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Abstract

TP53 mutation is the most widespread mutation in lung adenocarcinoma (LUAD).
Meanwhile, p53 (encoded by TP53) has recently been implicated in immune responses.
However, it is still unknown whether TP53 mutation remodels the tumour microen-
vironment to influence tumour progression and prognosis in LUAD. In this study, we
developed a 6-gene immune-related risk model (IRM) to predict the survival of pa-
tients with LUAD in The Cancer Genome Atlas (TCGA) cohort based on TP53 status,
and the predictive ability was confirmed in 2 independent cohorts. TP53 mutation led
to a decreased immune response in LUAD. Further analysis revealed that patients in
the high-index group had observably lower relative infiltration of memory B cells and
regulatory T cells and significantly higher relative infiltration of neutrophils and rest-
ing memory CD4" T cells. Additionally, the IRM index positively correlated with the
expression of critical immune checkpoint genes, including PDCD1 (encoding PD-1) and
CD274 (encoding PD-L1), which was validated in the Nanjing cohort. Furthermore, as
an independent prognostic factor, the IRM index was used to establish a nomogram
for clinical application. In conclusion, this IRM may serve as a powerful prognostic tool

to further optimize LUAD immunotherapy.

KEYWORDS
immune profile, immune prognostic model, lung adenocarcinoma, TP53 mutation

Xuming Song, Qiang Chen and Jifan Wang authors contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2021 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

436 wileyonlinelibrary.com/journal/jcmm

J Cell Mol Med. 2022;26:436-448.


www.wileyonlinelibrary.com/journal/jcmm
mailto:﻿
mailto:﻿
https://orcid.org/0000-0002-7026-6280
http://creativecommons.org/licenses/by/4.0/
mailto:fengjiang_nj@njmu.edu.cn
mailto:ilsyvm@njmu.edu.cn

SONGET AL.

Wi LEYJﬁ

1 | INTRODUCTION

Non-small cell lung cancer (NSCLC) accounts for 85% of all lung can-
cers, and lung adenocarcinoma (LUAD) is the most frequent NSCLC
subtype.! Immunotherapy has been integrated into the first- and
second-line treatment strategies for NSCLC, reviving enthusiasm in
explaining the prognostic and pathophysiological role of the tumour
microenvironment (TME).2"> However, it is not known whether the
immune signature of lung cancer could act as a biomarker to reliably
estimate disease prognosis and patient survival.

TP53 is a tumour suppressor gene, and it is one of the 5 most
conspicuous mutations in LUAD, though there has not yet been ap-
proval for any related molecular inhibitors by the Food and Drug
Administration. TP53 encodes p53, a master regulatory transcrip-
tion factor that controls multiple core programs in cells, including
cell cycle arrest, apoptosis, senescence, fertility and metabolism.61°
Recently, p53 has been implicated in immune responses.'! TP53 mu-
tation remarkably affects the expression of immune checkpoints
and activated T-cell immune response and may thus serve as a po-
tential predictive factor for guiding immunotherapy.!* However, the
relationship between TP53 mutation and the regulation of immune
signalling and responses is still unknown. We hypothesized that
TP53 mutation may remodel the TME to influence tumour progres-
sion and prognosis in LUAD.

Recently, computational methods based on transcriptome data
were proposed to characterize the immune landscape in the se-
quenced tumour tissue.’? In this study, we systemically screened the
expression profiles of RNA sequencing data from public databases
and developed a 6-gene immune-related risk model (IRM) based on
TP53 mutation to predict the survival of patients with LUAD. We fur-
ther validated the 6-gene IRM index in the meta-Gene Expression
Omnibus (GEO) and Nanjing cohorts. Through multiple verification
methods, we determined the IRM index to be an independent prog-
nostic biomarker that could accurately predict the 5- and 7-year
overall survival (OS) of patients with LUAD. The potential mechanism,
immune infiltration and expression of immune-related checkpoints
of the IRM index were also explored. We believe that this robust
prognostic IRM index will improve risk stratification, provide more
exact judgment for individualized clinical management, and serve as

a potential immunotherapy biomarker for patients with LUAD.

2 | MATERIALS AND METHODS

21 |
genes

RNA sequencing data and immune-related

The nonsynonymous mutation status of 512 patients with LUAD
(Mutect2 pipeline), gene expression counts matrix (HTSeq-Counts)
and corresponding clinical metadata from The Cancer Genome Atlas
(TCGA) website (https://gdc.cancer.gov/) which downloaded from
the ‘TCGAbiolinks’ R package (version 2.14.1). Of these patients, 499
with mRNA relative expression and Whole exon sequencing data

were included in the following analysis. We identified the TP53 mu-
tation status of these patients via the ‘maftools’ R package (version
2.2.9), including 239 TP53MYT patients and 260 TP53WT patients.

