Human Inhibitory Leukocyte Ig-Like Receptors (LILRBs): From Immunotolerance to Immunotherapy.
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Abstract
In recent decades, immunotherapeutic strategies have been used to treat a wide range of pathologies, many of which were previously incurable, such as cancer and autoimmune disorders. Despite this unprecedented success, a considerable number of patients fail to respond to currently approved immunotherapies or develop resistance over time. Therefore, there is an urgent need to develop the next generation of immune-targeted therapies. Various members of the Ig superfamily play essential roles in regulating leukocyte functions. One such group are the leukocyte Ig-like receptors (LILRs), which have been implicated in both innate and adaptive immune regulation. Human inhibitory LILRs (LILRBs) are primarily expressed on leukocytes and mediate their signaling through multiple cytoplasmic immunoreceptor tyrosine-based inhibitory motifs (ITIMs). Engagement of LILRBs by endogenous and pathogenic ligands can markedly suppress immune responses, leading to tolerance or immunoevasion, whereas blocking these inhibitory receptors can potentiate immune responses. In this review, we discuss the immunoregulatory functions and potential of targeting human LILRBs to manipulate immune responses in various pathologies.














Introduction
Immunotherapy regimens target and modulate the immune system to treat a pathology (1, 2). By harnessing the power of the body’s own immune system, various approved immunotherapeutic approaches either upregulate or downregulate the immune response to achieve beneficial outcomes (2). Alongside widespread publicized success with use in cancer therapies, the value of targeted immunotherapies may also extend to infection (3), autoimmunity (4), and transplantation (5). Strategies that abrogate the immune response in autoimmune disorders and transplant recipients to inhibit overt immune activity, as opposed to attempts to amplify the immune response seen in malignancy and infection, may augment therapeutic outcomes (2, 3). Various treatments, including monoclonal antibodies (mAbs), chimeric antigen receptor (CAR) T cell therapies, vaccines, and immune checkpoint blockades have been developed as immunotherapy modalities (6). Despite rapid uptake and unprecedented success of immunotherapy, many patients still fail to respond to treatment and fall victim to complex mechanisms of immune resistance or hypersensitivity (7). Thus, the development of the next generation of effective immune-targeted therapies that can provide stratified treatments and improve patient quality of life are required (7).

Ig superfamily members act as key regulators of leukocyte function (8). Leukocyte Ig-like receptors (LILR, LIR, ILT, CD85) are a family of 11 immunoregulatory receptors, encoded on chromosome 19 within the extended leukocyte receptor complex, that comprise two classes: activating LILRs (LILRA1-6) and inhibitory LILRs (LILRB1-5) (9, 10). LILRs were first identified in 1997 (11, 12) and were shown to share homology to the human killer cell inhibitory receptor (KIR) family, with notable parallels between the composition of both their cytoplasmic domains and Ig-like structure (9). KIR expression is almost exclusively restricted to natural killer (NK) cells (13), while LILRs are found on most leukocyte subsets, including NK cells, T lymphocytes, B lymphocytes, and cells of the myeloid lineage (monocytes, macrophages (MΦs), DCs, and granulocytes) (13). LILRs predominantly modulate the function of professional antigen-presenting cells (APCs) such as MΦs, DCs, and B cells (11, 14, 15). Thus, these receptors are implicated in orchestrating innate and adaptive immune responses (11, 14-16). LILRBs are also expressed on a variety of other cells, such as osteoclasts (17) and  endothelial and stromal cells, (18) as well as cancerous cells, including leukemia subsets (9, 19, 20) (Table 1).

In particular, the LILRB subfamily present attractive therapeutic targets on which to focus next-generation immunotherapeutics (11, 12). LILRBs elicit inhibitory signaling via their long cytoplasmic tails that contain up to four ITIMs (9), which utilize the enzymatic phosphatase action of SHP-1/2 proteins to suppress downstream signaling pathways, such as AKT and ERK, that normally promote effector function (9, 11, 15). LILRBs are typically overexpressed in cells traditionally associated with immunosuppression, such as immunosuppressive M2-skewed MΦs and tolerogenic DCs (21, 22). Multiple groups, including ours, have demonstrated that LILRB1 (LIR1, ILT2, CD85j) ligation renders DCs tolerogenic, hindering the onset of adaptive immunity and promoting immunoevasion (21-24). In addition, both LILRB1 and LILRB2 (also known as LIR2, ILT4, CD85d) compete with CD8 for binding to the human leukocyte antigen class I (HLA class I) molecule, inhibiting APC activation and thereby altering downstream T cell responses (9). Further, interactions between both LILRB1 and LILRB2 with HLA-G present a potential mechanism for tumors and fetuses to overcome immunosurveillance and avoid immune attack (25, 26). Similarly, LILRB3 (also known as LIR3, ILT5, CD85a) ligation on human myeloid cells leads to upregulation of immunosuppressive genes associated with immunosuppressive M2 MΦs (27). Likewise, ligation of LILRB4 (also known as LIR5, ILT3, CD85k) and LILRB5 (also known as LIR8, CD85c) in MΦs regulates JAK/STAT signaling, mediating upregulation of immunosuppressive cytokines, such as IL-10, while downregulating inflammatory cytokines, such as IL-8 (28). 

