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Blocking the MIF-CD74 axis augments radiotherapy efficacy for brain metastasis in NSCLC via synergistically promoting microglia M1 polarization
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Abstract
Background
Brain metastasis is one of the main causes of recurrence and death in non-small cell lung cancer (NSCLC). Although radiotherapy is the main local therapy for brain metastasis, it is inevitable that some cancer cells become resistant to radiation. Microglia, as macrophages colonized in the brain, play an important role in the tumor microenvironment. Radiotherapy could activate microglia to polarize into both the M1 and M2 phenotypes. Therefore, searching for crosstalk molecules within the microenvironment that can specifically regulate the polarization of microglia is a potential strategy for improving radiation resistance.

Methods
We used databases to detect the expression of MIF in NSCLC and its relationship with prognosis. We analyzed the effects of targeted blockade of the MIF/CD74 axis on the polarization and function of microglia during radiotherapy using flow cytometry. The mouse model of brain metastasis was used to assess the effect of targeted blockade of MIF/CD74 axis on the growth of brain metastasis.

Result
Our findings reveals that the macrophage migration inhibitory factor (MIF) was highly expressed in NSCLC and is associated with the prognosis of NSCLC. Mechanistically, we demonstrated CD74 inhibition reversed radiation-induced AKT phosphorylation in microglia and promoted the M1 polarization in combination of radiation. Additionally, blocking the MIF-CD74 interaction between NSCLC and microglia promoted microglia M1 polarization. Furthermore, radiation improved tumor hypoxia to decrease HIF-1α dependent MIF secretion by NSCLC. MIF inhibition enhanced radiosensitivity for brain metastasis via synergistically promoting microglia M1 polarization in vivo.

Conclusions
Our study revealed that targeting the MIF-CD74 axis promoted microglia M1 polarization and synergized with radiotherapy for brain metastasis in NSCLC.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-024-03024-9.
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Background
Lung cancer is one of the most common cancers and a prime cause of cancer-related deaths worldwide [1]. Brain metastases are present in 57% of lung cancer patients, with 20% of patients presenting with brain metastasis (BM) at initial diagnosis and 50% presenting at relapse [2]. Treatment options for brain metastasis include whole-brain radiotherapy (WBRT) or stereotactic radiotherapy (SRT) alone or in combination with surgical resection [3]. However, the treatment was not always effective.
The tumor microenvironment (TME) plays a crucial role in the outcome of radiotherapy for brain metastasis [4–6]. Tumor-associated macrophages (TAMs), including microglia, are the most common cells in the TME of brain metastasis and have key homeostatic functions that influence tumor maintenance and growth [7–9]. Depending on environmental cues, they can be polarized into two distinct phenotypes: the pro-inflammatory M1 phenotype and the anti-inflammatory M2 phenotype [10]. M1 macrophages are activated in response to lipopolysaccharides and IFN-γ [11, 12], whereas the M2 phenotype can be induced with IL-4/IL-13, IL-10, TGF-β, and macrophage colony-stimulating factor (M-CSF) [13–15]. The majority of TAMs in the TME demonstrate an M2-like phenotype and promote tumor growth and metastasis [16–19]. The increased presence of TAMs is correlated with poorer clinical outcomes in different types of cancers [20–23]. Experimental data have shown that radiation recruits both M1 and M2 macrophages in murine tumor models of tumors [24, 25]. The balance of M1 versus M2 macrophages produced following radiation may depend on the radiation dose [25–29]. Pre-existing macrophages and the subsequently recruited following radiation play an important role in both the initial anti-tumor immune response and the later formation of the immunosuppressive pro-tumoral microenvironment [30–32]. Radiotherapy resistance may be attributed in part to the “pro-tumor” M2-like phenotype of macrophages following radiation [33, 34]. Targeting macrophage infiltration and polarization in combination with radiation has demonstrated tremendous synergy in preclinical models and early phase clinical trials [33, 35–40].
Elevated expression of the macrophage migration inhibitory factor (MIF) has been reported in various solid tumors including colon cancer, lung cancer, breast cancer, pancreatic cancer, melanoma, nasopharyngeal carcinoma, cervical adenocarcinoma, and prostate cancer, and correlated with poor prognosis in patients with cancer [41]. MIF exerts its pro-tumor effects by modulating the immunosuppressive TME, mainly via regulating the CD74 signaling in macrophages and dendritic cells (DCs) [42–44]. CD74, a type-II transmembrane glycoprotein on the cell surface, acts as a chaperone and a transport cofactor for MHC II, responsible for appropriate antigen presentation and a receptor for MIF [45]. The MIF-CD74 axis has been shown to play pivotal roles in both activating an oncogenic signaling pathway [46] and establishing the immunosuppressive microenvironment [47] to promoting tumor growth. In primary brain tumors, MIF has been found to maintain tumorigenicity by directly inhibiting p53, and also is considered an adverse prognostic factor [48, 49]. Research on the association between the BM of NSCLC and the MIF/CD74 axis is limited, with only a few studies discovering that MIF is a tumor cell-oriented factors involved in crosstalk between tumor cells and astrocytes and is associated with tumor angiogenesis [50, 51]. In melanoma, Fukuda, Y. et al. showed that inhibiting the MIF/CD74/AKT signaling pathway suppressed melanoma proliferation by inducing apoptosis [44]. Treatment with rSmeg-hMIF-hIL-7, a vaccine which could induce anti-MIF immune response, enhanced activation of CD4 + and CD8 + T cells in a MC38 tumor-bearing mouse model [52]. Therefore, inhibiting MIF-CD74 signaling on macrophages via anti-MIF antibodies or MIF inhibitors could restore the antitumor immune response in tumor microenvironments.
Hypoxia, a hallmark of cancer, is a potent inducer of MIF [53]. MIF is a HIF-1α-dependent gene and a key regulator of HIF-1α stabilization [54]. Radiation could ameliorate tumor hypoxia and reduces the transcription of HIF-1α [55]. In this study, we reported that radiotherapy ameliorated tumor hypoxia, downregulated HIF-1α expression and MIF secretion in NSCLC, and inhibited the binding of MIF to CD74 in microglia. The transformation of M2 microglial cells into M1 phenotype was regulated by the PI3K/AKT pathway, which enhanced radiation sensitivity. The HIF-1α/MIF/CD74 axis could serve as a target for overcoming radioresistance and treatment for brain metastases in NSCLC.

