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ABSTRACT
Myeloid-derived suppressor cells (MDSCs) are a population of immune suppressive cells that are involved 
in tumor-associated immunosuppression, and dominate tumor progression and metastasis. In this study, 
we report that the leukocyte immunoglobulin-like receptor subfamily B member 4 (LILRB4, murine 
ortholog gp49B) orchestrates the polarization of MDSCs to exhibit pro-tumor phenotypes. We found 
that gp49B deficiency inhibited tumor metastases of cancer cells, and reduced tumor-infiltration of 
monocytic MDSCs (M-MDSCs) in tumor-bearing mice. Gp49B−/− MDSCs inhibited pro-tumor immune 
responses, such as activation of Treg cells, promotion of cancer cell migration, and stimulation of tumor 
angiogenesis. Treatment of wild-type tumor-bearing mice with gp49B−/− M-MDSCs reduced cancer 
metastasis. Furthermore, gp49B knockout affected plasma exosome composition in terms of increased 
miR-1 family microRNAs (miRNAs) expression, which correlates with the upregulation of gp49B−/− MDSC- 
derived anti-tumor miRNAs. Collectively, our findings reveal that LILRB4/gp49B promotes MDSC-mediated 
tumor metastasis by regulating the M2-polarization of MDSCs and suppressing the secretion of miR-1 
family miRNAs, which facilitate tumor migration and invasion.
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Introduction

Tumor metastasis, the spread of malignant cells to distant 
organs, is the main cause of death in cancer patients. The 
ability of tumor cells to modulate immune response and 
evade immune recognition is necessary for successful 
metastasis.1,2 In the tumor environment, myeloid cell- 
induced immunosuppression that inhibits anti-tumor immune 
responses is a pivotal requirement for cancer cells to grow and 
metastasize.3

Myeloid-derived suppressor cells (MDSCs), a population of 
immune suppressive cells, strongly inhibit anti-tumor immune 
reactions mediated by T cells and enhance angiogenesis for 
metastatic formation.4 MDSCs consist of two major subsets in 
human and mice, monocytic-MDSC (M-MDSC) and polymor-
phonuclear MDSC (PMN-MDSC), also known as granulocytic 
MDSC (G-MDSC).5 Both MDSC subsets are found in the bone 
marrow, spleen, lung, peripheral blood, and tumor tissue.6 

MDSCs are capable of polarizing to a classically activated 

(M1) or an alternatively activated (M2) phenotype. M1 
MDSCs exhibit anti-tumor activities by secreting tumor necro-
sis factor (TNF-α) and nitric oxide (NO); whereas M2- 
polarized MDSCs suppress effector T cells (Teff) but activate 
regulatory T cells (Treg) through the expression of interleukin- 
10 (IL-10), transforming growth factor (TGF-β) and arginase-1 
(ARG1).7,8 Several studies have shown that MDSCs infiltrated 
in various cancers, both in the primary tumor and metastatic 
sites.9 MDSC-mediated immunosuppression limits the 
potency of cancer immunotherapy drugs, such as anti- 
programmed death receptor-1 (PD-1), anti-programmed 
death-ligand 1 (PD-L1) and anti-cytotoxic T lymphocyte anti-
gen 4 (CTLA4);10,11 therefore, targeting tumor-infiltrating 
MDSCs is an important issue in cancer therapy. Interestingly, 
the leukocyte immunoglobulin-like receptor subfamily 
B member 4 (LILRB4) is expressed on MDSCs and correlates 
with survival in human lung cancer patients.12
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LILRB4, also known as ILT3, CD85k, LIR-5, or gp49B 
(mouse), is expressed on monocytes, dendritic cells, 
macrophages, plasma cells, activated T cells, NK cells, 
and osteoclasts.13,14 LILRB4 contains two extracellular 
immunoglobulin domains, a transmembrane domain, 
and three immunoreceptor tyrosine-based inhibitory 
motifs (ITIMs).15 Upon ligand engagement, the ITIMs of 
LILRB4 are phosphorylated by tyrosine kinases of the Src 
family, thereby recruiting phosphotyrosine phosphatases 
(SHP-1/2) or the inositol-phosphatase SHIP to inhibit 
the activation of molecules that contribute in cell 
signaling.16–18 LILRB4 signal attenuates FcγRI-mediated 
activation and endocytosis/phagocytosis of monocyte by 
SHP-1-dependent phosphorylation of multiple 
kinases.19,20 In addition, LILRB4 shows constitutive phos-
phorylation and association with SHP-1, which down- 
regulates osteoclast differentiation from monocyte.21 

Previous studies reported that activated leukocyte cell 
adhesion molecule (ALCAM/CD166/MEMD) and apolipo-
protein E (APOE) are ligands of LILRB4, which mediate 
the growth of tumor cells and the development of acute 
myeloid leukemia, respectively.22,23

Herein, we hypothesized that LILRB4/gp49B may be 
involved in tumor metastasis, and that LILRB4/gp49B 
signaling may contribute to MDSC-mediated immunosup-
pression in the tumor environment. We found that 
metastases of Lewis lung carcinoma (LLC) and B16F10 
melanoma cells were reduced in gp49B-deficient mice. 
Blocking of gp49B using anti-gp49 mAb also decreased 
tumor metastases in tumor-bearing mice. The tumor- 
infiltrated MDSCs from gp49B−/− mice exhibited an anti- 
tumor phenotype, as shown by decreased secretion of 
pro-tumor cytokines, reduced immunosuppression of 
T cells, and decreased angiogenesis. Particularly, gp49B 
knockout increased the expression of anti-tumor 
microRNAs (miRNAs), including miR-1a-3p, miR-133a- 
3p, and miR-206-3p in MDSCs and plasma exosomes. 
Our results suggest that LILRB4/gp49B facilitates MDSC- 
mediated tumor metastasis by inducing M-MDSCs to 
differentiate into tumor-promoting M2 phenotype and 
inhibiting the expression of anti-tumor miRNAs that 
inhibit cancer cell migration and invasion.

Materials and methods

Animals

C57BL/6 (B6, WT) mice were purchased from CLEA Japan 
(Tokyo, Japan). The generation of gp49B−/− mice with B6 
background was described previously.24 All animals were 
bred and conducted in accordance with the animal guide-
lines of the Laboratory for Animal Resources of the 
Institute of Development, Aging and Cancer, Tohoku 
University. All protocols of animal experiments were 
approved by the Animal Studies Committee of Tohoku 
University. Male mice between 8 and 10 weeks of age 
were used.