As such, ligation of LILRBs promotes tolerance and immunosuppression, whereas their antagonism induces an immunostimulatory milieu capable of generating potent immune responses (9). Here, we discuss and evaluate the potential of targeting LILRBs in different disease settings, where the alteration of LILRB function to modulate the immune response may prove beneficial. 

Cancer
The development of cancer is supported by immunoevasion mechanisms that include the production of anti-inflammatory cytokines, induction of Tregs and expression of immune checkpoint molecules (29). The term ‘immune checkpoint’ refers to the network of inhibitory pathways that act to negatively regulate the magnitude of an immune response (30). These pathways minimize widespread tissue damage and maintain tolerance to self; however, tumors can modulate these inhibitory networks to promote immune cell exhaustion and resistance, which in turn fosters tumor proliferation and metastasis (30). This exploitation is achieved, in part, by co-opting immune checkpoints to suppress the recognition of tumor-associated antigens (TAAs) by T cell receptors (TCRs), thereby allowing tumors to avoid elimination (30). Programmed cell death protein 1 (PD-1) and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) are two well-studied inhibitory immune checkpoints that act as de facto off-switches that limit T cell activation via ITIM signaling (30). Inhibition of aberrant checkpoint activity has been established as one of the most effective strategies to generate potent anti-tumor responses to date (31). Recent compelling evidence, as reviewed by Deng and colleagues (16), suggests that LILRBs function as key immune checkpoints during tumorigenesis that, unlike PD-1 and CTLA-4, show predominant expression on myeloid cell populations, rather than T cells (16). Therefore, targeting LILRBs may allow for the exploitation of myeloid-specific therapeutic pathways with the capacity to reduce tumor growth (16, 32, 33).

LILRB1 is expressed by CD8+ T cells and can inhibit T cell activation and proliferation (34-36). Moreover, LILRB1 controls thymocyte development and targets the proximal TCR signaling pathway (35). LILRB1 reduces the extent of TCR complex phosphorylation by inhibiting macromolecular assembly of two protein clusters (ZAP-70 and SLP-76) that are integral to the process (36). HLA class I is an endogenous LILRB1 and LILRB2 ligand and regulates MΦ effector function in the tumor microenvironment (TME) (Figure 1A) (37). A recent study investigating HLA class I-LILRB1 interactions detailed a complex interplay between LILRB1 and β2 microglobulin (β2m), that implicates LILRB1 as a so-called “don’t eat me” molecule (37, 38). As such, LILRB1 blockade (clone VMP55) augmented tumor cell phagocytosis by MΦs, supporting the potential of modulating the HLA class I-LILRB1 signaling axis to promote anti-tumor immunity (37, 38). LILRB1 may also be considered as a diagnostic and prognostic target in gastric cancers (39), in addition to certain subtypes of adenocarcinoma (40). In adenocarcinoma, there is a positive association between LILRB1 expression and advanced pathological stage of malignancy (40). Moreover, peripheral NK cells from multiple myeloma (MM) and prostate cancer patients express markedly higher levels of LILRB1 when compared with healthy donors, which may hinder NK tumoricidal effects (Figure 1B) (41). Additionally, LILRB1 blockade (clone HP-F1) on PBMCs from triple negative breast cancer patients restored the cytotoxic function of NK cells (42). Similarly, LILRB1 blockade also increased the cytotoxic activity of NK cells against other solid and hematological malignancies (41, 43). HLA-G is another molecule known to be involved in the induction of immune tolerance, with its interaction with LILRB1 affecting B cell differentiation, proliferation, and antibody-secreting capacity (Figure 1C) (44, 45).

Eliciting tumor cell death by consolidating the cytotoxic action of CD8+ T cells represents an important mechanism by which to target cancer (46). Bispecific T cell engagers (BiTEs) concurrently engage both the TCR and TAAs (46). A recent study demonstrated that LILRB1 expression on CD8+ T cells inhibits priming by BiTEs, emphasizing LILRB1’s role in negatively regulating cytotoxic T cell function (46). Treatment with a LILRB1-blocking mAb (clone GHI/75) restored BiTE-mediated T cell activation (46). Intriguingly, previous studies have shown that LILRB1 loss in abnormal plasma cells may play a role in MM pathogenesis via a novel mechanism that allows early-stage malignancy to evade immune regulation (47-49). Lentiviral transduction was employed to force LILRB1 expression in human myeloma cell lines. Subsequent gene expression profiling of LILRB1-overexpressing cells showed notable downregulation of key MM pathogenesis-related genes. Moreover, LILRB1 overexpression in MM cells increased susceptibility to both T and NK cell-mediated killing (47). Here, the loss of LILRB1 may confer a survival advantage for malignant plasma cells (47). To date, research has focused on uncovering ways to antagonize LILRBs and reverse their inhibitory function to potentiate anti-tumor responses. These findings challenge the status quo and implicate LILRB1 agonism as an attractive therapeutic target with potential to restore the control exerted by LILRB1 in repressing the immune escape exhibited by early-stage MM (47).

