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Abstract

The existing T cell–centered immune checkpoint blockade therapies have been successful in 

treating some but not all patients with cancer. Immunosuppressive myeloid cells, including 

myeloid-derived suppressor cells (MDSCs), that inhibit antitumor immunity and support multiple 

steps of tumor development are recognized as one of the major obstacles in cancer treatment. 

Leukocyte Ig-like receptor subfamily B3 (LILRB3), an immune inhibitory receptor containing 

tyrosine-based inhibitory motifs (ITIMs), is expressed solely on myeloid cells. However, it 

is unknown whether LILRB3 is a critical checkpoint receptor in regulating the activity of 
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immunosuppressive myeloid cells, and whether LILRB3 signaling can be blocked to activate 

the immune system to treat solid tumors. Here, we report that galectin-4 and galectin-7 induce 

activation of LILRB3 and that LILRB3 is functionally expressed on immunosuppressive myeloid 

cells. In some samples from patients with solid cancers, blockade of LILRB3 signaling by an 

antagonistic antibody inhibited the activity of immunosuppressive myeloid cells. Anti-LILRB3 

also impeded tumor development in myeloid-specific LILRB3 transgenic mice through a T cell–

dependent manner. LILRB3 blockade may prove to be a novel approach for immunotherapy of 

solid cancers.
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Introduction

Immunosuppressive myeloid cells are a heterogeneous population of cells including 

myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), and 

certain groups of dendritic cells, neutrophils, and eosinophils (1,2). These cells are important 

elements in the tumor microenvironment (TME) where they contribute to the inhibition of 

antitumor immune responses and support tumor development, progression, and metastasis 

through a variety of mechanisms. Reprogramming these cells to stimulate proinflammatory 

properties and antigen presentation activities in the TME may overcome resistance to 

existing T cell–centered immune checkpoint blockade therapy and become an attractive 

novel anticancer immunotherapeutic strategy.

Leukocyte Ig-like receptor subfamily B (LILRB) proteins are a group of type 

I transmembrane, immunoreceptor tyrosine-based inhibitory motif (ITIM)-containing 

receptors that are mainly expressed on hematopoietic cells (3-10). Activated LILRBs can 

recruit the tyrosine phosphatases SHP-1 and SHP-2 or the inositol-phosphatase SHIP. Prior 

studies indicate that LILRBs are immune checkpoint factors during cancer development 

(4,11-14). Work from our laboratory on these receptors has shown that LILRB2 is a receptor 

for the hormone Angptl2, and that several LILRBs and a related ITIM-containing receptor, 

LAIR1, support acute myeloid leukemia (AML) development (14-23). A number of studies 

have demonstrated that signaling blockade of certain LILRBs and related proteins through 

antibodies and recombinant proteins in normal or malignant human myeloid or lymphoid 

cells promotes antitumor immune activation (9,11,13,14,21,24-29).

LILRB3 is a member of the LILRB family that is solely expressed by myeloid cells, 

including monocytes, macrophages, dendritic cells, neutrophils, eosinophils, and basophils 

(as well as in vitro differentiated mast cells and osteoclasts) (4,30). Previous studies have 

reported that the cytoplasmic ITIMs of LILRB3 may contribute to negative regulation of 

immune responses (31,32) and that activating LILRB3 in human myeloid cells may lead 

to inhibition of immune activation (33,34). Furthermore, LILRB3 may be an inhibitor of 

allergic inflammation and autoimmunity (35,36). It also has been revealed that activation 

of LILRB3 with an agonist antibody in humanized mice induces tolerance and permits 
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efficient engraftment of allogeneic cells (37). Recently, we demonstrated that in myeloid 

leukemia cells, LILRB3 exerts both activating and inhibitory functions (through the TRAF2/

cFLIP/NFκB axis and recruiting SHP-1/SHP-2, respectively) (21).

It is noteworthy that LILRBs, including LILRB3, are expressed only in primates. The 

expression pattern and ligands of the mouse relative of LILRB3, PirB, differ from those 

of LILRB3 (4,6,9). Consequently, the use of PirB-deficient mice to investigate the biology 

of LILRB3 is likely to be of limited value. The limited knowledge of LILRB3 leaves 

important questions unanswered: what extracellular cues induce LILRB3 signaling, what 

are the unique functions of LILRB3, and can LILRB3 signaling be blocked to inhibit the 

tumor-supportive activity of myeloid cells in the TME.

Here, we identified galectin-4 and galectin-7 as extracellular proteins that activate LILRB3. 

We also found that LILRB3 was functionally expressed on immunosuppressive myeloid 

cells from patients with cancer. Moreover, LILRB3 blockade by a fully human anti-LILRB3 

efficiently inhibited the immunosuppressive activity of human MDSCs and delayed cancer 

development in myeloid-specific LILRB3 transgenic mice. Our results suggest that LILRB3 

signaling in immunosuppressive myeloid cells promotes cancer development, and that 

LILRB3 blockade may be an attractive option to treat certain patients with cancer.

Materials and Methods

Mice

Wild-type (WT) C57BL/6J mice were purchased from and maintained at the animal 

core facility of the University of Texas Southwestern Medical Center. Myeloid-specific 

(LysM-Cre) LILRB3 transgenic mice were produced by CRISPR and backcrossed with 

WT C57BL/6J mice for at least 6 generations, as previously described (21). Mice in each 

experiment were sex and age matched, and both male and female mice were utilized. All 

animal work in this study was approved by the UT Southwestern Institutional Animal Care 

and Use Committee.

Cell culture

293T, B16 mouse melanoma, and MC38 mouse colon cancer cell lines were maintained 

in a humidified atmosphere of 5% CO2 at 37°C in DMEM (ThermoFisher Scientific, Cat# 

MT10013CV) with 10% FBS (Gibco, Cat# A5209402) and 1% penicillin/streptomycin 

(ThermoFisher Scientific, Cat# 15140122) (this medium is referred to hereafter as D10). 

