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   Alpha-fetoprotein(AFP) is a cancer biomarker for the diagnosis of hepatocellular carcinoma(HCC); however, its role in macrophage polarization and phagocytosis remains unclear. In the present study, we explored the correlation between AFP regulation of macrophage function and the possible regulatory mechanisms. Human mononuclear leukemia cells (THP-1) and monocytes from healthy donors were used to analyze the effect of AFP on the macrophages’ phenotype and phagocytosis. THP-1 cells and healthy human donor-derived monocytes were polarized into M0 macrophages induced by phorbol ester (PMA), and M0 macrophages were polarized into M1 macrophages induced by lipopolysaccharide(LPS) and interferon-γ(IFN-γ). Interleukin-4(IL-4) and interleukin-13(IL-13) were used to induce M0 macrophage polarization into M2 macrophages. Tumor-derived AFP(tAFP) stimulated M0 macrophage polarization into M2 macrophages and inhibited M1 macrophages to phagocytize HCC cells. The role of AFP in promoting macrophage polarization into M2 macrophages and inhibiting the M1 macrophages to phagocytize HCC cells may be involved in activating the PI3K/Akt signaling pathway. AFP could also enhanced the migration ability of macrophages and inhibited the apoptosis of HCC cells when co-cultured with M1-like macrophages. AFP is a pivotal cytokine that inhibits macrophages to phagocytize HCC cells.
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   1. Introduction.

 The incidence and mortality of hepatocellular carcinoma (HCC) is increasing annually. The characteristics of high recurrence, easy metastasis, and a high degree of malignancy lead to high mortality, as well as great obstacles in improving the efficacy and survival rate (1). Chronic hepatitis virus infection, biliary tract diseases, long-term alcoholism, aflatoxin exposure, and drug use are important risk factors for the development of liver cancer (2, 3). Liver fibrosis and cirrhosis caused by hepatitis B virus(HBV) infection are the most important risk factors in China. In the case of cirrhosis, gene mutation, epigenetic dysregulation and abnormal molecular signal transduction are important causes of hepatocyte carcinogenesis (4). Alpha-fetoprotein (AFP), a single-chain serum glycoprotein belonging to the albumin family, is mainly synthesized by the fetal liver and yolk sac during embryonic development, and its concentration in serum decreases rapidly a few months after birth. Therefore, the concentration of AFP levels in normal adults is very low (<20 ng/mL) (5). Abnormal elevation of AFP is common in patients with chronic or active hepatitis, liver cirrhosis, liver cancer, genital tumors, and pregnancy, and approximately 70% of patients with liver cancer have elevated serum AFP levels. In clinical practice, AFP is regarded as a specific tumor biomarker for the screening and diagnosis of primary liver cancer, and it plays an important role in judging the degree of malignancy, evaluation of efficacy, detection of recurrence after surgery, liver transplantation, and guidance for clinical medication (6).

 Tumor-associated macrophages (TAMs) in the tumor microenvironment (TME) can promote tumor development, invasion, metastasis, and recurrence (7). Generally, TAMs are M2 macrophages with phenotypic characteristics. Macrophages are mainly differentiated from circulating monocyte precursors and are characterized by high heterogeneity and functional diversity. The polarization of macrophages is an important factor affecting its anti-tumor activity (8), according to secreted cytokines and functions, macrophages can be divided into classical activated macrophages (M1 type) and alternatively activated macrophages (M2 type) (9, 10). M1-type macrophages are mainly induced and activated by lipopolysaccharide(LPS) and interferon-γ (IFN-γ). M1 macrophages can secrete proinflammatory cytokines, such as interleukin(IL)-12, IL-6, IL-1β, IL-23, and tumor necrosis factor-α(TNF-α), and also produce chemokines, such as CXCL9 and CXCL10. High expression of co-stimulatory molecules, such as CD86 and CD80, can also participate in inflammation by producing nitric oxide(NO), reactive oxygen species(ROS), and inducible nitric oxide synthase(iNOS) and by mediating the Th1-type cell immune response. It is mainly involved in the positive immune response through antigen presentation, and has strong phagocytosis and anti-tumor activity, thus exerting an immune surveillance function (11–14). M2-type macrophages are primarily induced and activated by IL-4, IL-13, and IL-10. The secretion of the inflammatory cytokines IL-10, transforming growth factor(TGF-β), and Arginase-1(Arg-1) and the expression of high levels of scavenger receptor (CD163), mannose receptor(CD206), CCL-17, CCL-22, and other chemokines downregulate the immune response. It mainly mediates the Th2-type immune response and plays a key anti-inflammatory role by accelerating tumor cells activation, invasion, angiogenesis, tissue remodeling, and inhibition of adaptive anti-tumor immunity (15–17).

 Previous studies in our laboratory have shown that AFP could induce the expression of downstream target genes by activating the PI3K/Akt signaling pathway and regulating the growth, proliferation, invasion, metastasis, generation of stem cells, and other malignant behaviors of liver cancer cells (18–20). TAMs also play a key role in promoting HCC invasion and metastasis, immune escape, matrix remodeling, epithelial-mesenchymal transition(EMT), lymphangiogenesis and angiogenesis, and drug resistance (21). At present, there are few studies on whether AFP can regulate the PI3K/Akt signaling pathway to affect the polarization and phagocytosis of macrophages, reverse the macrophages phenotype, or reshape TAMs in vivo. In the present study, we investigated the role of AFP in the polarization and phagocytosis of macrophages, explored the inhibitory effect of AFP on cellular immunity, and identified a new function of AFP in stimulating HCC cells to escape the surveillance of immune cells.

 
  2. Materials and methods.

  2.1. Cell lines and cell culture.

 The human mononuclear leukemia cell line, THP-1 was purchased from Wuhan Punoxai Life Technology Co., Ltd., while the human HCC cell lines Bel7402, HepG2 and HLE were purchased from Wuhan Boshude Bioengineering Co., Ltd. Cell resuscitation was performed using a UV lamp on a sterile ultraclean table. Cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum(FCS) and incubated at 37°C in a humidified atmosphere containing 5% CO2, as previously described (22, 23). Fresh medium (5 mL) was added to the new cell flask, the name of the cell was labeled with the name of the operator and the date, and then placed in the cell incubator for preheating. Cell status was observed, and the liquid was changed the next day.

 
  2.2. Inducing macrophage polarization.

 THP-1 and cells were centrifuged at 800 RPM/min for 5 min, the supernatant was discarded, and the number of cells was adjusted to 1×106/mL by adding an appropriate amount of fresh medium. Phorbol ester(PMA) was added to the cell suspension to a final concentration of 50 ng/mL, gently blown and mixed, and the cell suspension was seeded into a six-well plate at a volume of 2 mL per well and placed in an incubator under light. After treatment with PMA for 48 h, the cells turned from a suspension to adherent cells with protruding pseudopodia and were viewed under a microscope. THP-1 cells differentiated into M0 macrophages. M0 macrophages were washed twice with an appropriate amount of sterile PBS and cultured in fresh medium containing 50 ng/mL LPS+20 ng/mL IFN-γ for 24 h to obtain M1-type macrophages. Fresh medium containing 20 ng/mL IL-4+20 ng/mL IL-13 was added, and M0 macrophages were cultured for 72 h to obtain M2-type macrophages.