Lung cancer is a leading cause of worldwide cancer mortality (50). As such, the development of new therapeutics against novel immunotargets may improve patient prognosis (51). LILRB2 may be a suitable target, as increased LILRB2 expression in patients with lung adenocarcinoma correlates with reduced T cell infiltration in the tumor milieu, and is predictive of worsened clinical outcomes (51). Additionally, alongside promoting leukemia and blood stem cell development (52, 53), angiopoietin-related protein 2 (ANGPTL2) can interact with LILRB2 to foster and promote tumor development in non-small cell lung cancer (NSCLC) (54-56). LILRB2 blockade markedly decreased not only NSCLC proliferation in culture, but also colony formation and migration (54). Furthermore, LILRB2 blockade in preclinical NSCLC models reduced granulocytic myeloid-derived suppressor cell (MDSC) and Treg infiltration and skewed tumor-associated myeloid cells towards a more inflammatory immune phenotype, with enhanced anti-tumor activity (57). 

Interaction between LILRB2 and HLA-G promotes invasion, proliferation, and migration of colorectal cancer (CRC) via AKT and ERK signaling (58). Thus, antagonistic LILRB2 or HLA-G mAbs may prove efficacious against CRC and other tumors (58-61). More recently, tumor-derived LILRB2 was implicated in inducing T cell senescence (62). Thus, LILRB2 mediates a novel mechanism of immunosuppression in the TME, and may be a critical target for immune checkpoint-centered immunotherapies (62). Collectively, these observations strongly propose the inhibition of LILRB2 signaling pathways as an important therapeutic target for mounting anti-tumor responses. Of note, a Phase I clinical trial of an antagonistic LILRB2 mAb (clone MK-4830), has recently shown promise by demonstrating dose-related evidence of target engagement, while being well tolerated in patients with advanced solid tumors (NCT03564691) (63, 64). Additionally, LILRB2-targeting using a different humanized mAb, JTX-8064, is currently in a first-in-human, dose escalation clinical trial in combination with anti-PD-1 inhibition (NCT04669899) (65). If successful, these trials would represent a significant development in targeting LILRBs to modulate anti-tumor immune responses and may pave the way for the development of future therapeutics. 

Although the full immunomodulatory potential of LILRB3 has not yet been fully realized due to a lack of suitable reagents and preclinical models, it has been suggested that LILRB3 may interact with a cytokeratin-associated ligand expressed on necrotic glandular epithelial cells, including a number of human cancer cell lines (66) (Figure 2A). As induction of necrosis significantly impairs antigen-specific CD8+ T cell responses (67), ligation of myeloid LILRB3 by dying solid tumor cells is hypothesized to be a common immunoevasion mechanism within the TME (66). Disruption of the interaction between LILRB3 and its potential ligand on necrotic cancer cells may, thus, inhibit such intrinsic tumor immunoevasion strategies.

Tumor dissemination and metastasis are primary contributory factors for failure to respond to anti-cancer therapy and are responsible for 90% of all cancer-related deaths (68, 69). Like LILRB2, LILRB4 has been reported to control NSCLC pathogenesis, enhancing widespread NSCLC cell invasion and tumor angiogenesis, and may serve as an alternative strategy for NSCLC treatment (69). Blockade of LILRB4 expressed on monocytic MDSCs (M-MDSCs) reduces their ability to inhibit T cell responses (70). Therefore, LILRB4 antagonism may be useful in combatting immunosuppressive M-MDSC activity, while increasing T cell potency (70). Likewise, LILRB4 is moderately expressed by gastric cancers, and may contribute to inhibition of NK cell-mediated cytotoxicity (39). Soluble LILRB4 contributes to inhibition of T cell responses in solid tumors such as colorectal and pancreatic adenocarcinomas (71, 72). Treatment of solid tumors with an antagonistic LILRB4 mAb or serum depletion of LILRB4 restored previously repressed anti-tumor T cell responses, further implicating a supportive role for LILRB4 in tumor development (72). A recent study identified CD166 (also known as activated leukocyte cell adhesion molecule), expressed on activated T cells, as a ligand for LILRB4 (73). Subsequent knockdown of CD166 in human T cells eradicated the capacity for a LILRB4 fusion protein (LILRB4.Fc) to inhibit T helper cell proliferation (73). Therefore, this ligand-receptor pair may act as an important immune checkpoint to target (72, 74).

Acute myeloid leukemia (AML) is characterized by the proliferation of abnormally differentiated myeloid cells, and ranks as the most common adult acute leukemia (75). Monocytic AML (M-AML) diagnosis often proves difficult due to lack of monocyte-specific markers. Co-expression of LILRB1 and LILRB4 has been identified as a highly specific marker capable of differentiating M-AML from non-monocytic-AML (76). Thus, targeting LILRBs may provide an efficacious approach for developing M-AML treatments, specifically those utilizing genetically engineered CAR T cells against certain LILRB epitopes (76, 77). In support of this, a LILRB4-targeting antibody (clone h128-3) was demonstrated to have potent anti-AML capability in preclinical models (78). Moreover, John and colleagues developed a CAR T cell that bound specifically to LILRB4 with high affinity and had potent effector function against AML cells in preclinical models (79) (Figure 2B). Importantly, no off-target toxicity was reported, and LILRB4 CAR T cells were capable of specifically targeting M-AML cells (79). More recent developments using LILRB4 antibody-drug conjugates (ADC) show efficacious killing of LILRB4+ AML cells, without impacting normal progenitor cells (80). These data support LILRB4-targeting ADCs as a compelling strategy by which to eradicate M-AML cells, with potential to lead to safe drug candidates for future AML treatment (80) (Figure 2B). Mechanistically, LILRB4 has been shown to support leukemia cell migration and suppress T cell activity via activation of the ApoE/LILRB4/SHP2/uPAR/arginase-1 signaling axis in M-AML cells (81). A more comprehensive understanding of the specific ITIMs would prove useful for defining the mechanisms by which LILRBs regulate immune activity and tumor development (82). To this end, Zhang’s group identified the second (Y412) and third (Y442) ITIMs of LILRB4 as those responsible for facilitating signaling in M-AML cells, specifically for inhibiting downstream T cell proliferation (82). Further compelling evidence published by the same group demonstrated that LILRB3 expressed on AML cells, recruits TRAF2 and cFLIP to stimulate NF-κB signaling, which enhances AML cell survival and impedes anti-tumor T cell activity (83). Subsequent LILRB3 blockade (clone no.1NA) inhibited AML progression in vivo (83). Collectively, these studies demonstrate that targeting LILRBs and their signaling pathways for treating AML has the potential to be more precise and efficacious than current approaches. In addition to enhancing AML cell deletion by phagocytic cells and NK cells, LILRB4 antagonism is expected to promote T cell activation, subsequently enhancing their capacity to eliminate malignant cells (78, 83, 84). Notably, a LILRB4-blocking mAb (clone IO-202) is currently in a Phase 1 clinical trial for the treatment of both AML and chronic myelomonocytic leukemia (NCT04372433) (84). 