Materials and methods
Cell culture
Murine Lewis lung cancer cell (LLC) and human NSCLC cell H1975 (EGFR T790M, L858R) were purchased from American Type Culture Collection (ATCC). Mouse microglia BV2 was purchased from Procell Life Science & Technology CO.,Ltd (Wuhan, China). HCC827 (human lung adenocarcinoma cell line, EGFR exon 19 deletion) was acquired from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences(Shanghai, China). Beas-2B (human lung epithelial cell line) and PC-9 (human lung adenocarcinoma cell line, EGFR exon 19 deletion) were maintained in the laboratory of cancer center of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology. BV2 and LLC cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37 °C in a humidified incubator with 5% CO2. DMEM and FBS were purchased from Gibco (Carlsbad, USA). HCC827, H1975, Beas-2B and PC-9 cells were cultured in RPMI 1640 medium (Gibco) supplemented with 10% FBS. Cells were grown at 37 °C in a humidified atmosphere of 5% CO2, and cells at the logarithmic phase were used in the experiments. To mimic hypoxia tumor environment, cells were incubated in a hypoxic incubator to create a hypoxic microenvironment. KC7F2 (MCE, 40 μM) was used as a HIF-1 inhibitor. The exact concentration details have been indicated in the corresponding figure.

ELISA
MIF wase quantified using Mouse MIF ELISA kit (cat. no. ab209885; Abcam) according to manufacturer's instructions.

Radiation
Cells were placed 100 cm away from the radioactive source. Cells and animals were exposed to the indicated dose of radiation by 6MV X rays at 600MU/min (Varian, USA). BV-2 was collected for analysis after radiation at the indicated time.

Knockdown of gene
Lentiviral CD74 sh-RNA, Lentiviral MIF sh-RNA and the negative control constructs, which carry the puromycin resistance gene, and the corresponding virus were purchased from Huazhong Agricultural University (Wuhan, China). The titer of lentivirus was determined via serial dilution. Then, 1 × 108 TU/ml lentivirus and 2 μg/ml polybrene were used to transduce BV-2, which were seeded in 6-well plates. Then the treated-cells were incubated for 24 h. After the medium was refreshed, the cells were cultured for another 48 h. Stable cell lines were selected by using puromycin.

Quantitative real-time polymerase chain reaction (RT-qPCR)
The mRNA levels of microglial M1/M2 markers (iNOS, CD86, YM-1 and Arg-1) were measured by qRT-PCR. Briefly, total RNA was extracted with Trizol reagent and complementary DNA synthesis was performed with TaKaRa cDNA synthesis kit (TaKaRa, Japan) according to the manufacturer's instructions. The total PCR system contained cDNA, SYBR Green DNA polymerase, RNase-free water, and primers. The primer sequences were designed by using the Beacon Designer software package (Bio-Rad). The primers are shown as follows: iNOS sense 5′- TTC TCA GCC CAA CAA TAC AAGA-3′ and anti-sense 5′-GTG GAC GGG TCG ATG TCAC-3′; Arg-1 sense 5′-CTC CAA GCC AAA GTC CTT AGAG-3′, and anti-sense 5′-GGA GCT GTC ATT AGG GAC ATCA-3′; GAPDH sense 5′-AGG TCG GTG TGA ACG GAT TTG -3′ and anti-sense 5′- GGG GTC GTT GAT GGC AACA -3′; CD86 sense 5′- TGT TTC CGT GGA GAC GCA AG -3′ and anti-sense 5′- TTG AGC CTT TGT AAA TGG GCA -3′; YM-1 sense 5′- CAG GTC TGG CAA TTC TTC TGAA -3′ and anti-sense 5′- GTC TTG CTC ATG TGT GTA AGT GA -3′; CD74 sense 5′- GAC GAG AAC GGC AAC TAT CTG -3′ and anti-sense 5′- GTT GGG GAA GAC ACA CCA GC-3′. The experiments were repeated three times.

Western blot analysis
Total proteins were extracted from the indicated tissues and cells by using a protein extraction kit (Pierce Biotechnology Inc., IL, USA) in accordance with the manufacturer’s protocol. The collected proteins were loaded and separated on sodium dodecyl sulfate (SDS)-polyacrylamide gels, and then transferred onto polyvinylidene fluoride (PVDF) membranes which were rocked gently for at least 1 h in blocking buffer (5% milk in TBST). Subsequently, the membranes were incubated overnight with primary antibodies; namely, iNOS (1:1000, ab15323, Abcam, UK), Ym-1 (1:1000, ab192029, Abcam, UK), CD86 (1:1000, ab167720, Abcam, UK), Arg-1 (1:1000, 89,007, Abcam, UK), MIF (1:1000, ab187064, Abcam, UK), CD74 (1:1000, ab270265, Abcam, UK), ERK1/2 (1:1000, ab184699, Abcam, UK), p-ERK1/2 (1:1000, ab278538, Abcam, UK), AKT (1:1000, ab8805, Abcam, UK), p-AKT (1:1000, ab38449, Abcam, UK),and GAPDH (1:2000, AC002, ABclonal, China). After incubating with horseradish peroxidase-labeled goat anti-rabbit or goat anti-mouse secondary antibody (1:5000, BA1054/BA1050, Boster, China) for 1 h, the protein bands were detected with the ECL Western blot detection kit in an enhanced chemiluminescence system.

Phagocytosis assay
The BV2 cells were inoculated at a density of 50% in six-well plate, and then co-cultured with FITC-labeled latex beads (10 μl latex beads diluted in 2 ml DMEM) for 2 h. After washing with PBS for 3 times, the cells were fixed with 4% paraformaldehyde for 30 min, and then treated with 0.1% Triton X-100 for 3–5 min to increase cell permeability. Subsequently, the cells were incubated with Phalloidin-conjugate working solution for 20–90 min at room temperature. After wash process, the slides were sealed with anti-fluorescence quenching agent and observed under a fluorescence microscope. The phagocytic activiy of BV2 cells is measure by number of microspheres (green).

Animal model of brain metastasis
Six-week-old female C57BL/6 J mice (Beijing Vital River Laboratory Animal Technology Co. Ltd, China) were housed under specific pathogen-free conditions in the same facility with the constant bred environment. The animal model of brain metastasis was established as described previously [56]. LLC cells labeled with luciferase (LLC-Luc, 4 × 105 in 0.1 mL PBS) were slowly injected into the intracarotid artery of mice. Two weeks later, the growth of brain tumors was monitored by bioluminescence imaging in the IVIS Lumina imaging system (In Vivo FX PRO, Bruker Corporation) after injecting with D-luciferin intraperitoneally (150 mg/kg) in mice once a week. Neutral liposomal clodronate was used for macrophage depletion (F70101C-A-2, FormuMax), and injected intracerebroventricularly with a stereotaxic instrument at 2.0 mm posterior, 1.5 mm lateral, and 2.5 mm inferior to the level of fontanelle, 10 ul/mouse. ISO-1 was administered via intraperitoneal injection at a dose of 35 mg/kg, every two days, for a total of two weeks. All animal studies were conducted following the instructions of the Animal Care Committee of Tongji Medical College, Huazhong University of Science and Technology, China.