 
  2.3. Lentiviral infection and screening of stable expression cell lines.

 For adherent Bel7402 cells, the cell number was diluted to 1.2×105 cells/mL, and the cells were seeded into a 24-well plate at 500 μL/well. The culture was continued, and viral infection was performed when the degree of cell fusion reached 40%. For suspended THP-1 cells, The number of cells was diluted to 1×105/mL, and 500 μL/well was seeded into a 24-well plate for direct viral infection. Then, 250 μL of fresh medium containing 1×Hitans GP or 1×Hitans GA was added, and the corresponding virus volume was converted according to the selected multiplicity of infection(MOI) gradient (10, 24–26) and added to fresh medium containing the viral infection booster solution. Cell culture plates were shaken using the crossing method. After 4 h, 250 μL of fresh medium containing the infection booster solution was added again for 15 h. The cells were washed twice with sterile PBS, and fresh virus-free medium was added. The efficiency of the viral infection was observed after 48 and 72 h. After the puromycin concentration was screened, cells in the blank group were seeded in a 24-well plate, and the culture medium was replaced with fresh medium containing puromycin after 24 h. The puromycin screening gradients was 0.6, 1.2, 1.8, 2.4, and 3.0 μg/mL. The fresh medium was replaced according to the cell state, and the minimum puromycin concentration that killed all cells in the blank group for 3-4 days was selected as the experimental concentration of infected lentiviral cell lines. To screen stable virus-infected cell lines, 72 h after lentiviral infection, the concentration of puromycin found in the pre-experiment was used to simultaneously screen the lentivirus-infected and blank groups. After the cells in the blank group died completely, the concentration of puromycin in the lentivirus-infected cells was reduced to 50% of the original concentration and the culture was maintained. After 3 days, the medium was replaced with fresh medium without puromycin, and the obtained cells were considered THP-1 stable cells.

 
  2.4. Real-time polymerase chain reaction (PCR).

 Total RNA extraction, RNA-free centrifuge tubes, EP tubes, PCR tubes, and pipetting nozzles were used in this experiment. The macrophages were washed twice with sterile PBS, the PBS was aspirated, an appropriate amount of ACCUTASE cell digestion solution was added, and the cells were shaken gently and placed in a cell incubator. When the cells gradually fell off the bottle, sterile PBS was added, the adherent cells were blown with a pipette gun, and the cell suspension was centrifuged at 1500 RPM/min for 10 min. The temperature of the water bath was maintained at 70°C. The supernatant was discarded and 300 μL of the lysate was added to the cell precipitate and gently aspirated using a pipette gun. Next, 300 μL of RNA diluent was added, mixed well, and placed in a water bath at 70°C for 3 min to improve the RNA yield. The procedure was as follows: 600 μL of RNA wash solution was added to the column, centrifuge at 12000 RPM/min for 1 min, the filtrate obtained in the collection tube was discarded, and 50 μL DNase I incubation solution was added to the middle of the adsorption membrane of each tube of the centrifugation column and incubated at room temperature for 15 min. Add 600 μL RNA solution, centrifuge at 12000 RPM/min for 1 min, discard the filtrate obtained in the collection tube, and repeat the above procedure twice. The concentration and purity of RNA were determined using an ultramicro spectrophotometer, and the RNA was stored at -80°C until further analysis. The mRNA levels of the target genes were detected by real-time PCR as previously described (27) and the primers were shown in  Table 1 .

  Table 1 | Primers for real-time polymerase chain reaction (PCR). 

 

 
  2.5. Western blotting analysis.

 To estimate the polarization of macrophages induced by PMA, lipopolysaccharide(LPS), interferon-γ(IFN-γ), IL-4, and IL-13, the expression of the markers of M1-type macrophages, CD86 and inducible nitric oxide synthase(iNOS), and the markers of M2-type macrophages, CD163 and IL-10, were detected by Western blotting. The influence of AFP on the expression of these marker proteins and PI3K/Akt signaling pathway-related proteins was analyzed in M0-type macrophages. M0 macrophages were infected with the AFP-expressed lentiviral vectors and treated with the PI3K inhibitor Ly294002 (final concentration:20 μM) for 48 h. The expression of these proteins was analyzed by Western blotting. Briefly, these proteins were probed with the following primary antibodies: mouse anti-CD86 (1:500), anti-iNOS (1:500), anti-CD163 (1:500), anti-IL-10 (1:500), anti-β-actin (1:1000), rabbit anti-PI3K (1:400), anti-Akt (1:400), or anti-p-Akt(Ser473) (1:400) (all from eBioscience and Abcam Inc.). The detailed procedure has been previously described (20, 28).

 
  2.6. Flow cytometry studies.

 To analyze the macrophage phenotype, THP-1 cells were induced to differentiate into macrophages of various phenotypes, according to the method described above. The cells were washed twice with pre-cooled PBS, PBS was added, and an appropriate amount of ACCUTASE cell digestion solution was added. The cells were gently shaken to evenly cover the cell surface and then placed in a cell incubator. When the cells gradually fell off, 3 mL of fresh medium was added to blow the adherent cells, and the cell suspension was centrifuged at 1500 RPM/min for 10 min. THP-1 cells were centrifuged at 800 RPM/min for 5 min, without digestion. Next, 100 μL of fixation solution was added to 100 μL of the cell suspension by blowing, and the tube was mixed by pulsed vortexing and incubated for 30 min at room temperature in the dark. At the end of fixation, 2 mL of 1×membrane breaking solution was added and centrifuged for 5 min at 1500 RPM/min at room temperature. The supernatant was discarded, the cell precipitate was resuspended in 100 μL of 1×membrane breaking solution, and the corresponding flow antibody or the respective isotype control was added according to the manufacturer’s instructions. The cells were incubated at room temperature for 30 min in the dark, and the cell suspension was shaken every 10 min during the incubation period to allow for full reaction with the antibody. At the end of the incubation period, 2 mL of 1×membrane-breaking solution or pre-cooled PBS was added to each tube and centrifuged for 5 min at 1500 RPM/min at room temperature. Finally, the stained cells were resuspended in 300 μL of flow cytometry staining solution and transferred to a 5 mL flow cytometry tube with a cell filter for operation. The cell apoptosis analysis procedure was as follows: a noncontact co-culture system was established using a Transwell chamber (pore size:0.4 μm). Macrophages (approximately 1×106 cells/well) were inoculated in the upper chamber and placed above the six-well plate of HCC cells (approximately 1×106 cells/well) for 48 h. RPMI 1640 medium was added at 1.5 mL and 2.6 mL inside and outside the small chamber, respectively. The HCC cells were digested, centrifuged, and resuspended twice in pre-cooled PBS. The cell number was adjusted to 1×106 cells/mL by adding 1×Annexin V binding buffer, and 100 μL of the cell suspension was placed into a 1.5 mL EP tube. The Annexin V-PE/7-AAD Apoptosis Detection Kit(Beijing Biolaibo Technology Co., LTD, Beijing, China) was used to detect cell apoptosis. Five microliters of PE annexin V and 5 μL of 7-AAD solution were added, and the solution was gently blown with a pipette gun, mixed, and incubated at room temperature in the dark for 15 min. At the end of the incubation, 400 μL of 1×Annexin V binding buffer was added and then transferred to a 5 mL flow tube with a filter screen for loading. The procedure for the analysis of phagocytosis of macrophages was as follows: THP-1 cells were stimulated into M0-type macrophages using PMA in a six-well plate, the supernatant was discarded, the cells were washed with sterile PBS, and serum-free medium was added for 6 h. Carboxylate-modified polystyrene latex beads were prepared as follows: 100 μL of polystyrene latex bead suspension was added to 10 mL of 1% BSA and incubated in a 37°C water bath for 30 min, ultrasonicated for 5 min, and then used as prepared. Analysis of macrophage phagocytosis: The serum-free medium in the six-well plate was replaced with complete medium, and a certain volume of latex bead suspension was added and incubated in the cell incubator for 3 h and 6 h, respectively, in the dark. The six-well plate was removed according to the set phagocytosis time, pre-cooled PBS was added, and the plate was washed several times to remove the latex beads that had not been phagocytosed. The macrophages that had phagocytosed latex beads in the six-well plate were digested and centrifuged, resuspended in flow cytometry staining solution, and transferred to a 5 mL flow tube with a cell filter. The phagocytic ability of macrophages was detected using flow cytometry, and the fluorescence intensity represented the relative number of latex beads were phagocytosed by macrophages.