Cell lines

Murine melanoma cells (B16F10, TKG 0348), Lewis lung 
cancer cells (LLC, TKG 0153), and human monocytic THP- 
1 cells (TKG 0267) were obtained from the Cell Resource 
Center for Biomedical Research of Tohoku University 
(Sendai, Japan). The LILRB4−/− THP-1 cells were estab-
lished using CRISPR/Cas9 system as described 
previously.25 To generate luciferase-expressing LLC (LLC- 
Luc2) cells, LLC cells were transfected with pcDNA3.1 
(+)/Luc2 = tdT and selected with geneticin (G418 sulfate, 
400 μg/ml) for one month. The stable LLC-Luc2 cells were 
confirmed by flow cytometry (FACSAriaIII, BD bioscience) 
and using the luciferase reporter assay (Promega). B16F10 
and LLC cell lines were, respectively, maintained in DMEM 
medium (Sigma-Aldrich) and RPMI-1640 medium (Sigma- 
Aldrich) supplemented with 10% fetal bovine serum (FBS, 
Biowest, Nuaillé, France) and 1× antibiotic-antimycotic 
(ThermoFisher Scientific, Waltham, MA, USA). THP-1 
and LILRB4−/− THP-1 cells were maintained in RPMI- 
1640 medium supplemented with 10% FBS, 1x antibiotic- 
antimycotic, and 50 μM 2-mercaptoethanol (Sigma-Aldrich) 
. Human vascular endothelial cells (HUVECs, CRL-1730) 
were cultured in endothelia cell growth medium 
(PromoCell, Heidelberg, Germany; c-22110).

Plasmids and H1.1-mIgG1 chimeric antibody production

pcDNA3.1(+)/Luc2 = tdT was a gift from Christopher 
Contag (Addgene plasmid #32904). Plasmid extraction kit 
(PureLink HiPure Plasmid Midiprep Kit) and 
Lipofectamine® 2000 for cell transfection were purchased 
from Invitrogen (Thermo Fisher Scientific).

Regarding H1.1-mIgG1 antibody production, the con-
struction of the heavy chain and the light chain cDNAs of 
H1.1-chimeric antibody (H1.1γ1-mouse chimera and 
H1.1κ-mouse chimera) by chimerization of the variable 
regions of the heavy chain and light chain from Armenian 
hamster anti-mouse LILRB4/gp49B hybridoma (H1.1) with 
the constant regions of mouse IgG1 heavy chain and κ light 
chain separately into the HindIII/NotI site of pUC19/+Not 
I/ΔLacZ vector was performed by Evec Inc. (Sapporo, 
Japan). The HindIII/NotI-digested cDNA fragments of 
H1.1γ1-mouse chimera and H1.1Κ-mouse chimera were 
inserted into the HindIII/NotI site of pEHX1.1 vector and 
pELX2.2 vector (TOYOBO, Osaka Japan), respectively. 
Plasmids pEHX/H1.1mγ1 and pELX/H1.1mκ were digested 
with BglII/EcoRI and ligated to form a single plasmid 
pEHX-ELX/H1.1mγ1-mκ. The resultant plasmid was linear-
ized with AseI digestion and used for the transfection of 
CHO-K1 cells with Lipofectamine® 2000 (Thermo Fischer 
Scientific). A H1.1-mIgG1 chimeric antibody stable- 
producing CHO-K1 clone was selected by the limiting 
dilution method. The H1.1-mIgG1 chimeric antibody was 
purified from the culture supernatant by using HiTrap™ 
Protein G HP (Cytiva, Sheffield, UK) according to the 
manufacture’s protocol.
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Adoptive transfer experiment

For bone marrow transplantation (BMT), B6 mice were 
irradiated with 8.5 Gy total body irradiation (MBR- 
1520 R-4, Hitachi Power Solutions Co., Ltd.). At 1-day 
post-irradiation, mice were transplanted with bone marrow 
cells from WT or gp49B−/− donor mice via tail vein injec-
tion (5 × 106 cells/mouse). Following adoptive transfer, 
mice were treated with gentamycin (1.2 mg/ml) for one 
month, and the total blood donor reconstitution was eval-
uated by flow cytometry at four weeks post-transplantation. 
For MDSC adoptive transfer, splenic MDSCs were isolated 
from WT or gp49B−/− tumor-bearing mice by flow sorting, 
and isolated MDSCs (2 × 105 cells/mouse) were then co- 
injected with LLC cells in a 1:1 ratio into WT mice on day 
0. The adoptive transfer of splenic MDSCs was repeated 
1 week later.

Mouse model of tumor metastases and therapeutic 
protocols

Regarding tumor metastases, LLC (1.5 × 106 cells/mouse) 
and B16F10 (5 × 105 cells/mouse) cells were inoculated into 
B6 and gp49B−/− mice by intravenous injection. After 
inoculation, LLC- and B16F10-bearing mice were sacrificed 
on day 30 and day 21, respectively, and lung and liver 
tissues from tumor-bearing mice were harvested for analy-
sis of tumor metastasis by hematoxylin–eosin (H&E) stain-
ing or counting of surface nodules. For antibody treatment, 
the B6 mice were inoculated intravenously at a low dose of 
5 × 105 LLC-Luc2 cells or 5 × 104 B16F10 cells. At 3 days 
post-tumor inoculation, mice were treated with anti-PD-1 
(RPM1-14, Bio X Cell; 200 μg/mouse), anti-gp49 
(H1.1-Amenian hamster IgG from hybridoma cells26 or 
H1.1-mIgG1, 200 μg/mouse), or isotype matched control 
antibody (2A3 (Bio X cell), HTK888 (Biolegend) or 
MOPC-21 (Bio X Cell); 200 μg/mouse) by intraperitoneal 
injection six times at 3-day intervals. LLC-Luc2 tumor- 
bearing mice with antibody treatment were imaged using 
the IVIS Spectrum In Vivo Imaging System (Perkin Elmer) 
at three weeks after tumor inoculation, and sacrificed at five 
weeks after tumor injection for detection of tumor metas-
tases in lung and liver by H&E staining.

Cell isolation

For isolation of MDSCs, splenocytes and bone marrow cells 
harvested from WT and gp49B−/− mice were fractionated with 
Percoll (GE Healthcare) density solutions of 40%, 50%, 60%, 
70% and 100% as previously described.27 Cells banding at 
gradient of 50%–60% (monocyte fraction) were isolated for 
MDSC positive-selection by PE-anti-CD115 and anti-PE 
microbeads (Miltenyi Biotec). For the adoptive transfer of 
MDSCs, the monocyte fraction was subjected to isolate 
CD11b+Gr1 (Ly6G/Ly6C)+ MDSCs with a purity greater than 
99% by flow sorting using a FACSAria III (BD Biosciences). 
For the detection of tumor-infiltrated MDSC, minced tumors 
were dissociated with mouse tumor dissociation kit (Miltenyi 

Biotec), while lung tissues were dissociated with mouse lung 
dissociation kit (Miltenyi Biotec) according to the manufac-
turer’s instructions.

