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Abstract

Lymphocyte activation gene 3 (LAG-3) is an inhibitory receptor that is highly expressed 

by exhausted T cells. LAG-3 is a promising immunotherapeutic target, with more than 20 

LAG-3-targeting therapeutics in clinical trials and a fixed-dose combination of anti-LAG-3 and 

anti-PD-1 now approved to treat unresectable or metastatic melanoma. Although LAG-3 is 

widely recognized as a potent inhibitory receptor, important questions regarding its biology and 

mechanism of action remain. In this Perspective, we focus on gaps in the understanding of 

LAG-3 biology and discuss the five biggest topics of current debate and focus regarding LAG-3, 

including its ligands, signaling and mechanism of action, its cell-specific functions, its importance 

in different disease settings, and the development of novel therapeutics.

LAG-3 (CD223), identified in 1990 as a CD4 structural homolog1, is expressed by a 

diversity of lymphocytic and nonlymphocytic lineage cells2–4. LAG-3 was subsequently 

shown to be an inhibitory receptor in Lag3-knockout mice5,6. The majority of LAG-3 

research to date has highlighted its role in T cell dysfunction, negatively regulating the 

immune response in tumors and chronic viral infections. However, LAG-3 is unconventional 

in a number of ways, leaving outstanding questions with respect to its ligands and function 

in disease settings.

Although knowledge gaps exist in our understanding of LAG-3 biology, anti-LAG-3 

immunotherapeutics have been used to restore T cell function7. A phase 2/3 randomized 

trial reported that the anti-LAG-3 therapeutic relatlimab, in combination with nivolumab 

(anti-PD-1), achieved 47.7% 12-month progression-free survival (PFS) in patients with 

melanoma, compared to 36% with nivolumab monotherapy8. Following these results, a 

major landmark was achieved in 2022 when the US Food and Drug Administration 

(FDA) approved the relatlimab/nivolumab combination drug Opdualag for the treatment 

of unresectable or metastatic melanoma9. With this approval, LAG-3 became the third 

checkpoint inhibitor to show efficacy when targeted in the clinic, The response profile of 
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Opdualag is comparable to the ipilimumab/nivolumab (anti-CTLA4/anti-PD-1) combination 

(47.7% versus 49% 12-month PFS), although 59% of patients had severe adverse events 

with ipilimumab/nivolumab compared with only 18.9% with Opdualag10,11. Combinatorial 

anti-LAG-3/anti-PD-1 has also been of benefit for patients who are not responsive to 

primary anti-PD-1/PD-L1 therapy12 in the neoadjuvant setting of resectable stage III/IV 

melanoma and visceral non-pulmonary metastases. Thus, given the superior toxicity profile, 

risk:benefit ratio and survival profile, relatlimab/nivolumab might become the preferred 

first-line therapy in advanced melanoma and neoadjuvant settings irrespective of mutational 

status.

Given the clinical relevance and efficacy of targeting LAG-3, further understanding of 

LAG-3–ligand structural biology, interactions and signaling is imperative. This Perspective 

summarizes important developments leading to the discovery, translation and regulatory 

approval of LAG-3. We also discuss gaps in our understanding of LAG-3 biology, providing 

insight into cell-specific functions of LAG-3 and how LAG-3 is regulated, along with 

mechanistic insights into LAG-3 signaling and function. We also discuss the future of 

LAG-3 therapeutics for the treatment of autoimmune and neurological diseases.

LAG-3 ligands

LAG-3 was initially shown to mediate T cell inhibition by interacting with its canonical 

ligand, major histocompatibility complex (MHC) class II. LAG-3–MHC class II interactions 

are mediated via loop 2 (103–112) of the LAG-3 D1 domain13,14. LAG-3 also seems 

to selectively recognize conformationally stable peptide–MHC class II complexes (pMHC 

class II)15. Additional ligands for LAG-3 have been suggested, including galectin-3 (Gal-3), 

liver and lymph node sinusoidal endothelial cell C-type lectin (LSECtin), fibrinogen-like 

protein 1 (FGL1), α-synuclein preformed fibrils (α-syn PFF) and, most recently, the T cell 

antigen receptor (TCR)–CD3 complex (Fig. 1). However, the relative importance of these 

alternative ligands is controversial.