 
  2.7. Laser confocal microscopy.

 M0-type macrophages (2×105 cells/well) were cultured and infected with AFP-expressing negative control lentivirus vector(M0-NC) or AFP-expressing lentivirus vector(M0-AFP). Then, the phagocytic experiment with polystyrene latex beads was carried out by laying plates in laser confocal microscope Petri dishes, as described above. The cells were treated with carboxylate-modified polystyrene latex beads for 3 or 6 h, and then the un-engulfed polystyrene latex beads were removed by washing several times with precooled PBS. The cells were treated with 400 μL 4% paraformaldehyde for 20 min and washed twice with PBS containing 0.1% Triton X-100. Actin-Tracker Green was diluted in the staining working solution with an immunofluorescence secondary antibody diluent, and 300 μL was added to each well and incubated at room temperature for 40 min in the dark. The cells were washed twice with PBS containing 0.1% Triton X-100 for 4 min each wash. Next, 300 μL of DAPI staining solution was added to each well, and the staining was shielded from light for 5 min. The samples were washed three times with PBS containing 0.1% Triton X-100, and polystyrene latex beads engulfed by macrophages were observed and photographed using a laser confocal microscope.

 
  2.8. Cell migration assay.

 Macrophages in each group were digested with ACCUTASE cell digestion solution, and the number of cells was adjusted to 1×106/mL using medium without serum. A Transwell chamber (pore size, 8 μm) was used, and 500 μL of fresh RPMI 1640 medium containing 20% FBS was added to each well in the lower chamber. Two hundred microliters of cell suspension were added to each upper chamber, and the cells were cultured for 72 h in a cell incubator. The cells in the upper layer of the Transwell chamber were gently wiped with a cotton ball, washed twice with PBS, and treated with 4% paraformaldehyde for 20 min. The fixed Transwell chamber was cleaned twice with PBS and stained with 0.1% crystal violet for 20 min. After staining, the residual staining solution was cleaned with PBS and the plate was allowed to dry. Images were captured under an inverted microscope, and five fields were randomly selected for each group to calculate the average value.

 
  2.9. Healthy donor-derived monocytes were induced to polarize into macrophages.

 Healthy human(donors) (aged 22-26 years, four males and two females) were selected, and 50mL of blood was collected from each donor. Monocyte separation was performed as previously described (29, 30). Then PMA was added to the cell for 24h, and then the cells were treated with LPS+IFN-γor IL-4+IL-13 for 24h, respectively, to obtain M0-like macrophages, M1-like macrophages and M2-like macrophages.

 
  2.10. Phagocytosis assay with tumor-derived AFP (tAFP).

 A patient with liver cancer was recruited from the Department of Hepatobiliary Surgery, the First Affiliated Hospital of Hainan Medical College. The serum AFP concentration of the patient was >5000 ng/mL. 100 ml of blood was collected and the tumor-derived AFP(tAFP) was purified following a previously described procedure (31, 32). M1-like macrophages derived from THP-1 and M1- or M2-like macrophages derived from monocytes were treated with tAFP(final concentration 20μg/mL) for 24h. The cells were resuspended in 1 mL of PBS, and 1 μL of 5-(and -6)-carboxyfluorescein diacetate succinimidyl ester (CFSE). Laser confocal microscopy and intelligent living-cell high-throughput imaging analyzer were used to observe macrophages phagocytizing polystyrene latex beads or liver cancer cells(HLE cells). The following describes the experimental operation of observing M1-like macrophages that phagocytize HCC cells using an intelligent living-cell high-throughput imaging analyzer.

 
  2.11. Intelligent living-cell high-throughput imaging analyzer studies.

 To improve the fluorescence expression effect of HCC cells infected with lentivirus, Bel 7402 cells (untreated or infected with the interference AFP-expressing vector) were digested and centrifuged for cell counting. The cells were resuspended in 1 mL of PBS, and 1 μL of CFSE storage solution was added for blowing and mixing. The cells were incubated for 30 min at room temperature and then washed three times with PBS. M1-type macrophages were digested and centrifuged for cell counting. The stained liver cancer cells were co-cultured with M1-type macrophages in a six-well plate at a ratio of 1:1.5, and placed in a cell incubator for 2 h until the cells adhered to the wall. The bright field channel of the intelligent living-cell high-throughput imaging analyzer and the RFP red fluorescence channel (to reduce the strong green fluorescence background) were used to dynamically track and image the cells in contact with the co-culture. Five different visual fields were randomly selected for each group and photographed every 30 minutes for 24 hours.

 
  2.12. Statistical analysis.

 Each experiment was repeated more than three times. All experimental data were analyzed using the GraphPad Prism software (version 9.0). A t-test was used to compare the differences between two groups, the Mann Whitney U-test was applied to compare the differences in macrophage marker; one-way ANOVA was used to compare the differences between multiple groups, and the data are expressed as the mean ± standard deviation (x ± SD). Differences were considered statistically significant at P < 0.05.

 
 
  3. Results.

  3.1. Morphological characteristics to identify THP-1 monocytes and M0-, M1- and M2-type macrophages.

 THP-1 cells in good growth state were uniform in size, regular in shape, arranged in a circle under the microscope, and grown in suspension with clear cell boundaries and good refraction. After stimulation with RPMI 1640 medium containing 50 ng/mL PMA for 48 h, THP-1 cells gradually changed from suspension to adherent growth, lost their proliferative ability, increased in size, extended pseudopodia, and turned into tightly aligned oval or irregular M0-type macrophages. After stimulation of M0 macrophages with RPMI 1640 medium containing 50 ng/mL LPS+20 ng/mL IFN-γ for 24 h, the pseudopodia of M0-type macrophages changed more significantly, becoming M1-type macrophages with a long spindle shape. After stimulation of M0 macrophages with RPMI 1640 medium containing 20 ng/mL IL-4 + 20 ng/mL IL-13 for 72 h, the cell volume increased and the cells became polygonal M2-type macrophages (shown in  Supplementary materials: S-Figure 1 ). The mRNA expression levels of macrophage markers were analyzed to identify the M1 and M2 types. M0 macrophages were induced to polarize toward M1- or M2-type macrophages using IFN-γ+LPS and IL-4+IL-13, respectively. Real-time PCR was used to detect the Ct values of the M1-type macrophage markers CD86 and TNF-α, and the M2-type macrophages markers CD206 and Arg-1. The expression of each target gene in the M0-type macrophages was used as a control. The relative mRNA expression levels of each target gene in the M1- and M2-type macrophages were calculated using the 2-△△Ct method. The experimental results showed that the melting curves of the reference gene GAPDH and the target genes CD86, TNF-α, CD206, and Arg-1 all had single peaks ( Figure 1A ), indicating that the amplification products had high specificity. The relative mRNA expression levels of CD86 and TNF-α in M1-type macrophages were higher than those in M0- and M2-type macrophages. The relative mRNA expression levels of CD206 and Arg-1 in M2-type macrophage were higher than those in M0- and M1-type macrophages ( Figure 1B ). These results indicated that CD86 and TNF-α were highly expressed in M1 macrophages upon stimulation with IFN-γ+LPS, but CD206 and Arg-1 were highly expressed in M2 macrophages upon stimulation with IL-4+IL-13. M0-type macrophages were induced to polarize toward M1- or M2-type macrophages using IFN-γ+LPS and IL-4+IL-13, respectively. The protein expression levels of the M1 macrophages markers CD86 and iNOS and the M2 macrophages markers CD163 and IL-10 were detected by Western blotting. The experimental results showed that the protein expression levels of CD86 and iNOS in M1 macrophages were higher than those in M0 and M2 macrophages, and the protein expression levels of CD163 and IL-10 in M2 macrophages were higher than those in M0 and M1 macrophages ( Figure 1C ). These results indicated that M1-type macrophages overexpressed CD86 and iNOS under the stimulation of IFN-γ+LPS, and that M2-type macrophages overexpressed CD163 and IL-10 under the stimulation of IL-4+IL-13.