Treg cell expansion by MDSCs

Splenocytes (2 × 106 cells/well) from OT-II mice were labeled 
with CFSE (Thermo Fischer Scientific) according to the manu-
facturer’s instructions, and subsequently co-cultured with 
MDSCs (5 × 105 cells/well) from tumor-bearing mice in the 
presence of OVA peptides (1 μg/ml) for five days. The co- 
cultured cells were stained FITC-conjugated anti-CD4, APC- 
conjugated anti-CD25, and PE-conjugated anti-Foxp3 antibo-
dies for flow cytometry analysis.

Flow cytometry

For surface marker staining, cells (1 × 106) were washed with 1 
× PBS and incubated with fluorochrome-conjugated antibodies 
in blocking buffer (1% FBS in PBS) for 15 min at 4°C. For 
intracellular Foxp3 staining, cells (1 × 106) were permeabilized 
with Foxp3/transcription factor staining buffer set (eBioscience) 
and then incubated with fluorochrome-conjugated anti-Foxp3 
antibody for 30 min at room temperature. After washing with 
blocking buffer, stained cells were resuspended with PBS and 
analyzed using a FACSAria III (BD Biosciences).

ELISA

Murine TNF-α, TGF-β, and IL-10 in cell culture super-
natants were measured with the ELISA Max standard 
TNF-α, TGF-β, and IL-10 sets (BioLegend) according to 
the manufacturer’s protocol. Absorbance was read at 
450 nm on a Model 680 microplate reader (Bio-Rad).

Transwell migration assay

LLC cells (1 × 104 cells/well) were seeded in the upper 
chamber of a 24-well 8-μm-pore transwell plate (Corning, 
NY, USA) with serum-free RPMI-1640 medium for 24 h. 
Subsequently, 1-day starved LLC cells were co-cultured 
with 1.2 × 105 of WT or gp49B−/− bone marrow-derived 
MDSCs (BM-MDSCs) from tumor-bearing mice plated in 
the lower chamber for another 72 h. In PC9 cell migration 
assay, WT or LILRB4−/− THP-1 cells (4 × 105 cells/well) 
were seeded on a 24-well culture plate for PMA (50 ng/ml) 
stimulation. At 48 h post-stimulation, the activated THP1 
cells were co-cultured with 1 × 104 of starved PC9 cells 
plated on the upper chamber (8-μm-pore) for 36 h. Non- 
migrated cells on the upper side of the transwell membrane 
were removed with a cotton swab, and the migrated cells 
on the underside of the transwell membrane were stained 
with 0.5% crystal violet solution. Images of the migrated 
cells were captured with a Keyence BZ-9000 microscope 
(Keyence Corporation, Osaka, Japan). Cell number of 
migrated cells in 20 random fields was analyzed using 
ImageJ.
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Wound healing assay

LLC or PC9 cells (105 cells/well) were plated into a 24-well 
plate and incubated in RPMI-1640 medium supplemented 
with 10% FBS for 24 h. Monolayer cells were then incu-
bated in serum-free medium supplemented with 5 μg exo-
somes for another 24 h. Wounds were created by scratching 
the cell monolayer with a 1000–μl pipette tip, and non- 
adherent cells were washed off with medium twice. Cells 
were then cultured in RPMI-1640 containing 5% FBS for 
another 18 h and cell images were captured using a micro-
scope Keyence BZ-9000 microscope. Cell migration was 
determined by the rate of wound closure analyzed using 
ImageJ.

Exosome isolation

Murine whole blood samples from tumor-bearing mice 
were collected with 4 mM EDTA, pH 8.0 (Invitrogen Inc., 
Carlsbad, CA, USA), and subjected to plasma separation by 
centrifugation at 3500 × g for 5 min at room temperature. 
Plasma exosomes were isolated using the ExoQuick exo-
some precipitation solution (SBI, System Biosciences, CA, 
USA) according to the manufacturer’s protocol. The 
extracted exosomes were resuspended in 1 × PBS and 
sterilized by Ultrafree-MC Centrifugal Filter Devices 
(0.22 μm, Millipore Co.), and stored at – 80°C for subse-
quent experiments.

Exosomal miRNA extraction and sequencing

Total exosomal RNA (including miRNA) was isolated using 
the miRNAeasy Mini kit (Qiagen Company, Hilden, 
Germany) according to the manufacturer’s instructions. 
The integrity of miRNA was examined on Agilent 2100 
Bioanalyzer using the RNA 6000 Pico Kit and the Small 
RNA Kit (Agilent Technologies Inc., Santa Clara, CA, USA) 
and subjected to library preparation using QIAseq miRNA 
Library Kit (Qiagen Company, Hilden, Germany). The 
quality control analysis of the library was assessed using 
the High Sensitivity DNA kit (Agilent Technologies Inc., 
Santa Clara, CA, USA). The miRNA library was sequenced 
using an Illumina NextSeq-500 Sequencing System 
(Illumina, San Diego, CA, USA).

miRNA-Seq analysis

Approximately 14–20 million reads were obtained per library. 
RNA-seq raw reads were quality checked by FastQC (version 
0.11.9), and were then pre-processed by filtering out sequencing 
adapters, short-fragment reads (<10 nt), and other low-quality 
reads. Unique Molecular Identifier analysis was performed on 
GeneGlobe data analysis center (Qiagen), and the processed 
reads was mapped to the mouse [Mus musculus, GRCm38 
(mm10) assembly] reference genome. The mapped reads were 
normalized using Strand NGS with the Trimmed Mean of 
M value (TMM) method. Normalized reads containing 
miRNA sequences were annotated compliantly with existing 
sequences in the miRBase database (http://www.mirbase.org/). 

The fold-change was calculated from the normalized reads, and 
an MA plot showing base-2 log fold-change (Log2[gp49B−/−]- 
Log2[WT]) along the y-axis and normalized average expression 
of each miRNA ({Log2[gp49B−/−] +Log2[WT]}/2) along the 
x-axis was generated using GraphPad Prism version 10 software. 
Additionally, base-2 log fold-change data from two independent 
miRNA sequencing were analyzed with a comparison analysis 
using Ingenuity Pathway Analysis tools (Qiagen).

