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Abstract 

The leukocyte immunoglobulin‑like receptor B (LILRB) proteins, characterized by their transmembrane nature 
and canonical immunoreceptor tyrosine‑based inhibitory motifs (ITIM) signaling, play a pivotal role in maintaining 
immune homeostasis and are implicated in the pathogenesis of various disease states. This comprehensive review will 
focus on the intricate involvement of the LILRB family in hematologic malignancies. These receptors have emerged 
as valuable diagnostic and prognostic biomarkers in leukemia, lymphoma, and myeloma. Beyond their prognostic 
implications, LILRBs actively shape the immune microenvironment and directly influence the disease pathogenesis 
of hematologic malignancies. Furthermore, their identification as potential therapeutic targets offer a promising 
avenue for precision medicine strategies in the treatment of these disorders. Currently, multiple LILRB directed thera‑
pies are in the preclinical and clinical trial pipelines. This review underscores the multifaceted role of the LILRB family 
in hematologic malignancies, highlighting their significance from diagnostic and prognostic perspectives to their 
broader impact on disease pathophysiology and as valuable therapeutic targets.
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Background
Cancer immune evasion is a hallmark of cancer progres-
sion. During cancer development, malignant cells interact 
and silence host-immune cells enabling cancer to circum-
vent immune recognition and targeting. These intricate 
networks between cancer cells and their surrounding 
immune ecosystem are still not completely  understood, 
presenting challenges in the development of effective 
modern cancer therapies. The success of recent immune 
checkpoint blockade therapies has energized cancer 
immunologists and clinicians to investigate and counter-
act the immune-suppressive pathways that are permis-
sive to cancer growth. Identification and classification of 
immunoreceptors that modulate the tumor microenvi-
ronment is critical in understanding disease progression 
and driving engineering of new immunotherapies.
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A family of inhibitory immunoreceptors, the leukocyte 
immunoglobulin-like receptor B (LILRB) family, has been 
implicated in the progression of advanced hematologic 
malignancies and other diseases states which have been 
previously reviewed (Fig.  1) [1–7]. LILRBs have been 
demonstrated to modulate professional antigen-pre-
senting cell (APC) function, suppress cytotoxic immune 
targeting of cancer cells, and initiate reprogramming of 
the tumor immune microenvironment. The LILRB fam-
ily consists of 5 members LILRB1 (LIR-1, ILT2, CD85j), 
LILRB2 (LIR-2, ILT4, CD85d), LILRB3 (LIR-3, ILT5, 
CD85a), LILRB4 (LIR-5, ILT3, CD85k), LILRB5 (LIR-
8, CD85c) [7]. The LILRB family has variable expres-
sion among cell types, however, is most prominently 
expressed by hematologic cells of myeloid and lymphoid 
origin, with limited expression in other tissues (Fig.  2) 
[1, 5, 7]. This family of ITIM containing transmembrane 
receptors was first described in the 1990s by the work of 
Pulford et  al. [8], Colonna et  al. [9], and Cosman et  al. 
[10]. Significant progress has been made in character-
izing LILRB cellular expression patterns, identifying 
receptor ligands, exploring physiological mechanisms, 

and developing LILRB targeted therapeutics. Currently, 
multiple LILRB directed therapies are in preclinical and 
clinical trial pipelines. This review seeks to thoroughly 
explore and discuss the LILRB family in the context of 
hematologic malignancies with documented surface 
LILRB expression, spotlighting their significance from 
diagnostic and prognostic perspectives to their broader 
impact on malignant pathology and as valuable therapeu-
tic targets.

LILRB family expression as diagnostic 
and prognostic biomarkers in hematologic 
malignancies
B‑cell malignancies
LILRB1, LILRB2 and LILRB4 have been described as 
diagnostic markers in B-cell malignancies. LILRB1 
has been shown to have a unique “V-shaped” expres-
sion pattern across the B-cell development lifecycle 
[11] with a high-low–high pattern of LILRB1 expres-
sion observed of many B-cell maturity markers includ-
ing CD34, CD20, CD45 and CD10. Investigators have 
used “Loss of V-shaped pattern” as diagnostic for B-cell 

Fig. 1 LILRB family structure, selected ligands, and hematologic malignancy profile. Human LILRB family and structure, notable ligands, 
and malignancies with documented LILRB surface expression. LILRB mouse ortholog PIR‑B structure and ligands are also noted. A more exhaustive 
list of ligands has been reviewed elsewhere [1–7]. Created in BioRender. Dubuque, R. (2025) https:// BioRe nder. com/ c05n0 53

https://BioRender.com/c05n053
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acute lymphoblastic leukemia (B-ALL) with all normal 
samples displaying the normal pattern and all B-ALL 
samples displaying an aberrant pattern. Although yet to 
be confirmed in an independent cohort, this is a prom-
ising method for B-ALL diagnosis, especially in the 
determination of measurable residual disease (MRD). 
Interestingly, the same group of investigators further 
showed LILRB1 as a biomarker for CD19-B-ALL in 
post-CD19 directed therapy relapsed disease [12], high-
lighting the utility of LILRB1 in MRD detection.

LILRB2 and LILRB4 were demonstrated to be 
specific biomarkers of chronic lymphocytic leuke-
mia (CLL) and show consistent expression patterns 
between the two receptors. In one cohort of patients, 
6 LILRB2 + patients were uniformly LILRB4 + and 5 
LILRB2- patients were uniformly LILRB4- [12]. LILRB4 
was further validated by another group in CLL as spe-
cific marker distinguishing between donor derived 
healthy donor and CLL samples [13]. Additionally, 
LILRB4 expression correlated with lymphoid tissue 
involvement in CLL/small lymphocytic lymphoma 
(SLL), a prognostic indicator of poor outcomes [14]. 
High expression of LILRB4 has also been associated 
with worse outcomes in multiple myeloma (MM) [15].

Myeloid malignancies
In myeloid malignancies, LILRB1, LILRB3, and LILRB4 
have important diagnostic and prognostic roles. LILRB1 
and LILRB4 expression, independently, are highly sensi-
tive for monocytic differentiation in acute myeloid leu-
kemia (M-AML) [16–18]. In one case series of 64 cases 
of M-AML, and 57 cases of AML without monocytic 
differentiation (NM-AML), LILRB1 and/or LILRB4 posi-
tivity distinguished monocytes/monoblasts of M-AML 
from myeloblasts from NM-AML with 100% sensitiv-
ity and specificity [17]. These results are similar to those 
obtained in earlier cohorts examining LILRB4 only; 
LILRB4 positivity was observed in all cases of M-AML, 
and no cases of NM-AML [16, 18]. Furthermore, the use 
of LILRB4 quantification in terms of florescence inten-
sity and/or RT-PCR may provide additional insights in 
separating neoplastic myeloid cells from healthy cells. In 
the cohort of 64  M-AML patients previously described, 
LILRB4 mean florescence intensity (MFI) in M-AML was 
significantly higher than on normal monocytes in NM-
AML (p < 0.001) [17]. Similarly, quantification of LILRB4 
expression of bone marrow (BM) stem-cells (CD34 +) 
samples through RNA sequencing was shown to be 
greater in chronic myelomonocytic leukemia (CMML) 

Fig. 2 LILRB family expression across tissue types. A RNA expression of each individual member of the LILRB family across tissue types. B 
Comparison profile of all LILRB members across tissue types. Single cell expression data compiled from the Human Protein Atlas
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patients compared with healthy controls and myelodys-
plastic syndrome (MDS) patients, although a diagnostic 
cutoff was not established [19].

