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Abstract

Objectives. Lymphocyte activation gene 3 (LAG3), an inhibitory
receptor in T-cell activation, is a negative prognostic factor.
However, its impact on tumours has yet to be comprehensively
elucidated on a pan-cancer scale. Thus, we aim to reveal its role at
the pan-cancer level. Methods. We performed IHC staining on a
retrospective cohort of 370 patients. Then we assessed the
prognostic effect of LAG3 using Kaplan—Meier survival analysis and
multivariate Cox regression analysis. In pan-cancer analysis, we
constructed competing endogenous RNA and protein—protein
interaction networks, conducted gene set enrichment analysis and
identified correlations between LAG3 gene expression and various
factors, including clinical characteristics, tumour purity, mutations,
tumour immunity and drug sensitivity across 33 cancer types.
Results. LAG3 was expressed higher in normal kidney tissues than
in tumours. A high level of LAG3 gene expression was an
independent prognostic factor for OS (HR=6.60, 95%
Cl=2.43-17.90, P<0.001) and PFS (HR =3.44, 95% Cl=1.68-7.10,
P <0.001). In pan-cancer analysis, LAG3 exhibited robust
correlations with survival and tumour stages in various cancers.
Moreover, LAG3 was strongly associated with immune-related
genes, proteins and signalling pathways. LAG3 gene expression
was positively associated with increased infiltration of activated
immune cells and decreased infiltration of several resting cells.
LAG3 gene expression was associated with tumour mutation
burden and microsatellite instability in multiple cancers.
Conclusion. High LAG3 gene expression was an independent risk
factor in kidney neoplasms. It also functioned as a biomarker for
prognosis, TIME and immunotherapy efficacy in the pan-cancer
dimension.

Keywords: biomarker, kidney neoplasm, LAG3, pan-cancer analysis,
retrospective clinical study
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LAG3 as a potential biomarker in pan-cancer

INTRODUCTION

Lymphocyte activation gene 3 (LAG3) is a type |
transmembrane protein located on activated NK and
T-cell lines, mediating T-cell inhibition through its
interaction with major histocompatibility complex
(MHQ) class 1I." The LAG3 gene is located on
chromosome 12 in humans, near the CD4 gene.
LAG3 is also located alongside the T-cell receptor-
CD3 complex.2 Structurally, LAG3 contains four
extracellular  immunoglobulin  superfamily-like
domains (D1-D4), highly homologous to the
structure of CD4. The D1 domain possesses an
additional loop for binding with MHC class 11.>* For
the intracellular region, two motifs are distinct and
conserved. One of these is a KIEELE motif with a
lysine residue. The other is a repetitive EP motif
composed of a series of repetitive glutamic
acid-proline dipeptides.®>

LAG3 has a critical influence on tumour
progression and immunotherapy. It has been found
that LAG3 plays a detrimental role in melanoma,®

pleural mesothelioma,” muscle-invasive bladder
cancer and primary central nervous system
lymphoma,”® by inhibiting the proliferation,

initiation, homeostasis and effects of T cells.>""

Research has demonstrated that targeting LAG3 is a
promising treatment'*'® and several LAG3-targeted
drugs have entered clinical trials."®'* However, there
was not enough research on the relationship
between LAG3 and patient survival, the genomic
features of tumours, the immune microenvironment
of tumours and the efficacy of immunotherapy at
the pan-cancer level.

In this study, a retrospective analysis was
conducted on 370 individuals diagnosed with
renal neoplasms at Xinhua Hospital.

Immunohistochemistry (IHC) staining and statistical
analyses were employed to assess the prognostic
effect of LAG3 in renal cancers using patient
specimens. Additionally, a pan-cancer study was
conducted to explore the differential expression and
biological characteristics of LAG3, along with its
impact on survival, the tumour microenvironment
and the efficacy of immunotherapy.

RESULTS
IHC staining and clinical correlation
analyses with Xinhua cohort

Figure 1a and Supplementary figure 1 vividly
illustrate the process of our research. Initially, we
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performed IHC staining and clinical analysis within
the Xinhua cohort, as shown by the inclusion
criteria in  Figure 1b. We then conducted
differential analysis, clinical analysis, signalling
pathway analysis and tumour-related and
immune-related analyses using external databases.
Figure 1c shows that LAG3 protein expression was
significantly higher in normal tissue than in
tumour tissue (P < 0.001), and the results of IHC
staining are intuitively shown in Figure 1d.

In Supplementary figure 2a, we present all the
clinical information of our Xinhua cohort. Using
the log-rank test, we determined the IHC staining
score of 8 as the optimal cut-off value for
classifying high or low LAG3 expression groups
(Figure 2a). Then Kaplan-Meier survival curves are
performed to demonstrate the prognostic value
for both overall survival (OS) and progress-free
survival (PFS) in patients with kidney neoplasms.
Patients with high LAG3 gene expression had
shorter OS and PFS (P<0.001, Figure 2b). Then,
we investigated the relationships between
categorical variables and LAG3 gene expression
through Chi-square tests, and the results are
depicted in Figure 2c. In detail, higher LAG3 gene
expression was correlated with worse OS and PFS
(P<0.001), a higher proportion of tumours in
stages 3-4 and T2b-T4 (P<0.01) and a higher
probability of progression after treatment in
kidney neoplasm (P <0.001, Figure 2d,
Supplementary figure 2b, Table 1). These results
indicated that LAG3 protein was expressed
differently between normal and tumour tissues
and that tumours exhibited distinct clinical
characteristics based on the level of LAG3 gene
expression.

LAG3 was an independent prognostic factor
in kidney neoplasm

We employed multivariate Cox regression and
confirmed LAG3 gene expression as an
independent risk factor for both OS and PFS. The
hazard ratios (HRs) of high LAG3 gene expression
were 6.60 (95% Cl=2.43-17.90, P<0.001) and
3.44 (95% Cl=1.68-7.10, P<0.001, Figure 2e)
respectively. We calculated risk scores, plotted
scatter plots and risk score curves, and performed
Kaplan-Meier analysis (P<0.01, Supplementary
figure 2b), confirming the ability of risk score in
the prediction of patient survival. Additionally,
the individual and global Schoenfeld tests
(Supplementary figure 2¢, P> 0.05), residual plots
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Figure 1. Procedures of statistical analyses and IHC staining. (a) In clinical analysis, IHC staining, follow-up, prognostic analysis and Pearson
correlation analysis were performed. In pan-cancer analysis, we performed differential analysis, K-M analysis, correlation analysis, employed ESTIMATE
and CIBERSORT algorithms, correlation analysis across genomics and efficacy of immunotherapy and GSEA. (b) The inclusion criteria of IHC staining.
(c) The results of differential analysis across tumour and normal tissues (P < 0.001). (d) The results of IHC staining across two LAG groups. LAG3 was
highly expressed in normal tissues and was relatively less detected in kidney neoplasms. CIBERSORT, cell-type identification by estimating relative
subsets of RNA transcripts; ESTIMATE, estimation of stromal and Immune cells in malignant tumour tissues using expression; GSEA, gene set
enrichment analysis; IHC, immunohistochemistry; K-M analysis, Kaplan-Meier survival analysis; LAG3, lymphocyte activation gene 3.
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Figure 2. Correlation analyses between clinical variables and LAG3 expression. (a) Eight was determined as the optimal cut-off value, classifying high
or low LAG3 groups. (b) K-M survival curve for validation of the prognostic differences in OS and PFS (P < 0.001). (¢) Correlation between LAG3
expression and categorical variables. (d) Higher LAG3 expression correlated with worse OS (P< 0.001) and PFS (P< 0.001), a higher proportion of
tumours in stages 3-4 (P< 0.01), a higher probability of progression after treatment (P < 0.001), as well as a low proportion of KIRC in all kidney