293T cells were obtained from ATCC in 2020. B16 and MC38 cells were obtained as a gift 

from Dr. Yang-Xin Fu at University of Texas Southwestern Medical Center in 2020. LILRB 

reporter cells including the parental 2B4 cells were developed in 2012-2019 as previously 

described (14, 18, 21, 24) and were cultured in RPMI (Corning, Cat# 10-040-CV) with 10% 

FBS and 1% penicillin/streptomycin (this medium is referred to hereafter as R10). THP1 

cells were obtained as a gift from Dr. Jian Xu at University of Texas Southwestern Medical 

Center in 2021 and maintained in R10. Primary human cells were isolated by autoMACS 

after purification of PBMCs from whole blood using Ficoll (Cytiva, Cat# 17144003) derived 

from healthy donors (Carter Bloodcare) or patients with cancer (UT Southwestern Tissue 
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Management Shared Resource). Cell lines were cultured for a maximum of 20 passages 

before they were discarded. Cell lines were tested for mycoplasma at least every 10 passages 

using the Lookout Mycoplasma PCR Detection Kit (Sigma, Cat# MP0035-1KT). Cell lines 

were not re-authenticated within the past year.

Primary human samples

Primary whole blood samples from 76 patients with solid tumors were obtained during 

the patients’ visits to University of Texas Southwestern Medical Center from 2019-2023 

in purple-top K2 EDTA tubes at 4°C and obtained by us through UT Southwestern Tissue 

Management Shared Resource. Informed written consent was obtained from all patients, 

and the study was approved by the Institutional Review Board of the University of Texas 

Southwestern Medical Center (IRB STU 122013-023) and conducted in accordance with 

the Declaration of Helsinki. Samples were distributed to the laboratory in a de-identified 

fashion, and the proposed study was determined to not be human research.

Plasmids

LILRB3 (Accension# XM_006726314.4, AAI04994.1, XP_016885786) and human 

galectin-4 (Uniprot Entry# P56470) were cloned from synthesized cDNA (Genewiz) with a 

N-terminal FLAG tag after the signal peptide and inserted into the pSin lentiviral expression 

vector (obtained as a gift from Dr. Jiang Wu at University of Texas Southwestern Medical 

Center) under the regulation of an Ef1α promoter for signaling studies. LILRB extracellular 

domains (ECD) were inserted into the pSLAP expression vector (obtained as a gift from 

Dr. Hisashi Arase from Osaka University in 2012) with a mSLAF1 signal peptide and 

mPILRB transmembrane/intracellular domain. SHP1 (Uniprot Entry# Q9BZQ2), SHP2 

(Uniprot Entry# Q06124), and Lyn (Uniprot Entry# P07948) were cloned from synthesized 

cDNA (Genewiz) and inserted into the pLVX expression vector (Takara, Cat# 631982) under 

the regulation of an Ef1a promoter. Plasmid sequencing was confirmed with whole plasmid 

sequencing (Eurofins Genomics).

Ligand Screening for LILRBs

20 μg/mL LILRB3-His (SinoBiological, Cat# 11978-H08H) was mixed with mesenchymal 

stem cells or a mixture of A549 and H157 cells in R10 for 24 hours at 37°C. The cells 

were fixed with 4% PFA (Sigma, Cat# 47608). The fixed cells were incubated and washed 

with anti-His magnetic beads (ThermoFisher Scientific, Cat# 10104D) per manufacturer’s 

protocol. The final eluted fraction was sent for mass spectrometry at the UT Southwestern 

Proteomics Core.

Virus production and infection

For lentivirus production, LILRB3 plasmids (see Plasmids) were mixed with psPAX2 

(Addgene, Cat# 12260) and pMD2G (Addgene, Cat# 12259) at a ratio of 4:3:1 and 

transfected into 293T cells using Polyjet (SignaGen, Cat# SL100688). For retroviral 

production, LILRB3 plasmids were mixed with pCL-Eco (Addgene, Cat# 12371) at a ratio 

of 2:1 and transfected into 293T cells using Polyjet. 72 hours later, the viral supernatant 

was syringe-filtered through a 0.45um filter and centrifuged at 500g for 1 hour at 32°C. 
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Lentiviral LILRB3 supernatant was centrifuged onto 293T and THP1 cells in the presence of 

8 μg/mL polybrene (Sigma, Cat# H9268). Retroviral LILRB3 supernatant was centrifuged 

onto 2B4 cells in the presence of 4 μg/mL polybrene (Sigma, Cat# H9268). After 48 hours, 

virus supernatant was removed. 293T cells were selected in D10 with 5 μg/mL puromycin 

(Sigma, Cat# P7255). THP1 and 2B4 cells were selected in R10 with 5 μg/mL puromycin.

THP1-LILRB3 Signaling

THP1-LILRB3 cells were serum-starved (RPMI only) for 20 hours prior to signaling 

experiments. Cells were collected by centrifugation and resuspended with ice-cold PBS. For 

time-course experiments, cells were resuspended in ice-cold PBS containing LPS (Sigma, 

Cat# L2630, 200 ng/mL) and soluble human galectin-4 (Abnova, Cat# P3544, 20 μg/mL). 

Equivalent numbers of cells (8X106) were added to coated plates (non-treated flat-bottom 

plates with HLA-DR, Galectin-2, or Galectin-4). Cells were centrifuged onto the plate 

at 300g for 1 minute at 4°C. Plates were placed into a humidified 37°C tissue-culture 

incubator for indicated time points or 10 minutes (if not indicated). Then, ice-cold IP 

Lysis Buffer (1% NP-40, 0.025M Tris, 0.15M NaCl, 0.001M EDTA) containing protease 

inhibitor (Sigma, Cat# 11836153001) and phosphatase inhibitor (Sigma, Cat# 4906837001) 

was immediately added and the samples analyzed by Western blotting (see Western blotting 

and co-immunoprecipitation).

