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Abstract 

Background Leukocyte Ig-like receptor B family 4 (LILRB4) as an immune checkpoint on myeloid cells is a potential 
target for tumor therapy. Extensive osteolytic bone lesion is the most characteristic feature of multiple myeloma. It 
is unclear whether ectopic LILRB4 on multiple myeloma regulates bone lesion.

Methods The conditioned medium (CM) from LILRB4-WT and -KO cells was used to analyze the effects of LILRB4 
on osteoclasts and osteoblasts. Xenograft, syngeneic and patient derived xenograft models were constructed, 
and micro-CT, H&E staining were used to observe the bone lesion. RNA-seq, cytokine array, qPCR, the activity of lucif-
erase, Co-IP and western blotting were used to clarify the mechanism by which LILRB4 mediated bone damage 
in multiple myeloma.

Results We comprehensively analyzed the expression of LILRB4 in various tumor tissue arrays, and found that LILRB4 
was highly expressed in multiple myeloma samples. The patient’s imaging data showed that the higher the expres-
sion level of LILRB4, the more serious the bone lesion in patients with multiple myeloma. The conditioned medium 
from LILRB4-WT not -KO cells could significantly promote the differentiation and maturation of osteoclasts. Xeno-
graft, syngeneic and patient derived xenograft models furtherly confirmed that LILRB4 could mediate bone lesion 
of multiple myeloma. Next, cytokine array was performed to identify the differentially expressed cytokines, and RELT 
was identified and regulated by LILRB4. The overexpression or exogenous RELT could regenerate the bone damage 
in LILRB4-KO cells in vitro and in vivo. The deletion of LILRB4, anti-LILRB4 alone or in combination with bortezomib 
could significantly delay the progression of bone lesion of multiple myeloma.
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Conclusions Our findings indicated that LILRB4 promoted the bone lesion by promoting the differentiation 
and mature of osteoclasts through secreting RELT, and blocking LILRB4 singling pathway could inhibit the bone 
lesion.
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Introduction
Multiple myeloma is incurable and characterized by 
abnormal clonal proliferation of malignant plasma cells, 
and ranks second after non-Hodgkin’s lymphoma in 
hematological malignancies [1]. Extensive osteolytic 
bone lesion is the most characteristic feature of multiple 
myeloma, including bone pain, osteoporosis, pathological 
fractures, spinal cord compression and hypercalcemia [2]. 
The balance between bone resorption and bone forma-
tion is maintained by osteoblasts, osteoclasts, osteocytes, 
bone marrow stromal cells (BMSCs) and immune cells 
to keep physiological bone remodeling [3], but multiple 
myeloma cells disrupt this balance by cell to cell depend-
ent or independent manner to result in osteolytic bone 
lesions [4–6]. VLA-4 on the surface of multiple myeloma 
binding to the VCAM-1 in BMSCs accelerated the hom-
ing of multiple myeloma cells and modified the bone 
marrow microenvironment [7, 8]. Multiple myeloma cells 
secreted RNAKL and interleukin-6 (IL-6), endocytosed 
osteoprotegerin (OPG) to result in the elevated ratio of 
RNAKL/OPG, which promoted the differentiation and 
maturation of osteoclast precursors [9–13]. The drugs 
targeting RNAKL [14–16], syndecan-1 [17, 18], Scle-
rostin [19], DKK-1 [20] and RUNX2 [21] have enrolled 
preclinical or clinical trials. In additional, the combina-
tion of bortezomib and daratumumab [22], or thalido-
mide and bortezomib resulted in significantly longer 
progression-free survival [23]. Following autologous 
stem cell transplant (ASCT) significantly prolonged pro-
gression-free survival [24], and anti-BCMA CAR-T cells 
improved survival time in relapses or refractory multiple 
myeloma [25]. Although great achievements have been 
made in the treatment of multiple myeloma, discovery of 
new molecules and explore their role in bone lesions will 
help to develop new drugs for multiple myeloma.

As a monocytic checkpoint, leukocyte Ig-like recep-
tor B family 4 (LILRB4) is mainly expressed on the 
monocytic lineage including dendritic cells, monocytes, 
macrophages and osteoclast [26, 27]. LILRB4 on anti-
gen presenting cells (APC) induced  CD4+ Th (T helper) 
cell anergy, and the proliferation of  CD8+ T suppres-
sor cells (Ts) [28–30]. Our previous study reported that 
apoE activated LILRB4 signaling to mediate immune 
escape and extramedullary infiltration of acute mye-
loid leukemia (AML) by cell–cell independent manner 
[31, 32]. LILRB4 is also expressed on tumor-infiltrating 

myeloid-derived suppressor cells (MDSCs) and tumor-
associated macrophage to promote tumor progression 
[35–38]. Fibronectin or galectin-8 binding to LILRB4 
could enhance the suppressive phenotype of tumor-asso-
ciated myeloid cells [33, 34]. The humanized monoclonal 
antibody, chimeric antigen receptor T (CAR-T) cells and 
the antibody drug conjugates (ADC) that specifically tar-
geted LILRB4 could significantly inhibit the progression 
of AML [39–41], therefore, LILRB4 has been as a poten-
tial target for tumor therapy [38]. In addition, LILRB4 
has been reported to be expressed on non-small cell lung 
cancer to promote angiogenesis, invasion and metastasis 
[42], on osteoclast to inhibit differentiation and matura-
tion of osteoclast [43], on several B lineage cells includ-
ing plasma cells and plasmablasts (in particular those 
from lupus patients) [44], MLL-rearranged B-ALL, and 
on B-cell chronic lymphocytic leukemia (CLL) cells to 
control tumor progression [45]. Taken together, LILRB4 
plays a key role in tumorigenesis and immune escape.

Concordant with its expression in certain B line-
age cells, it was reported that LILRB4 is expressed in 
myeloma cells [40, 46]. However, it is unknown whether 
LILRB4 is functional in myeloma pathogenesis. In this 
study, we used immunohistochemistry to compre-
hensively analyze the expression of LILRB4 in various 
tumor tissue arrays, and found that LILRB4 was highly 
expressed in multiple myeloma samples. This result was 
furtherly verified in fresh multiple myeloma samples 
by flow cytometry, which suggested that LILRB4 was 
ectopic expressed on the surface of malignant plasma 
cells. It was reported that ectopic LILRB4 in B-cell 
chronic lymphocytic leukemia was involved in the infil-
tration of lymphoid tissues [47], controlled the progres-
sion by suppressing the Akt pathway [45], but the role 
of LILRB4 in multiple myeloma has not been reported. 
Here, we found that LILRB4 was significantly positively 
correlated with bone injury in multiple myeloma. LILRB4 
positive rather than negative cells significantly promoted 
the bone lesion in xenograft, syngeneic and patient 
derived xenograft models. Mechanistically, fibronectin 
or apoE binding to LILRB4 recruited p-SHP2 to activate 
NF-κB signal pathway, then promoted multiple myeloma 
cells to secret RELT. The overexpression of RELT in 
LILRB4-KO cells significantly promoted bone lesion. The 
deletion of LILRB4 or anti-LILRB4 combined with bort-
ezomib (BTZ) could significantly delay the progression 
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of bone lesion of multiple myeloma. Our data revealed a 
new function of LILRB4, elucidated a new mechanism by 
which multiple myeloma promotes bone damage.

Methods
Cells
KMS26, OPM2 and J558 were obtained from UTSW 
Medical Center, Raw264.7 and MC3T3-E1 were pur-
chased from Procell Life Science&Technology Co., Ltd 
(Wuhan, China). All cells were confirmed by STR (Short 
Tandem Repeats). KMS26 and OPM2 were cultured in 
RPMI-1640 medium supplemented with 10% FBS and 1% 
penicillin–streptomycin. Raw264.7 cells were cultured 
in high glucose Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% FBS and 1% penicil-
lin–streptomycin. MC3T3-E1 (Mouse calvaria-derived 
preosteoblast cell line) was cultured in α-MEM medium 
with 10% FBS and 1% penicillin–streptomycin. 5TGM1 
cell line as a valuable gift from Prof. Zhiqiang Liu (Tianjin 
Medical University) was cultured in RPMI-1640 medium 
supplemented with 10% FBS and 1% penicillin–strepto-
mycin [48]. All cells were cultured at 37℃ in a 5%  CO2 
incubator.

Patient sample and flow cytometry
Multiple myeloma bone marrow specimens were col-
lected from UTSW Medical Center, Yantaishan Hospi-
tal and Yuhuangding Hospital. The criteria for inclusion 
and exclusion of patients are as follows: newly diagnosed 
patients with multiple myeloma who have not received 
treatment. All patients provided written informed con-
sent, and this study was approved by the Medical Ethics 
Committee of Binzhou Medical University (No: 2020–
17). The patient’s information was listed in Supplemen-
tary Table S1.

Bone marrow tissues were collected and subsequently 
analyzed by flow cytometry. PI (CAT#: P4864, Sigma), 
CD45-PE (CAT#: 304008, Biolegend), CD38-FITC 
(CAT#: 1931068, Biolegend), LILRB4-APC (CAT#: 
2384215, Invitrogen), isotype-APC (CAT#: 2324760, Inv-
itrogen) and RELT-Alexa Fluor 647 (CAT#: FAB1385R, 
R&D Systems) were used to label multiple myeloma cells. 
 CD45−/CD38+ cells were malignant multiple myeloma 
cells [49], and LILRB4 level were detected in multiple 
myeloma cells.

Mice
NOD-SCID IL2Rγ-null (NSG) mice and C57BL/6-
Rag2−/+ were purchased from Shanghai Model Organ-
isms. All animals were raised and maintained in SPF 
animal room of Binzhou Medical University. C57BL/6-
Rag2−/+ was selfed to generate C57BL/6-Rag2+/+ and 
C57BL/6-Rag2−/− homozygous mice. All experiments 

were approved by the Medical Ethics Committee of Bin-
zhou Medical University (No: 2020–17), and were per-
formed under the national standards of Institutional 
Animal Care and Use Committee.

Tissue arrays
Tissue arrays of multiple myeloma (BM483b, Biomax, 
USA; MMP961, Wuhan Tanda Biotech CO.), prostate 
cancer (PR807c, Biomax, USA), liver cancer (BC03119a, 
Biomax, USA), melanoma (ME1004e, Biomax, USA), 
lung cancer (LC1201, Biomax, USA), breast cancer 
(BR1008a, Biomax, USA), esophagus squamous cell 
(ES1202, Biomax, USA), endometrium cancer (EM1021a, 
Biomax, USA), brain tumor (GL803c, Biomax, USA), 
thyroid cancer (TH801b, Biomax. USA), colorectal can-
cer (Hcol-Ade180Sur-07, Shanghai Outdo Biotech CO.), 
pancreatic cancer (Hpan-Ade120Sur-01, Shanghai Outdo 
Biotech CO.), head and neck cancer (HN811a, Biomax. 
USA) were purchased from US Biomax, lnc., Wuhan 
Tanda Biotech CO., Ltd or Shanghai Outdo Biotech CO., 
Ltd.

Immunohistochemistry
Immunohistochemistry was performed according to our 
previous reports [31, 32]. In brief, all tissue arrays were 
deparaffinized, hydrated, antigen retrieved, blocked, 
incubated with primary antibodies, dehydrated and 
mounted. Rabbit anti-human LILRB4 antibody (Clone 
No: 128–3) was used to staining [39]. This antibody was 
a non-humanized monoclonal antibody derived from 
rabbit and the dilution of antibody was 1:200, and DAB 
exposure time was 90 secs.