The LILRB family has important prognostic impli-
cations in AML. LILRB1-4 expression is associated 
with increased overall mortality and decreased event 
free survival in independent AML patient cohorts [20, 
21]. Interestingly, a converse trend was observed with 
LILRB5, which was associated with favorable outcomes 
in AML patients [20]. LILRB4 expression at diagnosis 
has also been strongly associated with the development 
of secondary CNS involvement in AML [22]. Although 
M-AML has already been demonstrated to have 
increased risk of central nervous system (CNS) devel-
opment [23], the marginal utility of LILRB4 positivity to 
prognostic models beyond FAB/WHO classification may 
be limited. Notably, LILRB4 expression was not associ-
ated with increased mortality in these patients.

Although LILRB expression is generally indicative of 
poor prognosis in myeloid malignancies, LILRB high 
expressing disease may be more treatment sensitive. 
LILRB expression was correlated with expression sig-
natures of predicting immune checkpoint blockade 
ICB response in the TCGA AML dataset [20]. Moreo-
ver, LILRB4 expression has been correlated with a trend 
in increased responsiveness to hypomethylating agent 
(HMA) therapy in CMML and MDS, although the sam-
ple size was too small to demonstrate statistical signifi-
cance [19]. Interestingly, HMA therapy has been shown 
to increase LILRB4 expression in AML multiple cell 
lines [19, 24]. As both immune checkpoint blockade 
(ICB) therapy in AML and HMA therapy in myeloid 
malignancies have shown limited efficacy [25–27], the 
use of LILRB expression as a guide therapy selection or 
inform HMA/ICB combinatorial therapy [28] design may 
enhance therapeutic efficacy.

Future work evaluating LILRB expression in other 
hematologic malignancies is warranted as current data 
is largely focused on AML. Additional work to standard-
ize these diagnostic endeavors through comparison of 
the wide variety of commercial LILRB specific antibody 
clones would improve the quality and generalizability of 
each result.

Role of the LILRB family in the immune 
microenvironment of hematologic malignancies
The LILRB family has widely documented roles in the 
immune microenvironment of both solid tumors and 
hematologic malignancies. In solid tumors, LILRBs have 
been shown to inhibit the function of cytotoxic NK-cells, 
T-cells, and contribute to a pro-tumor myeloid compart-
ment [1, 3]. Undoubtedly many of these functions/roles 
of LILRB proteins demonstrated in solid tumor models 

play in the immune microenvironment of hematologic 
malignancies as well.

T and NK cell populations
LILRB1 blocking antibodies have been used to explore 
the biology of LILRB1 mediated immune suppression in 
hematologic malignancies. LILRB1 blockade increases 
cytolysis of NK-cells and T-cells (Fig.  3). LILRB1 is 
expressed on a significantly larger proportion of NK-
cells in patients with multiple myeloma and CLL than 
in healthy donors [29]. Similarly increased expression 
of LILRB2/LILRB3 was observed in NK-cells of patients 
with AML [30]. LILRB1 antibody blockage increased kill-
ing of primary AML, ALL, and CLL and MM cell lines. 
This phenomenon was first described when the LILRB1 
blocking antibody HP-F1 restored the diminished NKL 
lysis 721.221 B-lymphoblast cell line following transfec-
tion with class I human leukocyte antigens (HLA) [9]. 
This effect has been recapitulated in primary AML and 
ALL cells. LILRB1 antibody blockade increased poly-
clonal allogeneic NK-cell activation, degranulation and 
cytolysis of primary AML and ALL cells in  vitro [31]. 
Simultaneous dual blockade of NKG2A and LILRB1 
further enhanced cytotoxicity. Similarly, LILRB1 mAb 
blockade enhanced in  vitro killing of the K562 cell line 
as observed from ex  vivo NK-cells derived from CLL 
patients [32]. LILRB1 blockade was shown to improve 
cytolytic activity of NKL cells against multiple malig-
nant B/T-cell lines in vitro and the MM cell line KMS27 
in vivo [29]. Notably however, LILRB1 antibody blockade 
did not increase the NK-92 cell line mediated cytolysis of 
MM cell lines [33].

LILRB1 has also been shown to be a major inhibitor of 
Vγ9Vδ2 T-cells and antibody blockade can restore lytic 
function of this T-cell subset [34]. Vγ9Vδ2 T-cells have 
been shown to have potent antitumor activity in hema-
tologic malignancies, although protumor roles have been 
described as well [35]. LILRB1 blockade increased cytoly-
sis of the Vγ9Vδ2 T-cell clone G42 and the SIL polyclonal 
Vγ9Vδ2 T-cell population against the MM cell line RPMI 
8226 [34]. Despite adoptive transfer of Vγ9Vδ2 T-cells 
showing preclinical efficacy, clinical trials have had 
underwhelming efficacy [36, 37]. Modulation of LILRB1 
in this setting is a potential avenue to improve Vγ9Vδ2 T 
therapy. In an unsupervised approach to identify costim-
ulatory molecules which could potentiate Vδ2- γδ T-cell 
response, LILRB1 blockade was found to dramatically 
reduce Vδ2- γδ cytolysis of large B-cell lymphoma cells, 
with no effect on Vδ2 + γδ T-cells [38]. This highlights 
the importance of careful application of LILRB directed 
therapy, as unexpected pleiotropic responses in different 
cell populations such as Vδ2- γδ T cells may occur.
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Myeloid populations
Additionally, LILRB1 blockade has been demonstrated 
to increase macrophage phagocytosis (Fig.  3). Knock 
out of LILRB1 on macrophage promoted M1 mac-
rophage differentiation, and when combined with CD47 
blockade, increased the phagocytosis of tumor cell lines 
[39]. Conversely, CD47 blockade in LILRB1 WT cells 
had minimal effect. Notably, the M1 macrophage skew-
ing was present even without coculture, indicative of 
cis HLA I-LILRB1 interaction on the macrophage. This 
finding was translated to increase the antibody depend-
ent cellular cytotoxicity (ADCC) of the anti-CD20 anti-
body rituximab in primary B-cell malignancy samples 
through dual antibody blockade of CD47 and LILRB1 
[40]. A notable trend of increased expression of LILRB1 
BM macrophages has been observed in diffuse large 
B-cell lymphoma (DLBCL) patients who had BM infil-
trating disease compared with those who do not [40]. 
Similarly, an increased concentration of LILRB4 in 
cell culture supernatant was observed when myeloma 
cells were co-cocultured with BM aspirates compared 
with monocultured BM aspirates [41]. Together these 
results highlight the potential to reprogram the myeloid 
rich BM microenvironment through the use of LILRB 
directed agents.

Ligand dysregulation
Dysregulation of LILRB ligands also contributes to dis-
ease pathogenesis in hematologic malignancies. Non-
classic class I HLAs, ligands of LILRB1 and LILRB2, are 
integral components of the disease microenvironment in 
multiple hematologic malignancies [42]. One non clas-
sical HLA I, HLA-G, is a high affinity ligand of LILRB1 
and LILRB2 [43]. Increased levels of HLA-G have been 
noted in the plasma of patients with various B-cell, 
T-cell, and myeloid cell malignancies [42, 44]. Interest-
ingly, like LILRB1/LILRB4, serum soluble HLA-G levels 
are much higher in AML M4/M5 subtypes compared to 
control serum and serum from AML M1/M2 patients 
[45]. In CLL, HLA-G expression is positively correlated 
with immunosuppression and worsened prognosis [46]. 
Agonism of the LILRB axis is a putative mechanism for 
immunosuppression observed in these patients.