293T LILRB-Reconstituted Signaling

1X106 293T cells were plated into 6-well tissue-culture treated plates 24 hours before 

transfection. 3 μg of plasmid DNA (2 μg LILRB3-FLAG or LILRB3-FLAG ITIM mutants, 

300 ng SHP1, 300 ng SHP2, 300 ng galectin-4, 100 ng Lyn) and 9 μL Polyjet was 

used to transfect 293T cells per recommended manufacturer’s instructions. 5 hours after 

transfection, media was replaced with DMEM containing 10% FBS and 20 μg/mL hIgG 

control or 20 μg/mL anti-LILRB3 (21) where indicated. 48 hours after transfection, cells 

were washed with PBS, and ice-cold IP Lysis Buffer containing protease inhibitor and 

phosphatase inhibitor was immediately added and the samples analyzed by Western blotting.

Flow cytometry

Cells from healthy patients, patients with cancer, tumor-bearing mice, and naïve mice 

were washed in FACS buffer (PBS containing 0.1% BSA, 2mM EDTA, 1% penicillin/

streptomycin), blocked with human IgG (Sigma, Cat# I4506) for 15 minutes at 4°C, and 

stained with primary antibodies (Supplementary Table S1) for 30 minutes at 4°C. Flow data 

was collected using FACS Calibur, FACS Melody, or Cytek Northern Lights. Zombie yellow 

(Biolegend, Cat# 423104) staining before primary antibody staining or propidium iodide 

(Sigma, Cat# P4864) staining after primary antibody staining was used to exclude dead cells 

in analysis. Flow data was analyzed using Flowjo v10 or FCS Express 7.0 software. The 

anti-LILRB3 for flow cytometry was labeled using a Fc site-specific PE conjugation kit 

(ThermoFisher Scientific, Cat# S10467).
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Biolayer interferometry (BLI)

BLI was conducted as previously described (22). Briefly, recombinant LILRB3-Fc proteins 

(R&D, Cat# 1806-T5-050) were loaded onto protein G biosensors. After soaking the sensors 

in kinetic buffer, the loaded biosensors were exposed to a series of recombinant Galectin-4-

His (Abnova, Cat# P3544) concentrations (2-fold serial dilutions from 1000 nM to 1 nM) 

and background subtraction was used to correct for sensor drifting. Kd was calculated from 

the ratio koff/kon.

Coculture of human MDSCs and T cells

Coculture of human MDSCs and T cells was conducted as previously described (28). 

Phenotypically-enriched MDSCs (isolated with CD14 Microbeads (Miltenyi Biotec, Cat# 

130-050-201)) and T cells (isolated from CD3 Microbeads (Miltenyi Biotec, Cat# 

130-097-043)) were isolated from PBMCs from indicated patients with cancer. The cells 

were cocultured in R10 with CFSE-stained autologous T cells (T cells:MDSCs = 1:1) 

for 5 days, and treated with hIgG control or anti-LILRB3 (20 μg/mL). 6.25 μL/mL of 

ImmunoCult Human CD3/CD28 T Cell Activator (StemCell, Cat# 10971) was used to 

activate CD3+ T cells.

Human MDSC culture

MDSC culture was conducted as previously described (28). Briefly, phenotypically-enriched 

MDSCs from indicated patients with cancer were cultured in R10 for 5 days, and 

treated with hIgG control or anti-LILRB3 (20 μg/mL). Flow cytometry analysis of surface 

expression of CD86, CD206, and CD163 was then conducted.

Coculture of mouse MDSCs and T cells

Myeloid-specific LILRB3 transgenic mice and WT C57BL/6 mice were subcutaneously 

injected with tumor cells (5x105 B16 or MC38-hGal4). When tumor size reached the 

maximum-allowed size (2000 mm3), spleens were harvested and phenotypic MDSCs 

(Mac1+Gr1+) were isolated from the tumor-bearing LILRB3 transgenic mice using the 

EasySep Mouse MDSC Kit (StemCell, Cat# 19867) and T cells were isolated from the 

tumor-bearing WT C57BL/6 mice using the Mojosort Mouse CD3 T cell Isolation Kit 

(Biolegend, Cat# 480024), respectively. MDSCs from tumor-bearing LILRB3 transgenic 

mice were cocultured with CFSE-stained T cells from WT C57BL/6 mice (T cells:MDSCs 

= 1:4) in the presence of 5 μg/mL coated anti-CD3 (Biolegend Cat# 100202) and 5 μg/mL 

coated anti-CD28 (Biolegend Cat# 102115) or Dynabeads Mouse T-activator (ThermoFisher 

Scientific, 11456D) along with soluble hIgG control or soluble anti-LILRB3 (20 μg/mL). 

Cells were cocultured for 3-5 days and the percentage of proliferating T cells was measured 

using flow cytometry.

Coculture of naïve Mouse Mac1+Gr1+ cells and T cells

Mac1+Gr1+ cells and T cells were collected from the spleens of unchallenged LILRB3 

transgenic mice and syngeneic WT C57BL/6J mice, respectively, using EasySep Mouse 

MDSC Kit (StemCell, Cat# 19867) and Mojosort Mouse CD3 T cell isolation Kit 

(Biolegend, Cat# 480024). Non-treated tissue culture plates were coated with 10 μg/mL 
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human galectin-4 (Abnova, Cat# P3544) or BSA (GoldBio, Cat# A-421-100) overnight 

at 37°C. After the plates were blocked with 2% BSA/PBS for 30 minutes and washed 

with PBS, Mac1+Gr1+ cells and CFSE-stained T cells were incubated together (T 

cells:Mac1+Gr1+ = 1:1) in the presence of Mouse T cell Activator (ThermoFisher Scientific, 

Cat# 11456D), 10 ng/mL human IL7 (Peprotech, Cat# 200-07), 5 ng/mL human IL15 

(Peprotech, Cat# 200-15) in Immunocult-XF T cell Expansion medium (Stemcell, Cat# 

10981) along with soluble hIgG control or soluble anti-LILRB3 (20 μg/mL). Cells were 

cocultured for 3-4 days and the percentage of proliferating T cells was measured using flow 

cytometry.