The knockout of LILRB4 in KMS26 and OPM2 cells
LILRB4 was knocked out by doxycycline-inducible Cas9 
system according to our previous reports [31, 32]. All 
cells were stained by anti-LILRB4 antibody (eBiosci-
ence, ZM4.1) and LILRB4 negative cells were sorted 
by BD FACSAria III, and named KMS26-LILRB4-KO 
and OPM2-LILRB4-KO. The control cells were named 
KMS26-LILRB4-WT and OPM2-LILRB4-WT.

The overexpression of LILRB4 in 5TGM1 and J558 cells
The human LILRB4 was overexpressed in 5TGM1 and 
J558 cells according to our previous reports [31, 32], and 
the human LILRB4 and GFP double positive cells were 
sorted by BD FACSAria III, and named 5TGM1-vector, 
5TGM1-LILRB4, J558-vector and J558-LILRB4.

CCK‑8 cell proliferation assay
The proliferation was assessed by a CCK-8 kit (CAT#: 
C0038, Beyotime). Briefly, KMS26-LILRB4-WT, -KO and 
OPM2-LILRB4-WT, -KO cells (5 ×  103cells/well) were 
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seeded in a 96-well plate. After 0, 12, 24, 48, and 72  h, 
10μL CCK-8 solution was added and incubated for 1 h at 
37°C. The relative optical density at 450 nm was detected 
by a spectrophotometer (SpectraMax M2, Molecular 
Devices).

The conditioned medium treated osteoclasts 
and osteoblasts
KMS26-LILRB4-WT, -KO and OPM2-LILRB4-WT, -KO 
cells (1 ×  106/ml) were suspended in RPMI-1640 medium 
and seeded into 6-well plate where the recombinant 
human apoE (Cat#:C102, Novoprotein) were coated at 
4℃ overnight. After 48 h, the conditioned medium (CM) 
were collected, aliquoted and stored in -80℃。

MC3T3-E1 cells (2 ×  104/ml) were seeded into 24-well 
plates. After 24  h, MC3T3-E1 cells were induced by 
50  µg/ml ascorbic acid (Cat#: A92902, Sigma-Aldrich), 
10  mM sodium β-glycerophosphate (Cat#: G4922, 
Sigma-Aldrich), 100  nmol/L dexamethasone (Cat#: 
D4902, Sigma-Aldrich) and 10% conditioned medium 
(CM) from LILRB4-WT or -KO cells. Cell morphology 
was observed every 24  hours, and alkaline phosphatase 
activity assay was detected on day 7, and alizarin red 
staining was performed on day 14.

The mouse macrophage cell line Raw264.7 was seeded 
into 96-well plates (1 ×  104/each well). After 24h, the 
cells were treated with 100 ng/ml RNAKL (Cat#: R0525, 
Sigma-Alrdich), 25 ng/ml M-CSF (Cat#: M9170, Sigma-
Alrdich) and 10% CM from LILRB4-WT or -KO cells. 
After 4 days, cells were stained for TRAP using a TRAP/
ALP stain kit (Cat#: 294–67,001, Wako), and the multi-
nucleated cells (the number of nuclei was more than or 
equal to 3) were counted under the microscope.

For primary mouse cell co-culture, bone marrow 
derived mononuclear cells from C57BL/6 mice at the 
age of 6–8  weeks were cultured in 96-well plates in 
α-MEM supplemented with 10% FBS, 25  ng/ml M-CSF, 
and 100 ng/ml RANKL in the presence of J558-vector or 
-LILRB4 conditioned medium for 6 days. The cells were 
fixed in formalin and stained for TRAP using a TRAP 
staining kit according to the instructions.  TRAP+ cells 
containing 3 or more nuclei were counted as osteoclasts.

The overexpression of RELT in KMS26‑LILRB4‑KO cells
The RNA was extracted from KMS26-LILRB4-WT cells 
using RNAiso Plus reagent (CAT#:9108, TAKARA) and 
reverse-transcribed using PrimeScript™ II 1st Strand 
cDNA Synthesis Kit (CAT#:6210A, TAKARA) accord-
ing to the manufacturer’s manual. The specific primer 
of RELT was as follows, and underline indicated the in-
fusion sequence.

F: ATT TCC GGT GAA TTC ATG AAG CCA AGT CTG 
CTG TGC CGG C;

R: CGC TCT AGA ACT AGT TCA GAT GAC CAG GTT 
GCT CTC ACT T

The cDNA of RELT was cloned into the lentivirus 
vector by in-fusion, and correct by sequencing. The 
human RELT expression plasmids were overexpressed in 
KMS26-LILRB4-KO cells. The RELT positive cells named 
KMS26-LILRB4-KO-RELT were sorted by BD FACSAria 
III, and KMS26-LILRB4-KO-vector cell as control.

Cytokine antibody arrays
Cytokine Antibody Arrays (RayBio ® Human Angiogen-
esis Antibody Array G-Series 1000, CAT #: AAH-ANG-
G1000-4, RayBiotech, Inc.) were used to detect the levels 
of cytokine in the conditioned medium as described in 
manufacturer’s protocol. In a short, 100  μl 1 × block-
ing buffer was added into each well and incubated at 
room temperature for 30 min to block slides, then aspi-
rated from each well. Next, 100  μl sample was added 
and incubated at room temperature for 2  hours. After 
washing, 70 μl 1 × biotin-conjugated anti-Cytokines were 
added to each well, and incubated at room temperature 
for 2  hours with gentle rocking. Washing steps were 
repeated, followed by addition of 70  μl of 1 × Streptavi-
din-Fluor to each sub-array to incubate at room tem-
perature for 2  hours in dark room with gentle rocking. 
Streptavidin-Fluor reagent were aspirated from each 
well carefully before washing. The signals of cytokine 
array were scanned with a microarray scanner (InnoS-
can 300, Innopsys, France) at the appropriate wave-
length (532 nm) for Cy3, and fluorescence intensity data 
were analyzed using Raybiotech Software (RayBiotech, 
Peachtree Corners, Georgia, USA).

RNA‑sequencing
2 ×  106 KMS26-LILRB4-WT, -KO and OPM2-LILRB4-
WT, -KO cells were cultured and collected, and all cells 
(3 replicates for each cell) were mailed to BGI in dry ice. 
The RNA extraction, quality control and sequencing were 
completed by GBI, and all data were analyzed in BGI Dr. 
Tom system (https:// biosys. bgi. com/).

Real time PCR
Total RNA was extracted from cells using RNAiso Plus 
reagent (CAT#:9108, TAKARA) and reverse-transcribed 
using PrimeScript™ II 1st Strand cDNA Synthesis Kit 
(CAT #:6210A, TAKARA) according to the manufactur-
er’s manual. 100  ng cDNA products were used for sub-
sequent PCR analysis through ChamQ Universal SYBR 
qPCR Master Mix (CAT#: Q-711, Vazyme) on QuantS-
tudio™ Design & Analysis SE Software (Thermo Fisher 
Scientific). The specific primer for target genes were as 
follows.

VEGF

https://biosys.bgi.com/
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F: 5’-GTC CGG ACT CGA CCT CTC G-3’
R: 5’-TCT ACA CTG GAC ACA GAC CG-3’,
RANKL
F: 5’-CAA CAT ATC GTT GGA TCA CAGCA-3’
R: 5’-GAC AGA CTC ACT TTA TGG GAACC-3’,
P53
F: 5’-CAG CAC ATG ACG GAG GTT GT -3’
R: 5’-TCA TCC AAA TAC TCC ACA CGC -3’,
RELT
F: 5’-GTT CCA TGT CAA CCA TGT TCCT-3’
R: 5’-AGG CAG AAG ACA GGG ACG AT-3’,
TRPC1
F: 5’-AGG ATA GCC TCC GGC ATT C-3’
R: 5’-TTC CAC CTC CAC AAG ACT TAGT-3’
GAPDH
F: 5’- ACA ACT TTG GTA TCG TGG AAGG-3’
R: 5’-GCC ATC ACG CCA CAG TTT C-3’

Co‑immunoprecipitation
KMS26-LILRB4-WT and -KO cells were cultured, col-
lected and washed twice with ice PBS (pH 7.4). Then, the 
cells were re-suspended by IP lysis buffer with protease 
inhibitors cocktail (Cat#: 04693116001, Roche) and incu-
bated on ice for 30 mins. The supernatant was collected 
by centrifugation (4°C, 14,000 g, 10 mins). The cell lysate 
(600 μg) was divided into two parts and incubated with 
IgG or 128–3 [39] (anti-LILRB4) overnight at 4°C on a 
shaker, respectively. Next, Protein G Magnetic Beads 
were added and incubated for 2 h at 4°C on a shaker. Pro-
tein G Magnetic beads-Ab-Ag complex was washed 3 
times, and heated at 95°C for 5 min in 1 × loading buffer. 
The samples were separated by SDS-PAGE, and anti-
phospho-SHP2 (Y580, Cat#:5431, Cell signaling technol-
ogy) was incubated overnight.

ELISA
The levels of RELT in patient serum and conditioned 
medium (CM) were measured using a RELT ELISA Kit 
(CAT#: SEK10530, Sino biological). Briefly, diluted cap-
tured antibodies were coated to a 96 well plate and incu-
bated overnight at 4℃. Standards and samples were 
added into the wells, and RELT bound to the immobi-
lized antibody. The wells were washed and a horseradish 
peroxidase conjugated rabbit anti-human RELT mono-
clonal antibody was added. The wells were washed and 
TMB substrate solution was loaded. To end the enzyme 
reaction, the stop solution was added and absorbances of 
the microwell were read at 450 nm.

Western blotting
2 ×  106 KMS26-LILRB4-WT or -KO cells were cultured, 
and a nuclear and cytoplasmic extraction kit (CAT#: 
788330, Thermo Fisher Scientific) was used to extract 

the nuclear and cytoplasmic proteins. Primary antibod-
ies including anti-phospho-SHP2 (Y580, Cat#:5431, 
CST, 1:1000), anti-SHP2 (Cat#:3397, CST, 1:1000), anti-
phospho-p65 (Ser536, Cat#:3033, CST, 1:1000), anti-p65 
(Cat#:8242, CST, 1:1000) and anti-RELT (Cat#:146,955, 
Absin, 1:1000) were incubated overnight at 4℃.

The conditioned medium (CM) from KMS26-LILRB4-
KO-vector or -RELT cells was collected. Raw264.7 cells 
were treated with 10% CM. After 4  days, cells were 
lysed and RELT-associated signaling proteins were 
detected by western blotting. The primary antibody 
was as follows, anti-phospho-p65 (Ser536, Cat#:3033, 
CST, 1:1000), anti -p65 (Cat#:8242, CST, 1:1000), anti-
NFATC1 (Cat#:8032, CST, 1:1000), anti-c-fos (Cat#:2250, 
CST, 1:1000), anti-phospho-c-fos (Ser32, Cat#:5348, 
CST, 1:1000), anti-phospho-Akt (Ser473, Cat#:4060, 
CST, 1:1000), anti-Akt (Cat#:4691, CST, 1:1000), anti-
phospho-MEK1/2 (Ser217/221, Cat#:9154, CST, 1:1000), 
anti-MEK1/2 (Cat#:9122, CST, 1:1000), anti-ERK1/2 
(Cat#:YT1625, Immunoway biotechnology, 1:1000), anti-
phospho-ERK1/2 (T204, Cat#:YP0101, Immunoway Bio-
technology, 1:1000). The quantification of the bands were 
performed by Image J.