Nearly 10 years ago, two galactose-binding lectins, Gal-3 and LSECtin, were proposed as 

potential LAG-3 ligands, although data supporting the biological relevance of these ligands 

are limited. Gal-3 was reported to mediate suppression of effector CD8+ T cell function16,17 

in endometrial carcinoma18, vulvar squamous neoplasia19 and multiple myeloma20. LSECtin 

suppresses effector T cell responses by downregulating expression of cell cycle kinases 

(CDK2, CDK4 and CDK6)21 in melanoma cells. Despite these reports, lectins remain 

undefined and are understudied in the context of LAG-3, so it is unknown if they are true 

LAG-3 ligands. If they are LAG-3 ligands, the physiological expression profile for lectins 

needs to be evaluated along with how they mediate regulatory effects.

FGL1 is a member of the fibrinogen family of proteins secreted by hepatocytes and tumor 

cells, with differential tumor-specific and site-specific expression22. FGL1 has been shown 

to bind the D1 domain of LAG-3, independently of MHC class II23, through a flexible 

loop in the C-terminal fibrinogen-like domain of FGL1 (ref. 24). FGL1 also binds to 

human LAG-3 (hLAG-3) and mouse LAG-3 (mLAG-3) via distinct molecular surfaces, 

which might be indicative of the distinct dimeric states of hLAG-3 versus mLAG-3 (ref. 
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24). LAG-3 was initially suggested to form dimers on the cell surface through biochemical 

analysis25, which has now been confirmed by structural analyses24.

Further studies are needed to characterize the functional relevance of FGL1 interactions 

with hLAG-3 and mLAG-3. Also, the importance of LAG-3–FGL1 interactions in different 

cell types, such as plasma cells, plasmacytoid dendritic cells (pDCs) and natural killer 

(NK) cells, is unclear. Another question is whether there is tumor-specific or tissue-specific 

expression of FGL1 and how that might affect interactions with, and the function of, LAG-3. 

Interestingly, one study investigated the relative contribution of LAG-3–pMHC class II 

versus LAG-3–FGL1 interactions using mice expressing LAG-3 mutants that lack the ability 

to bind to each of these ligands and found that the interaction with stable pMHC class II, but 

not FGL1, was required for maximal T cell inhibitory activity in vitro, as well as for limiting 

autoimmunity and preventing anticancer immunity13. However, the study did not completely 

rule out LAG-3–FGL1 interactions as being involved as it did not evaluate anti-LAG-3 in 

vivo, and it remains possible that the mutations used do not fully abrogate LAG-3–FGL1 

in a physiological setting in vivo. In addition, the mutations used that abrogate LAG-3 

interaction with stable pMHC class II might affect other, as-yet-unappreciated, ligand 

interactions or structural features that are important for LAG-3 function, such as TCR-CD3 

engagement or dimerization, respectively.

LAG-3 has been shown to interact with the TCR–CD3 complex in the absence of MHC class 

II, suggesting that the TCR or CD3 function as important ligands for LAG-3 in cis rather 

than in trans26. LAG-3 was also shown to mediate its inhibitory activity by disrupting the 

association between the co-receptors CD4 and CD8 and the tyrosine kinase Lck, thereby 

limiting proximal TCR signaling and downstream T cell activation26. However, the LAG-3 

domains and residues that mediate interaction with the TCR–CD3 complex and where 

LAG-3 binds to the TCR–CD3 complex are unknown.

LAG-3 is also expressed by neurons, where it might have non-immune functions. LAG-3 

mediates cell–cell transmission in α-synucleinopathies through α-syn PFF27. Although 

papers have reported contradictory results with negligible expression of LAG-3 in mouse 

and human neurons28, despite expression in the brain5, α-syn PFF–LAG-3 interaction in 

disease settings cannot be ruled out. A major limitation of this initial work is that it did not 

rule out other α-syn PFF binding partners such as neurexin 1β and amyloid beta precursor-

like protein 1 (APLP1), which might affect α-syn PFF transmission. In the absence of 

LAG-3, α-syn PFF binds neurexin 1β and APLP1, which raises the question of whether 

LAG-3 is a valid ligand in α-synucleinopathies or if LAG-3 functions in a synergistic 

manner with neurexin 1β and APLP1. LAG-3 might also bind to α-syn PFF–LAG-3 via 

another molecule. As neurexin 1β facilitates cell–cell transmission by forming intracellular 

junctions at neuron synapses, it would be worthwhile investigating the relative contributions 

of α-syn PFF binding partners (LAG-3, APLP1 and neurexin 1β) in neurological disorders. 

