cell cytotoxicity
Ninety-six-well plates were precoated with CD3 (1 µg/mL) 
antibody 1 day in advance. Splenocytes from Hepa1-6-bear-
ing C57BL/6J mice were lysed and centrifuged to prepare 
single-cell suspensions and CD8+ T cells were isolated fol-
lowing the instructions included with EasySep mouse CD8+ 
T-cell isolation kits (19853; STEMCELL, Vancouver, Cana-
da). The CD8+ T cells were stimulated and activated for 48 
h by addition of CD28 antibody (2 µg/mL) and recombinant 
mouse interleukin (IL)-2 (10 ng/mL). The CD8+ T cells were 
then cocultured with tumor cells at ratios of 1:1, 2:1, 4:1, 
5:1, 8:1 and 10:1 for 5 h. The cells were collected for flow 
cytometry assay.

Migration assay
For migration assays, Raw264.7 cells (1×106 cells/mL) were 
seeded in 100 µL DMEM (1% FBS) onto 8 µm pore size poly-
carbonate filter membranes in 24-well plates. Tumor cell cul-
ture supernatant was added to the well beneath the mem-
brane. After 48-h incubation, nonmigrating cells on the upper 
surface of the membrane were gently removed with a cotton 
swab. The cells that had migrated to the lower surface of the 
membrane were fixed and stained with 0.1% crystal violet 
for 10 m. After washing with phosphate buffered saline (PBS) 
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three times, the top chamber was dried with a cotton swab 
and photographed using a light microscope.

Immunofluorescence
Cells and tumor sections were fixed in 4% paraformalde-
hyde solution followed by immunohistochemical staining us-
ing standard procedures and the following antibodies: ARG1 
(1:200; A1847; ABclonal), NOS2 (1:200; A14031; ABclonal), 
CD206 (1:1,000; ab64693; Abcam).

RNA extraction and real-time quantitative PCR (qRT-
PCR)
Total RNA was extracted by Trizol reagent (A33252; Thermo 
Fisher Scientific) and first-strand cDNA was synthesized us-
ing HiScript II Q RT SuperMix reagent (R223-01; Vazyme 
Biotech, Nanjing, Jiangsu, China). qRT-PCR was conducted 
with qPCR Master Mix (Q311-02; Vazyme). The primers used 
are listed in Supplementary Table 1.

Flow cytometry
To prepare for surface staining, cells were diluted in PBS 
with 2% FBS to a concentration of 106 cells per 100 µL and 
incubated with fluorescently labeled antibodies for 30 m at 
4°C. After surface staining, intracellular staining was per-
formed with incubation in fixation buffer and permeabiliza-
tion (88-8824-00; eBioscience, San Diego, CA, USA), fol-
lowed by the staining protocol described above. Cells were 
washed and collected using Accuri C6 Plus (BD Biosciences, 
Franklin Lakes, NJ, USA) and data were analyzed with Flow-
Jo software (version 10). The following antibodies (all from 
Biolegend, San Diego, CA, USA) were used: CD3 (100205), 
CD8 (100705), CD45 (103129), F4/80 (123125), CD206 
(162505), I-A/I-E (MHCII) (107605), CD11b (101205), 
CD4 (100407), Gr-1 (108411), CD19 (152403), and NK1.1 
(156507).

RNA immunoprecipitation (RIP)
For RNA immunoprecipitation, cells were lysed and the RNA 
was extracted with Magna RIP kits (17-700; Millipore, Burl-
ington, MA, USA). The efficiency of immunoprecipitation was 
determined by western blotting. The quality of input RNA was 
measured with a NanoDrop spectrophotometer.

Novel far-red fluorescence complementation
Expression vectors were cotransfected into 293T cells with 
Lipofectamine 2000 reagent (Invitrogen, Waltham, MA, 
USA). According to the manufacturer’s protocol,23 transfect-
ed cells were incubated at 37°C in 5% CO2 for 5–6 h and 
then at 30°C in 5% CO2 for 18–24 h until imaging. Cells were 
imaged with a Leica DMi8 inverted microscope.