Flow cytometry analysis
The tumor microenvironment of brain metastasis was analyzed by flow cytometry. The mouse brains were collected and kept with PBS on ice, then cut into small pieces and minced. Subsequently, the samples were digested for 1 h with 0.5 mg/mL collagenase type IV, DNase I 20 U/mL at 37 °C, then filtered and separated by Percoll (GE Healthcare Life Sciences) with density gradient (70%, 37%, 30%). To assay microglia cells in the animal model of brain metastasis [57], the single cells were stained with FITC-conjugated anti-CD11b antibodies (101,206, BioLegend, USA), Zombie NIR™ Fixable Viability Kit (423,106, BioLegend, USA), CD45 Brilliant Violet 510 (109,837, BioLegend, CA), CD86 PE (159,204, BioLegend, USA), and CD206 Brilliant Violet 421 (141,717, BioLegend, USA) for 20 min at 4℃. Microglia were identified with CD11b+CD45low. The M1 type microglia were labeled by CD86, and the M2 microglia were labeled by CD206. To assay T cells in the animal model of brain metastasis [58], The single cells were stained with PE anti-human FOXP3 Recombinant Antibody (364,703, BioLegend, USA), Zombie NIR™ Fixable Viability Kit (344,731, BioLegend, USA), Brilliant Violet 510™ anti-human CD8 Antibody (109,837, BioLegend, USA), Brilliant Violet 421™ anti-mouse IFN-γ Antibody (505,829, BioLegend, USA), PE/Cyanine7 anti-human CD45 Antibody (368,531, BioLegend, USA), FITC anti-human CD3 Antibody (317,305, BioLegend, USA), APC anti-mouse CD4 Antibody(100,411, BioLegend, USA).

Immunofluorescence staining
The cells were fixed in 4% paraformaldehyde for 30 min at room temperature, and then blocked with 10% goat serum (GTX27481, Gene-Tex, USA) for 1 h at room temperature. The samples were incubated at 4 °C overnight with the following primary antibodies, such as iNOS (1:100, ab15323, Abcam, UK), CD86(1:100, ab239075, Abcam, UK), Arg-1(1:100, ab239731, Abcam, UK), CD34(1:100, ab81289, Abcam, UK), α-SMA (1:100, ab124964, Abcam, UK), IBA(1:100, ab178846, Abcam, UK) and F4/80 (1:50, ab6640, Abcam, UK). Subsequently, the sections were incubated with mouse anti-rabbit IgG (1:1000, #4408/4409, Cell Signaling Technology, USA), rabbit anti-mouse IgG (1:1000, #4412/4413, Cell Signaling Technology, USA), and donkey anti-rat IgG (1:1000, A21209, Invitrogen, USA) for 1 h at room temperature. After washing, the sections were mounted with a DAPI-containing antifade solution and observed under a microscope (BX63, Olympus) and a confocal microscope (Zeiss, LSM800).

Cell viability assay
The cell viability was evaluated by the cell counting kit-8 assay (CCK-8, Dojindo Laboratories, Japan) according to the manufacturer’s protocols. Briefly, the cells were seeded in 96-well plates (5 × 103cells per well) and treated as indicated. For detection, 10 μl of CCK-8 solution was added to the culture medium and incubated for 2 h in 5% CO2 at 37 °C. Then, the absorbance at 450 nm was measured. All experiments were repeated at least three times.

Electrophoretic mobility shift assay (EMSA)
The MIF probe used in this assay was synthesized by Qingke Biotechnology Co., Ltd. The probe sequences are as follows: Forward: 5′-GTCAGGCACGTAGCTCAGC-3′; Reverse: 5′-GCTGAGCTACGTGCCTGAC-3′. The 5X binding buffer was made using 500 µl 1 M Tris (pH 7.5), 2.5 ml 1 M NaCl, 50 µL DTT, 100 µL 0.5 M EDTA (pH 8), 1.5 g Ficoll, and water to 10 ml. Reagents for the binding reaction were 4 µL 5X binding buffer, 1 µL Poly, 10.5 µL water, 1 µL MIF probe, and 1.5 µL rabbit anti-HIF-α antibodies (Cell Signaling Technology, Whitby ON, Canada). The mixtures were incubated at room temperature in the dark for 30 min to allow HIF-1α and MIF to bind. A 4% polyacrylamide gel was prepared containing 400 mM Tris at pH 7.5 and 25 mM EDTA. The unloaded gel was pre-run at constant 30 mA for 1 h at 4 °C and the loaded gel was run at 30 mA for 2 h at 4 °C. Add the prepared ECL mixture dropwise onto the protein side of the membrane and expose it in a darkroom.

Patients’ samples
Non-small cell lung cancer (NSCLC) patients with BM were enrolled and BM tissues and their corresponding paracancerous tissue samples were collected in the Union Hospital of Tongji Medical College, Huazhong University of Science and Technology for the detection of Macrophage Migration Inhibitory Factor (MIF) protein level. This study was approved by the Institutional Review Board of Huazhong University of Science and Technology. Written informed consent was obtained from legal guardians of the patients.

Immunohistochemical (IHC) staining
After dewaxing in xylene and rehydration in graded alcohols, the tissue sections were boiled in citrate buffer, pre-incubated with H2O2, and then blocked with rabbit or goat serum (DAKO, Denmark). Subsequently, the sections were incubated with a primary antibody and then with an HRP-conjugated secondary antibody. The proteins of interest were visualized by using diaminobenzidine before counterstaining with hematoxylin. The primary antibodies used were as following: MIF (ab7207, Abcam, USA), CD68 (ab283654, Abcam, USA) and HIF-α (ab51608, Abcam, USA).

Analysis of and public cancer data
The UALCAN website (ualcan.path.uab.edu/index.html) was used to analyze TCGA database data. LUNG CANCER EXPLORER website was used to analyze survival data of NSCLC patients.

Statistical analysis
Results were reported as the mean ± standard deviation (SD). The number of samples in each group is indicated in the legend of each figure. Unpaired two-tailed Student’s test was used to compare two independent groups. One-way analysis of variance (ANOVA) was used when three or more independent groups were compared. For survival analysis of BM mouse model, data were plotted and compared using the log-rank test or Gehan-Breslow-Wilcoxon test. A two-tailed test with P < 0.05 was significant. The analysis was performed with the GraphPad Prism Software version 7.. *represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001, **** represents P < 0.0001, and ns represents not significant.