The PIRB axis and murine tumor engraftment
Agonizing the LILRB/PIRB axis increased lymphoma 
implantation in murine models. Treatment of CD34 
humanized mice with an LILRB3 agonizing mAb treat-
ment was demonstrated to create a permissible micro-
environment for the engraftment of allogeneic patient 
derived B-lymphoma cells, whereas tumor did not 

Fig. 3 LILRB blockade in the tumor microenvironment. LILRB blockade prevents immunosuppressive signaling and improves T‑cell cytolysis 
and monocyte phagocytosis in the TME. Created in BioRender. Dubuque, R. (2025) https:// BioRe nder. com/ q51d9 18

https://BioRender.com/q51d918
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engraft in untreated mice [47]. LILRB3 agonism in this 
model promoted M2 skewing of primary CD14 + mono-
cytes, a phenotype favoring xeno-engraftement. Simi-
larly, in immune competent Balb/c mice, Fon lymphoma 
xenograft HLA-G expression, purportedly acting 
through the LILRB ortholog PIRB, conferred engraft-
ment advantage over HLA-G- lymphoma [48]. Mice with 
HLA + engrafted tumors, showed marked reduction in 
peripheral T-cell populations with decreased proliferative 
capacity and a concurrent increase in peripheral blood 
MDSC populations.

Neoplasm intrinsic expression of the LILRB family 
in the pathogenesis of hematologic malignancies
Direct expression of LILRB family proteins on malignant 
cells themselves further modulate immune cell-tumor 
cell interaction. This interplay adds much nuance to the 
field of tumor immunotherapy in hematologic malignan-
cies as immune stimulating therapies may also stimulate 
proliferation of malignant subsets as well and vice-versa 
with immunomodulating agents.

Myeloid malignancies
Although LILRB expression has been noted on multiple 
myeloid neoplasms including MDS, AML and chronic 
myeloid leukemia (CML), the contribution of malignant 
cell expression of the LILRB family in disease pathogene-
sis has been most thoroughly examined in AML. Expres-
sion of each of the LILRB1-4 members and PIRB on AML 
cells have been implicated in contributing to the patho-
genesis of the disease. LILRB expression on AML cells is 
associated with a multitude of pathogenic mechanisms 
including altering proliferation and maturation of AML 
cells and also contributing inducing an immunoinhibi-
tory environment. Most simply, LILRB expression con-
tributes to AML cell proliferation, as demonstrated with 
shRNA-mediated LILRB1-4 expression inhibiting pro-
liferation of MV4-11 cell line [49]. Additionally, CLPs-
miR-103a-2-5p microRNA was demonstrated to suppress 
LILRB3 expression levels inhibiting AML growth [50]. 
LILRB3 blocking antibodies were also shown to inhibit 
proliferation of LILRB3 transduced U937 and HL-60 cells 
[21].

LILRB signaling has been shown to induce stem-like 
properties in AML. As the seven-member angiopoie-
tin-like proteins (ANGPTL) family had been previously 
shown to promote the hemopoietic repopulation ability 
of HSCs acting through LILRB2 and PIRB [51, 52], the 
effects of this signaling axis were examined in AML. In 
the premature myeloid cells of AML, PIRB contributes 
to in the MLL AF9 murine leukemia model. PIRB WT 
MLL-AF9 demonstrated an increased stem like tran-
scriptomic profile with decreased myeloid differentiation 

compared to PIRB deficient MLL-AF9 [51]. PIRB WT 
MLL-AF9 engrafted mice also demonstrated markedly 
reduced survival compared to PIRB deficient MLL-AF9 
engrafted mice, demonstrating the impact to pathogen-
esis of increased AML stemness. LILRB3 has likewise 
been associated with reduced maturation in AML cells 
[21].

The AML cell intrinsic consequences of LILRB3 have 
recently been well explored through the use of antagonist 
and agonist antibodies to the receptor as well as LILRB3 
KD/KO. LILRB3 has been shown to promote AML pro-
gression, survival, immune evasion, and maturation 
blockade [21, 53]. LILRB3 antibody agonism inhibited 
AML cell death in in  vitro, while in  vivo AML LILRB3 
expression led to increased AML engraftment and mor-
tality in immunodeficient and immunocompetent AML 
mouse models [53]. Mechanistically, LILRB3 was shown 
to act as an activating receptor, inducing NF-κB signaling 
through recruitment of TRAF2 and cFLIP, in addition to 
the canonical inhibitory activity mediated through ITIM-
SHP1/SHP2 [53]. Separately LILRB3 antagonism was 
demonstrated to promote a more mature myeloid pheno-
type acting through induction of CEBP genes, IRF genes, 
JUNB, and PU.1. LILRB3 antagonism also inhibited 
phosphorylation of AKT and mTOR signaling, important 
mediators of AML pathogenesis [54]. Notably as Akt can 
be a downstream target of NF-κB [55], a unified signal-
ing regime incorporating both described mechanisms 
is likely. As identifying the natural ligand of LILRB3 has 
been elusive, antibody ligation of LILRB3 has been used 
to explore the biology of this receptor. Recently galec-
tin4/7 has been identified as a potential ligand and there-
fore more biologically relevant models can be utilized 
[56].

In addition to induction of an aggressive AML disease 
state, LILRB signaling in AML contributes to an immu-
nosuppressed and AML permissive microenvironment. 
LILRB3 signaling in AML cells inhibits T-cell activity, 
with LILRB3 agonism of AML cells inhibiting subsequent 
cytolysis by cocultured T-cells [56]. LILRB3 antibody 
agonism of AML cells promoted the expression of immu-
noinhibitory markers including IL10 and CD163 [21].The 
pro-survival benefit of anti-LILRB3 antibodies observed 
in humanized mice was of CD8 T-cells abolished the pro-
survival effects of anti-LILRB3 antibodies significantly 
but not completely abrogated with CD8 depletion, high-
lighting the crucial contribution immune inhibition plays 
in LILRB3 mediated pathogenesis [53].

Similar inhibition of T-cell responses has been 
observed in AML [57, 58]. LILRB4 + AML cells sup-
pressed T-cell proliferation compared with LILRB4- 
AML cells from the same patient [57]. In T-cell 
coculture experiments, LILRB4 KO in AML cell lines 
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increased in  vitro cytotoxicity, which was restored 
with reintroduction of full length LILRB4 [57]. Fur-
ther work examining the role of each ITIM in LILRB4 
revealed that only 2/3 ITIMs (Y412/Y442) were essen-
tial T-cell inhibition whereas Y360 was not [58]. Nota-
bly, in the same system LILRB1 KO was not associated 
with decreased T-cell proliferation.

LILRB4 expression increases transendothelial migra-
tion of AML cell lines [57]. NSG mice transplanted 
with LILRB4 KO THP-1 cells demonstrated increased 
infiltration of solid organs including liver, spleen, 
and BM. Increased migration in  vitro, and increased 
organ involvement in  vivo due to LILRB4 expres-
sion were recapitulated with syngeneic C1498 cells in 
immunocompetent mice. The authors implicate the 
LILRB4–SHP-2–NFκB–uPAR–ARG1 axis in medi-
ating increased migration and T-cell suppression in 
AML. ARG1 is an important mediator in myeloid cell 
mediated immune inhibition in AML [59, 60], in this 
model the malignant myeloid cells of AML can further 
contribute to MDSC-like immune-inhibition. Interest-
ingly however, unlike inhibition of T-cell activity, all 
three ITIMs of LILRB4 were found to contribute to 
increased leukemia cell infiltration [58]. One potential 
upstream regulator of LILRB4 expression is protein 
arginine methyltransferases 5 (PRMT5). Knockdown 
of PRMT5 has been shown to decrease AML cellu-
lar adhesion and migration, acting at least partially 
through the downregulation of LILRB4 [61]. Interest-
ingly, knockdown of PRMT5, and therefore inhibition 
of LILRB4 signaling, decreased the phosphorylation 
of AKT and mTOR, pathways similarly affected by 
LILRB3 antagonism.

Corresponding to this mechanistic data, AML 
patient sample transcriptomics support a role of LILRB 
in the production of an immunoinhibitory microenvi-
ronment [20, 62]. LILRB1-4 expression is correlated 
with other markers of immune-inhibition including 
CD300, Tim-3 VISTA and CD86 [62]. Furthermore, 
LILRB1-4 expression was inversely correlated with 
infiltrating immune cells [63]. Thus, LILRB expression 
in AML promotes a protumor microenvironment in 
AML.

