The Next-Generation Immune Checkpoint LAG-3 | Encyclopedia.pub

The Next-Generation Immune Checkpoint
LAG-3

Subjects: Immunology

Contributor: Quentin Lecocq

The blockade of immune checkpoints (ICPs), such as cytotoxic T lymphocyte associated protein-4 (CTLA-4) and

programmed death-1 (PD-1) and its ligand (PD-L1), has propelled the field of immuno-oncology into its current era.

LAG-3, immune checkpoint,immunotherapy

| 1. Introduction

Immune cells are controlled by a plethora of molecules that act as “security brakes” at multiple stages of the
immune response. These regulations are important to prevent the destruction of tissues caused by inappropriate
and/or disproportionate responses to invading pathogens. Cancer cells exploit such inhibitory immune checkpoints

(ICPs) to escape destructive tumor-specific immune responses, which is unfavorable for the patients’ outcome.

In 2018, cancer caused 9.6 million deaths and was diagnosed in 18.1 million patients worldwidell. Cancer
treatments focusing on reinvigorating exhausted tumor-specific immune cells significantly improved the survival of
patients. In particular, the anti-tumor effects observed after monoclonal antibody (mAb)-mediated the blockade of
the ICPs; cytotoxic T lymphocyte associated protein-4 (CTLA-4, CD152), programmed death-1 (PD-1, CD279) and
its ligand PD-L1 (CD274, B7-H1), revolutionized the field of immuno-oncology. Therapeutic success was achieved
in a fraction of patients and provided clinical evidence that corroborated the preclinical finding that ICPs exert
inhibitory effects on immune cells that try to eradicate cancer cells. However, the response frequencies to these
widely used ICP-blocking mAbs are suboptimal as a consequence of, amongst others, tumor resistance, an
absence of tumor-infiltrating lymphocytes (TILs), and the presence of inhibitory myeloid cellslZ. Moreover, the
occurrence of immune-related adverse events (irAEs) has been a reason to discontinue the use of ICP-blocking
mADbs. Taken together, researchers are continuously untangling the biology of inhibitory receptors to increase

response rates and to prevent irAEs.

The list of inhibitory ICPs that negatively regulate anti-tumor immune responses is growing. Among these next-
generation ICPs, lymphocyte activating gene-3 (LAG-3, CD233) has emerged as an eminent target in the
development of cancer treatment and holds substantial prognostic value. With as many as 15 different compounds
targeting LAG-3 under (pre)clinical evaluation, it is the most widely studied ICP next to CTLA-4 and PD-1/PD-L1.
LAG-3, also known as CD223, is expressed on numerous immune cell types, where its exact mechanism of action

is yet to be fully discovered. However, it is certain that LAG-3 shows a remarkable synergy with PD-1 in promoting
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immune escape of cancer cellsBI4BEIE Notably, the simultaneous blockade of LAG-3 and PD-1 has shown striking

clinical results in melanoma patients that were not responding well to initial PD-1 or PD-L1 monotherapy [,

The growing list of inhibitory ICPs brings forth the challenge of defining which patients are likely to benefit from ICP
therapy and which inhibitory ICP(s) prevail(s) in the patients’ tumors and therefore should be targeted. Presently,
patients are selected for treatment with ICP-blocking mAbs, depending on the level of inhibitory ICP expression in
the tumor microenvironment (TME), which is determined using immunohistochemistry (IHC). The static picture
created by the IHC of a tumor biopsy does not take in account the heterogeneously distributed expression of ICPs.
The latter can explain the fact that “non-expressors” do respond to ICP-blocking therapies. Contrarily, some
patients with IHC samples that show a clear expression of ICPs in the TME are observed not to react to ICP-
blocking mAbs19Ll This can be due to amongst others, the compensatory expression of other ICPsRIIL2I13]
Recent studies explored the field of molecular imaging as a more suited alternative for the non-invasive detection
of ICPs in cancer patients. Molecular imaging allows the whole body visualization of prognostic or predictive
markers. It can be performed non-invasively and repetitively, which allows quantifying and tracking of the dynamic

evolution of expression patterns.

