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ABSTRACT

Lymphocyte-activation gene 3 (LAG-3) is a coreceptor
found on activated T-lymphocytes activated B-
lymphocytes and natural killer (NK) cells. It is closely
related to CD4 where it shares multiple common and
divergent features. It contains specific binding sites
with high affinity to major histocompatibility complex
(MHC) Class Il and functions as an inhibitor of T-cell
signalling. Tumour-infiltrating lymphocytes with high
LAG-3 expression have been found in many solid
tumours including ovarian cancer, melanoma, colorectal
cancer and haematological malignancies including
Hodgkin and diffuse large B-cell lymphoma. LAG-3
antagonism has been demonstrated to restore the
anti-tumourigenic function of T-cells in vivo, however,
mechanistic knowledge remains relatively poorly defined.
As other immune checkpoint inhibitors have transformed
the management of difficult to treat cancers, such as
melanoma, it is hoped that LAG-3 might have the same
potential. This review will explore LAG-3 modulation

as an anticancer therapy, highlighting recent clinical
developments.

INTRODUCTION

Lymphocyte-activation gene 3 (LAG-3; also known
as CD223) was first identified over 30 years ago.'
Although broadly expressed and selectively tran-
scribed in activated natural killer (NK) and T-lym-
phocytes, it was recognised as encoding a protein
that had key features linking it to CD4, and there-
fore was thought to play a role in regulating the
immune response. LAG-3 joins a class of genes,
such as programmed cell death protein 1 (PD-1)
and cytotoxic T-lymphocyte-associated protein
4 (CTLA-4), which are also receptors regulating
immune checkpoints and involved in the recogni-
tion of novel antigens expressed in disease, as self
or otherwise.

Following the recent successes in monoclonal
antibodies (mAbs) targeting these immune check-
points to initiate or abrogate the immune response
(eg, ipilimumab, as well as the older abatacept),
there is a large amount of interest in developing
novel immunotherapies that act on the body’s
own response to antigens expressed in diseases,
including cancer.

STRUCTURE

The LAG-3 gene spans ~6.6kb and includes eight
exons. Interestingly, its chromosomal location is
adjacent to the gene for CD4 on the distal part of
the short arm of chromosome 12. The LAG-3 gene
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encodes a type | transmembrane protein, which is
made up of 498 amino acids, and shares significant
structural homology with CD4, although it shares
less than 20% similarity at the primary amino acid
sequence. In addition, the LAG-3 protein can be
grouped within the immunoglobulin superfamily
containing four extracellular Ig regions, with one
variable (V type) and three constant (C type) Ig-like
domains (see figure 1).

It has been noted that there are similarities in the
exon/intron organisation, as well as sharing internal
sequence homologies between LAG-3 and the CD4
coreceptor between domains 1 and 2, and between
domains 2 and 4, indicating that LAG-3 may have
arisen from a common ancestor. However, it is
the differences between the two genes which are
important and may give rise to important func-
tional variances between their mechanisms.

Of particular interest is the membrane distal D1
domain which houses an extra loop comprising 30
amino acids (see figure 1) and encoded by exon 3
in a region that in CD4 seems to be important for
interactions with class I major histocompatibility
complex (MHC) molecules and HIV gp120.> This
proline-rich loop is constitutively expressed on
LAG-3 positive lymphocytes and allows it to bind
with higher affinity to MHC Class II than CD4
alone.?

Comparison of the intracellular domain with
CD4 also shows an absence of a binding site for
the tyrosine kinase p56Lck, which facilitates signal
transduction downstream of the T-cell receptor.
Instead, definable motifs within LAG-3 have been
found conserved in many other mammalian species,
which indicates some importance in the cyto-
plasmic domain for its function.* Three definable
motifs have been specifically identified including
a potential serine phosphorylation site (S454), a
conserved ‘KIEELE’ motif with no homology to any
other known protein and an unusual glutamic acid-
proline repetitive sequence. Mutant cell work using
a murine T-cell hybridoma line shows that a single
lysine residue (K468) within the ‘KIEELE’ motif
appears to be essential for LAG-3 activity.’