Infection
Pathogens evade the host immune system and establish chronic infection by modulating the immune response (85). Host and pathogen interactions are highly dynamic and involve signaling through complex intracellular pathways via either membrane-bound or cytosolic innate immune cell pattern recognition receptors, such as TLRs (86, 87). This, in turn, mediates production of effector molecules, including cytokines and antimicrobial peptides to combat the infective agent (88). The expanding LILRB field has begun to explore the importance of these receptors in immune dysregulation; however, little is known about their involvement in infection (89). As recently reviewed by Abdallah et al., a considerable number of pathogens are capable of interacting directly with LILRB family members to induce immunosuppression, which may prove especially pertinent during both ongoing and overt responses to infection (90). Conversely, blocking the interaction between LILRBs and pathogenic ligands may mitigate the immunoevasion that pathogens employ to prolong infection and perpetuate survival. While LILRBs have shown to be involved during a number of viral, bacterial and parasitic infections, their potential involvement in fungal infections remains unknown.

The malaria parasite, Plasmodium falciparum, is one of the deadliest in humans (91). Once inside host erythrocytes, P. falciparum generates repetitive interspersed families of polypeptides (RIFINs) that are expressed at the surface of infected erythrocytes (91, 92). RIFINs were recently shown to bind to LILRB1 and LILRB2 by mimicking the structure of HLA class I (92, 93) (Figure 3A). Thus, P. falciparum utilizes molecular mimicry to initiate ITIM-mediated signaling in immune cells, potentially dampening the magnitude of the immune response and facilitating parasite survival and transmission (92-94). Interestingly, a single point mutation in RIFIN abolishes LILRB1 binding (92). Such point mutations could be useful in the context of re-sensitizing the immune system to respond to subsequent malaria infection. 

Bacteria, such as Staphylococcus aureus, are believed to interact with LILRB2 and LILRB3; however, the functional consequences of these interactions remain unknown (95) (Figure 3B). Furthermore, LILRB5 expression is elevated in Mycobacterium-exposed monocytes, but there have not been any investigations into whether this upregulation influences the immune response (96). Bacterial components of Salmonella typhimurium, namely LPS and flagellin, trigger TLRs. Infection of MΦs with S.  typhimurium markedly upregulated LILRB2 and LILRB4 (89). Moreover, LILRBs and TLRs are expressed on similar cell types and have profound effects on each other’s expression and function. LILRB ligation inhibits TLR function, while TLR activation modulates LILRB expression (89). Interplay between LILRBs and TLRs may therefore represent a fine balancing act, with LILRB upregulation in response to TLR activation providing a mechanism by which overt immune responses may be controlled (89). LILRB binding to exogenous ligands may additionally help pathogens evade immune attack (89). 

The host response to sepsis is complex and involves conflicting processes of overt inflammation and immune suppression (97, 98); however, the precise mechanisms underpinning these interactions remain unclear (97). To this end, LILRB3 is markedly upregulated in sepsis patients’ PBMCs (97). LILRB3 can inhibit antigen presentation by MΦs, impeding Th1 immune responses. Furthermore, treatment with a peptide that antagonized paired Ig-like receptor-B (PIR-B), the murine LILRB orthologue, augmented survival of septic mice with pulmonary pathology, implicating LILRB3 as a potential target to treat sepsis (97). Similarly, McCarthy’s group recently demonstrated that LILRB3 ligation on neutrophils markedly inhibits key IgA-mediated effector function, including microbial killing and phagocytic uptake (99). In this context, LILRB3 acts as a critical checkpoint to control activation of human neutrophils. Thus, LILRB3 modulation may present another point of intervention for fine-tuning the immune response during active infection (99). 

