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MicroRNA-21 (miR-21) is one of the most abundant microRNAs in mammalian cells. It has 

been intensively studied for its role in regulating apoptosis and oncogenic transformation. 

However, the impact of miR-21 on host anti-tumor immunity remains unknown. Tumor-

associated macrophages are a major leukocyte type that infiltrates tumors and predominantly 

develops into immunosuppressive, tumor-promoting M2-like macrophages. In contrast, the 

pro-inflammatory M1-like macrophages have tumoricidal activity. In this study, we show 

that genetic deficiency of miR-21 promotes the polarization of macrophages toward an M1-

like phenotype in vivo and in vitro in the presence of tumor cells; thus it confers host mice 

with enhanced anti-tumor immunity. By downregulating JAK2 and STAT1, miR-21 inhibits 

the IFN-γ-induced STAT1 signaling pathway, which is required for macrophage M1 

polarization. We also show that the expression of miR-21 in macrophages is regulated upon 

polarization stimuli as well as upon macrophages co-culturing with tumor cells. Thus, tumor 

cells may stimulate miR-21 expression in tumor-associated macrophages to prevent 

tumoricidal M1 polarization. However, augmented STAT1 signaling mediated by miR-21 
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deficiency upregulates PD-L1 expression in macrophages, which is known to inhibit 

phagocytic anti-tumor activity. This adverse effect can be alleviated by PD-1 blockade; 

indeed, miR-21 depletion in macrophages and PD-1 antibody treatment offer superior anti-

tumor activity than either agent alone. These studies shed lights on potential application of 

the combination of miR-21 inhibition and immune checkpoint blockade to target the tumor 

microenvironment.

Introduction

MicroRNAs (miRNAs) are naturally occurring noncoding RNAs about 22 nucleotides in 

length that negatively regulate gene expression at the post-transcriptional level 1, 2. Mature 

miRNAs pair with a stretch of sequence in the 3′ untranslated region (3′UTR) of target 

mRNAs, causing their degradation or otherwise inhibiting protein translation 2–5. Extensive 

studies have revealed that miRNAs participate in a variety of biological processes, many of 

which are central to cancer, including cell proliferation and death, cell differentiation, and 

maintenance of stem cell potency 1, 2, 6, 7. miRNA-based cancer therapies are under 

development 2, 8, 9.

miR-21 is one of the most abundant miRNAs in mammalian tissues and makes up about 

10% of total miRNAs in several types of tumor cells 10, 11. miR-21 regulates apoptosis in 

tumor cells as well as regulated necrosis in mouse embryonic fibroblast and pancreas acinar 

cells 12–15. Generally, miR-21 exerts oncogenic function through inhibiting apoptosis as it 

suppresses the expression of the pro-apoptosis proteins PDCD4, PTEN, and many others 
12, 13, 16. In addition, miR-21 promotes RIP3-mediated necroptosis in mice during acute 

pancreatitis by targeting Spry2 and PTEN 15. miR-21 also appears to regulate the 

polarization of cultured bone marrow-derived macrophages (BMDMs) 15, 17. However, the 

role of miR-21 in the tumor microenvironment remains elusive.

Tumor-associated macrophages (TAMs) constitute a major leukocytic infiltrate within the 

stroma of many tumor types. In contrast to macrophage function in normal tissue, TAMs 

appear to have two major distinctive phenotypes: the pro-inflammatory and tumoricidal 

“M1” macrophage and immunosuppressive, tumor-promoting “M2” macrophage 18–20. The 

M1–M2 classification was originally reported when gene expression was profiled in 

macrophages stimulated with either the TH-1 cytokine, interferon γ (IFN-γ) with or without 

lipopolysaccharide [LPS] or the TH-2 cytokine interleukin-4 (IL-4) 20–23. Pro-inflammatory 

M1 macrophages display elevated expression of tumor necrosis factor α (TNF-α), 

interleukin-6 (IL-6), major histocompatibility complex class II, inducible nitric oxide 

synthase 2 (iNOS/NOS2), and the TH-1 cell-attracting chemokine CXCL9 24. M2 

macrophages have elevated expression of mannose receptor 1 (MRC1/CD206), interleukin-4 

receptor α subunit (IL-4Rα), and arginase 1 (Arg1) 17, 20. In mouse models of 

tumorigenesis, high expression of CD206 and low expression of integrin α X (CD11c) 

marks M2 TAMs (MRC+CD11clow), whereas CD11c+MRClow marks the pro-inflammatory 

M1 TAMs 25–28. Extensive studies have established that signaling via the JAK1/JAK2- 

STAT1 pathway and the JAK1/JAK3-STAT6 pathway is responsible for activating genes 

induced by IFN-γ and IL-4, respectively 22, 29–32.
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In this study, we report that in syngeneic models, mouse melanoma B16 and Lewis lung 

carcinoma (LLC1) tumor growth was significantly inhibited in miR-21-deficient mice. Mice 

receiving miR-21-deficient bone marrow cells had higher numbers of M1 TAMs in the 

tumor microenvironment and a stronger immune response to B16 tumors. We found miR-21 

negatively regulated JAK2 and STAT1 protein expression and inhibited the JAK-STAT 

signaling pathway upon IFN-γ stimulation. In miR-21-deficient BMDMs, the expression of 

M1 signature genes was elevated when the cells were co-cultured with B16 tumor cells. 

