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Functional Phenotypes of Peritoneal Macrophages Upon AMD3100 Treatment During Colitis-Associated Tumorigenesis
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CXCL12 and its receptor CXCR4 are independent prognostic factors in colorectal cancer. AMD3100 is the most frequently used FDA-approved antagonist that targets the CXCL12-CXCR4 axis in clinical trials. We aimed to explore the role of AMD3100 and its effect on peritoneal macrophages' functional phenotypes during colitis-associated tumorigenesis. We treated AMD3100 in a colitis-associated colon cancer mouse model and evaluated its effect on tumorigenesis. The phagocytosis activities of peritoneal macrophages were measured by flow cytometry. The proportions of macrophages and M1/M2 subpopulations were investigated by flow cytometry, ELISA, and immunochemistry. Serum levels of pro-inflammatory and anti-inflammatory cytokines were measured by LEGENDplex™ kits. Transwell assay and qRT-PCR were performed to investigate the direct effect of CXCL12 on macrophages in vitro. We demonstrated that AMD3100 treatment reduced the inflammatory damages in the colonic mucosal and ameliorated tumor development in experimental mice. We found that the phagocytosis activities of peritoneal macrophages fluctuated during colitis-associated tumorigenesis. The proportions of peritoneal macrophages and M1/M2 subpopulations, together with their metabolite and cytokines, changed dynamically in the process. Moreover, AMD3100 regulated the functional phenotypes of macrophages, including reducing the recruiting activity, promoting polarization to the M1 subpopulation, and reducing IL-12 and IL-23 levels in serum. Our study contributes to understanding dynamic changes of peritoneal macrophages upon AMD3100 treatment during tumorigenesis and sheds light on the potential therapeutic target of AMD3100 and peritoneal macrophages against colitis-associated colon cancer.

Keywords: colorectal cancer, tumorigenesis, CXCL12, AMD3100, peritoneal macrophages


INTRODUCTION

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the second leading cause of cancer-associated death worldwide (1). It is well established that chronic colitis predisposes individuals to colorectal tumorigenesis (2). Inflammatory bowel disease, such as Crohn's disease and ulcerative colitis, which features chronic recurrent intestinal inflammation of the intestinal tract, is a significant risk factor for patients developing colitis-associated colon cancer (CAC) (3, 4).

C-X-C motif chemokine ligand 12 (CXCL12) and its receptor C-X-C motif chemokine receptor 4 (CXCR4) have emerged as promising therapeutic approaches targeting tumor growth and metastasis (5). They were reported to promote cancer progression in several preclinical models, including CRC (6–11), and are independent prognostic factors for tumor differentiation, metastasis, and survival in CRC (12, 13). AMD3100 (Plerixafor) is currently the only FDA-approved small molecule CXCR4 antagonist and is the most frequently used drug targeting the CXCL12-CXCR4 axis in clinical trials (14). Research focusing on the potential application of CXCR4 antagonist against CRC in combination with or not with anti-PD-L1 antibodies is mounting (15, 16). Continuous administration of AMD3100 for 1 week in microsatellite stable CRC patients induced an integrated immune response, including intra-tumoral T and NK cell accumulation and activation (15). Combining anti-CXCL12 monotherapy with pembrolizumab triggered activation and clustering of T cells in the tumor core and led to long-term disease stabilization in patients with pretreated advanced metastatic colorectal cancer. Additionally, the efficacy of anti-CXCL12 is associated with the presence of the CXCL12-associated CD14+CD15+ cell population of the monocytic lineage in tissues (16).

CAC development is a multistep process encompassing chronic inflammation that accelerates tumorigenesis by the repeated cycles of epithelial wounding and repair and involves a complex interplay of infiltrated immune cells (17). Peritoneal macrophages (PMs), as the most abundant cell types in ascitic mononuclear cells in the peritoneal cavity, were demonstrated to mediate the peritoneal dissemination of CRC and gastric cancer (18, 19). However, unlike tumor-associated macrophages (TAMs) in the tumor microenvironment, which are known to regulate tumor proliferation and metastasis and are associated with the prognosis of numerous cancers (20), the role of PMs on cancer progression remains largely unknown. Rei et al. (21) found that PMs, mobilized by interleukin (IL)-17, are enriched in pro-inflammatory and proangiogenic mediators (il1b, il6, vegfa, transforming growth factor-beta [tgfb], mif, cxcl1, and cxcl8) and strongly and directly promote ovarian cancer proliferation. Wang et al. (22) found that during colitis-associated tumorigenesis, PMs gained aberrant expression of both the pro-inflammatory (Il1b, Il6, Il12, tumor necrosis factor-alfa [Tnfa]) and anti-inflammatory cytokines (Il10, Tgfb), which indicates its potential role in carcinoma development and metastasis.

Given macrophage's multifaceted role in physiological and pathological states, PMs may express different functional phenotypes in response to the complex microenvironmental signals in CRC. This study aimed to investigate the role of intraperitoneal treatment of AMD3100 and its effect on PMs' dynamic changes of subpopulations and functional phenotypes during colitis-associated tumorigenesis.



MATERIALS AND METHODS


Mice

Eight to ten-week-old C57BL/6 mice were injected with 10 mg/kg azoxymethane (AOM, Sigma-Aldrich, St. Louis, MO, USA). All mice were given drinking water seven days later, adding 2.5% dextran sodium sulfate (DSS, M.P. Biomedicals, Solon, OH, USA; M.W., 36,000–50,000 Da) for the following seven consecutive days, followed by regular water for 2 weeks. This cycle was repeated three times then changed to regular water until the end of the experiment in the 18th week (23). In the CAC+AMD group, mice were treated daily with AMD3100 (5 mg/kg, i.p) to interfere with the CXCL12/CXCR4 axis. In the CAC group, 1 × phosphate-buffered saline (PBS) was injected instead. All mice procedures were performed following institutional guidelines. The protocol was approved by the Animal Ethics Committee of Central South University for the protection of animals.



Flow Cytometry

Peritoneal cells were aseptically isolated by peritoneal lavage with cold PBS containing 2% FBS and 1% penicillin-streptomycin. After centrifugation, cells were resuspended and washed with PBS. Cells were stained with the flow cytometry antibody anti-F4/80-PE-Cy7, anti-CD11b-FITC, anti-CD206-APC, and anti-CD16/32-PE (BD Biosciences, San Jose, CA, USA) for 30 min at 4°C. The cells were then washed and resuspended in PBS. The stained cells were analyzed using a flow cytometer (BD FACS CANTO II, BD Biosciences, San Diego, CA) and the FlowJo software (Tree Star, Ashland, OR).



Measurement of iNOs and Arginase-1

The levels of iNOs and arginase-1 in mice colon tissue were measured by the NOS2 / iNOS (mouse) ELISA Kit (BioVision, Milpitas, CA, USA) and mouse ARG1/Arginase-1 ELISA kit (LifeSpan BioSciences, Seattle, Washington, USA) according to the manufacturer's instructions respectively.



Hematoxylin and Eosin and Immunohistochemical Staining

Paraffin-embedded intestinal specimens from patients and experimental mice were stained with H&E for the microscopic examination. The sections were reviewed and scored based on the following criteria (24): inflammation (graded as 0 = normal, 1 = small leukocyte aggregates in mucosa and/or submucosa, 2 = coalescing mucosal and/or submucosal inflammation, 3 = coalescing mucosal inflammation with prominent multifocal submucosal extension +/- follicle formation, 4 = severe diffuse inflammation of mucosa, submucosa, and deeper layers), epithelial defects (0 = none, 1 = focally dilated glands and/or attenuated surface epithelium, decreased goblet cells, 2 = focally extensive gland dilation and/or surface epithelial attenuation, 3= erosions, 4 = ulceration), crypt atrophy (0 = none, 1 = <25%, 2 = 25–50%, 3 = 50–75%, 4 = >75%), and dysplasia/neoplasia (0 = normal, 1 = aberrant crypt foci, 2= polyploid hyperplasia/dysplasia, 3 = adenomatous and/or sessile hyperplasia/dysplasia, 3.5 = intramucosal carcinoma, 4 = invasive carcinoma), was added to extent of dysplasia/neoplasia (0 = none, 1 = <10% surface area, 2 = 10–25% surface area, 3 = 25–50% surface area, 4 = >50% surface area) for a final score.