Quantitative reverse transcription PCR (qRT-PCR)

For mRNA expression analysis, total RNA was isolated 
using the RNeasy Micro kit (Qiagen, Hilden, Germany), 
and was then reverse transcribed into cDNA using the 
ReverTra Ace qPCR RT Master Mix with a gDNA remover 
kit (Toyobo, Osaka, Japan) according to the manufacturer’s 
instructions. The cDNA was then used as the template for 
the qPCR reaction, which was performed using the CFX 
Connect Real-Time PCR detection system (Bio-Rad, 
Hercules, CA, USA) with the SYBR Green Real-time PCR 
Master Mix Plus kit (Toyobo). For miRNA expression ana-
lysis, total miRNA was isolated using the miRNAeasy Mini 
kit (Qiagen), and was then reverse transcribed into cDNA 
using the Mir-X miRNA First-Strand Synthesis Kit (TaKaRa 
Holdings Inc., Kyoto, Japan) according to the manufac-
turer’s instructions. The qPCR was performed with the 
reagent of Mir-X miRNA qRT-PCR TB Green Kit 
(TaKaRa). All samples were analyzed in triplicate, and 
data were analyzed using the 2−ΔΔCt method. β-actin, and 
U6 snRNA were used as internal reference genes for mRNA 
and miRNA analysis, respectively. The primer sequences of 
the corresponding mRNAs and miRNAs are shown in 
Supplementary Table 1.

Analysis of publicly available genomic data

To evaluate the correlation between LILRB4 and PD-1 in 
human lung adenocarcinoma (LUAD) and lung squamous 
cell carcinoma (LUSC), genomic data obtained from The 
Cancer Genome Atlas (TCGA)-LUAD and TCGA-LUSC data-
base were analyzed using USCS Xena (http://xena.ucsc.edu/).

Statistical analysis

Statistical analyses were performed using GraphPad Prism® 
9 (Version 9.0; GraphPad Software, San Diego, CA, USA). 
Data are presented as means ± SEM. Data were compared 
for statistical differences by Pearson’s correlation coeffi-
cients with two-tailed test, two-tailed unpaired Student’s 
t-test, as stated in the figure legends. P < .05 was consid-
ered statistically significant.

Data availability

Raw and processed miRNA sequencing data have been depos-
ited into the GEO online database (accession number 
GSE185118).
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Results

Genetic deficiency of gp49B impairs tumor metastases in 
tumor-bearing mice

To determine whether LILRB4/gp49B contributes to tumor 
metastases, wild-type (WT) B6 mice and gp49B−/− mice were 
intravenously injected with luciferase expressing-Lewis lung 
carcinoma cells (LLC-Luc2) and examined for the metastases 
21 days later. We found that the metastatic ability of LLC-Luc2 

was significantly inhibited in gp49B−/− mice (Figure 1, a and b). 
In addition, the LLC-mediated lung and liver metastases were 
reduced in gp49B−/− tumor-bearing mice compared to those in 
WT tumor-bearing mice (Supplemental Figure 1). With adop-
tive bone marrow transplantation (BMT), the bone marrow 
cells of WT mice were reconstituted with that of gp49B−/− mice 
to confirm the gp49B-mediated tumor metastasis (Figure 1c). 
In the comparison of WT BMT and gp49B−/− BMT mice, LLC- 
Luc2 tumor growth monitored by a noninvasive IVIS bio- 

Figure 1. Gp49B genetic deficiency decreases tumor metastases in tumor-bearing mice. (a) WT and gp49B−/− mice (n = 5 mice per group) were intravenously 
injected with LLC-Luc2 cells (5 × 105 cells per mouse) for 21 days. In vivo bioluminescence imaging of LLC-Luc2 tumor metastases in mice was detected using the IVIS 
Spectrum in vivo imaging system. (b) Graph showing bioluminescence measurements of IVIS image mice as average radiance (photons/s/cm2/steradian) corresponding 
to (a). (c) Schematic of adoptive transfer and tumor inoculation. Bone marrows cells from WT or gp49B−/− donor mice were adoptively transferred into irradiated B6 mice 
(n = 6 mice per group) by tail vein injection. After 36 days, mice were inoculated with LLC-Luc2 cells and monitored for tumor metastasis. (d) In vivo bioluminescence 
image of tumor metastasis in WT (above) and gp49B−/− (below) BMT mice (n = 6 mice per group) challenged with LLC-Luc2 cells for 21 days. (e) Quantification of 
average radiance (photons/s/cm2/steradian) from IVIS imaged mice as shown in (d) (f-h) Tumor nodules formed on lung surface (f) and H&E stained liver sections (g and 
h) from WT and gp49B−/− mice (n = 6 mice per group) challenged with B16F10 cells for 21 days. All numerical data are represented as mean ± SEM. *p < .05, **p < .005 
calculated by unpaired t-test.
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image system was reduced in gp49B−/− BMT-tumor-bearing 
mice (Figure 1, d and e). We also inspected whether gp49B 
knockout could reduce the metastatic ability of melanoma 
B16F10. The numbers of pulmonary metastatic nodule and 

liver metastatic foci in B16F10-injected gp49B−/− mice were 
significantly decreased compared to those in B16F10-injected 
WT mice (Figure 1, f-h). Together, the above results indicated 
that LILRB4/gp49B is involved in the metastases of tumor cells.

Figure 2. Blockade of gp49B impaired tumor metastases in tumor-bearing mice. (a) Correlation between LILRB4 and PD-1 expression observed in lung 
adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) tissues from the TCGA database. (b) Schematic representation of antibody treatment schedule. 
B6 mice were intravenously injected with LLC-Luc2 cells (n = 8 per each group) on day 0, and then treated with the indicated antibodies (200 μg per mouse) six times at 
3-days intervals. (c) In vivo bioluminescence imaging of LLC-Luc2 tumor metastases in mice on day 21 post-tumor inoculation. (d) Bioluminescence measurements 
expressed as average radiance (photons/s/cm2/steradian) corresponding to (c). (e) Representative graph of tumor metastatic sites in the lung (left) and liver (right) of 
antibody treated LLC-Luc2 tumor-bearing mice on day 30 after tumor inoculation. (f and g) Quantification of metastatic sites in lung (f) and liver (g) from LLC tumor- 
bearing mice with antibody treatment corresponding to (e). Statistical results are represented as mean ± SEM. P values were calculated by Ordinary one-way ANOVA with 
Dunnett’s multiple comparisons test. *p < .05, **p < .005, ****p < .0001.
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Gp49B blockade inhibits tumor metastases in 
tumor-bearing mice