2.2 | Differential expression analysis

Differential expression analysis was performed using the ‘DESeq2’
R package (version 1.26.0) with the standard comparison mode
between different TP53 mutation status. To filter differentially
expressed genes (DEGs) between TP53™ and TP53"! patients,
log2|fold change| >1 and adj. p.value < 0.05 were applied as the cut-
off point.

2.3 | Construction of the IRM index

Immune-related differentially expressed genes (IRDEGs) were col-
lected from the ImmPort database (http://www.immport.org), which
includes annotated genes related to immune activity processes. After
identifying IRDEGs, a LASSO algorithm was built using the ‘glmnet’ R
package (version 3.0) to select candidate genes. We conducted Kaplan-
Meier survival curves using the R package ‘survival' (version 3.5).
Finally, the ‘timeROC’ R package (version 0.4) was used to conduct a

time-dependent receiver operating characteristic (ROC) curve analysis.

2.4 | Microarray data

The gene expression matrixes from GSE29013, GSE30219, and
GSE31908 based on the GPL570 platform, including 131 patients
with LUAD, were downloaded from the GEO database (https://www.
ncbi.nlm.nih.gov/gds). The gene expression data for the 3 matrixes
were subjected to log, transformation. We used ‘combat’ function
from ‘sva’ R package (version 3.36) to remove the batch effects.

2.5 | Patients in the Nanjing cohort and
sample collection

To further evaluate the clinical effectiveness of the IRM index, we
enrolled a cohort including 92 patients who were diagnosed with
LUAD at the Jiangsu Cancer Hospital (Nanjing, China) and under-
went radical surgery without neoadjuvant chemotherapy from 2012
to 2018. The patients’ characteristics are presented in Table S1.
Tissue samples of patients in the Nanjing cohort were collected from
surgical formalin-fixed, paraffin-embedded (FFPE) specimens.

2.6 | RNA extraction and gRT-PCR

We extracted total RNA via the RNeasy FFPE Kit (Qiagen, #73504)
from 4-um-thick FFPE specimens. We used PrimeScript RT Master


https://gdc.cancer.gov/
http://www.immport.org
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29013
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30219
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE31908
https://www.ncbi.nlm.nih.gov/gds
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Mix (Takara, #RRO35A) reverse transcription of the complementary
DNA (cDNA). We performed the gRT-PCR assays using the ViiA 7
Dx RT-PCR System (Applied Biosystems) with AceQ gPCR SYBR
Green Master Mix (Vazyme, #Q111-02). The internal control of
target genes GAPDH using the 2*-AACT method. The primer se-
quences are provided in Table S2. We used ‘combat’ function from

‘sva’ R package (version 3.36) to remove the batch effects.

2.7 | Function enrichment analysis

Metascape (https://metascape.org/)13 is an online pathway enrich-
ment analysis visualization tool. We performed Gene Ontology (GO)
and The Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analyses for DEGs and IRDEGs using Metascape. Select the
most enriched set of genes in the cluster as one of the representa-

tive clusters.

2.8 | Gene set enrichment analysis and principal
components analysis

To determine the potential immune-related pathways and genes
between TP53™' and TP53"! patients with LUAD in the TCGA
cohort, gene set enrichment analysis (GSEA) (version 4.0.0) was
performed. An annotated gene set file (msigdb.v7.0.entrez.gmt)
was selected for use as the reference gene set. We carried out a
principal components analysis (PCA) via R package ‘pca3d’ (ver-
sion 0.10.1).

2.9 | CIBERSORTXx analysis

The CIBERSORTx website (https://cibersort.stanford.edu/index.
php) provides an algorithm to quantify the relative infiltration of sev-
eral immune-infiltrating cells in the TM E,? including T-cell subtypes,
naive and memory B cells, myeloid cell subsets, natural killer (NK)
cells and plasma cells. The data of immune-infiltrating cell infiltration
levels in patients with LUAD were extracted from CIBERSORTx to
investigate the correlation with the IRM index.

2.10 | Immunohistochemistry

Formalin-fixed paraffin-embedded lung adenocarcinoma speci-
mens from the Nanjing cohort were serially sectioned at 4-pm-thick
spacings and then mounted on glass slides. In brief, we used eth-
ylenediaminetetraacetic acid (EDTA) antigen retrieval buffer boil-
ing to deparaffinize the sections and then incubated them with
antibodies (anti-PD-1 antibody, abcam, #ab237728; anti-PD-L1
antibody, abcam, #ab205921) overnight at 4°C. The sections were
subsequently analysed using the HRP-Polymer anti-Rabbit IHC

Kit (MaxVision, #KIT-5005). Immunohistochemistry (IHC) staining
results were assessed and scored independently by 2 senior pa-
thologists. The expression of PD-1 and PD-L1 in the tumour was
determined as the proportion of positively coloured cells compared
to the total number of cells counted.