IHC was performed on 4 μm-thick paraffin-embedded colorectal tissue sections from mice. The deparaffinized sections were incubated with a rabbit anti-iNOS antibody (Abcam, Cambridge, UK), a CD68 polyclonal antibody (Proteintech, Rosemont, IL, USA), or a Ly6G monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA) at 4°C overnight followed by incubation with a biotinylated goat anti-rabbit or mouse IgG antibody (Vector Laboratories, Burlingame, CA, USA) for 30 min. The immunostained sections were observed under a microscope (OLYMPUS BX-51, Tokyo, Japan) and scored based on the immunoreactive score system (25): positive cells proportion score (graded as 0 = no positive cells, 1 = <10% of positive cells, 2 = 10–50% positive cells, and 3 = 51-80% positive cells, 4 = >80% positive cells) was multiply by staining intensity score (graded as 0 = no reaction, 1 = mild reaction, 2 = moderate reaction, and 3 = intense reaction) for a final score with 12 possible values.



Measurement of Cytokines

In mice, serum cytokine levels (IL-10, IL-12, IL-17A, IL-23, TNF-α, and TGF-β) were estimated by LEGENDplex™ kits (Biolegend, San Diego, CA, USA) following the manufacturer's instructions.



Transwell Migration Experiments

Transwell assays were used to examine cell motility. 1 × 105 macrophages per well were seeded in the upper chamber in 100 μL of serum-free medium (24-well, 8.0 μm pore, Millipore). In the lower chamber, 600 μL of medium with 15% fetal bovine serum (FBS; Hyclone) was added, with or without 100 ng/ml recombinant CXCL12 (PeproTech). After incubated for 24 h at 37°C, cells at the upper surface of the membrane were removed. Cells on the lower surface of the membrane were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet solution. Cell number was counted using an inverted fluorescence microscope.



qRT-PCR

Total RNAs were isolated from cell lines using TRIzol reagent following the standard protocols and quantified using a Biospec-nano spectrophotometer (Life Science, Columbia, MD, USA). Total RNA was used to synthesize cDNA by reverse transcription with the SuperScript™ RT reagent Kit (Thermo Fisher Scientific, Waltham, USA) with a reaction system volume of 20 μL. The expression of the mRNAs was evaluated using SYBR green qRT-PCR (Takara Biotechnology Ltd., Dalian, China) following the standard protocol. Specific primer sequences used for PCR are as follows. Mouse IL-8: forward, 5′-CTCTGTGGTATCCAAGAATCAGTGA-3′, and reverse, 5′-TATTGCATCTGGCAACCCTACA-3′; mouse IL-10: forward, 5′-TGCAGGCTAACA CAGACACAG-3′, and reverse, 5′-AGCTGTGGGTTCTCATTCGC-3′; mouse IL-12: forward, 5′-GTCACAAAGGAGGCGAG GTT-3′, and reverse, 5′-CAGCAGGTG AAACGTCCAGA-3′; mouse IL-17A: forward, 5′-TACAACCGATCCACCTCACC-3′, and reverse, 5′-TTCACAGTGGTCCTTCCAGGT-3′; mouse IL-23: forward, 5′-AAAGGCAGCAGCTCAAGGAT-3′, and reverse, 5′-GTGCCTGGGGTGGTAGAT TT-3′; mouse TNF-α: forward, 5′-GGTGTCTGGCACACAGAAGAC-3′, and reverse, 5′-CTTA GCCCTGAGGTGTCTGG-3′; mouse TGF-β: forward, 5′- GGTTTGACCTAGGCGCTCA-3′, and reverse, 5′-CTGTCTGTGCTCACCCT CAC-3′; mouse IFN-γ: forward, 5′-TTCAGTTCCCAC GCCAATCT-3′, and reverse, 5′-TTGAAGAAG ATACCCAAATCAGTCT-3′.



Phagocytic Activity

Macrophages were isolated as described above. After washing, 0.5 ml of 10% FBS-RPMI-1640 medium containing 25 μg of pHrodo Green Zymosan Bioparticles Conjugate for Phagocytosis (Invitrogen, Eugene, OR, USA) was added to each well and incubated for 2 h under a dark condition. After removing the culture medium, the cells were washed and collected in PBS, and phagocytic activity was measured on a flow cytometer.



Statistics

All data were expressed as the means ± SEM of at least three independent experiments. Differences in the two groups were analyzed using the two-sided student's t-test or two-way ANOVA test by GraphPad Prism Software (La Jolla, CA, USA). A p-value of <0.05 was considered statistically significant.




RESULTS


AMD3100 Inhibited AOM/DSS Induced CRC Tumorigenesis

To investigate the role of AMD3100 in CAC development, we modeled the colitis-associated tumorigenesis process in mice with carcinogen AOM and pro-inflammatory agent DSS. Pathological analyses revealed a “normal–inflammation-low-grade dysplasia–high-grade dysplasia–carcinoma” sequential process in the colon as the natural disease process in humans (23), which is represented in the colonic mucosa as inflammation by week 2, inflammatory hyperplasia by week 6, dysplasia and aberrant crypt foci by week 10, and carcinoma at weeks 18 (Figure 1A).
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FIGURE 1. AMD3100 inhibited AOM/DSS-induced CRC tumorigenesis. (A) Schematic representation of the experimental design and representative images of morphological observation of the colon of mice injected with PBS (CAC) or with AMD3100 (CAC + AMD) at indicated time intervals (in untreated mice and in mice from the end of 2nd, 6, and 18th weeks, respectively) after azoxymethane (AOM)/ dextran sodium sulfate (DSS) treatment (scale bar = 100 nm, magnification 100×). The solid black arrow indicates colonic mucosa with a damaged epithelial barrier. The black hollow arrow indicates erosion and crypt abscesses. The Blue arrow indicates inflammatory hyperplasia in the colonic tissue with crypt distortion. The orange arrow indicates dysplasia and aberrant crypt foci. The red arrow indicates an overt carcinoma polyp in the lumen of the proximal colon. (B) Changes of disease activity index (DAI) during the treatment of AOM/DSS in mice from two groups (n = 10). DAI = (weight loss score + stool characteristic score + hematochezia score)/3. (C) Representative gross colon morphology and the numbers of tumors were measured at the 18th week of AOM/DSS administration (n = 10). The white arrow indicates the overt carcinoma polyps. (D) Histopathology scores of mice in two groups in the 18th week of treatment (n = 10). Data are shown as Mean ± SEM (B) or Mean ± SD. Statistical analysis was carried out using Two-way ANOVA with Geisser-Greenhouse correction and multiple unpaired t-tests.


After induction of colitis with DSS in the 2nd week, we observed severe epithelial barrier destruction in the colonic mucosa from CAC mice. The goblet cells were lost and replaced by infiltrated inflammatory cells and crypt abscesses (indicated by black arrows). Part of the epithelial layer of the intestinal mucosa was shed and fused into large ulcers. However, colonic tissues from AMD3100-treated mice largely retained the integration of the epithelial barrier and formed scattered ulcers. Six weeks after induction, atypical hyperplasia appeared in the colorectal mucosa, accompanied by inflammatory cells infiltrating. The arrangement of glands was slightly disordered, where the glandular hyperplasia cells were of different sizes and shapes, with hyperchromatic nuclei, increased nucleocytoplasmic ratio, and disordered polarity (indicated by blue arrows). In mice treated with AMD3100, however, we observed scattered glandular hyperplasia cells, but the structures of glands and crypts remain integrated. At the end of the 10th week after modeling, high-grade intraepithelial neoplasia appeared in the intestinal mucosa of CAC mice. The gland cavities, which consisted of atypia cells, were of different sizes and irregular shapes and surrounded by inflammatory cells (indicated by orange arrows). At the end of the 18th week, all CAC mice developed colorectal cancer, which protruded intestinal mucosa to form adenocarcinoma polyps, where the glandular structure of intestinal mucosa disappeared. Some polyps are fused into large adenocarcinomas with inflammatory cells infiltrating around the cancerous tissue. In the colon of AMD3100 treated mice, we observed milder epithelial barrier damage and less dysplasia crypt at the end of the 10th week and more diminutive carcinoma polyps in the 18th week than in CAC mice (Figure 1A).