In the myeloproliferative neoplasm (MPN) poly-
cythemia vera (PV), it has been shown that HLA-G 
inhibits the formation of PV patient derived erythro-
poietin-independent erythroid colonies and decreased 
the proliferation of UT7/EPO and HEL cell lines [64]. 
The authors did not detect either LILRB1 or LILRB2 
on the surface of UT7/EPO or HEL cell lines, leading 
them to conclude HLA-G acts on another uncharac-
terized receptor.

Lymphoid malignancies
Expression of one or more LILRB member has been 
noted on a variety of lymphoid neoplasms including both 
B-cell, T-cell, and NK-cell malignancies [8, 33, 65, 66]. 
Notably, the CD85 molecule, was originally defined Fifth 
Workshop on Leucocyte Antigens in 1993 by VMP55 and 
GHI/75 antibody binding discovered through immuniza-
tion of mice with glycoprotein enriched lysate of hairy 
cell leukemia [8, 67]. Later these antibodies were discov-
ered to be specific for ILT2 (LILRB1). Since, the role of 
LILRBs malignancies has been greatly expanded, how-
ever LILRB1 remains the most widely elucidated in this 
context.

In B-cell malignancies, LILRB1 may play an important 
role in controlling the proliferation and progression of 
neoplasm. The LILRB1 ligand HLA-G inhibits the pro-
liferation of B-cell lymphoma, MM, and pre-B-cell leu-
kemia cell lines. Neoplastic B-cell growth is impaired 
by HLA-G/ILT2 interaction [68]. In the Raji B-cell lym-
phoma cell line, HLA-G inhibited proliferation through 
induction of G0/G1 cell-cycle arrest and inhibition of 
the PKC and AKT/mTOR pathways. Importantly this 
HLA-G mediated proliferation inhibition was partially 
abrogated through LILRB1 siRNA knockdown and anti-
body blockade, implicating LILRB1 as an important 
negative regulator of neoplastic B-cell growth. Similarly, 
LILRB4 has been shown to inhibit BCR-induced AKT 
activation, inhibiting the progression of CLL [13].

Lozano et  al. strongly implicate LILRB1 in multi-
ple pathogenic mechanisms in MM [69]. The authors 
observed that LILRB1 and the LILRB1 ligand s100a9 
mRNA expression was decreased in MM, and the MM 
precursor MGUS, compared to plasma cells derived from 
healthy donors. Furthermore, in CD138 + plasma cells, a 
decrease in both mRNA and surface protein expression 
of LILRB1, LILRB2 and LILRB3 was decreased in mye-
loma vs MGUS. In addition to these observational data, 
overexpression of LILRB1 in myeloma cell lines induced 
downregulation 13 out of 116 genes whose products are 
involved in the pathogenesis and progression of MM. 
Furthermore, forced LILRB1 overexpression in MM 
increased cord blood derived NK-cell (cb-NK) and T-cell 
mediated cytotoxicity. Together, these results implicate 
loss of LILRB1 expression as a mediator of disease pro-
gression, upregulating MM associated genes, and reduc-
ing the susceptibility of MM cells to immune cytolysis.

T-cell malignancies have been documented to express 
HLA-G and LILRB1, including in primary cutaneous 
CD8 + and CD56 + T-cell lymphomas and peripheral cir-
culating Sézary cells [65, 70]. In a cell line derived from a 
cutaneous T-cell lymphoma (CTCL), LILRB1 was found 
to constitutively associate with SHP-1 phosphatase [70], 
a negative regulator of TCR signaling [71]. TCR signaling 



Page 8 of 12Hodges et al. Biomarker Research          (2024) 12:159 

components are mutated in 84% of Sezary syndrome 
samples and TCR signaling is widely considered onco-
genic in these cells [72]. Interestingly, LILRB1 expressing 
cells from 1 Sezary Syndrome patient were less suscepti-
ble to CD3/TCR-dependent activation-induced cell death 
[52], an anti-oncogenic role of TCR also noted in adult 
T-cell lymphoma patients [72]. Thus, LILRB1 may inhibit 
the proliferation of CTCL but induce resistance to activa-
tion-induced cell death.

Interestingly, soluble and/or surface bound LILRB4 
may also play as a ligand, with inverse implications in 
T-cell lymphoma and healthy T-cell mediated immune 
response. Soluble LILRB4 has been noted in the superna-
tant of MM-BM cocultured cells [41], as well as multiple 
solid tumor malignancies [73]. The use of exogenously 
delivered soluble LILRB4-Fc fusion protein has been 
shown to inhibit T-cell leukemia growth and decrease 
leukemic burden in  vivo [63]. LILRB4-Fc fusion protein 
was shown to bind CD166/activated leukocyte cell adhe-
sion molecule (ALCAM) present on activated T-cells and 
inhibit malignant cell proliferation through the p70S6K 
signaling pathway [63]. Somewhat similarly, LILRB4-Fc 
fusion protein has been shown to inhibit T-cell responses 
and decrease the T-cell immune response through 
induced anergy [74]. A similar T-cell suppression effect 
of LILRB4 was observed in LILRB4 expressing MM cells, 
where KO of LILRB4 on MM cell lines promoted T-cell 
proliferation [15].

Lymphoid neoplasms display the contradictory actions 
that can be induced through LILRB modulation. As 
malignant cells of immune origin share many similar 
pathways as their nonmalignant counterparts, agents 
promoting inhibition of tumor growth, may also inhibit 
anti-tumor immune response. In addition to the case of 
soluble LILRB4 in T-cell malignancies/T-cell mediated 
immunity, the HLA-G/LILRB1 axis in B-cell malignan-
cies well illustrates this phenomenon. Whereas HLA-G 
has been shown to impair the growth of neoplastic 
B-cells acting through LILRB1 [68], LILRB1 blockade 
increases NK-cell cytolysis and macrophage phagocytosis 
of B-cell malignancies [9, 29–31, 39]. Therefore, careful 
applications of LILRB directed therapies are warranted, 
after consideration of both potential pro and anti-tumor 
effects, in order to find the most suitable patient subsets 
for these therapies.

Direct tumor targeting of LILRB family proteins 
in hematologic malignancies
Many characteristics of the LILRB family make them 
favorable targets for antibody and cellular therapies. The 
tissue restricted pattern of LILRBs lends limited on-tar-
get, off-tumor side effects of LILRB targeted agents. The 
inducible nature of LILRBs in hematologic malignancies 
allows for the design of many combinatorial therapeutic 
strategies. LILRB1 is preferentially induced by lenalido-
mide in leukemic B-cells compared with healthy B-cell 
controls [32]. LILRB3 has been shown to be induced 
by IFNy, polyIC, and cytarabine in AML cell lines and 
patient samples [21], while hypomethylating agents and 
fat mass and obesity-associated protein (FTO) induced 
LILRB4 expression in AML cells [19, 24]. LILRBs rep-
resent attractive therapeutic targets for both single and 
multi-agent strategies with many currently in the devel-
opmental pipeline.

Monoclonal antibody and effector T-cell therapies are 
currently in preclinical and/or clinical trials. Here we will 
highlight multiple therapeutic agents currently in devel-
opment which directly target tumor LILRB expression. Of 
note multiple clinical trials examining the use of LILRB 
blocking antibodies as immune checkpoint therapies 
are ongoing (LILRB1: NCT04913337, NCT04717375; 
LILRB2: NCT03564691, NCT04669899, NCT05054348, 
NCT03564691; LILRB1/2:NCT04913337), however none 
are enrolling patients with hematologic malignancies. 
LILRB directed therapies for hematologic malignancies 
are listed in Tables 1 and 2.