Results
MIF was elevated in NSCLC and indicated a poor prognosis
To investigate the potential mechanism of brain metastasis (BM) in NSCLC, we found that MIF was upregulated in lung cancer compared to adjacent tissues by analyzing the public NSCLC transcriptomic data via the LUNG CANCER EXPLORER website (Fig. 1A). To confirm the upregulation of MIF expression in brain metastases of NSCLC patients, we collected several pairs of brain metastases and their paired adjacent tissues. Using immunohistochemistry and Western blot (4 pairs of paired tissues respectively), we found that MIF was upregulated in BM tumors compared with their adjacent tissues (Fig. 1B,C). We assessed the protein expression of MIF in three human-derived NSCLC cell lines harboring EGFR mutations and compared them with human lung epithelial cell line. As shown in Fig. 1D, MIF was significantly upregulated in NSCLC cell lines (HCC827, H1975, and PC-9) compared with the lung epithelial cell line (Beas-2B). Finally, we analyzed the LUNG CANCER EXPLORER database and found that the low expression of MIF is benefit for the survival of lung cancer (Fig. 1E). Taken together, these data demonstrated that expression of MIF was upregulated in NSCLC with BM, and high expression of MIF was associated with poor prognosis.[image: ]
Fig. 1MIF was elevated in NSCLC and indicated a poor prognosis a. Meta analysis of MIF expression in tumor tissue and normal tissues in LUNG CANCER EXPLORER website. b IHC staining of MIF in NSCLC brain metastatic tissue and paired paracancerous tissue c. Difference of MIF protein level in NSCLC brain metastases and paired paracancerous surgical tissues. d. Difference of MIF protein level in Beas-2B, HCC827, H1975, and PC-9 cells. e. Survival meta-analysis of correlation between the expression of MIF and survival of NSCLC patient in LUNG CANCER EXPLORER website



Inhibiting CD74 in microglia in combination with radiation synergistically promoted M1 polarization
To identify the potential molecular interacting proteins with MIF, we searched the STRING database, which revealed a high correlation between MIF and CD74 (correlation score of 0.986, Fig. 2A). CD74 is a non-polymorphic type II transmembrane glycoprotein, highly expressed in antigen-presenting cells such as macrophages. Besides serving as a molecular chaperone for MHC II molecules, CD74 is a cell membrane high-affinity receptor of MIF, D-dopachrome tautomerase, and bacterial proteins. CD74 can form complexes with CD44 or CXCR2/CXCR4. Upon direct binding of the complex with its ligands, intracellular signaling pathways such as ERK, MAPK, AMPK, and NF-κB can be activated [45]. However, in the context of BM of NSCLC, the impact of radiotherapy on macrophage, particularly on microglia, through the MIF/CD74 axis, remains to be thoroughly investigated. First, we examined expression of CD68 (a macrophage marker) in surgical tumors from brain metastases in NSCLC patients using IHC, which showed macrophage infiltration in brain metastases (Fig. 2B). We speculated that NSCLC-secreted MIF binds to CD74 receptors on the surface of macrophages, thereby inhibiting macrophage function. Then, we investigated the effect of silencing CD74 in BV2 cells on the phenotypic transformation of BV2 cells. We transduction BV-2 cells with CD74 knockdown lentivirus and confirmed the knock-down effect of CD74 in BV2 cells by Western Blot (Fig. 2C). Our previous research has shown that microglia were activated after exposure to high-dose radiation [59]. Consequently, BV2 cells were exposed to a single dose of 16 Gy radiation in this study and samples were collected at various time points to detect changes in levels of M1 and M2 markers to investigate the role of the CD74 in microglia after radiation. By analysis of Western Blot, we found that expression of iNOS (M1 marker) was significantly upregulated in 6 h, 24 h, 48 h, and 72 h, and the expression of Arg-1 (M2 marker) was significantly downregulated in 6 h, 12 h, 24 h under the condition of 16 Gy radiation and the silence of CD74 in microglia.[image: ]
Fig. 2Inhibiting CD74 in microglia in combination with radiation synergistically promoted M1 polarization a. Molecules interacting with MIF in STRING database. b. IHC staining of CD86 in NSCLC brain metastatic tissue. c. Western blotting of CD74 in BV2 cells transduced with either shNC or shCD74 Lentivirus. d. Western blotting for the expression of M1 marker iNOS, CD86 and M2 marker Ym-1, Arg-1 in shNC-BV2 cell or shCD74-BV2 cell in sham radiation and 3, 6, 12, 24, 48, and 72 h after 16-Gy radiation. e. Total RNA of shNC-BV2 cell or shCD74-BV2 cell was extracted in sham radiation and 3, 6, 12, 24, 48, and 72 h after radiation, and mRNA level of iNOS and Arg-1 were analyzed by real-time qPCR (n = 3). f. Representative microphotographs of immunofluorescence staining showing expression of Arg-1(left) and CD86(right) in shNC-BV2 cell or shCD74-BV2 cell with or without 16 Gy radiation at 6 h after radiation. g. The ratio of CD86 positive and CD206 positive BV-2 cell was analyzed by flow cytometry and the data was processed with FlowJo (version 10.0) program (left). The mean fluorescence intensity of CD86 and CD206 in BV-2 cell was analyzed by flow cytometry and the data was processed with FlowJo (version 10.0) program (right), n = 3


Although the expression of YM-1 did not show significant changes, CD86 was upregulated only at certain time points (Fig. 2D). However, the results of Western Blot indicate that the combination of radiation and CD74 silencing contributes to synergistically promoting partial M1 polarization of microglia. Additionally, based on the results of Western Blot, we selected Arg-1 and iNOS as markers for the phenotype and function of microglia to performed an RT-PCR experiments. The results of RT-PCR indicated that the expression of iNOS was significantly upregulated at 24 h, 48 h, and 72 h, while the expression of Arg-1 was significantly downregulated at 12 h and 24 h. Fig. 2E). Data from immunofluorescence staining and flow cytometry analysis displayed that silencing CD74 in radiation-activated microglia further upregulated the level of CD86 fluorescence intensity and proportion of CD86 + cells (Fig. 2F, G). Based on these experimental results, we cannot pinpoint the exact time when the phenotype of microglia starts to change after radiotherapy. We speculate that this may due to subtle variations in the experimental environment, as the phenotype of microglia is sensitive to environmental factors. But it indicated that silencing CD74 in microglia in combination with radiation synergistically promoted M1 polarization.