DCs ubiquitously express LILRBs and primarily help to initiate, but also regulate, the immune response against pathogens (23). Continuous LILRB1 ligation on DCs by a LILRB1 mAb (clone HPF1) or UL18-Fc (a natural human cytomegalovirus-derived [CMV-derived] LILRB1 ligand) renders DCs tolerogenic, with poor T cell stimulatory capacity, that continues post exposure to bacterial LPS (23). These findings implicate LILRB1 as an important mediator in maintaining the fine balance between the induction and suppression of adaptive immunity, and may permit intervention to modulate the immune response to infection (23). On the other hand, co-ligation of LILRB4 with FcγRI on THP-1 cells inhibits FcγR-dependent uptake of antibody-opsonized bacterial particles via marked LILRB4-dependent dephosphorylation of key signaling proteins, including clathrin, SYK and E3 ubiquitin protein ligase CBL (100). These results highlight LILRB4 as a regulator of signaling molecules involved in FcγRI-mediated clathrin-dependent endocytosis and phagocytosis of bacterial pathogens (100).

Similar to parasites and bacteria, viruses also seek to evade host immune responses in order to replicate (101). Dengue virus (DENV) evades the early antiviral immune response by binding LILRB1, which via ITIM signaling, attenuates lysosomal enzyme activation (102), inhibits FcγRs and reduces expression of IFN-stimulated genes (101) (Figure 3C). Therefore, inhibiting DENV-LILRB1 interactions presents a potential strategy for vaccines or other immunotherapeutics against the virus. Patients capable of maintaining undetectable levels of HIV-1 replication in the absence of antiretroviral therapy (elite controllers) have circulating DCs with increased antigen-presenting capability and diminished capacity to secrete proinflammatory cytokines (103). This unique immune profile is associated with, and maintained by, notable upregulation of LILRB1 and LILRB3 (103). Importantly, this specific functional profile may protect patients from excessive HIV-1-related immune activation while initiating memory T cell responses (103). These findings uncover previously unrecognized aspects of immune protection against HIV-1 in elite controllers, and present a novel outlook for manipulating host immunity against HIV-1, either prophylactically or after disease onset (103). Additionally, S100A9-mediated ligation of LILRB1 can stimulate potent anti-HIV-1 activity of NK cells (104). This S100A9-LILRB1 interaction is hypothesized to be important in DC-NK crosstalk and may influence formation of specific antiviral immune responses (104). Moreover, the human CMV HLA class I homolog UL18 interacts with LILRB1 and is thought to assist CMV in evading the immune system (105). However, UL18-LILRB1 interaction remains controversial due to paradoxical findings indicating that UL18 inhibits LILRB1+ cells but activates LILRB1- NK cells (106, 107). Furthermore, interaction between UL18 and LILRB1 on CD8+ T cells may be important in controlling the scale of CMV episodes (107). Both resting and active CD8+ T cells are capable of lysing CMV-infected UL18-expressing cells, but not UL-18 deficient cells, with lysis blocked by antagonistic LILRB1 and UL18 mAbs (107). The precise details of UL18 involvement in CMV infection remain unknown; however, LILRB1 may still present a useful biomarker for human CMV infection, as its upregulation correlates with CMV reactivation after lung transplantation (108). 



Autoimmunity
Autoimmunity occurs in 3-5% of the population and is driven by both genetic and environmental influences (109). A triad of factors encompassing the overall reactive state of the immune system, the specific autoantigen, and the targeted tissue contribute to autoimmune susceptibility (109). Autoimmune disorders pose a significant clinical problem, due to their chronic nature and healthcare system burden (110). As such, it is vital that effective treatment strategies are implemented. Indeed, TNF-α antagonists have elicited great success in rheumatoid arthritis (RA), and various other immunotherapies have shown notable efficacy (111, 112). Despite this, most therapeutic regimes only target the resulting terminal inflammation and fail to address key issues that underpin initial autoimmunity development (110). Hence, we require an understanding of how abnormal immune responses arise, but also of any inherent mechanisms that exist to suppress these responses. LILRBs are implicated in autoimmunity and have the potential to be exploited to suppress such pathologies. Furthermore, LILRBs may help orchestrate autoimmunity pathogenesis, as certain polymorphisms and deletions in LILRB-encoding genes have been associated with autoimmune disorders and Treg generation (113). Importantly, agonizing LILRBs to induce tolerance and anergy may present a highly effective strategy to combat autoimmune disorders. 

Multiple sclerosis (MS) is a chronic autoimmune disease of the CNS that leads to axonal damage, neuron demyelination, and chronic inflammation (114). Murine experimental autoimmune encephalopathy (EAE) is an MS model generated by immunizing mice with myelin oligodendrocyte glycoprotein (MOG) (114). In this model, LILRB4.Fc was shown to bind to CD166 on activated CD4+ and CD8+ T cells and subsequently limited disease evolution by inhibiting production of proinflammatory cytokines, such as IFN-γ and IL-17A, that contribute to neuroinflammation and paralysis (114). LILRB4.Fc-treated mice exhibited reduced inflammatory infiltrate and fewer demyelinated areas in both the brain and spinal cord (114). Moreover, LILRB4.Fc administration, via reverse signaling through its ligand (CD166), markedly reduced proliferation of MOG-specific Th1 and Th17 cells and ameliorated the effects of EAE (114). In the context of LILRB-targeting immunotherapies, inhibition of Th1 and Th17 cell development may provide clinical benefit for individuals with MS (114). Glatiramer acetate (GA) is approved for therapeutic use in patients with relapsing remitting MS (115). The mechanism of action of GA is not entirely clear; however, it stimulates the release of anti-inflammatory cytokines, such as IL-10 and TGF-β, promotes Th2 immunity, and increases M-MDSC populations (115). GA was recently demonstrated to associate directly with both LILRB2 and LILRB3, suggesting a potential mechanism by which it exerts its immunosuppressive effect (115).

