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Purpose: The infiltration of immune cells and their roles of the infiltrating-

immune cells in gastrointestinal stromal tumor (GIST) is still unclear. We aimed

to discover the infiltration cell types and the relationship between the infiltrating-

immune cells and the progression of GIST.

Experimental design: Single-cell RNA sequencing were performed to discover

types of the infiltrating-immune cells and to analyze CellChat between cells.

Immunohistochemistry of 80 GIST samples were used to clarify the relation

between macrophages and recurrence risk. In vitro, flow cytometry and Real-

time PCR were performed to uncover a potential mechanism of tumor cell

regulation of macrophages.

Results: Tumor cells, macrophages, and T-cells were the predominant cell types.

The MIF/CXCR4 axis was the most common ligand–receptor interaction

between macrophages and tumor cells. As the risk increased, expression levels

of CD68, CD206, MIF, and CXCR4 gradually increased. In vitro, we found that

GIST882 was able to secrete MIF and GIST882 cell supernatant upregulated M2

polarization. Real-time PCR showed that expression levels of IL-10 mRNA and

Arginase-1 mRNA were also the highest in the GIST882 cell supernatant group.

Conclusions: These findings identify that macrophages are the most abundant

infiltrating cells in GIST. The MIF/CXCR4 axis is the most common ligand–

receptor interaction between macrophages and tumor cells. GIST cells can

regulate macrophage M2 polarization through the MIF/CXCR4 axis.
KEYWORDS

gastrointestinal stromal tumor, macrophage, single-cell RNA sequencing, tumor
microenvironment, M2 polarization
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Introduction

Gastrointestinal stromal tumor (GIST) is the most common

mesenchymal tumors in the gastrointestinal tract (1). It is well-

known that GISTs originate from the interstitial cells of Cajal and

that GISTs are characterized by acquired gene mutations.

Specifically, KIT (75–80%) and PDGFRA (5–10%) are the most

common gain-of-function mutations (2, 3).

The risk stratification based on tumor size, tumor site, and

mitotic count is often used to predict the recurrence risk. Targeted

therapy is the first choice for the patients with metastatic disease

and those with intermediate or high recurrence risk (4). Imatinib,

from the first generation of tyrosine kinase inhibitors (TKIs), is the

most effective drug. However, patients invariably develop drug

resistance. The second generation and the third generation of

TKIs have limited benefit and more drug side effects (5). Thus, it

is important to develop new treatment strategies.

Recently, the monoclonal antibodies against immunological

checkpoints PD-1 and CTLA-4 have been used in most tumors to

improve overall survival (6–8). However, not all the patients can

benefit from the immune therapy. Factors such as PD-1/PD-L1,

tumor mutational burden, and microsatellite instability have been

suggested to predict treatment response. Tumor-infiltrating

immune cells seem to play an important role in treatment

responses and tumor progression (9–11). Available studies have

shown abundant immune cell infiltration in GIST (5, 12–14).

Moreover, it has been demonstrated that imatinib could lead to

the activation of CD8+ T cells and that CD8+ T cells also promote

imatinib’s antitumor effects (5, 15). However, CD8+ T cells become

exhausted and macrophage count increases with tumor progression

(12, 16). Although abundant immune cell infiltration has been

found in GIST microenvironment, clinical studies have shown that

immunotherapy is not ideal (17, 18). Thus, it is important to clarify

the roles of infiltrated immune cells in the progression of GIST.

In this study, we aimed to determine the role of macrophages

during tumor progression and cell-chat types between macrophages

and tumor cells.
Patients and methods

Single-cell RNA sequencing

Two patients (G01 and G02) were recruited for single-cell

transcriptome analysis. The two tumors were both located on the

greater curvature of the gastric body. The patient G01 underwent

surgical resection, and the patient G02 underwent endoscopic

resection. Immunohistochemical results showed that CD117, DOG-

1, and CD34 were positive. The maximum tumor diameter in the

patient G01 was 10 cm, and the mitotic index was 12/50 high-power

fields (HPF). Thus, the risk in G01 was considered high. Themaximum

diameter of the tumor in the patient G02 was 2 cm, and the mitotic

index was 1/50 HPF. Hence, the risk in G02 was defined as very low.