FUNCTION

LAG-3 receptors have been found expressed on
activated CD4 +andCD8+Tcells (including T
regulatory cells), and are also present on the surface
of NK cells and invariant NK T-cells, activated B
lymphocytes® and plasmacytoid dendritic cells.”
LAG-3, CTLA-4 and PD-1 function as negative
regulators of T-cell expansion and homoeostasis,
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Figure 1 Lymphocyte-activation gene 3 (LAG-3) structure contains

four extracellular Ig domains with a proline-rich extra loop present

on domain one which acts as a high affinity binding site for major
histocompatibility complex (MHC) class II. Along with cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) and Programmed cell death
protein 1 (PD-1), LAG-3 is seen as an immune checkpoint contributing
to immune escape in carcinogenesis and inhibits downstream signalling
of the T-cell receptor (TCR) complex by an as yet unknown mechanism.
therapies to block the activity of LAG-3 involve (1) monoclonal
antibodies, such as relatimab; (2) fusion proteins, such as eftilagimod
alpha and (3) bispecific monoclonal antibodies, such as FS-118.

as shown using in vivo inhibition of these proteins by antibody
blockade. Similarly, these proteins show a mixed cellular distri-
bution, predominantly retained in intracellular compartments,
with nearly half the cellular content of LAG-3 in close proximity
to microtubules and recycling endosomes which facilitates rapid
translocation after cell activation.®

LAG-3 functions in T-cells specifically via association with
the CD3/T-cell receptor (TCR) complex, resulting in decreased
T-cell proliferation and cytokine synthesis.” This downregula-
tion, rather than termination through apoptosis, may allow the
immune system to generate memory responses. This is induced by
MHC class II binding in both CD4 +and CD8+T cell subsets. '

Interestingly, antibodies that do not block LAG-3 to MHC-II
binding can nonetheless promote T-cell functions, and this
supports the evidence that there remain other ligands for
LAG-3 that also contribute to immune regulation. This includes
fibrinogen-like protein 1,'" which is upregulated in human
solid tumours (normally expressed in the liver and pancreas)
and galectin-3,"! which has been identified as modulating CD4
+andCD8+Tcell response.”> LAG-3 expression on conven-
tional T effector cells is controlled by cleavage by two transmem-
brane metalloproteases, ADAM10 and ADAM17. The resultant
cleavage product, soluble LAG-3 (sLAG-3) has a short half-life
and does not seem to have any global function.” It is possible
that selective agonists of LAG-3 cleavage could be another
potential candidate for therapeutic intervention.'*

LAG-3 EXPRESSION IN MALIGNANCY

The immune system plays an important role in removing
abnormal and malignant cells."® Upregulated expression of inhib-
itory receptors are pivotal to balance costimulatory receptor
activity and limit T-cell activation, preventing autoimmunity and
tissue damage.'® Malignant cells may hijack immune checkpoint
mechanisms to protect against antitumouricidal responses elic-
ited by CD4 +and CD8+T cells'®. Expression of immune check-
points, such as PD-1 and LAG-3 correlate with intratumoural

T-cell dysfunction in patients. 7 Furthermore, tumours may
recruit regulatory T-cells (Tregs) to further reduce immune acti-
vation.'®

Expression of LAG-3 has been identified predominantly on
infiltrating immune cells by immunohistochemistry or next
generation sequencing in a range of different tumour types.*’
High expression of LAG-3 can be found in tumour infiltrating
T-cells in ovarian cancer, Hodgkin Lymphoma, melanoma, non-
small cell lung cancer (NSCLC), diffuse large B-cell lymphoma,
follicular lymphoma, head and neck squamous cell carcinoma
(HNSCC), correlating alongside other immune checkpoint
receptors with an aggressive tumour phenotype and overall poor
prognosis.”' ™ It also plays a role in chronic viral infection such
as hepatitis B virus and therefore indirectly in viral-induced
cancers, such as hepatocellular carcinoma.’ ** However, para-
doxically, studies in breast cancer, gastric cancer and oesoph-
ageal squamous cell carcinoma have shown opposite results,
suggesting further studies investigating the use of LAG-3 as a
putative cancer biomarker are required.>*=’