The aim of this review is to provide an overview of the biology of LAG-3 in the context of cancer as well as to

provide an overview on the strategies used to detect and block LAG-3.

| 2. The Receptor LAG-3 and Its Interaction Partners

LAG-3, also called CD223, was identified in 1990 as a receptor that was expressed on a natural killer (NK) cell line
cultured with interleukin (IL)-2124l. A close relationship with the cell surface protein CD4 was shown in terms of
location and organization of its coding region as well as in terms of amino acid sequence and protein structure.
The LAG-3 gene is located on the distal portion of the short arm of human chromosome 12 (12p13.31), which is
adjacent to the coding region for CD4, and contains eight exons22l. The conservation of LAG-3 among species is
shown by its 70% and 78% homology with murine and pigi2€! LAG-3, respectively. The protein LAG-3 is 503
amino acids large, weighs 70 kDa, and is a type | transmembrane protein that contains four extracellular
Immunoglobulin (Ig)-like domains termed domain 1 to 4. Approximately 20% of its amino acid sequence is identical
to the CD4 protein, which is mostly pronounced in the extracellular region?4/17, |n contrast, the intracellular region
of CD4 and LAG-3 lack homology, suggesting different functions. Due to the extracellular similarity, CD4 and LAG-
3 share the same ligand, i.e., major histocompatibility complex class Il (MHC-II) proteins. In LAG-3, a 30 amino
acid long “extra loop” in domain 1 has been reported to engage MHC-1II2812 Notably, LAG-3 does not universally
recognize MHC-Il/peptide (pMHC-II) complexes on the surface of antigen-presenting cells (APCs). LAG-3 has
been shown to selectively bind pMHC-1I complexes that are considered stable after H2-DM has replaced the class-
ll-associated invariant chain peptide or unstable peptides by peptides with high affinity for the peptide-binding
groove of MHC-II. LAG-3 is able to bind these stable pMHC-II complexes with a stronger affinity than CD4[L2I[18]119]
(201211 several other ligands interact with LAG-3, including Galectin-3 (Gal-3), liver sinusoidal endothelial cell lectin
(LSECtin, CLECA4G) and fibrinogen like protein 1 (FGL-1) (Figure 1).
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Figure 1. Expression of LAG-3 and its ligands in the TME. (A) Binding partners reported to associate with LAG-3
are stable pMHC-II complexes, Gal-3, LSECtin and FGL-1. These LAG-3 ligands are expressed on APCs, tumor
cells and tumor-associated stromal cells. (B) Expression of LAG-3 on different immune cells and its influence on
their effector functions. (C) sLAG-3 inhibiting the differentiation of monocytes towards macrophages or DCs.
Abbreviations: APC, antigen-presenting cell; FGL-1, fibrinogen-like protein 1; Gal-3, Galectin-3; LSECtin, liver
sinusoidal endothelial cell lectin; NK, natural killer; pDC, plasmacytoid dendritic cell; pMHC-II, peptide major
histocompatibility complex class Il; sSLAG-3, soluble LAG-3; TAM, tumor-associated macrophage; TME, tumor

microenvironment; Treg, regulatory T cell.

LSECtin is mainly expressed in the liver and has been found on the surface of tumor cells, such as human
melanoma cells, as an engendered mechanism of immune escapel2223l. Gal-3 is a soluble molecule secreted by a
variety of tumor cells and tumor-associated stromal cells. It interacts with LAG-3 and was observed to reduce the
frequency of CD8" T cells producing interferon gamma (IFN-y) in the TME 2423l The fourth ligand of LAG-3, FGL-
1, has been identified more recently. FGL-1 is produced and secreted by tumor cells and hepatocytes. Preclinical
work showed that FGL-1 reduced the production of IL-2 by a T-cell line, when interacting with LAG-3 on the T-cell

surface [26],

3. Expression of LAG-3 and Its Regulation in Tumor-
Associated Immune Cells

As illustrated in Figure 1, the expression of LAG-3 in the TME has been observed on TILs[Z, in particular
CD4* and CD8* T cells428 including regulatory T cells (Tregs)22; NKT cellsY; B cellsl:; NK cellsd as well as
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on plasmacytoid dendritic cells (pDCs)2334] and tumor-associated macrophages (TAMs)BE21(36],