The overall trends of DAI scores, used to evaluate the severity of colitis, increased following the ongoing experiment in both groups. In AMD3100-treated mice, the mean DAI scores were lower than those of untreated littermates, which indicated milder symptoms, such as less weight loss, milder diarrhea, and alleviated bleeding in the intestine (Figure 1B). In addition, AMD3100 treatment reduced the number of tumor polyps in colonic tissues (Figure 1C) and attenuated colonic damages and relative histologic scores in the 18th week (Figure 1D). These findings suggested that AMD3100 treatment attenuated the inflammatory damage in the colonic tissues and inhibited the AOM/DSS-induced CRC tumorigenesis.



The Phagocytic Function of PMs Changed During Colitis-Associated Tumorigenesis

One essential function of macrophages is phagocytosing foreign substances, such as pathogens, apoptotic cells, and other abnormal invaders, including tumor cells. The phagocytosis and subsequent immune recognition of tumor cells have been considered a bridge of innate and adaptive immunity to trigger anti-tumor responses and provide a new avenue for developing cancer immunotherapies (26). However, little is known about the phagocytic function of PMs in AOM/DSS-induced CAC. In this study, we found that the phagocytosis activity of macrophages, which was quantified by the mean fluorescence intensity (MFI), increased in the 2nd week, decreased to baseline in the 6th week, and increased again in the 10 and 18th weeks. The differences between them were significant (Figure 2A).
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FIGURE 2. The phagocytic function of PMs changed during colitis-associated tumorigenesis. (A) The flow cytometer measured the phagocytic activity of peritoneal macrophages (PMs) from two groups. Mean fluorescence intensity (MFI) of the pHrodo Green Zymosan Bioparticles phagocyted by macrophages was calculated and shown (n = 4). (B) The gating strategy for macrophages with increased phagocytic functions was marked as 0-6 depending on the MFI value on FITC. (C) Mean FITC zone of PMs from two groups (n = 4). (D) Percentage of PMs with different phagocytic functions from two groups in untreated mice and in mice from the 2nd, 6, 10, and 18th-weeks post-AOM/DSS induction (n = 4). Individual data are shown as Mean ± SD. Statistical analysis was carried out using unpaired t-tests.


To further quantify macrophage phagocytosis, we classified the macrophages into seven (zero to six) zones according to their FITC fluorescence values (Figure 2B) and analyzed the proportion of macrophages in each zone. At the beginning and in the 6th week, around 70% of macrophages belong to zone zero and one, but the proportions decreased below 60% in the 2nd, 10, and 18th weeks (Figures 2C,D). The overall trend of the mean FITC zone is similar to the changes in MFI, except that AMD3100 treatment decreased the mean FITC zone in PMs at the 10th week (Figures 2C,D), indicating that AMD3100 influenced the phagocytosis activity of PMs at specific microenvironment.



AMD3100 Inhibited PM Recruiting and Regulated the Proportions of the M1/M2 Subpopulation

Macrophages in tumor tissues are the most abundant innate immune cells in the tumor microenvironment (27). Macrophages are capable of polarizing toward a spectrum of phenotypes, including classically pro-inflammatory and anti-tumor M1 subpopulation and the alternative pro-healing and pro-tumor M2 phenotype (28).

In our study, two-parameter histograms F4/80+CD11b+ were recognized as macrophages and further divided by CD16/32 and CD206 as specific markers for M1 and M2, respectively (Figure 3A). In the CAC mice model, we found a significant decrease in PMs' percentage in the 2nd and 6th weeks, and the proportion increased in the 10 and 18th weeks. The overall trend of the PMs' percentage in the AMD3100-treated mice was lower than that in the CAC mice, and the difference was significant in the 18th week (Figure 3B). In addition, the proportion of the M2 subpopulation peaked at the second week but decreased to the baseline afterward, whereas the M1 subpopulation largely remained stable at the baseline in the 2nd and 6th weeks but increased in the 10 and 18th weeks in the CAC mice. However, in AMD3100-treated mice, the proportion of M1 cells was significantly higher than that in the CAC group in the 2nd week. The increasing trend in the AMD3100 group was shown at other time points after AOM/DSS induction, but the differences were not significant (Figure 3C). Meanwhile, the proportion of M2 cells was relatively low in the colonic tissues of AMD3100-treated mice, especially in the 2nd week when the difference was significant (Figure 3D). Furthermore, we detected the CD68+ macrophages in colonic tissues using IHC and quantified them by immune reactive score. We found that the amounts of CD68+ macrophages significantly increased in the colonic lamina propria from mice in two groups in the 2nd, 6, 10, and 18th weeks. In addition, in the colon of AMD3100-treated mice, the amounts of CD68+ macrophages were significantly lower than that in the CAC mice (Figures 3E,F). These data suggested that AMD3100 inhibited PMs recruiting during CAC progress and regulated the proportions of the M1/M2 subpopulation at the inflammation stage.
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FIGURE 3. AMD3100 inhibited PM recruiting and regulated the proportions of the M1/M2 subpopulation. (A) Flow cytometric characterization of macrophages in representative samples of peritoneal lavage cells in mice from the 10th week post-AOM/DSS induction. Cells were identified as follows: macrophages = CD11b+F4/80+, M1 = CD11b+F4/80+CD16/32+CD206−, and M2 = CD11b+ F4/80+CD16/32−CD206+. (B) Percentage of macrophages in peritoneal lavage cells in two groups in untreated mice and mice from the 2nd, 6, 10 and 18th-weeks post-AOM/DSS induction (n ≥ 4). (C,D) Percentage of CD16/32+CD206− M1 type and CD16/32−CD206+ M2 type macrophages in peritoneal macrophages (PMs) from two groups in the 0th, 2nd, 6, and 18th-weeks post-AOM/DSS induction (n ≥ 4). (E,F) Representative images of immunohistochemical staining for CD68 in colonic mucosa in mice from each group at 0, 2, 6, 10, and 18 weeks after AOM/DSS treatment and quantified immune reactive scores (scale bar = 50 nm, magnification 200×). Individual data are shown as Mean ± SD. Statistical analysis was carried out using unpaired t-tests.




AMD3100 Regulated the Levels of iNOs and Arginase-1 in Colonic Tissues During CAC

M1 macrophages have a potent ability to metabolize arginine to nitric oxide (NO) via the inducible nitric oxide synthase (iNOS), whereas M2 macrophages preferentially metabolize arginine to ornithine via arginase-1 (29). To further investigate the M1/M2 subpopulations, we performed ELISA and IHC staining to evaluate iNOS and arginase-1, the specific markers of pro-inflammatory and pro-healing phenotypes of macrophages. We found that the levels of iNOS in colonic tissues were increased at the 10th week in the CAC mice. In addition, the levels of iNOS were higher in AMD3100-treated mice than in untreated mice in the 6 and 10th weeks (Figure 4A). Meanwhile, the levels of arginase-1 increased in both groups in the 2nd, 6, 10, and 18th weeks. Moreover, compared to the CAC mice, AMD3100 treatment decreased the levels of arginase-1 in the 6, 10th, and especially in the 18th week, where the difference was significant (Figure 4B). In addition, the IHC staining of iNOS revealed that AMD3100 treatment increased the levels of iNOS in the colonic tissues in the 2nd, 6, and 10th weeks after modeling (Figure 4C). Furthermore, considering that neutrophils were another source of iNOS (30), we detected the Ly6G+ neutrophils in colonic tissues using IHC. Upon the AOM/DSS treatment, we found significantly increased Ly6G+ cells resident in the mucosa in the 2nd, 6, 10, and 18 weeks, especially in the 2nd week when it reached the highest level. However, the immune reactive scores between the CAC and AMD3100-treated groups did not differ (Figure 4D). Hence, AMD3100 treatment regulated the levels of iNOS and arginase-1 but not the amount of Ly6G+ neutrophils in colonic tissues during CAC.
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FIGURE 4. AMD3100 regulated the levels of iNOS and arginase-1 in colonic tissues during CAC. (A) The expression of inducible nitric oxide synthase (iNOS) in colonic tissues was measured by ELISA (n = 4). (B) The expression of arginase-1 expressions in colonic tissues was measured by ELISA (n = 4). (C) The expression of iNOS was assessed by immunohistochemical staining and quantified by immune reactive scores (scale bar = 50 nm, magnification 200×). (D) The expression of Ly6G was assessed by immunohistochemical staining and quantified by immune reactive scores (scale bar = 50 nm, magnification 200×). Individual data are shown as Mean ± SD. Statistical analysis was carried out using unpaired t-tests.