Tumor tissues were obtained from the resection specimens and

were cut into small pieces. These pieces were digested with

collagenase IV for 15 min at 37°C. Next, 70-µm cell strainer was
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used for filtration. Countess II Automated Cell Counter was used to

determine the cell viability. Cells were loaded onto the 10X

Chromium Single Cell Platform (10X Genomics) at a concentration

of 1,000 cells/µL (Single Cell 3′ library and Gel Bead Kit v.3) as

described in the manufacturer’s protocol. Generation of gel beads in

emulsion (GEMs), barcoding, GEM-RT clean-up, complementary

DNA amplification, and library construction were all performed as

per the manufacturer’s protocol. Qubit was used for library

quantification before pooling. The final library pool was sequenced

on an Illumina NovaSeq 6000 instrument using 150-base-pair paired-

end reads. Cell ranger 3.0 software was used to generate cells × genes

matrixes, and all parameters were set to default. Criteria of quality

control were as follows: (a) RNA counts less than 500; (b) RNA

counts larger than 98% of cells; (c) mitochondrial gene expression

percentage higher than 15%. A tool named CellChat was used to

analyze and infer intercellular communication networks from these

single-cell transcriptome data.
Tissue microarray
and immunohistochemistry

Tissue microarray with 5-micron was created from paraffin-

embedded tumor tissues, which were collected from January 2011

to September 2020. The inclusion criteria were as follows: (1) all

patients were diagnosed with GIST; (2) Clinicopathological

information were complete. The exclusion criteria were as

follows: (1) patients were treated with targeted drugs; (2) tumors

were not located in stomach or intestine; (3) tissue was not used for

immunohistochemistry. According to these inclusion criteria and

exclusion criteria, 80 patients were included for this study.

Immunohistochemistry and immunofluorescence were performed

on the tissue microarray with the following antibodies: rabbit

polyclonal antibodies against human CD8 (ZEN Bio, Lot

No:10011860), CD206 (Protein tech, Lot No:00080496), MIF

(ZEN Bio, Lot No:20200101), and CXCR4 (ZEN Bio, Lot No:

BJ10221968), and monoclonal mouse antibody against human

CD68 (Abcam, Lot No:00098190). ImageJ software was used to

scan the stained tissue chip and count the stained cells.
Cell lines and cell culture

Human GIST cells GIST882 with a mutation in KIT exon 13

were provided by Jonathan Fletcher (Dana-Farber Cancer Institute,

Boston, MA) (19, 20). GIST882 cells were maintained in Dulbecco’s

modified Eagle’s medium (DMEM, HyClone, Logan, UT) with high

glucose supplemented with 10% fetal bovine serum (FBS, HyClone)

and 1% penicillin/streptomycin (HyClone). GIST882 cells were

identified as CD117-positive by flow cytometry.

Human THP-1 monocytes were kindly provided by Stem Cell

Bank, Chinese Academy of Science. THP-1 monocytes were grown

in RPMI 1640 (HyClone) supplemented with 10% FBS and 1%

penicillin/streptomycin. THP-1 monocytes were treated with PMA

(100 ng/mL, Sigma-Aldrich, MO, USA) to induce them to

differentiate into macrophage-like cells (21).
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Detection of MIF in GIST882
cell supernatants

GIST882 cells were cultured to 60% confluence and replaced

with FBS-free medium. The supernatants were collected at 24 and

48 h and stored at −80°C. The secreted MIF in GIST882

supernatants was quantified by ELISA (Beyotime Biotechnology,

China) following standard protocols.
Flow cytometric assay

Human-specific antibodies (CD206, Lot No: B318421 and

CD86, Lot No: 0209406) were purchased from BD Biosciences.

All samples of these groups were measured by BD flow cytometry.

FlowJo software (version 7.6) (Ashland, OR, USA) was used to

analyze these data.
Real-time PCR assay

Total RNA was extracted from GIST882 cells by using TRIzol

reagent (Takara Bio Inc., Japan) in accordance with the

manufacturer’s instructions. Total RNA (1 mg) was reversely

transcribed to form cDNA using cDNA synthesis kit (Yeasen,

China). Real-time PCR was quantified using Hieff® qPCR SYBR

Green Master Mix Kit (Yeasen) and performed on iQ5 Opticon

System (Bio-Rad, Hercules, CA). The expression of mRNA was

normalized to that of glyceraldehyde-3-phosphate dehydrogenase

and calculated by using the 2−DDCt method.
Ethics statement

The study protocol was approved by the Ethics Committee of

Sichuan Cancer Hospital (SCCHEC-02-2021-013). Written

informed consent was obtained from the patients. Patient

records/information were anonymized, and the methods were

adopted in accordance with the approved guidelines.
Statistical analysis

The Fisher exact test and the t test were used for comparison of

different groups. These statistical analyses were conducted with the

GraphPad Prism software version 9 and SPSS 26.0 (IBM SPSS).
Results

Cell composition in tumor tissue based on
single-cell transcriptome analysis

In the single-cell RNA sequencing analysis, we included one

patient with very-low-risk GIST and one patient with high-risk

GIST. The clinicopathological characteristics are shown in Table 1.
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After quality control, 11 208 effective cells were obtained in the G01

