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Abstract
Background: Lymphocyte activation gene 3 (LAG-3) or CD223 is a transmem-
brane protein that serves as an immune checkpoint which attenuates T-cell ac-
tivation. Many clinical trials of LAG-3 inhibitors have had modest effects, but 
recent data indicate that the LAG-3 antibody relatlimab, together with nivolumab 
(anti-PD-1), provided greater benefit than nivolumab alone in patients with 
melanoma.
Methods: In this study, the RNA expression levels of 397 genes were assessed in 
514 diverse cancers at a clinical-grade laboratory (OmniSeq: https://www.omnis​
eq.com/). Transcript abundance was normalized to internal housekeeping gene 
profiles and ranked (0–100 percentile) using a reference population (735 tumors; 
35 histologies).
Results: A total of 116 of 514 tumors (22.6%) had high LAG-3 transcript expres-
sion (≥75 percentile rank). Cancers with the greatest proportion of high LAG-3 
transcripts were neuroendocrine (47% of patients) and uterine (42%); colorectal 
had among the lowest proportion of high LAG-3 expression (15% of patients) (all 
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1   |   INTRODUCTION

Lymphocyte activation gene 3 (LAG-3) or CD223 is an im-
mune checkpoint found on various immune modulating 
cells: regulatory T cells (Tregs), natural killer cells, plas-
macytoid dendritic cells, and CD4+, CD8+ T cells.1 LAG-3 
is a Type I transmembrane protein with structural similar-
ities to CD4. LAG-3 functions as an inhibitory co-receptor 
and is important in autoimmunity as well as immunity re-
lated to infections and cancer.2 To avert tissue damage due 
to immune responses against self, immune cells are under 
strict check by multiple mechanisms, including inhibitory 
co-receptors (checkpoints) such as PD-1, CTLA-4, and 
LAG-3. Cancer cells hijack these checkpoints, inactivating 
the immune response, and permitting the cancer to sur-
vive and thrive. Not surprisingly, PD-1/PD-L1, CTLA-4, 
and LAG-3 checkpoints are therefore therapeutic targets, 
and antibodies that inhibit them (immune checkpoint in-
hibitors) have shown activity in a variety of cancers and 
are now approved.3–5

LAG-3 acts as an immune modulatory molecule via 
multiple mechanisms. In carcinogenesis, the expression 
of the LAG-3 molecule increases T-cell exhaustion, in-
creasing the immune suppressive cytokine release thus 
leading to decreased tumor killing.6 The LAG-3 cell sur-
face receptor binds to the major histocompatibility com-
plex (MHC) class II with higher affinity toward CD4 and 
thus results in T-cell deactivation.7 LAG-3 expression on 
tumor-infiltrating lymphocytes and Tregs contributes to 
tumor immune evasion by dampening immune killing 
ability intratumorally, as well as by leading to increased 
expression of immune suppressive cytokines IL-10 and 

TGF-beta, causing further immune suppression and 
tumor escape from immune surveillance (Figure  1).8–11 
Importantly, LAG-3 synergizes with PD-1 to regulate T-
cell function in order to abet tumoral immune escape.12 
There is also evidence that LAG-3 expression is correlated 
with tumor mutational burden (TMB); in microsatel-
lite instability-high (MSI-H) tumors, there is upregula-
tion of LAG-3.13 Both high TMB and MSI-H status have 
been associated with responsiveness to anti-PD-1/PD-L1 
checkpoint inhibitors.14–16 Expression of LAG-3 is also 
differentially upregulated, regardless of tumor histology, 
when alterations are present in CDKN2A, EZH2, and 
MPL genes.17

There have been multiple interventional clinical trials 
employing LAG-3 inhibitors (Table 1).3,18–24 However, tri-
als including LAG-3-blocking drugs seem to have modest 
effects on outcomes.1 Even so, recent data in patients with 
metastatic melanoma revealed that the LAG-3 blocking 
antibody relatlimab, combined with nivolumab (anti-
PD-1), prolonged progression-free survival more than 
nivolumab alone (10.1 vs. 4.6 months; hazard ratio 0.75; 
95% confidence interval [CI] 0.62–0.92; p = 0.006).3 These 
results led to Food and Drug Administration (FDA) ap-
proval of nivolumab together with relatlimab for unre-
sectable or metastatic melanoma in March 2022 (https://
www.fda.gov/drugs/​resou​rces-infor​matio​n-appro​ved-
drugs/​fda-appro​ves-opdua​lag-unres​ectab​le-or-metas​tatic​
-melanoma).