Moreover, we found that PD-L1 expression was elevated in miR-21-deficient macrophages, 

which would inhibit phagocytic anti-tumor immunity. Yet the combination with PD-1 

antibodies and miR-21-deficient macrophages offered anti-tumor activity superior to either 

agent alone. Our study suggests that miR-21 depletion enhances host immune system against 

tumor development through M1 polarization of TAMs.

Materials and Methods

miR-21 and cancer patient survival analysis using data from The Cancer Genome Atlas 
(TCGA)

Among 33 TCGA cancer cohorts, there were 21 of them having miRNA expression results. 

We downloaded miR-21 expression data of these 21 cohorts of cancer patients from http://

www.oncolnc.org/ 33 and analyzed the association between miR-21 expression level and 5-

year overall survival. The median value of miR-21 expression levels was used the cutoff to 

classify patients two groups (miR-21high and miR-21low). The follow-up time was 30 days to 

5 years. A log-rank test was performed for each cohort comparing a miR-21high and a 

miR-21low group.

Reagents

For immunoblotting analysis, the antibodies against phospho-STAT1 (at residue Y701) 

(58D6), JAK2 (D2E12), PDCD4 (D29C6), IκBα (L35A5), phospho-p65 (at residue S536) 

(93H1), phospho-IκBα (at residues S32 and S36)(5A5), phospho-IKKα/β (93H1), HRP-

linked anti-rabbit IgG (7074), and HRP linked anti-mouse IgG (7076) were purchased from 

Cell Signaling Technology (Danvers, MA); antibodies against STAT1 (E-23) and JAK1 

(B-3) were from Santa Cruz (Dallas, TX), the antibody against β-actin was from Sigma-

Aldrich (St. Louis, MO).

For flow cytometry analysis, antibodies against CD16/CD32, CD3ε (145-2C11), CD4 

(RM4-5), CD8 (53-6.7), CD11b (M1/70), Gr-1 (RB6-8C5), CD11c (N418), F4-80 (BM8), 

GzmB (NGZB), TNF-α (MP6-XT22), IFN-γ (XMG1.2), and PD-L1 (M1H5) were 

obtained from ThermoFisher Scientific (Waltham, MA), and antibodies against CD206 

(C068C2) and CD45 (30-F11) and fixable viability dye (to detect live vs. dead cells) were 

from BioLegend (San Diego, CA).

For activated T cells, antibodies against CD3ε (17A2), CD28 (37.51) were from 

ThermoFisher Scientific. To stimulate MEFs and BMDMs, LPS was purchased from Sigma-

Aldrich, recombinant murine IFN-γ was from Gold Biotechnology (St. Louis, MO), and 

recombinant murine IL-4 and recombinant M-CSF were from Peprotech (Rocky Hill, NJ). A 

Xi et al. Page 3

Oncogene. Author manuscript; available in PMC 2018 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.oncolnc.org/
http://www.oncolnc.org/


locked nucleic acid-modified miR-21 inhibitor and its control were purchased from Exiqon 

(Denmark). Fetal bovine serum (FBS) and antibiotics for cell culture were from 

ThermoFisher Scientific. Dulbecco’s modified Eagle’s medium (DMEM) and RPMI-1640 

medium were produced by the cell culture core of the Lerner Research Institute, Cleveland 

Clinic (Cleveland, OH). β-mercaptoethanol was obtained from Sigma-Aldrich. T cells were 

isolated using the EasySep Mouse T cell isolation kit from StemCell Technologies 

(Vancouver, Canada). Luciferase activity was measured with the Dual-Glo Luciferase Kit 

purchased from Promega (Madison, WI).

Mice

The miR-21 knockout mouse line (miR-21−/−) in the C57bl/6 genetic background was 

generated previously 13, 15. WT mice and miR-21−/− mice were obtained from interbreeding 

miR-21+/− mice. All mice used in this study were maintained in pathogen-free barrier animal 

facilities in the Biological Resources Unit, Lerner Research Institute, Cleveland Clinic. 

Animals were arbitrarily allocated to experimental groups matched on body weight, age, and 

sex. All animal experimental procedures were approved by Institutional Animal Care and 

Use Committee of the Cleveland Clinic.

Tissue culture and transfection

WT and miR-21−/− MEFs and WT and miR-21−/− BMDMs were prepared as described 

previously 15. B16-F10 (B16) melanoma and LCC1 cells were obtained from American 

Type Culture Collection (Manassas, VA). B16 cells, LLC1 cells, WT and miR-21−/− MEFs 

were cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL 

streptomycin. WT and miR-21−/− BMDMs were cultured in DMEM supplemented with 

10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 50 μM β-mercaptoethanol and 10 

μg/mL M-CSF for 7 days followed by IFN-γ treatment for 0 to 40 h (for immunoblotting 

analysis) or for 12 to 48 h (for quantitative reverse transcription real-time PCR [qPCR] 

analysis), or co-cultured with 1×107 B16 cells alone or in combination with IFN-γ for 48 h. 