neoplasms (P < 0.05). (e) The HR of high LAG3 expression were 6.60 (95% Cl

=2.43-17.90, P < 0.001) and 3.44 (95% Cl=1.68-7.10, P< 0.001)

in OS and PFS respectively. (f) The ROC and calibration curves were employed for validation of the concordance and discriminative performance. The
AUC values of ROC for 1, 2, 3, 4 and 5 years of OS were 0.949, 0.837, 0839, 0.894 and 0.888, respectively, and for 1, 2, 3, 4 and 5 years PFS were
0.886, 0.836, 0.801, 0.770 and 0.766, respectively, as well as highly coincident diagonal dotted lines and solid lines in calibration curves. AUC, area
under curve; HR, hazard ratio; KIRC, kidney renal clear cell carcinoma; K-M survival curve, Kaplan-Meier survival curve; LAG3, lymphocyte activation
gene 3; OS, overall survival; PFS, progress-free survival; ROC, receptor operating characteristic; *P < 0.05; **P < 0.01; *##P < 0.001.
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Table 1. Demographic information and clinical characteristics of the 370 patients

LAG3 as a potential biomarker in pan-cancer

Variables Number (%) Mean + SD; Median (range) P-value
LAG3 tumour 6.61+3.16; 8 (0-12)
LAG3 classification tumour
NA 2 (0.54)
Low 312 (84.32)
High 56 (15.14)
LAG3 normal 9.134+3.05; 8 (0-12)
LAG3 classification normal
NA 64 (17.30)
Low 163 (44.05)
High 143 (38.65)
OS censor
Alive 276 (92.31) 0.0011*
Dead 23 (7.69)
oS 42.24 +9.34; 41 (7-62)
OS classification (months)
High 163 (55.25) < 0.001*
Low 132 (44.75)
PFS 40.99 £+ 10.95; 41 (0-62)
PFS classification (months)
High 154 (52.20) < 0.001*
Low 141 (47.80)
Age (category) 56.61 + 12.45; 55 (21-88)
21-40 33(8.92)
41-60 194 (52.43)
61-88 143 (38.65)
Gender
Female 114 (30.81)
Male 256 (69.19)
KIRC
Yes 329 (88.92) 0.03*
No 41 (11.08)
Histopathological classification
KIRC 328 (88.65) 0.01*
KIRP 18 (4.86)
KICH 8(2.16)
Others 16 (4.32)
Fuhrman nuclear stage
Stage 1 69 (18.65)
Stage 2 234 (63.24)
Stage 3 51 (13.78)
Stage 4 16 (4.32)
T stage score 2.134+1.54; 2 (1-8)
T stage
T1 282 (76.84) <0.01*
T2 29 (7.9)
T3 53 (14.44)
T4 3(0.82)
Detailed T stage
1a 178 (48.5) < 0.001*
1b 104 (28.34)
2a 17 (4.63)
2b 12 (3.27)
3a 49 (13.35)
3b 2 (0.54)
3c 2 (0.54)
4 3(0.82)

© 2024 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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Table 1. Continued.
Variables Number (%) Mean + SD; Median (range) P-value
N stage
Yes 2 (0.54)
No 368 (11.08)
M stage
Yes 0 (0.00)
No 370 (100.00)
Stage
Stage 1 282 (76.84) <0.01*
Stage 2 28 (7.63)
Stage 3 54 (14.71)
Stage 4 3(0.82)
Progression after treatment
Yes 42 (14.05) < 0.001%*
No 257 (85.95)

Variables whose P-value of the Chi-square tests were < 0.05 are signed with "
KICH, kidney chromophobe renal cell carcinoma; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; OS, overall

survival; PFS, progression-free survival; SD, standard deviation.

(Supplementary figure 2d) and the concordance
index for OS (0.83, 95% Cl=0.73-0.95) and PFS
(0.79, 95% Cl=0.72-0.88) all proved that our
models were well-validated. Nomograms were
constructed to predict OS and PFS (Supplementary
figure 2e), with the LAG3 classification having a
significant effect on the prediction for OS and PFS
(65 and 46 nomogram scores respectively). Then,
the receiver operating characteristic and
calibration curves confirmed the high concordance
and discriminative performance of our models
(Figure 2f). The areas under the curve of the
receiver operating characteristic for 1, 2, 3, 4 and
S5years of OS were 0.949, 0.837, 0.839, 0.894
and 0.888 respectively (for 1, 2, 3, 4 and 5 years of
PFS were 0.886, 0.836, 0.801, 0.770 and 0.766
respectively). A highly coincident diagonal dotted
line and solid lines in calibration curves emerged.

Differential analysis and clinical analysis at
pan-cancer level

Using the TCGA database, we first performed a
differential analysis between tumour and normal
tissues at the transcriptional level. Significant
differences in LAG3 gene expression between
tumour and normal tissues were observed in
colon adenocarcinoma (COAD), glioblastoma
multiforme (GBM), kidney chromophobe renal cell
carcinoma (KICH), kidney renal clear
cell carcinoma (KIRC), liver hepatocellular
carcinoma (LIHC), lung adenocarcinoma (LUAD),

2024 | Vol. 13 | 70009
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uterine corpus endometrial carcinoma (UCEQ),
thyroid carcinoma (THCA) (P < 0.05, Figure 3a). We
also demonstrated K-M survival curves of OS, PFS,
disease-free survival (DFS) and disease-specific
survival (DSS) in different cancer types between
high and low LAG3 groups (P<0.05, Figure 3b,
Supplementary figure 3). We discovered that high
LAG3 gene expression was typically associated
with decreased OS in KIRC (P < 0.001, Figure 3b),
lower grade glioma (LGG), thymoma (THYM) and
uveal melanoma (UVM) (P < 0.05, Supplementary
figure 3). Conversely, high LAG3 gene expression
correlated with increased OS in ovarian serous
cystadenocarcinoma (oV), skin cutaneous
melanoma (SKCM) and UCEC (P <0.05,
Supplementary figure 3). Moreover, high LAG3
gene expression was correlated with prolonged
PFS in SKCM and shortened PFS in UVM (P < 0.05,
Supplementary figure 3). As for DFS, we found
that high LAG3 gene expression was typically
linked with decreased DFS in KIRC and KIRP
(P < 0.05, Figure 3b), oesophageal carcinoma, LGG
and UVM, while increased DFS was found in
adrenocortical carcinoma (ACC), bladder urothelial
carcinoma (BLCA), head and neck squamous cell
carcinoma (HNSC), OV, THCA and UCEC (P < 0.05,
Supplementary figure 3). In terms of DSS, high
LAG3 gene expression was correlated with
prolonged DSS in HNSC, OV and THCA, while
shortened DSS was observed in LGG and UVM
(P<0.05, Supplementary figure 3). Additionally,
univariate Cox regression was performed to study