Tumor experiments in LysM-Cre LILRB3 transgenic mice

5x105 B16, MC38, or MC38-hGal4 tumor cells were injected subcutaneously into each 

mouse (LysM-Cre+/+LILRB3+/+ in C57BL/6J background) at day 0 in their right flanks. 

Six days later, mice were randomized into two groups based on tumor size, followed by 

200 μg intraperitoneal injection of hIgG control or anti-LILRB3 twice weekly. Mice were 

euthanized when tumors reached maximum allowed volume (2,000 mm3). Subcutaneous 

tumor was measured 2-3 times weekly using a digital caliper. Tumor volume was calculated 

as 0.52 X width2 X length. For indicated T-cell depletion experiments, 200 μg anti-CD4 

(BioXCell, YTS177, Cat# BE-0003-3) and 200 μg anti-CD8 (BioXCell, YTS169.4, Cat# 

BE0117) or 400 μg isotype control (BioXCell, LTF-2, Cat# BE0090) were injected two days 

before tumor implantation and injected every 4 days thereafter.

Western blotting and co-immunoprecipitation

Cells were lysed with IP Lysis buffer containing protease inhibitor (Sigma, Cat# 

11836153001) and phosphatase inhibitor (Sigma, Cat# 4906837001). The LILRB3 

complex was immunoprecipitated with anti-FLAG L5 magnetic agarose (ThermoFisher 

Scientific, Cat# A36797) per manufacturer’s protocol. Samples were mixed with 4X 

LDS loading buffer (ThermoFisher Scientific, Cat# NP0007) containing 5% BME, 

boiled at 95°C for 10 min, and separated by reducing SDS-PAGE. After transfer 

to nitrocellulose membranes (Biorad Trans-Blot Transfer System), membranes were 

blocked with 5% dry milk diluted in TBST. Proteins were detected with specific 

primary antibodies (Supplementary Table S2) and HRP-conjugated anti-mouse secondary 

antibody (Jackson ImmunoResearch, Cat# 115-035-003) or HRP-conjugated anti-rabbit 

secondary antibody (Jackson ImmunoResearch, Cat# 111-035-003). When necessary, co-

immunoprecipitated proteins were detected using Tidyblot (Biorad, Cat# STAR209PA, 

1:200). Chemiluminescence was detected using chemiluminescent substrate (ThermoFisher 

Scientific, Cat# 34580) and chemiluminescent imaging (Biorad, Chemidoc).

Chimeric receptor reporter assay

LILRB3 chimeric receptor reporter cells were developed by us as previously described 

(14). Proteins (as shown in Supplementary Table S3) were coated onto 96-well plates by 

plating 50 μL of the desired protein concentration on 96-well plates at 37°C overnight. After 

removing the protein, 200 μL of 2% BSA diluted in PBS was added to each well for 30 

minutes at 37°C. After washing with PBS, 5 x 104 LILRB reporter cells were seeded into 

each well. When soluble proteins were indicated, recombinant proteins were mixed with 
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reporter cells prior to seeding. During competition assays used to screen in-house previously 

identified LILRB3 antagonist antibodies (21), 20 μg/ml hIgG control or anti-LILRB was 

added into culture media. After culture for 18 hours, the percentage of GFP+ reporter cells 

was measured by flow cytometry.

TCGA analyses

Patient data was obtained from TCGA GDC PANCAN, GDC KIRC, GDC GBM, GDC 

LGG, GDC THYM, and GDC LUSC (version: October 7, 2023) using the UCSC Xena 

Web Browser with inclusion of all patients in each cancer subset. The mRNA levels 

were determined by RNA-seq, and LILRB3 expression level groups (low and high) were 

determined from the median of each subtype. Overall survival was analyzed based on 

LILRB3 expression and corresponding patient survival data. Patients were grouped as “high 

LILRB3” if their LILRB3 expression was above the median LILRB3 level and grouped as 

“low LILRB3” if their LILRB3 expression was below the median LILRB3 level in each 

cancer subtype for overall survival analysis. Statistical significance for overall survival was 

calculated by Mann-Whitney’s log-rank test from UCSC Xena Web Browser.

Statistics

Statistical analysis was performed using Graphpad Prism 10.0. Statistical significance for 

comparisons was calculated by two-tailed Student’s t test. Statistical significance for overall 

survival was calculated by Mann-Whitney’s log-rank test. A p-value of 0.05 or less was 

considered significant and labeled with *. Values are reported as mean ± SEM.

Data availability statement

The data generated in this study are available within the article and its supplementary data 

files or from the corresponding author upon reasonable request.

Results

LILRB3 expression is associated with reduced survival in patients diagnosed with solid 
tumors.

Analysis of LILRB3 mRNA levels and survival of patients with cancer showed that 

the expression of LILRB3 negatively correlated with the overall survival of patients in 

the TCGA database, including pan-cancer and those with renal clear cell carcinoma, 

glioblastoma, lower grade glioma, thymoma, and lung squamous cell carcinoma (Fig. 1A).

We analyzed peripheral blood samples from 2 healthy donors and 5 patients with solid 

cancers (including those with prostate cancer, melanoma, and renal cancer) to determine 

the expression pattern of LILRB3. To specifically stain LILRB3, we conjugated our 

anti-LILRB3 (21) with an Fc site-specific PE fluorophore via click chemistry. By flow 

cytometry, monocytes and granulocytes from both healthy donors and patients expressed 

LILRB3 with variation in expression levels while lymphocytes did not express LILRB3 (Fig. 

1B, Supplementary Fig. S1A-1D). Further analysis showed that immunophenotypically-

defined MDSCs in peripheral blood from patients with cancer (CD14+HLA-DRdim/−) (38) 

also expressed LILRB3.
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Galectin-4 activates LILRB3 in a site-specific manner.