Herein we examine the landscape of the LAG-3 tran-
scriptomic profile in 514 patients with cancer, and po-
tential therapeutic implications of the heterogenous 
portfolios observed.

p < 0.05 multivariate); 50% of melanomas were high LAG-3 expressors. There was 
significant independent association between high LAG-3 expression and high ex-
pression of other checkpoints, including programmed death-ligand 1 (PD-L1), 
PD-1, and CTLA-4, as well as high tumor mutational burden (TMB) ≥10 mu-
tations/megabase, a marker for immunotherapy response (all p < 0.05 multi-
variate). However, within all tumor types, there was inter-patient variability in 
LAG-3 expression level.
Conclusions: Prospective studies are therefore needed to determine if high lev-
els of the LAG-3 checkpoint are responsible for resistance to anti-PD-1/PD-L1 
or anti-CTLA-4 antibodies. Furthermore, a precision/personalized immuno-
therapy approach may require interrogating individual tumor immunograms to 
match patients to the right combination of immunotherapeutic agents for their 
malignancy.

K E Y W O R D S

biomarkers, clinical trials, experimental therapeutics, immune checkpoints, immunology
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2   |   METHODS

2.1  |  Patients

The RNA expression levels of LAG-3 from 514 solid tumor 
samples (Table S1) from the University of California San 
Diego (UCSD) Moores Center for Personalized Cancer 
Therapy clinic were analyzed at a Clinical Laboratory 
Improvement Amendments (CLIA)-licensed and College 

of American Pathologist (CAP)-accredited clinical 
laboratory–OmniSeq (https://www.omnis​eq.com/). The 
NGS and transcriptome panel used in OmniSeq analyses 
are commercially available through Thermo Fisher and 
includes immune response relevant genes. This assay 
allows for quantitative evaluation of the expression of 
different antigen presentation, checkpoint pathways, leu-
kocyte subsets, and tumor progression.25 Data collection 
included histological types of primary cancer, patients' 

F I G U R E  1   LAG-3 (CD223) interaction with immune system and cancer progression. Lymphocyte-associated gene 3 (LAG-3) is a 
70 kDa transmembrane glycoprotein, acts as co-receptor found on activated T- cells, NK-cells and also on B-cells. LAG-3 is comprised of four 
extracellular domains, D1, D2, D3, and D4, with D4 located closest to the cell membrane, and D1 being most distal. LAG-3 contains specific 
binding sites (D1 and may also D2) for high affinity of MHCII, and functions as an inhibitor for T-cell signaling/activation. It also binds 
with FGL-1, α-synuclein fibrils (α-syn), the lectins galectin-3 (Gal-3), and lymph node sinusoidal endothelial cell C-type lectin (LSECtin). 
It has been reported that FGL1 binds to LAG-3 at D1 and D2, while Gal3 as well as LSECtin bind to N-linked glycans at glycosylation sites, 
and α-syn has been shown to bind to the DI domain.8 The cytoplasmic tail of LAG-3 is indispensable to LAG-3-medited inhibition of T-cells 
signaling/activation. Interestingly, LAG-3 does not encode any of the classical inhibitory motif generally found in other immune-modulatory 
receptors for example, immune-receptor tyrosine-based inhibitory motifs. However, at the membrane proximal region, it consists FxxL 
motif which plays the greater inhibitory role.9 The cytoplasmic domain contains three characteristic features first highlighted through 
conservation between human and mouse LAG-3: (1) serine phosphorylation motif (S454), (2) EP motif (glutamic acid-proline dipeptide), 
and (3) the lysine residue containing KIEELE motif may be essential for LAG-3-mediated inhibition. Tumor hypoxia-mediated HIF1α 
stabilization upregulates the expression of LAG-3, CTLA4, and also PD-L1.10 Soluble LAG-3 (sLAG-3) is produced when membrane-bound 
LAG-3 is cleaved by matrix metalloproteinase ADAM10 and/or ADAM17 between D4 and the transmembrane domain.

https://www.omniseq.com/
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age, sex, TMB, and programmed death-ligand 1 (PD-L1) 
status. If multiple unique samples were analyzed from 
the same patient different days, the earlier timestamped 
sample was included in this analysis. This study was part 
of a clinical grade assay and included any patient with 
advanced cancer for whom the physician ordered immu-
nomic analysis.