Statistical analysis
Results were reported as mean±SD, normality distribution 
was established, and GraphPad Prism 9 software was used 
for the statistical analysis. Student’s t-test was used for com-
parison between groups and p-values <0.05 was considered 
significant.

Results

Expression of IGF2BP3 is increased in HCC and is 
positively correlated with macrophage infiltration
We first analyzed the expression of IGF2BP3 in clinical HCC 
samples through GEPIA2. Simultaneously, we used the im-
munohistochemistry data from the Human Protein Atlas 

portal (https://www.proteinatlas.org/) to observe the pro-
tein expression of IGF2BP3 in HCC (Fig. 1A). We found that 
the expression of IGF2BP3 in tumor tissue was significantly 
higher than that in normal tissue (p<0.05). Then, we as-
sessed the expression of IGF2BP3 in individual cells of HCC 
from TISCH. The results revealed that IGF2BP3 was mainly 
expressed in malignant tumor cells (Supplementary Fig. 1A). 
We further used TISIDB website to analyze the expression 
of IGF2BP3 in HCC tissues with different pathologic stages 
(p=3.61e-03) and histologic grades (p=1.26e-05); the re-
sults demonstrated that the expression of IGF2BP3 increased 
with HCC progression (Fig. 1B). Next, we used CAMOIP and 
TIMER to investigate the potential correlation of IGF2BP3 
with immune cell infiltration in HCC (Fig. 1C–D, Supplemen-
tary Fig. 1B). The findings indicated a positive relationship 
between macrophage infiltration and IGF2BP3 expression. 
We also observed that the group with high IGF2BP3 expres-
sion and high macrophage infiltration had significantly poorer 
survival than the group with high IGF2BP3 expression and 
low macrophage infiltration (p=0.0212; Fig. 1E). Collective-
ly, the data demonstrate a positive association between IG-
F2BP3 and infiltration of macrophages.

IGF2BP3 facilitates macrophage migration and po-
larization in vitro
To verify whether IGF2BP3 promoted macrophage migration 
in vitro, we generated stable Igf2bp3-knockout Hepa1-6 cells 
with specific gRNA1 and gRNA2 (Igf2bp3_ko1 and Igf2bp3_
ko2) by using the CRISPR/Cas9 technology. The knockout 
efficiency was validated by qRT-PCR (p<0.001) and west-
ern blotting (Fig. 2A). We then examined the migration of 
Raw264.7 after treatment with different tumor cell culture su-
pernatants using Transwell assays. The results showed signif-
icant reduction in macrophage migration after stimulation by 
the supernatant of Igf2bp3 knockout cells compared with that 
of Igf2bp3_wt (Igf2bp3_wild-type) Hepa1-6 cells (Fig. 2B) 
(p<0.001). We chose Igf2bp3_ko1 for the next study, named 
Igf2bp3_ko. Previous bioinformatics analysis had found a cor-
relation of IGF2BP3 expression with macrophage infiltration, 
and infiltration of M2 macrophages has been reported to pro-
mote HCC progression.9 Therefore, it was hypothesized that 
tumor-cell derived IGF2BP3 was critical in M2 polarization. We 
conducted qRT-PCR to evaluate the expressions of M1 (Nos2, 
Il-1β, Tnf-α, Cxcl9) and M2 (Arg1, Ccl22) macrophage rel-
evant markers in Raw264.7 cells after stimulation with cul-
ture supernatants of Igf2bp3_wt and Igf2bp3_ko cells for 48 
hours. The results showed that M1 markers, Nos2 (p<0.01), 
Il-1β (p<0.001), Tnf-α (p<0.01), and Cxcl9 (p<0.05) were 
increased while M2 marker, Arg1 (p<0.01), and Ccl22 
(p<0.05) were decreased after stimulation with Igf2bp3_ko 
cell supernatant (Fig. 2C). Western blotting results showed 
that ARG1 decreased while NOS2 increased after stimulation 
with Igf2bp3_ko cell supernatant (Fig. 2D). The same results 
were observed on cell immunofluorescence staining (Fig. 2E). 
Collectively, the data indicated that IGF2BP3 in tumor cells 
promoted migration and M2 polarization of macrophages.