© 2024 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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Figure 3. Differential analysis and univariate Cox regression. (a) Significant differences in LAG3 expression between normal and tumour tissues
were observed in BRCA, COAD, ESCA, GBM, HNSC, KICH, KIRC, LIHC, LUAD, LUSC, PCPG, PRAD, READ, THCA and UCEC. (b) High LAG3
expression was correlated with shortened OS, DSS and DFS in KIRC (P< 0.01), as well as shortened DFS in KIRP (P < 0.05). (c-f) Forest plot of
univariate Cox regression in OS, PFS, DSS and DFS. BRCA, breast cancer; COAD, colon adenocarcinoma; DFS, disease-free survival; DSS, disease-
specific survival, ESCA, oesophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KIRC, kidney
renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAG3, lymphocyte activation gene 3; LIHC, liver hepatocellular carcinoma;
LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; OS, overall survival; PCPG, pheochromocytoma and paraganglioma; PFS,
progress-free survival; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; THCA, thyroid cancer; UCEC, uterine corpus endometrial
carcinoma; *P < 0.05; #*P < 0.01; ***P < 0.001.
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the influence of LAG3 on different cancer types in
the TCGA database (Figure 3c-f). For OS, high
LAG3 gene expression served as a protective
factor in BLCA, cervical squamous cell carcinoma
and endocervical adenocarcinoma (CESC), HNSC,
OV and SKCM (the HR values were 0.866, 0.695,
0.831, 0.874, 0.833 and 0.788, respectively,
P < 0.05), while a risk factor in ACC, KIRC, KIRP,
acute myeloid leukaemia (LAML), LGG, THYM and
UVM (the HR values were 1.195, 1.236, 1.446,
1.292, 1.636, 2.104 and 1.496, respectively,
P < 0.05). For PFS, high LAG3 gene expression also
served as a protective factor in BLCA, CESC and
SKCM (the HR values were 0.849, 0.690 and 0.899,
respectively, P < 0.05), while a risk factor in KIRC,
KIRP, LGG, THYM and UVM (the HR values were
1.121, 1.393, 1.336, 1.499 and 1.310, respectively,
P <0.05). For DSS, high LAG3 gene expression
indicated longer DSS in BLCA, CESC, HNSC, OV,
SKCM and THCA (the HR values were 0.817, 0.640,
0.817, 0.792, 0.753 and 0.033, respectively,
P < 0.05), while shorter DSS in ACC, COAD, KIRC,
KIRP, LGG, THYM and UVM (the HR values were
2.264, 1.493, 1.269, 1.470, 1.630, 3.163 and 1.450,
respectively, P<0.05). For DFS, only KIRP
(HR=1.458, P<0.001) and UCEC (HR=0.735,
P < 0.05) showed significant differences. We also
analysed the correlation across LAG3 gene
expression and cancer stages as well as molecular
subtyping (Supplementary figure 4). In KIRC, the
proportion of stage three and stage four was
significantly higher than stage one when LAG3
gene expression increased. In KIRP, high
LAG3 gene expression was correlated with more
tumours in stage three than in stage one. These
results suggested that the expression of the LAG3
gene had a significant impact on both the
prognosis and the tumour stage at the pan-cancer
level.

Tumour purity and immune infiltration

First, we studied the relationship between LAG3
gene expression and the proportions of the three
major components in the tumour tissues. Using
the ESTIMATE algorithm, correlations between
LAG3 gene expression and the purity of the 33
cancer types are depicted in Figure 4a and b.
Specifically, positive correlations between LAG3
gene expression and the immune score were
found in BLCA (r=0.81, P<0.001), CESC (r=0.8,
P <0.001), KICH (r=0.7, P<0.001), KIRC (r=0.7,
P<0.001), KIRP (r=0.7, P<0.001), LGG
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(r=0.3, P<0.001), SKCM (r=0.8, P<0.001),
THYM (r=0.3, P<0.001), UCEC (r=0.63,
P<0.001), UVM (r=0.8, P<0.001, Figure 4a),

breast cancer (BRCA), COAD, HNSC, LIHC, LUAD,
lung  squamous cell  carcinoma  (LUSQ),
mesothelioma, OV and prostate adenocarcinoma
(PRAD) (P<0.001, Supplementary figure 5). In
terms of stromal components, high LAG3 gene
expression was correlated with elevated stromal
scores in BLCA (r=0.54, P<0.001), CESC (r=0.4,
P <0.001), KICH (r=0.52, P<0.001), KIRC (r=0.2,
P <0.001), KIRP (r=0.50, P<0.001), LGG (r=0.16,
P<0.001), SKCM (r=0.5, P<0.001), THYM
(r=0.36, P<0.001), UCEC (r=0.4, P<0.001) and
UVM (r=0.7, P<0.001, Figure 4b), as well as in
BRCA, COAD, HNSC, LIHC, LUAD, LUSC, OV and
PRAD (all the P<0.001, Supplementary figure 5).
In summary, higher LAG3 gene expression was
correlated with lower tumour purity and a
higher proportion of immune and stromal
components.

Then, we focused on immune components and
explored the infiltration of different subtypes of
immune cells (Figure 4c, Supplementary figure 6).
LAG3 gene expression was positively correlated
with increased infiltration of CD8" T cells in UVM
(r=0.77, P<0.001), KIRC (r=0.70, P<0.001), KIRP
(r=0.62, P<0.001), SKCM (r=0.75, P<0.001) and
COAD (r=0.47, P<0.001). As for NK cells, LAG3
gene expression was associated with increased
infiltration of activated NK cells in several cancers,
such as KIRC (r=0.45, P<0.001), SKCM (r=0.46,
P<0.001) and THYM (r=0.34, P<0.001).
Regarding regulatory T cells (Tregs), LAG3 gene
expression was positively correlated with the
increased cell infiltration in KIRP (r=0.32,
P <0.001), SKCM (r=0.32, P<0.001) and BRCA
(r=0.16, P<0.001). In terms of T-cell follicular
helper (Tfh), LAG3 gene expression was positively
correlated with the increased infiltration in KIRP
(r=0.25, P<0.001), UVM (r=0.53, P<0.001),
SKCM (r=0.17, P<0.001) and BRCA (r=0.21,
P < 0.001). For plasma cells, increased infiltration
was observed with high LAG3 gene expression in
KIRP (r=0.29, P<0.001), SKCM (r=0.35,
P <0.001), THCA (r=0.56, P<0.001) and THYM
(r=0.32, P<0.001). In THYM, BRCA, LIHC, LUAD,
mesothelioma and THCA, LAG3 gene expression
was correlated with increased infiltration of
activated CD4* memory T cells (r value was 0.42,
0.60, 0.52, 0.39, 0.36 and 0.48, respectively, all the
P <0.001) while decreased infiltration of resting
CD4* memory T cells (r value was —0.42, —0.29,