In these circumstances, LAG-3 expression can be described as
a marker of T-cell exhaustion, a process characterised by progres-
sive loss of function and sustained inhibitory receptor expres-
sion which commonly develops under conditions of antigen
persistence. These also include expression of T-cell immunoglob-
ulin and mucin domain-containing protein 3 (TIM-3) and T-cell
immunoreceptor with Ig and ITIM domains, which are also
being considered as targets for immune checkpoint inhibitors
(ICPIs) in their own right. T-cell exhaustion was first identified
in chronic viral infection and more recently in tumourigenesis
characterised by dysfunctional CD8 +T cells, alterations in CD4
+T cell cytokine secretion and inhibition of Treg expression.*® %
However, there are important differences in antigen exposure
and metabolic constraints between chronic infection and the
processes involved in the tumour microenvironment, meaning
that the processes underlying each disease require specific inves-
tigation.*® What remains clear is that this hyporesponsiveness
can be transiently restored by PD-1 blockade, and there may be
potential synergistic effects in combination with LAG-3 immu-
notherapy to allow immune cells to exert antitumour effects.

LAG-3 contributes to ‘immune escape’ in carcinogenesis,
mirroring observations seen with other ICPIs, such as anti-
PD-L1 and anti-CTLA-4.*'® Furthermore, upregulation is likely
to contribute to the acquired resistance seen in patients treated
with ICPIs who initially respond.’” *® Preclinical studies have
demonstrated that blockade of LAG-3 strongly supports anti-
cancer immune responses, significantly reducing tumour growth
in several murine models compared with controls.”® *! These
findings suggest that antagonism of LAG-3 may be a promising
therapeutic target for novel cancer immunotherapy development.

Notably, LAG-3 blockade appears to more effective when
combined with other anti-cancer therapies, and particular
synergy has been noted in combination with other ICPIs.
Concomitant blockade or genetic deletion of both PD-1 and
LAG-3 has demonstrated increased anticancer efficacy preclini-
cally, providing further validation for clinical investigation.**

CLINICAL MODULATION OF LAG-3

The success of other ICPIs and the rationale of targeting LAG-3
has fuelled the development of therapies to modulate this
pathway, despite lack of functional understanding.” LAG-3
modulation is primarily focused on exploring anticancer effi-
cacy, either as a monotherapy or in combination with other
ICPIs, cytotoxic chemotherapy or other novel agents.?’ ** Most
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of the combination studies combine LAG-3 antagonism with an
anti-PD-L1 or anti-PD-1 drug. In addition, LAG-3 modulation is
being explored in autoimmune conditions, with efficacy demon-
strated in diseases such as ulcerative colitis and psoriasis.**

Currently, over 100 clinical trials are ongoing (at date of
censoring) with at least 15 novel molecular and biological agents
in clinical development (see table 1). The majority (57%) are
antagonistic mAbs against LAG-3, but other agents include
LAG-3 depleting antibodies, sSLAG-3 fusion protein and bispe-
cific mAbs (BMAs). Despite the wealth of favourable pre-clinical
data demonstrating anticancer efficacy, as monotherapy or in
combination, only a limited amount of this work has been reca-
pitulated in the clinical setting thus far.

LAG-3 mAbs

Antagonistic LAG-3 mAbs block the interaction between
MHC class II molecules and LAG-3, attenuating down-
stream signalling.’® The first LAG-3 mAb to enter clinical
evaluation was relatimab (BMS-986016). A phase 1/2 study
(NCT01968109) to assess the tolerability of relatimab with
nivolumab (anti-PD-1) in patients with advanced melanoma
with progression on prior anti-PD-1/PD-L1 therapy showed
an overall response rate (ORR) of 11.5%.% Subanalysis has

demonstrated the ORR in patients with LAG-3 expression of
>1% on tumour infiltrating lymphocytes (TILs) was over three
times greater (18% ORR) than patients with LAG-3 nega-
tive TILs (5% ORR), irrespective of PD-L1 status. A further
phase 2 study (NCT03470922) of relatimab with nivolumab
in treatment-naive melanoma patients showed a significantly
longer progression-free survival (10.1 months) compared with
nivolumab monotherapy (4.6 months).*® However, an increase
in treatment-related adverse events according to the Common
Terminology Criteria for Adverse Events grades 3 and 4 was
seen in the combination (18.4%) versus nivolumab mono-
therapy (9.7%).