  

 Figure 1 | THP-1 monocytes were induced to polarize toward M0, M1 and M2 macrophages. (A) M0-type macrophages were induced to polarize toward M1- or M2-type macrophages using LPS+IFN-γ and IL-4+IL-13, respectively, for 72 h. Real-time PCR was used to detect the Ct values of the M1-type macrophage markers CD86 and TNF-α and the M2-type macrophage markers CD206 and Arg-1. Melting curve comparison of the relative mRNA expression levels of each target gene in M0, M1 and M2 macrophages. (B) The expression of each target gene in M0 macrophages was used as a control. The relative mRNA expression levels of each target gene in M1 and M2 macrophages were calculated by the 2-△△Ct method. The right column diagrams display the statistical differences in relative mRNA expression levels in each group, **P<0.01. (C) Protein expression of the M1-type macrophage markers CD86 and iNOS, and the M2-type macrophage markers CD163 and IL-10 detected by Western blotting; the right column diagrams display the expression levels of proteins in each group that were statistically analyzed by gray scanning, **P<0.01. (D) Expression of CD68 in the IgG isotype control and THP-1 cells; expression of CD68, CD86 and CD206 in M0, M1 and M2 macrophages detected by flow cytometry; the right column diagrams display statistical analysis of the expression of CD68, CD86 and CD206, **P<0.01. (E) The expression of the macrophage markers M0 (CD68), M1 (iNOS) and M2 (Agr-1) was observed by laser confocal microscopy. The results of the at least three independent experiments are shown. 

 

 CD68, as a 110-kDa highly glycosylated transmembrane protein, is the most specific and widely used marker for macrophages to distinguish monocytes from lymphocytes. The Flow cytometry results showed that the expression rates of CD68 in M0, M1, and M2 macrophages were 81.94 ± 4.34%, 88.69 ± 3.59% and 86.06 ± 4.41%, respectively ( Figure 1E ). The expression rate of CD68 in these macrophages was significantly higher than that in THP-1 cells (9.58 ± 2.25%) ( Figure 1E ), indicating that CD68 was highly expressed in M0, M1, and M2 macrophages. D86, a 60 kDa molecule expressed on antigen-presenting cells, belongs to the type I membrane protein of the immunoglobulin superfamily and is a biomarker of M1 macrophages. M0-type macrophages were induced to polarize toward M1- or M2-type macrophages using IFN-γ+LPS and IL-4+IL-13, respectively. Flow cytometry results showed that the expression rate of CD86 in M1 macrophages was 64.85 ± 3.39%, which was higher than that in M0 macrophages (30.61 ± 3.19%) and M2 macrophages (23.23 ± 5.73%) ( Figure 1D ), indicating that M0 macrophages highly expressed CD86 after IFN-γ+LPS stimulation. CD206, also known as the macrophage mannose receptor (MMR), is a 175 kDa type I single-chain transmembrane glycoprotein with a multilectin receptor structure, which is a biomarker of M2 macrophages. M0 macrophages were induced to polarize toward M1 or M2 macrophages using IFN-γ+LPS and IL-4+IL-13, respectively. Flow cytometry results showed that the expression rate of CD206 in M2 macrophages was 50.59 ± 4.25%, which was higher than that in M0 macrophages(7.61 ± 3.07%) and M1 macrophages(3.06 ± 4.48%) ( Figure 1D ), indicating that M0 macrophages highly expressed CD206 after stimulation with IL-4+IL-13. Laser confocal microscopy was used to observe the fluorescence expression of the M0-type macrophage marker CD68 (green fluorescence), the M1-type macrophage marker iNOS (green fluorescence), and the M2-type macrophage marker Arg-1 (green fluorescence). DAPI (blue fluorescence) staining was used to determine the location of nuclei. The merged images represent fluorescence expression on the surface of macrophages when the two types of fluorescence were fused ( Figure 1E ). The results showed that the pseudopodia of the M1 macrophages were more obvious than those of the M0 and M2 macrophages. CD68, iNOS, and Arg-1 were expressed in the M0, M1, and M2 macrophages, respectively.

 
  3.2. Establishment of cell lines stably overexpressing or interfering with AFP expression, and the influence of AFP on the expression of macrophage markers.

 THP-1 cells were infected with AFP-expressing lentivirus vectors and the expression of green fluorescent protein (GFP) in the cells was observed under an inverted fluorescence microscope for 72 h ( Figure 2A ). The GFP expression rate in THP-1 cells was approximately 80%. After puromycin screening, the culture was continued, and cellular proteins were extracted. The protein expression levels of AFP in the cells were detected by Western blotting ( Figure 2B ). The results showed that the protein expression of AFP in THP-1 cells while infected with AFP-expressing lentivirus vectors was significantly higher than that in the control group THP-1-NC (negative control, NC), proving that a THP-1-AFP cell line stably overexpressing AFP was successfully constructed. The Bel7402 cell line was infected with short hairpin RNA to suppress AFP(shAFP) lentiviral vectors, and the expression of green fluorescent protein (GFP) in the cells was observed under an inverted fluorescence microscope after 72 h ( Figure 2C ). The positive rate of GFP expression in the Bel7402 cells was approximately 90%. After puromycin screening, the culture was continued, and cell proteins were extracted. Western blotting was performed to detect the protein expression ( Figure 2D ). The results indicated that the protein expression of AFP in Bel7402-shAFP cells was significantly lower than that in the control group Bel7402-shNC (negative control, NC), proving that the Bel7402-shAFP cell line stably interfering with AFP expression was successfully established. THP-1 cells stably expressing AFP were stimulated with PMA to polarize them into M0 macrophages. Then, the cells were treated with LPS+IFN-γ or IL-4+IL-13, and the expression levels of the M1 macrophage markers CD86 and iNOS, and the M2 macrophage markers CD163 and IL-10 were detected by Western blotting. The results showed that the expression of CD163 and IL-10 in the macrophages of the M0-AFP (infected with AFP-expressing lentivirus vectors) group was higher than that in the M0 and M0-NC (infected with unexpressed lentivirus vectors) groups, and the protein expression levels of CD86 and iNOS in the macrophages of the M0-AFP group were lower than those in the M0 and M0-NC groups ( Figure 2E ). These results indicate that AFP overexpression in macrophages could upregulate the protein expression of the M2-type macrophage markers CD163 and IL-10 and downregulate the protein expression of the M1-type macrophage markers CD86 and iNOS. These results indicated that AFP overexpression promotes polarization of macrophages into the M2 type.

  

 Figure 2 | Establishment of stable overexpression of AFP in the THP-1-cell line and stable interference with AFP expression in the Bel7402 cell line, and AFP influences the expression of macrophage markers. (A) Fluorescence microscope was applied to observe the expression of GFP in THP-1 cells while infected with AFP-expressing negative control lentivirus vectors (M0-NC) or AFP-expressing lentivirus vectors (M0-AFP) after 48 h. (B) The expression of AFP was detected by Western blotting; the low column diagram shows statistical analysis of the expression levels of AFP in each group by gray scanning, **P<0.01. (C) Fluorescence microscope was applied to observe the expression of GFP in Bel7402 cells while infected with interference AFP-expressing vectors after 48 h. (D) The expression of AFP was detected by Western blotting; the low column diagram shows statistical analysis of the expression levels of AFP in each group by gray scanning, **P<0.01. (E) The expression of the M1-type macrophage markers CD86 and iNOS, and the M2-type macrophage markers CD163 and IL-10 was detected by Western blotting; the right column diagram displays the expression levels of macrophage markers in each group, which were statistically analyzed by gray scanning, **P<0.01. (F) Effect of AFP overexpression on the expression of the M1-type macrophage marker CD86, and the M2-type macrophage marker CD206 detected by flow cytometry; the right column diagram shows statistical analysis of the expression levels of CD86 and CD206, **P<0.01. The pictures are representative photos of three independent experiments. 

 

 THP-1 cells stably expressing AFP were stimulated with PMA to polarize them into M0-type macrophages. M0-AFP cells were then treated with LPS+IFN-γ or IL-4+IL-13. Flow cytometry was used to detect the expression of the M1-type macrophage marker CD86 and M2-type macrophage marker CD206. The results showed that the expression rate of the M2-type macrophage marker CD206 in the M0-AFP group was 31.59 ± 1.99%, which was higher than that in the M0-NC group (9.71 ± 2.38%). The expression rate of the M1-type macrophage marker CD86 in macrophages of the M0-AFP group was 16.30 ± 2.04%, which was lower than that in the M0-NC group (32.30 ± 1.74%) ( Figure 2F ). These results indicated that AFP overexpression in macrophages could upregulate the expression of the M2-type macrophage marker CD206 and downregulate the expression of the M1-type macrophage marker CD86.