© 2024 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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Figure 4. Immune-related analyses. (a) LAG3 expression was positively correlated with the immune score in BLCA, CESC, KICH, KIRC, KIRP, LGG,
SKCM, THYM, UCEC and UVM. (b) High LAG3 expression was correlated with elevated stromal scores in BLCA, CESC, KICH, KIRC, KIRP, LGG,
SKCM, THYM, UCEC and UVM. (c) In KIRC, LAG3 expression was negatively correlated with the infiltration of resting CD4* memory T cells, but
positively correlated with activated NK cells, plasma cells, Tregs and CD8* T cells. In KIRP, LAG3 expression was associated with the infiltration of
memory B cells, macrophages M1, plasma cells, Tregs, T-cell follicular helpers and CD8* T cells. (d) Correlation between LAG3 expression and
other immune-related genes. BLCA, bladder urothelial carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma;
KICH, kidney chromophobe renal cell carcinoma; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAG3,
lymphocyte activation gene 3; LGG, brain lower grade glioma; NK cell, nature killer cell; SKCM, skin cutaneous melanoma; THYM, thymoma;
Treg, regulatory T cell; UCEC, uterine corpus endometrial carcinoma; UVM, uveal melanoma.
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—0.35, —0.38, —0.47 and —0.26, respectively, all
the P<0.001). The relationships between LAG3
gene expression and different immune cells in
other cancer types (such as BLCA, CESC, OV and
THYM) are demonstrated in Supplementary
figure 6. In general, high LAG3 gene expression
was associated with low tumour purity,
specifically, increased infiltration of activated
T cells and some other immune cells (such as
B cells and NK cells) and decreased infiltration of
resting lymphocytes along with NK cells and
macrophages M1.

Additionally, results from the TIMER database
are also presented for complement
(Supplementary figure 7). Integrating the results
of seven algorithms, LAG3 level was positively
correlated with CD8" T-cell infiltration in 34 out
of 40 cancer types shown. Negative correlations
only appeared in THCA (TIMER and XCELL
algorithms), LGG (TIMER and EPIC algorithms),
KICH (EPIC algorithm), KIRP (EPIC algorithm) and
THYM (TIMER, EPIC, XCELL, MCPCOUNTER
and QUANTISEQ algorithms). For CD4* T cells and
Tregs, most activated CD4" T cells (such as Thi,
Th2 and memory-activated CD4* T cells) and Tregs
infiltration were positively correlated with LAG3
gene expression in most cancers. Besides, the
infiltration of activated NK cells, B cells, M1 and
M2 were also positively correlated with LAG3
gene expression in most algorithms. These results
were consistent with our previous findings. That
was, LAG3 gene expression was correlated with
increased infiltration of activated T cells and some

other immune cells, as well as decreased
infiltration of resting lymphocytes along with
NK cells.

The distribution of the LAG3 gene in myeloid
cells, T cells (CD4*, CD8%) and NK cells in
pan-cancer single-cell transcriptional atlases is
illustrated in Supplementary figures 8-10. The
myeloid cells recorded in the SCDVA database
did not express LAG3 (Supplementary figure 8).
While in T cells of the SCDVA database, the
LAG3 gene expressed higher in CD4+ T cells of
CXCL13" TfhTh1 and OAS1* Treg. In CD8* T cells,
LAG3 level was upregulated in CXCL13% Tex,
IFIT1" I1SG and PDCD1" Tex (Supplementary
figure 9). Besides, LAG3 was slightly expressed in
NK cells, with the median expression as 0 and
was mainly identified in NK cells with markers
KLRC2, NFKBIA and NR4A3 (Supplementary
figure 10).
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T-cell dysfunction and immune-related
genes

The TIDE database was employed to evaluate
T-cell dysfunction and exclusion. The results are
demonstrated in Supplementary figures 11, 12.
Specifically, LAG3 gene expression was positively
correlated with cytotoxic T lymphocyte (CTL) level
in various cancers (Supplementary figure 11). In
detail, LAG3 gene expression was positively
associated with CTL infiltration in BLCA (r=0.765,

P<0.05), CESC (r=0.736, P<0.05), GBM
(r=0.345, P<0.05), HNSC (r=0.916, P<0.05),
KIRC (r=0.907, P<0.05), KIRP (r=0.953,
P <0.05), LAML (r=0.58, P<0.05), LIHC (r=0.884,
P<0.05), LUAD (r=0.779, P<0.05), LUSC

(r=0.793, P< 0.05), OV (r=0.662, P<0.05), PRAD
(r=0.68, P<0.05), BRCA (r=0.876, P<0.05),
stomach adenocarcinoma (STAD) (r=0.76,
P < 0.05) and UVM (r=0.973, P < 0.05). Then LAG3
level was found to be positively linked with the
T-cell dysfunction score for many cancers in different
databases, including KIRC (r=3.14, P <0.002),
KIRP (r=-2.4, P<0.05), BRCA (r=2.31, P<0.05),
HNSC (r=2.17, P<0.05), SKCM (r=2.46,
P < 0.05), LAML (r=3.69, P<0.001), LIHC (r=3.05,
P < 0.05) and LUAD (r=2.57, P < 0.05).
Furthermore, we found that in the high LAG3
group, a high level of CTL infiltration was linked
with an unfavourable prognosis in these cancers
except SKCM (Supplementary figure 12). These
findings meant that the LAG3 gene held a close
link with CTL infiltration and dysfunction, which
played a significant role in the prognosis.

Figure 4d demonstrates the relationships between
LAG3 expression level and immune gene expression
in 33 cancer types. Most of those immune
genes showed a positive correlation with LAG3
(P < 0.05) in the 33 cancer types. Specifically in renal
cancers, LAG3 gene expression was positively
correlated with CD44, TIGIT, VSIR, TNFRSF8, PDC-
D1LG2, TMIGDZ2, IDO2, CD160, PDCD1, HAVCR2,
CD200R1, CD48, CTLA4, CD244, LAIR1, TNF-
RSF9, CD86, TNFRSF18, TNFRSF25, CD27, TNFSF9,
CD70, TNFSF14, LGALS9, CD80, CD28, CD40LG and
ICOS. In UVM, LAG3 gene expression was positively
correlated with 38 genes, with the exception of
CD44, HHLA2, VTCN1, TMIGD2, ADORA2A, CD200,
CD40 and BTNL2. The close association between
LAG3 and numerous immune-related genes
indicated that LAG3 played a significant role in
immunity.