Inhibition of  B cell function, specifically antigen presentation and antibody secretion, is a crucial strategy in targeting B cell-mediated autoimmune disorders (44). LILRB1 is the only LILRB member highly expressed on B cells and is known to interact with HLA-G to induce immunotolerance by inhibiting B cell function (44). Therefore, strategies to disrupt this interaction may provide an avenue for B cell-targeted therapies that aim to limit autoimmune responses (44, 45). Interestingly, circulating HLA-G has been suggested to be increased in plasma of patients with chronically inflamed RA but is not recognized by LILRB1 (116). In this instance, LILRB1 is unable to exert its immunosuppressive effects against chronic inflammation (116). HLA-G can form dimers, which greatly augments its recognition by both LILRB1 and LILRB2, but the conditions under which dimerization occurs are not well understood (117). Increased levels of HLA-G monomers or other non-classical-like structures (118) may explain why elevated HLA-G in certain patients fails to correlate with subsequent recognition by LILRB1 (116).

Systemic lupus erythematosus (SLE) primarily affects the skin, joints, brain, blood vessels, and serous membranes (119, 120). Patients with SLE display immunological differences, including altered T cells, polyclonally activated B lymphocytes, and high levels of various autoantibodies (121, 122). B cell hyperactivity is of particular interest, and despite being of unknown cause, is postulated to result from defective immune regulation (119). Monsiváis-Urenda and colleagues demonstrated that SLE patient PBMCs exhibited poorly functioning LILRB1, with B lymphocytes from the same patients displaying diminished receptor expression (119). This dysfunctional LILRB1 in SLE patients may contribute to disease development via loss of immune regulation (119). Moreover, circulating plasmacytoid DCs are elevated in patients with SLE and have reduced LILRB1 expression, which correlates with disease severity (119, 123). Therefore, therapies (e.g., anti-inflammatory cytokines) that enhance and/or agonize LILRB expression on leukocytes, with the aim of reducing both the array and severity of autoimmune symptoms in SLE patients, are of great interest (123). 

LILRB1 polymorphisms may also predispose individuals to autoimmune disorders, and play an active role in disease pathogenesis (10). In this regard, certain LILRB1 polymorphisms, specifically the LILRB1-PE-01/01 genotype, have been shown to associate with reduced susceptibility and disease severity in RA patients (124). Conversely, LILRB2 is markedly downregulated on monocytes from patients with psoriatic arthritis and may contribute to disease progression (125). Hence, modulating LILRB2 expression on human monocytes may reverse psoriatic-arthritis-associated effects (125). In comparison to LILRB1 and LILRB2, LILRB3 is highly polymorphic (10, 11). As the extracellular domains of both LILRB3 and LILRA6 are highly homologous, it has been difficult to genetically and functionally differentiate the two, precluding disease association studies (126). More recently, notable variations between LILRB3 and LILRBA6 have been found at both the DNA and protein levels in a Japanese population (126), thus serving as a potential foundation for future disease association studies (126). A GWAS involving both Turkish and North American cohorts identified genetic susceptibility loci in RPS9/LILRB3 (rs11666543) for the rare inflammatory disease Takayasu arteritis that predominately affects the aorta and manifests with arterial stenosis and progressive occlusion (127, 128). The risk allele associated with significant reduction in LILRB3 expression, implying that reduced LILRB3-mediated inhibitory signaling results in an unbridled immune response that contributes to disease pathogenesis (127). These findings provide additional insight into the genetic associations that underpin immunopathogenesis of chronic autoimmune conditions, but also suggest potential avenues to treat such conditions via targeting of LILRBs and/or their ligands (116).

Transplantation
Transplantation procedures generate both thermal and metabolic stresses that increase the magnitude of immune response against non-self-antigens expressed on donor tissues (129). This leads to widespread inflammation that generates a potent immune response against the graft tissue, resulting in either acute or chronic graft rejection (129, 130). Over the past five decades, significant advances have been made in the development of immunotherapeutic agents that are capable of reducing graft rejection amongst transplant patients (130). Earlier studies in transgenic mice have shown that LILRB1 or LILRB2 expression on host myeloid cells can prolong graft survival (35, 60, 131). This improved graft survival was a result of substantial T cell suppression and in vivo expansion of MDSCs and Tregs (35, 60, 131). As such, LILRBs present an exciting target that may be exploited with novel immunotherapeutic agents post transplantation. For example, LILRB agonism with soluble HLA-G may elicit immunosuppressive effects and thereby suppress the immune system during transplantation. Here, parallels may be drawn to interactions between HLA-G and LILRB1/LILRB2 in pregnancy, that limit potentially harmful overt maternal immune responses against the developing fetus by impairing NK cell cytotoxicity and inhibiting both T and B cell proliferation (132). By further exploring mechanisms to agonize LILRBs and exploit their immunosuppressive, graft-sparing properties, LILRB-specific therapies that reduce the incidence of graft rejection and ameliorate the prognoses of patients undergoing transplantation may be developed. 