CD74 inhibition reversed radiation-induced AKT phosphorylation in microglia and promoted the M1 polarization in combination of radiation
Previous studies have found that inhibiting MIF/CD74 signaling pathway can suppress AKT phosphorylation and promote tumor development in melanoma and esophageal squamous cell carcinoma [44, 60]. Besides, the MIF/CD74 signaling inhibits the IFN-γ secretion by promoting ERK1/2 phosphorylation in glioma [61]. Based on these previous studies, we examined the expression of the ERK and AKT signaling pathways in microglia after radiotherapy using Western Blot. As showing in Fig. 3A and B , radiation increased the phosphorylation of AKT, and the AKT phosphorylation was reversed after silencing CD74. However, we did not observe the similar reversion of radiation-induced the phosphorylation of ERK after silening CD74. We also examed the phosphorylation changes of AKT in microglial cells after the addition of MIF recombinant protein using Western Blot. The results showed that MIF recombinant protein could promote the radiation-induced phosphorylation of AKT in microglia. Concurrently, the expression of M1 markers decreased, and the expression of M2 markers increased in microglial after the addition of MIF recombinant protein under radiation conditions (Fig. S1A). In addition, to gauge the changes in microglia phenotype after inhibiting the AKT pathway, we added the AKT inhibitor LY294002 to CD74-silenced BV2 cells. LY294002 penetrates cells and selectively inhibits PI3K, thereby suppressing the PI3K/AKT signaling pathway, including the phosphorylation of AKT [62]. The results showed that after inhibiting p-AKT in irradiated-BV2 cells, M2 markers expression decreased, and M1 markers expression increased, especially at 24 h post-radiation (Fig. 3C). Similarly, RT-qPCR analysis showed that the LY294002 induced the expression of M1 markers and suppressed the expression of M2 markers in irradiated-BV2 cells (Fig. 3D). Immunofluorescence staining analysis also revealed that the LY294002 enhanced CD86 expression and conversely decreased Arg-1 expression (Fig. 3E). Flow cytometry analysis further confirmed that the combination of LY294002 and radiation resulted in a significant increase in fluorescence intensity of CD86 and a decrease in fluorescence intensity of CD206 on BV2 cells (Fig. 3F). In addition, we investigated the effect of LY294002 and radiation on the function of microglia. First, the combination of LY294002 and radiation increased the number of microspheres phagocytosed by BV2 cells (Fig. 3G, H). Apoptotic assay analysis showed that radiation caused the apoptosis of BV2 cells, which were suppressed by LY294002 (Fig. 3I). These findings suggested that inhibiting the CD74-AKT axis supports transformation of microglia into the M1 phenotype after radiation and promotes microglial phagocytosis.[image: ]
Fig. 3CD74 inhibition reversed radiation-induced AKT phosphorylation in microglia and promoted the M1 polarization in combination of radiation a. Western blotting was used for analyzing the change of phosphorylated-AKT(p-AKT) and AKT in shNC-BV2 cell or shCD74-BV2 cell in sham radiation and 3, 6, 12, 24, 48, and 72 h after 16 Gy radiation. b. Western blotting for the change of phosphorylated-ERK1/2(p-ERK1/2) and ERK1/2 in shNC-BV2 cell or shCD74-BV2 cell in sham radiation and 3, 6, 12, 24, 48, and 72 h after 16 Gy radiation. c. Western blotting for the change of phosphorylated-AKT(p-AKT), AKT, YM-1, Arg-1, iNOS and CD86 in BV2 cell with or without LY294002 in sham radiation and 3, 6, 12, 24, 48, and 72 h after 16-Gy radiation. d. Total RNA of BV2 cell was extracted in sham radiation or 16-Gy radiation at 6 h after radiation with or without LY294002, and mRNA level of iNOS, Arg-1, CD86 and YM-1 were analyzed by real-time PCR (n = 3). e. Representative microphotographs of immunofluorescence staining showing level of F4/80(green)/CD86(red, left) and F4/80(green)/Arg-1(red, right) in BV-2 cultured with or without LY294002 plus 16 Gy radiation at 6 h after radiation. f. Mean fluorescence intensity of CD86 and CD206 in BV-2 cell was analyzed by flow cytometry(left) and the data was processed with FlowJo (version 10.0) program (right, n = 3). g. Mean fluorescence intensity of BV2 cell phagocytic microspheres analyzed by flow cytometry (n = 3). h. The phagocytic activity of BV2 is defined as the level of green microspheres engulfed by the red phalloidin labelled-BV2. Representative fluorescent images showing phagocytic activity of BV-2 cultured with or without LY294002 plus 16 Gy radiation at 6 h after radiation. i. Immunofluorescence was used to analyze the apoptosis rate of BV2 cells (n = 3)



Blocking the MIF-CD74 interaction between NSCLC and microglia promoted M1 polarization
To the investigate immunomodulatory effect of the MIF/CD74 signaling pathway in BM of NSCLC, we established a co-culture system of Lewis lung cells and BV2 cells to study the effect of substances secreted by Lewis lung cells in the upper chamber on BV2 cells in the lower chamber (Fig. 4A). BV2 cells were co-cultured with Lewis lung cells for 24 h after 16 Gy irradiation, then collect the BV2 cells and detect the expression change of M1 and M2 phenotype markers. Also,we transduction Lewis lung cells with MIF knockdown lentivirus and confirmed the knock-down effect of MIF in Lewis lung cells by Western Blot (Fig. S1E).The data of RT-PCR and Western Blot showed that the CD74-silenced BV2 remarkably increased the expression of M1 markers (iNOS, CD86) after radiation when co-cultured with MIF-silenced Lewis lung cells (Fig. 4B, C). Immunofluorescence showed consistent results (Fig. 4E). Consistently, we confirmed that inhibition MIF in cancer cells and CD74 in microglia promoted M1 polarization, showing upregulated level of CD86 fluorescence intensity and proportion of CD86 + cells (Fig. 4F, G). We further explored how microglia regulated by the MIF/CD74 signaling axis exerts tumor-regulating effects. We hypothesized that the phagocytic capacity of microglia might be altered after phenotypic transformation [63]. The MIF-CD74 blockade between NSCLC and microglia synergistically enhanced microglia phagocytosis after radiation (Fig. 4D). Thus, we suggest that inhibition of Lewis lung cell MIF expression resulted in reduced MIF binding to CD74 receptors on the surface of BV2 cells, which inducing conversion of irradiated-BV2 cells to the M1 phenotype with enhanced phagocytosis.[image: ]
Fig. 4Blocking the MIF-CD74 interaction between NSCLC and microglia promoted microglia M1 polarization a. Co-culture sketch map of CD74-shRNA lentivirus transduced BV2 cells and MIF-shRNA lentivirus transduced Lewis cells. After 16-Gy radiation, BV2 cell were immediately co cultured with Lewis cells for 24 h. b. Total RNA of BV2 cell was extracted after 24 h co-culture, and mRNA expressions of iNOS, Arg-1, CD86 and YM-1 were analyzed by real-time PCR (n = 3). c. Western blotting for the expression of iNOS, CD86, Arg-1 and YM-1 in BV2 cell after 24 h co-culture. d. Representative fluorescent images showing different phagocytosis of microspheres (green) with phalloidin (red) in BV-2 after 24 h co-culture. e. Representative microphotographs of immunofluorescence staining showing expression of Arg-1(left) and CD86(right) in BV-2 cell after 24 h co-culture. f. The ratio of CD86 positive and CD206 positive BV-2 cell was analyzed by flow cytometry and the data was processed with FlowJo (version 10.0) program (n = 3). g. The mean fluorescence intensity of CD86 and CD206 in BV-2 cell was analyzed by flow cytometry and the data was processed with FlowJo (version 10.0) program (n = 3)