© 2024 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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Figure 5. Regulation and function analysis of LAG3. (a) With DIANA-microT and miRDB databases, we performed an intersection and detected a
total of 10 miRNAs. There were significant associations between hsa-miR-1269a expression and LAG3 expression in HNSC, KIRC, KIRP, LUSC,
PAAD and TGCT (P< 0.05). The presence of hsa-miR-1269b also significantly influenced the expression of LAG3 in BRCA, COAD, KIRC and
HNSC (P< 0.05). Hsa-miR-1269a and hsa-miR-1269b directly affected LAG3 expression and IncRNA AC126365.1 and SNHG14 indirectly
regulated LAG3 expression by interacting with these two miRNAs. (b) LAG3 protein had close interactions with CD80, CD86, CD274, LGALS9,
LGALS9B, LGALS9C, CTLA4, LGALS3, FGL1 and CLECA4G. (c) Signalling pathway analysis of LAG3. BRCA, breast cancer; COAD, colon
adenocarcinoma; HNSC, head and neck squamous cell carcinoma; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell
carcinoma; LAG3, lymphocyte activation gene 3; IncRNA, long noncoding RNA; LUSC, lung squamous cell carcinoma; PAAD, pancreatic

adenocarcinoma; TGCT, testicular germ cell tumours.

The genomic and proteomic networks of
LAG3 at pan-cancer level

Next, we delved into the regulation and interplay
of LAG3 at the transcriptional and translational
levels. Using DIANA-microT and miRDB databases,
we identified 16 and 1218 miRNAs, respectively,
which were strongly related to LAG3. Then we
performed an intersection and detected a total of
10 miRNAs, including hsa-miR-1269a and hsa-miR-
1269b. There were significant associations
between hsa-miR-1269a expression and LAG3

© 2024 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

gene expression in HNSC, KIRC, KIRP, LUSC and
TGCT (P<0.05, Figure 5a, Supplementary
figure 13a). Similarly, the presence of hsa-miR-
1269b also significantly influenced the expression
of LAG3 in BRCA, COAD, KIRC and HNSC (P < 0.05,
Figure 5a, Supplementary figure 13a). Then, we
constructed the competing endogenous RNA
network of LAG3. Hsa-miR-1269a and hsa-miR-
1269b directly affected LAG3 gene expression, and
INcRNA  AC126365.1 and SNHG14 indirectly
regulated LAG3 gene expression by interacting
with these two miRNAs (Figure 5a). We also
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demonstrate PPl of LAG3 in Figure 5b. LAG3
protein had close interactions with CD80, CD86,
CD274, LGALS9, LGALS9B, LGALS9C, CTLA4,
LGALS3, FGL1 and CLEC4G.

Gene set enrichment analysis and mutation
analysis

Figure 5c and Supplementary figure 13b
intuitively demonstrate the results of the GSEA,
revealing the five signalling pathways that were
most significantly influenced by the expression of
the LAG3 gene. We found that the TCR signalling
pathway was significantly upregulated in ACC,
CESC, LIHC, SARC, SKCM, STAD, THCA and UVM.
The NK cell-mediated cytotoxicity pathway was
enhanced in ACC, HNSC, OV, SARC, SKCM, STAD,
THCA and TGCT. The primary immunodeficiency
pathway was reinforced in CESC, HNSC, SARC and
SKCM. The antigen processing and presentation
pathway was enhanced in HNSC, OV and TGCT.
The chemokine signalling pathway  was
upregulated in ACC, BLCA, THCA and UVM. The
haematopoietic cell lineage pathway was
enhanced in BLCA, LIHC, SARC, SKCM, STAD,
THCA and UVM. These results indicated the
complex effects of LAG3 on immunity in cancers.
Based on the data from the cBioPortal
database, there was a high occurrence of
amplification and mutation in the LAG3 gene
across different forms of cancer (Figure 6a). The
majority of mutations was missense mutations,
with the most prevalent single nucleotide
variation being cytosine. Regarding copy number

variants (CNV), both heterozygous and
homozygous amplification occurred in various
cancer types (Supplementary figure 13c). The

methylation and CNV levels of LAG3 in different
cancer types and their influence on survival are
shown in Supplementary figure 13d, e.
Correlations between LAG3 gene expression and
tumour mutation were also analysed. Tumour
mutation burden (TMB) and microsatellite
instability (MSI) were substantiated to be
associated with immunotherapy efficacy, and
generally higher TMB and MSI values were
associated with more benefits in
immune-checkpoint inhibitor (ICl) therapy.’>"’
TMB and MSI values in 33 cancer types were
utilised to reflect tumour mutation. The results
are shown in the radar chart in Figure 6b. The
correlation analysis showed that TMB values
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significantly increased with LAG3 gene expression
in BRCA, COAD, GBM, LUAD, PRAD, THCA and
UCEC. Conversely, in KIRP, mesothelioma, OV and
TGCT, TMB values demonstrated negative
correlations with LAG3 level (P<0.05). For MSI,
high LAG3 gene expression showed significant
positive correlations in BLCA, BRCA, CESC, COAD,
KIRC, LAML, LGG, LUAD, STAD, THYM and UCEC,
while exhibiting negative correlations in KIRP,
PRAD, TGCT and THCA (P < 0.05). In summary, the
LAG3 gene had a high mutation rate in tumours
and may serve as a potential target for
immunotherapy.

Immunotherapy sensitivity analysis

The GDSC and CTRP databases were employed to
uncover the correlation between LAG3 gene
expression and drug sensitivity. In the GDSC
database, LAG3 gene expression was positively
related to the efficacy of 5-Fluorouracil, AZD8055,

CAL-101, Navitoclax, VNLG/124 and Vorinostat
(P<0.05, Figure 6c). In the CTRP database,
positive  correlations between LAG3 gene

expression and drug sensitivity were shown in
CCT036477, cerulenin, LY-2183240, manumycin A,
piperlongumine, PL-DI, PX-12 and PRIMA-1
(P < 0.05, Figure 6¢).

In the CellMiner database (Figure 6d), LAG3 gene
expression was positively correlated with the efficacy
of fludarabine (r=0.380, P=0.003), OUABAIN
(r=0.375, P=0.003), cladribine (r=0.372, P=0.003),
ancitabine  hydrochloride (r=0.432, P<0.001),
gemcitabine (r=0.429, P < 0.001), methylprednisolone
(r=0.396, P=0.002) and cytarabine (r=0.381,
P=0.003). More results are presented in
Supplementary figure 14a, b.