LILRB specific monoclonal antibody‑based therapies
Multiple anti-LILRB4 antibody-based therapies are in the 
development pipeline for AML. Antibody blockade was 
originally noted to inhibit T-cell suppression and increase 
AML migration secondary to AML LILRB4 expres-
sion described above [57]. Anti-LILRB4 mAb treated 
mice had decreased tumor burden and increased sur-
vival compared with IgG, demonstrated in both immu-
nocompetent and humanized PDX mouse models [75]. 
Humanized LILRB4 antibody h128-3 has been shown 
promote LILRB4 internalization and subsequent degra-
dation through multiple mechanisms which contribute to 
increased functional antagonism of the receptor, however 
may also contribute to target antigen loss in the AML cell 

Table 1 LILRB specific monoclonal antibodies in clinical trial for use in hematologic malignancies

Therapeutic Agent Target Disease Trial Phase Trial number

IO-202 LILRB4 r/r AML, r/r CMML Phase 1, recruiting NCT04372433

MK-0482 LILRB4 r/r myelomonocytic or monoblastic/mono‑
cytic AML, r/r CMML

Phase 1b, terminated NCT05038800
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[76]. Notably, two peptide inhibitors of LILRB4 have also 
been produced to mimic the LILRB4-h128-3 interaction 
[77]; the smaller size and/or PK parameters of peptide 
inhibitors may afford for unique future LILRB4 directed 
therapies.

Currently two anti-LILRB4 mAb are in clinical trial for 
AML, IO-202 a humanized IgG1 monoclonal antibody 
and MK-0482 a humanized IgG4 mAb (Table 1). Prelimi-
nary results from NCT04372433 enrolling 46 patients 
utilizing IO-202 as monotherapy and in combination 
with azacytidine, report IO-202 demonstrated encour-
aging safety and efficacy results including 1 ongoing CR 
in an LILRB4 high expressing AML patient undergoing 
combination therapy [78].

In addition to traditional monoclonal antibodies, an 
antibody drug conjugate (ADC) [79] and a bispecific 
T-cell engager (BiTE) [80] targeting LILRB4 have been 
developed. LILRB4 monoclonal antibodies derived from 
h128-3 with monomethyl auristatin F (MMAF) pay-
loads were produced with varying drug-antibody ratio 
(DAR). Such ADCs demonstrated increased in  vitro 
AML cell line killing as well as increased survival in a 
THP1 xenograft mouse model. Another non-traditional 
antibody therapeutic NGM936, a BiTE bispecific for CD3 
x LILRB4, has been reported for the treatment of AML 
in a published abstract [80]. Authors report NGM936 
induced T-cell mediated cytotoxicity of AML cell lines 
and patient derived AML cells and decreased circulat-
ing leukemic burden in vivo in a humanized AML PDX 
mouse model. NGM936 has also demonstrated preclini-
cal efficacy in MM and demonstrated induced activation 
of healthy donor T-cells cocultured with post-BCMA 
CAR T relapsed patient myeloma cells.

As with other immune checkpoint monoclonal anti-
body therapies [81], LILRB4 blocking antibodies treat-
ment have been associated with at least one case of an 
immune related adverse event (IRAE) in an AML patient. 
A 48-year-old woman with therapy related MDS and sub-
sequent AML transformation 180  days post-allogeneic 
hematopoietic cell transplantation developed myocar-
ditis twelve-days following one dose of 75 mg MK-0482 
[82]. Similarly, myositis was observed in 2 patients in a 
receiving MK-0482 in combination with pembrolizumab 
in a solid tumor clinical trial cohort [83]. The preliminary 

report for IO-202 for r/r AML/CMML reported treat-
ment-related adverse events including gastrointestinal 
symptoms, headache, chills, and infusion related reac-
tions [78]. All of these adverse events were from the 
monotherapy group, and none were reported in the IO-
202-azacytidine combination group. These data highlight 
the need for continued evaluation of the safety profile of 
anti-LILRB4 monoclonal antibodies.

Currently clinical trials of LILRB directed therapies 
are limited to LILRB4 (Table 1). However, observational 
and preclinical data suggest LILRB3 may have therapeu-
tic potential in AML [3, 21, 53, 66]. In a cohort of 108 
patients receiving HSCT, 5.4% of patients developed 
LILRB3 reactive antibodies, which are not found in 
healthy patients [66]. These anti-LILRB3 antibodies were 
demonstrated to arise from mismatches in the polymor-
phisms of LILRB3 between HSCT donor and recipient. 
These results demonstrate that anti-LILRB3 antibod-
ies may be an important mediator of GVL effects, and 
therefore a potential target for exogenously administered 
antibodies. In addition to induction of immune medi-
ated effects, multiple groups have demonstrated preclini-
cal use of LILRB3 blocking antibodies to inhibit AML 
proliferation and progression [21, 53]. LILRB3 blockade 
decreased the AML disease burden of LILRB3 express-
ing MLL-AF9 leukemia in immunocompetent mice and 
an AML PDX in humanized mice [53]. Notably, LILRB3 
blockade has been shown to reduce the T-cell inhibition 
of MDSCs in solid tumor models [56]. LILRB3 monoclo-
nal antibody-based therapeutics are of interest preclini-
cally and warrant further investigation.

LILRB specific effector T‑cell based therapies
The first demonstration of LILRB CAR T was described 
by John et al. in 2018 [84]. Consistent with other results 
LILRB4 was shown to be highly expressed on FAB M5 
subtype, with limited expression in normal tissues 
or HSCs. LILRB4 specific CAR T-cells demonstrated 
in  vitro cytotoxicity against AML and LILRB4 mono-
cytes. In  vivo efficacy has been exemplified in MV4-11 
AML xenograft and KMT2Ar mutated ALL/AML lineage 
switch models, showing decreased leukemic burden and 
prolonged survival [85]. Subsequently, the development 
of LILRB4 specific nanobody-based Synthetic T-Cell 

Table 2 LILRB specific effector T‑cells in clinical trial for use in hematologic malignancies

Therapeutic Agent Target Disease Trial Phase Trial number

anti‑ILT3 CAR‑T LILRB4 r/r AML(M4/ M5) Phase I, recruiting NCT04803929

anti‑ILT3 STAR‑T LILRB4 r/r AML, (LILRB4 + BM) Phase I, completed NCT05518357

anti‑ILT3 STAR‑T LILRB4 r/r AML (LILRB4 + BM) Phase I, not yet recruiting NCT05548088

anti‑ILT3 STAR‑T LILRB4 r/r AML, r/r CMML (LILRB4 + BM) Phase I, not yet recruiting NCT05739409
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Receptor and Antigen Receptor-T (STAR-T) cells have 
demonstrated cytotoxic activity against LILRB4 + AML 
cell lines in vitro and corresponding anti-leukemic activ-
ity in  vivo [86]. Clinical trials of LILRB4 specific CAR 
T-cells and STAR T-cells are ongoing (Table 2).

Like monoclonal antibodies, only LILRB4 directed 
effector T-cells are currently under clinical trial, how-
ever LILRB3 directed CAR T-cells are in preclini-
cal development for AML [21]. LILRB3 CAR T-cells 
decreased leukemic burden and increased survival in an 
LILRB3 + MV411 xenograft model, and decreased BM 
leukemic burden in an autologous CAR T PDX model. 
Moreover, although yet to be demonstrated, LILRB2 has 
been identified as potential CAR T target and LILRB2 
was expressed by approximately 76% of cells in most 
AML patient specimens. LILRB2 complementary target 
LILRB2 + CLEC12 stained on average 93% of AML cells 
while staining < 5% of normal HSCs and T-cells [87].