It will also be important to identify domains and residues that mediate LAG-3 binding to 

these ligands. Given these contradictory reports, additional validation studies are needed 

and could have implications for the potential of LAG-3 modalities in the treatment of 

neurodegenerative disorders.
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Given the diversity of LAG-3 ligands, their hierarchy in terms of importance and function 

also needs to be defined. In addition, whether certain LAG-3–ligand interactions are disease 

specific and therapeutically targetable is important to delineate. Furthermore, we do not 

know if LAG-3 ligands function independently or have an additive/synergistic effect in 

modulating inhibitory function and if some ligands are more important than others for 

LAG-3 functionality. Given the potential importance of the TCR–CD3 complex as a ligand 

in cis that can function in the absence of MHC class II, we need to understand when 

interaction with the LAG-3 canonical ligand is important. For example, MHC class II 

might be involved when TCR ligand (pMHC) density is low and thus LAG-3 needs ‘help’ 

to maximize entry into the immune synapse. Future mechanistic dissection would benefit 

from understanding the relative contributions of canonical versus noncanonical ligand 

interactions. Lastly, characterizing a variety of anti-LAG-3 monoclonal antibody epitopes, 

their ability to block the various LAG-3 ligands and their subsequent effect in a variety 

of disease settings will help understand the relative importance of different LAG-3–ligand 

interactions and their effect on T cell function.

LAG-3 signaling and mechanism of action

Although LAG-3 has been studied extensively as a potential immunomodulatory target, its 

inhibitory signaling mechanism is not entirely clear. LAG-3 mediates inhibitory function via 

a cytoplasmic domain of four phylogenetically conserved motifs with undefined function: a 

membrane-proximal region FXXL motif, a putative serine phosphorylation site, a KIEELE 

motif and the repetitive C-terminal EP motif6,7,29,30. Early studies reported that LAP 

(LAG-3-associated protein), identified via a yeast two-hybrid screen, binds to the LAG-3 

EP motif30. However, this finding has not been validated. Around the same time, a screen of 

several LAG-3 cytoplasmic domain mutants using a T cell hybridoma system identified the 

KIEELE motif as necessary for interleukin (IL)-2 production7.

Subsequent work indicated that LAG-3–pMHC class II interactions transduce two 

independent inhibitory signals via distinct intracellular motifs: the C-terminal EP repeat, 

and the FXXL motif in the membrane-proximal region29. The importance of the EP motif 

was further highlighted in a detailed dissection of the mechanism of LAG-3 function and 

how it affects TCR signaling. LAG-3 was shown to associate with the TCR–CD3 complex 

and track to the immunological synapse, where it subsequently disrupts the association of 

the CD4 and CD8 co-receptors with the tyrosine kinase p56lck (Lck). This effect is mediated 

by three unique features of the EP motif: (1) The highly acidic EP motif-containing LAG-3 

cytoplasmic domain (pI: 4.75) associates via electrostatic interaction with the basic CD4 or 

CD8 cytoplasmic domains (pI: 11.25 and 11.62, respectively); (2) The EP motif lowers the 

local pH around the TCR–CD3–CD4/CD8 complex disrupting co-receptor–Lck interactions; 

and (3) The EP motif also binds and sequesters Zn2+ cations that are required for the 

co-receptor–Lck interaction. Collectively, these features of the EP motif disrupt co-receptor–

Lck function, limiting CD3ζ and ZAP70 phosphorylation and downstream TCR signaling 

(Fig. 2)26.

In neurons, LAG-3 might mediate cell–cell transmission through α-syn PFF in α-

synucleinopathies in which the D1 loop of LAG-3 binds to the acidic α-syn C terminus. This 
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seems to mediate internalization of exogenous misfolded α-syn PFF in a clathrin-dependent 

endocytic process31. LAG-3–α-syn colocalizes with Rab5, Rab7 and endosomal GTPases 

during neuronal tranmission27, facilitating pathological transmission of α-syn in neurons 

and transsynaptic synuclein transfer via LAG-3 and Rab5A32,33. As already discussed, 

there is controversy surrounding LAG-3 as the sole ligand responsible for α-syn PFF 

transmission. This issue is highlighted by the observation that APLP1, an α-syn PFF binding 

partner and member of the APP family, colocalizes with synaptic microvesicle protein 

(synaptophysin) and early endosome protein (Rab5) during endocytosis, indicating a role of 

APLP1 in neuron transmission.

