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Although various immunotherapies have exerted promising effects on cancer treatment, many patients with cancer continue to exhibit poor responses. Because of its negative regulatory effects on T cells and its biological functions related to immune and inflammatory responses, there has been considerable emphasis on a protein-coding gene named lymphocyte-activation gene 3 (LAG3). Recently, evidence demonstrated marked synergy in its targeted therapy with programmed death-1 and programmed death-1 ligand-1 (PD-1/PD-L1) blockade, and a variety of LAG3 targeted agents are in clinical trials, indicating the important role of LAG3 in immunotherapy. This mini-review discusses preclinical and clinical studies investigating PD-1 pathway blockade in combination with LAG3 inhibition as a potentially more effective immunotherapy strategy for further development in the clinic. This strategy might provide a new approach for the design of more effective and precise cancer immune checkpoint therapies.
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Introduction

In the past decade, many studies have investigated immunotherapy for various cancers, and the benefits of programmed death-1 (PD-1) and programmed death-1 ligand-1 (PD-L1) inhibitor therapies have been demonstrated (1, 2). Nevertheless, the objective response rate was 13%–56%, while the complete response rate was 1%–16%; these findings suggested that the effects of PD-1/PD-L1 targeted immunotherapy were less robust than originally reported (3–8). Consequently, there is an urgent need for novel agents, either as new immune targets or to facilitate and enhance conventional treatments.

Lymphocyte-activation gene 3 (LAG3), also known as CD233, is a protein-coding gene currently under clinical investigation as a promising inhibitory receptor, following programmed death-1 (PD-1)/programmed death-1 ligand-1 (PD-L1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), due to its negative regulatory effects on T cells and its biological functions related to immune and inflammatory responses (9, 10). Recently, there has been substantial preclinical and clinical evidence to support the use of PD-1 pathway blockade in combination with LAG3 inhibition as a potential effective immunotherapy strategy. This mini-review briefly summarizes the structure, isoforms, ligands, signaling, and immune-related functions and roles of LAG3 in immunotherapy, and discusses the basic and clinical research related to the effects of dual LAG3 and PD-1/PD-L1 blockade. Additionally, it demonstrates how LAG3 might function as an important component in anti-tumor immunotherapy. This comprehensive review focuses on this potential effective immunotherapy strategy to guide the development of cancer immunotherapy.



PD-1/PD-L1 Structures and Functions

PD-1, also known as CD279, is a coinhibitory receptor expressed on the surface of antigen-stimulated T cells (2, 11, 12). PD-1 interacts with two ligands, PD-L1 (CD274) and PD-L2 (CD273). PD-L2 is expressed on cells such as macrophages, dendritic cells, and mast cells; PD-L1 is expressed on hematopoietic cells including T cells, B cells, macrophages, dendritic cells, and mast cells. PD-L1 is also expressed on various non-hematopoietic cells in healthy tissues, including vascular endothelial cells, astrocytes, keratinocytes, placenta syncytiotrophoblast cells, corneal epithelial and endothelial cells, and pancreatic islet cells (11, 13). PD-L1 is widely considered the dominant inhibitory ligand of PD-1 on T cells in the human tumor microenvironment. PD-1 and PD-L1 are type I transmembrane proteins, which belong to the immunoglobulin (Ig) superfamily. PD-1 contains an Ig-V-like extracellular transmembrane domain and a cytoplasmic domain, which harbors two tyrosine-based signaling motifs (12, 14, 15). In contrast, PD-L1 consists of an Ig-V and Ig-C-like extracellular transmembrane domain and a short cytoplasmic domain, which does not contain any canonical signaling motifs (15). When PD-1 is engaged by PD-L1, T-cell proliferation, survival, cytokine production, and other functions are inhibited (11).