2.2  |  Sampling of tissue and analysis of 
cancer immunity markers

The samples were provided after tumor collection 
(formalin-fixed, paraffin-embedded [FFPE]), and evalu-
ated by RNA sequence at OmniSeq laboratory. The RNA 
was extracted from FFPE using truXTRAC FFPE ex-
traction kit (Covaris, Inc.), mostly following the manu-
facturer's instructions. After purification, the RNA was 
dissolved in 50 μL water and the yield was measured via 
Quant-iT RNA HS assay (Thermo Fisher Scientific), per 
the manufacturer's recommendation. For library prepa-
ration, the predefined titer of 10 ng of RNA was deemed 
acceptable. Torrent Suite's plugin immuneResponseRNA 
(v5.2.0.0) 34 was employed for RNA expression absolute 
read count estimation. Background subtraction, normali-
zation, and percentile ranking was performed using cus-
tom scripts.25

Transcript abundance was normalized to an internal 
housekeeping gene profile dataset and ranked (0–100 per-
centile) in a standardized manner to a reference dataset 
of 735 tumors spanning 35 tumor histologies. The expres-
sion profiles were stratified by transcript abundance rank 
values into “low” (0–74) and “high” (75–100) percentile; 
or low defined as 0–24 percentile, moderate defined as 
25–74, and high defined as 75–100 percentile LAG-3 RNA 
expression rank.

2.3  |  Definition of variables

To analyze TMB, genomic DNA was obtained from quali-
fied FFPE tumors (>30% tumor nuclei) by means of the 
truXTRAC FFPE extraction kit (Covaris) with 10 ng DNA 
input for library preparation. DNA Libraries were read-
ied with Ion AmpliSeq targeted sequencing chemistry 
employing the Comprehensive Cancer Panel, followed 
by enrichment and template preparation utilizing the Ion 
Chef system, and sequencing on the Ion S5XL 540 chip 
(Thermo Fisher Scientific). After removal of synonymous 
variants, germline variants, indels and single nucleotide 
variants with <5% variant allele fraction, TMB is reported 
as eligible mutations per qualified panel size (mutations/
megabase).D
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3   |   RESULTS

3.1  |  Population characteristics

There were 514 tumors reflecting 31 different cancer 
types evaluated (Table S1). Their median age was 61; 310 
(60%) were women. The most frequent tumor types as-
sessed were colorectal cancer (N = 140 samples), pancre-
atic cancer (N = 55), breast cancer (N = 49), ovarian cancer 
(N = 43), lung cancer (N = 20), stomach cancer (N = 25), 
sarcoma (N = 24), uterine cancer (N = 24), and neuroen-
docrine cancer (N = 15). Figure 2 shows that LAG-3 RNA 
expression differed between cancer types: LAG-3 RNA 
expression was designated as “low” (0–24 percentile), 
“moderate” (25–74 percentile), and “high” (75–100 per-
centile). Among all samples (N = 514), 116 (22.6%) had 
high LAG-3, 247 had moderate, and 151 had low expres-
sion. Neuroendocrine and uterine cancers most frequently 

had high LAG-3 RNA expression (46.7% and 41.7% of tu-
mors, respectively). Fifty percent of melanomas also had 
high LAG-3 expression, with the caveat that only six mela-
nomas were tested. Esophageal and colorectal cancer had 
the lowest frequency of high LAG-3 expression (5.9% and 
15% of tumors, respectively). Expression of LAG-3 differed 
between tumors even within cancer types: Importantly, 
there was variability of LAG-3 expression even within 
tumor types. For instance, while half of melanomas ex-
pressed high LAG-3, 33.3% expressed low LAG-3 (admit-
tedly with small numbers of patients). Similarly, while 
46.7% of neuroendocrine tumors expressed high LAG-3, 
13.3% expressed low LAG-3, with the rest being moder-
ate. This pattern reflecting individual variability was seen 
in all cancer types analyzed (Figure 2). High-LAG-3 RNA 
levels associated independently with uterine and neu-
roendocrine cancers, and with specific immunotherapy 
markers (increased TMB [>10 mutations/mb], high).