WT and miR-21−/− CD8+ T cells and CD4+ T cells were isolated from mouse spleens using 

the EasySep Mouse T cell isolation kit and were cultured in RPMI-1640 media 

supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 50 μM β--

mercaptoethanol. T cells were stimulated with plate-bound antibodies against CD3 (1 

μg/mL) and CD28 (2 μg/mL) for 24 h in the presence of brefeldin A (5 μg/mL, 

ThermoFisher Scientific). For transfection, 2×105 WT and miR-21−/− MEF cells were 

seeded in 6-well plates and transfected with 40 pmole of miRNAs or locked nucleic acid- 

modified miRNA inhibitors (Exiqon) using lipofectamine RNAiMAX Reagent 

(ThermoFisher Scientific). At 60 h after transfection, cells were collected and total proteins 

extracted for immunoblotting. For a dual luciferase reporter assay, miR-21−/− MEFs were 

transfected with miR-21 and pmirGLO Dual Luciferase Vector harboring either WT 3′UTR 

or mutant 3′UTR of the STAT1 or JAK2 gene using Lipofectamine 3000 (ThermoFisher 

Scientific); 60 h post transfection, the luciferase activity of cell lysates were measured using 

the Dual-Glo Luciferase Kit (Promega) according to the manufacturer’s instructions.
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Immunoblotting

WT and miR-21−/− BMDM or WT and miR-21−/− MEF cells were stimulated with LPS (50 

ng/mL), mouse IFN-γ (200U/mL) or mouse IL-4 (10 ng/mL) for the indicated times. Cells 

were then lysed with RIPA buffer (ThermoFisher Scientific) containing protease and 

phosphatase inhibitor cocktail (ThermoFisher Scientific), and protein concentration was 

measured with a BCA protein assay kit (ThermoFisher Scientific). After mixing with 

Laemmli sample buffer (Bio-Rad Laboratories; Hercules, CA) containing 10% β-

mercaptoethanol, the cell lysates were denatured at 95°C for 5 min and 20 μg of each was 

subjected to SDS-PAGE and electro-transferred onto PVDF membrane (0.45 μm, 

ThermoFisher Scientific). The membranes were blocked in 5% non-fat dry milk in TBS-T 

for 1 h at room temperature. Target proteins were detected with 1:1000 diluted primary 

antibodies and the corresponding secondary antibodies linked with horseradish peroxidase in 

blocking buffer. The target proteins were visualized with enhanced chemiluminesence 

western blotting substrate (ThermoFisher Scientific) and exposed to film (Bioblot BXR film, 

Laboratory Products Sales; Rochester, NY). For rebprobing, the membranes were stripped in 

1×stripping buffer (ThermoFisher Scientific).

Plasmid construction and quantitative reverse transcription PCR

The 3′UTR region containing 958 nucleotides between ATTTAATATAAAGATATTTA and 

CTAATAAAAGAAATGC (5′-3′) of STAT1 transcript variant 1 (NCBI accession ID: 

NM_001205313.1) was synthesized and cloned into the pmirGLO dual luciferase reporter 

vector (Promega) as the WT STAT1 or JAK2 3′UTR reporter. In the mutant STAT1 3′UTR 

reporter, the 8-bp sequence complementary to the miR-21 seed sequence 

(5′GAUAAGCU3′) was deleted. For qPCR, cells were harvested with Trizol (ThermoFisher 

Scientific) and RNA was extracted using the RNeasy mini kit (Qiagen; Hilden, Germany) 

according to the manufacturer’s instructions. Total RNA was reverse transcribed with a kit 

(iScript Selective Reverse Transcription Supermix Kit, Bio-Rad Laboratories) and 

quantitative PCR performed using iQ SYBR Green Supermix (Bio-Rad Laboratories). The 

specific primers (5′-3′) sequences are listed in Supplemental Table 1.

Murine syngeneic xenograft models

B16 melanoma cells (2 × 105) were subcutaneously injected to the right flank of 8- to 10-

week-old mice; for the LLC1 subcutaneous tumor model, 1 × 106 LLC1 cells were injected. 

In both models, tumor size was measured every other day with calipers, and tumor volume 

was calculated as π/6 × length × (width)2. Mice were euthanized 16 days post-injection to 

analyze immune cell infiltration in tumors. Tumors were blotted dry before weighted. To 

understand the impact of miR-21 deficiency in immune cells, bone marrow transplantation 

was performed as described previously 15; 4 weeks later, animals were inoculated with B16 

cells (2 × 105) subcutaneously. For macrophage adaptive transfer therapy, WT and 

miR-21−/− BMDMs were co-cultured with B16 cells for 48 h in an insert system with cell 

culture-treated polycarbonate 0.4-micron porous membranes, allowing exchanges of 

biomolecules but not cells between the insert and the 6-well plate (Nunc Cell Culture insert, 

ThermoFisher Scientific); 4 × 106 BMDMs were seeded in 6-well plates with 1 × 107 B16 

tumor cells seeded in the insert. These in vitro-trained BMDMs were mixed with fresh B16 
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cells at 1:1 ratio (2×105 each) and injected into the flank of WT C57BL/6 mice. For PD-1 

antibody treatment, WT mice bearing tumors developed from B16 or BMDM cells were 

given PD-1 antibody (RMP1-14, Bioxcell; West Lebanon, NH) at 10 mg/kg every 3 days 

starting 8 days after tumor inoculation (when average tumor volume was ~ 100 mm3); mice 

were euthanized at 16 days post-inoculation and tumors collected and analyzed.