Conclusions and future directions
The LILRB family have many important prognostic, 
mechanistic, and therapeutic implications in hemato-
logic malignancies. Although much has been reported in 
the past 25  years, much work remains to be completed 
in order to characterize these receptors contribution 
more completely. One critical gap in mechanistic under-
standing remains examining exactly which contexts the 
inhibitive signaling of the LILRB family controls neo-
plastic proliferation, and where conversely the LILRB 
family contributes to pathogenesis. Additionally, LILRB5 
remains woefully unexplored. Currently, high quality 
commercially available anti-LILRB5 antibodies are not 
available, a hurdle which must be overcome to increase 
knowledge of this receptor. Although knowledge gaps 
remain, therapeutically LILRB family members are highly 
promising with preclinical development of therapeutic 
monoclonal antibodies and effector T-cells. Unfortu-
nately, LILRB4 is the only target currently undergoing 
clinical trial in hematologic malignancies. Further exami-
nation of the other LILRB members and the development 
of clinical products targeting them remains a vital topic 
for further work.

Acknowledgements
Not applicable.

Authors’ contributions
A.H and R.D wrote the main manuscript text and prepared figures. A.H, R.D, 
S.H.C and P.Y.P reviewed the manuscript.

Funding
This work was supported by Emily Herman endowed chair funds and Houston 
Methodist Research Institute start‑up funds to S.H.C. and Houston Methodist 
Research Institute Innovative Research Award and start‑up funds to P.Y.P.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
S.H.C reports anti‑LILRB2 (20220056128) and anti‑LILRB3 (11787858) antibody 
patents.

Received: 19 August 2024   Accepted: 3 December 2024

References
 1. Redondo‑Garcia S, Barritt C, Papagregoriou C, Yeboah M, Frendeus B, 

Cragg MS, et al. Human leukocyte immunoglobulin‑like receptors in 
health and disease. Front Immunol. 2023;14:1282874.

 2. Abdallah F, Coindre S, Gardet M, Meurisse F, Naji A, Suganuma N, et al. 
Leukocyte immunoglobulin‑like receptors in regulating the immune 
response in infectious diseases: a window of opportunity to patho‑
gen persistence and a sound target in therapeutics. Front immunol. 
2021;12:717998.

 3. Deng M, Chen H, Liu X, Huang R, He Y, Yoo B, et al. Leukocyte immuno‑
globulin‑like receptor subfamily B: therapeutic targets in cancer. Antib 
Ther. 2021;4(1):16–33.

 4. Zhang CC. A perspective on LILRBs and LAIR1 as immune check‑
point targets for cancer treatment. Biochem Biophys Res Commun. 
2022;633:64–7.

 5. De Louche CD, Roghanian A. Human inhibitory leukocyte Ig‑like recep‑
tors: from immunotolerance to immunotherapy. JCI Insight. 2022;7(2): 
e151553.

 6. Zeller T, Munnich IA, Windisch R, Hilger P, Schewe DM, Humpe A, et al. 
Perspectives of targeting LILRB1 in innate and adaptive immune check‑
point therapy of cancer. Front Immunol. 2023;14:1240275.

 7. van der Touw W, Chen HM, Pan PY, Chen SH. LILRB receptor‑mediated 
regulation of myeloid cell maturation and function. Cancer Immunol 
Immunother. 2017;66(8):1079–87.

 8. Pulford K, Micklem K, Thomas J, Jones M, Mason DY. A 72‑kD B cell‑associ‑
ated surface glycoprotein expressed at high levels in hairy cell leukaemia 
and plasma cell neoplasms. Clin Exp Immunol. 1991;85(3):429–35.

 9. Colonna M, Navarro F, Bellon T, Llano M, Garcia P, Samaridis J, et al. A 
common inhibitory receptor for major histocompatibility complex class 
I molecules on human lymphoid and myelomonocytic cells. J Exp Med. 
1997;186(11):1809–18.

 10. Cosman D, Fanger N, Borges L, Kubin M, Chin W, Peterson L, et al. A novel 
immunoglobulin superfamily receptor for cellular and viral MHC class I 
molecules. Immunity. 1997;7(2):273–82.

 11. Saumell Tutusaus S, Pirruccello E, Fuda F, Churchill H, Chen D, Zhang CC, 
et al. LILRB1: a novel diagnostic B‑cell marker to distinguish neoplastic B 
lymphoblasts from hematogones. Am J Clin Pathol. 2021;156(6):941–9.

 12. 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.

 13. 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.

 14. Binet JL, Auquier A, Dighiero G, Chastang C, Piguet H, Goasguen J, et al. 
A new prognostic classification of chronic lymphocytic leukemia derived 
from a multivariate survival analysis. Cancer. 1981;48(1):198–206.

 15. 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 Rep Med. 2023;4(7):101110.

 16. Atfy M, Ebian HF, Elhefni AM, Atteia HH. The usefulness of immuno‑
globulin‑like transcript‑3 receptor expression in the diagnosis of acute 



Page 11 of 12Hodges et al. Biomarker Research          (2024) 12:159  

myeloid leukemia with monocytic differentiation. Egypt J Haematol. 
2014;39(3):122–7.

 17. 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.

 18. 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.

 19. Chien KS, Class CA, Montalban‑Bravo G, Wei Y, Sasaki K, Naqvi K, et al. 
LILRB4 expression in chronic myelomonocytic leukemia and myelodys‑
plastic syndrome based on response to hypomethylating agents. Leuk 
Lymphoma. 2020;61(6):1493–9.

 20. Xu ZJ, Zhang XL, Jin Y, Wang SS, Gu Y, Ma JC, et al. Pan‑cancer analysis 
reveals distinct clinical, genomic, and immunological features of the 
LILRB immune checkpoint family in acute myeloid leukemia. Mol Ther 
Oncolytics. 2022;26:88–104.

 21. Mai S, Hodges A, Chen H‑M, Zhang J, Wang Y‑L, Liu Y, et al. LILRB3 modu‑
lates acute myeloid leukemia progression and acts as an effective target 
for CAR T‑cell therapy. Cancer Res. 2023;83(24):4047–62.

 22. Bergstrom CP, Dahiya S, Chen W, Zhang CC, Zhu H, Yan J, et al. The asso‑
ciation of leukocyte immunoglobulin‑like receptor subfamily B‑4 expres‑
sion in acute myeloid leukemia and central nervous system involvement. 
Leuk Res. 2021;100: 106480.

 23. Cheng CL, Li CC, Hou HA, Fang WQ, Chang CH, Lin CT, et al. Risk factors 
and clinical outcomes of acute myeloid leukaemia with central nervous 
system involvement in adults. BMC Cancer. 2015;15:344.

 24. Su R, Dong L, Li Y, Gao M, Han L, Wunderlich M, et al. Targeting FTO sup‑
presses cancer stem cell maintenance and immune evasion. Cancer Cell. 
2020;38(1):79–96 e11.

 25. Gomez‑Llobell M, Peleteiro Raindo A, Climent Medina J, Gomez Centu‑
rion I, Mosquera OA. Immune checkpoint inhibitors in acute myeloid 
leukemia: a meta‑analysis. Front Oncol. 2022;12:882531.

 26. Coston T, Pophali P, Vallapureddy R, Lasho TL, Finke CM, Ketterling RP, et al. 
Suboptimal response rates to hypomethylating agent therapy in chronic 
myelomonocytic leukemia; a single institutional study of 121 patients. 
Am J Hematol. 2019;94(7):767–79.

 27. Vandsemb EN, Kim TK, Zeidan AM. Will deeper characterization of 
the landscape of immune checkpoint molecules in acute myeloid 
leukemia bone marrow lead to improved therapeutic targeting? Cancer. 
2019;125(9):1410–3.

 28. Daver N, Boddu P, Garcia‑Manero G, Yadav SS, Sharma P, Allison J, et al. 
Hypomethylating agents in combination with immune checkpoint 
inhibitors in acute myeloid leukemia and myelodysplastic syndromes. 
Leukemia. 2018;32(5):1094–105.

 29. Chen H, Chen Y, Deng M, John S, Gui X, Kansagra A, et al. Antagonistic 
anti‑LILRB1 monoclonal antibody regulates antitumor functions of natu‑
ral killer cells. J Immunother Cancer. 2020;8(2):e000515.