F I G U R E  2   Expression of LAG-3 among diverse cancers (n = 514). High defined as 75–100 percentile LAG-3 RNA expression rank; 
moderate defined as 25–74; low defined as 0–24. Percentages in the bar graph are of patients with that designated level of LAG-3 RNA 
expression. Transcript abundance was normalized to an internal housekeeping gene profile dataset and ranked (0–100 percentile rank) in 
a standardized manner to a reference dataset of 735 tumors spanning 35 tumor histologies. Tumor types with >10 samples were included 
(see Section 2). Although only a small number of melanomas were assessed, they were included in the figure because of the approval of the 
LAG-3 inhibitor relatlimab for melanoma.
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3.2  |  High-LAG-3 RNA levels associated 
independently with uterine and 
neuroendocrine cancers, and with specific 
immunotherapy markers (increased TMB 
[≥10 mutations/mb], high PD-1, PD-L1 and 
CTLA-4 transcript expression)

The following variables were significantly associated with 
LAG-3 RNA expression in univariate analysis: gender, 
PD-L1, PD-1, PD-L2, CTLA-4, TMB, colorectal cancer, 
uterine cancer, and neuroendocrine cancer (Table  2). 
Multivariate analysis was then performed on variables 
with p values ≤0.05 in univariate analysis to ascertain fea-
tures independently correlated with LAG-3 expression. 
All variables selected in univariate analysis except PD-L2 
remained associated with LAG-3 expression in multivari-
ate analysis.

Regarding clinical characteristics, high levels of LAG-3 
were independently associated with female gender (but 
not age), and with uterine and neuroendocrine cancers; 
in contrast, colorectal cancer was significantly associated 
with less frequent high LAG-3 levels.

Regarding biologic characteristics, high PD-L1, high 
PD-1, high CTLA-4, and high TMB (≥ 10 mutations/mb) 
were significantly and independently correlated with high 
LAG-3 transcripts. The strongest associations with high 
LAG-3 were with high PD-L1 (odds ratio; 95% CI univar-
iate; p value multivariate) (odds ratio = 8.468; 95% CI 4.9–
14.7; p = 0.0002) and high PD-1 (odds ratio = 10.4; 95% CI 
6.2730–17.1476; p < 0.0001).

4   |   DISCUSSION

In this analysis, high levels of LAG-3 RNA expression 
were present in ~23% of 514 tumor samples. The ob-
servation that only a minority of tumors express LAG-3 
may explain why some trials of LAG-3 antagonists report 
modest response rates (see Table 1). Furthermore, LAG-3 
expression was often accompanied by high PD-1 and PD-
L1, as well as high CTLA-4 expression, suggesting that 
dampening of checkpoint effect in many cancers might 
require combination therapy, that is, LAG-3 inhibitors 
together with anti-PD-1/PD-L1 agents and/or CTLA-4 
inhibitors. Indeed, many clinical trials with LAG-3 in-
hibitors include an anti-PD-1 agent, and the LAG-3 in-
hibitor relatlimab was approved by the FDA together 
with the anti-PD-1 agent nivolumab for melanoma based 
on a PFS of 10.1 versus 4.6 months for nivolumab alone 
(p = 0.006).3 In our study, 50% of melanomas expressed 
high LAG-3 levels, consistent with the notion that LAG-3 
plays a role in shielding melanomas from immune 
reconnaissance.

In the current report, certain malignancies such as 
uterine and neuroendocrine cancers were more likely to 
express high LAG-3 RNA levels in multivariate analysis 
(Table 2). Moreover, as mentioned, high LAG-3 levels asso-
ciated with high levels of PD-1 and PD-L1, both important 
in regulating cancer immunity. Of interest in this regard, 
a phase II study combining LAG525, a humanized anti-
LAG-3 IgG4 antibody, with spartalizumab, an anti-PD-1 
monoclonal antibody, reported the clinical benefit rate at 
24 weeks in patients with advanced neuroendocrine tu-
mors to be 86%; other tumor types also appeared to benefit, 
including advanced small cell lung cancer (clinical benefit 
rate at 24 weeks = 27%) and advanced diffuse-large B cell 
lymphoma (clinical benefit rate at 24 weeks = 43%).19 Our 
analysis did not have sufficient samples from the latter 
two tumor types to evaluate LAG-3 expression.