AMD3100 Reduced Serum Levels of IL-12 and IL-23 at the Late Stage of CAC

During cancer development, chronic inflammation was induced and functioned as a crucial promoter, along with changes in the cellular microenvironment that favor tumor formation, in which many cell types interact via secreted factors (31). In the present study, we measured the IL-10, IL-12, IL-17A, IL-23, TNF-α, and TGF-β cytokines in mice serum at different time points using LEGENDplex™ kits. We found that the level of pro-inflammatory cytokine IL-12 slightly increased during cancer development in the 6, 10, and 18th weeks. The level of another member of the IL-12 family, IL-23, increased dramatically in the 6th week but decreased to the baseline afterward. Levels of TNF-α and IL-17A increased in the 2nd and 6th weeks and decreased to the baselines in the 10 and 18th weeks. Meanwhile, the anti-inflammatory cytokines IL-10 and TGF-β remain relatively stable as the baselines throughout the treatment. AMD3100 treatment reduced the level of IL-12 in the 10th week and especially in the 18th week. In addition, the level of IL-23 in the AMD3100-treated mice significantly reduced compared to that in CAC mice in the 18th week (Figure 5). Collectively, these results imply that AMD3100 treatment regulated the serum levels of IL-12 and IL-23 at the late stage of CAC.
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FIGURE 5. AMD3100 regulated serum levels of cytokines. The levels of IL-12, IL23, TNF-α, IL17A, IL-10, and TGF-β were measured in serum from control and AMD mice in the 0th, 2nd, 6, 10, and 18th weeks post-AOM/DSS treatment by LEGENDplex™ kits (n ≥ 4). Individual data are shown as Mean ± SD. Statistical analysis was carried out using unpaired t-tests.




CXCL12 Directly Regulated Macrophages' Functions

AMD3100 is the specific antagonist blocking the CXCL12/CXCR4 axis. To explore the direct effect of AMD3100 on macrophages, we used CXCL12 to stimulate macrophages in vitro. We found that upon CXCL12 stimulation, the number of migrated macrophages were increased markedly compared to that in the untreated group, which indicated an increased recruitment ability of macrophages (Figure 6A). Moreover, after CXCL12 stimulation, macrophages express lower mRNA levels of IL-12, IL-23, and IL-8 and higher IL-17, TNF-α, and IFN-g. Meanwhile, IL-10 and TGF-β did not show many differences between groups upon treatment (Figure 6B).


[image: Figure 6]
FIGURE 6. CXCL12 regulated macrophages' recruitment and cytokines expression. (A) Transwell assays were performed to measure cell recruitment capacity, and the numbers of migrated cells were counted (right panel). Macrophages were stimulated with CXCL12 (100 ng/ml) or not (n = 5). (B) Relative expression of IL-12, IL-23, IL-8, IL-10, IL17A, TNF-α, IFN-γ, and TGF-β were analyzed by qRT-PCR. Individual data are shown as Mean ± SD. Statistical analysis was carried out using unpaired t-tests.





DISCUSSION

The CXCL12/CXCR4 axis is crucial signaling for tumor cells cross-talking with the tumor microenvironment that paves a path for tumorigenesis (32). AMD3100 is a specific CXCR4 antagonist used frequently in clinical trials for solid tumors. In the current study, we showed that blocking CXCL12/CXCR4 axis by specific antagonist AMD3100 reduced the inflammatory damage in the colonic mucosal and ameliorated the development of CAC in experimental mice. We found that the phagocytosis activity of PMs fluctuated during the CAC process. In addition, the proportions of PMs and M1/M2 subpopulations, together with their metabolite and cytokines, changed dynamically during colitis-associated tumorigenesis. Nevertheless, AMD3100 regulated the phagocytosis activity of PMs, the proportion of the M1/M2 subpopulation, and the level of its specific metabolites and cytokines. Experiments in cells confirmed the effect of CXCL12 on macrophages in vitro.

CXCL12 and CXCR4 are independent prognostic factors for tumor differentiation, metastasis, and CRC survival (12, 13). Considering the high conservation of the CXCL12/CXCR4 axis across diverse species, studies of CXCR4 inhibitors in mouse and cell lines have the potential to translate into human clinical studies quickly. AMD3100, in combination with or not with anti-PD-L1 antibodies, has been applied in immunotherapeutic against CRC, pancreatic cancer, hepatocellular carcinoma, and breast cancer (15, 16, 33, 34). Biasci et al. found that continuous administration of AMD3100 in microsatellite stable CRC patients induced an integrated immune response, including intra-tumoral T and NK cell accumulation and activation, and decreased serum levels of ctDNA and circulating CXCL8. Even though it did not reveal clinical remissions due to the short period, it provides early indications of the possibility of an early anti-cancer effect mediated by CXCR4 inhibition (15). Another study found that applicated combination therapy of anti-CXCL12 monotherapy with pembrolizumab increased T-lymphocyte infiltration and improved immunotherapeutic effect in patients with pretreated advanced metastatic CRC, which also revealed that the efficacy of anti-CXCL12 is associated with the presence of CXCL12-associated CD14+CD15+ cell population of the monocytic lineage (16).

Previously, we demonstrated that restoring CXCR4 reversed the inhibition effects of miR-126 on promoting the migration, proliferation, and invasion of colon cancer cells (35). Other studies showed that blocking CXCR4 attenuates colonic damage in the murine colitis model (36, 37), indicating its critical role in the intestinal inflammatory response and CRC progression. We consistently found in the current study that AMD3100 markedly ameliorated the colonic barrier damage, inflammatory infiltration, and colitis symptoms at the inflammation stage and reduced the histologic scores and tumor numbers at the late stage. Most adverse events of long-term administration of AMD3100 in patients were mild, transient, and resolved without treatment, including abdominal pain, fatigue, headaches, tachycardia, injection site reactions, nausea, and bloating (15, 16, 38). In this study, we did observe sensitive abdomen in a few mice treated with AMD3100. However, after repeated cycles of DSS treatment, most mice performed abdominal symptoms, including abdominal pain, diarrhea, and loose stool, and the adverse events in the AMD3100-treated group in contrast to the non-treated group were hard to tell.

Under pathologic conditions such as cancer, the volume of fluid in the peritoneal cavity increases, and its biochemical composition changes, which often correlates with poor prognosis in patients (39). Ascites are reservoirs of a complex mixture of resident peritoneal cells, constitutive or inducible products, and sometimes invading pathogens and cancer cells (40). PMs are the most abundant cell types in ascitic mononuclear cells in the peritoneal cavity and the first line to defense invaders. Although the general role of macrophages in the colonic tissues in CRC has been well demonstrated, given the multifaceted role that macrophage has in physiological and pathological states, the functional phenotype of PMs may reveal some diversity.

Our research demonstrated the dynamic changes of PMs under the treatment of AMD3100 during the AOM/DSS-induced CRC progress. At the acute inflammation stage (the 2nd and 6th weeks), we observed increased CD68+ macrophages infiltrating the inflamed colonic lamina propria, which lasted until the end of the experiment. In the meantime, consistent with previous findings, we found a significant increase of Ly6G+ neutrophils in the damaged mucosa in the 2nd and 6thweeks after modeling, and the mucosal infiltration of neutrophils declined after the acute inflammation stage (41, 42). As the most abundant circulating leukocyte and the first responders to sites of infection and acute tissue damage (43), the massively accumulated neutrophils in the injured sites might explain the decline proportions of PMs in the 2nd and 6th weeks and the increased proportion in the 10 and 18th weeks when the number of neutrophils gradually declined. Still, as the neutrophil outnumbers other leukocytes by a wide margin, it might shrink the differential alteration in macrophages at the 2nd and 6th weeks.

CXCL12/CXCR4 was reported to drive the accumulation of tumor-associated macrophages in the tumor environment or egress to draining lymphatics (44, 45). In contrast, another study found that CXCL12 stimulation of CXCR4 inhibited the directed migration of human immune cells mediated by chemokine receptors, such as CCR2/CCL2, for the migration of monocytes and macrophages (15). Moreover, in certain pathological states, like stroke and diabetes, blocking the CXCL12/CXCR4 axis by AMD3100 treatment led to elevated populations of activated macrophages in the ischemic cortex or skin wounds (46, 47). Consistent with the previous studies (8, 44), we found a decreased amount of CD68+ macrophages and proportions of PMs in the AMD3100-treated mice in the current study.