 30. Yang L, Feng Y, Wang S, Jiang S, Tao L, Li J, et al. Siglec‑7 is an indicator of 
natural killer cell function in acute myeloid leukemia. Int Immunophar‑
macol. 2021;99:107965.

 31. Godal R, Bachanova V, Gleason M, McCullar V, Yun GH, Cooley S, et al. 
Natural killer cell killing of acute myelogenous leukemia and acute 
lymphoblastic leukemia blasts by killer cell immunoglobulin‑like 
receptor‑negative natural killer cells after NKG2A and LIR‑1 blockade. Biol 
Blood Marrow Transplant. 2010;16(5):612–21.

 32. Villa‑Alvarez M, Sordo‑Bahamonde C, Lorenzo‑Herrero S, Gonzalez‑
Rodriguez AP, Payer AR, Gonzalez‑Garcia E, et al. Ig‑Like Transcript 2 (ILT2) 
blockade and lenalidomide restore NK cell function in chronic lympho‑
cytic leukemia. Front Immunol. 2018;9:2917.

 33. Heidenreich S, Zu Eulenburg C, Hildebrandt Y, Stubig T, Sierich H, 
Badbaran A, et al. Impact of the NK cell receptor LIR‑1 (ILT‑2/CD85j/
LILRB1) on cytotoxicity against multiple myeloma. Clin Dev Immunol. 
2012;2012:652130.

 34. Trichet V, Benezech C, Dousset C, Gesnel MC, Bonneville M, Breathnach 
R. Complex interplay of activating and inhibitory signals received by 
Vgamma9Vdelta2 T cells revealed by target cell beta2‑microglobulin 
knockdown. J Immunol. 2006;177(9):6129–36.

 35. Giannotta C, Autino F, Massaia M. Vgamma9Vdelta2 T‑cell immu‑
notherapy in blood cancers: ready for prime time? Front Immunol. 
2023;14:1167443.

 36. Zumwalde NA, Sharma A, Xu X, Ma S, Schneider CL, Romero‑Masters JC, 
et al. Adoptively transferred Vgamma9Vdelta2 T cells show potent anti‑
tumor effects in a preclinical B cell lymphomagenesis model. JCI Insight. 
2017;2(13): e93179.

 37. Abe Y, Muto M, Nieda M, Nakagawa Y, Nicol A, Kaneko T, et al. Clinical 
and immunological evaluation of zoledronate‑activated Vgamma9g‑
ammadelta T‑cell‑based immunotherapy for patients with multiple 
myeloma. Exp Hematol. 2009;37(8):956–68.

 38. Harly C, Peyrat MA, Netzer S, Dechanet‑Merville J, Bonneville M, Scotet 
E. Up‑regulation of cytolytic functions of human Vdelta2‑gamma T lym‑
phocytes through engagement of ILT2 expressed by tumor target cells. 
Blood. 2011;117(10):2864–73.

 39. Barkal AA, Weiskopf K, Kao KS, Gordon SR, Rosental B, Yiu YY, et al. 
Engagement of MHC class I by the inhibitory receptor LILRB1 suppresses 
macrophages and is a target of cancer immunotherapy. Nat Immunol. 
2018;19(1):76–84.

 40. Zeller T, Lutz S, Munnich IA, Windisch R, Hilger P, Herold T, et al. Dual 
checkpoint blockade of CD47 and LILRB1 enhances CD20 antibody‑
dependent phagocytosis of lymphoma cells by macrophages. Front 
Immunol. 2022;13:929339.

 41. Bam R, Khan S, Ling W, Randal SS, Li X, Barlogie B, et al. Primary myeloma 
interaction and growth in coculture with healthy donor hematopoietic 
bone marrow. BMC Cancer. 2015;15:864.

 42. Yan WH. HLA‑G expression in hematologic malignancies. Expert Rev 
Hematol. 2010;3(1):67–80.

 43. Shiroishi M, Tsumoto K, Amano K, Shirakihara Y, Colonna M, Braud VM, 
et al. Human inhibitory receptors Ig‑like transcript 2 (ILT2) and ILT4 com‑
pete with CD8 for MHC class I binding and bind preferentially to HLA‑G. 
Proc Natl Acad Sci U S A. 2003;100(15):8856–61.

 44. Rouas‑Freiss N, Moreau P, LeMaoult J, Carosella ED. The dual role of HLA‑G 
in cancer. J Immunol Res. 2014;2014:359748.

 45. Gros F, Sebti Y, de Guibert S, Branger B, Bernard M, Fauchet R, et al. Soluble 
HLA‑G molecules increase during acute leukemia, especially in subtypes 
affecting monocytic and lymphoid lineages. Neoplasia. 2006;8(3):223–30.

 46. Nuckel H, Rebmann V, Durig J, Duhrsen U, Grosse‑Wilde H. HLA‑G expres‑
sion is associated with an unfavorable outcome and immunodeficiency 
in chronic lymphocytic leukemia. Blood. 2005;105(4):1694–8.

 47. Yeboah M, Papagregoriou C, Jones DC, Chan HTC, Hu G, McPartlan JS, 
et al. LILRB3 (ILT5) is a myeloid cell checkpoint that elicits profound 
immunomodulation. JCI Insight. 2020;5(18):e141593.

 48. Agaugue S, Carosella ED, Rouas‑Freiss N. Role of HLA‑G in tumor escape 
through expansion of myeloid‑derived suppressor cells and cytokinic 
balance in favor of Th2 versus Th1/Th17. Blood. 2011;117(26):7021–31.

 49. Kang X, Lu Z, Cui C, Deng M, Fan Y, Dong B, et al. The ITIM‑containing 
receptor LAIR1 is essential for acute myeloid leukaemia development. 
Nat Cell Biol. 2015;17(5):665–77.

 50. Cen Q, Chen J, Guo J, Chen M, Wang H, Wu S, et al. CLPs‑miR‑103a‑2‑5p 
inhibits proliferation and promotes cell apoptosis in AML cells by target‑
ing LILRB3 and Nrf2/HO‑1 axis, regulating CD8 + T cell response. J Transl 
Med. 2024;22(1):278.

 51. Zheng J, Umikawa M, Cui C, Li J, Chen X, Zhang C, et al. Inhibitory recep‑
tors bind ANGPTLs and support blood stem cells and leukaemia develop‑
ment. Nature. 2012;485(7400):656–60.

 52. Deng M, Lu Z, Zheng J, Wan X, Chen X, Hirayasu K, et al. A motif in LILRB2 
critical for Angptl2 binding and activation. Blood. 2014;124(6):924–35.

 53. Wu G, Xu Y, Schultz RD, Chen H, Xie J, Deng M, et al. LILRB3 supports 
acute myeloid leukemia development and regulates T‑cell antitumor 
immune responses through the TRAF2‑cFLIP‑NF‑kappaB signaling axis. 
Nat Cancer. 2021;2(11):1170–84.

 54. Park S, Chapuis N, Tamburini J, Bardet V, Cornillet‑Lefebvre P, Willems 
L, et al. Role of the PI3K/AKT and mTOR signaling pathways in acute 
myeloid leukemia. Haematologica. 2010;95(5):819–28.

 55. Meng F, Liu L, Chin PC, D’Mello SR. Akt is a downstream target of NF‑
kappa B. J Biol Chem. 2002;277(33):29674–80.

 56. Huang R, Liu X, Kim J, Deng H, Deng M, Gui X, et al. LILRB3 supports 
immunosuppressive activity of myeloid cells and tumor development. 
Cancer Immunol Res. 2024;12(3):350–62.

 57. 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.



Page 12 of 12Hodges et al. Biomarker Research          (2024) 12:159 

 58. Li Z, Deng M, Huang F, Jin C, Sun S, Chen H, et al. LILRB4 ITIMs mediate 
the T cell suppression and infiltration of acute myeloid leukemia cells. Cell 
Mol Immunol. 2020;17(3):272–82.