sample (high risk), whereas 9 996 effective cells were obtained in the

G02 sample (very low risk). Clusters were detected and visualized by

uniform manifold approximation and projection (UMAP)

(Figure 1). The following cell clusters were identified in the

samples: tumor cells, macrophages/monocytes, CD8+ T cells,

dendritic cells, endothelial cells, and NK cells. Immune cells were

the majority of the infiltrating cells in the two tumor samples

(Figure 2). The major cell types were the same in the two tumor

samples, namely tumor cells, macrophages/monocytes, and CD8+ T

cells. However, the counts of infiltrating cells differed between the

two tumor samples (Table 2). In G01, the count of tumor cells was

6176, accounting for 55.1% of the total cell number; the count of

macrophages was 3850, accounting for 34.3% of the total cell

number; and the count of CD8+ T cells was 700, accounting for

6.2% of the total cell number. In G02, the count of tumor cells was

2750, accounting for 27.5% of the total cell number; the count of

macrophages was 4130, accounting for 41.3% of the total cell

number; and the count of CD8+ T cells was 1593, accounting for

15.9% of the total cell number. These results revealed that CD8+ T

cells were more abundant in the very-low-risk GIST sample than in

the high-risk GIST sample. In contrast, macrophages were less

abundant in the very-low-risk GIST sample than in the high-risk

GIST sample.
Cell–cell communication in tumor tissue

Seven cell types were identified in the single-cell analysis. To

further show the potential interactions between these cell types,

CellChat was used to quantitatively infer and analyze cell-to-cell

communication networks in tumor tissues. The interaction

numbers and interaction weights of cell-to-cell were analyzed in

G01 and G02 as shown in Figure 3. The thicker lines showed more

significant interaction between the cell clusters. These results

showed the high interaction strength of tumor cells with

macrophages and monocytes. To further investigate the

significant interaction, human ligand–receptor (LR) pairs between

cells were analyzed. We found that MIF/CXCR4 LR was the most
TABLE 1 Clinicopathological characteristics of two patients performed
by single-cell RNA sequencing.

G01 G02

Sex male male

Location stomach body stomach body

Diameter 10cm 2cm

Mitosis 12/50HPF 1/50HPF

CD34 + +

CD117 + +

DOG-1 + +

Risk high very low
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common crosstalk between tumor cells and macrophages in G01

and G02 (Figures 4–6).
Relationships of CD8, CD68, CD206, MIF,
and CXCR4 expression with tumor
progression as revealed
by immunohistochemistry

LR interactions between tumor cells and other cells play an

important role in tumor proliferation, metastasis, and progression.

Thus, the MIF/CXCR4 signaling axis between tumor cells and
Frontiers in Immunology 04
macrophages was selected for further investigation. In this study, 80

patients were included for immunohistochemistry. Their

clinicopathological characteristics are presented in Table 3. In these

patients, 56 tumors were located in the stomach and 24 tumors were

located in the intestine. Fourteen patients were classified as the very-low-

risk group (LG), 31 patients were classified as the intermediate-risk

group (MG), and 35 patients were classified as the high-risk group (HG).

Immunohistochemistry and immunofluorescence were

performed (Figures 7, 8). Among the three groups, CD8+ T cells

were the most abundant in the LG (LG vs. MG vs. HG: 0.35 ± 0.15

vs. 0.27 ± 0.10 vs. 0.09 ± 0.02, P = 0.003), whereas CD68+

macrophages were the most abundant in the HG (LG vs. MG vs.
FIGURE 1

Cell clusters were visualized by uniform manifold approximation and projection (UMAP) in these two tumors.
FIGURE 2

Distribution of infiltration cells in two tumors. G01: high risk GIST; G02: very low risk GIST.
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HG: 0.38 ± 0.09 vs. 0.64 ± 0.17 vs. 0.98 ± 0.19, P = 0.03) (Figure 9A).