LAG3 Structure and Ligands

As a member of the Ig superfamily, LAG3 encodes a 498-amino acid membrane protein, which contains four extracellular immunoglobulin superfamily-like domains (D1–D4) (16). The structure of LAG3 has been partially elucidated. First, it includes a 30-amino acid proline-rich loop in D1, which mediates the interaction of LAG3 with major histocompatibility complex class II (MHC-II) molecules (17). Second, a long connecting peptide is present in the D4 transmembrane domain, which makes LAG3 susceptible to cleavage by transmembrane metalloproteases. Third, the cytoplasmic domain consists of three conserved motifs: a serine-based motif that acts as a protein kinase C substrate, a “KIEELE” motif with an important lysine residue that is crucial for downregulation of T-cell functions (18, 19), and an “EP” motif consisting of repetitive glutamic acid and proline dipeptides. Nevertheless, the downstream signaling pathways and the functions of each motif remain poorly understood. The first reported canonical LAG3 ligand was MHC-II, followed by other potential ligands: galectin-3 (20, 21), liver sinusoidal endothelial cell lectin (LSECtin) (22), fibrinogen-like protein 1 (23), and pre-formed fibrils of α-synuclein (24).



s-LAG3 Structure and Ligands

The soluble form of LAG3, s-LAG3, is a 54-kDa fragment cleaved from the D4 domain connecting peptide released from cells by shedding at the cell surface (25). s-LAG3 is mediated by disinterring and metalloproteinase domain-containing protein 10 and 17 (ADAM10 and ADAM17), which also induce the cleavage of other immune receptors including VEGFR2, TIM3, CD62L, and TNFα (23). sLAG3 had an adjuvant effect on a DNA tumor vaccine, which maintained most 1-year old BALB-neuT transgenic mice tumor free, with markedly extended disease-free survival and reduced mammary adenocarcinoma tumor multiplicity. Although s-LAG3 was not the intended target of clinical trials using LAG3-specific monoclonal antibodies, it might be informative to bear in mind the role of sLAG3 in T cell mediated immunity. s-LAG3 was thought to bind only to MHC-II molecules present in lipid raft microdomains on a minor subset of antigen presenting cells. s-LAG3 might be an early T-cell-specific biomarker for type 1 diabetes onset. Furthermore, reduced s-LAG3, suggesting decreased LAG3 cleavage, was associated with inhibition of type 1 diabetes after treatment (26). s-LAG3 appears to be rapidly degraded and loses the ability to bind to MHC-II molecules as a result of not being dimeric (27). However, other studies suggested that s-LAG3 is important for interactions with dendritic cells (DCs) (28). Although the function of s-LAG3 is unclear, several studies suggest s-LAG3 might be a valuable circulating biomarker for cancer prognosis. For example, in patients with estrogen or progesterone receptor-positive breast cancer, a high level of serum s-LAG3 correlated with favorable disease-free survival, metastasis-free survival, and overall disease-specific survival (29). Similar findings were recently observed in a study of patients with gastric cancer (30). These data provide evidence to support further investigations of s-LAG3 as a predictive or prognostic biomarker for use with LAG3-targeted and other cancer therapies.



Functions of LAG3 in Cancer-Related Immune Regulation and Dysfunction

LAG3 is widely expressed on the membranes of various immune cells, including T cells (CD4+/CD8+ T cells), regulatory T cells, B cells, and natural killer cells (31). Furthermore, LAG3 is stored in lysosomes, facilitating its rapid appearance on the cell surface following T-cell activation (32). LAG3 principally interacts with MHC-II molecules expressed on the surfaces of antigen presenting cells and tumor cells (33, 34) (Figure S1).

In the tumor microenvironment, LAG3 has a negative regulatory effect on T-cell responses, resulting in T-cell dysfunction (Figure S2). LAG3 inhibits CD4+, CD8+, and natural killer T-cell proliferation; cytokine production; and cytolytic function (35). When LAG3 is blocked, its suppressive influence on activated effector CD4+ T cells is inhibited through conformation-dependent recognition of stable peptide/MHC-II complexes (36), especially for regulatory T cells (e.g., both activated induced CD4+ FoxP3+ regulatory T cells and natural regulatory T cells). For non-regulatory CD4+ T cells, ectopic expression of LAG3 also confers suppressive activity (36). Additionally, expression of LAG3 on CD8+ T and natural killer cells symbolizes a dysfunctional profile (37). Finally, LAG3 inhibits the functions of antigen-presenting cells (e.g., dendritic cells) by blocking and interfering with their maturation when bound to LAG3+ regulatory T cells (38).