In future studies, it will be important to look at the relative importance of the various 

LAG-3 cytoplasmic tail motifs in physiological and disease settings, and if there are other 

undiscovered motifs. For example, it is unknown if some known motifs, such as the serine 

phosphorylation site and KIEELE motif, mediate LAG-3 signaling and function in primary 

cells. We also do not know if the various motifs function independently or in conjunction 

with the EP or other motifs. Additionally, signaling pathways downstream of the EP motif 

need to be further explored, for example, to see if signaling molecules are associated with 

the cytoplasmic domain, as has been reported for LAP30.

One other important question is whether LAG-3–ligand interactions trigger conformational 

changes in LAG-3 extracellular domains and, if so, how these might be transmitted 

to LAG-3 intracellular motifs. Furthermore, whether different LAG-3 ligands mediate 

different signaling mechanisms via different LAG-3 motifs in presently unclear, as is an 

understanding of how LAG-3 mediates its inhibitory signal in cells that do not express CD4, 

CD8 and/or Lck, as well as cells that express Lck but not CD4/CD8. Given the apparent 

diversity of ligands and signaling motifs, multiple mechanisms might account for LAG-3 

function depending on the cell, tissue and disease context.

Finally, a critical component for any signaling pathway is its termination. LAG-3 has 

a unique and rapid mechanism of signal termination via cell surface shedding by two 

disintegrin and metalloprotease family members: ADAM10 and ADAM17 (refs. 25,34). 

This mechanism of signal termination is far more rapid than transcriptional or translational 

downregulation. The physiological importance of this shedding has been highlighted by 

the demonstration that LAG-3 mutants that are resistant to ADAM-mediated shedding 

have greater inhibitory activity in vitro and in vivo25,35. These observations raise two 

important points that require further analysis. First, it was shown that there is a tight 

inverse relationship between LAG-3 surface expression and ADAM10 expression, and this 

relationship can directly affect PD-1 responsiveness to therapeutics and patient prognosis35. 

Given the small size of this limited dataset, it will be important to further assess if and how 

LAG-3 shedding might affect patient selection and responsiveness to anti-PD-1/PD-L1 and 

other combinatorial immunotherapies. Second, questions remain regarding the functional 

effect of soluble LAG-3 that is released following ADAM-mediated shedding. Although 

current data suggest that soluble LAG-3, which is a monomer, has low affinity for MHC 

class II and does not affect T cell function25, further analysis is needed to establish this 

point.
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Cell-specific functions of LAG-3

LAG-3 negatively regulates T cell activation and function, but its importance for other 

cell types is unclear. LAG-3 is widely expressed by many cell types of both lymphocytic 

and nonlymphocytic lineage and its expression is a hallmark of exhausted CD4+ and 

CD8+ T cells in the context of persistent antigenic stimulation by tumors or chronic viral 

infections36–39. As most studies have focused on CD8+ exhausted T cells, we have a more 

limited understanding of LAG-3 function in CD4+ effector T cells. LAG-3 is expressed 

by several regulatory populations, including thymus-derived regulatory T (Treg) cells, in 

which it modulates their suppressive activity40–42, and CD4+ type 1 regulatory T (Tr1) 

cells43. LAG-3 is also expressed by subpopulations of NK cells, NKT cells, B cells and 

pDCs, although our understanding of its function in these cells is limited44. LAG-3 is 

also expressed in the brain, especially during early development, suggesting it might be 

important for normal brain development and function5. Given its role in neurodegenerative 

disorders27, more in-depth analysis of LAG-3 expression and function in the brain, and by 

neurons specifically, is warranted.

Ectopic expression of LAG-3 has been shown to make Treg cells immunosuppressive45. 