2.11 | Nomogram construction and validation

Univariate and multivariate Cox analyses were used to evaluate the
IRM index as an independent prognostic factor. Then, a concise
nomogram to predict the OS of LUAD was established using the
‘rms’ R package (version 2.10; https://cran.r-project.org/web/packa
ges/rsm/index.html), including 4 factors. We conducted 5- and 7-
year OS alignments to determine the prognostic ability of the nomo-

gram model.

2.12 | Statistical analysis

Statistical analyses were performed using R (version 3.6.1). The
Student's t-test was used to determine differences for 2-group
comparisons.

3 | RESULTS

3.1 | Immune landscape based on TP53 mutations
in LUAD

In LUAD, TP53 mutation is the most widespread somatic non-
synonymous mutation (Figure 1A). To evaluate the correlation
between immune infiltration and TP53 mutation in patients with
LUAD, a flowchart was constructed to reveal the analysing process
(Figure 1B). LUAD patients in the TCGA cohort were separated
into 2 groups: TP53WT (260 patients) and TP53MYT (239 patients).
Subsequently, we performed DEG analysis based on TP53 muta-
tions, which revealed that 1829 genes were statistically differ-
entially expressed between the TP53MYT group and the TP53WT
group, including 1230 downregulated genes and 599 upregulated
genes (Figure S1A, Table S3).

Metascape was used to annotate potential pathways, and it
showed that the DEGs mentioned above were mainly involved in
pathways related to immunology (Figure S1B). Next, to further prove
the correlation between DEGs and tumour immunology, GSEA was
used to show that TP53"¢ patients with LUAD were enriched in 324
biological processes, including 2 immune-related functional path-
ways:  GO_REGULATION_OF_HUMORAL_IMMUNE_RESPONSE
and GO_INNATE_IMMUNE_ RESPONSE_ACTIVATING_CELL_
SURFACE_RECEPTOR_SIGNALING_PATHWAY (Figure 1C), which
further confirmed the potential correlation between immunology
and TP53 status.


https://metascape.org/)
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FIGURE 1 Study design and in silico discovery of TP53-associated genes. (A) Genomic landscape of lung adenocarcinoma and the
mutational signature in the TCGA dataset. (B)The study design. (C) Significant enrichment of the immune-related phenotype in TP53MUT

LUAD patients compared with that in TP53WT LUAD patients by GSEA

3.2 | IRMindex construction and evaluation of its
prognostic ability

To determine the relationship between TP53 mutation status and
immune-related functional pathways, 75 IRDEGs were selected for
further analysis from the 1829 DEGs based on the Immport database
(Table S4). PCA indicated that these 75 IRDEGs could distinguish be-
tween the TP53%T and TP53MVT groups (Figure 2A). Next, we at-
tempted to evaluate the prognostic performance of the 75 IRDEGs.

We found six genes, including CRHR2, BPIFB2, INHA, SSTR5,

SCGB3A1, and BPIFB1, with non-zero regression concomitant co-
efficients and constructed a maximum prognostic value via LASSO
and Cox analysis. (Figure 2B, C). Ultimately, a 6-gene IRM was built,
and the risk index of each patient was calculated using the following
formula for further analysis: IRM index = (-0.121586693 x CRHR2
+ (-0.048377824 X BPIFB2 expres-
(0.045865315 x INHA expression) + (-0.018472910 x SSTR5
expression) + (-0.011651852 X SCGB3A1
sion) + (-0.002185301 x BPIFB1 expression) (Figure 2D). The opti-
mal cut-point was -0.959524 3. We annotated the immune activation

expression)
sion) +

expres-
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pathway enriched by the 6 IRM-related genes, which included trans-
forming growth factor (TGF) family members, cytokines, cytokine
receptors and antimicrobials (Figure 2E). Cancer cells and several
immune-suppressive cells in the TME recruit multiple cytokines,
such as TGF-p which facilitates tumour progression and mediates T-
cell dysfunction.'* This suggests that our IRM may be related to the
immunosuppressive state of LUAD, which we will study next.