Radiation improved tumor hypoxia to decreased HIF-1α dependent MIF secretion by NSCLC
The effects of radiotherapy and silence of MIF on tumor microvascular structure and HIF-α expression were also examined using the BM model of NSCLC described previously [56]. Pericyte coverage was used to evaluate neovascular maturation and vascular barrier function, with higher pericyte coverage indicating better vascular barrier function. CD34 labeled microvascular endothelial cells and α-SMA labeled pericytes. Tumor tissue micro vessel density (MVD) was significantly lower and pericyte coverage was significantly increased in both the whole-brain irradiation group and MIF-silenced group compared with the control group. The whole-brain irradiation combined with MIF-silenced group had the lowest micro-vessel density and the highest pericyte coverage (Fig. 5A). We also examined the hypoxia within brain metastatic tumor tissues at 7 and 14 days after radiation, as normalization of tumor vasculature further improved tissue hypoxia. Immunohistochemical analysis showed that both whole-brain irradiation and MIF silence resulted in downregulation of HIF-1α expression in brain metastasis, which improved intra-tumor hypoxia (Fig. 5B).[image: ]
Fig. 5Radiation improved tumor hypoxia and impeded HIF-1α-dependent MIF secretion by NSCLC. a Representative microphotographs of immunofluorescence staining showing expression of CD34(red) and α-SMA (green) in shNC or shMIF BM mouse model with or without 10 Gy radiation therapy (n = 3). b. IHC staining of HIF-1α in brain metastatic tissue of BM mouse model. c. Correlation analysis of MIF and HIF-1α in NSCLC patients in R2 database. d. Dose–response curves of KC7F2 in Lewis cell. e. Western blotting for the level of HIF-1α and MIF in Lewis cell under 1% O2 with 0 μM, 10μ, 20 μM, 30 μM, 60 μM KC7F2. f. Western blotting for the expression of HIF-1α and MIF in Lewis cell under 1% O2 after 3 h, 6 h, 12 h, 24 h, 48 h. g. Western blotting for the expression of HIF-1α and MIF in Lewis cell under 1% O2 without KC7F2 and with 30 μM KC7F2 after 3 h, 6 h, 12 h, 24 h, 48 h. h. Change of MIF concentration in Lewis cell’s supernatant under 21% or 1% O2 with or without KC7F2 (n = 3). i. Binding ability of HIF-1α and MIF promoter in EMSA assay. j. Western blotting for the expression of iNOS, CD86, Arg-1 and YM-1 in shNC or shCD74 BV2 cell of the co-culture system. 30 μM KC7F2 was added to the culture medium of Lewis cell in the co-culture system. k. Representative microphotographs of immunofluorescence staining showing expression of Arg-1 and CD86 in shNC or shCD74 BV2 cell of the co-culture system. 30 μM KC7F2 was added to the culture medium of Lewis cell in the co-culture system


Previous studies have shown that intra-tumor hypoxic microenvironment can induce the release of MIF from tumor cells in breast cancer and HNSCC, leading to tumor growth [64, 65]. We hypothesized that radiation could improve hypoxia in the microenvironment of NSCLC brain metastases, downregulate HIF-1α expression, and cause a decrease in MIF release from tumor cells. By searching the R2 database, we found that HIF-1α expression was significantly and positively correlated with expression of MIF in NSCLC (Fig. 5C,  R = 0.324, P < 0.001). The CCK-8 assay data showed that the HIF-1α selective inhibitor KC7F2, which inhibits HIF-1α protein synthesis without affecting its mRNA transcription, at concentrations of 40, 60, and 80 μM significantly inhibited proliferative activity of Lewis cells after 24 h and 48 h of hypoxic culture compared with control group (Fig. S1B). The IC50 concentration of KC7F2 in Lewis cells was 46 μM (Fig. 5D). Expression of HIF-1α was inhibited with the increase of KC7F2 concentration in the hypoxic environment, and expression of HIF-1α was almost the same at 30 μM and 60 μM. Expression of MIF was also inhibited with increase of KC7F2 concentration, which was consistent with the trend of HIF-1α (Fig. 5E), however, the inhibitory effect of KC7F2 on HIF-1α and MIF in Lewis lung cells in a normoxic environment did not change significantly with increasing concentration (Fig. S1C). These results indicated that the inhibitory effect of KC7F2 on HIF-1α and MIF in Lewis cells in a hypoxic environment was concentration-dependent. We determined the concentration of HIF-1α inhibitor KC7F2 to be used at 30 μM. Next, we further explored the incubation time of KC7F2 affecting HIF-1α and MIF expression in Lewis lung cells. The results showed that there was no significant change of HIF-1α and MIF in protein levels within a short period of time (3 h, 6 h). With the prolongation of hypoxia time, the expression of HIF-1α and MIF in Lewis cell increased and reached stability at 24 h and 48 h (Fig. 5F). The Figure 5G showed that the expression of HIF-1α gradually decreased with the prolongation of KC7F2 treating time in the hypoxic environment, reaching stable levels at 12 h and 24 h. The expression of MIF also decreased with the prolongation of treating time, which was basically consistent with the trend of HIF-1α changes. We therefore chose 24 h as the duration of KC7F2 treatment. Lewis cells secreted more MIF under hypoxic conditions when compared with normoxic conditions. Treatment with KC7F2 significantly inhibited MIF secretion (Fig. 5H). Lewis cells were treated with KC7F2 and cultured in a hypoxic (1% O2) or normoxic (21% O2) incubator for 24 h, and thenthe binding of HIF-1α to the MIF promoter region was examined using the EMSA assay. Hypoxic culture increased the binding of HIF-1α to the MIF promoter compared with normoxic culture (Fig. 5I). The KC7F2 effectively prevented HIF-1α from binding to the MIF promoter.
To investigate how HIF-1α inhibition in cells affects microglia phenotype, we used a co-culture system of Lewis cells and BV2 cells in hypoxic conditions. KC7F2 was added to the conditioned medium, resulting in increased iNOS and CD86 expression and decreased Arg-1 and YM-1 expression in BV2 cells (Fig. 5J). The phenotypic changes were also detected by immunofluorescence staining, revealing increased CD86 expression and decreased Arg-1 expression in activated microglia with the addition of KC7F2 (Fig. 5K). Additionally, adding KC7F2 combined with CD74-silenced in microglia synergistically enhanced microglia phagocytosis after radiation (Fig. S1D).