IGF2BP3 promotes tumor progression and facilitates 
macrophage infiltration and polarization in mouse 
HCC model
As IGF2BP3 has been shown to promote macrophage mi-
gration and polarization in vitro, we explored the situation 
in vivo. C57BL/6J mice were given a subcutaneous injec-
tion of 5×106 Igf2bp3_wt or Igf2bp3_ko cells and the tumor 
growth was monitored. We observed that after knocking 
out Igf2bp3 in Hepa1-6 cells, the tumor volume increased 
much slower than it did in the wild-type group (Fig. 3A) 
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and tumor weight was significantly reduced (p<0.01; Fig. 
3B). The knockout group also showed improved survival 
(p=0.001; Fig. 3C). We then analyzed the infiltrating im-
mune cells in tumor tissue and found that the proportion 
of CD11b+monocytes (p<0.05), total F4/80+macrophages 
(p<0.05), and F4/80+CD206+ M2 macrophages (p<0.05) 
was significantly lower in Igf2bp3_ko tumors than in Ig-
f2bp3_wt tumors (Fig. 3D). Immunofluorescence staining 
revealed a significant reduction (p<0.01) in CD206+ cells in 
Igf2bp3_ko tumors (Fig. 3E). The findings suggested that 
IGF2BP3 promoted macrophage infiltration and polariza-
tion. Interestingly, as shown in Figure 3D, we also observed 
greater infiltration of CD3+ T (p<0.01), CD4+ T (p<0.01), 
CD8+ T (p<0.05), F4/80+MHCII+ M1 macrophages (p<0.01), 
CD19+ B (p<0.001), and NK1.1+ NK (p<0.001) cells in the 
Igf2bp3_ko tumors than in the Igf2bp3_wt tumors. How-
ever, the infiltration of CD11b+Gr-1+ myeloid-derived sup-
pressor cells (p<0.01) in Igf2bp3_ko tumors was less than 
that in the Igf2bp3_wt tumors, suggesting that IGF2BP3 
induced a suppressive tumor immune microenvironment. 
Collectively, the data suggest that IGF2BP3 promoted tumor 
progression and facilitated infiltration and M2-polarization 
of macrophages in the mouse HCC model.

IGF2BP3 facilitates macrophage infiltration and 
polarization by promoting the secretion of CCL5 and 
TGF-β1 from tumor cells
Cytokines have an important role in the infiltration of im-
mune cells. Macrophage infiltration and M2 polarization can 
be induced by CCL5 and TGF-β1, respectively.24,25 Based on 
those studies, we examined CCL5 and TGF-β1 expression 
in Igf2bp3_wt and Igf2bp3_ko cells (Fig. 4A–C). The re-

sults showed that the expression and secretion of CCL5 and 
TGF-β1 were lower in Igf2bp3_ko cells than in Igf2bp3_wt 
cells. The results of ELISA and immunohistochemical stain-
ing of the tumor tissue were consistent (Fig. 4D–E). We next 
investigated whether IGF2BP3 regulated the infiltration of 
macrophages through CCL5. Transwell assays detected the 
migration of macrophages stimulated by supernatants from 
Igf2bp3_wt cells, Igf2bp3_ko cells, Igf2bp3_ko cells with 
added CCL5, CCL5 only and supernatants from Igf2bp3_wt 
cells with added anti-CCL5, Igf2bp3_wt cells with added 
IgG. Consistent with previous finding, the number of mi-
grating cells induced by supernatant from Igf2bp3_ko cells 
was reduced compared with the Igf2bp3_wt group. Adding 
CCL5 to the supernatant of Igf2bp3_ko cells increased cell 
migration (p<0.001; Fig. 4F). However, blockade of CCL5 
by anti-CCL5 antibody in the supernatant of Igf2bp3_wt 
cells attenuated the migration induced by the supernatant 
of Igf2bp3_wt cells (p<0.001; Fig. 4G). The results suggest 
that tumor-cell derived IGF2BP3 promoted recruitment of 
macrophages by promoting the secretion of CCL5. To inves-
tigate whether IGF2BP3 promoted M2 polarization through 
TGF-β1, supernatants of Igf2bp3_wt cells, Igf2bp3_ko 
cells, Igf2bp3_wt cells with anti-TGF-β1, and Igf2bp3_wt 
cells with IgG were added to Raw264.7 cell cultures. Mac-
rophages were collected after 48 h and markers, including 
Nos2, IL6, H2-Ab1, Tnf-α (M1), Arg1, IL10, and Ym1 (M2) 
were detected by qRT-PCR. As shown in Figure 4H, when 
the Igf2bp3_wt group was treated with TGF-β1 neutralizing 
antibody, the expression of M2 macrophage markers, Arg1 
(p<0.01), Il-10 (p<0.01), and Ym1 (p<0.001) were signifi-
cantly decreased compared with the Igf2bp3_wt group. The 
findings suggest that IGF2BP3 facilitated macrophage infil-