Using a reconstituted humanized mouse model, we recently demonstrated that in vivo LILRB3 ligation with an agonistic mAb (clone A1) prior to engraftment of allogeneic lymphoma cells induced tolerance (27) and enabled donor cell engraftment (133) (Figure 2A). The improved tolerance was due to reprograming of myeloid cells towards a more suppressive phenotype with capacity to suppress T cell responses. Therefore, LILRB3 ligation highlights a potential strategy to exploit the immunoregulatory effects of the receptor to induce transient immune tolerance (27). Likewise, the role of LILRB4 and its potential applications in the transplantation setting play a crucial role in immune response regulation (28). Importantly, induced expression of LILRBs on immune cells can increase tolerogenic capacity. For example, DCs transduced with a LILRB4-carrying lentiviral vector had reduced ability to stimulate proliferation of allogeneic T cells and had increased capacity to induce CD4+CD25+Foxp3+ Tregs in vitro (134). While this approach still requires in vivo validation, it may be pivotal for developing therapies that promote allograft survival in transplant patients (134). Another study demonstrated that LILRB4.Fc-treated diabetic humanized mice tolerated transplanted allogenic pancreatic islet cells and maintained good blood sugar control, whereas control mice rejected the graft (135). LILRB4.Fc treatment reduced proinflammatory cytokine expression and induced T suppressor cells (135). Further work utilizing NOD/SCID mouse models of xenogeneic graft versus host disease (GVHD) revealed that LILRB4.Fc treatment inhibited both cellular and humoral aspects of GVHD pathogenesis (136). Specifically, LILRB4.Fc prevented the maturation of both helper and cytotoxic T cells and instead induced Tregs, which help to maintain long-term tolerance (137). Moreover, LILRB4-induced T suppressor cells showed significant upregulation of zinc finger proteins, which are transcriptional repressors that play a critical role in further differentiation of LILRB4-induced T suppressor cells (138).

HLA-G is associated with induction of tolerance and positively correlates with improved outcomes in transplantation expression during allogeneic recognition (131). As such, HLA-G-expressing APCs are capable of inhibiting T cell alloproliferation by binding to LILRB1 and LILRB2 with high affinity, thereby promoting graft acceptance (139). Furthermore, LILRB1 engagement with HLA-G has the capacity to expand MDSC populations and increase graft survival time in allogeneic skin transplant recipients (131). As outlined previously, HLA-G binding to LILRB1 also suppresses B cell responses, which may have use in downplaying humoral responses in transplantation (44). 

The highly polymorphic nature of LILRB3 has also been implicated in transplantation and GVHD onset in patients transplanted with hematopoietic stem cells (HSCs). As such, alterations in the LILRB3 aa sequence between recipients and donors permits the production of alloantibodies (140). One study reported that 5.4% of HSC transplant recipients had LILRB3-targeting antibodies that may promote a graft versus leukemia effect against LILRB3-expressing leukemic cells, proposing LILRB3 as a viable target for antibody-based immunotherapies (140). 

Discussion
There has been rapid uptake in the use of immunotherapeutic strategies to treat an array of pathologies in recent decades. Many patients still fail to respond to approved therapies and, therefore, development of new treatment regimens that benefit all disease categories, whether by amplifying or abrogating the immune response, is mandated. The LILRB field continues to expand, and the adaptable nature of targeting LILRBs to combat a plethora of immune-related pathologies proposes these receptors as viable immunotherapeutic targets. The potential for LILRBs to potently modulate the immune response has enticed many academic groups and pharmaceutical companies into developing novel therapeutics that target this key receptor family. A few clinical trials investigating the safety and efficacy of LILRB-targeting mAbs in cancer patients are well underway, and if successful, will change the face of targeting LILRBs to potentiate efficacious and safe anti-tumor immune responses. Moreover, further evaluation and understanding of endogenous LILRB ligands may be useful for developing agents capable of ligating these receptors to downplay the effects of autoimmune disease and graft rejection. However, given the wide expression of LILRBs on various immune and some non-immune cells, extra precautionary measures should be taken when developing LILRB-targeting agents. For instance, LILRB2 is reportedly expressed on platelets, increasing the likelihood of off-target toxicities associated with any therapeutics against these receptors (141). Furthermore, LILRB2 is expressed by neurons and has been suggested to be implicated in the dysregulation of the CNS (142).  

In summary, by exploiting the opportunity for immune intervention provided by LILRBs, we look, with optimism, to a future where novel immunotherapeutic agents that manipulate LILRB-mediated immunoregulatory functions are commonplace. From the laboratory bench, to forming an integral part of frontline therapy against key immune-related pathologies at the bedside, such therapeutics may improve patient prognoses and quality of life.
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Table and Figures

Table 1. List of human LILRBs, their expression pattern, properties and ligands.