Although PMs did not express detectable cell surface levels of CXCR4, they did respond to stimulations of CXCL12, and its expression increased during acute inflammatory peritonitis (48, 49). The increased expression of CXCR4 in macrophages under inflammation stimuli explained the increased amount of CD68+ macrophages after modeling and increased proportions of PMs at the 10 and 18th weeks when the intestinal inflammation response aggravated alongside CRC development. In addition, consistent with that, recruitment of neutrophils to the tumor location was also regulated by chemokines like CXCL12 (50). CXCL12 has been reported to synergize with IL-8 to chemoattract neutrophils or independently induce neutrophil recruitment (51, 52). In contrast, as an HIV antagonist, phase-I clinical studies indicated that AMD3100 causes a rapid rise in circulating leukocytes, including neutrophils (53). In mice, AMD3100 treatment was shown to mobilize lymphocytes, monocytes, and neutrophils from primary immune organs to secondary immune organs, peripheral tissues, and blood (54, 55). However, despite that AMD3100-induced neutrophil mobilization to blood, it did not reduce neutrophil trafficking to inflamed peripheral tissues (55, 56). Consistent with these studies, we did not find differences between CAC and AMD3100-treated groups.

Emerging studies have demonstrated that increased tumor-associated macrophage phagocytic activity improved the T-cell mediated adaptive immune responses and promoted the detection and clearance of malignant cells (26). The combination of anti-CXCR4 and anti-PD-1 immunotherapy mainly focus on T cell responses but not innate anti-cancer immunity (15, 16, 33, 34). Our research found PMs' increased phagocytic activity in the 2nd week after the first treatment cycle of DSS when acute inflammatory responses were triggered. In the 6th week, however, the phagocytic activity decreased to the baseline level when the critical time of formatting inflammatory hyperplasia and dysplasia might indirectly contribute to tumor development. Surprisingly, the phagocytic activity increased and remained at a stable high level at the 10 and 18th weeks, and AMD3100 treatment slightly decreased it. Nevertheless, possibly due to T cell exhaustion or tumor immune escape at a later stage of tumorigenesis (57), we did not observe the influence of phagocytosis on developing CRC.

At the extremes of their phenotypic continuum, macrophages can be classified into two subtypes: pro-inflammatory M1 macrophages produce type I pro-inflammatory cytokines such as TNF-a and IL-12 and cytotoxic substances like iNOS. Conversely, anti-inflammatory M2 macrophages produce type II cytokines like IL-10 and arginase-1, facilitating collagen deposition and promoting tissue repair. High levels of M2 macrophage infiltration are associated with a poor prognosis in CRC patients (58). Therefore, reprogramming from the M2 phenotype to the M1 phenotype is effective in cancer therapy, and the role of peritoneal M1/M2 macrophages upon AMD3100 treatment during CRC tumorigenesis needs to be evaluated.

Increased macrophages, particularly M2 subtype macrophages, correlated with metastasis and poor CRC prognosis (59, 60). The present study found that the proportion of M2 macrophages markedly increased in the 2nd week but quickly decreased and remained relatively stable afterward. In contrast, the subpopulation of M1 macrophages remained at a stable baseline during the inflammation and dysplasia process (in the 2nd and 6th weeks) but increased in aberrant crypt foci and carcinoma (10 and 18th weeks). Additionally, in the 2nd week, treatment of AMD3100 significantly increased the proportion of M1 macrophages and decreased the M2 subpopulation in the peritoneal cavity.

It has been shown that the chemokine CXCL12 regulated the differentiation of monocyte-to-macrophage by downregulating the expression of the transcription factor RUNX3 and induced macrophages to differentiate to an M2 phenotype characterized by higher surface expression of CD163 (61). In addition, M2 macrophages expressed a higher level of CXCR4 than M1 macrophages (62), which might also contribute to the changes in the proportion of peritoneal M1/M2 macrophages.

As a critical member of the mononuclear phagocyte network, the M1 and M2 macrophages' subpopulation is also distinguished by phagocytic activity. Chatterjee et al. (63) believe that M1 macrophages have high phagocytic activity than the M2 subpopulation, whereas Kapellos et al. (64) hold the opposite opinion. Our study found that AMD3100 promoted PMs skewing to the M1 subpopulation but slightly decreased its phagocytic activity, which unveiled a fragment of the diversity phenotype of PMs.

NO is a free radical produced by a family of NOSs by the oxidation of L-arginine. iNOs, as an inducible enzyme of pro-inflammatory M1 macrophage, also existed in other cell types such as neutrophils, vascular smooth muscle cells, microglia, and neurons (65). In the current study, we found that the levels of iNOS in colonic tissues were increased at the 10th week while the levels of arginase-1 increased at the end of 2nd and 6th weeks but decreased slightly at the 10 and 18th weeks. In addition, AMD3100 treatment increased the levels of iNOS and decreased the levels of arginase-1. As the amounts of Ly6G+ neutrophils in the two groups did not show a difference, the dynamic changes might be related to the changes in M1/M2 macrophage subpopulations.

The exact role of iNOS and NO in cancer remains obscure, as it has both tumor promoter and suppressor effects depending on the local environment. It has been reported that NO inhibited tumor cell proliferation, differentiation, and metastatic spread (66). In a chemical colitis model and AOM/DSS induced CAC mouse model, Stettner et al. (67) demonstrated that NO induction of endogenous NO production by enterocytes improved epithelial integrity and alleviation of colitis and of inflammation-associated colon cancer. On the contrary, Erdman et al. (68) found that in Helicobacter hepaticus-infected Rag2-deficient mice, administration of an iNOS inhibitor prevented NO production and abrogated epithelial pathology, and inhibited the onset of colon cancer. Another study reported that endogenous NO plays a vital role in defining the stemness properties of colon cancer stem cells, and either a specific iNOS inhibitor or a genetic knock-down of iNOS significantly reduced the tumourigenic capacities of colon cancer stem cells (69).

Cytokines are crucial mediators of inflammation and immunity and have diverse and pleiotropic roles at different CRC progression stages (70). We detected several representative cytokines in the mice serum and found that anti-inflammatory cytokines IL-10 and TGF-β remained stable during the CRC development, whereas the pro-inflammatory cytokines changed in different patterns. Serum IL-17A, IL-23, and TNF-α increased at the inflammation and dysplasia stage, and the IL-23 dramatically elevated in the 6th week particularly. Another pro-inflammatory cytokine, IL-12, was raised in the 10 and 18th week while carcinoma was developing. In addition, the AMD3100 decreased serum IL-12 and IL-23 in the 18th week. However, in vitro CXCL12 stimulation decreased the mRNA level of IL12 and IL23 in macrophages. Additionally, CXCL12 treatment in vitro increased IL-17, TNFA, and TGFB and reduced IL8. This inconsistency indicates the complex orchestrated response of immune cells other than PMs in the inflammation-tumor microenvironment during the CRC progression under the influence of AMD3100.

The “normal-inflammation-dysplasia-dysplasia–carcinoma” sequential pathological transition is a complex process that takes a long time and involves numerous cells and features. In the CAC mouse model, we observed a transition from chronic inflammation to dysplasia around 6 weeks after modeling and transited colonic mucosa with dysplasia and aberrant crypt foci at the 10th week. In the current study, the administrated of AMD3100 was performed from the beginning of the CAC model. However, considering the dynamic changes in the microenvironment in the colonic tissues at different CAC stages, it is not sufficient to administrate AMD3100 from the beginning of modeling. In future studies, we will try to start administering AMD3100 at several time points, like in the 6 or 10th weeks, which will help us better understand the exact role of AMD3100 in colitis-associated tumorigenesis in different stages.