We developed chimeric receptor reporter cells (RC) for several LILRBs (14,16,18,22,24) 

as a sensitive system to detect the functional interaction between LILRBs and extracellular 

interacting proteins. MHC Class I (MHC-I) molecules (HLA-A, HLA-B, and HLA-G) and 

ApoE4 have been previously reported to bind LILRB3 (39,40). However, HLA-G (Fig. 2A) 

and all isoforms of ApoE (Fig. 2B), including ApoE4, did not activate LILRB3 reporter 

cells. In contrast, all ApoE isoforms induced the activation of LILRB4 reporter cells (Fig. 

2C), consistent with prior observations (14,26).

We found that mesenchymal stem cells (MSC) induced the activation of certain LILRB 

reporter cells (Supplementary Fig. S2A). This in turn, led us to discover that a number 

of galectins, which are galactoside-binding proteins (41), activate different LILRB reporter 

cells (Fig. 2D-I). Galectins have been reported to bind N-glycosylated asparagine residues 

or O-glycosylated serine and threonine residues (42). It has been observed that many cancer 

cells overexpress galectins, which can significantly increase their growth and metastasis. 

Galectins can be detected both intracellularly and extracellularly (41,43). Their presence 

in the extracellular space may be a consequence of secretion via the signal peptide–

independent nonclassical pathway (43). In particular, we found that galectin-4 and galectin-7 

activated LILRB3 reporter cells (Fig. 2F). Although both soluble and plates coated with 

human galectin-4 activated LILRB3, only plates coated with human galectin-7 and not 

soluble galectin-7 could effectively activate LILRB3 (Fig. 2J). Therefore, we focused on 

galectin-4 in our subsequent experiments.

To determine the binding region between galectin-4 and LILRB3, we generated mutant 

LILRB3 reporter cells with a truncated LILRB3 ECD. We found that plates coated with 

galectin-4 could not activate our LILRB3 reporter cells with a truncated membrane-proximal 

ECD. In contrast, the positive control, plates coated with anti-LILRB3, still activated those 

reporter cells (Fig. 2K). This suggests that the membrane-proximal segment of the ECD of 

LILRB3 is important for the interaction between galectin-4 and LILRB3.

Galectin-4 binds LILRB3 and induces downstream signaling in an ITIM-dependent manner.

We utilized several additional methods to confirm the binding between galectin-4 and 

LILRB3. Via co-immunoprecipitation, we found that LILRB3 interacts with human 

galectin-4 (Fig. 3A). Using an Octet Red Bio-Layer Interferometry (BLI) Assay, we 

determined the binding affinity of galectin-4 for LILRB3 to be 44 nM, which fits a 

1:1 binding curve (Fig. 3B). Of note, the recombinant LILRB3 protein used in these 

binding assays is glycosylated due to its production from mammalian NS0 cells. Upon 

ligand binding, the tyrosines in the ITIMs of LILRB3 become phosphorylated (21). When 

using plates coated with HLA-DR to provide the initial signal for LILRB3 activation in 

THP1 cells overexpressing LILRB3 (44), additional plate coating with galectin-4, but not 

galectin-2, induced an increase in LILRB3-specific tyrosine phosphorylation (Fig. 3C). 

Furthermore, plates coated with galectin-4 induced tyrosine phosphorylation of LILRB3 in 

a time-dependent manner, peaking at 10 minutes (Fig. 3D). Using a system similar to the 

one that we previously described (21), we transfected SHP1, SHP2, Lyn, LILRB3-FLAG, 

and galectin-4 into 293T cells. When the ITIMs of LILRB3 were individually mutated into 
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their inactive forms, we found that mutation of either the third or fourth ITIM of LILRB3 

disrupted the ability of galectin-4 to elicit downstream SHP1 and pY signaling (Fig. 3E). 

Together, our results indicate that galectin-4 is an extracellular binding and activating protein 

of LILRB3.

Anti-LILRB3 blocks Galectin-4 induced SHP1/SHP2 signaling through LILRB3.

The identification of galectins as extracellular activators of LILRB reporter cells provided 

us with a new tool to screen blocking antibodies against LILRBs. We screened a panel of 

fully human anti-LILRB3 that we previously generated (21) for their ability to potentiate 

or antagonize the activation of LILRB3 reporter cells by galectin-4 (Fig. 4A). Since 

anti-LILRB3 #1 could effectively antagonize the activation of LILRB3 reporter cells by 

galectin-4 (Fig. 4A), we used anti-LILRB3 #1 as “anti-LILRB3” in all subsequent assays. 

Consistent with our prior assays (21), anti-LILRB3 effectively antagonized the activation of 

LILRB3 reporter cells by galectin-7 (Figs. 4B). Therefore, we decided to use anti-LILRB3 

for further experiments. This antibody was reengineered for this study and contains a 

mutated LALAPG-Fc fragment, thus lacking Fc effector functions (45). As a result, it is 

regarded as a pure LILRB3 blocking antibody. In a concentration-dependent manner, this 

LILRB3 blocking antibody abrogated LILRB3 reporter cell activation by galectin-4 with 

an IC50 of 1.55 nM (Fig. 4C). Using the reconstituted LILRB3 signaling pathway in 293T 

cells, we found that the anti-LILRB3 reduced galectin-4–induced tyrosine phosphorylation 

of LILRB3 and recruitment of SHP1 and SHP2 (Fig. 4D).

Anti-LILRB3 inhibits human MDSC activity.