Fig. 1.  Expression of IGF2BP3 is increased in HCC and is positively correlated with the infiltration of macrophages. (A) The expression of IGF2BP3 in liver 
cancer and corresponding normal tissues was analyzed using the GEPIA2 (left). The ordinate, log2 (TPM+1) is transformed from expression data for differential analy-
sis. The protein expression of IGF2BP3 in liver cancer and corresponding normal tissues in The Human Protein Atlas (right). (B) Analysis of the IGF2BP3 expression in 
HCC samples of different stages and grades in TISIDB website based on the TCGA database. The ordinate, log2CPM, represents read counts converted using the Voom 
method. (C) Correlation between IGF2BP3 expression and immune cell infiltration in CAMOIP. (D) Association of macrophage infiltration level with IGF2BP3 in HCC 
analyzed in TIMER. (E) Survival curves showing the effects of IGF2BP3 expression and macrophages on overall survival in TCGA HCC sample via TIMER2. *p<0.05, 
***p<0.001, ****p<0.0001; ns, not significant. HCC, hepatocellular carcinoma.
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Fig. 2.  IGF2BP3 facilitates macrophage migration and polarization in vitro. (A) Results of qRT-PCR and western blots confirming the knockout of Igf2bp3. (B) 
Transwell chamber assay of the migration of Raw264.7 cells after treatment with the supernatant from Igf2bp3_wt and Igf2bp3_ko cells. The graph shows the number of 
cells per field of view. Scale bar=100 µm. (C) qRT-PCR results showing relative M1 (nos2, Il-1β, Tnf-α, Cxcl9) and M2 (Arg1, Ccl22) gene expression levels in Raw264.7 
cells after treatment with the supernatant from Igf2bp3_wt and Igf2bp3_ko cells. (D) Western blot assay of cell lysates from Raw264.7 cells after treatment with the 
supernatant from Igf2bp3_wt and Igf2bp3_ko cells. (E) Immunofluorescence staining of ARG1, CD206, and NOS2 in Raw264.7 cells after treatment with the supernatant 
from Igf2bp3_wt and Igf2bp3_ko cells. The histogram shows the mean fluorescence intensity of both groups. Scale bar=100 µm. wt, wild-type; ko, knockout; Igf2bp3_wt 
Sup., Igf2bp3_wt cell culture supernatants; Igf2bp3_ko Sup., Igf2bp3_ko cell culture supernatants. Data are mean±SD. *p<0.05, **p<0.01, ***p<0.001.
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tration and M2-polarization by promoting the secretion of 
CCL5 and TGF-β1 by tumor cells.

IGF2BP3 inhibits the activation of CD8+ T cells by 
promoting the secretion of TGF-β1
The TGF-β signaling pathway is known to have a critical role 
in inhibiting CD8+ T cytotoxicity.26 Therefore, we downloaded 

and analyzed the transcriptome data of HCC patients from 
the TCGA database and found that IGF2BP3 was positively 
correlated with immunosuppressive factors of tumor cells 
and factors of exhausted T-cell phenotypes (Fig. 5A). Thus, 
we hypothesized that IGF2BP3 in tumors may inhibit the ac-
tivation of CD8+ T cells by promoting TGF-β1 expression. To 
test the hypothesis, splenocytes of Hepa1-6 tumor-bearing 