Luciferase reporter assay
The core promoter of RELT was amplified from the 
genomic DNA of KMS26 cells, and cloned into pGL3-
basic luciferase reporter vector by in-fusion, and was 
correct by sequencing. The primer was as follows, and 
underline indicated the in-fusion sequence.

F: 5’-TAG CCC GGG CTC GAG TTT AGA ACC CCA 
CCC CCA GCCAT-3’

R: 5’-CGG AAT GCC AAG GCTT ACA CGG GGA GGC 
AGG GGG CGCCA-3’

The expression vector of LILRB4 was conserved by our 
lab [31, 32], and the coding sequence (CDS) of p65 was 
amplified and cloned into pcDNA3.1( +) by in-fusion. 
The specific primer targeting p65 was as follows and the 
underline indicated the in-fusion sequence. The p65 con-
struct was correct by sequencing.

F: 5’-TTT AAA CTT AAG CTT ATG GAC GAA CTG 
TTC-3’

R: 5’-ATA TCT GCA GAA TTC TTA GGA GCT GAT CTG 
ACT CA-3’

Next, 0.5  μg of luciferase reporter vector and 0.02  μg 
of the pRL-TK renilla reniformis lucidferase as a normal-
izing control were co-transfected into OPM2-LILRB4-
WT and -KO cells. 0.5  μg of luciferase reporter vector 
and 0.3 μg of LILRB4 or p65 expression constructs with 
0.02 μg of the pRL-TK renilla reniformis lucidferase were 
co-transfected into OPM2-LILRB4-KO cells. The Dual 
Luciferase Assay System (CAT#: E2920, Promega) was 
used to analyze the luciferase activity.
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Multiple myeloma mouse model by tail vein
A total of 1 ×  106 KMS26- and OPM2-LILRB4-WT, -KO 
cells were collected and re-suspended in 200 µl ice PBS 
(pH = 7.4), and the cells were injected into NSG mice by 
tail vein. For the KMS26 mice model, tumor progres-
sion was monitored by bioluminescence imaging (IVIS 
Lumina, PerkinElmer). After 5  weeks, the mice were 
sacrificed under anesthesia. The mice were raised until 
death in order to plot the survival curves in OPM2 mice 
model. Flow cytometry was used to detect the  GFP+ cell 
percentage in peripheral blood. The skull and tibia were 
stripped and fixed in formalin, and the bone lesion was 
scanned by micro-CT (Quantum GX, PerkinElmer).

5TGM1 multiple myeloma mouse model
A total of 1 ×  106 5TGM1-vector and -LILRB4 cells were 
cultured, collected and re-suspended in 200  µl ice PBS 
(pH = 7.4), then were injected into C57BL/6-Rag2−/− 
homozygous mice by tail vein. Bioluminescence imag-
ing (IVIS Lumina, PerkinElmer) was used to monitor the 
progression of multiple myeloma. After 35 days, the mice 
were sacrificed under anesthesia, and micro-CT was used 
to scan bone lesion.

Multiple myeloma mouse model by intratibial injection
KMS26-LILRB4-WT, KMS26-LILRB4-KO-vector and 
-RELT cells were prepared, and NSG mice (4–6  weeks, 
female) were anesthetized by isoflurane. The tibial pla-
teau was shaved and sterilized with 75% medical etha-
nol. At 5 mm below the knee joint, 3 mm incision fully 
exposed the tibia plateau, and 1 ml syringe was used to 
make a hole. The cells (1 ×  106 in 10  µl micro-injector) 
were slowly injected into bone cavity, and the incision 
was sterilized. After 7 days, micro-CT was used to scan 
bone lesion.

PDX model of multiple myeloma
The bone marrow of newly diagnosed patients with 
multiple myeloma was provided in sterile anticoagu-
lant tube by Yantaishan and Yuhuangding Hospital. 
 CD45−CD38+LILRB4− and  CD45−CD38+LILRB4+ cells 
were sorted by BD  FACSAria III. The same amount of 
cells were injected into NSG mice (4–6 weeks, female) by 
intratibial injection. When mice died naturally, the bone 
lesion was observed by micro-CT.

Multiple myeloma mouse model was treated by BTZ
A total of 1 ×  106 KMS26-LILRB4-WT and -KO cells were 
injected into NSG mice (4–6 weeks, female) by tail vein. 
After 7 days, BTZ (1.0 mg/kg) or PBS were injected into 
NSG mice by intraperitoneal injection and twice each 
week. The mice were sacrificed under anesthesia on the 
 33rd day, and the bone lesion was evaluated by micro-CT.

Anti‑LILRB4 alone or in combination with BTZ was used 
to treat multiple myeloma mouse model
Anti-LILRB4 was produced according to our previous 
report [39]. A total of 1 ×  106 KMS26-LILRB4-WT cells 
were injected into NSG mice by tail vein. Isotype (CAT#: 
A2051, Selleck) (200  μg/each mouse), anti-LILRB4 
(200  μg/each mouse) or BTZ (1.0  mg/kg) were used to 
treat the mouse model every 3  days from the  2nd day. 
After 40  days, the mice were sacrificed, and bone was 
scanned by micro-CT.

Histology
The tibia was fixed with paraformaldehyde, decalcified 
with 10% EDTA for two weeks, embedded in paraffin, 
and sectioned along the mid-sagittal plane in 4.5  mm-
thick sections. Hematoxylin and eosin (H&E) staining 
was performed to observe bone morphology.

Micro‑CT analysis
The formalin on the bone sample was cleaned, and the 
bone was scanned using a small animal in vivo micro-CT 
imaging system (Quantum GX, PerkinElmer) with 4.5 μm 
voxel size for 14  min, X-ray source set to 80000  mGy, 
90  kV and 88μA. To observe cortical bone lesions, the 
entire femur image was imported into the software for 
3D reconstruction using the same threshold. For trabecu-
lar microstructure, 100 slices, corresponding to a 1 mm 
region underneath the growth plate, were obtained with 
10 μm spatial resolution.

Statistical analysis
The relationship between the LILRB4 expression and 
bone lesion was analyzed by the linear regression in 
GraphPad Prism 10.0 software. One-way ANOVA or t 
test was used to analyses the differences among the dif-
ferent groups.

Results
LILRB4 was expressed in multiple myeloma
LILRB4, a member of the leukocyte immunoglobulin-
like receptor B family, was reported to be expressed 
in hematological and solid tumors [31, 32, 42, 50, 51]. 
In order to clarify the expression pattern of LILRB4 in 
tumor cells, we queried LILRB4 expression in The Can-
cer Genome Atlas (TCGA) and The Human Protein Atlas 
database. TCGA showed that the mRNA of LILRB4 was 
significantly upregulated in breast invasive carcinoma 
(BRCA), cholangiocarcinoma (CHOL), esophageal car-
cinoma (ESCA), head and neck squamous cell carci-
noma (HNSC), kidney chromophobe (KICH), kidney 
renal clear cell carcinoma (KIRC), kidney renal papil-
lary cell carcinoma (KIRP), prostate adenocarcinoma 
(PRAD), skin cutaneous melanoma (SKCM), stomach 
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adenocarcinoma (STAD) and uterine corpus endometrial 
carcinoma (UCEC) compared to normal tissue (https:// 
cistr ome. shiny apps. io/ timer/). The Human Protein Atlas 
also showed that LILRB4 could be detected in colon 
cancer samples (https:// www. prote inatl as. org/ ENSG0 

00001 86818- LILRB4/ patho logy). However, the expres-
sion pattern of LILRB4 in most tumor cells has not been 
reported. We detected the expression of LILRB4 in all 
kinds of tumor tissue arrays by immunohistochemistry 
(IHC). LILRB4 was expressed in 50% multiple myeloma 

Fig. 1 LILRB4 was expressed in multiple myeloma. LILRB4 was detected by IHC in tissue array of multiple myeloma (the arrow indicated the LILRB4 
expression in normal bone marrow, n = 34, A), by flow cytometry in fresh patient samples (n = 9, B). LILRB4 was knocked out by CRISPR-Cas9 
in KMS26 and OPM2 cell lines (C). The imaging data showed the relationship between LILRB4 level and bone damage (n = 16, D)

https://cistrome.shinyapps.io/timer/
https://cistrome.shinyapps.io/timer/
https://www.proteinatlas.org/ENSG00000186818-LILRB4/pathology
https://www.proteinatlas.org/ENSG00000186818-LILRB4/pathology
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(17/34) (Fig. 1A), 8% prostate cancer (4/50) (Supplemen-
tary Fig. S1A), 4.5% hepatocellular carcinoma (5/110) 
(Supplementary Fig. S1B) and 11.9% melanoma (10/84) 
(Supplementary Fig. S1C). By contrast, LILRB4 was not 
detected in lung cancer (0/100), breast cancer (0/90), 
esophageal cancer (0/90), endometrial cancer (0/100), 
brain tumor (0/45), thyroid cancer (0/40), colorectal can-
cer (0/90), pancreatic cancer (0/80) and head and neck 
cancer (0/19) (Supplementary Fig. S1D-L). Our results 
suggested that LILRB4 was highly expressed in multiple 
myeloma cells.

Next, we collected 9 fresh specimens of multiple 
myeloma from UT Southwestern Medical Center and 
detected LILRB4 level by flow cytometry.  CD45−/CD38+ 
cells were malignant multiple myeloma cells [49]. LILRB4 
was detected in 55.56% multiple myeloma samples (5/9, 
Fig. 1B and Supplementary Fig. S2A). Moreover, LILRB4 
was also expressed in multiple myeloma cell lines KMS26 
and OPM2. LILRB4 was knocked out by CRISPR-cas9 
technology in KMS26 and OPM2 cells (Fig. 1C). Mean-
while, the knockout of LILRB4 did not alter the prolifera-
tion of KMS26 and OPM2 cells (Supplementary Fig. S2B, 
C), indicating that LILRB4 did not regulate the prolifera-
tion of multiple myeloma.

Extensive osteolytic bone lesion is the most charac-
teristic feature of multiple myeloma. Although LILRB4 
expressed on the surface of osteoclast negatively regu-
lated osteoclastogenesis [43, 52], the role of LILRB4 on 
bone lesion of multiple myeloma has not been reported. 
We collected bone marrow specimen and imaging data of 
16 newly diagnosed patients with multiple myeloma, and 
found that the higher the expression level of LILRB4, the 
more serious the bone lesion (Fig.  1D and Supplemen-
tary Fig. S2D), suggesting that there was a certain trend 
and LILRB4 may be involved in bone injury in multiple 
myeloma.

The conditioned medium from LILRB4‑WT not ‑KO cells 
significantly promoted osteoclastogenesis
Osteoclast is the only cell that can promote bone resorp-
tion [53], and multiple myeloma cells promotes the dif-
ferentiation and maturation of osteoclasts [54]. It has not 
been reported whether LILRB4 on multiple myeloma 
cells is involved in osteoclastogenesis. The conditioned 
medium (CM) from LILRB4-WT and -KO cells was used 
to treat the mouse macrophage cell line Raw264.7. Com-
pared to the PBS group, RANKL could induce the osteo-
clastogenesis (more than 3 nuclei, Supplementary Fig. 
S3A, B). The CM from KMS26 or OPM2 could signifi-
cantly induce the differentiation and maturation of oste-
oclast, and the numbers of osteoclasts in LILRB4-WT 
group were significantly higher than that in LILRB4-KO 
group (Supplementary Fig. S3A, B). Next, human LILRB4 

was overexpressed in mouse myeloma cell line J558, and 
the CM was used to treat the primary mouse bone mar-
row mononuclear cells. The CM from J558-LILRB4 cells 
could significantly induce osteoclastogenesis (Supple-
mentary Fig. S3C, D) when compared with the CM from 
J558-vector cells, suggesting that LILRB4 on multiple 
myeloma cells could induce osteoclastogenesis.