To investigate whether LILRB3 regulates the activity of immunosuppressive myeloid cells in 

patients with cancer, we collected immunophenotypically-defined MDSCs and autologous T 

cells from peripheral blood samples of patients with prostate cancer, melanoma, lung cancer, 

and breast cancer (Supplementary Table S4). Patient-derived enriched MDSCs effectively 

inhibited the proliferation of autologous T cells in a co-culture system consistent with 

previous literature (28) (Figs. 5A-F), suggesting that these are functional MDSCs. Anti-

LILRB3 reversed the immunosuppressive activity of MDSCs and re-stimulated proliferation 

of autologous CD4+ and CD8+ T cells in the presence (Figs. 5C-D) or absence (Figs. 5E-F) 

of galectin-4 in a subset of patient samples. These results suggest that anti-LILRB3 could 

restore the proliferation of T cells in some patients with cancer (Table 1).

In parallel, we assessed the ability of anti-LILRB3 to inhibit the activity of 

immunosuppressive myeloid cells in culture with only MDSCs (28). LILRB3 blockade 

increased the expression of CD86, a marker of myeloid-cell activation, while it decreased 

the expression of immunosuppressive markers, CD163 and CD206, in a portion of patient 

samples with melanoma and lung cancer (13% and 29%, respectively) (Figs. 5G-H, Table 

1). These findings indicate that LILRB3 is functionally expressed on MDSCs from patients 

with cancer, and that LILRB3 blockade can suppress the activity of immunosuppressive 

myeloid cells in a portion of patients with solid cancers.
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Anti-LILRB3 ameliorates cancer development in vivo.

We previously developed myeloid-specific (LysM-Cre) LILRB3-transgenic C57BL/6 mice 

(21), which we used here to determine the efficacy of LILRB3 blockade in solid tumors. The 

LILRB3 blocking antibody effectively delayed tumor development following subcutaneous 

implantation of syngeneic B16 melanoma cells (Fig. 6A) but not that MC38 colon cancer 

cells (Fig. 6B). We found that although neither B16 nor MC38 cells expressed mouse 

galectin-7, B16 cells expressed mouse galectin-4 but MC38 cells did not (Fig. 6C). When we 

cultured LILRB3 reporter cells in plates coated with mouse galectin-4, we found that mouse 

galectin-4 activated LILRB3 reporter cells and anti-LILRB3 could blocked this activation 

(Fig. 6D). To test the functional significance of galectin-4 in LILRB3 activation, we stably 

expressed human galectin-4 on MC38 cells (MC38-hGal4) and implanted them into LILRB3 

transgenic mice. We confirmed that MC38-hGal4 cells expressing human galectin-4 could 

secrete galectin-4 into the extracellular environment in vitro (Supplementary Fig. 3A-B). 

Similar to the situation with implanted B16 cells, anti-LILRB3 delayed MC38-hGal4 tumor 

development. We found that this effect was T-cell dependent since CD4 and CD8 T-cell 

depletion via anti-CD4 and anti-CD8 abrogated this effect (Fig. 6E).

To further explore the relationship between LILRB3 blockade and antitumor immune 

response, we established an ex vivo tumor model by coculturing MDSCs isolated from 

B16-challenged LILRB3 transgenic mice and syngeneic T cells from B16-challenged WT 

C57BL/6 mice. Similar to what we observed in certain samples from patients with cancer 

(Fig. 5), we found that LILRB3 blocking antibody partially rescued the proliferation of 

T cells inhibited by MDSCs (Fig. 6F-G, Supplementary Fig. 3C-D). Furthermore, we 

developed an in vitro assay where we cocultured naïve Mac1+Gr1+ cells from unchallenged 

LILRB3 transgenic mice with syngeneic CD3+ T cells from unchallenged WT C57BL/6 

mice in the presence of BSA as a control or human galectin-4. Plates coated with 

galectin-4 protein induced naïve LILRB3+Mac1+Gr1+ cells to inhibit both CD4+ and CD8+ 

T-cell proliferation (Fig. 6H-6I, Supplementary Fig. 3E-F) and anti-LILRB3 ameliorated 

this effect. This result suggests that LILRB3 activation through galectin-4 induces 

immunosuppressive activity of myeloid cells that can be rescued by LILRB3 blockade. 

In summary, our results suggest that LILRB3-mediated signaling in immunosuppressive 

myeloid cells suppresses antitumor T-cell activity, and blocking LILRB3 signaling inhibits 

tumor development in a T cell–dependent manner.

Discussion

Although T-cell centered PD-1 and CTLA-4 immune checkpoint blockade has been 

successful in treating patients with cancer, most patients do not benefit from these 

monotherapies. Immunosuppressive myeloid cells are recognized as important elements 

in the TME that contribute to the inhibition of antitumor immune responses. LILRBs on 

these immunosuppressive myeloid cells have recently been recognized as critical myeloid 

checkpoint receptors, which may be targeted for cancer treatment. It was demonstrated 

that several LILRBs and LAIR1 may be attractive targets for cancer immunotherapy (9). 

Here, we report that galectin-4 is an extracellular binding partner that binds and activates 

LILRB3 signaling. In addition, we found that LILRB3 is functionally expressed on the 
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immunosuppressive monocytic cells from some solid cancer patients. Importantly, we 

identified an LILRB3 blocking antibody that inhibits the activity of MDSCs and restores 

T-cell proliferation in some samples of patients with solid cancers in in vitro assays, and 

decreases tumor growth in our myeloid-specific LILRB3 transgenic mouse model in a T 

cell–dependent manner.

The ligands for LILRB3 are not clearly defined. Although it was previously reported that 

MHC-I molecules do not bind LILRB3 (46-48), a recent article suggested that MHC-I 

do bind LILRB3 (39). It was also shown that ApoE4 (but not ApoE2 or ApoE3) binds 

a variant of LILRB3 (Accension# XM_006726314.4) (40). Here, using LILRB3 chimeric 

reporter cells, we show that HLA-G and all isoforms of ApoE including ApoE4 do not 

activate LILRB3 (Accension# XM_006726314.4). By contrast, galectin-4 activates multiple 

variants of LILRB3 (Accension# XM_006726314.4, AAI04994.1, and XP_016885786). 