Fig. 3.  IGF2BP3 promotes tumor progression and facilitates macrophage infiltration and polarization in mouse HCC model. Igf2bp3_wt and Igf2bp3_ko 
cells were subcutaneously injected in 6-week-old, male C57BL/6J mice. (A) Tumor volume was measured and recorded every 3 days from initial injection to tumor 
harvest. (B) Image of the harvested tumors (left), mice were sacrificed on day 21, tumor weight was recorded (right). (C) Kaplan–Meier survival curves of mice bearing 
Igf2bp3_wt and Igf2bp3_ko tumors. Log-rank tests were used to assess between-group differences in survival. (D) Percentages of CD3+, CD4+, CD8+, CD11b+, F4/80+, 
F4/80+MHCII+, F4/80+CD206+, CD19+, NK1.1+ and CD11b+Gr-1+ cells in Igf2bp3_wt and Igf2bp3_ko tumors. (E) Images of CD206 immunofluorescence staining for 
tissue sections of Igf2bp3_wt and Igf2bp3_ko tumors (left) and quantified as mean fluorescence intensity per high power field (right). Scale bar=100 µm. Data are 
mean±SD. *p<0.05, **p<0.01, ***p<0.001. HCC, hepatocellular carcinoma.
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Fig. 4.  IGF2BP3 facilitates macrophage infiltration and polarization by promoting the secretion of CCL5 and TGF-β1 from tumor cells. (A–C) qRT-PCR 
(A) and western blots showing the expression of CCL5 and TGF-β1 in Igf2bp3_wt and Igf2bp3_ko cells (B) and culture supernatants (C). (D) ELISA results showing the 
levels of CCL5 and TGF-β1 in Hepa1-6 cell culture supernatant. (E) Immunohistochemical (IHC) staining for CCL5 and TGF-β1 expression in Igf2bp3_wt and Igf2bp3_ko 
tumor tissue (left); the histogram summarizes the staining intensity (right). Scale bar=50 µm. (F, G) Transwell assay performed with Raw264.7 cells. Cells were sus-
pended in serum-free media and seeded into the upper chamber. Cell culture supernatant was added to the lower chamber. CCL5 (100 ng/mL), Anti-CCL5 (200 ng/
mL). The histogram summarizes the migration results. The graph shows the number of cells per field of view. Scale bar=100 µm. (H) Igf2bp3_wt cells were cultured 
with TGF-β1 neutralizing antibody (1 µg/mL). Raw264.7 cells stimulated with tumor supernatant. The H2-Ab1, Tnf-α, Arg1, and Il-10 expression in Raw264.7 cells was 
determined by qRT-PCR. Igf2bp3_wt Sup., Igf2bp3_wt cell culture supernatants; Igf2bp3_ko Sup., Igf2bp3_ko cell culture supernatants. Data are mean±SD. *p<0.05, 
**p<0.01, ***p<0.001. ns, not significant. ELISA, Enzyme-linked immunosorbent assay.
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Fig. 5.  IGF2BP3 inhibits the activation of CD8+ T cells by promoting the secretion of TGF-β1. (A) The graph shows the correlations between IGF2BP3 and 
immunosuppressive markers in the TCGA HCC dataset (n=371). (B, C) Splenocytes were isolated from C57BL/6J mice and cocultured with Igf2bp3_wt and Igf2bp3_ko 
cells for 48h. Flow cytometry analysis of the proportion of CD3+ T, CD8+ T cells (B) and the expression of granzyme B, IFN-γ in CD8+ T cells at the end of coculture (C). 
(D, F) CD8+ T cells were isolated from splenocytes of C57BL/6J mice and activated by treatment with anti-CD3/CD28 antibody for 2 days (D). Activated CD8+ T cells 
were cocultured with Igf2bp3_wt or Igf2bp3_ko cells at ratios of 1:1, 2:1, 4:1, 5:1, 8:1, or 10:1. Cell death analysis was conducted by flow cytometry (E). Activated 
CD8+ T cells were cocultured with Igf2bp3_wt, Igf2bp3_ko cells for 2 days; TGF-β1 neutralizing antibody (1 µg/mL) was added to cocultures. The percentage of gran-
zyme B and IFN-γ were analyzed by flow cytometry (F). Data are mean±SD. *p<0.05, **p<0.01, ***p<0.001.
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mice were isolated 18 days after inoculation of tumor cells. 
After coculture with tumor cells for 48 h, the proportion of 
CD3+ T and CD8+ T cells in the Igf2bp3_ko tumor cell group 
was found to be higher than that in the Igf2bp3_wt group 
(p<0.01; Fig. 5B). Moreover, granzyme B and IFN-γ secreted 
by CD8+ T cells was significantly increased in the Igf2bp3_ko 
group (p<0.01; Fig. 5C), indicating that tumor cell-derived 
IGF2BP3 inhibited the activation of CD8+ T cells. Furthermore, 
we sorted CD8+ T cells and cocultured them with Igf2bp3_wt 
or Igf2bp3_ko cells after activation by anti-CD3 and anti-CD28 
(Fig. 5D). The CD8+ T/tumor cell ratios were 1:1, 2:1, 4:1, 
5:1, 8:1, or 10:1. Increased 7AAD+ tumor cells were detected 
in Igf2bp3_ko group in all experimental settings (Fig. 5C–E). 
In addition, both granzyme B (p<0.01) and IFN-γ (p<0.01) 
generated by CD8+ T cells were increased in the group co-
cultured with Igf2bp3_ko cells compared with the Igf2bp3_
wt group (Fig. 5F). When TGF-β1 neutralizing antibody was 
added into the Igf2bp3_wt group, the levels of granzyme B 
(p<0.05) and IFN-γ (p<0.01) secreted by CD8+ T cells were 
elevated compared with the Igf2bp3_wt group (Fig. 5F). Col-
lectively, the findings suggest that IGF2BP3 inhibited activa-
tion of CD8+ T cells by promoting the secretion of TGF-β1.