Putative Mechanisms of LAG3 Immunotherapy Strategy

The extracellular component of LAG3 is structurally similar to CD4 with four immunoglobulin superfamily-like domains (D1–D4) and an additional proline-rich loop in the D1 domain required for its binding to MHC-II, which can be aberrantly expressed on tumors. Although MHC-II was reported to be the canonical ligand for LAG3, studies using a rat mAb (clone C9B7W) to mouse LAG3 that binds to the D2 domain without disrupting LAG3/MHC-II interactions reported that C9B7W improved anti-tumor responses associated with enhanced T cell proliferation and effector function (relative to responses elicited by an isotype-matched control antibody) (39, 40). Furthermore, C9B7W does not block the LAG3/MHC-II interaction but is a potent inhibitor of LAG3 function in vitro and in vivo (41, 42). These results indicate that binding to MHC-II may be dispensable for the functions of LAG3 and suggests other ligands may exist, especially in the context of the role of LAG3 on CD8+ tumor-infiltrating lymphocytes (TILs). LAG3 is highly expressed on TILs in a variety of cancers (43, 44).

LAG3 is associated with the exhaustion program of dysfunctional CD8+ TILs, demonstrated by the marked reduction of cytokine production, cytolytic activity, and cell proliferation (9). Co-expression of LAG3 and PD-1 correlated with intratumoral T cell dysfunction in patients (45). Furthermore, the co-expression of PD-1 and LAG3 decreases levels of the inflammatory cytokines IFN-γ and TNF; however, blockade of LAG3 and PD-1 improved cell proliferation and increased cytokine production in antigen-specific CD8+ TILs (46). LAG3 is constitutively expressed by a subset of thymus-derived regulatory T cells (Treg cells) and the co-expression of LAG3 and integrin CD49b identified type 1 Treg cells that produce IL-10 (47). LAG3 is involved in the ITAM inhibitory signaling pathway and inhibits DC maturation. LAG3 engagement with MHC-II induces an ITAM-mediated inhibitory signaling pathway, which involves the FcγRγ and ERK-mediated recruitment of SHP-1, and suppresses dendritic cell maturation and immunostimulatory capacity (38, 48, 49). LAG3 negatively regulates the CD3/TCR activation pathway and inhibits cell proliferation and cytokine secretion in response to CD3 signaling. LAG3 is specifically co-localized with the CD3-TCR complex and downregulates CD3/TCR complex expression by CD4/CD8 molecules, which results in the functional unresponsiveness of T cells (48, 50–52). Furthermore, LAG3 is also a ligand for MHC-II molecules and co-caps with the CD3/TCR complex to inhibit cell proliferation and cytokine secretion in response to CD3 signaling (53) (Figures 1, 2B).




Figure 1 | Targeting effector and regulatory T cells with LAG3 antagonistic antibodies (A) and activating antigen presenting cells with soluble LAG3 immunoglobulin (Ig) (B).






Figure 2 | LAG3/ligand interactions. Current targeting strategies in the clinic (A) and putative interactions between LAG3 and PD-1/PD-L1 (B).