 59. Wang L, Jia B, Claxton DF, Ehmann WC, Rybka WB, Mineishi S, et al. VISTA is 
highly expressed on MDSCs and mediates an inhibition of T cell response 
in patients with AML. Oncoimmunology. 2018;7(9):e1469594.

 60. Hyun SY, Na EJ, Jang JE, Chung H, Kim SJ, Kim JS, et al. Immunosuppres‑
sive role of CD11b(+) CD33(+) HLA‑DR(‑) myeloid‑derived suppressor 
cells‑like blast subpopulation in acute myeloid leukemia. Cancer Med. 
2020;9(19):7007–17.

 61. Zhao L, Cheng B, Xiong J, Ma D, Liu X, Wang L, et al. Protein arginine 
methyltransferase 5 promotes the migration of AML cells by regulating 
the expression of Leukocyte Immunoglobulin‑Like Receptor B4. Biomed 
Res Int. 2021;2021:7329072.

 62. Xu ZJ, Jin Y, Zhang XL, Xia PH, Wen XM, Ma JC, et al. Pan‑cancer analysis 
identifies CD300 molecules as potential immune regulators and 
promising therapeutic targets in acute myeloid leukemia. Cancer Med. 
2023;12(1):789–807.

 63. 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.

 64. Menier C, Guillard C, Cassinat B, Carosella ED, Rouas‑Freiss N. HLA‑G turns 
off erythropoietin receptor signaling through JAK2 and JAK2 V617F 
dephosphorylation: clinical relevance in polycythemia vera. Leukemia. 
2008;22(3):578–84.

 65. Urosevic M, Kamarashev J, Burg G, Dummer R. Primary cutaneous CD8+ 
and CD56+ T‑cell lymphomas express HLA‑G and killer‑cell inhibitory 
ligand, ILT2. Blood. 2004;103(5):1796–8.

 66. Pfistershammer K, Lawitschka A, Klauser C, Leitner J, Weigl R, Heemskerk 
MH, et al. Allogeneic disparities in immunoglobulin‑like transcript 5 
induce potent antibody responses in hematopoietic stem cell transplant 
recipients. Blood. 2009;114(11):2323–32.

 67. Banham AH, Colonna M, Cella M, Micklem KJ, Pulford K, Willis AC, 
et al. Identification of the CD85 antigen as ILT2, an inhibitory MHC 
class I receptor of the immunoglobulin superfamily. J Leukoc Biol. 
1999;65(6):841–5.

 68. Naji A, Menier C, Maki G, Carosella ED, Rouas‑Freiss N. Neoplastic 
B‑cell growth is impaired by HLA‑G/ILT2 interaction. Leukemia. 
2012;26(8):1889–92.

 69. Lozano E, Diaz T, Mena MP, Sune G, Calvo X, Calderon M, et al. Loss 
of the immune checkpoint CD85j/LILRB1 on malignant plasma cells 
contributes to immune escape in multiple myeloma. J Immunol. 
2018;200(8):2581–91.

 70. Nikolova M, Musette P, Bagot M, Boumsell L, Bensussan A. Engagement 
of ILT2/CD85j in Sezary syndrome cells inhibits their CD3/TCR signaling. 
Blood. 2002;100(3):1019–25.

 71. Lorenz U. SHP‑1 and SHP‑2 in T cells: two phosphatases functioning at 
many levels. Immunol Rev. 2009;228(1):342–59.

 72. Shah K, Al‑Haidari A, Sun J, Kazi JU. T cell receptor (TCR) signaling in 
health and disease. Signal Transduct Target Ther. 2021;6(1):412.

 73. Suciu‑Foca N, Feirt N, Zhang QY, Vlad G, Liu Z, Lin H, et al. Soluble Ig‑like 
transcript 3 inhibits tumor allograft rejection in humanized SCID mice 
and T cell responses in cancer patients. J Immunol. 2007;178(11):7432–41.

 74. 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.

 75. 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.

 76. Morse JW, Gui X, Deng M, Huang R, Ye X, Zhao P, et al. Fc gamma recep‑
tors promote antibody‑induced LILRB4 internalization and immune 
regulation of monocytic AML. Antib Ther. 2023;7(1):13–27.

 77. Chao Y, Zhang L. Biomimetic design of inhibitors of immune checkpoint 
LILRB4. Biophys Chem. 2022;282:106746.

 78. Dinardo C, Pollyea D, Aribi A, Jonas B, Jeyakumar D, Roboz G, et al. 
P536: A first‑in‑human phase 1 study of IO‑202 (anti‑LILRB4 mAb) in 
Acute Myeloid Leukemia (AML) with monocytic differentiation and 
Chronic Myelomonocytic Leukemia (CMML) patients. HemaSphere. 
2023;7(S3):e605335a.

 79. 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.

 80. Lin VY, Iyer A, Akama K, Cheng R, Yang H, Aguayo J, et al. Preclinical char‑
acterization of NGM936, a novel bispecific T cell engager targeting ILT3 
for the treatment of acute myeloid leukemia with monocytic differentia‑
tion. Blood. 2022;140(Supplement 1):9063–4.

 81. Ramos‑Casals M, Brahmer JR, Callahan MK, Flores‑Chavez A, Keegan N, 
Khamashta MA, et al. Immune‑related adverse events of checkpoint 
inhibitors. Nat Rev Dis Primers. 2020;6(1):38.

 82. Itzhaki Ben Zadok O, Shiyovich A, Hamdan A, Yeshurun M, Nardi Agmon 
I, Raanani P, et al. Anti‑immunoglobulin‑like transcript 3 induced acute 
myocarditis‑A case report. Front Cardiovasc Med. 2022;9:1035569.

 83. Gutierrez M, Spreafico A, Wang D, Golan T, Renouf D, Voskoboynik M, et al. 
Phase 1 first‑in‑human study of anti–ILT3 mAb MK‑0482 as monotherapy 
and in combination with pembrolizumab in advanced solid tumors: dose 
escalation results. J Clin Oncol. 2022;40(16_suppl):2505‑.

 84. 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.

 85. Smith C, Huang R, Xie J, Liu X, He Y, Ludwig K, et al. LILRB4 is a novel tar‑
get for KMT2A rearranged acute leukemia. Blood. 2022;140(Supplement 
1):7423–4.

 86. Rui W, Lei L, Zhang Z, Wu C, Xia Y, Liu Y, et al. Abstract A13: development 
of LILRB4 biparatopic synthetic T‑cell receptor and antigen receptor 
(STAR)‑T cells for the treatment of acute myeloid leukemia (AML). Blood 
Cancer Discov. 2023;4(3_Supplement):A13‑A.

 87. Perna F, Berman SH, Soni RK, Mansilla‑Soto J, Eyquem J, Hamieh M, et al. 
Integrating proteomics and transcriptomics for systematic combinatorial 
chimeric antigen receptor therapy of AML. Cancer Cell. 2017;32(4):506–19 
e5.

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


	The LILRB family in hematologic malignancies: prognostic associations, mechanistic considerations, and therapeutic implications
	Abstract 
	Background
	LILRB family expression as diagnostic and prognostic biomarkers in hematologic malignancies
	B-cell malignancies
	Myeloid malignancies

	Role of the LILRB family in the immune microenvironment of hematologic malignancies
	T and NK cell populations
	Myeloid populations
	Ligand dysregulation
	The PIRB axis and murine tumor engraftment

	Neoplasm intrinsic expression of the LILRB family in the pathogenesis of hematologic malignancies
	Myeloid malignancies
	Lymphoid malignancies

	Direct tumor targeting of LILRB family proteins in hematologic malignancies
	LILRB specific monoclonal antibody-based therapies
	LILRB specific effector T-cell based therapies

	Conclusions and future directions
	Acknowledgements
	References