An analysis of RNA expression data from The Cancer Genome 
Atlas (TGCA) database via the Xena platform28 revealed 
a strong correlation between LILRB4 and PD-1 mRNA expres-
sion in LUAD and LUSC samples (r = 0.6064 and 0.7024, 
respectively) (Figure 2a). Since deficiency of gp49B reduced 
the tumor metastasis, we then assessed the effect of gp49B 
blockade on tumor metastases using anti-gp49 (H1.1) mono-
clonal antibody (mAb) or a combination of anti-gp49 with 
anti-PD-1 (RMP1-14) mAb. LLC-Luc2 cells-challenged B6 
mice were intraperitoneally injected with isotype control IgG, 
anti-PD-1 mAb, anti-gp49 mAb, or a combination of anti-PD 
-1 mAb and anti-gp49 mAb six times (Figure 2b). After anti-
body treatment, the metastatic growth by bioluminescence 
image was decreased in LLC-Luc2 tumor-bearing mice treated 
with anti-gp49 mAb or anti-PD-1 mAb (p = .0124 and .011, 
respectively) (Figure 2, c and d). In addition, a combination 
treatment of anti-PD-1 mAb and anti-gp49 mAb showed 
a modest synergistic effect on tumor metastatic growth in LLC- 
Luc2 tumor-bearing mice (p = .046) (Figure 2, c and d). We 
also observed the metastatic foci in mAb-treated tumor- 
bearing mice by histological analysis. Blockade of gp49, as 
well as blockade of both PD-1 and gp49, indeed impaired 
tumor metastases in the lung and liver of LLC-Luc2 tumor- 
bearing mice (Figure 2, e-g). Furthermore, B6 mice were inocu-
lated with B16F10 cells for monitoring tumor metastasis, and 
then, the efficacy of anti-gp49 and anti-PD-1 mAbs on tumor 
metastasis was evaluated. (Supplemental Figure 2). The pul-
monary tumor nodule formation was significantly decreased in 
anti-gp49 mAb-treated tumor-bearing mice, similar to that in 

anti-PD-1-treated and combination-treated B16F10 tumor- 
bearing mice (Supplemental Figure 2B, left), and anti-gp49 
mAb and/or anti-PD-1 mAb treatment also showed a trend 
toward reducing the liver metastasis in B16F10-bearing mice 
(Supplemental Figure 2B, right). These results suggested that 
LILRB4 blockade inhibits tumor metastasis and that LILRB4 
may serve as a potential therapeutic target for combination 
therapy in cancer diseases.

Knockout of gp49B impairs the infiltration of MDSCs in the 
tumor environment

Since MDSCs play an important role in tumor-associated 
immunosuppression, we considered whether gp49B regulates 
MDSC infiltration in the tumor environment. To this end, we 
confirmed that gp49B is expressed on MDSCs in WT mice, but 
not in gp49B−/− mice (Figure 3a). To measure the population of 
tumor-infiltrated MDSCs, lung tissues from WT and gp49B−/− 

LLC-Luc2 tumor-bearing mice were dissociated for flow cyto-
metry analysis. The result showed that lung-infiltrated mono-
cytic (M)-MDSCs were reduced in gp49B−/− tumor-bearing 
mice, while lung-infiltrated polymorphonuclear (PMN)- 
MDSCs were comparable in WT and gp49B−/− tumor- 
bearing mice (Figure 3, b and c). With LLC subcutaneous 
inoculation, the population of tumor-infiltrating M-MDSCs 
were reduced in gp49B−/− tumor-bearing mice (Figure 3, 
d and e). Furthermore, the expression of MHC-II (M1 marker) 
and CD206 (M2 marker) on tumor-associated M-MDSCs was 
evaluated by flowcytometry. The result revealed that MHC-II 
expression was comparable in WT and gp49B−/− M-MDSCs, 
while CD206 expression was decreased on gp49B−/− 

Figure 3. Lung- and tumor-infiltrated M-MDSCs were decreased in gp49B−/− tumor-bearing mice. (a) The expression of gp49 on MDSCs of WT and gp49B−/− mice 
was measured by flow cytometry using anti-CD11b, anti-CD115, anti-Gr1 and anti-gp49 antibodies. (b and c) The percentage of M-MDSCs and PMN-MDSCs in the lung 
from WT and gp49B−/− tumor-bearing mice (n = 8 mice per group) was measured by flow cytometry using anti-CD11b, anti-Ly6C and anti-Ly6G antibodies. Graph 
showing percentage of M-MDSCs (Ly6C+ Ly6G−) and PMN-MDSC (Ly6C−Ly6G+) in CD11b+ lung cells. (d and e) Tumors from WT and gp49B−/− tumor-bearing mice were 
dissociated to detect tumor-infiltrated MDSCs by staining with anti-CD11b, anti-CD115, anti-Ly6C and, anti-Ly6G antibodies. Graph showing percentage of M-MDSCs 
(CD115+Ly6C+ Ly6G−) and PMN-MDSC (CD115− Ly6C−Ly6G+) in CD11b+ cells. All numerical data are represented as mean ± SEM. *p < .05, **p < .005, ns: not significant 
calculated by unpaired t-test.
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Figure 4. MDSCs from tumor-bearinggp49B−/− mice exhibited the M1-like (anti-tumor) phenotype. (a) gene expression of splenic MDSCs from WT and 
gp49B−/− tumor-bearing mice was measured by qRT-PCR as described in Materials and Methods. (b) MDSCs from tumor-bearing mice were harvested for 
cytokine detection by ELISA. (c) Splenic MDSCs from WT or gp49B−/− tumor-bearing mice were co-cultured with splenocytes from OT-II mice in the presence of 
OVA peptide for 5 days. The population of Treg cells was measured by flow cytometry using anti-CD4, anti-Foxp3 and anti-CD25 antibodies. (d) Co-culture of 
CFSE-labeled OT-II splenocytes stimulated with OVA peptide with splenic MDSCs from WT and gp49B−/− tumor-bearing mice. T cell proliferation was measured 
by flow cytometry. (e) Bone marrow-derived MDSCs from WT or gp49B−/− tumor-bearing mice were plated in a 48-well plate and co-cultured with LLC cells for 
48 h. The migration of LLC cells was determined using the transwell migration assay. (f) Representative graph of migrated human PC9 cells co-cultured with 
PMA-stimulated WT or LILRB4−/− THP-1 cells. The cell migration ability corresponding to (e and f) was calculated by counting migrated cells on the underside 
of the filters. Representative of three independent experiments with similar results. Data are represented as means ± SEM. *p < .05, **p < .005, ***p < .001 
calculated by unpaired t-test.
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M-MDSCs, indicating that M-MDSCs from gp49B−/− tumor- 
bearing mice exhibited the M1-phenotype (Supplemental 
Figure 3A). These results suggested that LILRB4/gp49B regu-
lates M-MDSC differentiation and infiltration in the tumor 
environment.