The present study contributes to understanding the role of AMD3100 and its effect on the dynamic changes of PMs' functional phenotypes. However, there are still disadvantages to this study. First, besides M1 and M2 functional milieu, PMs can also be divided into small PMs and large PMs according to their morphology (71). Further studies are needed to investigate the different functions of these two subsets in CRC development. Second, the combined effect of immune cells and cytokines drives the CRC progression. For instance, dendritic cells play a crucial role in presenting tumor antigens and inducing T cell-primed anti-tumor response (72). T cells exert anti-tumor function through releasing cytotoxic molecules, anti-tumor cytokines and directly inducing tumor cell death (73). Even though less explored, B cells are an independent predictor of a favorable clinic outcome of CRC (74, 75). Therefore, the interplay between PMs, dendritic cells, T cells, and B cells in the tumor microenvironment during CRC progression, including the combined effects of timing, calls for further attention.



CONCLUSION

In conclusion, the current study showed that AMD3100 treatment reduced the inflammatory damages in the colonic mucosal and ameliorated colitis-associated colon cancer development in experimental mice. We demonstrated the dynamic profile of peritoneal macrophages during the tumorigenesis process. In addition, we found that AMD3100 regulated the functional phenotypes of PMs, including phagocytosis activity, recruitment, polarization, and the expression of cytokines. Our study contributes to understanding dynamic changes of peritoneal macrophages upon AMD3100 treatment during tumorigenesis and sheds light on the potential therapeutic target of AMD3100/macrophages in treating CAC.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Ethics Committee of Central South University for the protection of animals (No. 2018-S092, December 2018).



AUTHOR CONTRIBUTIONS

SW performed most of the experiments and analysis and drafting of the manuscript. WL performed IHC detection in colon tissues. XWu and ZS participated in the analysis and discussion of results. XWa supervised the project and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by grants from the National Natural Science Foundation of China (Nos. 81272736, 81670504, and 81472287).



REFERENCES

 1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49. doi: 10.3322/caac.21660

 2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. (2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

 3. Herrinton LJ, Liu L, Levin TR, Allison JE, Lewis JD, Velayos F. Incidence and mortality of colorectal adenocarcinoma in persons with inflammatory bowel disease from 1998 to 2010. Gastroenterology. (2012) 143:382–9. doi: 10.1053/j.gastro.2012.04.054

 4. Jess T, Rungoe C, Peyrin-Biroulet L. Risk of colorectal cancer in patients with ulcerative colitis: a meta-analysis of population-based cohort studies. Clin Gastroenterol Hepatol. (2012) 10:639–45. doi: 10.1016/j.cgh.2012.01.010

 5. Mortezaee K. CXCL12/CXCR4 axis in the microenvironment of solid tumors: a critical mediator of metastasis. Life Sci. (2020) 249:117534. doi: 10.1016/j.lfs.2020.117534

 6. Feng W, Huang W, Chen J, Qiao C, Liu D, Ji X, et al. CXCL12-mediated HOXB5 overexpression facilitates colorectal cancer metastasis through transactivating CXCR4 and ITGB3. Theranostics. (2021) 11:2612–33. doi: 10.7150/thno.52199

 7. Ottaiano A, Scala S, Normanno N, Botti G, Tatangelo F, Di Mauro A, et al. Prognostic and predictive role of CXC chemokine receptor 4 in metastatic colorectal cancer patients. Appl Immunohistochem Mol Morphol. (2020) 28:755–60. doi: 10.1097/PAI.0000000000000828

 8. Yu X, Wang D, Wang X, Sun S, Zhang Y, Wang S, et al. CXCL12/CXCR4 promotes inflammation-driven colorectal cancer progression through activation of RhoA signaling by sponging miR-133a-3p. J Exp Clin Cancer Res. (2019) 38:32. doi: 10.1186/s13046-018-1014-x

 9. Izumi D, Ishimoto T, Miyake K, Sugihara H, Eto K, Sawayama H, et al. CXCL12/CXCR4 activation by cancer-associated fibroblasts promotes integrin β1 clustering and invasiveness in gastric cancer. Int J Cancer. (2016) 138:1207–19. doi: 10.1002/ijc.29864

 10. Singh S, Srivastava SK, Bhardwaj A, Owen LB, Singh AP. CXCL12-CXCR4 signalling axis confers gemcitabine resistance to pancreatic cancer cells: a novel target for therapy. Br J Cancer. (2010) 103:1671–9. doi: 10.1038/sj.bjc.6605968

 11. Sterlacci W, Saker S, Huber B, Fiegl M, Tzankov A. Expression of the CXCR4 ligand SDF-1/CXCL12 is prognostically important for adenocarcinoma and large cell carcinoma of the lung. Virchows Arch. (2016) 468:463–71. doi: 10.1007/s00428-015-1900-y

 12. Li YP, Pang J, Gao S, Bai PY, Wang WD, Kong P, et al. Role of CXCR4 and SDF1 as prognostic factors for survival and the association with clinicopathology in colorectal cancer: a systematic meta-analysis. Tumour Biol. (2017) 39:1010428317706206. doi: 10.1177/1010428317706206

 13. Yoshuantari N, Heriyanto DS, Hutajulu SH, Kurnianda J, Ghozali A. Clinicopathologic significance of CXCL12 and CXCR4 expressions in patients with colorectal cancer. Gastroenterol Res Pract. (2018) 2018:9613185. doi: 10.1155/2018/9613185

 14. Liu T, Li X, You S, Bhuyan SS, Dong L. Effectiveness of AMD3100 in treatment of leukemia and solid tumors: from original discovery to use in current clinical practice. Exp Hematol Oncol. (2015) 5:19. doi: 10.1186/s40164-016-0050-5

 15. Biasci D, Smoragiewicz M, Connell CM, Wang Z, Gao Y, Thaventhiran JED, et al. CXCR4 inhibition in human pancreatic and colorectal cancers induces an integrated immune response. Proc Natl Acad Sci U S A. (2020) 117:28960–70. doi: 10.1073/pnas.2013644117

 16. Suarez-Carmona M, Williams A, Schreiber J, Hohmann N, Pruefer U, Krauss J, et al. Combined inhibition of CXCL12 and PD-1 in MSS colorectal and pancreatic cancer: modulation of the microenvironment and clinical effects. J Immunother Cancer. (2021) 9:e002505. doi: 10.1136/jitc-2021-002505

 17. Choi CR, Bakir IA, Hart AL, Graham TA. Clonal evolution of colorectal cancer in IBD. Nat Rev Gastroenterol Hepatol. (2017) 14:218–29. doi: 10.1038/nrgastro.2017.1

 18. Sakamoto S, Kagawa S, Kuwada K, Ito A, Kajioka H, Kakiuchi Y, et al. Intraperitoneal cancer-immune microenvironment promotes peritoneal dissemination of gastric cancer. Oncoimmunology. (2019) 8:e1671760. doi: 10.1080/2162402X.2019.1671760

 19. Xiang W, Shi R, Zhang D, Kang X, Zhang L, Yuan J, et al. Dietary fats suppress the peritoneal seeding of colorectal cancer cells through the TLR4/Cxcl10 axis in adipose tissue macrophages. Signal Transduct Target Ther. (2020) 5:239. doi: 10.1038/s41392-020-00327-z

 20. Pathria P, Louis TL, Varner JA. Targeting tumor-associated macrophages in Cancer. Trends Immunol. (2019) 40:310–27. doi: 10.1016/j.it.2019.02.003

 21. Rei M, Gonçalves-Sousa N, Lança T, Thompson RG, Mensurado S, Balkwill FR, et al. Murine CD27(-) Vγ6(+) γδ T cells producing IL-17A promote ovarian cancer growth via mobilization of protumor small peritoneal macrophages. Proc Natl Acad Sci U S A. (2014) 111:E3562–70. doi: 10.1073/pnas.1403424111

 22. Wang W, Li X, Zheng D, Zhang D, Huang S, Zhang X, et al. Dynamic changes of peritoneal macrophages and subpopulations during ulcerative colitis to metastasis of colorectal carcinoma in a mouse model. Inflamm Res. (2013) 62:669–80. doi: 10.1007/s00011-013-0619-y

 23. Tang A, Li N, Li X, Yang H, Wang W, Zhang L, et al. Dynamic activation of the key pathways: linking colitis to colorectal cancer in a mouse model. Carcinogenesis. (2012) 33:1375–83. doi: 10.1093/carcin/bgs183

 24. Meira LB, Bugni JM, Green SL, Lee CW, Pang B, Borenshtein D, et al. DNA damage induced by chronic inflammation contributes to colon carcinogenesis in mice. J Clin Invest. (2008) 118:2516–25. doi: 10.1172/JCI35073

 25. Remmele W, Stegner HE. Recommendation for uniform definition of an immunoreactive score (IRS) for immunohistochemical estrogen receptor detection (ER-ICA) in breast cancer tissue. Pathologe. (1987) 8:138–40.