Isolation of tumor-associated cells and flow cytometry

Excised tumors were cut into ~2 mm3 blocks and digested into single-cell suspensions by 

incubation with collagenase IV (1 mg/mL, Worthington Biochemical Corporation; 

Lakewood, NJ), β-mercaptoethanol, and DNase I (10 μg/mL, Worthington Biochemical 

Corporation) in HEPEs (pH7.4) buffer at 37°C for 30 min. The cell suspension was then 

centrifuged at 400g for 10 min, rinsed with PBS, and filtered through a 70-μm cell strainer. 

Cells were then suspended and incubated for 15 min with antibodies against CD16 and 

CD32 (10 μg/mL, final concentration), and subjected to staining. Immune-cell types and 

subsets in tumors were identified using the following cell surface markers: total TAMs, 

CD45+CD11b+Gr1−F4/80+; M1-like TAMs, CD45+CD11b+Gr1−F4/80+MRC1−/lowCD11c+; 

M2-like TAM, CD45+CD11b+Gr1−F4/80+CD11c−/lowMRC1+; neutrophils, CD45+CD11b
+Gr1+; CD8+ T cells, CD45+NK1.1−CD11b−B220−CD19−CD8+; and CD4+ T cells, 

CD45+NK1.1−CD11b−B220−CD19−CD4+.

Statistical analysis

Data were presented as mean ± standard error of the mean (s.e.m.). SPSS16.0 software 

(SPSS Inc. Chicago, IL) was used for all statistical analyses. Comparisons between two 

groups were analyzed with a two-tailed unpaired t test. For three or more group 

comparisons, one-way analysis of variance (ANOVA) was used. Statistical significance was 

set at P ≤ 0.05.

Results

miR-21 expression was associated with shorter survival in patients with specific cancers

Analysis of the 21 cancer patient cohorts from the TCGA database revealed that in 6 

cohorts, miR-21 expression level was inversely associated with patient survival 

(Supplemental Table 2). These cancers are glioblastoma multiforme, renal clear cell 

carcinoma, low grade glioma, hepatocellular carcinoma, lung adenocarcinoma, and 

pancreatic adenocarcinoma (Figure 1a–1d). The differential associations between miR-21 

and patient survival in various types of cancers, particularly a positive association in rectum 

adenocarcinomas and no association in melanoma, were notable (Supplemental Table 2). 

There are many factors that could confound patient survival: miR-21 expression in tumor 

cells versus in stroma, compositions of immune cells within the tumor, miR-21 target gene 

expression, and treatments, etc.

miR-21-deficient mice developed smaller B16 and LLC1 tumors

We employed syngeneic tumor models to evaluate the role of miR-21 in the tumor 

microenvironment. We injected miR-21 deficient (miR-21−/−) mice and WT mice with 

melanoma B16 cells and found that miR-21−/− mice developed smaller tumors than the WT 
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control (Figure 2a–2c). Injection of LLC1 cells produced similar results (Figure 2d–2f). 

These data imply that miR-21-deficient mice as a syngeneic host have enhanced anti-tumor 

activity. We noted that in cutaneous melanoma, there was no association between patient 

survival and miR-21 expression (Supplemental Table 2), yet we decided to use B16 

melanoma mouse models in ensuing experiments: (1) the impact of miR-21 deficiency 

appears greater in B16 tumors than LLC1 tumors; and (2) B16 is the most widely used 

mouse cell models in immunotherapy research.

To dissect the impact of miR-21 deficiency in immune cells, we performed reciprocal bone 

marrow transplantation between WT and miR-21−/− mice. At 4 weeks after bone marrow 

transplantation, mice were subcutaneously inoculated with B16 tumor cells. As shown in 

Figure 2g–2i, both WT and miR-21−/− recipients receiving miR-21−/− bone marrow had 

smaller tumors than their counterparts receiving WT bone marrow. These data indicate that 

miR-21 deficiency in hematopoietic cells, at least partially, equips recipient mice with 

enhanced anti-tumor immunity. We also noted that among the four groups, miR-21−/− mice 

that received miR-21−/− bone marrow had the slowest tumor growth with lowest tumor 

weight and smallest tumor size at sacrifice (Figure 2i), indicating that other parts of the 

miR-21 depleted environment is refractory to tumor growth than immune cells; this is out of 

the scope of the current study.

miR-21 deficiency prompted M1 polarization in TAMs

To identify the cause of enhanced tumor resistance in miR-21 deficient mice, we analyzed 

immune cell infiltration in tumors using flow cytometry (Figure 3a–3g). We found that the 

number of infiltrating CD4+ T cells, CD8+ T cells, and as well as the CD8+ T : CD4+ T ratio 

in B16 xenograft tumors was comparable between WT and miR-21−/− mice (Figure 3a–3c). 