DISCUSSION

LAG3 consists of four extracellular IgSF-like
domains (D1-D4) and two intracellular regions,
repetitive EP motif and KIEELE motif.>> It is
mainly expressed in activated T cells and NK cells,
fulfilling a function of immunosuppression.” In
this study, we revealed the prognostic effect of
LAG3 in renal cancers using IHC staining and
statistical analyses. We also explored the
differential expression and biological
characteristics of LAG3, along with its impact on
survival, the tumour microenvironment and the
efficacy of immunotherapy at pan-caner level.
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Figure 6. Mutation of LAG3 and drug sensitivity. (@) There was a high occurrence of amplification and mutation in the LAG3 gene across
different forms of cancer. (b) TMB values significantly increased with LAG3 expression in BRCA, COAD, GBM, LUAD, PRAD, THCA and UCEC.
Conversely, in KIRP, MESO, OV and TGCT, TMB values demonstrated negative correlations with LAG3 levels (P < 0.05). For MSI, high LAG3
expression showed significant positive correlations in BLCA, BRCA, CESC, COAD, KIRC, LAML, LGG, LUAD, STAD, THYM and UCEC, while
exhibiting negative correlations in KIRP, PRAD, TGCT and THCA (P<0.05). (c, d) Drug sensitivity analyses in GDSC, CTRP and CellMiner
databases. BLCA, bladder urothelial carcinoma; BRCA, breast cancer; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma;
COAD, colon adenocarcinoma; CTRP, cancer therapy response portal; GBM, glioblastoma multiforme; GDSC, genomics of drug sensitivity in
cancer; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAG3, lymphocyte activation gene 3; LAML, acute
myeloid leukaemia; LGG, lower grade glioma; LUAD, lung adenocarcinoma; MESO, mesothelioma; MSI, microsatellite instability; OV, ovarian
serous cystadenocarcinoma; PRAD, prostate adenocarcinoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumours; THCA, thyroid
carcinoma; THYM, thymoma; TMB, tumour mutation burden; UCEC, uterine corpus endometrial carcinoma; *P < 0.05; **P < 0.01; ***P < 0.001.
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LAG3 was a pivotal biomarker in tumour
prognosis

Initially, through IHC staining and differential
analysis, we demonstrated significant differences
in LAG3 gene expression between tumour and
normal tissues. Our results illustrated that LAG3
protein expression was significantly higher in
normal tissue compared to tumour tissue. The
underlying reasons for this phenomenon have not
been fully elucidated. In previous studies, Klimper
et al."® found that the methylation status of the
LAG3 promoter negatively correlated with levels
of LAG3 messenger RNA expression in patients
with renal cell carcinoma. Consequently, excessive
methylation of the LAG3 promoter may be
present in renal cancer tissues from the Xinhua
cohort. Further validation was needed to clarify
the reasons underlying the dynamic changes in
LAG3 expression. Then, we performed a
comprehensive clinical analysis to investigate the
influence of LAG3 gene expression on survival and
tumour stage, as well as its correlation with other
clinical variables. We identified high LAG3 gene
expression as an independent unfavourable
prognostic factor for OS (HR=6.60, 95%
Cl=2.43-17.90, P<0.001) and PFS (HR=3.44,
95% Cl=1.68-7.10, P<0.001). Then, at the
pan-cancer level, LAG3 gene expression also
indicated significantly shorter OS, PFS and DSS in
LGG (HR =1.636, 1.336, 1.630 respectively), THYM
(HR=2.104, 1.499, 3.163 respectively) and UVM

(HR=1.496, 1.310, 1.450 respectively), while
higher in BLCA (HR=0.866, 0.849, 0.817
respectively), CESC (HR=0.695, 0.690, 0.640

respectively) and SKCM (HR=0.788, 0.899, 0.753
respectively). Additionally, correlations between
LAG3 gene expression and tumour prognosis were
also reported in a few studies. Hu et al.'®
reported that the infiltration of LAG3™
lymphocytes ameliorated OS in patients with
triple-negative breast cancer. Peng et al.?°
discovered a positive correlation between LAG3
gene expression and better SKCM prognosis.
These results confirmed the intricate yet
important role of LAG3 gene expression in
prognosis. The detrimental effects may come from
T-cell exhaustion caused by LAG3, leading to a
cessation of cytokine production and
a progressive and hierarchical loss of effector
functions.?’?* The protective effect may arise
from the high infiltration and hyperactivation of
the immune system mediated by LAG3.2>?°
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Combined with the differential expression
between normal and tumour, as well as
prognostic analyses, we proposed that LAG3 was
an independent prognostic biomarker for kidney
neoplasm and had a considerable impact on the
prognosis in multiple cancer types, especially
BLCA, CESC, SKCM and UVM.

LAG3 was strongly associated with
immunity and indicated a highly infiltrated
but dysfunctional TIME, playing an
immunosuppressive role

TIME exerts an essential effect on tumour
immune surveillance and the efficacy of
immunotherapy.?”’?° Our research showed that
in cases of kidney neoplasm, LGG, UVM and
THYM, increased LAG3 gene expression was
correlated with more immune cell infiltration
and stromal components. To be specific, the
infiltration of activated NK cells, plasma cells,
Tregs, Tfhs, macrophages M1 and CD8" T cells
rose, while resting memory T cells, resting NK
cells and macrophage M2 dropped. Thus, we
concluded that there was a strong correlation
between elevated LAG3 gene expression and

increased immune score or stromal score in
many cancers. Specifically, high LAG3 gene
expression was associated with increased

infiltration of effective or activated T cells and
decreased infiltration of resting lymphocytes
along with NK cells and macrophages M1.
Combined with the negative prognosis in these
cancers, we proposed a potential hypothesis that
LAG3 presence may elevate immune infiltration
and subsequently exhaust the infiltrated immune
cells. This theory was further corroborated by
the TIDE database. Results showed that LAG3
gene expression was positively correlated with
CTL infiltration and dysfunction scores, leading
to a bad prognosis.

In addition, the biological function of LAG3 also
contributed to the explanation of this theory.
LAG3 would cause T-cell suppression and
exhaustion and facilitate tumour progression,
resulting in the release of immune factors®°-32
and the recruitment of more T cells in TIME.>® The
immunosuppressive effect of LAG3 on T cells is
initiated by the binding of LAG3 to its ligands.
As demonstrated in Figure 5b, in addition
to MHC class Il, which serves as a prototypical
ligand for LAG3, several other prominent
immunosuppressive ligands include fibrinogen-like
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protein 1 (FGL-1), C-type lectin domain family 4
member G and Galectin-3 (LGALS3). FGL-1 is
overexpressed in cancer cells, and its interaction
with  LAG3 inhibits antigen-specific T-cell
responses, thereby promoting immune evasion
and resistance to immunotherapy. LSECtin,
commonly expressed in melanomas, interacts with
LAG3 to blunt tumour-specific T-cell responses by
downregulating cell cycle kinases. Additionally,
LGALS3, a 31-kDa lectin, binds to LAG3 and
mediates the suppression of CD8" T cells. In our
research and previous studies, we also revealed a
correlation between LAG3 gene expression and
the upregulation of chemokines. And this
upregulation was associated with a heightened
influx of immune cells.>*3**3> Furthermore, we
also noticed a higher expression of LAG3 in
CXCL13* TfhTh1, CXCL13* Tex and PDCD1* Tex.
CXCL13, in conjunction with CXCR5, could exert a
potent chemotactic effect on B cells while also
exerting a mild chemoattractant effect on CXCR5"
T cells and macrophages.>®3” The CXCL13/CXCR5
axis is linked with the progression of several
cancer types and is regarded as a biomarker of
T-cell exhaustion.>®3° Research has emphasised
the crucial role of CXCL13 in the maintenance of
the antitumor microenvironment (through
CXCR57CD8* T cells) and its biomarker use in the
evaluation of ICl efficacy.***' PDCD1, known for
programming PD-1, is responsible for inducing
immunosuppression and immune evasion. Higher
LAG3 gene expression on PDCD1* Tex indicated a
close correlation between LAG3 and other
immunosuppressive factors.*?