To determine the effect of myeloma-expressing LILRB4 
on osteoblasts, we employed the CM of LILRB4-WT or 
-KO cells to treat MC3T3-E1 cell line (mouse embry-
onic calvarial fibroblasts). Alizarin red and ALP staining 
were used to characterize the maturation of osteoblasts. 
After 14 days of CM treatment, the cellular boundary was 
unclear, the morphology disappeared, and the apoptosis 
was obvious, indicating the CM from multiple myeloma, 
whether LILRB4 was knocked out or not, could induce 
the apoptosis of osteoblasts (Supplementary Fig. S4A-D). 
There was no significant difference between these two 
groups by alizarin red and ALP staining (Supplementary 
Fig. S4A-D), indicating the knockout of LILRB4 did not 
improve the osteoblasts apoptosis mediated by multiple 
myeloma, and also did not promote the differentiation 
and maturation of osteoblasts.

These results suggested that LILRB4 on multiple mye-
loma promoted the osteoclastogenesis, and had no effect 
on the differentiation and maturation of osteoblasts.

LILRB4 promoted osteolytic lesions in vivo
Next, we used different animal models [55] to study 
whether LILRB4 in multiple myeloma can mediate 
osteolytic lesions. KMS26-LILRB4-WT and -KO cells 
were injected into NSG mice by tail vein (Fig. 2A). After 
35  days, the mice showed detectable somatic and nerv-
ous system symptoms, such as paraplegia of the hind 
limbs, fixed lap running, and all mice were sacrificed 
under anesthesia. Bioluminescence imaging and the 
numbers of tumor in abdominal cavity showed no sig-
nificant difference in proliferation of KMS26-LILRB4-
WT and-KO cells in vivo (Supplementary Fig. S5A-D). 
The 3D reconstruction of tibia showed that five of the 
seven mice had obvious bone fractures and bone lesions 
in KMS26-LILRB4-WT group, however, the tibia of all 
mice in KMS26-LILRB4-KO group were intact, and there 
was no visible bone damage (Fig. 2B). Trabecular bones 
were almost completely destroyed, bone cortex was dis-
continuum, and 3D-trabecular had obvious defects in 
LILRB4-WT not -KO group (Fig.  2C, D). Micro-CT 
analysis of tibial trabecular bone volume / tissue volume 
(BV/TV), trabecular bone surface / tissue volume (BS/
TV) and bone mineral density (BMD) were significantly 
lower in LILRB4-WT group than that in LILRB4-KO 
group (Fig.  2E-G). Histological analysis demonstrated 
that cortical and trabecular bone had obvious lesions in 
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Fig. 2 LILRB4 promoted bone injury in KMS26 xenograft model. The schematic of KMS26 xenograft model (A). Micro-CT was used to scan 
the bone lesion after 35 days. 3D reconstruction of tibia (B), transverse plane of trabecular (C) and 3D-trabecular (D) showed the tibial morphology 
and the structure of the trabecular. Trabecular bone volume/tissue volume (BV/TV, E), trabecular bone surface/tissue volume (BS/TV, F) and bone 
mineral density (BMD, G) were analyzed by micro-CT (n = 14). Representative bone lesions were observed in H&E staining (H)
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KMS26-LILRB4-WT not -KO group (Fig. 2H). In OPM2 
xenograft models, 4 out of 5 mice (80%) showed sig-
nificant cracking in their cranial sutures in LILRB4-WT 
group, but only 2 mice (40%) showed crack in LILRB4-
KO group (Supplementary Fig. S6A), and the knockout 
of LILRB4 could significantly prolong the survival time of 
mice (Supplementary Fig. S6B). LILRB4 significantly pro-
moted bone lesion, and trabecular destruction was more 
serious (Supplementary Fig. S6C, D). BV/TV, BS/TV 
and BMD also showed that LILRB4-WT not -KO group 
had stronger bone destruction (Supplementary Fig. S6E-
G). There is no significant difference in the proportion 
of tumor cells in peripheral blood (Supplementary Fig. 
S6H). The above results showed that LILRB4 did not pro-
mote the proliferation of multiple myeloma, and the bone 
lesion mediated by LILRB4 was not caused by the prolif-
eration of multiple myeloma cells.

To further confirm the above results, we used 5TGM1 
and patient derived xenograft (PDX) models to observe 
the bone lesions mediated by LILRB4. Human LILRB4 
was expressed in 5TGM1 cells (Fig.  3A), and 5TGM1-
vector and -LILRB4 cells were injected into C57BL/6-
Rag2−/− mice [56]. Bioluminescence imaging showed 
that there was no significant difference between 5TGM1-
vector and -LILRB4 groups (Supplementary Fig. S7A, B), 
indicating that LILRB4 did not promote the cell prolifera-
tion. The bone damage of tibia was obvious in 5TGM1-
LILRB4 group (Fig. 3B), and trabecular bone damage was 
more profound (Fig.  3C, D), and BV/TV, BS/TV were 
lower in 5TGM1-LILRB4 group (Fig. 3E, F). Histological 
staining showed that the cortical and trabecular bone was 
more intact in 5TGM1-vector group than that in -LILRB4 
group (Supplementary Fig. S7C). Next, fresh bone 
marrow samples of multiple myeloma were collected. 
 CD45−/CD38+/LILRB4+ and  CD45−/CD38+/LILRB4− 
myeloma cells from the same patient were sorted, and 
the same number of cells were injected into NSG mice by 
intratibial injection, respectively. When mice died natu-
rally, the bone lesion was scanned by micro-CT.  CD45−/
CD38+/LILRB4+ cells significantly promoted the bone 
damage (Fig. 3G), and trabecular bone damage was more 
serious in  CD45−/CD38+/LILRB4+ group than that in 
 CD45−/CD38+/LILRB4− group (Fig. 3H-L). Collectively, 
ectopic LILRB4 significantly promoted bone lesion of 
multiple myeloma.

RELT is upregulated in LILRB4‑WT cells of multiple 
myeloma cell lines
To clarify the mechanism by which LILRB4 promotes 
bone lesion of multiple myeloma, we used cytokine 
arrays to identify the differentially expressed cytokines 
in the CM from LILRB4-WT and -KO cells. Compared 
with LILRB4-KO group, 380 and 299 cytokines were 

upregulated in KMS26 and OPM2-LILRB4-WT cells, 
respectively. The upregulated cytokines were enriched 
in multiple pathways including Ras, PI3K-Akt, NF-κB, 
MAPK, JAK-STAT, IL-17 and cytokine-cytokine receptor 
interaction (Fig.  4A, B). VEGF, RANKL, RELT, TRPC1 
and P53 are related with osteolysis [57]. Real-time PCR 
results indicated that RELT and P53 were significantly 
lower in LILRB4-KO than that in LILRB4-WT cells of 
KMS26 and OPM2 (Fig.  4C). Meanwhile, RNA-seq was 
used to screen the differentially expressed genes, and a 
total of 5496 differential genes were found, in which 835 
genes were co-upregulated in LILRB4-WT cells (Sup-
plementary Fig. S8A). These co-upregulated genes were 
enriched in the following pathways including cytokine-
cytokine receptor interaction, chemokine signaling 
pathway, JAK-STAT and NF-κB signal pathway (Sup-
plementary Fig. S8B), and RELT, IL27RA, IL4R, TGFB1 
and TNFRSF1B were significantly higher in LILRB4-WT 
group than that in LILRB4-KO group (Supplementary 
Fig. S8C, D).

Based on the above results, we speculated that LILRB4 
could promote the secretion of RELT. We detected the 
RELT level in CM from KMS26 and OPM2, and found 
that RELT was higher in LILRB4-WT group than that in 
LILRB4-KO group (Fig.  4D). Next, we constructed the 
dual luciferase reporter system with RELT promoter, and 
this system was transfected into the LILRB4-WT and 
-KO cells. The relative luciferase activity (RLA) could 
hardly be detected in LILRB4-KO cells, but the RLA was 
higher in LILRB4-WT cells (Fig. 4E). Meanwhile, LILRB4 
plasmid and luciferase reporter system were co-trans-
fected into OPM2-LILRB4-KO cells, and the co-trans-
fection of LILRB4 could also promote the activity of dual 
luciferase reporter system (Fig.  4F). We have previously 
reported that LILRB4 activated the NF-κB signal path-
way by recruiting p-SHP2 [31, 32]. Next, we confirmed 
that LILRB4 could recruit p-SHP2 in multiple myeloma 
cells by Co-IP (Fig.  4G), and the co-transfection of p65 
could significantly promote the activity of dual lucif-
erase reporter system (Fig.  4H). LILRB4 and p65 could 
both promote the expression of RELT. Western blotting 
showed that, compared to LILRB4-KO group, p-SHP2 
and RELT were significantly higher in cytoplasm, and 
p-p65 was also significantly elevated in the nucleus in 
LILRB4-WT group (Fig. 4I and Supplementary Fig. S9A).

Taking together, these studies indicated that LILRB4 
could recruit p-SHP2 to active NF-κB signal pathway to 
promote the secretion of RELT.

RELT induced osteoclastogenesis and bone lesions in MM 
models
Whether RELT promotes osteolytic lesions in multiple 
myeloma has not been reported. RELT was overexpressed 
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Fig. 3 The syngeneic and PDX model showed that LILRB4 mediated the bone lesion of multiple myeloma. Human LILRB4 was overexpressed 
in 5TGM1 cells (A), and 5TGM1-vector and -LILRB4 cells were injected into C57BL/6-Rag2−/− mice. The 3D structure of tibia (B), transverse plane 
of trabecular (C), 3D trabecular (D), BV/TV (E) and BS/TV (F) were analyzed by micro-CT (n = 8).  CD45−/CD38+/LILRB4+ and  CD45−/CD38+/LILRB4.− 
cells were sorted and injected into NSG mice, and 3D structure of tibia (G), sagittal plane of trabecular (H), 3D structures of trabecular (I), transverse 
plane of trabecular (J), BV/TV (K) and BS/TV (L) were analyzed by micro-CT (n = 10)
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Fig. 4 LILRB4 regulated the secretion of RELT by NF-κB signal pathway. The up-regulated cytokines in LILRB4-WT group of OPM2 and KMS26 
cells (A). The enriched signal pathway of up-regulated cytokines (B). The real-time PCR results of VEGF, RANKL, RELT, TRPC1 and P53 (n = 3, C). The 
RELT level in conditioned medium of KMS26 and OPM2 (n = 6, D). Dual luciferase reporting system containing RELT promoter was transfected 
into OPM2-LILRB4-WT and -KO cells (n = 3, E). Dual luciferase reporting system and LILRB4 plasmid were transfected into OPM2-LILRB4-KO 
cells (n = 3, F). P-SHP2 was pull down by anti-LILRB4 (Clone No:128–3) (G). Dual luciferase reporting system and p65 plasmid were transfected 
into OPM2-LILRB4-KO cells (n = 3, H). P-SHP2, SHP2, p-p65, p65 and RELT were detected by western blotting (I)
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in LILRB4-KO cells (named LILRB4-KO-RELT), and 
the RELT level in the CM from LILRB4-KO-RELT cells 
was significantly higher than that in LILRB4-KO-vector 
cells (Fig. 5A, B). Next, the CM from LILRB4-KO-RELT 
or -vector cells were used to treat primary bone marrow 

monocytes, and the CM of LILRB4-KO-RELT cells sig-
nificantly promoted the osteoclastogenesis (Fig.  5C). 
Meanwhile, the similar phenotype was observed, that is, 
the recombinant human RELT could induce the differ-
entiation and maturation of osteoclasts (Supplementary 

Fig. 5 RELT regenerated bone damage in LILRB4-KO cells. RELT was overexpressed in KMS26-LILRB4-KO cells (A), and the content of RELT 
in conditioned medium was determined by ELISA (n = 3, B). The conditioned medium from KMS26-LILRB4-KO-vector or -RELT was used to treat 
primary bone marrow monocytes (n = 3, C). 3D structure of tibia (D), 3D trabecular (E), BV/TV and BS/TV (F) were analyzed by micro-CT (n = 18). RELT 
signal pathway was detected by western blotting (G)
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Fig. S9B). Next, KMS26-LILRB4-WT, KMS26-LILRB4-
KO-RELT and -vector cells were injected into NSG mice 
by intratibial injection. After 7 days, mice were sacrificed 
under anesthesia, and micro-CT was used to scan the 
bone lesion. 3D structure of tibia showed that the surface 
of bone cortex was uneven, and multiple obvious bone 
injures were observed, and this phenotype was more 
severe in LILRB4-WT group as well as LILRB4-KO-RELT 
group (Fig.  5D). 3D-trabecular showed that trabecu-
lar loss was more severe, BV/TV and BS/TV was lower 
in LILRB4-WT and LILRB4-KO-RELT group (Fig.  5E-
F). These results indicated that RELT overexpression in 
LILRB4-KO cells could completely restore the bone dam-
age caused by LILRB4, then RELT does play an important 
role in sustaining the LILRB4 osteolytic function.