IGF2BP3 directly binds to the mRNA of Ccl5 or 
Tgf-β1
As IGF2BP3 is an RNA binding protein (RBP), we sought 
to investigate whether IGF2PB3 directly binds with Ccl5 
or Tgf-β1 mRNA. We used the website RBP suite database 
(http://www.csbio.sjtu.edu.cn/bioinf/RBPsuite/), which 
can predict RBP binding site in RNA. All the predicted bind-
ing sites are shown in Figure 6A–B. Supplementary Table 
2 shows the sequences of which score was greater than 
0.5. RIP-PCR assays found two sequences, Ccl5-7 and 
Tgf-β1-28, were enriched in IGF2BP3 immunoprecipitated 
products (Fig. 6C and Supplementary Fig. 2A–B), which 
was confirmed by analysis of relative gray values (p<0.001; 
Fig. 6D). Enrichment of the two fragments (Ccl5-7 and 
Tgf-β1-28) were also validated by qRT-PCR (p<0.001; Fig. 
6E). mNeptune-based TriFC is a system used to monitor 
mRNA and protein interactions.23 If the candidate RBP in-
teracts with the RNA sequence of interest, re-association 
of the two mNeptune fragments produces a red TriFC sig-
nal. pECFP-C1-MS2-Ccl5-7, pECFP-C1-MS2-Tgf-β1-28, and 
pECFP-C1-ms2 (control) were transfected into 293T cells 
with pIgf2bp3-MN155 and pMC 156-MCP plasmids. We ob-
served significant red TriFC fluorescence signals in 293T 
cells transfected with pECFP-C1-MS2-Ccl5-7 or pECFP-C1-
MS2-Tgf-β1-28 compared with the control group (Fig. 6F). 
Collectively, the findings strongly indicate that IGF2BP3 di-
rectly bound to the mRNA of Ccl5 or Tgf-β1.