These results suggest that HLA-G and ApoE may bind LILRB3 with affinities that are 

unable to induce the functional conformational change required for LILRB3 activation in 

this system. Several galectins are considered to be cancer targets due to their aberrant 

expression in certain cancer types (49). Here, we demonstrate that some of these galectins 

can also activate LILRBs. Among these galectins, we show that galectin-4 and galectin-7 

can activate LILRB3. Unlike the other inhibitory receptors in the LILRB family for which 

many ligands have been discovered, we believe that this is the first time that a potential 

binding partner for LILRB3 has been discovered that can activate downstream signaling 

events. Concurrently, we also discovered that galectin-4 and galectin-7 can bind and activate 

other LILRBs in our reporter cell systems, suggesting that galectins are not a specific 

binding partner solely for LILRB3. Since multiple LILRB family members are present 

on MDSCs, we hypothesize that aberrantly expressed galectins from cancer cells can 

potentially crosslink and activate multiple LILRBs to amplify the immunosuppressive effect 

of MDSCs.

Since LILRB3 signaling in human and transgenic mouse myeloid cells promotes their 

immunosuppressive activity, it is desirable to develop LILRB3-specific blocking antibodies 

that antagonize cancer growth by suppressing MDSC activity and enhancing antitumor 

T-cell functions. The outcomes of the cultures of MDSCs isolated from patients and those 

of MDSCs and autologous T cells together suggests that LILRB3 may be involved in the 

TME of some, but not all patients with cancer. Therefore, the immunosuppressive activity 

of LILRB3 signaling may be tumor-type and patient-specific. It is also interesting to note 

that in some patient samples, anti-LILRB3 were able to activate T cells without the presence 

of recombinant galectin-4. This suggests that endogenous activators for LILRB3, including 

galectin-4 and galectin-7, may already exist in the co-culture systems. In addition, the 

LILRB3 blocking antibody partially rescued the proliferation of autologous T cells in some 

of the MDSC/T-cell cocultures, suggesting that other LILRBs or LAIR-1, which is known 

to be expressed on MDSCs, may also be important in regulating MDSC activity. This 

is concordant with our recent report that LAIR1 blockade could suppress the activity of 

MDSCs and stimulate proliferation of T cells from patients with cancer (28).

The ability of anti-LILRB3 to reactivate T cells in some patient samples suggests that 

LILRB3 has a unique role in TME that is separate but also complementary to those of other 
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LILRBs. Although the same myeloid cells can express multiple LILRBs, we hypothesize 

that each LILRB has a specific function that is influenced by a number of factors, including: 

1) distinct sets of extracellular activators/ligands that crosslink various LILRBs in various 

contexts; 2) unique intracellular signaling domains of LILRBs (e.g., the distinct motif 

in LILRB3 for TRAF2/cFLIP signaling (21) and the functionally irreplaceable signaling 

domains of individual LILRBs (23)); and 3) a variety of extrinsic factors and transcription 

factors that regulate the expression of LILRBs that contribute to different expression 

dynamics (e.g., vitamin D3 upregulates LILRB4 but not LILRB3 (50)). Therefore, LILRB3 

blockade may prove to be an effective new approach for immunotherapy of solid cancers.
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Refer to Web version on PubMed Central for supplementary material.
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Synopsis

LILRB3 is an inhibitory receptor expressed by myeloid cells. The authors show 

galectin-4 and galectin-7 bind LILRB3, promoting the immunosuppressive function of 

myeloid cells. Blocking LILRB3 reduces immunosuppression and promotes antitumor 

immunity, suggesting a potential new immunotherapeutic approach.
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Fig. 1∣. LILRB3 expression is associated with reduced survival in patients diagnosed with solid 
tumors.
(a) Kaplan-Meier survival analysis of correlations between LILRB3 and overall survival 

of patients from the TCGA database. Patients were stratified with low levels of LILRB3 

(blue) or high levels of LILRB3 (red) from TCGA subsets of pan-cancer, renal clear cell 

carcinoma (KIRC), glioblastoma (GBM), low-grade glioma (LGG), thymoma (THYM), 

and lung squamous cell carcinoma (LUSC). Statistical significance for overall survival was 

calculated by Mann-Whitney’s log-rank test. (b) Expression of LILRB3 on the cell surface 

of different subsets of lymphocytes, monocytes, and granulocytes in a representative human 

patient with melanoma by flow cytometry.
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Fig. 2∣. Galectin-4 activates LILRB3 in a site-specific manner.
(a) Percentages of indicated LILRB reporter cells activated by K562-Vec or K562-HLA-

G cells. (b-c) Percentages of LILRB3 (b) or LILRB4 (c) reporter cells activated on 

recombinant coated ApoE or coated anti-LILRB3 (20 μg/mL). (d-h) Percentages of LILRB1 

(d), LILRB2 (e), LILRB3 (f), LILRB4 (g), or LILRB5 (h) reporter cells activated on coated 

galectins (20 μg/mL). (i) Summary of LILRB reporter cells activated on coated galectins. (j) 
Percentages of LILRB3 reporter cells activated on coated or soluble galectin-4 or galectin-7 

(20 μg/mL). (k) Percentages of LILRB31-443 or LILRB31-419 reporter cells activated on 

coated galectin-4 or anti-LILRB3 (20 μg/mL). Three technical replicates were performed for 

each condition and at least two independent experiments were performed for each condition. 