An alternative LAG-3 mADb, Ieramilimab (LAG-525) has been
investigated in a phase 1/2 dose-escalation study (NCT02460224)
in combination with the investigational anti-PD-1 inhibitor
spartalizumab (PDR001). Durable responses were reported in
9.9% (10/121) of patients with a variety of tumours, including
mesothelioma and triple negative breast cancer.” Biopsies from
the patients with breast cancer demonstrated an overall trend
in conversion of immune-cold towards an immune-activated
profile, suggesting LAG-3 blockade may modulate the tumour
microenvironment favourably.

Table 1  Principal LAG-3 checkpoint Inhibitors in clinical trials
Drug Description Tumour type Combination(s) with
Relatlimab Human 1gG4 Melanoma, hepatocellular, sarcoma, chordoma, Nivolumab (anti-PDL1) and ipilimumab (anti-CTLA4)

(BMS-986016)
basal cell carcinoma

Sym022 Fc-inert monoclonal antibody  Solid tumours and lymphoma

Eftilagimod alpha LAG-3 fused to Fc region of Non-small cell lung cancer, head and neck,

(IMP-321) 1gG1 melanoma, renal, pancreas, breast and solid
tumours

Leramilimab Humanised 1gG4 Melanoma, breast cancer, haematological cancers

(LAG 525/IMP-701) and solid tumours

head and neck, mismatch repair deficiency and

Sym021* (anti-PD1)

Pembrolizumab (anti-PDL1), avelumab (anti-PD1) and gemcitabine
(cytotoxic chemotherapy)

Spartalizumab* (anti-PD1), carboplatin (cytotoxic chemotherapy),
NIR178* (AA2a inhibitor), capmatinib (MET inhibitor),
lacnotuzumab®

(CSF-1) and canakinumab (anti-IL1j3)

Favezelimab Humanised 1gG4 Renal cell carcinoma, non-small cell lung cancer, Pembrolizumab (anti-PDL1), lenvatinib (anti-VEGF), irinotecan
(MK-4280) lymphoma and solid tumours (cytotoxic chemotherapy), 5-flurouracil (cytotoxic chemotherapy)
and oxaliplatin (cytotoxic chemotherapy
REGN-3767 Humanised 1gG4 Breast cancer and solid tumours Cemplimab (anti-PD1)
BI-754111 Humanised IgG4 Head and Neck cancer, non-small cell lung cancer Bl 754091* (anti-PD-1)
and solid cancers
FS-118 Tetravalent bispecific antibody Head and Neck cancer and solid cancers None
(PD-L1 and LAG-3) IgG1
Tebotelimab Bispecific antibody (PD-L1 and Hepatocellular carcinoma, melanoma, gastric Brivanib alaninate* (anti-VEGF), niraparib (PARP inhibitor),
(MGD-013) LAG-3) lgGak cancer, gastro-oesophageal cancer, breast margetuximab (anti-HER2), enobiltuzumab* (anti-B7H3)
cancer, biliary tract cancer, head and neck cancer,
endometrial and solid cancers
TSR-033 Humanised 1gG4 Colorectal cancer and solid cancers Dostarlimab (anti-PDL1), bevacizumab (anti-VEGF), irinotecan
(cytotoxic chemotherapy, 5-flurouracil (cytotoxic chemotherapy)
and oxaliplatin (cytotoxic chemotherapy
INCAGN2385 Fc-engineered 1gG1k Solid cancers None
XmAb22841 Bispecific antibody (CTLA-4 Solid cancers Pembrolizumab (anti-PDL1)
and LAG-3)
EMB-02 Bispecific antibody (PD-1 and  Solid cancers None
LAG-3)
GSK2831781 Humanised lgG1 Ulcerative colitis and psoriasis None

*Investigational drug not approved by the United States Food and Drug Administration (FDA) or European Medicines Agency (EMA) at date of censoring.