Concerning myeloid cells, neutrophils and TAMs were also present at similar levels in 

tumors from WT and miR-21−/− mice (Figure 3c–3d). However, tumors from miR-21-

deficient mice had a greater proportion of M1 TAMs (Figure 3e–3g), suggesting that M1 

polarization of miR-21-deficient TAMs enhanced the anti-tumor immunity of miR-21−/− 

mice.

miR-21 and T cell activity in vitro

miR-21 has been reported to have a negative role in T cell development and activity 34, 35. 

To examine the possibility of enhanced T cell activity in miR-21−/− mice, we measured 

production of TNFα and cytolytic granules (as represented by protease granzyme B) in 

miR-21−/− and WT T cells using flow cytometry. Compared with WT counterparts, 

production of TNFα and granzyme B in miR-21−/− CD8+ T cells was lower in vitro (Figure 

4a–4d). In CD4+ T cells, miR-21−/− also resulted in reduced production of TNFα (Figure 4b 

and 4e). These data imply that miR-21 deficiency impaired T cell ability to produce pro-

inflammatory cytokines and cytolytic granules and thus indicate that miR-21 deficiency in T 

cells is unlikely to be the underlying cause for the enhanced anti-tumor activity seen in 

miR-21−/− mice.
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miR-21 was required to balance macrophage polarization upon cytokine treatment in the 
presence of tumor cells

Given the altered M1: M2 TAM ratio in B16 tumors from miR-21−/− mice, we next 

determined the role of miR-21 in macrophage polarization. To this end, we co-cultured WT 

or miR-21−/− BMDMs with B16 tumor cells alone or in combination with stimulating 

cytokines. In the presence of B16 tumor cells, the expression of M1 markers (Tnf, Nos2, and 

Il6) was significantly higher in miR-21−/− BMDMs than in their WT counterparts as 

measured by qPCR, whereas that of M2 markers (including Mrc1, Il4ra, and Arg1) was 

lower (Figure 5a–b). This difference suggests that miR-21 deficiency potentiates TAMs 

toward an M1-like phenotype. We also determined the level of mature miR-21 during 

macrophage polarization. When WT BMDMs were stimulated with IFN-γ alone or in 

combination with LPS, miR-21 was markedly upregulated. WT BMDMs stimulated with 

IL-4 (which stimulates M2 cells), however, displayed reduced miR-21 expression (Figure 

5c–5e). In addition, the level of mature miR-21 increased when BMDMs were co-cultured 

with B16 cells (Figure 5f). These data support that miR-21 in macrophages is precisely up- 

or down-regulated during polarization toward either the M1 or M2 phenotype, whereas it is 

elevated in the presence of tumor cells.

miR-21 regulates the IFN-γ pathway by targeting STAT1

To elucidate the mechanism by which miR-21 mediated M1 polarization, we searched for 

potential miR-21 targets using the computational prediction program TargetScan 36. Noting 

that the JAK-STAT1 pathway is predominantly involved in M1 polarization, we focused on 

STAT1 and JAK2, two predicted miR-21 target genes (Figure 6a). We cloned the STAT1 and 

JAK2 3′UTRs downstream of a firefly luciferase reporter and found that intact miR-21 

down-regulated the activity of the reporter with the STAT1 3′UTR (Figure 6b), but not the 

JAK2 3′UTR. When a mutant STAT1 3′UTR disrupting the miR-21 binding site was 

introduced, such down-regulation was reversed. We also determined the mRNA levels of 

STAT1 and JAK2 using qPCR and found that the mRNA level of STAT1, but not that of 

JAK2, in miR-21-deficient BMDMs was higher than in WT BMDMs (Figure 6c). We next 

determined JAK-STAT1 signaling in WT and miR-21−/− BMDMs. The expression of STAT1 

and JAK2 in miR-21 deficient cells was greater than in WT BMDMs (Figure 6d). PDCD4, a 

well-known miR-21 target, was also expressed at a higher level in miR-21−/− BMDMs than 

in the WT control. Upon IFN-γ stimulation, phosphorylation of STAT1 at tyrosine 701 was 

induced in miR-21−/− BMDMs at a higher level than in WT BMDMs. The expression of 

JAK1, which was not predicted to be a miR-21 target, remained comparable between WT 

and miR-21−/− BMDMs. Similar results were observed in WT and miR-21−/− MEFs (Figure 

6e). In miR-21−/− MEFs, introduction of miR-21 mimics suppressed STAT1 protein 

expression and IFN-γ-induced STAT1 phosphorylation (Figure 6f). In WT MEFs, a locked 

nucleic acid inhibitor of miR-21 enhanced STAT1 expression and phosphorylation (Figure 

6g). Consistent with a previous report 37, miR-21 deficiency in BMDMs resulted in elevated 

LPS-induced NF-κB activation (Figure 6h), which contributed to M1 polarization. On the 

other hand, IL-4-induced STAT6 signaling, which regulated M2 macrophage polarization, 

was not affected in miR-21-deficient BMDMs (Figure 6i). Taken together, these data 

suggested that miR-21 downregulates STAT1 directly and JAK2 indirectly to inhibit the 

activity of IFN-γ-induced STAT1 signaling.
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Tumor cell-trained miR-21−/− macrophages suppressed tumor growth