Preclinical Evidence for the LAG3 Immunotherapy Strategy

In a BALB/c mouse model of triple negative breast cancer (TNBC), Du et al. found that tumor growth was significantly inhibited upon treatment with LAG3 and PD-1 dual blockade; the final tumor weights and volumes of this group were markedly reduced compared with those of the LAG3 and PD-1 single blockade groups, as well as the control group (54). In other tumor models, synergism involving PD1 and LAG3 was reported, suggesting the dual blockade of LAG3 and PD1 has sufficient efficacy for the treatment of various tumors. Seng et al. found that LAG3 was coexpressed with PD1 on tumor-infiltrating CD4+ and CD8+ T cells in melanoma (B16-F10), colon adenocarcinoma (MC38), and fibrosarcoma (Sa1N) tumors (55). In mice with MC38 and Sa1N tumors, LAG3 monotherapy was generally ineffective with very limited tumor clearance and slight reduction of tumor growth, whereas dual blockade of LAG3 and PD1 synergistically restricted tumor growth and achieved tumor clearance in 80% of mice compared with 40% remission in mice receiving anti-PD1 monotherapy (55). In the Sa1N tumor model, dual blockade of LAG3 and PD1 achieved tumor clearance in 70% of mice compared with 20% survival in mice receiving anti-PD1 monotherapy. In a study by Huang et al., C57BL/6 mice with ovarian tumors derived from ID8 cells were randomly divided into groups; each group was administered anti-PD-1 treatment, anti-LAG3 treatment, or combined anti-PD-1 and anti-LAG3 treatment. The results showed that dual blockade of PD1 and LAG3 synergistically enhanced anti-tumor immunity by inhibiting tumor growth and enhanced infiltration of CD4+ and CD8+ T cells, combined with the increased production of IFN-γ and TNF-α (13). Furthermore, Goding et al. found that dual blockade of PD1 and LAG3 induced obvious tumor regression in a B16-F10 model with recurrent melanoma (56).



Clinical Evidence for the LAG3 Immunotherapy Strategy

On the basis of the remarkable efficacy of LAG3 in basic research models, clinical applications of LAG3 inhibitors have received considerable attention. Current targeting strategies in the clinic and the involvement between LAG3 and PD-1/PD-L1 are shown in Figure 2. By the end of 2019, clinical trials of 13 drugs targeting LAG3—one LAG3 fusion protein and 12 LAG3 inhibitors—as anticancer drugs were recruiting participants (data source: https://www.clinicaltrials.gov). A LAG3-immunoglobulin fusion protein termed IMP321 (Prima BioMed/Immutep) is the first LAG3 fusion protein to enter clinical trials. IMP321 is a soluble dimeric recombinant protein comprising four LAG3 extracellular domains that bind to MHC-II and activate antigen presenting cells, including monocytes and DCs (57). Thirteen therapeutics currently in clinical and preclinical trials have focused on blockade with antagonistic mAbs by LAG3-targeting strategies. The first antagonistic mAb to LAG3 to enter the clinic was relatlimab. In a phase I/II study assessing the tolerability of relatlimab in combination with nivolumab, the objective response rate (ORR) was observed in 11.5% of patients with advanced melanoma whose tumors had progressed on previous anti-PD-1 or anti-PD-L1 immunotherapy (58). Furthermore, the ORR was more than three times higher in patients with TILs expressing LAG3 (>1%; 18% ORR) than in LAG3-negative patients (<1%; 5% ORR), irrespective of PD-L1 status. In addition, a phase I clinical trial of IMP321 for the treatment of advanced renal cell carcinoma and advanced pancreatic cancer was successfully completed (59). Brignone et al. conducted a phase I/II trial of IMP321 combined with paclitaxel for the treatment of metastatic breast cancer in 2010; their results demonstrated a 50% objective response rate (60). Active Immunotherapy PAClitaxel (AIPAC) is a double blind, placebo-controlled, randomized Phase IIb trial initiated in 2015, which enrolled 211 patients with metastatic hormone receptor-positive (HR+) breast cancer ineligible for HER-2/neu therapy to evaluate the safety and efficacy of IMP321 added to weekly paclitaxel as a first-line chemotherapy versus paclitaxel plus placebo (61) (clinicaltrials.gov trial no. NCT02614833). This trial administered weekly paclitaxel (80 mg/m2 iv. day 1, 8 and 15 every 4 weeks) and consisted of two parts: (1) stage 1, two dose levels of IMP321 (6 and 30 mg sc.) were investigated to confirm the recommended Phase II dose of IMP321 in combination with weekly paclitaxel; (2) stage 2, patients were randomized 1:1 to receive paclitaxel plus IMP321 or paclitaxel plus placebo. The primary end point for stage 1 was to determine DLTs and the recommended Phase II dose. The secondary end points were OS, AEs, the time to next treatment, and the objective response rate (61). Multiple clinical trials have also explored the use of IMP321 as a novel immunologic adjuvant for advanced melanoma. IMP321 plus Montanide ISA51 VG (mannide monooleate surfactant and mineral oil) was combined with various tumor-specific peptides to activate tumor-specific CD8+ T cells and induce helper CD4+ T-cell responses (62). In a separate phase I trial, Romano et al. combined IMP321 with melanoma antigen recognized by T-cells 1 (MART-1) for the treatment of advanced melanoma. Although no therapeutic effect was observed, on the basis of the criteria for the evaluation of solid tumors, the number of MART-1-specific CD8+ T cells was significantly increased in the treatment group (63). The immunological and clinical outcomes of IMP321 therapy have varied among trials. Some of these differences may be attributable to trial design and the complex diversity in biology and tumor histology. However, IMP321 exhibited promising evidence of activity in patients with metastatic breast cancer (a weakly immunogenic type of tumor).