Error bars represent SEM and * indicates two-tailed student’s t-test p < 0.05.
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Fig. 3∣. Galectin-4 binds LILRB3 and induces downstream signaling in an ITIM-dependent 
manner.
(a) Co-immunoprecipitation (Co-IP) demonstrates that recombinant Fc-tagged extracellular 

domain of LILRB3 (LILRB3-ECD) but not human IgG (hIgG) attached to Protein A 

Dynabeads interacts with recombinant human galectin-4 (hGal4). (b) Binding kinetics of 

His-tagged human galectin-4 to immobilized LILRB3-ECD were measured using biolayer 

interferometry and determined using a 1:1 binding curve. (c) Representative Co-IP of 

LILRB3-specific phosphotyrosine (pY) Western blot of THP1-LILRB3 lysates after 10 

minutes on coated HLA-DR (20 μg/mL) and coated human galectin-2 (20 μg/mL) or human 

galectin-4 (20 μg/mL). (d) Representative Co-IP of LILRB3-specific pY Western blot of 

THP1-LILRB3 lysates after indicated time points with soluble LPS (200 ng/mL) and coated 

and soluble human galectin-4 (20 μg/mL). (e) Representative Co-IP of LILRB3-specific pY 

and SHP1 Western blot of 293T cells transfected with SHP1/SHP2/hGal4/Lyn and LILRB3-
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WT or LILRB3 ITIM-mutated plasmids after 48 hours. Three technical replicates were 

performed for each condition and at least two independent experiments were performed for 

each condition.
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Fig. 4∣. Anti-LILRB3 antibody blocks Galectin-4 induced SHP1/SHP2 signaling through LILRB3.
(a) Percentages of LILRB3 reporter cells activated on coated human galectin-4 (20 μg/mL) 

with indicated soluble anti-LILRB3 antibodies (20 μg/mL). (b) Percentages of LILRB3 

reporter cells activated on coated human galectin-7 (20 μg/mL) with soluble hIgG control 

or anti-LILRB3-1 (20 μg/mL). (c) Percentages of LILRB3 reporter cells activated on coated 

human Galectin-4 (20 μg/mL) with indicated concentrations of soluble anti-LILRB3-1. 

(d) Representative Co-IP of full-length LILRB3-specific pY/SHP1/SHP2 Western blot of 

293T cells transfected with SHP1/SHP2/hGal4/LILRB3-WT/Lyn plasmids with soluble 

hIgG control or anti-LILRB3-1 antibody. Three technical replicates were performed for 

each condition and at least two independent experiments were performed for each condition. 

Error bars represent SEM and * indicates two-tailed student’s t-test p < 0.05.
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Fig. 5∣. Anti-LILRB3 antibody inhibits human MDSC activity.
(a-b) Representative histogram of 31 patients with cancer (total of 76 patients with cancer) 

shows that anti-LILRB3 attenuates MDSC suppressive functions on CD4+ (a) and CD8+ 

(b) T-cell proliferation in some patients with cancer as determined by flow cytometry. (c-d) 
Quantification of 4 individual patient samples from proliferating human CD4+ (c) and CD8+ 

(d) T cells cocultured with autologous MDSCs selected for patients with >10% proliferation 

with anti-LILRB3. Wells were coated with human galectin-4 (20 μg/mL) and cocultured 

cells were treated with hIgG control or anti-LILRB3 (20 μg/mL). (e-f) Quantification of 4 

individual patient samples from proliferating human CD4+ (e) and CD8+ (f) T cells cultured 

with autologous MDSCs selected for patients with >10% proliferation with anti-LILRB3. 

Wells were not coated with human galectin-4 and cocultured cells were treated with hIgG 
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control or anti-LILRB3 (20 μg/mL). (g-h) Median fluorescence intensity (MFI) change in 

CD86, CD163, and CD206 for isolated MDSCs treated with hIgG control or anti-LILRB3 

(20 μg/mL) in patient samples with melanoma (g) or lung cancer (h). One to three replicates 

were performed for each condition and one experiment was performed for each condition. 

Error bars represent SEM and * indicates two-tailed student’s t-test p < 0.05.
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Fig. 6∣. Anti-LILRB3 antibody ameliorates cancer development in vivo.
(a-b) Tumor progression of LILRB3 transgenic mice challenged with 5X105 B16 melanoma 

cells (a) or MC38 colon cancer cells (b) and treated with either hIgG control or anti-

LILRB3. (c) Representative Western blot of B16 and MC38 whole cell lysates for mouse 

galectin-4, vinculin loading control, and mouse galectin-7. (d) Percentages of LILRB3 

reporter cells activated on coated mouse galectin-4 (20 μg/mL) with hIgG control or anti-

LILRB3 (20 μg/mL). (e) Tumor progression of LILRB3 transgenic mice challenged with 

5X105 MC38-hGal4 and treated with hIgG control or anti-LILRB3, and a combination of 

anti-CD4 and anti-CD8 or isotype control. (f-g) Quantification of proliferating mouse CD4+ 

(f) or CD8+ (g) T cells cocultured with MDSCs from B16-challenged LILRB3 transgenic 

mice. Cocultured cells were treated with hIgG control or anti-LILRB3 (20 μg/mL). (h-i) 
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Quantification of proliferating mouse CD4+ (h) or CD8+ (i) T cells cocultured with naïve 

Mac1+Gr1+ cells from unchallenged LILRB3 transgenic mice on coated human galectin-4 or 

BSA (10 μg/mL) and treated with hIgG control or anti-LILRB3 (20 μg/mL). Three technical 

replicates were performed for each condition and at least two independent experiments were 

performed for each condition. Error bars represent SEM and * indicates two-tailed student’s 

t-test p < 0.05. *** indicates two-tailed student’s t-test p < 0.0005.
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Table 1:

Anti-LILRB3 inhibits the activity of MDSCs from some patients with cancer.

Human cancer type

MDSC/T co-culture MDSC culture

No. of
cases

anti-LILRB3
efficacya

%
efficacy

No. of
cases

anti-LILRB3
efficacyb

%
efficacy

Prostate cancer 24 8 33 N.A. N.A. N.A.

Melanoma 41 18 44 30 4 13

Lung cancer 10 4 40 7 2 29

Breast cancer 1 1 100 N.A. N.A. N.A.

Total Cases 76 31 41 37 6 16

a
Increased T cell proliferation with anti-LILRB3 treatment.

b
Increased CD86 and decreased CD163 and CD206 with anti-LILRB3 treatment.
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