 26. Feng M, Jiang W, Kim BYS, Zhang CC, Fu YX, Weissman IL. Phagocytosis checkpoints as new targets for cancer immunotherapy. Nat Rev Cancer. (2019) 19:568–86. doi: 10.1038/s41568-019-0183-z

 27. Cassetta L, Pollard JW. Targeting macrophages: therapeutic approaches in cancer. Nat Rev Drug Discov. (2018) 17:887–904. doi: 10.1038/nrd.2018.169

 28. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nat Rev Immunol. (2011) 11:723–37. doi: 10.1038/nri3073

 29. Vitale I, Manic G, Coussens LM, Kroemer G, Galluzzi L. Macrophages and metabolism in the tumor microenvironment. Cell Metab. (2019) 30:36–50. doi: 10.1016/j.cmet.2019.06.001

 30. Saini R, Singh S. Inducible nitric oxide synthase: an asset to neutrophils. J Leukoc Biol. (2019) 105:49–61. doi: 10.1002/JLB.4RU0418-161R

 31. Greten FR, Grivennikov SI. Inflammation and cancer: triggers, mechanisms, and consequences. Immunity. (2019) 51:27–41. doi: 10.1016/j.immuni.2019.06.025

 32. Yang P, Hu Y, Zhou Q. The CXCL12-CXCR4 signaling axis plays a key role in cancer metastasis and is a potential target for developing novel therapeutics against metastatic cancer. Curr Med Chem. (2020) 27:5543–61. doi: 10.2174/0929867326666191113113110

 33. Chen IX, Chauhan VP, Posada J, Ng MR, Wu MW, Adstamongkonkul P, et al. Blocking CXCR4 alleviates desmoplasia, increases T-lymphocyte infiltration, and improves immunotherapy in metastatic breast cancer. Proc Natl Acad Sci U S A. (2019) 116:4558–66. doi: 10.1073/pnas.1815515116

 34. Chen Y, Ramjiawan RR, Reiberger T, Ng MR, Hato T, Huang Y, et al. CXCR4 inhibition in tumor microenvironment facilitates anti-programmed death receptor-1 immunotherapy in sorafenib-treated hepatocellular carcinoma in mice. Hepatology. (2015) 61:1591–602. doi: 10.1002/hep.27665

 35. Yuan W, Guo YQ, Li XY, Deng MZ, Shen ZH, Bo CB, et al. MicroRNA-126 inhibits colon cancer cell proliferation and invasion by targeting the chemokine (C-X-C motif) receptor 4 and Ras homolog gene family, member A, signaling pathway. Oncotarget. (2016) 7:60230–44. doi: 10.18632/oncotarget.11176

 36. Mikami S, Nakase H, Yamamoto S, Takeda Y, Yoshino T, Kasahara K, et al. Blockade of CXCL12/CXCR4 axis ameliorates murine experimental colitis. J Pharmacol Exp Ther. (2008) 327:383–92. doi: 10.1124/jpet.108.141085

 37. Xia XM, Wang FY, Xu WA, Wang ZK, Liu J, Lu YK, et al. CXCR4 antagonist AMD3100 attenuates colonic damage in mice with experimental colitis. World J Gastroenterol. (2010) 16:2873–80. doi: 10.3748/wjg.v16.i23.2873

 38. Pantin J, Purev E, Tian X, Cook L, Donohue-Jerussi T, Cho E, et al. Effect of high-dose plerixafor on CD34(+) cell mobilization in healthy stem cell donors: results of a randomized crossover trial. Haematologica. (2017) 102:600–9. doi: 10.3324/haematol.2016.147132

 39. Saif MW, Siddiqui IA, Sohail MA. Management of ascites due to gastrointestinal malignancy. Ann Saudi Med. (2009) 29:369–77. doi: 10.5144/0256-4947.2009.369 

 40. Mikuła-Pietrasik J, Uruski P, Tykarski A, Ksiazek K. The peritoneal “soil” for a cancerous “seed”: a comprehensive review of the pathogenesis of intraperitoneal cancer metastases. Cell Mol Life Sci. (2018) 75:509–25. doi: 10.1007/s00018-017-2663-1

 41. Fournier BM, Parkos CA. The role of neutrophils during intestinal inflammation. Mucosal Immunol. (2012) 5:354–66. doi: 10.1038/mi.2012.24

 42. Shang K, Bai YP, Wang C, Wang Z, Gu HY, Du X, et al. Crucial involvement of tumor-associated neutrophils in the regulation of chronic colitis-associated carcinogenesis in mice. PLoS ONE. (2012) 7:e51848. doi: 10.1371/journal.pone.0051848

 43. Wu L, Saxena S, Singh RK. Neutrophils in the tumor microenvironment. Adv Exp Med Biol. (2020) 1224:1–20. doi: 10.1007/978-3-030-35723-8_1

 44. Angsana J, Chen J, Liu L, Haller CA, Chaikof EL. Efferocytosis as a regulator of macrophage chemokine receptor expression and polarization. Eur J Immunol. (2016) 46:1592–9. doi: 10.1002/eji.201546262

 45. Mota JM, Leite CA, Souza LE, Melo PH, Nascimento DC. de-Deus-Wagatsuma VM, et al. Post-sepsis state induces tumor-associated macrophage accumulation through CXCR4/CXCL12 and favors tumor progression in mice. Cancer Immunol Res. (2016) 4:312–22. doi: 10.1158/2326-6066.CIR-15-0170

 46. Nishimura Y, Ii M, Qin G, Hamada H, Asai J, Takenaka H, et al. CXCR4 antagonist AMD3100 accelerates impaired wound healing in diabetic mice. J Invest Dermatol. (2012) 132:711–20. doi: 10.1038/jid.2011.356

 47. Selvaraj UM, Ortega SB, Hu R, Gilchrist R, Kong X, Partin A, et al. Preconditioning-induced CXCL12 upregulation minimizes leukocyte infiltration after stroke in ischemia-tolerant mice. J Cereb Blood Flow Metab. (2017) 37:801–13. doi: 10.1177/0271678X16639327

 48. Chang TL, Klepper A, Ding J, Garber J, Rapista A, Mosoian A, et al. Human peritoneal macrophages from ascitic fluid can be infected by a broad range of HIV-1 isolates. J Acquir Immune Defic Syndr. (2010) 53:292–302. doi: 10.1097/QAI.0b013e3181ca3401

 49. Ngamsri KC, Jans C, Putri RA, Schindler K, Gamper-Tsigaras J, Eggstein C, et al. Inhibition of CXCR4 and CXCR7 is protective in acute peritoneal inflammation. Front Immunol. (2020) 11:407. doi: 10.3389/fimmu.2020.00407

 50. Coffelt SB, Wellenstein MD, de Visser KE. Neutrophils in cancer: neutral no more. Nat Rev Cancer. (2016) 16:431–46. doi: 10.1038/nrc.2016.52

 51. Wright K, de Silva K, Plain KM, Purdie AC, Blair TA, Duggin IG, et al. Mycobacterial infection-induced miR-206 inhibits protective neutrophil recruitment via the CXCL12/CXCR4 signalling axis. PLoS Pathog. (2021) 17:e1009186. doi: 10.1371/journal.ppat.1009186

 52. Gouwy M, Struyf S, Catusse J, Proost P, Van Damme J. Synergy between proinflammatory ligands of G protein-coupled receptors in neutrophil activation and migration. J Leukoc Biol. (2004) 76:185–94. doi: 10.1189/jlb.1003479

 53. Liles WC, Broxmeyer HE, Rodger E, Wood B, Hübel K, Cooper S, et al. Mobilization of hematopoietic progenitor cells in healthy volunteers by AMD3100, a CXCR4 antagonist. Blood. (2003) 102:2728–30. doi: 10.1182/blood-2003-02-0663

 54. Martin C, Burdon PC, Bridger G, Gutierrez-Ramos JC, Williams TJ, Rankin SM. Chemokines acting via CXCR2 and CXCR4 control the release of neutrophils from the bone marrow and their return following senescence. Immunity. (2003) 19:583–93. doi: 10.1016/S1074-7613(03)00263-2