In general, LAG3 exhibited a robust association
with other immune-related molecules, resulting
in a combined immunosuppressive effect.
Furthermore, it would cause a high-infiltration
but low-function TIME in many types of cancer.

LAG3 was a promising biomarker in
immunotherapy

ICI therapy is considered one of the most
promising immunotherapies in cancer treatments,
and LAG3 is believed to make a magnificent
contribution.'®*® This study provided evidence for
a strong correlation between LAG3 gene
expression and TMB as well as MSI in many
cancers (KIRC, KIRP, CESC and LGG in MSI; KIRP,
BRCA and COAD in TMB). These findings
suggested potential advantages for patients
receiving ICl therapies.”>"” Besides, LAG3 gene
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expression was also associated with low tumour
purity in kidney neoplasm, UVM, THYM and LGG,
which was expected to connect with improved
responses to immunotherapy.** Previous studies
also confirmed LAG3 as a promising target for
immunotherapy.***’ Certain specific medicines,
for instance, MK-280*® or MGDO013,%° were
validated to be effective. In addition, the
aforementioned findings (LAG3 gene expression
was correlated with multiple immune-related
genes) also suggested a potential effectiveness in
co-blockage of LAG3 and other immune targets.
For instance, Zelba et al’° identified a
co-expression relationship between LAG3 and
PD-1 in renal cell carcinoma, while Liu et al.>’
demonstrated a  co-expression relationship
between LAG3 and CTLA-4 in breast cancer.
Combinatorial anti-LAG3 and anti-PD-1 therapy
has also demonstrated benefits for patients
resistant to primary anti-PD-1 and PD-L1
therapy.'" Moreover, a bispecific antibody that
targets both LAG3 and PD-L1 has been shown to
enhance effector T-cell responses and exhibit

antitumor efficacy in humanised xenograft
models.>> Therefore, LAG3 was a promising
biomarker in immunotherapy and can

subsequently play an essential role in prognosis.

Limitations

Our investigation has certain limitations. Initially,
a total of 370 patients were enrolled only in
Xinhua Hospital, which might slightly affect the
validity of the conclusion. In addition, our
pan-cancer investigation was conducted using
several public databases, primarily consisting of data
from patients in the Western countries. This might
introduce potential racial disparities in our study.
Our research emphasises uncovering the role of
LAG3 as a biomarker throughout the entire tumour
microenvironment, rather than being confined to a
specific immune cell population. The role of LAG3
expression specifically in these cells remained
unknown. Further research will be undertaken to
investigate the dynamic changes in LAG3 expression
on T cells and NK cells throughout tumour
progression. Last but not least, though we have
shown the correlation between LAG3 gene
expression and prognosis, tumour characteristics,
immune functions and immunotherapy at the pan-
cancer level, more detailed and complex molecular
functions of LAG3 for each type of cancer remain to
be elucidated in the future.
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CONCLUSION

Our study identified LAG3 as an independent
unfavourable factor for both OS (HR =6.60, 95%
Cl=2.43-17.90, P<0.001) and PFS (HR=3.44,
95% Cl=1.68-7.10, P < 0.001) in kidney neoplasm.
Furthermore, pan-cancer analysis also revealed
LAG3 gene expression to be a potent prognostic
biomarker in other malignancies, such as BLCA,
LGG and UVM. Moreover, LAG3 served as a
biomarker for the TIME, which featured high
infiltration but low function. Finally, we
constructed the ceRNAs and PPl networks,
demonstrated the strong relationship between
LAG3 and immunity and predicted drug
sensitivities related to LAG3.

METHODS

Patient eligibility in our study

The study, with ethical approval granted by the ethics
committee of Xinhua Hospital affiliated with Shanghai Jiao
Tong University School of Medicine (XHEC-C-2021-145-1),
encompassed individuals diagnosed with kidney neoplasms
who underwent curative surgery at our institution from
2016 to 2018. Specifically, inclusion criteria mandated the
availability of tumour tissue sections for research purposes,
resulting in a cohort of 370 patients meeting these criteria.
Due to inadequate IHC staining information, the tumour
tissues from two patients and the normal tissues from 64
patients were removed. Moreover, 75 people were
disqualified from the chi-square test and Kaplan-Meier
survival analysis because OS and PFS, two important follow-
up variables, were lacking. Furthermore, due to limited
data, we were unable to evaluate the relevant link
between OS censoring and progression data for 71
individuals and LAG3 protein expression. Moreover, 16
individuals were excluded from the multivariate Cox
regression analysis since their histological classifications
were assigned as ‘Others.” The follow-up period ended up
in March 2021. OS was delineated as the duration from the
initial diagnosis of kidney neoplasm to either the date of
death or the last recorded follow-up. Similarly, PFS was
defined as the duration between the initiation of treatment
and the occurrence of progression, death, or the last
follow-up.  Finally, = demographic  factors,  tumour
characteristics, follow-up details and IHC staining
information are presented through a heatmap and a table.

Immunohistochemical staining

The tumour tissue and adjacent normal tissue of patients
were initially fixed, embedded and sectioned into paraffin
samples post-surgery. Afterwards, the samples were
dewaxed and rehydrated, followed by antigen retrieval to
expose the antigen LAG3, utilising citric acid (pH=6.0)
antigen-retrieval buffers. To minimise non-antibody

2024 | Vol. 13 | 70009
Page 16

Y Liu et al.

binding, the samples underwent incubation in a 3%
hydrogen peroxide solution, followed by subsequent
washing in phosphate-buffered saline solution. Next, to
block endogenous peroxidase activity, the samples were
subjected to treatment with 3% bovine serum albumin.
Afterwards, primary antibodies (Proteintech, Wuhan, China,
29548-1-AP, 1:200) were utilised for specific binding,
followed by the introduction of secondary antibodies
labelled with HRP enzyme. The secondary
antibodies selectively bound to the primary antibodies,
facilitating the formation of a detection complex. Then, the
specific substrate introduced for HRP was DAB, initiating a
chromogenic reaction. In the presence of the target
antigens, DAB reacted with HRP, leading to a visually
detectable colour change. Moreover, to enhance
visualisation, haematoxylin was added as a counterstain,
providing contrast and highlighting the nuclei and the
samples then underwent dehydration using a series of
graded alcohols. Finally, all slides were examined under a
light microscope, and two professional pathologists were
enlisted to read and score these slides. When the opinions
of the two pathologists conflicted, the third pathologist
would carefully check and determine the final results.

Scoring the immunohistochemical staining

The scoring of IHC staining was conducted according to the
following criteria, enabling the quantification of LAG3
protein expression levels in tissue slides. Since LAG3 is
predominantly localised to the cell membrane, the IHC
staining scores were assessed based on membrane-positive
staining. Scoring involved two key factors: staining intensity
and the extent of the stained area. Intensity categories
included negative, weak positive, positive and strong
positive, scored as 0, 1, 2 and 3 respectively. The stained
area was classified into four categories: <10%, 10-39%,
40-69% and 70-100%, corresponding to scores of 1, 2, 3
and 4. Following this, the scores for both tumour and
normal tissues were obtained by multiplying the intensity
and area scores. Finally, the scores for tumour tissue were
categorised into two groups: low (0-8) and high (9-12).