The expression of CD206 in the HG was the highest among the

three groups (LG vs. MG vs. HG: 0.04 ± 0.01 vs. 0.07 ± 0.02 vs.

0.15 ± 0.03, P < 0.001). Such a phenomenon was also found in

MIF expression and CXCR4 expression. Namely, among the

three groups, the expression levels of MIF and CXCR4 were

the highest in the HG (LG vs. MG vs. HG: 0.43 ± 0.24 vs. 0.90 ±

0.68 vs. 1.64 ± 0.53, P < 0.001; LG vs. MG vs. HG: 0.009 ± 0.003 vs.

0.70 ± 0.02 vs. 0.12 ± 0.03, P < 0.001) (Figure 9B). Summarily,
Frontiers in Immunology 05
CD8, CD68, CD206, MIF, and CXCR4 expression are related with

tumor progression.
GIST882 cells modulate M2 polarization of
macrophages via MIF/CXCR4

Previous data have shown high expression of MIF in GIST

tissues. To determine whether GIST-882 cell line secretes MIF, we

performed an ELISA trial. As expected, GIST-882 cell line secreted

MIF, and MIF gradually increased with time. When we

administered ISO-1 (MIF inhibitor) to the GIST-882 cell line,

secretion of MIF decreased (Figure 10).

To explore the effect of GIST-882 cell line on macrophages

in vitro, the cell supernatant was collected as conditioned

medium (CM), cultured to M0 macrophages. Compared

with the control group, M2 macrophages increased in the

GIST882 CM group. However, when we administered ISO-1,

M2 macrophages decreased. The difference between the two

groups suggested that MIF was a factor to modulate M2

polarization of macrophages. Interestingly, when we administered

WZ811 (CXCR4 antagonist), M2 macrophages also decreased

(Figures 11A, B).
TABLE 2 Cell counts of every cluster in two samples.

Cluster G01 (High risk) G02 (Very
low risk)

Tumor 6176 (55.1%) 2750 (27.5%)

CD8+T 700 (6.2%) 4134 (41.3%)

Macrophage 3850 (34.3%) 1593 (15.9%)

Monocyte 69 (0.6%) 533 (5.2%)

NK 255 (2.2%) 785 (7.8%)

DC 53 (0.4%) 96 (0.9%)

Endothelial 198 (1.8%) 116 (1.1%)
FIGURE 3

Interactions numbers and interaction weights of cell-to-cell. (A) Numbers of interactions in G01. (B) Weights of interactions in G01. (C) Numbers of
interactions in G02. (D) Weights of interactions in G2. G01, high risk GIST; G02, very low risk GIST.
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To further confirm the polarization of M2 macrophages, IL-10

mRNA and Arginase-1 mRNA were detected. The expression levels

of IL-10 mRNA and Arginase-1 mRNA were in concordance with

the results of flow cytometry, and were the highest in the GIST882

CM group (Figure 12).
Discussion

The incidence of GIST is 1.1 per 100,000, and accounts

for 80% of all gastrointestinal sarcomas (22, 23). The most
Frontiers in Immunology 06
common sites for GIST are the stomach (60%) and the

small intestine (30%) (2, 24). Given that mutations in KIT

or PDGFRA have been identified, the treatment strategy for

GIST is targeted therapy. Imatinib, sunitinib, regorafenib, and

ripretinib have been approved for the treatment of GIST. Imatinib,

the first-line system therapy, achieves an excellent disease control

in 80% of patients (25). However, drug resistance is the most

challenging clinical problem. As the new era of immunotherapy

has arrived, the microenvironment of GIST and the roles of

infiltrating cells in tumor surveillance and tumor progression

should be clarified.
FIGURE 4

Outgoing and incoming signaling patterns of Cell-Chat in G01.
FIGURE 5

Outgoing and incoming signaling patterns of Cell-Chat in G02.
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CD3+ T cells and macrophages have been found as the most

abundant tumor-infiltrating immune cells in GIST (11, 12). Our

results revealed that CD8+ T cells and macrophages were the most

abundant tumor-infiltrating immune cells. We also analyzed the

differences among LG, MG, and HG. The results showed that

macrophages were increased and CD8+ T cells were exhausted

with tumor progression, which is similar to other studies (11, 18).