We separated patients with LUAD into the high- or low-index
groups across all 3 cohorts using the cut-point in the TCGA cohort. The
Kaplan-Meier analysis illustrated that a high index was related to worse
prognosis (Figure 3A). The IRM index distribution, OS, and 6-gene ex-
pression heatmap are shown in Figure 3B. The time-dependent ROC
curve analysis of the IRM index in the TCGA cohort revealed the ro-
bustness of the prognostic capability of the IRM index for OS (3 years,
AUC =0.717; 5 years, AUC = 0.730; 7 years, AUC = 0.731; Figure 3C).

3.3 | Validation of the predictive ability of the IRM
in the meta-GEO and Nanjing cohorts

To identify the robustness of the IRM index, its capability was evalu-
ated in an independent validation cohort (the meta-GEO cohort),

-6 -5
log(lambda)

genes. (D) Absolute value of coefficient
for each of the six selected genes. (E) The
immune-related pathways enriched by
IRM-related six genes

which included 131 patients with LUAD. Using the same formula
and cut-point as in the TCGA cohort, patients in the meta-GEO co-
hort were separated into high- and low-index groups. The results
revealed that high-index patients had outstandingly worse OS com-
pared to patients with a low index, which was consistent with the
results of the TCGA cohort (Figure 3D). The IRM index distribution,
OS and 6-gene expression heatmap are shown in Figure 3E. The
time-dependent ROC curve analysis of the IRM index in the meta-
GEO cohort revealed the robustness of the prognostic capability of
the IRM index for OS (3 years, AUC = 0.643; 5 years, AUC = 0.635;
7 years, AUC = 0.620; Figure 3F). To better validate the clinical
value of the IRM index, we assessed its prognostic capability in the
Nanjing cohort, which included 92 patients who were diagnosed
with LUAD at the Jiangsu Cancer Hospital and underwent radical
surgery without neoadjuvant chemotherapy. The patients in the
Nanjing cohort were divided into high- and low-index groups. The
Kaplan-Meier analysis revealed consistent results in the Nanjing
cohort (Figure 3G). The IRM index distribution, OS, and 6-gene ex-
pression heatmap are shown in Figure 3H. The time-dependent ROC
curve analysis of the Nanjing cohort revealed the robustness of the
prognostic capability of the IRM index for OS (3 years, AUC = 0.705;
5 years, AUC = 0.608; 7 years, AUC = 0.609; Figure 3l).
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FIGURE 3 Prognostic analysis of the Immune-Related Models Index (IRM index). Kaplan-Meier survival, risk score, and time-dependent
ROC curves of TCGA cohort (A-C), meta-GEO cohort (D-F), and the Nanjing cohort (G-1). (A, D and G) OS was significantly higher in

the low-index group than in the high-index group. (B, E, and H) The relationship between the risk score (upper), the OS (middle), and the
expression of six prognostic immune genes(bottom) is shown. (C, F and I) Time-dependent ROC curve analysis of the IRM index

3.4 | Validation of the IRM in different subgroups, patients with a high index had worse OS than patients
clinical subgroups with a low index. Apart from TP53 status, factors such as age, sex,

and tumour-node-metastasis (TNM) stage may also affect LUAD
TP53 status has a remarkable relationship with the clinical outcome prognosis. We illustrated that the IRM index was a robust biomarker
of patients with LUAD. Stratification analyses were used to test the for estimating OS in younger (<65 years) or older (>65 years), male
prediction ability of the IRM index in the TP53™* and TP53"t sub- or female, and early tumour stage (TNM stage |) or advanced tu-

groups. As shown in Figure 4A, B, both in the TP53™ and TP53"! mour stage (TNM stage Il, lll and 1V) patients (Figure 4C-H).
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3.5 | Immune status between the low- and high-
index patients with LUAD

Characterization of the immune infiltration landscape is important
to further explain the potential correlation between the IRM index
and tumour humoral immunology by the status of the immune mi-
croenvironment. First, using Metascape, we annotated the functions
of the 75 IRDEGSs, which overlapped with the DEGs and Immport
database. These IRDEGs were mainly enriched in terms of antimicro-
bial humoral response, hormone level regulation, hormone secretion
and neuroactive ligand binding (Figure S2A, Figure S2B and Figure
S2C). These data thus provided solid evidence of the potential rela-
tionship between the IRM index and tumour humoral immunology.
Meanwhile, the results prompted us to further explore the corre-
lation between the IRM and immune-related biological processes.
Using CIBERSORTX, we identified the relationships between the
IRM index and 22 infiltrating immune cells, which were acquired
in the TCGA cohort (Figure 5A). High- and low-index patients were
segmented into 2 distinct clusters using PCA based on the relative
infiltration of the above-mentioned cell subpopulations (Figure 5B).
Additionally, the relative infiltration of the 22 immune-infiltrating
cells showed mild-to-moderate association (Figure S3). The high-risk
patients with LUAD had remarkably lower relative infiltration pro-
portions of memory B cells and regulatory T cells (Tregs; Figure 5C,
D) and significantly higher relative infiltration proportions of neutro-
phils and resting memory CD4+ T cells (Figure 5E, F) than low-risk
patients with LUAD. Thus, the above results suggested that the het-
erogeneity of tumour immune-related cell infiltration in LUAD may

be a potential prognostic biomarker and target for response after
immunotherapy and may have remarkable clinical significance.