Gp49B−/− MDSCs reduce immunosuppressive cytokine 
secretion, Treg activation, tumor cell migration, and 
angiogenesis

Immunosuppressive cytokines, such as IL-10 and TGF-β, are 
secreted by activated MDSCs to down-regulate IL-12 secretion 
by macrophages, block cytotoxic T lymphocyte activity, and 
activate Treg cells.29 To determine the expression level of 
immunosuppressive genes in MDSCs from tumor-bearing 
mice, the splenic MDSCs from WT and gp49B−/− tumor- 
bearing mice were isolated for gene expression analysis by 
qRT-PCR. The expression of TGF-β, IL-10, and ARG-1 was 
downregulated, while the expression of TNF-α and iNOS was 
upregulated in gp49B−/− splenic MDSCs, suggesting that 
gp49B−/− MDSCs exhibit an M1 phenotype (Figure 4a and 
Supplemental Figure 3B). In comparison with WT splenic 
MDSCs, gp49B−/− splenic MDSCs secreted low levels of TGF- 
β and IL-10 (Figure 4b). To verify whether gp49B could reg-
ulate the MDSC-mediated expansion and activation of Treg 
cells, MDSCs from WT or gp49B−/− tumor-bearing mice were 
co-cultured with OT-II splenocytes with OVA peptides stimu-
lation. Upon co-culture with gp49B−/− MDSCs, the expansion 
of Treg cells decreased, whereas the proliferation of CD4 Teff 
increased (Figure 4, c and d), suggesting that the knockout of 
gp49B affects the immunosuppressive function of MDSCs. 
Furthermore, results of the in vitro T cell activation assay 
revealed that coculture with gp49B−/−MDSCs did not suppress 
the anti-CD3/anti-CD28 stimulated CD4 and CD8 T cell acti-
vation compared to the WT controls (Supplemental Figure 4). 
The above results suggested that gp49B knockout affects the 
immunosuppressive function of M-MDSCs.

Since MDSCs also contribute in the migration of tumor 
cells,30,31 we therefore examined the effect of gp49B knockout 
on MDSC-regulated tumor cell migration. In vitro transwell 
migration assay revealed a significantly decreased migration of 
murine LLC cells co-cultured with gp49B−/− BM-MDSCs as 
well as human PC9 cells co-cultured with activated LILRB4−/− 

THP-1 cells (Figure 4, e and f). MDSCs also directly promote 
tumor development by inducing angiogenesis and vasculogen-
esis via VEGFA and MMP-9 secretion.32–34 To determine 
whether LILRB4/gp49B regulates MDSC-induced angiogen-
esis, we observed the expression of angiogenic biomarker 
CD31 in LLC tumors harvested from WT and gp49B−/− mice. 
The result of immunostaining showed that CD31 expression 
was reduced in LLC tumor from gp49B−/− mice compared to 
that from WT mice, indicating that tumor vasculogenesis was 
inhibited in gp49B−/− mice (Supplemental Figure 5A). We 
further confirmed that the expression of VEGFA and MMP-9 
was downregulated in splenic MDSCs from gp49B−/− tumor- 
bearing mice (Supplemental Figure 5B). With stimulation of 
IL-4 ex-vivo to promote M2-phenotype differentiation of bone 
marrow (BM)-MDSCs, gp49B knockout decreased the expres-
sion of VEGFA and MMP-9 in M2-polarized BM-MDSCs 

compared to WT controls (Supplemental Figure 5C). 
Additionally, in vitro angiogenesis assay showed that tube 
formation of HUVECs was reduced in the co-culture with the 
supernatant from IL-4-stimulated gp49B−/− BM-MDSCs 
(Supplemental Figure 5, D and E). These results suggested 
that knockout of LILRB4/gp49B triggers MDSCs to preferen-
tially differentiate into anti-tumor phenotype, and the secre-
tome by gp49B−/− MDSC may contain lower pro-tumor factors 
and higher anti-tumor factors.

Treatment of tumor-bearing mice with gp49B−/− MDSCs 
suppresses tumor metastasis

In order to verify whether tumor-primed gp49B−/− MDSCs 
have anti-tumor activity, WT LLC-Luc2 tumor-bearing mice 
were intravenously injected with tumor-primed WT or 
gp49B−/− MDSCs twice, and the bioluminescence activity 
was monitored to assess tumor metastatic growth. Indeed, 
gp49B−/− MDSC treated tumor-bearing mice revealed 
a significant reduction of LLC-Luc2 metastasis compared to 
WT controls (Figure 5, a and b). With a lower expression 
level of gp49B, lung-infiltrated M-MDSCs were also reduced 
in gp49B−/− MDSC treated WT tumor-bearing mice as well 
as in gp49B−/− tumor-bearing mice. In contrast, gp49B−/− 

MDSC adoptive transfer did not affect the population fre-
quency of PMN-MDSCs resident in lung tissue (Figure 5, 
c-f). These data suggested that gp49B knockout in MDSCs 
triggers anti-tumor activity, and gp49B might be involved in 
M-MDSCs recruitment in the tumor environment.

Gp49B knockout increases anti-tumor miRNAs expression 
in MDSCs and plasma exosomes

Exosomes, with a size range of 30–150 nm in diameter, are an 
important part of the tumor microenvironment (TME).35 

MicroRNAs (miRNAs) carried in exosomes are taken up by 
neighboring or distant cells to regulate cancer progression.36 

To explore whether gp49B knockout affects the amount and 
composition of exosomal miRNAs, plasma exosomes from WT 
and gp49B−/− tumor-bearing mice were isolated for miRNA 
sequencing (miRNA-seq). An MA plot analysis revealed 
miRNAs that are differentially expressed between the WT 
miRNA-seq and gp49B−/− miRNA-seq (Figure 6a). By compar-
ing the fold changes in gp49B−/− to that of WT samples, we 
observed that 4.46% miRNAs were upregulated while 3.80% 
miRNAs were downregulated in gp49B−/− plasma exosomes. 
Particularly, some of anti-tumor miRNAs showed higher fold 
changes in miRNA-seq data, including miR-1a-3p, miR-1b-5p, 
miR-133a-3p, and miR-206-3p (Figure 6a). We further vali-
dated that the expression levels of miR-1a-3p, miR-133a-3p, 
and miR-206-3p were increased in gp49B−/− plasma exosomes 
by qRT-PCR (Figure 6b). Moreover, the presence of gp49B−/− 

plasma exosomes from tumor-bearing mice indeed decreased 
the migration of LLC cells in vitro compared to the WT control 
(Figure 6, c and d). A comparative analysis revealed that the 
expression levels of miR-1a-3p and miR-133a-3p were signifi-
cantly decreased in LUAD and LUSC tumor tissues compared 
to that in normal tissues (Supplemental Figure 6, A and B). The 
miR-206-3p expression was also downregulated in LUAD and 
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LUSC samples, although with no statistical significance 
(Supplemental Figure 6C). These data suggested that LILRB4/ 
gp49B contributes in the reduction of anti-tumor miRNAs in 
exosomes, which correlated with lung cancer diseases.