Next, we collected bone marrow samples from 5 cases 
of multiple myeloma, and found that higher level of 
LILRB4 in  CD45−/CD38+ multiple myeloma cells seems 
to correspond to a tendency towards more RELT level in 
serum (Supplementary Fig. S9C, D). RELT could promote 
the proliferation of T cells [58], however, it is unknown 
how RELT regulates osteoclastogenesis. The CM of 
KMS26-LILRB4-KO-vector or -RELT cells was used to 
treat Raw264.7 cells. After 4  days, the cells were lysed, 
and cytoplasmic and nuclear proteins were extracted, 
respectively. In the CM-RELT-treated group, the level 
of p-MEK was significantly increased in cytoplasm, and 
p-ERK, p–c-fos and NFATC1 were also significantly ele-
vated in the nucleus, but p-AKT and p-p65 were no sig-
nificant changed (Fig. 5G and Supplementary Fig. S9E-J). 
p–c-fos and NFATC1 are markers of osteoclast matura-
tion and differentiation. Therefore, RELT promoted the 
proliferation, maturation and differentiation of osteoclast 
by p-MEK/p-ERK/p–c-fos and NFATC1 signal pathway.

The knockout of LILRB4, anti‑LILRB4 alone 
or in combination with BTZ could alleviate bone lesions
Bortezomib (BTZ) is a protease inhibitor, a first-line ther-
apy for the treatment of multiple osteoma in the clinical 
[59]. Little is known whether BTZ can inhibit bone dam-
age in multiple myeloma with the depletion of LILRB4. 
KMS26-LILRB4-WT or -KO cells were injected into 
NSG mice by tail vein, and BTZ or PBS was used to treat 
xenograft models twice a week (Fig.  6A). After 33  days, 
all mice were sacrificed under anesthesia, and bone lesion 
was canned by micro-CT. Compared with LILRB4-KO 
group, LILRB4-WT cells significantly promoted the bone 
injury (Fig.  6B, C). After BTZ treatment, the destruc-
tion of trabecular was significantly reversed, especially 
in LILRB4-KO group (Fig.  6D, E), and BV/TV, BS/TV 
were significantly elevated (Fig.  6F-G). Tb.Th was also 
increased, although not significantly (Fig. 6H).

Next, we used anti-LILRB4 and BTZ to treat KMS26 
mouse model (Fig.  7A). After 40  days of tumor injec-
tion, 3 out of 6 mice (50%) died in isotype and only BTZ 
treated groups, 1 mouse (16.67%) died in anti-LILRB4-
treated group, and no mice died in the combination 
therapy group (anti-LILRB4 + BTZ). In isotype or BTZ 
treated groups, 2 out of 6 mice (30%) showed signifi-
cant cracking in their cranial sutures, and only 1 mouse 
showed cracking in anti-LILRB4 and combination ther-
apy (Fig.  7B). The bone erosion, bone fracture and tra-
becular bone loss were more severe in isotype or BTZ 
treated groups than that in anti-LILRB4 or combination 
therapy groups (Fig. 7C-F). BV/TV and BS/TV were sig-
nificantly increased in anti-LILRB4 and combination 
therapy groups (Fig. 7G, H).

The above results indicated that anti-LILRB4 alone or 
in combination with BTZ have the potential to inhibit 
bone damage in multiple myeloma.

Discussion
LILRB4 is a molecular marker of M4 and M5 acute mye-
loid leukemia (AML), which mediates the immune escape 
and extramedullary infiltrates of AML [31, 32]. LILRB4 
is also expressed on the surface of tumor related mac-
rophages, MDSC and other immune cells in the tumor 
microenvironment, forming a suppressive tumor micro-
environment to promote tumor cell immune escape, and 
is a potential target for immunotherapy [35, 38, 60]. In 
addition, LILRB4 has been reported to be expressed in 
non-small cell lung cancer [42], therefore, elucidating the 
expression pattern of LILRB4 in tumor cells is fundamen-
tal for investigating the role of LILRB4. The surface pro-
teomic analysis of multiple myeloma identified LILRB4 
as a potential immunotherapeutic target [61]. In this 
study, we first focused on the expression of LILRB4 in 
various tumor tissue arrays. Unexpectedly, LILRB4 was 
expressed in 50% of multiple myeloma samples, and flow 
cytometry further validated this result. Although LILRB4 
was also expressed in several other solid tumors, the level 
was lower, therefore, we focused on and explored the 
relationship between LILRB4 and multiple myeloma.

Multiple myeloma is typically characterized by multi-
ple bone lesion. We analyzed the relationship between 
patient imaging data and LILRB4 expression, and 
found that the patients with high expression level of 
LILRB4 had more severe bone damage. In vitro data 
also showed that LILRB4 could promote the differen-
tiation and maturation of osteoclasts, but had no sig-
nificant effect on the differentiation and maturation of 
osteoblasts. Next, we used differential animal models 
to validate this result. In xenograft model, the knock-
out of LILRB4 in KMS26 and OPM2 could significantly 
inhibit the destruction of bone cortex and trabecular. 
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Fig. 6 BTZ was used to treat LILRB4-WT and -KO mouse models. The schematic of BTZ treated KMS26 xenograft model (n = 16, A). 3D structure 
of tibia, sagittal and transverse plane of trabecular and 3D trabecular in different group were shown (B‑E). BV/TV, BS/TV and Tb.Th (trabecular 
thickness) were determined by micro-CT (n = 16, F–H)
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In syngeneic model, 5TGM1 cells were injected into the 
C57BL/6-Rag2−/− mice by tail vein. The overexpression 
of LILRB4 in 5TGM1 cells significantly promoted bone 
damage. A paper reported that LILRB4 mediated the 
migration of MM cell line (NCI-H929) [62]. However, 
we did not observe any effect of LILRB4 on MM cell 
migration in differential animal models. Finally, PDX 
models also showed that  CD45−/CD38+/LILRB4+ cells 
had stronger bone destruction.

LILRB4 breaks the balance between osteoclasts and 
osteoblasts, resulting in more severe bone damage in 
the multiple myeloma mouse model. Subsequently, we 
explored the mechanism of LILRB4 promoting bone 
injury in multiple myeloma. The results of cytokine 

microarray, RNA-Seq and real time-PCR showed that 
RELT was the most significant upregulated cytokine in 
LILRB4-WT group, and dual luciferase reporting sys-
tem showed that LILRB4 could regulate the secretion of 
RELT by p-SHP2-NF-κB signal pathway (Fig. 8). RELT, 
a new member of the tumor necrosis factor receptor 
superfamily, is selectively expressed in hematopoietic 
tissues and activates transcription factor NF-κB [58], 
and negatively regulates the activity of T cells [63]. 
Serum RELT (soluble) was elevated in patients with 
gastric cancer and breast cancer [64, 65], especially in 
B-cell lymphomas, but RELT is an orphan receptor, and 
its ligand is unknown [66]. How RELT promotes the dif-
ferentiation and maturation of osteoclasts has not been 

Fig. 7 Anti-LILRB4 alone or in combination with BTZ treated KMS26 mouse model. The schematic to show the treatment of anti-LILRB4 and BTZ 
(A). The crack of cranial sutures was scanned by micro-CT (B). The 3D-structure, sagittal plane and 3D-trabecular in tibia were scanned by micro-CT 
(n = 24, C‑F), and BV/TV, BS/TV were analyzed (G, H)
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reported. RELT binds to its putative receptor(s) on 
osteoclasts, and drivers the maturation of osteoclasts. 
In this study, our data confirmed that RELT promoted 
the proliferation of osteoclasts by p-MEK/p-ERK/p–c-
fos and NFATC1 signal pathway (Fig. 8).

Finally, we tried to explore the role of LILRB4 in treat-
ment of multiple myeloma. The depletion of LILRB4 or 
anti-LILRB4 alone or in combination with BTZ could 
delay the progression of multiple myeloma, and signifi-
cantly inhibit the bone damage (Fig. 8). LILRB4 did not 
affect the proliferation and metastasis of multiple mye-
loma, but LILRB4 blocking antibody could prevent the 
binding of LILRB4 to its ligands, therefore, anti-LILRB4 
could block its signal pathway to inhibit the RELT secre-
tion, then alleviate bone damage. Our data supported 
that LILRB4 signal pathway promoted the differentiation 
and mature of osteoclasts by secreting RELT, and LILRB4 
had the potential to be a new target for the treatment of 
multiple myeloma.

Abbreviations
LILRB4  Leukocyte Ig-like receptor B family 4
BMSCs  Bone marrow stromal cells
IL-6  Interleukin-6
OPG  Osteoprotegerin
ASCT  Autologous stem cell transplant
APC  Antigen presenting cells
Ts  T suppressor cells
AML  Acute myeloid leukemia
MDSCs  Myeloid-derived suppressor cells
CAR-T  Chimeric antigen receptor T
ADC  Antibody drug conjugates
CLL  Chronic lymphocytic leukemia
BTZ  Bortezomib

DMEM  Dulbecco’s modified Eagle’s medium
NSG  NOD-SCID IL2Rγ-null
CM  Conditioned medium
CDS  Coding sequence
TCGA   The Cancer Genome Atlas
BRCA   Breast invasive carcinoma
CHOL  Cholangiocarcinoma
ESCA  Esophageal carcinoma
HNSC  Head and Neck squamous cell carcinoma
KICH  Kidney chromophobe
KIRC  Kidney renal clear cell carcinoma
KIRP  Kidney renal papillary cell carcinoma
PRAD  Prostate adenocarcinoma
SKCM  Skin Cutaneous Melanoma
STAD  Stomach adenocarcinoma
UCEC  Uterine Corpus Endometrial Carcinoma
IHC  Immunohistochemistry
RLA  Relative luciferase activity

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13046- 024- 03110-y.

Supplementary Material 1. 

Acknowledgements
Not applicable.