MIF inhibition enhanced radiosensitivity for brain metastasis via synergistically promoting microglia M1 polarization in vivo
To further elucidate the effect of MIF in NSCLC cells in vivo, the BM model of mice was established by implanting stably-transduced Luc-Lewis lung cells with MIF-silenced. 14 days after the implant of Lewis lung cells, the formation of BM was confirmed by IVIS, and then, the mice were subjected to a single 10 Gy whole-brain irradiation (Fig. 6A). Analysis of bioluminescence imaging data reveals that silencing MIF in combination with radiotherapy synergistically decrease the fluorescence intensity of BM (Fig. 6B). HE staining showed that tumor cells were distributed in the brain parenchyma, meninges, and ventricles, and in consistent, the volume of BM in combination group was significantly smaller than other groups (Fig. 6C). These results suggest that the silence of MIF in Lewis lung cells could significantly inhibit the growth of BM of NSCLC, and combined with radiotherapy could further enhance its anti-tumor effect. In addition, we found the silencing MIF could significantly prolong the survival time of BM mice, especially in the group combined with radiotherapy (Fig. 6D), and showed no significant difference in body weight between different groups (Fig. 6E). Consistent with experiments in vitro, Western blot and immunofluorescence in vivo showed silencing MIF in Lewis in combination with radiotherapy synergistically increasing levels of M1 phenotype markers, and decreasing levels of M2 phenotype markers (Fig. 6F, G). Flow cytometry analysis further confirmed that the combination of silencing MIF in Lewis and radiotherapy resulted in a significant increase in fluorescence intensity of CD86 and a decrease in fluorescence intensity of CD206 on BV2 cells, no matter it was 7 days or 14 days after Luc-Lewis injection (Fig. 6H, I). The gating strategy was shown in the Fig. S2A. Furthermore, we intraperitoneally injected ISO-1 (MIF inhibitor) in the mouse model of BM. The results revealed that the combined treatment of radiotherapy and ISO-1 significantly reduced the luminescence intensity of BM(Fig. S1F). The results suggest that silencing MIF in combination with radiotherapy synergistically promotes microglia M1 polarization.[image: ]
Fig. 6MIF inhibition enhanced radiosensitivity for brain metastasis via synergistically promoting microglia M1 polarization in vivo a. The schema for animal studies. b. Representative bioluminescent imaging of BM model assay with shNC and shMIF Luc-Lewis cells carotid artery injected in C57BL/6 mice with or without 10 Gy radiotherapy(n = 10). c. HE staining of BM mice model assay. d. Survival analysis for BM mice model (n = 5). e. Body weight measurement for BM mice model (n = 5). f. Western blotting for the expression of iNOS and Arg-1 in brain metastasis of BM model. g. Immunofluorescence staining of brain metastasis tissue of BM mice model. h. At 7 days after radiotherapy, the ratio of CD86 positive and CD206 positive BV-2 cell was analyzed by flow cytometry and the data was processed with FlowJo (version 10.0) program (left). The mean fluorescence intensity of CD86 and CD206 in BV-2 cell was analyzed by flow cytometry and the data was processed with FlowJo (version 10.0) program(right, n = 3). i. At 14 days after radiotherapy, the ratio of CD86 positive and CD206 positive BV-2 cell was analyzed by flow cytometry and the data was processed with FlowJo (version 10.0) program (left). The mean fluorescence intensity of CD86 and CD206 in BV-2 cell was analyzed by flow cytometry and the data was processed with FlowJo(version 10.0) program(right, n = 3)



The synergistic antitumor effect of MIF inhibition and radiotherapy was dependent on macrophages
We further analyzed whether the proportion of T lymphocytes in the brain tissue of BM mouse model differed between groups. Brains from the four groups were collected and single cell suspensions containing T cells were isolated as described in the method and labelled for different indicators as required using flow cytometry. The gating strategy was shown in the Fig. S2B.The data were processed in FlowJo10 software. As shown in Fig. 7A and 7B, silencing MIF and radiotherapy had an impact on the content of CD4+and CD8+ T cells in BM, but the results were not statistically significant.[image: ]
Fig. 7The synergistic antitumor effect of MIF inhibition and radiotherapy was dependent on macrophages a. Representative Flowchart in shNC or shMIF brain metastasis tissue of BM mice model. b Percentage of CD4+ cells in CD3+ T cell(left) and percentage of CD8 + cells in CD3 + T cell(right) in shNC or shMIF brain metastasis tissue of BM mice model. c. The schema for animal studies. d. Immunofluorescence staining of BM mice model with or without Clod lip injection. e. Representative bioluminescent imaging of BM model assay with shNC and shMIF Luc-Lewis cells carotid artery injected in C57BL/6 mice with or without 10 Gy radiation therapy after the elimination of microglia (left). Bioluminescence of brain metastasis in BM mice model after treatment as described(right, n = 5). f. Percentage of CD4+ cells in CD3+ T cell(left) and percentage of CD8 + cells in CD3 + T cell(right) in shNC or shMIF brain metastasis tissue of BM mice model after the elimination of microglia


To verify the effect of microglia, BM model with intracranial macrophage clearance was established (Fig. 7C). Immunofluorescence staining of brain tissue showed a significant reduction in macrophage expression in the injected group (Fig. 7D), and the intracranial macrophage clearance model was successfully established. After clearing microglia, we found that the luminescence intensity of the combination group of silencing MIF and radiotherapy was not significantly different from that of the single group, which indicated that the synergistic antitumor effect of silencing MIF and radiotherapy disappeared (Fig. 7E). Flow cytometry was used to observe the change of intra-tumor T cells after intracranial macrophage clearance in four subgroups. As shown in Fig. 7F, there was no significant change in the percentage of CD4+ cells in CD3+ T cells and the percentage of CD8+cells in CD3+ T cells in BM tissue. These results suggest that the synergistic effect of silencing MIF and radiotherapy is dependent on microglia, and has no obvious relationship with T lymphocytes.