 
  3.3. AFP activates the PI3K/Akt signaling pathway and stimulates macrophages to polarize into M2 type.

 Changes in the expression of M1- and M2-type macrophage markers after treatment with the PI3K inhibitor Ly294002 were detected by Western blotting. To investigate whether the PI3K/Akt signaling pathway is involved in the effect of AFP on the macrophages phenotype, changes in the expression of PI3K, Akt, and p-Akt(Ser473) in macrophages of the M0-NC and M0-AFP groups (treated with LPS+IFN-γ or IL-4+IL-13, respectively) were detected by western blotting. The results showed that the expression of PI3K and Akt in macrophages of the M0-NC and M0-AFP groups did not change significantly, but the expression of p-Akt(Ser473) in macrophages of the M0-AFP group was higher than that in macrophages of the M0-NC group ( Figure 3A ). To further verify whether AFP regulates the PI3K/Akt signaling pathway and affects the macrophage phenotype, the PI3K/Akt pathway inhibitor Ly294002 was used to treat the cells for 24 h before PMA was used to induce THP-1 polarization into the above two groups of macrophages. Western blotting was used to detect changes in the protein expression of the M1-type macrophage markers CD86 and iNOS, and the M2-type macrophage markers CD163 and IL-10. The results indicated that, compared with the macrophages in the M0-AFP group without Ly294002 treatment, the expression of CD86 and iNOS significantly increased, but the expression of p-Akt(Ser473), CD163, and IL-10 significantly decreased when the cells were treated with Ly294002( Figure 3B ). These results indicated that AFP could promote the expression of CD163 and IL-10 proteins in macrophages; treatment with the pathway inhibitor Ly294002 successfully blocked the PI3K/Akt signaling pathway and the effect of AFP on macrophage polarized phenotype was inhibited.

  

 Figure 3 | The effects of AFP and the PI3K inhibitor Ly294002 on the expression of M1- and M2-type macrophages’ markers. The M0 macrophages were infected with AFP-expressing negative control lentivirus vectors (M0-NC) or AFP-expressing lentivirus vectors (M0-AFP) for 48 h and then treated with LPS+IFN-γ or IL-4+IL-13 for 24 h, followed by treated with Ly294002 (final concentration: 20 μmol/L) for 24 h. (A) The expression of PI3K, Akt and p-Akt(Ser473) proteins in the M0-NC and M0-AFP groups was analyzed by Western blotting; the right column diagram displays the expression levels of proteins in each group statistically analyzed by gray scanning, **P<0.01; (B) The expression of the M1-type macrophage markers CD86 and iNOS and the M2-type macrophage markers CD163 and IL-10 in the M0-NC and M0-AFP groups analyzed by Western blotting; the right column diagram displays the expression levels of proteins in each group statistically analyzed by gray scanning, **P<0.01. (C) The expression of the M1-type macrophage marker CD86 and the M2-type macrophage marker CD206 in macrophages of the M0-NC and M0-AFP groups was detected by flow cytometry; the right column diagram displays statistical analysis of the expression of CD86 and CD206 in each group (NS: P >0.05). The results of the at least three independent experiments are shown. v-NC: negative control lentivirus vectors; v-AFP: AFP-expressing lentivirus vectors. 

 

 Changes in the M1 and M2 macrophages phenotype markers after treatment with Ly294002 were detected using flow cytometry. After PMA was used to induce THP-1 cells into macrophages in the M0-NC and M0-AFP groups, the PI3K/Akt pathway inhibitor Ly294002 was added and incubated for 24 h. Flow cytometry was used to detect the expression of the M1-type macrophage phenotype marker CD86 and the M2-type macrophage phenotype marker CD206. The flow cytometry results showed that the expression rate of the M1-type macrophages phenotype marker CD86 in the M0-NC group was 31.36 ± 3.29%, and there was no significant difference between the M0-NC and M0-AFP groups (30.85 ± 2.88%). The expression rate of the M2-type macrophage phenotype marker CD206 in the M0-NC group was 8.19 ± 2.48%, which was not significantly different from that in the M0-AFP group (10.60 ± 1.95%) ( Figure 3C ). The above results showed that after blocking the PI3K/Akt signaling pathway with Ly294002, there was no significant difference in the expression levels of CD86 and CD206 in the macrophages of the M0-AFP and M0-NC groups (P >0.05). These results indicated that the effect of AFP on the macrophage polarized phenotype was inhibited after blocking the PI3K/Akt signaling pathway, which proves that AFP promotes macrophage polarization toward the M2-type phenotype by activating the PI3K/Akt signaling pathway.

 
  3.4. Overexpression of AFP in macrophages was able to enhance the migratory ability of macrophages and inhibit apoptosis of HCC cells..

 To detect the effect of AFP on the migratory ability of macrophages, the M0, M0-NC, and M0-AFP groups of macrophages were subjected to a 72 h migration assay in a Transwell chamber (pore size:8 μm). The results showed that the migratory numbers of macrophages in the M0-AFP group of macrophages were higher than those in the M0 and M0-NC groups ( Figure 4A ), indicating that AFP promoted the migratory ability of macrophages. The M0-NC and M0-AFP groups of macrophages were co-cultured with Bel7402 and HepG2 cells without contact in a Transwell chamber (pore size:0.4 μm) for 48 h, and apoptosis of HCC cells was detected by flow cytometry. The experimental results showed that the apoptosis rate of Bel7402 cells co-cultured with M0-AFP cells was 2.94 ± 0.48%, which was lower than that of Bel7402 cells co-cultured with M0-NC cells (8.39 ± 0.55%) ( Figure 4B ). The apoptosis rate of HepG2 cells co-cultured with M0-AFP group was 3.10 ± 0.33%, which was lower than that of HepG2 cells co-cultured with M0-NC group (8.24 ± 0.25%) ( Figure 4B ). These results indicated that AFP-overexpressing macrophages in the co-culture system could inhibit the apoptosis of HCC cells.

  

 Figure 4 | Effect of AFP on the migration of macrophages and apoptosis of HCC cells. M0 macrophages were infected with AFP-expressing negative control lentivirus vectors(M0-NC) or AFP-expressing lentivirus vectors(M0-AFP) for 48 h and then treated with LPS+IFN-γ for 24 h to induce M0 macrophage polarize into the M1-like phenotype. (A) The number of cells crossing the Transwell chamber membrane in each group was observed by inverted microscope after 72 h, and 5 fields were randomly selected to calculate the mean value of cells crossing the membrane; the right column diagram displays the statistical analysis of the number of invaded cells in each group, **P<0.01. (B) Bel7402 and HepG2 hepatoma cells were co-cultured with M0-NC or M0-AFP, and the effect of macrophages on apoptosis of HCC cells was detected by flow cytometry; the right column diagram displays the statistical analysis of the apoptosis rate of liver cancer cells, **P<0.01. The images are from the at least three independent experiments. 

 

 
  3.5. Macrophage-derived AFP inhibits macrophages to phagocytize polystyrene latex beads by activating the PI3K/Akt pathway.

 The effects of AFP overexpression on macrophages engulfing polystyrene latex beads were observed using laser confocal microscopy. To study the effect of AFP on the phagocytosis of macrophages, the actin-Tracker Green-stained M0-NC and M0-AFP groups engulf carboxylate-modified polystyrene latex beads with a diameter of 0.5 μm (red fluorescence) was observed by laser confocal microscopy. The cell nucleus were stained with DAPI (blue fluorescence) staining ( Figure 5A ). The results showed that macrophages engulfed polystyrene latex beads were mainly located at the irregular membrane edge of the macrophage processes, and a few were located around the nucleus. In M0, M0-NC, and M0-AFP groups, macrophages engulfed significantly more polystyrene latex beads at 6 h than at 3 h. At the same phagocytosis time, macrophages engulfed the number of polystyrene latex beads in the M0 and M0-NC groups was higher than that in the M0-AFP group.