Recent studies have reported that MDSC-derived exosomes 
exert immunosuppressive and tumor-promoting effects in the 
tumor environment.6,37,38 Therefore, we examined whether 
these anti-tumor miRNAs were indeed increased in splenic 
gp49B−/− MDSCs from tumor-bearing mice. There were higher 

levels of miR-1a-3p and miR-206-3p and lower levels of miR- 
133a-3p detected in gp49B−/− MDSCs compared to WT con-
trols (Figure 6e). Since M-MDSCs swiftly differentiate to tumor 
associated macrophages (TAMs),9 we then investigated 
whether LILRB4 also affects the content of anti-tumor 
miRNAs in exosomes derived from M2 macrophages. In com-
parison to WT controls, LILRB4−/− M2-polarized THP1 cell- 
derived exosomes that inhibited the migration ability of PC9 
cells showed higher levels of miR-1a-3p and miR-206-3p 

Figure 5. Gp49B−/− MDSC treatment inhibited the metastasis of LLC-Luc2 cells in WT mice. (a) Splenic MDSCs from WT or gp49B−/− tumor-bearing mice were 
isolated and injected into WT LLC-Luc2 tumor-bearing mice twice at 1-week intervals as described in Materials and Methods. After 4 weeks of LLC-Luc2 cells inoculation, 
the tumor metastasis in WT mice was observed using the IVIS system. (b) Bioluminescence measurements expressed as average radiance (photons/s/cm2/steradian) 
corresponding to (a). (c) The percentage of M-MDSCs and PMN-MDSCs in lung from WT and gp49B−/− MDSC-adoptive transferred tumor-bearing mice was measured by 
flow cytometry using anti-CD11b, anti-Ly6C, and anti-Ly6G antibodies. (d) Graph showing percentage of M-MDSCs (left) and PMN-MDSCs (right) in CD11b+ lung cells 
corresponding to (c).   (e) The gp49 expression on M-MDSCs and PMN-MDSCs in lung from tumor-bearing mice corresponding to (c). (f) Mean fluorescent intensity (MFI) 
analysis of gp49 expression corresponding to (e). Data are represented as means ± SEM. *p < 0.05, ns: not significant calculated by unpaired t-test.
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(Figure 6, f and g). Together, the above results suggested that 
LILRB4/gp49B contributes to the suppression of anti-tumor 
miRNA expression in MDSC-derived exosomes, thereby pro-
moting tumor progression.

Discussion

Herein, we demonstrate the tumor-promoting role of LILRB4/ 
gp49B in LLC and B16F10 metastases using a murine tumor 
model with intravenous injection of cancer cells. Tumor metas-
tases were inhibited in gp49B−/− tumor-bearing mice, similar 
to results in gp49-blocking tumor-bearing mice. We also 
demonstrated that the expression of gp49B on MDSCs plays 
a pivotal role in MDSC-mediated immunosuppression. An 

increase in plasma anti-tumor exosomal miRNAs from 
gp49B−/− mice was correlated with upregulation of gp49B−/− 

MDSC-derived anti-tumor miRNAs in vivo. LILRB4−/− M2- 
polarized macrophages also produced higher levels of anti- 
tumor exosomal miRNAs in vitro. Hence, our finding sug-
gested that LILRB4/gp49B signaling inhibits the production 
of anti-tumor exosomal miRNAs to benefit tumor metastasis.

Several studies have reported that anti-LILRB4 antibody 
treatment inhibits tumor growth and prolongs survival in 
tumor-bearing mice.22,39,40 Recently, Sharma et al. reported 
that anti-LILRB4 antibody treatment prolongs survival in 
B16F10 tumor-bearing mice.41 Consistently, our results 
revealed that the anti-gp49 antibody treatment significantly 
inhibited pulmonary tumor nodule formation (p = .0057), 

Figure 6. Anti-tumor miRNAs, including miR-1a-3p, miR-133a-3p, and miR-206-3p, were increased in plasma exosomes from gp49B−/− tumor-bearing mice. 
(a) MA plot reveals a set of exosomal miRNA candidates that changed in the plasma of gp49B−/− tumor-bearing mice. Analysis was performed on exosomal miRNA 
profiles generated using NextSeq 500 next-generation sequencing system. Two independent experiments were conducted. (b) The miRNA expression level in plasma 
exosomes and from WT and gp49B−/− tumor-bearing mice (n = 7 mice per group) was measured by qRT-PCR. (c) LLC cells (1 × 104 cells/well) were seeded in the upper 
chamber and cultured with serum-free medium supplemented with plasma exosomes from tumor-bearing mice for 16 h. Representative graph showed the migrated 
LLC cells with crystal violet staining. (d) The migratory ability of LLC cells cultured with plasma exosomes from WT or gp49B−/− tumor-bearing mice was determined 
using the wound healing assay as described in Materials and Methods. Graph showing the percentage of wound closure was represented as mean ± SEM. (e) The miRNA 
expression level in splenic MDSCs from WT and gp49B−/− tumor-bearing mice (n = 7 mice per group) was measured by qRT-PCR. (f and g) Exosomes from cell culture 
supernatants of M2-macrophage-polarized WT and LILRB4−/− THP1 cells were harvested for the detection of exosomal miR-1a-3p, miR-133a-30 and miR-206-3p 
expression. (f) or PC9 migration ability by wound healing assay (g). All numerical data are represented as means ± SEM. *p < .05, **p < .005, ***p < .001, ****p < .0001, 
ns: not significant calculated by unpaired t-test.
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and showed a trend to reduce liver metastasis in B16F10 
tumor-bearing mice. Combination immunotherapies such as 
chemotherapy combined with immune checkpoint inhibitor 
(ICI) therapy and ICI two-drug combination therapy are the 
current treatment trend.42 LILRB4 expression has been shown 
to highly associated with CTLA-4 expression in chronic mye-
lomonocytic leukemia (CMML) samples.43 In this study, we 
observed that with the positive correlation between LILRB4 
and PD-1, the combination therapy of anti-LILRB4/gp49B and 
anti-PD-1 mAbs showed higher anti-tumor metastasis ability 
compared to the monotherapy. These results suggested ICI 
targeting LILRB4 may provide a novel combination therapeu-
tic approach in several cancer diseases.