It has been shown that LAG-3 expression on CD4" and CD8* T cells, even NKT cells, is induced upon continued
antigen stimulation further stimulated through exposure to IFN-y, IL-2, IL-7, and/or IL-12[29[B037I38]  Several
transcriptional regulators have been implicated in the regulation of LAG-3 expression and T-cell exhaustion, which
is the state of most TILs. These are thymocyte selection-associated high mobility group box protein (TOX), nuclear
factor of activated T cells (NFAT), and nuclear receptor subfamily 4, group A (NR4A)E401[41]142][43]144] | AG-3
expression is further regulated through its trafficking in cells2. In addition, proteolytic cleavage by ADAM10 and
ADAM17, two metalloproteases, regulates LAG-3 levels on the T-cell surface, allowing T-cell activation in the
initiation phase of the immune responsel48l. However, sustained antigen stimulation forces LAG-3 expression on

the cell surface, leading to the loss of T-cell effector functions and the development of an exhausted state.

Several Treg-populations have been characterized by high and constitutive expression of LAG-3[47481149] These
include CD4* Foxp3* Tregs, IL-10 producing Trl cells as well as IL-10 and transforming growth factor beta (TGF-
B)3 producing CD4* Foxp3™ Tregs. It has been hypothesized that this constitutive LAG-3 expression is due to
continuous TCR signaling by self-antigens, which is recognized by these Treg-populations, implicating the same
transcriptional regulators, as described for CD4* and CD8* T cells with an effector function®¥. Moreover, early
growth response gene 2 (EGR2) has been described as a critical regulator of LAG-3 expression in CD4* Foxp3”
Tregs22,

The expression of LAG-3 on B cells has not been elucidated on the molecular level. However, it has been shown to
depend on activated T cellsiLl. B cells have been shown to express LAG-3 when cultured with anti-CD3 antibody
activated T cells, however, not when stimulated with antibodies that bind the B-cell receptor and CD40, mimicking
interaction with CD4" Ty cells. Further analysis of the mechanisms leading to LAG-3 acquisition on the B-cell
surface has revealed the need for a soluble factor to induce endogenous LAG-3 expression in B cells with I1L-6
being a good candidate. It has been further shown using LAG-3 knock-out cells that LAG-3 detected on B cells
upon co-culture with activated T cells can further be acquired through the absorption of LAG-3 from activated T

cells.

The regulation of LAG-3 expression on cells of the innate immune system, including NK cells, pDCs, and
macrophages, has yet to be elucidated. Although some hints to the signals that can induce LAG-3 expression on
NK cells and pDCs are available, the molecular mechanisms are not yet described. LAG-3 expression has been
induced on NK cells using IL-12B252I53] Moreover, a subpopulation of NK cells, more specifically NKG2C* NK
cells, have been shown to express LAG-3 in response to interaction with an NKG2C agonist and IL-15832, These
cells further showed increased PD-1 expression, suggesting that LAG-3 and PD-1 expression coincide in this NK
cell population, similar as in T cells. LAG-3 expression has been shown on a subset of pDCs in healthy individuals
as well as on pDCs in melanoma patients with a clear enrichment in LAG-3* pDCs in melanoma-invaded lymph
nodes and in cutaneous melanoma metastasis. Moreover, it was shown that stimuli such as IL-3 and CpG DNA

could stimulate LAG-3 expression on these cells24,
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| 4. Signaling Induced by LAG-3 and Its Net Effect