  

 Figure 5 | The effects of AFP and Ly294002 (PI3K inhibitor) on macrophages enggulfing polystyrene latex beads. M0 macrophages were infected with an AFP-expressing negative control lentivirus vector(M0-NC) or AFP-expressing lentivirus vector(M0-AFP) for 48 h and then treated with LPS+IFN-γ for 24 h to induce M0 macrophage polarization into M1-like phenotype. (A) Macrophages engulfed polystyrene latex beads in the M0, M0-NC and M0-AFP groups at 3 h and 6 h were observed by laser confocal microscopy; the fluorescence intensity represents the numbers of phagocytoses. Blue: cell nucleus(DAPI stained); Green: cytoplasm(5-(and -6)-carboxyfluorescein diacetate succinimidyl ester(CFSE) incorporation of the intracellular fluorescent dye); Red: polystyrene latex beads. (B) Macrophages engulfed the numbers of polystyrene latex beads in the M0, M0-NC and M0 AFP groups at 3 h and 6 h, detected by flow cytometry; the lower column diagram shows the statistical analysis of the phagocytosis rate of each group, **P<0.01. (C) After treatment with the PI3K inhibitor Ly294002 for 24 h, macrophages engulfed the numbers of polystyrene latex beads in the M0, M0-NC and M0-AFP groups at 3 and 6 h were detected by flow cytometry; the low column diagram shows the statistical analysis of the phagocytosis rate of each group, P>0.05. The images are from the at least three independent experiments. 

 

 The effect of AFP overexpression on the macrophages engulfing polystyrene latex beads was detected by flow cytometry. To further verify the effect of AFP on the phagocytic ability of macrophages to engulf polystyrene latex beads, flow cytometry was used to detect the fluorescence intensity after M0, M0-NC, and M0-AFP macrophages engulfed polystyrene latex beads in vivo. The fluorescence intensity indicates the relative numbers of polystyrene latex beads in the macrophages; the stronger fluorescence intensity of the polystyrene latex beads, the larger the quantity. The results of flow cytometry showed that the macrophages phagocytosis rates at 3 h and 6 h in the M0-AFP group were 32.75 ± 3.39% and 53.38 ± 2.28%, respectively; in the M0 group, they were 43.14 ± 3.12% and 66.59 ± 3.36%, respectively; in the M0-NC group, they were 44.31 ± 2.98% and 67.89 ± 3.47%, respectively. The experimental results showed phagocytosis of macrophages in each group at 3 h and 6 h, and the numbers of polystyrene latex beads in macrophages of the M0-AFP group was significantly lower than that in macrophages of the M0 and M0-NC groups ( Figure 5B ), indicating that the phagocytic ability of macrophages engulfed with polystyrene latex beads was decreased in macrophages which overexpressing AFP.

 After PMA was used to induce THP-1 to become macrophages in the M0-NC and M0-AFP groups, the cells were treated with the PI3K/Akt pathway inhibitor Ly294002 for 24 h. Macrophages engulfed polystyrene latex beads in the M0-NC, M0-NC, and M0-AFP groups were detected by flow cytometry at 3 and 6 h. The results showed that the macrophages phagocytosis rate in M0 groups were 40.39 ± 3.2% and 65.63 ± 4.15% at 3 and 6 h, respectively, and the macrophages phagocytosis rates in the M0-NC group were 41.94 ± 2.82% and 67.61 ± 3.37% at 3 and 6 h, respectively. The macrophages phagocytosis rates in the M0-AFP group were 40.20 ± 3.04% and 62.11 ± 2.4% at 3 h and 6 h, respectively ( Figure 5C ). Statistical analysis of the macrophages phagocytosis rates in each group showed no significant differences (P>0.05). Compared to that without Ly294002 treatment, the macrophage phagocytosis rate in the M0 and M0-NC groups did not change significantly, but the phagocytic ability of the M0-AFP group was enhanced, indicating that AFP could activate the PI3K/Akt signaling pathway to inhibit the phagocytic ability of macrophages to engulf polystyrene latex beads.

 
  3.6. Inhibition of AFP expression could enhance the phagocytic effect of macrophages on HCC cells.

 M1 macrophages can kill tumor cells and inhibit the growth of tumor cells through phagocytosis and Th1 response. To study the phagocytosis of M1 macrophages on HCC cells in the process of contact and co-culture with Bel7402-shAFP and Bel7402-shNC HCC cells, five different visual fields were randomly selected for the M1 macrophages co-cultured with Bel7402-shAFP group, and M1 macrophages co-cultured with Bel7402-shNC group using an intelligent living cell high-throughput imaging analyzer to conduct dynamic tracking and imaging. The morphology and position of M1 macrophages changed continuously during the contact and co-culture of the two cell types. Contact with Bel7402-shAFP cells, the morphology of M1 macrophages changed, the cell membrane invaginated, and Bel7402-shAFP cells were gradually phagocytosed and lysed ( Figures 6A, B ). When exposed to Bel7402-shNC cells, M1 macrophages only swam around the edges of Bel7402-shNC cells, without phagocytosis ( Figures 6C, D ). The dynamic video of M1 macrophage phagocytize HCC cells showed in attachment ( Supplementary Videos 1, 2 ). These results indicated that the number of M1 macrophages that phagocytosed Bel7402-shAFP cells in the co-culture process was higher than that in the Bel7402-shNC group, proving that AFP expression in HCC cells may inhibit the phagocytic ability of macrophages.

  

 Figure 6 | The effect of AFP on macrophages phagocytize HCC cells. M0 macrophages were administered LPS+IFN-γ for 24 h to induce M0 macrophage polarization into the M1-like phenotype. (A) A bright field channel was used to photograph the M1 macrophages co-cultured with Bel7402-shNC group. (B) A bright field channel was used to photograph the M1 macrophages co-cultured with Bel7402-shAFP group; (C) Bel7402-shNC cells were photographed using the RFP channel; (D), Bel7402-shAFP cells were photographed using the RFP channel. The macrophages phagocytized HCC cells was observed by an intelligent living-cell high-throughput imaging analyzer, and images were taken every 30 min for 24 h. The low column diagram shows statistical analysis of the numbers of phagocytic cells in 5 randomly selected fields, **P<0.01. The images are from the at least three independent experiments. Red: Bel7402 cells; gray: THP-1 derived M1-type macrophages. 

 

 
  3.7. Tumor-derived AFP(tAFP) inhibited macrophages to phagocytize polystyrene latex beads or HCC cells.

 In order to observe the effect of AFP on macrophages phagocytizing polystyrene latex beads or HCC cells, tumor-derived AFP(tAFP) from liver cancer loading patient was purified, and healthy human(donor) monocytes were collected. First, we observed the influence of tAFP in THP-1 derived M1-like macrophages phagocytizing polystyrene latex beads or liver cancer cells(HLE(non-AFP expressed line)), the results indicated that when treated with tAFP(final concentration 20μg/mL), the THP-1 derived M1-like macrophages phagocytized polystyrene latex beads or HLE cells was significantly decreased ( Figures 7A, B ). Second, monocytes from healthy donors were collected and treated with PMA for 24 h, followed by stimulation with LPS+IFN-γ or IL-4+IL-13 for 24 h, Monocytes were then induced to polarize into M0, M1, and M2(shown in  Supplementary materials: S-Figure 2 ); then, the polarized monocytes were co-cultured with polystyrene latex beads or HLE cells. The results showed that tAFP was able to significantly inhibit the monocytes derived M1-like macrophages to phagocytize polystyrene latex beads or HLE cells ( Figures 7C, D ); Moreover, an intelligent living-cell high-throughput imaging analyzer was used in this study to dynamically track observe the effect of tAFP on M1-like macrophages phagocytizing HLE cells, the dynamic video of M1-like macrophages phagocytize HLE cells shows in attachment ( Supplementary Videos 3, 4 ). These results further proved that tAFP could significantly inhibit M1-like macrophages to phagocytize HCC cells.