Our study highlights the importance of individual-
ized therapies for patients, rather than population-based 
approaches. Although certain tumor types and biologic 
characteristics were associated with high LAG-3 in our 
analysis, there was high individual variability. For in-
stance, while ~47% of neuroendocrine cancers expressed 
high LAG-3, ~13% had low LAG-3 levels (Figure 2). As an-
other example, high LAG-3 was significantly less frequent 
in colorectal cancer than in other tumor types (multivar-
iate analysis), but still ~15% of colorectal tumors showed 
high LAG-3. Prior studies have demonstrated that mel-
anoma patients with a LAG-3-positive immune profile 
had poorer outcomes after immunotherapy (mostly anti-
PD-1), with a median survival of 22.2 months compared 
to 75.8 months for those with the LAG-negative immune 
profile (p = 0.031); these findings were validated in an 
independent cohort of patients with urothelial cancer.26 
Similarly, our prior studies have shown that patients whose 
tumors were resistant to anti-PD-1/PD-L1 agents more 
frequently expressed TIM-3 and VISTA checkpoints.27 In 
essence, patients whose therapies were “missing the tar-
get” did not do well.28 Using an N-of-1 matching (drug to 
tumor target) approach has been successfully applied for 
genomic targets, offering enhanced efficacy29,30 and may 
also inform how best to utilize immunotherapeutics.

The current work focused on the immune transcrip-
tome. Precision medicine trials have already revealed that 
interrogating the transcriptome to inform clinical utility of 
drugs may also help improve outcomes.29 Although a good 
deal of precision oncology therapeutics has concentrated 
on genomics, the transcriptome is critically important for 
several reasons. First, some alterations (including amplifi-
cations) expressed at the genomic level are silenced at the 
RNA level, possibly leading to resistance.31 Indeed, ~13% 
of clinically relevant mutations found at the DNA level 
are silenced in RNA.32 Furthermore, fusions (which are 
often oncogenic drivers) can sometimes be better detected 
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via RNA than DNA sequencing33 and the transcriptome 
can also be utilized to identify synthetic lethal interactions 
that can be exploited in the clinic therapeutic arena.34

The current study has several limitations. First, al-
though 514 patients were analyzed, not all tumor types 
were available, and there were only a small number of 
melanomas. Second, there is a lack of clinical therapeu-
tic correlates; in particular, future studies will need to ex-
amine the relationship between LAG-3 and outcome after 
LAG-3 inhibitors, which was not possible in this report 
since patients had not been treated with these agents. Even 
so, our investigation revealed novel associations between 
high LAG-3 and biologic immune variables (high PD-L1, 
PD-1, CTLA-4, and high TMB) and between LAG-3 and 
clinical cancer types (with especially high levels in uterine 
and neuroendocrine cancers and low levels in colorectal 
cancer).

5   |   CONCLUSIONS

In conclusion, our study together with the existing litera-
ture suggests that identifying prosecutable biomarkers for 
immunotherapy is of paramount importance. However, 
the previously reported and ongoing LAG-3 inhibitor 
trials do not generally employ biomarker selection for 
patient enrollment. To date, putative immune biomark-
ers include, but are not limited to, expression of PD-L1, 
PD-1, and TMB high, as well as certain MHC genotypes 
and T-cell receptor repertoires.14,35–37 In the case of LAG-
3, most malignancies do not have high LAG-3 expression. 
However, high LAG-3 levels are commonly found in neu-
roendocrine and uterine cancers, suggesting that these 
tumor types merit clinical trials with LAG-3 inhibitors. 
Furthermore, high LAG-3 RNA levels associate with high 
PD-1/PD-L1 and high CTLA-4 levels, perhaps indicating 
that combinations of LAG-3 inhibitors with antagonists of 
PD-1/PD-L1 and CTLA-4 should be explored. The fact that 
high LAG-3 expression often co-exists with high (≥10 mu-
tations/mb) TMB may imply that some of these cancers 
could be vulnerable to immune eradication in the pres-
ence of LAG-3 combined with other cognate inhibitors. 
Most importantly, however, was the variability in LAG-3 
levels that we discerned across the cancer spectrum. In 
the future, using transcriptomics to identify the immu-
nomic signature of individual tumors may be another step 
needed to fully develop the precision/personalized immu-
notherapy paradigm. Such a model would be analogous to 
the deployment of next generation sequencing to identify 
the genomic aberrations in individual cancers in order to 
pinpoint the optimal targeted therapy. Prospective trials 
that match patients with immunotherapies based on their 
tumor immunogram are warranted.Fe
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