A previous study reported that with intradermal injec-
tion of B16F10 cells, gp49B was expressed on most types of 
tumor-infiltrating immune cells, including CD3 T cell, 
macrophages, neutrophils DCs, NK cells. In addition, 
LILRB4 is highly expressed on Treg cells, exhausted CD8 
T cells, and CD11b+ TAMs in the B16F10 model. Sharma 
et al. also reported that frequencies of CD8 T cells and CD4 
Teff cells were increased, while the Treg frequency was 
decreased in tumors.41 In this study, we found that gp49B 
is constitutively expressed on splenic MDSCs and DCs in 
WT control mice (Supplemental Figure 7A). After tumor 
challenge with LLC cells by iv injection, the expression of 
gp49B was increased on splenic and lung-infiltrated 
MDSCs, a subset of CD4/8 T cells and DCs 
(Supplemental Figure 7, B and C). The expression level of 
gp49B was not highly expressed on CD4 and CD8 cells, 
possibly due to the use of a different tumor challenge mode 
and a different tumor type. Although with weak expression 
of gp49B, the frequency of Treg population decreased, 
while the frequency of CD4 T cells increased in splenocytes 

and lung-infiltrated cells from gp49B−/− tumor-bearing 
mice. The frequency of the DC population was comparable 
the in lung of WT and gp49B−/− tumor-bearing mice 
(Supplemental Figure 8 and 9).

In the TME, M-MDSCs rapidly differentiate to TAMs.9 

An LILRB4 analysis of tumor-infiltrating myeloid cells in 
a murine colon adenocarcinoma MC38 tumor model by 
CyTOF showed that myeloid-expressed LILRB4 is major 
on TAMs with immunosuppressive markers, such as Arg- 
1, CD206, and CD163.41 Our data showed that tumor- and 
lung-infiltration of M-MDSCs was decreased in gp49B−/− 

tumor-bearing mice (Figure 3 and Supplemental Figure 8), 
while population frequencies of splenic and BM M-MDSCs 
were not significantly different between WT and gp49B−/− 

mice inoculated with or without LLC cells (Supplemental 
Figure 9–11). These results suggested that gp49B may play 
an important role in the recruitment of M-MDSCs in TME. 
The mechanism of LILRB4-mediated MDSC recruitment in 
TME needs to be further elucidated.

Polarization and reprogramming of MDSCs, which are 
able to be polarized from an M1 phenotype to an M2 pheno-
type or vice versa, affect tumor progression.7 Predominantly, 
tumor-associated MDSCs exhibit M2-like phenotype with 
pro-tumor activities. M2 phenotype MDSCs activate Treg to 
suppress Teff, whereas M1 counterparts have the opposing 
actions. Herein, we showed that the MDSCs from gp49B−/− 

tumor-bearing mice inhibit Treg activation and activate CD4 
Teff proliferation, suggesting that LILRB4 could regulate the 
polarization of tumor-associated MDSCs. Several studies 
have shown that STAT3 activation results in the polarization 
of M2-TAM, and also results in the production of factors that 
promote tumor invasiveness, such as VEGFA and MMPs.44,45 

Therefore, we propose that LILRB4 signaling may activate 

Figure 7. The tumor-promoting function of LILRB4/gp49B in MDSC-mediated tumor metastasis. LILRB4/gp49B facilitates M-MDSCs infiltration in tumor 
environment, and promotes MDSC-mediated tumor metastasis by promoting the activation of Treg cells, inhibiting Teff cells, enhancing cancer cell migration, and 
accelerating angiogenesis. In addition, LILRB4/gp49B suppresses anti-tumor miR-1 family microRNAs (miRNAs) expressed in MDSC-derived exosomes.
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STAT3 to promote M2-polarization and induce the expres-
sion of VEGFA and MMP-9. In addition to expression on 
tumor-infiltrating immune cells, LILRB4 expression is also 
increased on human non-small cell lung cancer (NSCLC) 
cells, and LILRB4 overexpression enhances the migration 
and invasion of NSCLC cells by activating the ERK1/ 
2-EMT/VEGFA axis.46 These results suggest that LILRB4 is 
involved in tumorigenesis by regulating gene expression asso-
ciated with migration, invasion, and angiogenesis.

Exosomes have been shown to affect the tumor environ-
ment by influencing the extracellular matrix and immune 
system.47 miRNA-carrying exosomes released from cancer 
cells, immune cells, and mesenchymal cells in the tumor 
environment influence cancer progression and 
metastasis.36,48,49 Several studies have reported that dysre-
gulation of miR-1, miR-133, and miR-206 has been 
observed in a number of cancer disease.50–53 miR-1 and 
miR-206 inhibit cancer cell migration and tumor angiogen-
esis by targeting MET proto-oncogene, receptor tyrosine 
kinase (MET), and chemokine ligand-2 (CCL2)/VEGFA, 
respectively.54–56 Ectopic miR-1 and miR-133a have been 
shown to inhibit cell migration and invasion abilities by 
targeting transgelin 2 (TAGLN2), which may have an onco-
genic function in bladder cancer.57 Our data showed that 
gp49B−/− MDSCs and LILRB4−/− M2-macrophage-derived 
exosomes, containing high expression levels of miR-1a-3p, 
miR-206-3p, inhibit PC9 cell migration (Figure 6). In addi-
tion, the expression levels of miR-1a-3p, miR-206-3p, and 
miR-133a-3p were comparable in LLC cells co-cultured 
with WT or gp49B−/− BM-MDSCs (Supplemental 
Figure 12). Here, we suggest that LILRB4 contributes to 
inhibition of miR-1 and miR-206 expression in MDSC and 
M2-macrophage, and that LILRB4 may regulate miR-133a 
expression in other immune cells.

In conclusion, we have identified that LILRB4 serves as 
a key player in regulating the immunosuppressive function 
of MDSC and repressing anti-tumor miR-1 family miRNAs 
expression in the TME (Figure 7), and further studies need 
to be conducted to investigate the content of exosomes 
regulated by LILRB4 after antibody treatment, and the 
detail mechanism of LILRB4-mediated miRNA expression.
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