Authors’ contributions
ZL. L, CC. Z, YP. W designed this study and wrote the manuscript. HY. W, L. W, 
HW. L, ZL. Z, PF. Y, J. X, SJ. W performed in vitro and in vivo experiments includ-
ing cell culture, immunohistochemistry, molecular clone, flow cytometry, 
cytokine array, RT-PCR, Co-IP, micro-CT and various mice models. M. D, YF. 
L, SH. J performed flow cytometry and KMS26 xenograft model. J. X, Y. Z, 
JJ. M provided multiple myeloma samples, imaging data and performed 
flow cytometry. JS. Z, XH. M, J. Z, XY. Z, CL. L, FM. L, DP. W, LJ. H, SM. N, CZ. J 
performed syngeneic and PDX models, ZQ. A and NY. Z provided the 128–3 
antibody.

Fig. 8 Schematic depicting the activation and blockade of the LILRB4 signaling pathway to regulate bone lesion in multiple myeloma. ApoE 
or fibronectin bound to LILRB4 to recruit p-SHP2, then RELT was secreted in multiple myeloma. Next, RELT could active p-MEK/p-ERK/p–c-fos 
and NFATC1 signal pathway to promote the proliferation of osteoclasts. Bone lesions could be alleviated by knockout of LILRB4 or anti-LILRB4 
to blocking the LILRB4 signaling pathway

https://doi.org/10.1186/s13046-024-03110-y
https://doi.org/10.1186/s13046-024-03110-y


Page 18 of 20Wang et al. J Exp Clin Cancer Res          (2024) 43:183 

Funding
This study was funded by the National Natural Science Foundation of 
China (82150101, 81872332, 82070225) to Zunling Li, University-Enterprise 
Integration Plan of Yantai (2021XDRHXMQT17) to Zunling Li, the Leukemia & 
Lymphoma Society (6629–21) to Cheng Cheng Zhang, the Welch Foundation 
(AU-0042–20030616) to Zhiqiang An, and Shandong Natural Science Founda-
tion (ZR202103070011) to Hongying Wang, (ZR2023QC190) to Xianhui Meng.

Availability of data and materials
The data generated in this study are available from the corresponding author 
upon reasonable request.

Declarations

Ethics approval and consent to participate
All patients provided written informed consent. All experiments were 
approved by the Medical Ethics Committee of Binzhou Medical University (No: 
2020–17), and were performed under the national standards of Institutional 
Animal Care and Use Committee.

Consent for publication
All authors consent to publication.

Competing interests
CC. Z, Z.A, and N.Z. have patents licensed to, holds equity in, and has 
Sponsored Research Agreements with Immune-Onc Therapeutics, Inc. Other 
authors have no competing financial interests.

Author details
1 Department of Biochemistry and Molecular Biology, Shandong Tumour 
Immunotherapy Research Innovation Team, Binzhou Medical University, 
Yantai, Shandong 264003, P.R. China. 2 Department of Hematology, Yantaishan 
Hospital, Yantai, Shandong 264003, P.R. China. 3 Department of Biopharma-
ceutical, School of Pharmacy, Binzhou Medical University, Yantai, Shandong 
264003, P.R. China. 4 Department of Physiology, University of Texas South-
western Medical Center, 5323 Harry Hines Boulevard, Dallas, TX 75390, USA. 
5 Peking University International Cancer Institute, Peking University, CN 38 
Xueyuan Rd. Haidian Dis., Beijing 100191, P.R. China. 6 Department of Hematol-
ogy, The Affiliated Yantai Yuhuangding Hospital of Qingdao University, Yantai, 
Shandong 264009, P.R. China. 7 Department of Gastrointestinalstrointestinal 
Surgery, Yantaishan Hospital, Yantai, Shandong 264003, P.R. China. 8 Depart-
ment of Biochemistry and Molecular Biology, School of Life Sciences, Shan-
dong Agricultural University, Taian, Shandong 271018, P.R. China. 9 Department 
of Pathophysiology, Bengbu Medical College, Anhui 233000, P.R. China. 10 R&D 
Center, Luye Pharma Group, Yantai, Shandong 264005, P.R. China. 11 Texas 
Therapeutics Institute, Brown Foundation Institute of Molecular Medicine, Uni-
versity of Texas Health Science Center, Houston, TX 77030, USA. 12 Department 
of Thoracic Surgery, Qingdao Hospital, University of Health and Rehabilitation 
Sciences (Qingdao Municipal Hospital), Qingdao, Shandong 266011, P.R. China. 

Received: 21 April 2024   Accepted: 25 June 2024

References
 1. Martin T, Lin Y, Agha M, Cohen AD, Htut M, Stewart AK, et al. Health-

related quality of life in patients given ciltacabtagene autoleucel for 
relapsed or refractory multiple myeloma (CARTITUDE-1): a phase 1b–2, 
open-label study. The Lancet Haematology. 2022. https:// doi. org/ 10. 
1016/ S2352- 3026(22) 00284-8.

 2. Terpos E, Zamagni E, Lentzsch S, Drake MT, Garcia-Sanz R, Abildgaard N, 
et al. Treatment of multiple myeloma-related bone disease: recommen-
dations from the Bone Working Group of the International Myeloma 
Working Group. Lancet Oncol. 2021;22(3):e119–30. https:// doi. org/ 10. 
1016/ S1470- 2045(20) 30559-3.

 3. Menu E, Vanderkerken K. Exosomes in Multiple Myeloma: from bench to 
bedside. Blood. 2022. https:// doi. org/ 10. 1182/ blood. 20210 14749.

 4. Mori Y, Shimizu N, Dallas M, Niewolna M, Story B, Williams PJ, et al. 
Anti-alpha4 integrin antibody suppresses the development of multiple 

myeloma and associated osteoclastic osteolysis. Blood. 2004;104(7):2149–
54. https:// doi. org/ 10. 1182/ blood- 2004- 01- 0236.

 5. Terpos E, Ntanasis-Stathopoulos I, Gavriatopoulou M, Dimopoulos 
MA. Pathogenesis of bone disease in multiple myeloma: from bench 
to bedside. Blood Cancer J. 2018;8(1):7. https:// doi. org/ 10. 1038/ 
s41408- 017- 0037-4.

 6. van de Donk N, Pawlyn C, Yong KL. Multiple myeloma. Lancet. 
2021;397(10272):410–27. https:// doi. org/ 10. 1016/ S0140- 6736(21) 
00135-5.

 7. Sanz-Rodriguez F, Hidalgo A, Teixido J. Chemokine stromal cell-derived 
factor-1alpha modulates VLA-4 integrin-mediated multiple myeloma 
cell adhesion to CS-1/fibronectin and VCAM-1. Blood. 2001;97(2):346–51. 
https:// doi. org/ 10. 1182/ blood. v97.2. 346.

 8. Nair-Gupta P, Rudnick SI, Luistro L, Smith M, McDaid R, Li Y, et al. Blockade 
of VLA4 sensitizes leukemic and myeloma tumor cells to CD3 redirection 
in the bone marrow microenvironment. Blood Cancer J. 2020;10(6):65. 
https:// doi. org/ 10. 1038/ s41408- 020- 0331-4.

 9. Chong PSY, Zhou J, Lim JSL, Hee YT, Chooi JY, Chung TH, et al. IL6 Pro-
motes a STAT3-PRL3 Feedforward Loop via SHP2 Repression in Multiple 
Myeloma. Can Res. 2019;79(18):4679–88. https:// doi. org/ 10. 1158/ 0008- 
5472. CAN- 19- 0343.

 10. Schmiedel BJ, Scheible CA, Nuebling T, Kopp HG, Wirths S, Azuma M, 
et al. RANKL expression, function, and therapeutic targeting in multiple 
myeloma and chronic lymphocytic leukemia. Can Res. 2013;73(2):683–94. 
https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 12- 2280.

 11. Raje NS, Bhatta S, Terpos E. Role of the RANK/RANKL Pathway in Multiple 
Myeloma. Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2019;25(1):12–20. https:// doi. org/ 10. 
1158/ 1078- 0432. CCR- 18- 1537.

 12. Spanoudakis E, Papoutselis M, Terpos E, Dimopoulos MA, Tsatalas C, Mar-
garitis D, et al. Overexpression of RANKL by invariant NKT cells enriched 
in the bone marrow of patients with multiple myeloma. Blood Cancer J. 
2016;6(11):e500. https:// doi. org/ 10. 1038/ bcj. 2016. 108.

 13. Terpos E, Szydlo R, Apperley JF, Hatjiharissi E, Politou M, Meletis J, et al. 
Soluble receptor activator of nuclear factor kappaB ligand-osteoprote-
gerin ratio predicts survival in multiple myeloma: proposal for a novel 
prognostic index. Blood. 2003;102(3):1064–9. https:// doi. org/ 10. 1182/ 
blood- 2003- 02- 0380.

 14. Dimopoulos MA, Kastritis E. Denosumab for myeloma bone disease: 
ready for prime time? Lancet Oncol. 2018;19(3):277–8. https:// doi. org/ 10. 
1016/ S1470- 2045(18) 30075-5.

 15. Raje N, Terpos E, Willenbacher W, Shimizu K, Garcia-Sanz R, Durie B, 
et al. Denosumab versus zoledronic acid in bone disease treatment of 
newly diagnosed multiple myeloma: an international, double-blind, 
double-dummy, randomised, controlled, phase 3 study. Lancet Oncol. 
2018;19(3):370–81. https:// doi. org/ 10. 1016/ S1470- 2045(18) 30072-X.

 16. Body JJ, Facon T, Coleman RE, Lipton A, Geurs F, Fan M, et al. A study of 
the biological receptor activator of nuclear factor-kappaB ligand inhibitor, 
denosumab, in patients with multiple myeloma or bone metastases from 
breast cancer. Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2006;12(4):1221–8. https:// doi. org/ 10. 
1158/ 1078- 0432. CCR- 05- 1933.

 17. Yu T, Chaganty B, Lin L, Xing L, Ramakrishnan B, Wen K, et al. VIS832, a 
novel CD138-targeting monoclonal antibody, potently induces killing 
of human multiple myeloma and further synergizes with IMiDs or bort-
ezomib in vitro and in vivo. Blood Cancer J. 2020;10(11):110. https:// doi. 
org/ 10. 1038/ s41408- 020- 00378-z.

 18. Chen D, Zou J, Zong Y, Meng H, An G, Yang L. Anti-human CD138 mono-
clonal antibodies and their bispecific formats: generation and characteri-
zation. Immunopharmacol Immunotoxicol. 2016;38(3):175–83. https:// 
doi. org/ 10. 3109/ 08923 973. 2016. 11531 10.

 19. Delgado-Calle J, Anderson J, Cregor MD, Condon KW, Kuhstoss SA, 
Plotkin LI, et al. Genetic deletion of Sost or pharmacological inhibition 
of sclerostin prevent multiple myeloma-induced bone disease without 
affecting tumor growth. Leukemia. 2017;31(12):2686–94. https:// doi. org/ 
10. 1038/ leu. 2017. 152.