 55. Liu Q, Li Z, Gao JL, Wan W, Ganesan S, McDermott DH, et al. CXCR4 antagonist AMD3100 redistributes leukocytes from primary immune organs to secondary immune organs, lung, and blood in mice. Eur J Immunol. (2015) 45:1855–67. doi: 10.1002/eji.201445245

 56. Kim AR, Bak EJ, Yoo YJ. Distribution of neutrophil and monocyte/macrophage populations induced by the CXCR4 inhibitor AMD3100 in blood and periodontal tissue early after periodontitis induction. J Periodontal Res. (2022) 57:332–40. doi: 10.1111/jre.12963

 57. Blank CU, Haining WN, Held W, Hogan PG, Kallies A, Lugli E, et al. Defining 'T cell exhaustion'. Nat Rev Immunol. (2019) 19:665–74. doi: 10.1038/s41577-019-0221-9

 58. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage polarization: tumor-associated macrophages as a paradigm for polarized M2 mononuclear phagocytes. Trends Immunol. (2002) 23:549–55. doi: 10.1016/S1471-4906(02)02302-5

 59. Lan J, Sun L, Xu F, Liu L, Hu F, Song D, et al. M2 Macrophage-derived exosomes promote cell migration and invasion in colon cancer. Cancer Res. (2019) 79:146–58. doi: 10.1158/0008-5472.CAN-18-0014

 60. Yahaya MAF, Lila MAM, Ismail S, Zainol M, Afizan N. Tumour-associated macrophages (TAMs) in colon cancer and how to reeducate them. J Immunol Res. (2019) 2019:2368249. doi: 10.1155/2019/2368249

 61. Sánchez-Martín L, Estecha A, Samaniego R, Sánchez-Ramón S, Vega M, Sánchez-Mateos P. The chemokine CXCL12 regulates monocyte-macrophage differentiation and RUNX3 expression. Blood. (2011) 117:88–97. doi: 10.1182/blood-2009-12-258186

 62. Kim DI, Kim E, Kim YA, Cho SW, Lim JA, Park YJ. Macrophage densities correlated with CXC chemokine receptor 4 expression and related with poor survival in anaplastic thyroid cancer. Endocrinol Metab. (2016) 31:469–75. doi: 10.3803/EnM.2016.31.3.469

 63. Chatterjee M, von Ungern-Sternberg SN, Seizer P, Schlegel F, Büttcher M, Sindhu NA, et al. Platelet-derived CXCL12 regulates monocyte function, survival, differentiation into macrophages and foam cells through differential involvement of CXCR4-CXCR7. Cell Death Dis. (2015) 6:e1989. doi: 10.1038/cddis.2015.233

 64. Kapellos TS, Taylor L, Lee H, Cowley SA, James WS, Iqbal AJ, et al. A novel real time imaging platform to quantify macrophage phagocytosis. Biochem Pharmacol. (2016) 116:107–19. doi: 10.1016/j.bcp.2016.07.011

 65. Cinelli MA, Do HT, Miley GP, Silverman RB. Inducible nitric oxide synthase: Regulation, structure, and inhibition. Med Res Rev. (2020) 40:158–89. doi: 10.1002/med.21599

 66. Lirk P, Hoffmann G, Rieder J. Inducible nitric oxide synthase–time for reappraisal. Curr Drug Targets Inflamm Allergy. (2002) 1:89–108. doi: 10.2174/1568010023344913

 67. Stettner N, Rosen C, Bernshtein B, Gur-Cohen S, Frug J, Silberman A, et al. Induction of nitric-oxide metabolism in enterocytes alleviates colitis and inflammation-associated colon cancer. Cell Rep. (2018) 23:1962–76. doi: 10.1016/j.celrep.2018.04.053

 68. Erdman SE, Rao VP, Poutahidis T, Rogers AB, Taylor CL, Jackson EA, et al. Nitric oxide and TNF-alpha trigger colonic inflammation and carcinogenesis in Helicobacter hepaticus-infected, Rag2-deficient mice. Proc Natl Acad Sci U S A. (2009) 106:1027–32. doi: 10.1073/pnas.0812347106

 69. Puglisi MA, Cenciarelli C, Tesori V, Cappellari M, Martini M, Di Francesco AM, et al. High nitric oxide production, secondary to inducible nitric oxide synthase expression, is essential for regulation of the tumour-initiating properties of colon cancer stem cells. J Pathol. (2015) 236:479–90. doi: 10.1002/path.4545

 70. West NR, McCuaig S, Franchini F, Powrie F. Emerging cytokine networks in colorectal cancer. Nat Rev Immunol. (2015) 15:615–29. doi: 10.1038/nri3896

 71. Cassado Ados A, D'Império Lima MR, Bortoluci KR. Revisiting mouse peritoneal macrophages: heterogeneity, development, and function. Front Immunol. (2015) 6:225. doi: 10.3389/fimmu.2015.00225

 72. Wculek SK, Cueto FJ, Mujal AM, Melero I, Krummel MF, Sancho D. Dendritic cells in cancer immunology and immunotherapy. Nat Rev Immunol. (2020) 20:7–24. doi: 10.1038/s41577-019-0210-z

 73. Zhang L, Yu X, Zheng L, Zhang Y, Li Y, Fang Q, et al. Lineage tracking reveals dynamic relationships of T cells in colorectal cancer. Nature. (2018) 564:268–72. doi: 10.1038/s41586-018-0694-x

 74. Berntsson J, Nodin B, Eberhard J, Micke P, Jirström K. Prognostic impact of tumour-infiltrating B cells and plasma cells in colorectal cancer. Int J Cancer. (2016) 139:1129–39. doi: 10.1002/ijc.30138

 75. Edin S, Kaprio T, Hagström J, Larsson P, Mustonen H, Böckelman C, et al. The Prognostic Importance of CD20(+) B lymphocytes in Colorectal Cancer and the Relation to Other Immune Cell subsets. Sci Rep. (2019) 9:19997. doi: 10.1038/s41598-019-56441-8

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wu, Luo, Wu, Shen and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-09-840704-g005.gif
proost ) ea

Ow za Gw 10w Tow Ow 2w bW 0w oW

16 e

i i i

wwwwwwwwwwwwwww






OPS/images/fmed-09-840704-g006.gif
[ rpe—
Normaized s GAPDH)






OPS/images/fmed-09-840704-g003.gif
1« 10’

o o] 1 157
104 g mf

- e
1P1010°1010" | 10°a0'10%10P 10"
104 10’
T

104

oty

pzo0zr

]

Ow 2w 6w 0w 8w

|
Py






OPS/images/fmed-09-840704-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Functional Phenotypes of Peritoneal Macrophages Upon AMD3100 Treatment During Colitis-Associated Tumorigenesis



		Introduction



		Materials and Methods



		Mice



		Flow Cytometry



		Measurement of iNOs and Arginase-1



		Hematoxylin and Eosin and Immunohistochemical Staining



		Measurement of Cytokines



		Transwell Migration Experiments



		qRT-PCR



		Phagocytic Activity



		Statistics







		Results



		AMD3100 Inhibited AOM/DSS Induced CRC Tumorigenesis



		The Phagocytic Function of PMs Changed During Colitis-Associated Tumorigenesis



		AMD3100 Inhibited PM Recruiting and Regulated the Proportions of the M1/M2 Subpopulation



		AMD3100 Regulated the Levels of iNOs and Arginase-1 in Colonic Tissues During CAC



		AMD3100 Reduced Serum Levels of IL-12 and IL-23 at the Late Stage of CAC



		CXCL12 Directly Regulated Macrophages' Functions







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Functional Phenotypes of Peritoneal
Macrophages Upon AMD3100
Treatment During Colitis-Associated
Tumorigenesis





OPS/images/fmed-09-840704-g001.gif
Dicaso sy index

o T

peagominzto + cao
« cacomo

SANA






OPS/images/fmed-09-840704-g002.gif
. Tl [ [Te]]  Dzeeo
- =T Sz
¢ = 02
o 100
* o -

e Zara
Mo B G T W miees
fre——————

Porconiogo o FITCposive cols

ATE0e
L0000

25 "
20,
Ero/d

gu

e e o ey









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Medicine