Intra-islet LAG-3-deficient Treg cells signal through the IKAROS family zinc finger 4 

(Eos) pathway with enhanced IL-2–Stat5 signaling46. The IL-27–LAG-3 axis has also 

been reported to enhance Treg cell functionality in T cell-induced colitis41. Tr1 cells 

(CD49b+LAG-3+) secrete IL-10 and are regulated by early growth response gene 2 (Egr2)47, 

an important molecule involved in promoting anergy via TGF-β3 in an Egr2-dependent 

and Fas-dependent manner48. However, CD49b and LAG-3 are also coexpressed by other 

cells of the T cell lineage (for example, Treg cells and CD8+ T cells), indicating that 

the immunosuppressive function of Tr1 cells might be dependent on CD4+ differentiation 

stage49. As CD49b is expressed by memory T cells and LAG-3 by activated T cells, the 

CD49b+LAG-3+ phenotype captures a subset of activated memory cells instead of precursor 

and nonactivated Tr1 cells. This phenotypic and functional heterogeneity along with precise 

markers for identification of peripheral Tr1 cells is understudied. Further studies will help 

address if Tr1 cell subsets utilize distinct suppressive mechanisms. In addition, although 

there are studies of LAG-3+CD8+ exhausted T cells, a deeper understanding of how LAG-3 

affects T cell function is required.

Given the diversity of cell types expressing LAG-3, it is important to understand if the 

role and impact of LAG-3 differs across different cell types. This is relevant as an in-depth 

analysis of LAG-3 signaling has revealed that it targets co-receptor–LCK signaling, thereby 

restricting this mode of action to CD4+ or CD8+ cells29. In the spleen and thymus of 

naive mice, ~10% of NK cells express LAG-3 (ref. 5). However, the importance of LAG-3 

expression by NK cells and their role in tumor settings is unclear. Notably, LAG-3+ 

regulatory B cells promote an immunosuppressive environment via IL-10 and undergo 

development via Bruton’s tyrosine kinase and B cell receptor signaling, independent of T 

cells50.

LAG-3 is also expressed by other cell types, most notably pDCs4. LAG-3 seems to maintain 

homeostasis in a cell-intrinsic and cell-extrinsic manner and promotes immunosuppression 
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in melanoma51 and head and neck squamous cell carcinoma52. In autoimmune disorders, 

LAG-3+ pDCs cause aberrant immune activation that drives inflammation51. Yet despite a 

decade of research on LAG-3+ pDCs, little is understood about how these cells function in 

different disease settings.

Finally, studies are needed to understand if there is a differential effect of LAG-3 

immunotherapy on different cell subsets and how that might correlate with therapeutic 

response. If there is clinical value in targeting LAG-3 only on some cell types, then cell-

specific therapeutics will also need to be developed.

Importance of LAG-3 in different disease settings

LAG-3 has a major function in tumors36,38,39, chronic viral infections37,53, autoimmune 

disorders54,55 and α-synucleinopathies27,56. Sustained LAG-3 expression has been directly 

correlated with an exhaustion phenotype in tumors and viral infections38,39,53, exemplified 

by impaired T cell proliferation and cytokine secretion thereby blocking antitumor and 

antiviral immunity. By contrast, LAG-3 also limits autoimmunity, as its deletion or blockade 

exacerbates autoimmune diabetes55,57,58. In tumors and viral infections, transcriptional 

analysis of exhausted T cells shows elevated expression of LAG-3 and other inhibitory 

receptors such as PD-1, TIGIT and TIM3. Antigen-specific tumor-infiltrating CD8+ T cells 

are negatively regulated by LAG-3 and PD-1 in multiple human tumors, including ovarian 

cancer59, head and neck squamous cell carcinoma60 and hepatocellular carcinoma61.

Similar results have been reported for intrahepatic hepatitis C virus infection62 and human 

T cell lymphotropic virus type I infection63. In chronic viral infection, CD4+ T cell 

exhaustion correlates with the loss of helper T cell function during infection with hepatitis 

B virus64 and with hepatitis C virus65. In non–small-cell lung cancer, a higher frequency 

of LAG-3+CD4+CD25− T cells infiltrates metastases than primary tumors66. Aside from 

the T cell compartment, high LAG-3 expression has also been reported for NKT cells 

in non–small-cell lung cancer67 and in chronic infection with human immunodeficiency 

virus68, although a major limitation is the challenge to define its role in these cells in a 

cancer setting. High LAG-3 expression also has been reported in mature B cells in chronic 

lymphocytic leukemia69.