	Receptor
	Aliases
	Expression
	Number of ITIMs
	Ligands
	Known polymorphisms
	Clinical Trial

	




LILRB1
	LIR1
ILT2
CD85j

	Basophils
B cells
DCs
Eosinophils
Macrophages
Mast cell progenitors
Monocytes
NKs
Osteoclasts 
T cells
	4
	HLA-I
UL-18
S100A8/9
	Polymorphism associated with susceptibility to RA (LILRB1.PE01-03)
	None

	




LILRB2
	LIR2
ILT4
CD85d

	Basophils
DCs
Endothelial cells
Hematopoietic stem cells
Macrophages
Monocytes
Mast cell progenitors
Neutrophils
Osteoclasts
Platelets
	3
	ANGPTL
CD1c/d
CSP
HLA-I
MAG
Nogo66
OMgp
SEMA4A
β-amyloid
	None
	MK-4830, Phase 1 clinical trial (Merck Sharp & Dohme Corp) NCT03564691

JTX-8064, Phase 1 clinical trial (Jounce Therapeutics) NCT04669899


	






LILRB3
	LIR3
ILT5
CD85a

	Basophils
Eosinophils
Mast cell progenitors
Monocytes
Neutrophils
Osteoclasts
	4
	Proposed to interact with S. aureus and ligand associated with cytokeratin 8
	Polymorphism associated with susceptibility to Takayasu’s arteritis (RPS9/LILRB3)

Polymorphism associated with graft versus host and graft versus leukemia responses


	None

	




LILRB4
	LIR5
ILT3
CD85k

	DCs
Endothelial cells
Macrophages
Mast cell progenitors
Monocytes
Osteoclasts
Plasmablasts
Tregs
	2
	ApoE
CD166
CNTFR

	Polymorphism associated with decreased expression in patients with SLE (rs11540761 and rs1048801)
	IO-202, Phase 1 clinical trial (Immune-Onc Therapeutics) NCT04372433


	

LILRB5
	LIR8 
CD85c

	Mast cell granules
Monocytes
NKs
Osteoclasts
T cells
	4
	HLA-I
	None
	None
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Figure 1.  LILRB1-mediated regulation of myeloid and lymphoid cells. (A) Ligation of LILRB1 on tumor-associated macrophages (TAMs) by HLA class I/β2 microglobulin (β2m) expressed on tumor cells inhibits the phagocytic activity of TAMs, resulting in reduced immunosurveillance and enhanced tumor cell immunoevasion. (B) Peripheral NK cells from some cancer patients express markedly high levels of LILRB1 molecules, which upon engagement with HLA class I on tumor cells, leads to suppression of NK cell activity. Blocking this interaction with antagonistic mAbs, has been experimentally shown to enhance the tumoricidal activity of NK cells against solid tumors and hematological malignancies. On the other hand, LILRB1-mediated inhibition of NK cells is an important mechanism by which overt immune responses in pregnancy may be controlled to avoid insult to the fetus. (C) Ligation of LILRB1 by HLA class I is capable of inhibiting B cell function, most notably reducing the secretion of auto/alloantibodies. HLA: human leukocyte antigen, β2m: beta 2 microglobulin, TAM: tumor-associated macrophage, NK cell: natural killer cell, mAb:  monoclonal antibody.
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Figure 2. LILRB3- and LILRB4-mediated regulation of myeloid cells and their therapeutic potential. (A) Crosslinking of LILRB3 with agonistic mAb is capable of inducing both suppressive “M2-skewed” myeloid cells and immune tolerance. Therefore, ligating LILRB3 may have applications in both autoimmunity and transplant settings and could be especially useful in the transient induction of immune tolerance (top panel). Natural LILRB3 ligands expressed by necrotic cancer epithelial cells are able to induce inhibitory signaling through LILRB3, which is expected to lead to tumor immunoevasion. Thus, by modulating and disrupting the interaction between LILRB3 and its potential ligands, such extrinsic and intrinsic immunoevasion strategies may be prevented. This modulation would also allow both T cell proliferation and the induction of classically activated “M1-skewed” MΦs that are traditionally associated with an inflammatory milieu (bottom panel). (B) AML cell subsets overexpress LILRBs, including LILRB4. LILRB4 mAbs are capable of exerting potent anti-AML activity via activating FcγRs on immune effector cells, such as MΦs and NK cells (top panel). Likewise, CAR T cells that target and bind LILRB4 epitopes with high affinity provide potent anti-AML capacity via T cell-mediated cytotoxicity (middle panel). Additionally, AML cells may be targeted for destruction by LILRB4-specific mAbs conjugated to toxins. Upon binding to LILRB4 and endocytosis by the target AML cells, the therapeutic toxic agent is internalized where it is subsequently capable of exerting a cytotoxic effect (bottom panel).  MΦ: macrophage, ADC: antibody-drug conjugate, mAb: monoclonal antibody, CAR: chimeric antigen receptor, AML: acute myeloid leukemia, ADCP: antibody-dependent cellular phagocytosis, ADCC: antibody-dependent cellular cytotoxicity, FcγR: Fcγ receptor.
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Figure 3: The interaction of pathogenic ligands with LILRBs promotes immunoevasion. (A) Infection by P. falciparum and subsequent expression of RIFINs on the surface on infected erythrocytes are capable of binding both LILRB1 and LILRB2 to decrease the magnitude of the immune response and promote the continued survival of the parasite in the host. (B) Putative pathogenic ligands, such as those expressed by S. aureus have been shown to engage LILRB1 and LILRB3, which may potentially help them evade the immune responses. (C) Dengue virus (DENV) is capable of binding LILRB1 and inducing its inhibitory signaling pathways to evade the early antiviral immune response. Engagement of LILRB1 by DENV inhibits IFN-stimulated genes and reduces FcγR-mediated phagocytosis of opsonized DENV particles. FcγR: Fcγ receptor, RIFIN: repetitive interspersed families of polypeptides, DENV: dengue virus.
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