Exploring the relationship between LAG3
gene expression level and clinical variables

First, Wilcoxon tests compared LAG3 scores between
tumour and normal tissues, visualised with a violin plot. A
K-M survival analysis was conducted to explore the
correlation between LAG3 gene expression levels and
OS/PFS. The optimal cut-off for LAG3 gene expression was
determined using the ‘surv_cutpoint’ and ’‘surv_categorize’
functions of an R package, categorising patients into two
groups to maximise differences in OS/PFS. Subsequent to
this, Pearson Chi-square tests were utilised to identify
associations between categorical variables and the two
LAG3 groups, with significance marked by asterisks: ‘*
(P<0.05), “**" (P<0.01) and "***' (P<0.001). Then, a
multivariate Cox regression analysis was performed to assess
whether LAG3 gene expression levels independently
influenced OS or PFS. To be precise, patients with
histopathological classifications other than KIRC, KIRP and
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KICH were excluded from the analysis. The risk score was
calculated from the Cox model as follows:

Risk Score = g, x Variable; + g, x Variable, + ...+ 8,
x Variable,.

Each variable's coefficient (8) was derived from the Cox
model. Patients were stratified by the median risk score,
and a K-M survival analysis was performed. Finally,
Chi-square tests examined associations between clinical
stages and risk score-based groups.

Validation of the models and construction
of nomograms

To validate our regression analysis for OS and PFS, we
presented residual plots and determined the concordance
index (C-index). Next, Schoenfeld global and individual tests
were also performed to assess the proportional hazards
assumption. The global test evaluated whether the
assumption held across the entire model, while
the individual tests assessed each covariate separately.
Following this, for ease of prediction, nomograms were
developed utilising the variables in the Cox model to
forecast survival or progression-free probabilities for 1, 2, 3,
4 and 5years. We selected six variables from three different
perspectives: demographic (age category and gender),
tumour characteristics (histopathological classification,
Fuhrman nuclear stage and tumour stage, which were
validated as significant prognostic factors®3®), and the
impact of LAG3 (LAG3 classification), to include in our
regression models. We constructed a nomogram based on
this regression model. It should be noted that higher total
scores meant a low probability of survival in the
nomogram. And a higher nomogram score for the curtain
variable indicated that the variable had a more negative
impact on prognosis. Lastly, calibration and discrimination
performances were assessed through calibration curves and
receiver operating characteristic curves.

Data collection for our bioinformatics
analysis

The gene expression profiles of LAG3 for 11057 samples
among 33 cancer types were downloaded from the TCGA
database (https://cancergenome.nih.gov/).>* Also,
demographic factors and survival indicators such as OS, PFS,
DFS and DSS were extracted. Moreover, tumour
characteristics such as clinical stages, the ESTIMATE score,
TMB and MSI were downloaded from the TCGA database
for subsequent statistical analyses. Furthermore, through
gene expression profile assessment, CIBERSORT was applied
to calculate the degree of immune infiltration and the
fraction of distinct immune cell subtypes. The distribution
pattern and expression levels of LAG3 in subtypes of
myeloid cells, T cells and NK cells were obtained by
downloading data from the SCDVA databases (http:/
panmyeloid.cancer-pku.cn/, http://pan-nk.cancer-pku.cn/)
and the ScRNA-seq Data Portal for T cells in the
Pan-Cancer database (http://cancer-pku.cn:3838/PanC_
T/).5>>7 Additionally, we employed the TIMER 2.0 database
(http://timer.cistrome.org/) and the TIDE database.
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Information regarding the correlation between LAG3 and
immune cell infiltration as well as the association between
LAG3 and immunotherapy was downloaded from these
databases. Using data in DIANA-microT (https:/dianalab.e-
ce.uth.gr/microt_webserver/#/) and miRDB (https://mirdb.
org/) databases, we constructed the competing endogenous
RNA network. Then the protein-protein interaction of LAG3
was also downloaded in the String database (https:/cn.
string-db.org/). Subsequently, we utilised the cBioPortal
(https://www.cbioportal.org/) and the Gene Set Cancer
Analysis databases (http:/bioinfo.life.hust.edu.cn/GSCA) to
analyse the mutation and signalling pathway at the pan-
cancer level. Drug sensitivity analysis employed CellMiner
(https://discover.nci.nih.gov/cellminer/home.do), Cancer
Therapy Response Portal (CTRP) (https://portals.
broadinstitute.org/ctrp/) and Genomics of Drug Sensitivity in
Cancer (GDSC) databases (https://www.cancerrxgene.org) to
reveal the correlation between LAG3 and the efficacy of
various drugs.

Data analysis processing

First, Wilcoxon tests were conducted across 33 tumour types
to analyse the differential gene expression between tumour
and normal tissues. Patients were then stratified into two
groups using the median LAG3 gene expression, followed
by K-M survival analysis for OS, PFS, DFS and DSS, with
results presented only for P<0.05. Following this,
univariate Cox regression was used to calculate the HR of
LAG3 for these survival metrics in all 33 TCGA tumour types.
We also employed differential expression analysis across
clinical stages among the 33 cancers. The ESTIMATE score
was utilised to assess stromal and immune cell proportions
within the tumour microenvironment. Following this,
co-expression analysis was carried out with LAG3 gene
expression.”® In light of immune infiltration, we also
conducted correlation analysis to examine the tumour
microenvironment across these cancers. Pearson correlation
analysis explored the association between LAG3 and 47 key
immune-related genes. We further analysed LAG3
expression in myeloid cells, T cells and NK cells at the
pan-cancer level and also examined its correlation with
immune cell infiltration and T-cell functional states.
Additionally, we constructed a competing endogenous RNA
network, protein-protein interaction for LAG3, and
performed GSEA to identify the top five significant pathways
across cancers. Using the cBioPortal database, we analysed
LAG3 mutations. We also explored the correlation between
LAG3 expression and TMB/MSI, which are critical for
predicting therapeutic efficacy across cancer types. Finally, we
assessed the correlation between LAG3 expression and drug
sensitivity.

Quantitative statistical analysis

In this research, results with both a false discovery rate and
a two-tailed P-value <0.05 were determined to be
statistically significant. Statistical processes were performed
with R (Institute for Statistics and Mathematics, version
4.2.3; www.r-project.org; Vienna, Austria) and Python
version 3.6 software (https://www.python.org/). Descriptive
statistics used mean + SD for normal distributed continuous
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data and median with range for non-normally distributed
continuous variables. Furthermore, parametric tests were
used to compare means of various groups where variables
followed a Gaussian distribution and had homogeneous
variance. Otherwise, nonparametric tests were used.
Parametric and nonparametric tests included the t-test, the
Pearson correlation, the Wilcoxon test and the Spearman
correlation.
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