High infiltration of macrophages predicts poor prognosis in

multiple types of tumors and is considered the reason of

suppressed antitumor inflammatory setting (26–28). PD-1

expression by tumor-associated macrophages has been linked to

inhibition of phagocytosis and immunity (29). The M1/M2

polarization states of macrophages play an important role in

tumor progression (30). The inflammatory M1 state and
Frontiers in Immunology 07
protumor M2 state originate from different environmental

stimuli (31). However, PD-1 expression has been found in M2-

state tumor-associated macrophages (29). This discovery could

explain the promotion of tumor progression by M2 macrophages.

To clarify the polarization of macrophages in GIST, CD206

expression was examined. We showed that CD206 expression

was the highest in the HG. However, the reason for the increase in

tumor-infiltrating M2 macrophages in the high-risk GIST was not

clear. So, we performed a CellChat analysis to clarify the crosstalk

types between tumor cells and macrophages based on single-cell

RNA sequencing data (32).

Through CellChat, we quantitatively inferred and analyzed

intercellular communication networks. The CellChat results

showed that the MIF/CXCR4 axis was the main crosstalk type

between tumor cells and macrophages. High expression of MIF has

been found in many tumor tissues, such as breast cancer, lung cancer,

andmelanoma (33–35). It has also been revealed that high expression

of MIF is closely related to tumor progression and metastasis (36).

MIF could act on corresponding cells in autocrine or paracrine

manner, resulting in changes in physiological functions. Currently,

four receptors for MIF have been discovered, namely CD74, CXCR2,

CXCR4, and CXCR7 (37–40). The MIF/CXCR4 axis has been found

to contribute to cell survival, drug resistance, and tumor metastasis in

multiple types of tumors (41–43).

In ELISA trial, we found that GIST882 cells were able to secrete

MIF, and immunohistochemical expression of MIF and CXCR4

was related to the recurrence risk. These results suggest that the

MIF/CXCR4 axis could play a key role in GIST progression. In vitro,

we found that the MIF/CXCR4 axis contributed to M2 polarization

of macrophages. The expression levels of MIF and CXCR4 have

been identified as adverse prognostic factors in multiple types of

tumors (43–45). The MIF/CXCR4 axis could contribute to drug

resistance in tumor invasion and metastasis (41, 43). However, the

mechanism of the MIF/CXCR4 axis in this process is unclear. Our

results provide an idea to explain this phenomenon and stimulate

further research.
FIGURE 6

MIF/CXCR4 axis was the most crosstalk ligand-receptor between tumor cells and macrophages in G01 (A) and G02 (B).
TABLE 3 Clinicopathological characteristics of 80 patients
for immunohistochemistry.

No.

sex male 42

female 38

location stomach 56

intestine 24

diameter ≤5cm 35

5-10cm 35

>10cm 10

mitox ≤5 32

5-10 21

>10 27

risk very low and low 14

moderate 31

high 35
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FIGURE 7

Immunohistochemical characterization of CD8, CD68, MIF, CD206 and CXCR4 in GIST samples.
FIGURE 8

(A) Immunofluorescence showed that co-expression of CD68 and CXCR4 in GIST sample. (B) Immunofluorescence showed that MIF expression is
present both inside and outside GIST cells.
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FIGURE 9

(A) (A) There were differences in CD8+T cell infiltration among different groups (0.35 ± 0.15 vs 0.27 ± 0.10 vs 0.09 ± 0.02, P=0.003); (B) There were
differences in the infiltration of CD68+macrophage cells among different groups (0.38 ± 0.09 vs 0.64 ± 0.17 vs 0.98 ± 0.19, P=0.03). (B) (A) As the
risk increases, the expression of CXCR4 gradually increases, and the difference is statistically significant (0.43 ± 0.24 vs 0.90 ± 0.68 vs 1.64 ± 0.53,
P<0.001); (B) As the risk increases, the expression of MIF gradually increases, and the difference is statistically significant (0.009 ± 0.003 vs 0.70 ±
0.02 vs 0.12 ± 0.03, P<0.001); (C) As the risk increases, the expression of CD206 gradually increases, and the difference is statistically significant
(0.04 ± 0.01 vs 0.07 ± 0.0.02 vs 0.15 ± 0.03, P<0.001); The statistical method is non-parametric test, n=80, *P<0.05; **P<0.01.
FIGURE 10