To determine whether miR-21 depletion has potential therapeutic impact, we introduced in 
vitro trained BMDMs into B16 xenografts. BMDMs were co-cultured with B16 tumor cells 

in vitro for 48 h and subsequently mixed with fresh B16 cells at a 1:1 ratio before being 

injected into WT mice (Figure 7a). Introduction of in vitro-trained WT BMDMs did not 

affect tumor growth, yet tumor cell-trained miR-21−/− BMDMs showed anti-tumor activity 

compared to the WT control, as judged by reduced tumor volume, smaller tumor size, and 

lower tumor weight (Figure 7b–7d). We next analyzed tumor-infiltrating immune cells and 

found that the total number of intratumoral macrophages and CD8+T cells were comparable 

between the WT and miR21−/− groups (Figure 7d–7g). However, due to the greater number 

of M1 cells, the ratio of M1: M2 in the miR-21−/− BMDM-containing tumors was 

significantly lower than the WT control (Figure 7h–7i).

The combination of miR-21−/− BMDMs and PD-1 antibody conferred superior anti-tumor 
activity

It was reported that STAT1 signaling is a major common regulator of PD-L1 transcription 

driven by IFN-γ 38. We determined PD-L1 expression in TAMs from the above experiments 

using flow cytometry and found that more PD-L1-positive TAMs were present in tumors 

with trained miR-21−/− BMDMs than WT control tumors (Figure 8a). In addition, the mean 

signal intensity for PD-L1 was stronger in miR-21−/− TAMs compared to the WT control 

(Figure 8b). We noted that immortalized miR-21−/− BMDMs also expressed higher levels of 

PD-L1 than WT cells upon prolonged treatment with IFN-γ (Figure 8c).

To determine whether in vitro-trained miR-21−/− macrophages offer added anti-tumor 

activity in combination with PD-1 immune checkpoint inhibition, we administered PD-1 

antibodies to mice injected with B16 tumor cells and in vitro-trained BMDMs. The 

combination of anti-PD-1 with in vitro-trained miR-21−/− BMDMs provided the strongest 

tumor inhibition among 4 treatment groups based on tumor volume and tumor weight 

(Figure 8d–8f). PD-1 antibody treatment enhanced M1 polarization of TAMs in tumors with 

both WT and miR-21−/− BMDMs (Figure 8g–8h). In tumors developed from B16 cells in 

combination with trained WT BMDMs, but not those with trained miR-21−/− BMDMs, 

PD-1 antibody treatment reduced the number of M2 TAMs and increased CD8+ T cell 

infiltration (Figure 8g, 8i). These data underscore the potential of miR-21-depleted 

macrophages alone or in combination with PD-1 immune checkpoint inhibitors in cancer 

therapy.

Discussion

As one of the most abundant miRNAs, miR-21 function in regulating apoptosis and 

necroptosis and in the inflammatory response has been thoroughly studied. In this work, we 

investigated the role of miR-21 in the tumor microenvironment. Our TCGA data analyses 

reveal that miR-21 levels are negatively correlated with patient survival in 6 patient cohorts. 

TAM populations often account a large portion of tumor mass, e.g., TAMs comprise as much 

as 30% to 50% of all cells in human glioblastoma multiforme 39. Thus, in these tumors, the 

source of miR-21 could be tumor tissues or resident TAMs. We employed the B16 syngeneic 
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mouse xenograft model to determine the role of miR-21 in macrophages during tumor 

development and found M1 programming in miR-21 deficient TAMs is a contributor to the 

observed stronger anti-tumor immune response seen in miR-21−/− mice. We found that 

miR-21 suppresses the expression of STAT1 and, albeit indirectly, JAK2, two key players in 

M1 polarization. miR-21−/− BMDMs express higher levels of JAK2 and STAT1 than WT 

cells and when stimulated by IFN-γ, have greater STAT1 phosphorylation. The interplay of 

miR-21 and STAT3 has been well reported with STAT3 transactivating miR-21 and miR-21 

overexpression leading to STAT3 activation through its target genes 40–45. However, this 

study is the first to demonstrate the role of miR-21 in STAT1 signaling.

In addition, LPS-induced NF-κB activation (p65 phosphorylation) was enhanced in 

miR-21−/− BMDMs as miR-21 suppresses PDCD4 expression to negatively regulate NF-κB 

activation, consistent with previous reports 17, 37, 46. Given activation of NF-κB and STAT1 

leads to the transcription of M1 genes, these data support that miR-21 down-regulates its 

target genes (PDCD4 and STAT1) and JAK2 to repress NF-κB and STAT1 signaling and 

inhibit M1 polarization. In addition, macrophages express higher levels of miR-21 upon co-

culture with B16 tumor cells. Therefore, there is a miR-21-mediated tumor: macrophage 

circuit (Figure 8g): tumor cells stimulate the expression of miR-21 in macrophages, which 

suppresses the activation of STAT1 and NF-κB by inhibiting STAT1, JAK2, and PDCD4 

expression, and prevents anti-tumoral M1 polarization; in the absence of miR-21, both 

STAT1 and NF-κB are activated in TAMs to drive tumoricidal M1 polarization.