 20. Glantschnig H, Hampton RA, Lu P, Zhao JZ, Vitelli S, Huang L, et al. 
Generation and selection of novel fully human monoclonal antibodies 
that neutralize Dickkopf-1 (DKK1) inhibitory function in vitro and increase 
bone mass in vivo. J Biol Chem. 2010;285(51):40135–47. https:// doi. org/ 
10. 1074/ jbc. M110. 166892.

https://doi.org/10.1016/S2352-3026(22)00284-8
https://doi.org/10.1016/S2352-3026(22)00284-8
https://doi.org/10.1016/S1470-2045(20)30559-3
https://doi.org/10.1016/S1470-2045(20)30559-3
https://doi.org/10.1182/blood.2021014749
https://doi.org/10.1182/blood-2004-01-0236
https://doi.org/10.1038/s41408-017-0037-4
https://doi.org/10.1038/s41408-017-0037-4
https://doi.org/10.1016/S0140-6736(21)00135-5
https://doi.org/10.1016/S0140-6736(21)00135-5
https://doi.org/10.1182/blood.v97.2.346
https://doi.org/10.1038/s41408-020-0331-4
https://doi.org/10.1158/0008-5472.CAN-19-0343
https://doi.org/10.1158/0008-5472.CAN-19-0343
https://doi.org/10.1158/0008-5472.CAN-12-2280
https://doi.org/10.1158/1078-0432.CCR-18-1537
https://doi.org/10.1158/1078-0432.CCR-18-1537
https://doi.org/10.1038/bcj.2016.108
https://doi.org/10.1182/blood-2003-02-0380
https://doi.org/10.1182/blood-2003-02-0380
https://doi.org/10.1016/S1470-2045(18)30075-5
https://doi.org/10.1016/S1470-2045(18)30075-5
https://doi.org/10.1016/S1470-2045(18)30072-X
https://doi.org/10.1158/1078-0432.CCR-05-1933
https://doi.org/10.1158/1078-0432.CCR-05-1933
https://doi.org/10.1038/s41408-020-00378-z
https://doi.org/10.1038/s41408-020-00378-z
https://doi.org/10.3109/08923973.2016.1153110
https://doi.org/10.3109/08923973.2016.1153110
https://doi.org/10.1038/leu.2017.152
https://doi.org/10.1038/leu.2017.152
https://doi.org/10.1074/jbc.M110.166892
https://doi.org/10.1074/jbc.M110.166892


Page 19 of 20Wang et al. J Exp Clin Cancer Res          (2024) 43:183  

 21. D’Souza S, del Prete D, Jin S, Sun Q, Huston AJ, Kostov FE, et al. Gfi1 
expressed in bone marrow stromal cells is a novel osteoblast sup-
pressor in patients with multiple myeloma bone disease. Blood. 
2011;118(26):6871–80. https:// doi. org/ 10. 1182/ blood- 2011- 04- 346775.

 22. Palumbo A, Chanan-Khan A, Weisel K, Nooka AK, Masszi T, Beksac M, et al. 
Daratumumab, Bortezomib, and Dexamethasone for Multiple Myeloma. 
N Engl J Med. 2016;375(8):754–66. https:// doi. org/ 10. 1056/ NEJMo a1606 
038.

 23. Richardson PG, Oriol A, Beksac M, Liberati AM, Galli M, Schjesvold F, 
et al. Pomalidomide, bortezomib, and dexamethasone for patients 
with relapsed or refractory multiple myeloma previously treated with 
lenalidomide (OPTIMISMM): a randomised, open-label, phase 3 trial. 
Lancet Oncol. 2019;20(6):781–94. https:// doi. org/ 10. 1016/ S1470- 2045(19) 
30152-4.

 24. Attal M, Lauwers-Cances V, Hulin C, Leleu X, Caillot D, Escoffre M, et al. 
Lenalidomide, Bortezomib, and Dexamethasone with Transplantation for 
Myeloma. N Engl J Med. 2017;376(14):1311–20. https:// doi. org/ 10. 1056/ 
NEJMo a1611 750.

 25. Raje N, Berdeja J, Lin Y, Siegel D, Jagannath S, Madduri D, et al. Anti-BCMA 
CAR T-Cell Therapy bb2121 in Relapsed or Refractory Multiple Myeloma. 
N Engl J Med. 2019;380(18):1726–37. https:// doi. org/ 10. 1056/ NEJMo 
a1817 226.

 26. Yang T, Qian Y, Liang X, Wu J, Zou M, Deng M. LILRB4, an immune check-
point on myeloid cells. Blood Sci. 2022;4(2):49–56. https:// doi. org/ 10. 
1097/ BS9. 00000 00000 000109.

 27. Kang X, Kim J, Deng M, John S, Chen H, Wu G, et al. Inhibitory leukocyte 
immunoglobulin-like receptors: Immune checkpoint proteins and tumor 
sustaining factors. Cell Cycle. 2016;15(1):25–40. https:// doi. org/ 10. 1080/ 
15384 101. 2015. 11213 24.

 28. Manavalan JS, Rossi PC, Vlad G, Piazza F, Yarilina A, Cortesini R, et al. High 
expression of ILT3 and ILT4 is a general feature of tolerogenic dendritic 
cells. Transpl Immunol. 2003;11(3–4):245–58. https:// doi. org/ 10. 1016/ 
s0966- 3274(03) 00058-3.

 29. Kim-Schulze S, Scotto L, Vlad G, Piazza F, Lin H, Liu Z, et al. Recombi-
nant Ig-like transcript 3-Fc modulates T cell responses via induction of 
Th anergy and differentiation of CD8+ T suppressor cells. J Immunol. 
2006;176(5):2790–8.

 30. Xu Z, Chang CC, Li M, Zhang QY, Vasilescu EM, D’Agati V, et al. ILT3.
Fc-CD166 Interaction Induces Inactivation of p70 S6 Kinase and Inhibits 
Tumor Cell Growth. J Immunol. 2018;200(3):1207–19. https:// doi. org/ 10. 
4049/ jimmu nol. 17005 53.

 31. Deng M, Gui X, Kim J, Xie L, Chen W, Li Z, et al. LILRB4 signalling in leu-
kaemia cells mediates T cell suppression and tumour infiltration. Nature. 
2018;562(7728):605–9. https:// doi. org/ 10. 1038/ s41586- 018- 0615-z.

 32. Li Z, Deng M, Huang F, Jin C, Sun S, Chen H, et al. LILRB4 ITIMs medi-
ate the T cell suppression and infiltration of acute myeloid leukemia 
cells. Cell Mol Immunol. 2020;17(3):272–82. https:// doi. org/ 10. 1038/ 
s41423- 019- 0321-2.

 33. Paavola KJ, Roda JM, Lin VY, Chen P, O’Hollaren KP, Ventura R, et al. The 
Fibronectin-ILT3 Interaction Functions as a Stromal Checkpoint that Sup-
presses Myeloid Cells. Cancer Immunol Res. 2021;9(11):1283–97. https:// 
doi. org/ 10. 1158/ 2326- 6066. cir- 21- 0240.

 34. Wang Y, Sun Y, Deng S, Liu J, Yu J, Chi H, et al. Discovery of galectin-8 as an 
LILRB4 ligand driving M-MDSCs defines a class of antibodies to fight solid 
tumors. Cell reports Medicine. 2024;5(1):101374. https:// doi. org/ 10. 1016/j. 
xcrm. 2023. 101374.

 35. de Goeje PL, Bezemer K, Heuvers ME, Dingemans AC, Groen HJ, Smit EF, 
et al. Immunoglobulin-like transcript 3 is expressed by myeloid-derived 
suppressor cells and correlates with survival in patients with non-small 
cell lung cancer. Oncoimmunology. 2015;4(7):e1014242. https:// doi. org/ 
10. 1080/ 21624 02x. 2015. 10142 42.

 36. Su MT, Kumata S, Endo S, Okada Y, Takai T. LILRB4 promotes tumor metas-
tasis by regulating MDSCs and inhibiting miR-1 family miRNAs. Oncoim-
munology. 2022;11(1):2060907. https:// doi. org/ 10. 1080/ 21624 02X. 2022. 
20609 07.

 37. Singh L, Muise ES, Bhattacharya A, Grein J, Javaid S, Stivers P, et al. ILT3 
(LILRB4) Promotes the Immunosuppressive Function of Tumor-Educated 
Human Monocytic Myeloid-Derived Suppressor Cells. Mol Cancer Res. 
2021;19(4):702–16. https:// doi. org/ 10. 1158/ 1541- 7786. MCR- 20- 0622.

 38. Sharma N, Atolagbe OT, Ge Z, Allison JP. LILRB4 suppresses immunity in 
solid tumors and is a potential target for immunotherapy. J Exp Med. 
2021;218(7):e20201811. https:// doi. org/ 10. 1084/ jem. 20201 811.

 39. Gui X, Deng M, Song H, Chen Y, Xie J, Li Z, et al. Disrupting LILRB4/
APOE Interaction by an Efficacious Humanized Antibody Reverses 
T-cell Suppression and Blocks AML Development. Cancer Immunol Res. 
2019;7(8):1244–57. https:// doi. org/ 10. 1158/ 2326- 6066. CIR- 19- 0036.

 40. John S, Chen H, Deng M, Gui X, Wu G, Chen W, et al. A Novel Anti-
LILRB4 CAR-T Cell for the Treatment of Monocytic AML. Mol Ther. 
2018;26(10):2487–95. https:// doi. org/ 10. 1016/j. ymthe. 2018. 08. 001.

 41. Anami Y, Deng M, Gui X, Yamaguchi A, Yamazaki CM, Zhang N, et al. 
LILRB4-targeting Antibody-Drug Conjugates for the Treatment of Acute 
Myeloid Leukemia. Mol Cancer Ther. 2020;19(11):2330–9. https:// doi. org/ 
10. 1158/ 1535- 7163. MCT- 20- 0407.

 42. Li J, Gao A, Zhang F, Wang S, Wang J, Wang J, et al. ILT3 promotes tumor 
cell motility and angiogenesis in non-small cell lung cancer. Cancer Lett. 
2021;501:263–76. https:// doi. org/ 10. 1016/j. canlet. 2020. 10. 048.

 43. Su MT, Ono K, Kezuka D, Miyamoto S, Mori Y, Takai T. Fibronectin-LILRB4/
gp49B interaction negatively regulates osteoclastogenesis through 
inhibition of RANKL-induced TRAF6/TAK1/NF-kB/MAPK signaling. Int 
Immunol. 2022. https:// doi. org/ 10. 1093/ intimm/ dxac0 51.

 44. Inui M, Sugahara-Tobinai A, Fujii H, Itoh-Nakadai A, Fukuyama H, Kurosaki 
T, et al. Tolerogenic immunoreceptor ILT3/LILRB4 paradoxically marks 
pathogenic auto-antibody-producing plasmablasts and plasma cells in 
non-treated SLE. Int Immunol. 2016;28(12):597–604. https:// doi. org/ 10. 
1093/ intimm/ dxw044.

 45. Zurli V, Wimmer G, Cattaneo F, Candi V, Cencini E, Gozzetti A, et al. Ectopic 
ILT3 controls BCR-dependent activation of Akt in B-cell chronic lympho-
cytic leukemia. Blood. 2017;130(18):2006–17. https:// doi. org/ 10. 1182/ 
blood- 2017- 03- 775858.

 46. Di Meo F, Iyer A, Akama K, Cheng R, Yu C, Cesarano A, et al. A target dis-
covery pipeline identified ILT3 as a target for immunotherapy of multiple 
myeloma. Cell reports Medicine. 2023;4(7):101110. https:// doi. org/ 10. 
1016/j. xcrm. 2023. 101110.

 47. Colovai AI, Tsao L, Wang S, Lin H, Wang C, Seki T, et al. Expression of inhibi-
tory receptor ILT3 on neoplastic B cells is associated with lymphoid tissue 
involvement in chronic lymphocytic leukemia. Cytometry B Clin Cytom. 
2007;72(5):354–62. https:// doi. org/ 10. 1002/ cyto.b. 20164.