(A) GIST882 cells could express CD117; (B) GIST-882 cells could secrete MIF and MIF increased gradually along with the time. ISO-1 could inhibit the
secretion of MIF.
Frontiers in Immunology frontiersin.org09

https://doi.org/10.3389/fimmu.2024.1431535
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xiao et al. 10.3389/fimmu.2024.1431535
FIGURE 11

(A) (A) GIST882 CM group; (B) GIST882 CM+ISO-1 group; Ctrl group vs GIST882 CM group, 1.6% vs 27.3%, P=0.000; GIST882 CM group vs GIST882
CM+ISO-1 group,27.3% vs 11.9%, P=0.006; ISO-1:MIF inhibitor; The statistical method is chi square test, **:P<0.01. (B) (A) GIST882CM group; (B)
GIST882CM+WZ811 group. Ctrl vs GIST882CM group:1.6% vs 24.8%, P=0.000; GIST882CM group vs GIST882CM+WZ811group:24.8% vs 9.3%,
P=0.004; WZ811:CXCR4 antagonists; The statistical method is chi square test, **:P<0.01.
FIGURE 12

(A) Ctrl vs GIST882CM vs GIST882CM +ISO-1 vs GIST882CM +WZ811:1.17 ± 0.43 vs 5.40 ± 1.21 vs 1.17 ± 0.23 vs 1.57 ± 0.57; (B) Ctrl vs GIST882CM
vs GIST882CM +ISO-1 vs GIST882CM +WZ811:1.05 ± 0.18 vs 1.83 ± 0.18 vs 0.84 ± 0.30 vs 0.80 ± 0.17; ISO-1: MIF inhibitor; WZ811: CXCR4
antagonists; The statistical method is T-test, mean ± SEM, n=3, *P<0.05; **P<0.01.
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In conclusion, macrophages are the most abundant infiltrating

cells in GIST. The MIF/CXCR4 axis is the most ligand–receptor

interaction between macrophages and tumor cells. GIST cells can

regulate macrophage M2 polarization through the MIF/CXCR4 axis

to form an immunosuppressive microenvironment.
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8. Arak H, Erkiliç S, Yaslikaya Ş, Eylemer Mocan E, Aktas ̧ G, Özdemir M, et al. The
effectiveness of adjuvant PD-1 inhibitors in patients with surgically resected stage III/IV
acral melanoma. J Immunother. (2024). doi: 10.1097/CJI.0000000000000508

9. Siddiqui I, Schaeuble K, Chennupati V, Fuertes Marraco SA, Calderon-Copete S,
Pais Ferreira D, et al. Intratumoral tcf1(+)PD-1(+)CD8(+) T cells with stem-like
properties promote tumor control in response to vaccination and checkpoint blockade
immunotherapy. Immunity. (2019) 50:195–211.e110. doi: 10.1016/j.immuni.2018.12.021

10. Tay C, Tanaka A, Sakaguchi S. Tumor-infiltrating regulatory T cells as targets of
cancer immunotherapy. Cancer Cell. (2023) 41:450–65. doi: 10.1016/j.ccell.2023.02.014

11. Sun X, Sun J, YuanW, Gao X, Qin X. Immune cell infiltration and the expression
of PD-1 and PD-L1 in primary PDGFRA-mutant gastrointestinal stromal tumors.
J Gastrointestinal Surg. (2020) (4). doi: 10.1007/s11605-020-04860-8

12. van Dongen M, Savage ND, Jordanova ES, Briaire-de Bruijn IH, Walburg KV,
Ottenhoff TH, et al. Anti-inflammatory M2 type macrophages characterize
metastasized and tyrosine kinase inhibitor-treated gastrointestinal stromal tumors.
Int J Cancer. (2010) 127:899–909. doi: 10.1002/ijc.v127:4

13. Cameron S, Gieselmann M, Blaschke M, Ramadori G, Füzesi L. Immune cells in
primary and metastatic gastrointestinal stromal tumors (GIST). Int J Clin Exp Pathol.
(2014) 7:3563–79.