Thirty years after its discovery, the exact signaling pathway of LAG-3 remains unknown. Compared to other ICPs
such as PD-1 and CTLA-4, LAG-3 does not have immunoreceptor tyrosine-based inhibitory motifs (ITIM) present in
its cytoplasmatic tail. It has been shown that the inhibitory effect of LAG-3 is not caused by competitive pMHC-II
binding with CD4[2128] |nstead, Workman et al. reported an intracellular “KIEELE” sequence in the intracellular
part of LAG-3 on CD4* T cells that is necessary to transduce distinctive yet undetermined inhibitory signalsi22. This
finding was recently contradicted in a study reporting that LAG-3 elicits inhibitory mechanisms through an FXXL
motif present in the membrane-proximal regions in cooperation with a C-terminal EX repeat®4l. The latter is found
to interact with a so-called LAG-3-associated protein (LAP)E2l, The inhibitory effect of LAG-3 was lost upon
deletion of the EX repeat and when mutations were induced in the FXXL sequencel®4. Although the molecular
mechanisms exploited by LAG-3 to install inhibitory signals are slowly being uncovered, there is still much to learn

about LAG-3 and how its atypical cytoplasmic motifs interact with cytoplasmic signaling proteins.

The biological activity of LAG-3 is most intriguing. LAG-3 has been shown to transduce inhibitory signals on
activated CD8" T cells even though the activation of CD8* T cells is not driven by peptide presentation in MHC-II.
Nonetheless, the inhibition of CD8" T-cell activation has been shown to be induced by APCs that express high
amounts of pMHC-II in addition to pMHC-I [21, Moreover, together with the co-expression of PD-1, the anti-tumor
immunity of CD8"* T cells could be abolished through the interaction with LAG-3’s other ligands i.e., LSECtin, FGL-
1, and Gal-3 found in the TME [23124][281[56] Fyrthermore, Tregs present in the TME are renowned to weaken
cancer-specific immune responses through the downregulation of inflammatory cytokines and the upregulation of
suppressor activity. The role of LAG-3 has been shown to be essential in supporting Treg activity®Z. Research in
non-small-cell lung cancer (NSCLC) patients show elevated LAG-3 expression on Tregs residing in the tumor
compared to Tregs found in peripheral blood and normal tissues4E8l. The surface expression of LAG-3 on Tregs
has been shown to increase the secretion of immune suppressive cytokines, such as IL-10 and TGF-pEZBEE],
These cytokines elicit inhibitory effects on the activity of CD8* T cells, NK cells, and DCs. Furthermore, Tregs
directly inhibit pDCs through LAG-3—-pMHC-II interactions. These have been shown to initiate suppressive
pathways, which hamper the proliferation and maturation of DCsB2. Moreover, of all DC subsets, pDCs
constitutively express LAG-3, which in turn negatively regulates their activation, intrinsic physiology, and extrinsic
interplay with T cellsi28l. Consequently, tumor-infiltrating pDCs expressing LAG-3 have been shown to contribute to
an anti-inflammatory environment in melanoma patients 34, The direct role of LAG-3 expressed on activated NK
cells is still not fully understood. Although upregulated on human NK cells in response to IL-12, the blockade of
LAG-3 on NK cells has shown no specific influence on their functionality®32I53]  However, on NKT cells
expressing both NK receptors and T cells receptors, LAG-3 has shown to downregulate their proliferation29. As
mentioned above, the expression of LAG-3 on B cells has been shown to be T-cell dependent2ll. More recently,
Lino et al. identified a plasma B cell subset, selectively expressing LAG-3, with immune suppressing activity
through the production of IL-109. Additionally, digital spatial protein analysis demonstrated the expression of
LAG-3 in TAMsEE. Although its role is still not fully understood, it can be speculated that LAG-3 expression on
TAMs contributes to their tumor-promoting function, as suggested by the association of co-expression of CD163

and LAG-3 with poor clinicopathological indexes in melanomal28l and metastatic ovarian cancer 6. As mentioned
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above, LAG-3 can be cleaved from the cell surface by ADAM10 and ADAM17 and form soluble LAG-3 (SLAG-3)4€l,
sLAG-3 regulates immune responses in the TME and periphery, for example by inhibiting the differentiation of
monocytes to macrophages or DCs (Eigure 1)62](631[64]
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