Combination of Igf2bp3 knockout and CD47 block-
ade has synergistic antitumorigenic effects in mouse 
HCC model
CD47 neutralizing antibodies have been used to enhance 
phagocytosis, a key function of macrophages, for HCC treat-
ment.27 Hence, we hypothesized that the combined approach 
of Igf2bp3 knockout and CD47 neutralizing antibody would 
not only accelerate macrophage phagocytosis, but also 
hinder M2-polarization and elicit better activation of CD8+ 
T cell. The results demonstrated that knockout of Igf2bp3 
combined with anti-CD47 therapy led to significantly slower 
tumor growth (Fig. 7A). Both the final tumor volume and 
weight were smallest in the combination treatment group 
(Fig. 7B–C). The findings strongly suggest synergistic anti-
tumorigenicity of Igf2bp3 inhibition and blockade of CD47. 

Overall, our study demonstrates that IGF2BP3 facilitated the 
infiltration and M2-polarization of macrophages and inhibited 
CD8+ T-cell activation. The activity was the result of the bind-
ing of IGF2BP3 to RNA fragments of Ccl5 and Tgf-β1, leading 
to an increased secretion of CCL5 and TGF-β1 (Fig. 7D).

Discussion
There were three main study findings: (1) IGF2BP3 was found 
to promote infiltration of macrophages by up-regulating CCL5; 
(2) IGF2BP3 induced M2 polarization of macrophages and in-
hibited CD8+ T-cell activation by increasing the expression of 
TGF-β1; (3) IGF2BP3 was found to directly bind to Ccl5 or 
Tgf-β1 mRNA. The CCL5/CCR5 axis has been shown to be in-
tricately involved in cancer progression through various mech-
anisms such as by promoting tumor growth and invasiveness, 
remodeling of the extracellular matrix, expansion of cancer 
stem cells, resistance to drugs, angiogenesis, and polariza-
tion of immunosuppressive macrophage.28 Blocking this axis 
with anti-CCR5 induced repolarization of macrophages with 
antitumor effects.29 In an EGFRL858R-induced mouse lung can-
cer model, inhibition of TP53 enhanced the polarization of M2 
macrophages by increasing the expression of CCL5.30 CCL5 is 
also known to stimulate macrophage migration and recruit-
ment.24 Oncolytic virus expressing fusion protein of cetuximab 
and CCL5 enhanced the migration and activation of immune 
cells including macrophages, which improved the therapeutic 
effect against solid tumors.31 In our study, IGF2BP3 was found 
to promote CCL5 secretion by binding to Ccl5 mRNA, thereby 
inducing macrophage infiltration of the tumor.

TGFβ signaling is one of the canonical pathways whose 
abnormality drives carcinogenesis.32 It was shown to be an 
important factor in the induction of epithelial-mesenchymal 
transition.33 It was also shown to facilitate cancer progres-
sion by promoting immunosuppression and inducing M2 po-
larization.34–36 Inhibitor or antibody against TGFβ showed 
promising antitumor activities.37 Our results also indicated 
that IGF2BP3 promoted TGF-β1 secretion in tumor cells, 
which polarized macrophages toward M2 phenotype. Thus, 
to the best of our knowledge, this is the first study to identify 
that IGF2BP3 acts on both macrophages and CD8+ T cells by 
binding to CCL5 and TGF-β1 in the immune microenviron-
ment of HCC mouse model. Given the broad role of CCL5 and 
TGF-β1, other functions of IGF2BP3 in HCC immune microen-
vironment remain to be further explored.

As an RBP, IGF2BP3 has been widely shown to promote 
the malignant phenotype of tumor cells, but its effects on 
immune cells are not well characterized in the contempo-
rary literature. A study at the pan-cancer level found that IG-
F2BP3 may be related to macrophage infiltration of tumors.38 
In a study investigating spontaneous abortion, IGF2BP3 was 
found to promote M2 polarization of macrophages.39 IGF2BP3 
facilitated immune evasion of cancerous cells by downregu-
lating the NKG2D ligand ULBP2 in a direct manner.40 The 
findings suggested the ability of IGF2BP3 to influence the 
immune microenvironment. In this study, we investigated 
the impact of IGF2BP3 on the immune microenvironment of 
HCC and found that IGF2BP3 promoted the infiltration and 
M2 polarization of macrophages and inhibited the activation 
of CD8+ T cells. In previous studies, IGF2BP3 in HCC mainly 
promoted various malignant phenotypes of the tumor cell 
itself.41 Our study extends the role of IGF2BP3 to regulating 
the functions of immune cells, providing a theoretical basis 
for the subsequent exploration of IGF2BP3 in the immune 
microenvironment and providing new insights for the devel-
opment of immunotherapy for HCC.