14. Wang J, Ren H, WuW, Zeng Q, Chen J, Han J, et al. Immune infiltration, cancer
stemness, and targeted therapy in gastrointestinal stromal tumor. Front Immunol.
(2021) 12:691713. doi: 10.3389/fimmu.2021.691713
frontiersin.org

https://db.cngb.org/cnsa/
https://db.cngb.org/cnsa/
https://doi.org/10.1007/s10120-015-0526-8
https://doi.org/10.1111/j.1365-2559.2008.02977.x
https://doi.org/10.1038/s41572-021-00254-5
https://doi.org/10.1200/jco.23.01601
https://doi.org/10.1177/17562848221148250
https://doi.org/10.1177/17562848221148250
https://doi.org/10.1097/CJI.0000000000000508
https://doi.org/10.1016/j.immuni.2018.12.021
https://doi.org/10.1016/j.ccell.2023.02.014
https://doi.org/10.1007/s11605-020-04860-8
https://doi.org/10.1002/ijc.v127:4
https://doi.org/10.3389/fimmu.2021.691713
https://doi.org/10.3389/fimmu.2024.1431535
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xiao et al. 10.3389/fimmu.2024.1431535
15. Balachandran VP, Cavnar MJ, Zeng S, Bamboat ZM, Ocuin LM, Obaid H, et al.
Imatinib potentiates antitumor T cell responses in gastrointestinal stromal tumor
through the inhibition of Ido. Nat Med. (2011) 17:1094–100. doi: 10.1038/nm.2438

16. Zhao R, Song Y, Wang Y, Huang Y, Li Z, Cui Y, et al. PD-1/PD-L1 blockade rescue
exhausted CD8+ T cells in gastrointestinal stromal tumours via the PI3K/Akt/mTOR
signalling pathway. Cell Prolif. (2019) 52:e12571. doi: 10.1111/cpr.2019.52.issue-3

17. Singh AS, Hecht JR, Rosen L, Wainberg ZA, Wang X, Douek M, et al. A
randomized phase II study of nivolumab monotherapy or nivolumab combined with
ipilimumab in patients with advanced gastrointestinal stromal tumors. Clin Cancer Res.
(2022) 28:84–94. doi: 10.1158/1078-0432.CCR-21-0878

18. Toulmonde M, Penel N, Adam J, Chevreau C, Blay JY, Le Cesne A, et al. Use of
PD-1 targeting, macrophage infiltration, and IDO pathway activation in sarcomas: A
phase 2 clinical trial. JAMA Oncol. (2018) 4:93–7. doi: 10.1001/jamaoncol.2017.1617

19. Tuveson DA, Willis NA, Jacks T, Griffin JD, Singer S, Fletcher CD, et al. STI571
inactivation of the gastrointestinal stromal tumor c-KIT oncoprotein: biological and
clinical implications. Oncogene. (2001) 20:5054–8. doi: 10.1038/sj.onc.1204704

20. Bauer S, Yu LK, Demetri GD, Fletcher JA. Heat shock protein 90 inhibition in
imatinib-resistant gastrointestinal stromal tumor. Cancer Res. (2006) 66:9153–61.
doi: 10.1158/0008-5472.CAN-06-0165

21. Lai JP, HoWZ, Kilpatrick LE, Wang X, Tuluc F, Korchak HM, et al. Full-length and
truncated neurokinin-1 receptor expression and function during monocyte/macrophage
differentiation. Proc Natl Acad Sci U S A. (2006) 103:7771–6. doi: 10.1073/pnas.0602563103

22. Patel N, Benipal B. Incidence of gastrointestinal stromal tumors in the United
States from 2001-2015: A United States cancer statistics analysis of 50 states. Cureus.
(2019) 11:e4120. doi: 10.7759/cureus.4120

23. Costa PA, Hana CKA, Balaji NC, Skryd AF, D'Amato GZ. Dose escalation of
ripretinib can lead to response in advanced gastrointestinal stromal tumor patients
refractory to the standard dose: a report of two cases. (2021). doi: 10.21037/gist-21-1

24. Demetri GD, von Mehren M, Antonescu CR, DeMatteo RP, Ganjoo KN, Maki
RG, et al. NCCN Task Force report: update on the management of patients with
gastrointestinal stromal tumors. J Natl Compr Canc Netw. (2010) 8 Suppl 2:S1–41.
doi: 10.6004/jnccn.2010.0116

25. Heinrich MC, Owzar K, Corless CL, Hollis D, Borden EC, Fletcher CD, et al.
Correlation of kinase genotype and clinical outcome in the North American Intergroup
Phase III Trial of imatinib mesylate for treatment of advanced gastrointestinal stromal
tumor: CALGB 150105 Study by Cancer and Leukemia Group B and Southwest
Oncolo. J Clin Oncol. (2008) 26(33). doi: 10.1200/JCO.2008.17.4284

26. High infiltration of CD68-tumor associated macrophages, predict poor prognosis
in Kazakh esophageal cancer patients. Int J Clin Exp Pathol. (2017) 10(10):10282–92.