Discussion
BM is one of the major causes of death in advanced NSCLC and is associated with short survival and reduced the quality of life [1]. Radiotherapy is one of the important treatments for BM in advanced NSCLC [3]. However, there are still some patients failed to control the BM after radiotherapy, which are attributed to the occurrence of radiotherapy resistance. The main contribution of this study is to provide NSCLC patients with BM with a potential effective combination therapy strategy, radiotherapy combined with the inhibition of MIF/CD74 axis.
BM of NSCLC possesses a complex tumor microenvironment after radiotherapy, in which macrophages are an important constituent [66]. Macrophages have been shown to exist a pro-tumorigenic effect in a variety of tumors. For example, macrophages at the margin of gliomas secrete cytokines that promote the stemness features of glioma cells, which are closely associated with treatment resistance and recurrence [8]. However, intracranial tumor-associated macrophages are divided into two categories: brain-resident microglia and circulating-derived macrophages [8]. Microglia is an important component of the tumor microenvironment of BM. With different polarization directions, microglia will play opposite roles [67]. However, the factors influencing the phenotype transformation of microglia after radiation are largely unknown. Studies have demonstrated that inhibition of the MIF/CD74 axis in gliomas will promote M1 phenotype polarization of microglia and exert anti-tumor effects [61]. Meanwhile, the phenotype of microglia has an important influence on the efficacy of radiotherapy [68, 69]. Our previous studies have identified the coexistence of M1 and M2 phenotypes in microglia after radiotherapy [59]. However, the role of MIF/CD74 axis in NSCLC patients with BM in radiotherapy is unknown. In this study, we identified MIF as a key molecule in the BM of NSCLC through transcriptomics. We evaluated the effect of blocking MIF/CD74 axis of microglia polarization after radiotherapy. Further, we found that blocking MIF/CD74 axis in vivo could improve the efficacy of radiotherapy and exert anti-tumor effects by inducing microglia polarization toward M1 type after radiotherapy. Inhibition of MIF secreted by tumor cells after radiotherapy could promote M1 polarization of microglia and produce an inhibitory effect on tumor growth.
MIF exhibits very different effects in different diseases due to its complex biological activity. In cancer, MIF/CD74 axis is considered to be a signaling pathway that pro-tumor. Benjamin et al. found that MIF expression is increased in bladder cancer patients, and the use of the MIF inhibitor 4-IPP can suppress tumor growth [70]. Israel et al. discovered that MIF is highly expressed in Luminal B, HER2, and Basal subtypes of breast cancer, but its expression is not prognostically relevant in any subtype of breast cancer [71]. This inconsistency with our findings of MIF expression being associated with the prognosis of NSCLC. We suggest that it may be due to tumor heterogeneity and different tumor microenvironments of breast cancer. Research on the role of the MIF/CD74 axis in the tumor microenvironment of BM of NSCLC is limited. Co-expression of MIF and its putative receptor CD74 in NSCLC is associated with greater tumor vascularity and greater levels of angiogenic CXC chemokines [72]. In colorectal cancer, it was shown that MIF promoted macrophage recruitment and angiogenesis to accelerate tumor progression [73]. Elevated MIF expression supported tumor growth while a loss of MIF promoted the anti-tumor immune infiltration of CD4 + /CD8 + T cells producing IFN in breast cancer [74]. MIF-CD74 interaction directly regulated the expression of PD-L1 and helps tumor cells escape from anti-tumorigenic immune responses in melanoma cells [47]. Previous studies have demonstrated that MIF can interact directly with p53 to stabilize the binding of p53 to its inhibitor mdm2, which in turn leads to a decrease in the expression of p21 and BAX protein and thus disrupts the cell cycle [48]. MIF can activate myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAM), which act together to inhibit T cells and thus leading to the generation of a microenvironment that promotes tumor growth [75]. Our research found that in the BM of NSCLC, the MIF/CD74 axis primarily influences the efficacy of radiotherapy through modulation of microglia, with minimal association with T cells. We speculate that this is due to the presence of the blood–brain barrier, which makes it difficult for circulating T cells to enter the brain metastases. In addition, MIF can promote tumor cell overexpression of growth mediators and vascular growth factors by activating MAPK signaling pathway [76]. In this study, we first confirmed the high expression of MIF in the BM of NSLCL and BM samples from patients. Secondly, we demonstrated that blocking MIF/CD74 axis can improve the radiotherapy efficacy of BM in NSCLC. These studies provide a new therapeutic target for BM in NSCLC and broaden our understanding of MIF in cancer.
Some study shows that hypoxia mediated transcription of MIF [53]. Other study shows MIF induced by hypoxia in pancreatic adenocarcinoma is necessary for maximal hypoxia-induced HIF1α expression [54]. HIF1α and MIF are interdependence. MIF can regulate and be regulated by HIF1α. HIF1α regulates MIF secretion in AML blasts under hypoxic conditions [77]. In head and neck squamous carcinoma, the HIF-1α–MIF axis contributed to the recruitment of myeloid (CD11b + -Gr-1 +) cells to enhance tumor growth and angiogenesis [65]. Our study demonstrates that, under hypoxic conditions, HIF-1α promotes MIF secretion by increasing its binding to the MIF promoter in NSCLC which is consist with previous study.
In melanoma and esophageal squamous carcinoma, blocking the MIF/CD74 signaling pathway inhibited AKT phosphorylation and promote tumor progression [44, 60], whereas, in glioma, the MIF/CD74 axis inhibited IFN-γ secretion by promoting the phosphorylation of ERK1/2 [61]. In this study, we confirmed that the silence of the MIF/CD74 axis regulates the phenotype Conversion of microglia by inhibiting ATK signaling pathway, rather than ERK1/2, in BM of NSCLC after radiotherapy.
MIF-based therapeutic concepts have been applied to a variety of diseases. A clinical trial (Phase I) of the oxMIF antibody (Imaluma, BAX69) was conducted to investigate the safety, pharmacokinetics (PK), tolerability, and antitumor activity of the antibody in patients with advanced solid tumors [78]. Milatuzumab, a humanized mouse monoclonal to LL1 (anti-CD74) antibody, was evaluated in phase I clinical trial in multiple myeloma [79]. Some small molecule inhibitors, which can inhibit the activity of the MIF/CD74 axis, are also being investigated [80–82]. In this study, we utilized the MIF inhibitor ISO-1 in vivo, demonstrating its inhibitory effect on brain metastases (BM) of NSCLC. It may serve as a potential clinical therapeutic target. Although our study revealed in vitro and in vivo that blockade of the HIF1-α/MIF/CD74 axis by radiation reduced the polarization of microglia to M2-like, generating an immunopermissive niche. Some study showed that MIF inhibition as a strategy for overcoming resistance to immune checkpoint blockade therapy in melanoma [47]. In the future, radiotherapy combining with immune checkpoint inhibitor and MIF inhibitor may have better effect. Further studies are needed to determine whether MIF-based treatment concepts can be combined with radiotherapy in real world in clinic.

Conclusion
In summary, we verified radiation improved the hypoxia of BM of NSCLC, to decrease HIF-1α dependent MIF secretion, and inhibited the binding of MIF to CD74 on microglia. By regulating the phosphorylation of AKT, prompt M1 phenotype, migration and phagocytosis were promoted, thus enhancing the radiotherapy effects. Therefore, the HIF-1α/MIF/CD74 axis could be used as a potential target for radiotherapy, providing a new research basis and theoretical foundation for the treatment of NSCLC brain metastases (Fig. 8).[image: ]
Fig. 8The schematic diagram for blocking the MIF-CD74 axis augments radiotherapy efficacy for brain metastasis in NSCLC via synergistically promoting microglia M1 polarization
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