BMS-986016, developed by Bristol Myers Squibb, was the first humanized IgG4 anti-LAG3 monoclonal antibody. It is currently undergoing evaluation in several phase I/II trials, in combination with anti-PD-1/PD-L1, for the treatment of various solid tumors and hematological malignancies; to date, outcomes have been encouraging. Among patients with melanoma for whom anti-PD-1/PD-L1 treatment was ineffective (clinicaltrials.gov trial no. NCT01968109), the combination of BMS-986016 and an anti-PD-1 agent (nivolumab) demonstrated a good effect with safety similar to that of nivolumab monotherapy. LAG525, developed by Novartis, was the second humanized IgG4 anti-LAG3 monoclonal antibody, which is also in phase I/II clinical trials to assess its safety and pharmacokinetic profile. In this trial, LAG525 was administered as monotherapy or in combination with PDR001 (a novel anti-PD1 inhibitor) (clinicaltrials.gov trial no. NCT02460224). Other trials reported responses of combination LAG525 (anti-LAG3) and spartalizumab (anti-PD-1) in 12 of 121 (9.9%) patients with solid malignancies, including 2 of 8 (25%) patients with mesothelioma and 2 of 5 (40%) patients with triple negative breast cancer.

Dual blockade of LAG3 and PD-1 might enhance anti-tumor immunity in a synergistic manner. Therefore, bispecific anti-LAG3/PD-1 targeted drugs with broad utility have been developed for clinical applications. MacroGenics developed a bispecific drug MGD013, which is synthesized by Dual-Affinity Re-Targeting®. MGD013 simultaneously targets LAG3 and PD-1, thereby blocking immune checkpoint inhibition, activating T cells, and enhancing anti-tumor immunity. In addition, F-star developed a bispecific antibody drug, FS118, synthesized by modular antibody technology, which simultaneously targets LAG3 and PD-L1. Following a phase I clinical trial (clinicaltrials.gov trial no. NCT03440437), in which the pharmacokinetics and activity of FS118 were measured to evaluate its safety and tolerance, several clinical trials have begun active recruitment. All ongoing clinical trials that focus on the synergistic actions of LAG3 and PD-1/PD-L1 inhibitors are shown in Table S1.



Discussion

On the basis of preclinical or clinical evidence supporting its promising synergistic effects when combined with PD-1/PD-L1 blockade, inhibition of LAG3 will presumably play an increasingly important role in anti-tumor immunotherapy. LAG3 is an immunoglobulin superfamily member that helps to maintain homeostasis in the immune system. Based on promising pre-clinical human and murine studies with LAG3-targeted therapies in combination with anti-PD-1/PD-L1, several clinical studies are ongoing to fully evaluate their safety and efficacy. Previous studies have demonstrated that chronic inflammatory environments (e.g., chronic viral infection or tumors) result in sustained T-cell activation, which causes persistent LAG3 expression on T cells. Notably, LAG3 is frequently coexpressed with other inhibitory receptors (e.g., PD1, TIGIT, TIM3, 2B4, and CD160), finally resulting in a T-cell dysfunctional state. However, there has been minimal research concerning the synergistic interactions of LAG3 with other promising inhibitory receptors, such as cytotoxic T lymphocyte associated antigen-4 and TIM3; these interactions should be investigated in future studies.
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