AA2a, adenosine A2a receptor antagonist; anti-B7H3, humanised antibody targeting B7-H3; anti-IL1j, anti-interleukin 1 antibod; Anti-PDL1, anti-programmed cell death-
ligand one antibody; CSF-1, colony-stimulating factor 1 antibody; CTLA4, cytotoxic T-lymphocyte-associated protein 4; HER2, human epidermal growth factor 2 antibody; LAG-3,
lymphocyte-activation gene 3; MET inhibitor, c-MET tyrosine kinase inhibitor; PARP, Poly adenosine diphosphate ribose polymerase inhibitor; VEGF, vascular endothelial growth

factor tyrosine kinase inhibitor.
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LAG-3 fusion proteins

Eftilagimod alpha (IMP321) a soluble recombinant LAG-3
fusion protein, comprising the extracellular region of LAG-3
and the Fc portion of human IgG.* It binds to a subset of MHC
class II molecules, mediates antigen-presenting cell activation,
followed by CD8 +T cell activation. Several clinical trials have
investigated efficacy with variable results.

In melanoma, a phase 1 study (NCT02676869) of eftilagimod
alpha in combination with pembrolizumab (anti-PD-1) demon-
strated an ORR of 33% and 50% in pembrolizumab refractory
and anti-PD-1 naive subgroups, respectively.* Positive results
have also been reported in NSCLC and HNSCC, both in combi-
nation with pembrolizumab.*’ ** However, in hormone positive
breast cancer a phase 2 trial (NCT02614833) did not prolong
overall progression-free survival when used as an adjunct to the
cytotoxic chemotherapy drug paclitaxel.’!

LAG-3 BMAs

Several first-in-class BMAs targeting LAG-3 and other immune
targets are being investigated clinically. BMAs target two
different antigens simultaneously and are effective alternatives to
combining two or more different therapies. Due to the marked
therapeutic synergy demonstrated when combining LAG-3 and
other ICPIs, the development of BMAs is an attractive thera-
peutic strategy.

Preclinical studies have demonstrated similar efficacy to
combination therapy.’? Current agents in development include
FS-118 (targeting LAG-3/PD-L1), R07247669 (targeting
LAG-3/PD-L1), tebitelimab/MGDO013 (targeting LAG-3/PD-1)
and XmAb22841 (targeting LAG-3/CTLA-4). Several other
agents are in preclinical development.*®

CONCLUSIONS

LAG-3 is a protein which shares particular similarities with
the CD4 coreceptor in structure but is present only on acti-
vated T-cells and other lymphocytes. As a marker of immune
exhaustion, downregulation of LAG-3 as an anticancer therapy
is progressing rapidly through clinical development and holds
potential to become a third class of ICPIs. However, important
unanswered questions remain relating to identification of
important downstream signalling mechanisms. Deeper mech-
anistic understanding of the LAG-3 modulation pathway may
lead to more efficacious therapies and the identification of
biomarkers that would facilitate the stratification of patients
responsive to LAG-3 blockade.

Take home messages

» Lymphocyte-activation gene 3 (LAG-3) is a protein member of
the Ig superfamily, closely related to CD4 and is a co-receptor
for MHC class I1.

» Itis found expressed on activated CD4 +and CD8+T cells, NK
cells and invariant NK T-cells, activated B lymphocytes and
plasmacytoid dendritic cells.

» Although its mechanism is yet to be fully elucidated, a
proline-rich loop present on domain 1 is necessary for binding
with high affinity to MHC class II.

» Blockade of LAG-3 strongly supports anticancer inmune
responses with over 100 clinical trials in clinical development.

» While the majority are classical monoclonal antibodies
against LAG-3, other novel agents include LAG-3 depleting
antibodies, soluble LAG-3 fusion proteins and bispecific
monoclonal antibodies.
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