As for the molecular mechanisms, it has been reported 

http://www.csbio.sjtu.edu.cn/bioinf/RBPsuite/
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that IGF2BP3 has an important role in tumor development 
by regulating mRNA stability.42 In colorectal cancer, IGF2BP3 
was shown to enhance the expression of MEKK1 by stabiliz-
ing the mRNA by directly binding its 3′-UTR, activating the 
MEK1/ERK signaling pathway.43 In addition to promoting RNA 
stability, IGF2BP3 also reduces the stability of certain RNAs. 
For example, IGF2BP3 binds to EIF4E-BP2 mRNA leading to 
its degradation, thereby promoting EIF4E-mediated transla-
tional activation.44 In our study, IGF2BP3 was found to di-
rectly bind to the mRNA of Ccl5 and Tgf-β1. The regulatory 
mechanism by which IGF2BP3 affects the secretion of both 
molecules after binding to their mRNAs is a focus of our sub-

sequent studies. Our preliminary results suggested that IG-
F2BP3 enhanced the translation of Ccl5 or Tgf-β1, ultimately 
promoting their secretion. However, more experimental evi-
dence is needed to confirm this conclusion.

Immunotherapy has shown promising results in the treat-
ment of HCC. However, despite the success of combination 
immunotherapies in improving clinical response rates, nearly 
70% of patients are unresponsive to such treatments, and 
the underlying mechanism remains unclear.45 Therefore, in-
vestigating the immune microenvironment of HCC is impera-
tive for developing effective treatments. IGF2BP3 is strongly 
expressed in tumors but weakly expressed in normal tissues, 

Fig. 6.  IGF2BP3 directly binds to the mRNA of Ccl5 or Tgf-β1. (A, B) Binding site analysis of IGF2BP3 around the Ccl5 and Tgf-β1 mRNA using the RBP suite 
database. (C–E) RIP experiment was performed using IGF2BP3 antibodies followed by PCR (C, D) and qRT-PCR (E) with specific primers of Ccl5 and Tgf-β1 mRNA. (F) 
Detecting the binding between IGF2BP3 and mRNA of Ccl5 or Tgf-β1 in 293T cells using the TriFC system. pECFP-C1-MS2-Ccl5-7 (Ccl5-7), pECFP-C1-MS2-Tgf-β1-28 
(Tgf-β1-28) and pECFP-C1-ms2 (control) were transfected into 293T cells, with pIgf2bp3-MN155 and pMC 156-MCP plasmids. Representative pictures of immunofluo-
rescence. Scale bar=100 µm. Data are mean±SD. ***p<0.001. RBP, RNA binding protein; RIP, RNA immunoprecipitation.
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making it a potential therapeutic target.41 Additionally, CD47 
expression is upregulated in HCC, and anti-CD47 antibody 
can induce macrophage mediated phagocytosis.46–48 In our 
study, IGF2BP3 promoted M2 polarization of macrophages in 
HCC. Therefore, it is expected that the combination of CD47 
neutralizing antibody and IGF2BP3 inhibition may reduce 
M2 polarization of macrophages and promote macrophage 
phagocytosis. Our results suggest that IGF2BP3 inhibition 
combined with anti-CD47 antibody improved the therapeutic 
effectiveness against tumors. Although our combined treat-
ment strategy was effective in the Hepa1-6 xenograft tumor 
mouse model, further studies are required to determine the 
effectiveness of this treatment in other models.

Conclusions
In summary, we uncovered two novel targets of IGF2BP3 
through which IGF2BP3 mediated macrophage infiltration, M2 
polarization, and suppressed CD8+ T-cell activation in the liver 
cancer mouse model. Moreover, the combination of anti-CD47 
treatment and IGF2BP3 deficiency effectively decreased the 
tumor load in the Hepa1-6 xenograft tumor mouse model.
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