27. Xu J, Feng Q, ChangW,Wei Y, Ren L, He G, et al. Tumor-associated macrophages
as predictive biomarkers for postoperative adjuvant chemotherapy in patients with stage II
colon cancer. J Clin Oncol. (2018) 36:620–0. doi: 10.1200/JCO.2018.36.4_suppl.620

28. Qian BZ, Pollard JW. Macrophage diversity enhances tumor progression and
metastasis. Cell. (2010) 141:39–51. doi: 10.1016/j.cell.2010.03.014

29. Gordon SR, Maute RL, Dulken BW, Hutter G, George BM, McCracken MN,
et al. PD-1 expression by tumour-associated macrophages inhibits phagocytosis and
tumour immunity. Nature. (2017) 545:495–9. doi: 10.1038/nature22396

30. Boutilier AJ, Elsawa SF. Macrophage polarization states in the tumor
microenvironment. Int J Mol Sci. (2021) 22(13). doi: 10.3390/ijms22136995

31. Sica A, Schioppa T, Mantovani A, Allavena P. Tumour-associated macrophages
are a distinct M2 polarised population promoting tumour progression: potential targets
of anti-cancer therapy. Eur J Cancer. (2006) 42:717–27. doi: 10.1016/j.ejca.2006.01.003
Frontiers in Immunology 12
32. Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, et al. Inference
and analysis of cell-cell communication using CellChat. Nat Commun. (2021) 12:1088.
doi: 10.1038/s41467-021-21246-9

33. Bando H, Matsumoto G, Bando M, Muta M, Ogawa T, Funata N, et al.
Expression of macrophage migration inhibitory factor in human breast cancer:
association with nodal spread. Jpn J Cancer Res. (2002) 93:389–96. doi: 10.1111/
j.1349-7006.2002.tb01269.x

34. Kamimura A, Kamachi M, Nishihira J, Ogura S, Isobe H, Dosaka-Akita H, et al.
Intracellular distribution of macrophage migration inhibitory factor predicts the
prognosis of patients with adenocarcinoma of the lung. Cancer. (2000) 89:334–41.
doi: 10.1002/1097-0142(20000715)89:2<334::AID-CNCR18>3.0.CO;2-N

35. Shimizu T, Abe R, Nakamura H, Ohkawara A, Suzuki M, Nishihira J. High
expression of macrophage migration inhibitory factor in human melanoma cells and its
role in tumor cell growth and angiogenesis. Biochem Biophys Res Commun. (1999)
264:751–8. doi: 10.1006/bbrc.1999.1584

36. Han I, Lee MR, Nam KW, Oh JH, Moon KC, Kim HS. Expression of macrophage
migration inhibitory factor relates to survival in high-grade osteosarcoma. Clin Orthop
Relat Res. (2008) 466:2107–13. doi: 10.1007/s11999-008-0333-1

37. Borghese F, Clanchy FI. CD74: an emerging opportunity as a therapeutic target
in cancer and autoimmune disease. Expert Opin Ther Targets. (2011) 15:237–51.
doi: 10.1517/14728222.2011.550879

38. Vera PL, Iczkowski KA,Wang X, Meyer-Siegler KL. Cyclophosphamide-induced
cystitis increases bladder CXCR4 expression and CXCR4-macrophage migration
inhibitory factor association. PLoS One. (2008) 3(12):e3898. doi: 10.1371/
journal.pone.0003898

39. Tarnowski M, Grymula K, Liu R, Tarnowska J, Drukala J, Ratajczak J, et al.
Macrophage migration inhibitory factor is secreted by rhabdomyosarcoma cells,
modulates tumor metastasis by binding to CXCR4 and CXCR7 receptors and
inhibits recruitment of cancer-associated fibroblasts. Mol Cancer Res. (2010) 8:1328–
43. doi: 10.1158/1541-7786.MCR-10-0288

40. Krammer C, Kontos C, Dewor M, Hille K, Dalla Volta B, El Bounkari O, et al. A
MIF-derived cyclopeptide that inhibits MIF binding and atherogenic signaling via the
chemokine receptor CXCR2. Chembiochem. (2021) 22:1012–9. doi: 10.1002/
cbic.202000574
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