PD-1 blocking antibodies enhance CD8+ T cell-mediated killing of tumor cells by removing 

T-cell suppressive signals from various tumor-associated cells 47. Because PD-L1 expression 

is regulated by IFN-γ-mediated STAT1 activation 38, PD-L1 expression is significantly 

upregulated by miR-21 depletion and subsequent STAT1 activation in cultured BMDMs and 

in TAMs residing in B16 tumors. The elevation of PD-L1 in miR-21-deficient TAMs could 

promote an immunosuppressive tumor microenvironment, partially offsetting the 

immunostimulatory M1 polarization brought by miR-21 depletion (Figure 8g). We found 

that addition of PD-1 antibodies in the presence of miR-21-deficient macrophages resulted 

in smaller B16 tumors compared to the regimen of either miR-21-deficient macrophages 

alone or anti-PD-1 alone. The combination did not increase the number of M1 TAMs or 

CD8+ T cells more than anti-PD-1 treatment. A possible explanation for the elevated anti-

tumor activity of the combination regimen is that it increases the phagocytosis and anti-

tumor immunity, but not the number, of TAMs 48.

It is reported that genetic depletion of DICER, a key enzyme processing all hairpin precursor 

miRNAs into mature miRNA, in TAMs enables tumor eradication by PD-1 checkpoint 

blockade 26. DICER-deficient TAMs from tumors grown in mice implanted with MC38 

mouse colon carcinoma cells also display higher PD-L1 expression than the WT control 26. 

Given that miR-21-deficient mice are developmentally normal and DICER is essential to 

mouse earlier development 49, miR-21 inhibition may offer advantages over DICER 

inhibition in an adjunct cancer therapy with PD-1 checkpoint blockade.
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Significant Statement

As one of the most-studied microRNA, miR-21 is overexpressed in virtually all cancers, 

yet its function in tumor-infiltrating immune cells remains elusive. In this work, we use 

mouse syngeneic xenograft models to determine whether miR-21 in immune cells 

contributes to tumorigenesis. We showed that genetic deficiency of miR-21 promotes the 

polarization of macrophages towards M1-like phenotype, thus conferring host mice with 

enhanced anti-tumor immunity. By targeting JAK2 and STAT1, miR-21 inhibits the 

STAT1 signaling pathway, which plays a dominant role in macrophage M1 polarization. 

Most importantly, miR-21-depleted macrophages enhances PD-1 antibody 

immunotherapy. These data call for a novel combinatorial cancer treatment with miR-21 

inhibition and immune checkpoint blockade to target tumor microenvironment.
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Figure 1. miR-21 expression is associated with decreased survival in 6 patient cohorts identified 
in the TCGA database
(a) Glioblastoma multiforme; (b) Renal clear cell carcinoma; (c) Low grade glioma; (d) 

Hepatocellular carcinoma; (e) Lung adenocarcinoma; (f) Pancreatic adenocarcinoma. 

Kaplan–Meier results were analyzed by log-rank test. *P ≤ 0.05, ***P ≤ 0.001.
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Figure 2. miR-21-deficient mice develop smaller tumors in syngeneic xenograft models
WT and miR-21-deficient mice (n = 10 per group) were implanted with B16 (a–c) or LLC1 

(d–f) tumor cells. For panels g-i, WT and miR-21−/− recipient mice (n = 5 per group) 

received either WT or miR-21−/− bone marrow (donor) and underwent subcutaneous 

syngeneic B16 tumor cell xenografting. (a, d, g) images of representative tumors; (b, e, h) 
tumor weights; and (c, f, i) tumor volumes. Data were analyzed by one-way ANOVA for 

tumor volumes and by a two-tailed unpaired-t test for tumor weights. *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001.
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Figure 3. miR-21−/− mice develop tumors with a greater number of infiltrating M1 TAMs
Infiltrating leukocytes isolated from B16 tumors developed in WT and miR-21−/− mice were 

analyzed by flow cytometry. (a) Infiltrating CD8+ T cells and CD4+ T cells (n = 5 tumors for 

T cells); (b) CD8+: CD4+ T cell ratio; (c) CD11b+Gr1− subgroup and CD11b+Gr1high 

(neutrophils) subgroup (n = 6 tumors); (d) TAMs (n = 6 tumors); (e) M1 and M2 TAM 

subtypes (n = 9 tumors); and (f) M1/M2 ratio of TAMs. (g) Representative flow cytometry 

graphs of M1 and M2 gating of cells isolated from tumors. *P ≤ 0.05, **P ≤ 0.01.
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Figure 4. miR-21 in CD8+ T cells and CD4+ T cells
CD8+ T cells and CD4+ T cells were treated with antibodies against CD3 and CD28 for 

cytokine and cytolytic granzyme B (GzmB) production. (a and b) Representative graphs of 

flow cytometry analyses of CD8+ T cells with 24 h treatment (a) and CD4+ T cells with 12 h 

or 24 h treatment (b) treated with antibodies against CD3 and CD28. (c, d, e) Fractions of 