  

 Figure 7 | The effect of tAFP on macrophages phagocytizing polystyrene latex beads or HCC cells. Monocytes from health donors were treated with PAM to induce the polarization into M0 macrophage, then M0 macrophages were administered with LPS+IFN-γ or IL-4+IL-13 for 24 h to induce M0 macrophage polarize towards M1-like phenotype or M2-like phenotype(showed in  Supplementary materials: S-Figure 2 ). The THP-1 derived M1-like macrophage(gray) or health monocytes derived macrophages(gray) co-cultured with polystyrene latex beads(red) or HLE cells(red), then treated with tAFP(final concentration 20μg/mL). (A) THP-1 derived M1-like macrophage co-culture with polystyrene latex beads and treated with tAFP, the images of macrophages phagocytize polystyrene latex beads were taken by laser laser confocal microscopy after co-culture for 3h or 6h. Blue: cell nucleus(DAPI stained); Green: cytoplasm(CFSE incorporation of the intracellular fluorescent dye); Red: polystyrene latex beads. (B) THP-1 derived M1-like macrophages co-cultured with HLE cells and treated with tAFP, the macrophages phagocytosis was observed by an intelligent living-cell high-throughput imaging analyzer, the bright field channel was used to photograph, and images were taken every 30 min for 24 h. (C) Health monocytes-derived macrophage co-cultured with polystyrene latex beads and treated with tAFP, the images of macrophages phagocytize polystyrene latex beads were taken by laser laser confocal microscopy after co-culture for 3h or 6h. (D) Health monocytes derived M1-like macrophages co-cultured with HLE cells, then treated with tAFP, the M1-like macrophages phagocytosis was observed by an intelligent living-cell high-throughput imaging analyzer, the bright field channel was used to photograph, and images were taken every 30 min for 24 h. The images are from the at least three independent experiments. 

 

 
 
  4. Discussion.

 In early tumor microenvironment (TME) tissues, M1 macrophages, which inhibit angiogenesis and activate tumor immunity, are the main macrophage type. After tumor progression, the proportion of M2-type macrophages becomes the dominant type of infiltration in the TME, and M2-type macrophages can promote angiogenesis and inhibit immune response. In the early stages of tumor metastasis, macrophages are recruited from distant organs and improve the tissue microenvironment by secreting cytokines, thus providing a suitable microenvironment for tumor survival and distant metastasis (24). Owing to the plasticity of macrophages, the transformation of tumor-promoting M2 macrophages into tumor-killing M1 macrophages is closely associated with the prognosis of patients with liver cancer. Recently, Mantovani A, et al. (33) has suggested that macrophages could be used as an effective tool for targeted cancer therapy. As the first line of defense against exogenous invading pathogens, macrophages are an important bridge between the innate and adaptive immunity. Macrophages can recognize and phagocytose invading pathogens or cell debris in the form of fixed or free cells by expressing several receptors and secreting various bioactive substances. Macrophages can activate lymphocytes and other immune cells to kill pathogens (34, 35). Phagocytic receptors, such as Fc receptors(FcRs), exist on the membranes of macrophages and participate in phagocytic processes, they can be roughly divided into diverse types (36, 37). The study of the anti-tumor effects of macrophages has become a new focus in the exploration of tumor immunotherapy.

 The phosphatidylinositol 3-kinase (PI3K)/Akt pathway has been reported to regulate cell growth, proliferation, differentiation, and metabolism, and its abnormal activation plays an important role in the occurrence and development of cancers, cardiovascular diseases, and diabetes (38–40). PI3K is a member of the intracellular lipid kinase family and can be divided into three classes according to its substrate specificity. Among them, class I, consisting of the catalytic subunit p110 (α,β,γ) and regulatory subunit P85, can be activated by signaling factors that promote the phosphorylation of PIP2 to PIP3 (41). PIP3 recruits Akt to bind to its PH domain with high affinity, inducing the phosphorylation of serine/threonine residues (Thr308/Ser473). Fully activated Akt can activate downstream signaling molecules to regulate cell function (42). The PI3K/Akt signaling pathway also plays an important role in the phenotypic polarization of macrophages, and activation of the PI3K/Akt pathway promotes the polarization of M2-type macrophages (43–45). As the most significant effector of PI3K, Akt comprises serine/threonine protein kinases (Akt1, Akt2, and Akt3) (46, 47). Knockdown of Akt1 can upregulate the expression of miRNA-155 and induce macrophage polarization toward the M1 type. Knockdown of Akt2 can upregulate the expression of miRNA-146a and induce polarization of macrophages into the M2 type (48, 49). THP-1 cells were isolated from the peripheral blood of a one-year-old boy with acute myelocytic leukemia(AML). THP-1 cells are convenient for stable subculture and cryopreservation in vitro. THP-1 cells are similar to human monocytes in terms of cell morphology, membrane surface antigens, and secreted cytokines; therefore, THP-1 cells are widely used in the study of related mechanisms, drug functions, and signaling pathways in monocytes and macrophages (50, 51). Therefore, THP-1 cells were used in the subsequent experiments. Lipopolysaccharide(LPS)+IFN-γ and IL-4+IL-13 were used according to the classic induction method, and the appropriate concentration was found to stimulate macrophages to polarize into M1- or M2- type (25, 52). THP-1 cells, stimulated by the differentiation inducer phorophester(PMA), activate the protein kinase C(PKC) pathway, stop proliferating, gradually turn from suspended cells to adherent cells, extend pseudopodia, generate phagocytic vesicles, and become macrophages with irregular nuclei (53). AFP is used as a specific index for the screening and diagnosis of primary liver cancer and has many important biological functions, including as a growth regulating factor with a two-way adjustment function, regulating the expression of oncogenes, promoting the growth and proliferation of tumor cells, invasion and metastasis of autophagy, inhibiting tumor cell apoptosis, suppressing the activation of T cells and DC cells, inducing apoptosis of these cells, and thus escaping immune surveillance, further causing malignant cancer transformation (54–56). At present, the relationship between AFP and macrophage polarization, and the influence of AFP on the TME has rarely been reported. To investigate whether AFP could affect the phenotype and phagocytic effect of macrophages, we established a THP-1 cell line stably overexpressing AFP by constructing an AFP-expressing lentiviral vector and stimulated it with PMA to polarize into M0 macrophages. After stable AFP expression in M0 macrophages, THP-1 cells were treated with IFN-γ+LPS or IL-4+IL-13. Flow cytometry and Western blotting were used to detect the expression of M1-type macrophage- and M2-type macrophage-related markers in M0 macrophages stably expressing AFP and to explore the relationship between changes in the macrophage phenotype and the PI3K/Akt signaling pathway. The effects of AFP overexpression on the migratory ability of macrophages and apoptosis rate of HCC cells in the co-cultured system were evaluated. The phagocytic function of macrophages is key to the body’s defense, immunity maintenance, and tissue homeostasis. To investigate whether AFP could inhibit the phagocytic ability of macrophages, we studied the effect of AFP overexpression on the phagocytic ability of macrophages. Macrophages phagocytize tumor cells is one of the anti-tumor mechanisms of macrophages, and M1 macrophages play an important role in the antigen presenting and phagocytizing tumor cells. In the present study, co-cultured M1 macrophages with Bel7402-shNC and Bel7402-shAFP cells, and an intelligent living-cell high-throughput imaging analyzer was used to dynamically track and image AFP-expressing cells to observe phagocytosis by macrophages. In-depth exploration of the relationship between AFP and phagocytosis of macrophages, and targeted intervention of AFP could provide new therapeutic hope for patients with liver cancer.

 At present, the efficacy of surgical resection, transcatheter arterial chemoembolization, and radiofrequency ablation in the treatment of liver cancer is not satisfactory, and targeted therapy for liver cancer is an urgent problem to be solved (57, 58). With the development of tumor immunology, new immunotherapies have become a hot and challenging topic in basic cancer research. Immune checkpoint inhibitors targeting programmed death receptor-1(PD-1), programmed cell death ligand-1(PD-L1), cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4), and chimeric antigen receptor T-cell immunotherapy(CAR-T) have been developed. Emerging immunotherapies such as these have been approved by the FDA and have entered the clinical application stage, they have been proven to have remarkable efficacy in the treatment of some advanced malignant tumors, and can prolong the overall survival of tumor patients compared with traditional treatment methods (59, 60). However, despite bringing new hope to cancer treatment, these immunotherapies still have certain limitations. Therefore, it is necessary to identify new therapeutic targets for immune intervention to develop more effective clinical immunotherapies for liver cancer (61, 62).