 48. Wang J, Peng Z, Guo J, Wang Y, Wang S, Jiang H, et al. CXCL10 Recruit-
ment of γδ T Cells into the Hypoxic Bone Marrow Environment Leads to 
IL17 Expression and Multiple Myeloma Progression. Cancer Immunol Res. 
2023;11(10):1384–99. https:// doi. org/ 10. 1158/ 2326- 6066. cir- 23- 0088.

 49. Kumar S, Rajkumar SV, Kimlinger T, Greipp PR, Witzig TE. CD45 expression 
by bone marrow plasma cells in multiple myeloma: clinical and biological 
correlations. Leukemia. 2005;19(8):1466–70. https:// doi. org/ 10. 1038/ sj. leu. 
24038 23.

 50. Dobrowolska H, Gill KZ, Serban G, Ivan E, Li Q, Qiao P, et al. Expression of 
immune inhibitory receptor ILT3 in acute myeloid leukemia with mono-
cytic differentiation. Cytometry B Clin Cytom. 2013;84(1):21–9. https:// doi. 
org/ 10. 1002/ cyto.b. 21050.

 51. Churchill HRO, Fuda FS, Xu J, Deng M, Zhang CC, An Z, et al. Leukocyte 
immunoglobulin-like receptor B1 and B4 (LILRB1 and LILRB4): Highly 
sensitive and specific markers of acute myeloid leukemia with monocytic 
differentiation. Cytometry B Clin Cytom. 2021;100(4):476–87. https:// doi. 
org/ 10. 1002/ cyto.b. 21952.

 52. Mori Y, Tsuji S, Inui M, Sakamoto Y, Endo S, Ito Y, et al. Inhibitory immu-
noglobulin-like receptors LILRB and PIR-B negatively regulate osteoclast 
development. J Immunol. 2008;181(7):4742–51.

 53. Teitelbaum SL. Bone resorption by osteoclasts. Science. 
2000;289(5484):1504–8. https:// doi. org/ 10. 1126/ scien ce. 289. 5484. 1504.

 54. Mukkamalla SKR, Malipeddi D. Myeloma Bone Disease: A Comprehensive 
Review. Int J Mol Sci. 2021;22(12):6208. https:// doi. org/ 10. 3390/ ijms2 
21262 08.

 55. Winkler W, Farre Diaz C, Blanc E, Napieczynska H, Langner P, Werner M, 
et al. Mouse models of human multiple myeloma subgroups. Proc Natl 
Acad Sci U S A. 2023;120(10):e2219439120. https:// doi. org/ 10. 1073/ pnas. 
22194 39120.

 56. Fowler JA, Mundy GR, Lwin ST, Lynch CC, Edwards CM. A murine model 
of myeloma that allows genetic manipulation of the host microenviron-
ment. Dis Model Mech. 2009;2(11–12):604–11. https:// doi. org/ 10. 1242/ 
dmm. 003160.

https://doi.org/10.1182/blood-2011-04-346775
https://doi.org/10.1056/NEJMoa1606038
https://doi.org/10.1056/NEJMoa1606038
https://doi.org/10.1016/S1470-2045(19)30152-4
https://doi.org/10.1016/S1470-2045(19)30152-4
https://doi.org/10.1056/NEJMoa1611750
https://doi.org/10.1056/NEJMoa1611750
https://doi.org/10.1056/NEJMoa1817226
https://doi.org/10.1056/NEJMoa1817226
https://doi.org/10.1097/BS9.0000000000000109
https://doi.org/10.1097/BS9.0000000000000109
https://doi.org/10.1080/15384101.2015.1121324
https://doi.org/10.1080/15384101.2015.1121324
https://doi.org/10.1016/s0966-3274(03)00058-3
https://doi.org/10.1016/s0966-3274(03)00058-3
https://doi.org/10.4049/jimmunol.1700553
https://doi.org/10.4049/jimmunol.1700553
https://doi.org/10.1038/s41586-018-0615-z
https://doi.org/10.1038/s41423-019-0321-2
https://doi.org/10.1038/s41423-019-0321-2
https://doi.org/10.1158/2326-6066.cir-21-0240
https://doi.org/10.1158/2326-6066.cir-21-0240
https://doi.org/10.1016/j.xcrm.2023.101374
https://doi.org/10.1016/j.xcrm.2023.101374
https://doi.org/10.1080/2162402x.2015.1014242
https://doi.org/10.1080/2162402x.2015.1014242
https://doi.org/10.1080/2162402X.2022.2060907
https://doi.org/10.1080/2162402X.2022.2060907
https://doi.org/10.1158/1541-7786.MCR-20-0622
https://doi.org/10.1084/jem.20201811
https://doi.org/10.1158/2326-6066.CIR-19-0036
https://doi.org/10.1016/j.ymthe.2018.08.001
https://doi.org/10.1158/1535-7163.MCT-20-0407
https://doi.org/10.1158/1535-7163.MCT-20-0407
https://doi.org/10.1016/j.canlet.2020.10.048
https://doi.org/10.1093/intimm/dxac051
https://doi.org/10.1093/intimm/dxw044
https://doi.org/10.1093/intimm/dxw044
https://doi.org/10.1182/blood-2017-03-775858
https://doi.org/10.1182/blood-2017-03-775858
https://doi.org/10.1016/j.xcrm.2023.101110
https://doi.org/10.1016/j.xcrm.2023.101110
https://doi.org/10.1002/cyto.b.20164
https://doi.org/10.1158/2326-6066.cir-23-0088
https://doi.org/10.1038/sj.leu.2403823
https://doi.org/10.1038/sj.leu.2403823
https://doi.org/10.1002/cyto.b.21050
https://doi.org/10.1002/cyto.b.21050
https://doi.org/10.1002/cyto.b.21952
https://doi.org/10.1002/cyto.b.21952
https://doi.org/10.1126/science.289.5484.1504
https://doi.org/10.3390/ijms22126208
https://doi.org/10.3390/ijms22126208
https://doi.org/10.1073/pnas.2219439120
https://doi.org/10.1073/pnas.2219439120
https://doi.org/10.1242/dmm.003160
https://doi.org/10.1242/dmm.003160


Page 20 of 20Wang et al. J Exp Clin Cancer Res          (2024) 43:183 

 57. Yoshimoto T, Kittaka M, Doan AAP, Urata R, Prideaux M, Rojas RE, et al. 
Osteocytes directly regulate osteolysis via MYD88 signaling in bacterial 
bone infection. Nat Commun. 2022;13(1):6648. https:// doi. org/ 10. 1038/ 
s41467- 022- 34352-z.

 58. Sica GL, Zhu G, Tamada K, Liu D, Ni J, Chen L. RELT, a new member of 
the tumor necrosis factor receptor superfamily, is selectively expressed 
in hematopoietic tissues and activates transcription factor NF-kappaB. 
Blood. 2001;97(9):2702–7. https:// doi. org/ 10. 1182/ blood. v97.9. 2702.

 59. Federico C, Alhallak K, Sun J, Duncan K, Azab F, Sudlow GP, et al. Tumor 
microenvironment-targeted nanoparticles loaded with bortezomib and 
ROCK inhibitor improve efficacy in multiple myeloma. Nat Commun. 
2020;11(1):6037. https:// doi. org/ 10. 1038/ s41467- 020- 19932-1.

 60. Kumata S, Notsuda H, Su MT, Saito-Koyama R, Tanaka R, Suzuki Y, et al. 
Prognostic impact of LILRB4 expression on tumor-infiltrating cells in 
resected non-small cell lung cancer. Thoracic cancer. 2023;14(21):2057–
68. https:// doi. org/ 10. 1111/ 1759- 7714. 14991.

 61. Patiño-Escobar B, Ferguson ID, Wiita AP. Unraveling the surface proteomic 
profile of multiple myeloma to reveal new immunotherapeutic targets 
and markers of drug resistance. Cell stress. 2022;6(11):89–92. https:// doi. 
org/ 10. 15698/ cst20 22. 11. 273.

 62. Sun Z, Ji J, Li Y, Cui Y, Fan L, Li J, et al. Identification of evolutionary mecha-
nisms of myelomatous effusion by single-cell RNA sequencing. Blood 
Adv. 2023;7(15):4148–59. https:// doi. org/ 10. 1182/ blood advan ces. 20220 
09477.

 63. Choi BK, Kim SH, Kim YH, Lee DG, Oh HS, Han C, et al. RELT negatively 
regulates the early phase of the T-cell response in mice. Eur J Immunol. 
2018;48(10):1739–49. https:// doi. org/ 10. 1002/ eji. 20184 7633.

 64. Wu D, Zhang P, Ma J, Xu J, Yang L, Xu W, et al. Serum biomarker panels for 
the diagnosis of gastric cancer. Cancer Med. 2019;8(4):1576–83. https:// 
doi. org/ 10. 1002/ cam4. 2055.

 65. Zhong L, Ge K, Zu JC, Zhao LH, Shen WK, Wang JF, et al. Autoantibodies 
as potential biomarkers for breast cancer. Breast cancer research : BCR. 
2008;10(3):R40. https:// doi. org/ 10. 1186/ bcr20 91.

 66. Aggarwal BB, Gupta SC, Kim JH. Historical perspectives on tumor necrosis 
factor and its superfamily: 25 years later, a golden journey. Blood. 
2012;119(3):651–65. https:// doi. org/ 10. 1182/ blood- 2011- 04- 325225.

Publisher’ s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/s41467-022-34352-z
https://doi.org/10.1038/s41467-022-34352-z
https://doi.org/10.1182/blood.v97.9.2702
https://doi.org/10.1038/s41467-020-19932-1
https://doi.org/10.1111/1759-7714.14991
https://doi.org/10.15698/cst2022.11.273
https://doi.org/10.15698/cst2022.11.273
https://doi.org/10.1182/bloodadvances.2022009477
https://doi.org/10.1182/bloodadvances.2022009477
https://doi.org/10.1002/eji.201847633
https://doi.org/10.1002/cam4.2055
https://doi.org/10.1002/cam4.2055
https://doi.org/10.1186/bcr2091
https://doi.org/10.1182/blood-2011-04-325225

	LILRB4 on multiple myeloma cells promotes bone lesion by p-SHP2NF-κBRELT signal pathway
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Cells
	Patient sample and flow cytometry
	Mice
	Tissue arrays
	Immunohistochemistry
	The knockout of LILRB4 in KMS26 and OPM2 cells
	The overexpression of LILRB4 in 5TGM1 and J558 cells
	CCK-8 cell proliferation assay
	The conditioned medium treated osteoclasts and osteoblasts
	The overexpression of RELT in KMS26-LILRB4-KO cells
	Cytokine antibody arrays
	RNA-sequencing
	Real time PCR
	Co-immunoprecipitation
	ELISA
	Western blotting
	Luciferase reporter assay
	Multiple myeloma mouse model by tail vein
	5TGM1 multiple myeloma mouse model
	Multiple myeloma mouse model by intratibial injection
	PDX model of multiple myeloma
	Multiple myeloma mouse model was treated by BTZ
	Anti-LILRB4 alone or in combination with BTZ was used to treat multiple myeloma mouse model
	Histology
	Micro-CT analysis
	Statistical analysis

	Results
	LILRB4 was expressed in multiple myeloma
	The conditioned medium from LILRB4-WT not -KO cells significantly promoted osteoclastogenesis
	LILRB4 promoted osteolytic lesions in vivo
	RELT is upregulated in LILRB4-WT cells of multiple myeloma cell lines
	RELT induced osteoclastogenesis and bone lesions in MM models
	The knockout of LILRB4, anti-LILRB4 alone or in combination with BTZ could alleviate bone lesions

	Discussion
	Acknowledgements
	References