GzmB-positive CD8+ T cells (c), TNF-α-positive CD8+ T cells (d), and TNFα-positive 

CD4+ T cells (e). n = 3 biological isolates for both WT and miR-21−/− groups. *P ≤ 0.05, 

***P ≤ 0.001.
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Figure 5. miR-21 in macrophages
(a, b) qPCR measurement of (a) Tnf, Il6, and Nos2 and (b) Argc1, Mrc1, and Il4ra gene 

transcripts in WT and miR-21−/− bone marrow-derived macrophages at resting conditions, 

co-cultured with B16 cells, or co-cultured with B16 cells in addition to IFN-γ and LPS or 

IL-4 treatment. Y axis denotes log2 values of the relative expression levels of genes (except 

for Il4ra, which was the relative level of Il4ra) normalized to Gapdh. NOS2 was 

undetectable (N.D.) without stimulation. (c–f) Mature miR-21 was measured by qPCR in 

WT BMDMs upon stimulation with IFN-γ, IFN-γ and LPS, IL-4, or co-culture with B16 

cells. Y axis denotes the relative expression levels of miR-21 using snoRNA-153 as a 

reference. Values are mean ± s.e.m.; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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Figure 6. miR-21 downregulates JAK2 and STAT1 to suppress IFN-γ-mediated STAT1 signaling
(a) Putative miR-21 binding sites within the 3′UTRs of STAT1 and JAK2. The matching 

sites are indicated by the vertical lines. (b) Activity of luciferase reporters containing wild 

type (WT) or mutant (Mut) miR-21 target sites in the STAT1 3′UTR. (c) mRNA levels of 

Stat1 and Jak2 in WT and miR-21−/− BMDMs. *P ≤ 0.05, **P ≤ 0.01, n.s., not significant. 

(d and e) Immunoblotting analysis of protein levels of JAK1, JAK2, phosphorylation of 

STAT1 on tyrosine 701 (pSTAT1), STAT1, PDCD4, and actin in BMDMs (d) and MEFs (e). 

(f and g) Immunoblotting analysis of protein levels of pSTAT1, STAT1, PDCD4 and actin in 

miR-21−/− MEFs transfected with miR-21 (f) or in WT MEFs transfected with a locked 

nucleic acid miR-21 inhibitor (g) and treated with IFN-γ (20 ng/mL) for up to 60 min. (h) 
Immunoblotting analysis of protein levels of phospho-IKKα/β, phospho-p65, phospho-IκB, 

and total IκB in WT and miR-21−/− BMDMs upon LPS (50 ng/mL) stimulation for the 

indicated times. (i) Immunoblotting analysis of protein levels of pSTAT6, STAT6, PDCD4, 
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and actin in WT and miR-21−/− BMDMs upon stimulation with IL-4 (10 ng/mL) for 

indicated times.
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Figure 7. miR-21−/− macrophages exerted stronger anti-tumor effects than their WT 
counterparts after co-culture with B16 cells
(a) Schematic representation of in vitro macrophage cultivation and implantation with B16 

tumor cells. (b) Representative images of B16 tumors 16 days post-inoculation; n = 5 for 

each group. (c) Tumor weights. (d) Tumor volumes; data were analyzed with one-way 

ANOVA. (e) Representative graphs of flow cytometry analysis of infiltrating M1 and M2 

TAMs within tumors. (f, g, h, i) Infiltrating TAMs, CD8+ T cells, M1 and M2 TAM fractions 

and the M1: M2 ratio; n = 4 for each group. *P ≤ 0.05, **P ≤ 0.01, n.s., not significant.
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Figure 8. Combination of miR-21−/− macrophages and PD-1 antibody confers superior anti-
tumor efficiency
(a, b) Flow cytometry analysis of PD-L1 expression in TAMs isolated from tumors as 

described in Figure 7a. (a) The portion of PD-L1-positive TAMs in total macrophages. (b) 

Mean fluorescence intensity (MFI) of the PD-L1 signal from TAMs. (c) Immunoblotting 

analysis of the protein levels of JAK2, pSTAT1, and PD-L1 in immortalized WT and 

miR-21−/− BMDMs treated with IFN-γ. (d–i) Mice implanted with B16 and macrophages as 

described in Figure 7a were treated with IgG or antibodies against PD-1. N = 6–7 per group. 

(d) Representative images of tumors at 16 days post inoculation. (e) Tumor weights. (f) 

Tumor volumes. Cell populations within tumors were analyzed by flow cytometry analysis; 

(g) M1 and M2 TAMs; (h) M1:M2 ratio; and (i) CD8+ T cells within tumors. (j) The role of 

miR-21 in macrophage polarization of TAMs. miR-21 suppresses the expression of STAT1, 

JAK2, and PDCD4 to inhibit STAT1 and NF-κB activation and prevent TAMs towards M1 

polarization. Yet elevated STAT1 activation mediated by miR-21 deficiency promotes PD-L1 

expression in TAMs, which can be mitigated by PD-1 antibody blockade. *P ≤ 0.05, ***P ≤ 
0.001; n.s., not significant.
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