 To investigate whether AFP could affect the macrophage phenotype, we constructed THP-1 cell lines stably expressing AFP and stimulated them with PMA to induce polarization into M0-type macrophages. Flow cytometry and Western blotting analysis showed that the M2-type macrophage markers CD163, CD206, and IL-10 were significantly expressed in AFP-overexpressing M0 macrophages, whereas the M1-type macrophage markers iNOS and CD86 were expressed at lower levels. It has been proven that AFP could promote macrophage polarization from M0 to M2. Evidence has been shown that the PI3K/Akt signaling pathway can regulate the phenotypic polarization of macrophages and thus affect the occurrence, development, and prognosis of tumors (63). In this study, we found that the effect of AFP on the macrophage phenotype was inhibited after treatment with Ly294002, an inhibitor of the PI3K/Akt signaling pathway, indicating that AFP promotes macrophage polarization toward the M2-type by activating the PI3K/Akt signaling pathway.

 AFP, a G protein-coupled receptor (GPCRs) agonist, can regulate cell migration and invasion. Human recombinant AFP protein can increase the mRNA and protein levels of matrix metalloproteinase 9(MMP9), thereby enhancing the invasive ability of THP-1 cells in a concentration-dependent manner (26). To explore whether AFP could affect the migratory ability of THP-1-derived macrophages, we conducted Transwell chamber analyses and found that the migratory ability of M0 macrophages which overexpressing AFP was stronger than that of the control group, indicating that AFP overexpression could also enhance the migratory ability of THP-1-derived macrophages. M0 macrophages overexpressing AFP and macrophages in the control group were co-cultured with Bel7402 and HepG2 cells in a Transwell chamber (pore size:0.4 μm) without contact. Flow cytometry results showed that co-cultured with AFP-overexpressing macrophages reduced the apoptosis rate of Bel7402 and HepG2 cells. In this study, we found that AFP could promote the transformation of M0 macrophages into M2 macrophages. Therefore, it is speculated that the decreased apoptosis rate of HCC cells may be related to the secretion of pro-tumor cell growth factors by macrophages.

 It has been reported that purified human recombinant AFP protein could inhibit the phagocytic ability of macrophages in chicken red blood cells by binding to mouse peritoneal macrophages, and this inhibition could be relieved to varying degrees after AFP removal (64). In this study, laser confocal microscopy and flow cytometry analysis indicated that the phagocytic ability of M0 macrophages which overexpressing AFP for polystyrene latex beads was significantly lower than that of the control group, indicating that AFP could inhibit the phagocytic ability of macrophages for polystyrene latex beads. Signal regulatory protein α (SIRPα) on the surface of macrophages can help macrophages recognize “myself” and “non-me” cells, and the surface of tumor cells usually highly express the CD47 molecule. CD47 can bind to SIRPα on the surface of macrophages to convey the “don’t eat me” signal to macrophages, forming the antiphagocytic signaling axis, inhibiting phagocytosis of macrophages on tumor cells (65, 66). In addition to CD47, the macrophage surface leukocyte immunoglobulin-like receptor B1(LILRB1) protein can specifically recognize major histocompatibility complex I(MHC I) and microglobulin-like β2 (β2M) on the surface of tumor cells, allowing tumor cells to directly escape macrophage phagocytosis (67). In a tumorigenesis experiment in nude mice, it was found that the survival time of nude mice was prolonged by nearly 70% after inhibiting the expression of MHC I on the surface of cancer cells. When the β-chains of CD47 and MHC I were simultaneously targeted, anti-tumor activity was significantly enhanced compared to that of CD47 or MHC I alone (68). Phagocytosis of macrophages in tumor cells is an anti-tumor mechanism. To study the differences in the phagocytic ability of macrophages in AFP-expressing HCC cells, we used an intelligent living-cell high-throughput imaging analyzer to contact and co-cultured M1 macrophages with Bel7402-shAFP and Bel7402-shNC cells and conducted dynamic tracking photography. M1 macrophages gradually phagocytized Bel7402-shAFP cells and lysed them by changing the cell morphology and position. When M1 macrophages came into contact with Bel7402-shNC cells, macrophages only swam around the edge of Bel7402-shNC cells without phagocytosis, indicating that AFP expression in HCC cells may inhibit macrophages to phagocytize hepatoma cells.

 This study initially explored the effects of exogenous AFP overexpression in THP-1 cells on the macrophage phenotype, migration, and phagocytosis. Previous studies have reported that there is a specific AFP receptor on the cell membrane of THP-1 cells that may be involved in physiological regulation of the immune response (26, 69). Because immunotherapy of liver cancer is a hot scientific issue in research on the prevention and treatment of liver cancer, and AFP is a highly specific protein expressed by liver cancer cells, the immunosuppressive function of AFP has been widely studied (70), and the immunomodulatory function of AFP in hepatoma cells should be evaluated. To further study the effect of AFP on the phagocytosis of macrophages, in this study, liver cancer-derived AFP(tAFP) was treated in THP-1- derived M1 cells and monocyte-derived macrophages from healthy donors, and the effect of tAFP on macrophages phagocytizing, the phagocytosis of THP-1-derived M1 and monocytes-derived macrophages was observed. The results showed that tAFP not only inhibited THP-1-derived M1 cells phagocytizing polystyrene latex beads and HCC cells, but also inhibited monocytes-derived macrophages phagocytizing HCC cells. These results suggest that tAFP inhibits macrophages phagocytosis. In the future, normal AFP(nAFP) and tAFP proteins will be used to treat THP-1-derived macrophages and monocyte-derived macrophages from healthy donors, and to test the different effect of nAFP and tAFP on phagocytosis of the macrophage phenotype. In the present study, the results indicated that AFP has a novel function in stimulating M0-type macrophages polarization into M2-type macrophages and inhibiting M1-type macrophages to phagocytize HCC cells, implying that AFP plays a key role in anti-inflammation, accelerating HCC cells to escape from the attack of macrophages, and inhibiting adaptive anti-tumor immunity. AFP may be used in immunotherapy for patients with HCC.

 AFP promotes polarization of M0 macrophages into M2-type and attenuates macrophages to phagocytize polystyrene latex beads. AFP also inhibited the ability of M1 macrophages to phagocytize HCC cells. The role of AFP in suppressing the phagocytic ability of M1 macrophages involves the activation of the PI3K/Akt signaling pathway. tAFP may be used as a novel biotarget for immunotherapy in HCC patients.
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  Supplementary Video 1 & 2 | Observed dynamically track of AFP inhibits M1 phenotype macrophages phagocytize HCC cells was used an intelligent live-cell high-throughput imaging analyzer (video). M0 macrophages were treated with LPS +IFN-γ for 24 h, and M0 macrophages were induced to polarize into M1 phenotype macrophages. (A) M1 macrophages co-cultured with Bel7402-shNC group; images were taken every 30 min for 24 h. (B) M1 macrophages co-cultured with Bel7402-shAFP group; and images were taken every 30 min for 24 h. Red: Bel 7402 cells; gray: THP-1 derived M1 phenotype macrophages. 

  Supplementary Video 3 & 4 | Dynamically track of tAFP inhibits healthy donor monocytes-derived M1-like phenotype macrophages phagocytize HLE cells was observed by an intelligent live-cell high-throughput imaging analyzer (video). (A) Health monocytes derived M1-like phenotype macrophages co-cultured with HLE group; and images were taken every 30 min for 24 h. (B) Health monocytes derived M1-like phenotype macrophages co-cultured with HLE, then treated with tAFP(final concentration 20μg/mL) group; and images were taken every 30 min for 24 h. Red: HLE cells; gray: M1-like phenotype macrophages. 
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Forward: TGATGACATCAAGAAGGTGGTGAAG
Reverse: TCCTTGGAGGCCATGTGGGCCAT

Forward: CTGCTCATCTATACACGGTTA
Reverse: GGAAACGTCGTCAGTTCTGTG

Forward: TGGCCCAGGCAGTCAGA
Reverse: GGTTTGCTACAACATGGGCTACA

Forward: TTTGTCAACTTGAGTCCCTTCAC
Reverse: TCCCGCTACACTTGTTTTCAC

Forward: ACGGAAGAATCAGCCTGGTG
Reverse: GTCCACGTCTCTCAAGCCAA