Inhibitory receptors such as LAG-3, PD-1, TIM3, TIGIT and CTLA4 are important in 

mediating peripheral tolerance in autoimmunity45,70. Although many studies have addressed 

the role of LAG-3 in driving T cell exhaustion in tumor and chronic viral infections, 

LAG-3 also affects autoimmune disorders where it might be even more important. For 

example, two independent studies have reported a direct correlation between absence of 

LAG-3 and potentiation of autoimmune diabetes5,58. These findings highlight the potential 

importance of LAG-3 in autoimmunity where enhancing LAG-3 function could limit T 

cell-mediated pathology46,54. In the absence of LAG-3, high T cell infiltration is detected 

in the pancreatic islets of nonobese diabetic mice58. Additionally, these autoreactive intra-

islet CD8+ T cells are transcriptionally, phenotypically and epigenetically restrained via 

an exhaustion-like program that is modulated by LAG-3 in nonobese diabetic mice55. As 

CD8+ T cell restraint is important in delaying disease onset, induction of this restrained 
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phenotype in patients with type 1 diabetes might be a therapeutic option. Examination of this 

restrained CD8+ T cell subset in other autoimmune disorders would also be interesting. For 

example, kidney-infiltrating T cells in mouse lupus nephritis were also found to exhibit a 

restrained phenotype71. Identifying whether this restrained CD8+ T cell phenotype exists in 

autoimmune patients would enhance the translational value and relevance of these findings. 

Further insight into the mechanisms that promote and maintain a restrained phenotype may 

uncover new therapeutic approaches.

LAG-3 also modulates the function of Treg cells in autoimmunity. For example, LAG-3 

limits Treg cell proliferation and function in mouse autoimmune diabetes46, whereas LAG-3+ 

Treg cells from patients with rheumatoid arthritis produce large amounts of IL-10 (ref. 72). 

In the mouse model collagen-induced arthritis, LAG-3+FOXP3− Treg cells induced by B 

cells are reported to ameliorate joint inflammation by driving IL-10 production73. A STAT6–

LAG-3 signaling axis has also been suggested to be important for regulatory B cell function 

in Peyer’s patches74. Lastly, LAG-3+ T cells in systemic lupus erythematosus exhibiting 

regulatory function control B cell responses via Egr2-dependent and Egr3-dependent TGF-

β production75. Given initial reports, it would be interesting to further explore LAG-3 

expression on B cells and what function LAG-3 might have in different disease contexts.

As already noted, high LAG-3 expression in neurological disorders, such as Parkinson’s 

disease27 and prion diseases56, seems to affect disease but has been challenging to study. 

Given the potential role for LAG-3 in α-synucleinopathies, it will be important to clearly 

define the location of expression and the cell types (for example, neurons and supporting 

cells) that express LAG-3.

Development of LAG-3-targeting therapeutics

Two independent and noteworthy contributions have provided substantive insight into 

LAG-3 structure and mode of action, prompting a new perspective for the development 

of LAG-3-targeting therapeutics (Fig. 3). First, the structure of LAG-3 was solved providing 

fundamental insight into the molecular architecture of the LAG-3 ectodomain (D1–D4)24. 

Interestingly, LAG-3 forms a homodimer, confirming earlier biochemical data25, with a 

central axis via a conserved hydrophobic D2 domain with the remaining domains forming 

a V-shaped architecture24. Second, a primary mechanism of LAG-3 inhibitory signaling 

was identified26,76. Constitutive LAG-3 association with TCR–CD3 at the immunological 

synapse was shown to limit proximal TCR signaling via the co-receptor–Lck signaling 

pathway. Taken together, these insights indicate new possibilities to therapeutically target 

LAG-3 (ref. 76).

Although this initial LAG-3 structural insight is an important step, additional structural 

analysis of LAG-3 alone and in complex with its ligands and various therapeutic antibodies 

is needed. Further structural insight would facilitate precise mapping of LAG–3-MHC class 

II, LAG-3–FGL1 and LAG-3–TCR binding interfaces, providing valuable functional insight 

and how these interactions are disrupted by current therapeutic antibodies or could be 

improved with new therapeutics.
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High-resolution structural insight will probably be important to generate new LAG-3 

therapeutics, given that it is unclear if the current LAG-3 antagonists are optimal54,77 (Fig. 

3), particularly in light of observations regarding the requirement for LAG-3 interaction with 

the TCR–CD3 complex26. In addition to LAG-3 therapeutics, several bispecific antagonists 

co-targeting LAG-3 and PD-1 or PD-L1 are also in the clinic. It will be interesting to 

see if these therapeutics have comparable efficacy to the current relatlimab/nivolumab 

combination or if there is any benefit or detriment to targeting two inhibitory receptor 

pathways simultaneously, and if they have different safety profiles. Another consideration is 

whether we need antagonists to optimally block all ligand interactions, including TCR–CD3.

Another important question relates to how to make optimal agonists for the treatment of 

autoimmune and inflammatory disorders. Inhibitory receptor agonists should be further 

explored. The precise mechanism that optimal LAG-3 agonists would need to induce 

needs to be deciphered for us to design optimal therapeutics. Selective depletion of 

LAG-3+ autoreactive T cells, while sparing LAG-3+ Treg cells, might be one therapeutic 

option. Whether autoimmune disorders can be managed effectively with LAG-3 agonists 

alone or synergistically with other inhibitory receptor agonists is unknown. Another major 

consideration for agonist development is the high frequency of LAG-3 shedding by ADAM 

metalloproteases25,34 (Fig. 3). Although this shedding could be beneficial for antagonists 

as a mode of action, extensive shedding could substantially limit the efficacy of agonists, 

suggesting that strategies to avoid it would be desirable54.

Finally, given the potential role of LAG-3 in neurological disorders, such as Parkinson’s 

disease27 and prion diseases56, LAG-3-targeting therapeutics might be useful, although these 

would need to be developed using technologies that enable therapeutic transmission across 

the blood–brain barrier.

Future directions

LAG-3 has emerged as a promising immunotherapeutic target. With the approval 

of relatlimab, a LAG-3-targeting therapeutic, opportunities exist for further clinical 

development. It also became the third checkpoint inhibitor to show efficacy when targeted 

in the clinic. Nevertheless, many questions remain, with further insight likely to affect 

optimal use of the current LAG-3-targeting therapeutics and the development of additional 

LAG-3-targeting therapeutics, especially for diseases other than cancer.

While this Perspective has focused on the five biggest topics of debate and contention 

surrounding LAG-3, there are many additional important questions related to how LAG-3 

affects or is affected by other immune and nonimmune mechanisms that could affect 

optimal selection of new combinatorial treatments. Perhaps most important is that we gain 

a complete understanding of the mechanisms that drive the synergistic combination of 

therapeutics against LAG-3 and PD-1, given that this combination has had one approval 

from the US Food and Drug Administration and is advancing in multiple clinical trials 

targeting multiple tumor types. Further, what other therapeutic modalities should be 

combined with LAG-3 therapeutics for the treatment of different diseases? For example, 

given its mechanistic focus on limiting TCR signaling, LAG-3 therapies might combine well 
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with those that target other inhibitory receptors such as TIM3 and TIGIT, co-stimulatory 

agonists, cytokines or chemotherapy.

One curious question is why LAG-3 is less potent than PD-1, given that LAG-3 targets TCR 

signaling, whereas PD-1 primarily targets the more subservient co-stimulatory signaling via 

CD28. This effect might partly be a result of broader expression of PD-1 versus LAG-3, 

but also might be related to much tighter control of LAG-3 expression via ADAM-mediated 

shedding34,35.

In summary, clinical approval of a LAG-3-targeting therapeutic has laid the foundation for 

further improvements in clinical care for cancer, but additional work is needed to maximize 

the potential of this therapeutic option such that the next generation of LAG-3-targeting 

therapeutics have better efficacy across multiple disease types, especially for autoimmune, 

inflammatory and neurological disorders.
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Fig. 1 |. LAG-3 ligands.
a, LAG-3 ligands and their source. APC, antigen-presenting cell; MHCII, MHC class II. b, 

A timeline of LAG-3 ligand discovery.
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Fig. 2 |. LAG-3 signaling.
The ‘EP’, KIEELE’ and ‘pS454/FxxL’ motifs are highly conserved motifs within the 

cytoplasmic tail of LAG-3. The ‘EP’ motif causes Lck to dissociate from CD4/CD8 by 

lowering the local pH. The mechanisms of action for ‘KIEELE’ and ‘pS454/FxxL’ are 

unknown. sLAG3, soluble LAG-3; MHC II, MHC class II.
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Fig. 3 |. LAG-3-specific therapeutics.
Mode of action for antagonists that mainly function by blocking LAG-3 ligand interaction 

with bispecifcs, providing an opportunity to simultaneously block two ligands (left). Mode 

of action for agonists by enhancing LAG-3 clustering to TCR–CD3, blocking ADAM10/

ADAM17 (ADAM10/17)-mediated cleavage of LAG-3 and bispecifics to induce allosteric 

changes (right). MHC II, MHC class II; mAb, monoclonal antibody.
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