Furthermore, immune checkpoint inhibitors play an antitumour
role, reversing the immunosuppressive effect of the tumour. We inves-
tigated the correlation between the IRM index and the expression of
crucial immune checkpoints, including PDCD1 (encoding PD-1), LAG3,
TIGIT, TIM3, CD274 (encoding PD-L1) and CTLA4. The correlation coef-
ficient is shown in Table S5. We observed that the IRM index had a re-
markably positive relationship to the expression of TIM3, TIGIT, PDCD1
and CD274 (p < 0.05; Figure 6A). Additionally, the relative expression
of PDCD1 and CD274 in the high-index group was remarkably higher
than in the low-index group (Figure 6B, C). Moreover, the high-index
patients expressed higher levels of PDCD1 and CD274 (Figure 6D, E)
in the Nanjing cohort. These results are consistent with a previous
study showing that PD-L1 expression is related to advanced patholog-
ical features and worse OS in patients with NSCLC.*> We also found
the expression differences of PD-1 and PD-L1, which are encoded by
PDCD1 and CD274, respectively, using IHC samples from 12 patients
in the same cohort. These results revealed a significantly positive cor-
relation between the IRM index and IHC scores of these 2 immune
checkpoint proteins in patients with LUAD (Figure 6F-H).

3.6 | Development and verification of a nomogram
based on the IRM index

To assess the prognostic value of the IRM index, a Cox regression
analysis was conducted in the TCGA cohort. We first selected the
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when appropriate

IRM index and several clinical factors for univariate Cox analysis.
As shown in Figure 7A, factors including lymphatic invasion, distant
metastasis, IRM index, age and TNM stage were significantly related
to OS in the TCGA cohort (p < 0.05). After multivariate Cox regres-
sion analysis of these factors, lymphatic invasion, IRM index, age and
TNM stage were still significantly associated with survival (p < 0.05).
Based on these results, we further integrated the IRM and multiple
independent clinical factors (lymphatic invasion, age and TNM stage)
to develop a nomogram, which gives clinicians a quantitative way
to predict the clinical outcome of patients with LUAD (Figure 7B).
The C-index for the nomogram in the TCGA cohort was 0.746 (95%
Cl: 0.5886-0.8730). Calibration plots comparing the predicted and
actual outcomes of 5- and 7-year OS indicated good agreement
(Figure 7C, D). Additionally, we used a time-dependent ROC curve
analysis to compare the robustness of the prognostic capability

between the nomogram, IRM index, age, and TNM stage in 1-, 3-,
5-, and 7-year OS (Figure S4Aand Figure S4B; Figure 7E, F). The
nomogram revealed higher prognostic capability with a larger AUC.
Furthermore, we verified the prognostic accuracy in the Nanjing
cohort. As we expected, the nomogram obtained consistent results
(Figure S4C and Figure S4D; Figure 7G, H).

4 | DISCUSSION

In this study, we systematically analysed the association between
TP53 status and immune-related phenotypes in patients with LUAD.
A TP53-related IRM index was constructed. It was derived from
the TCGA cohort and validated in the meta-GEO and Nanjing co-
horts. It was found to be remarkably associated with prognosis. The
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prognostic value of the 6-gene IRM index was independent of mul-
tiple known strong prognostic factors. Furthermore, the IRM index
allowed us to divide patients with LUAD into 2 subgroups with dif-
ferent immune-related phenotypes. Consequently, we integrated
the IRM with multiple clinical factors into a nomogram with robust
OS prediction.

Through multi-functional enrichment analysis of DEGs, we ob-
served obvious enrichment in the humoral immune response. The

consistent pathway enrichment analysis results were further ver-
ified in selected IRDEGs. Furthermore, 6 IRM-related genes were
found to participate in multiple immunosuppression-related path-
ways. Afterwards, we divided the patients with LUAD into 2 sub-
groups with different prognosis and immune-related phenotypes. In
all 3 cohorts, high-index patients showed worse survival than low-
index patients. Meanwhile, the IRM index was positively correlated
with the expression of several important immune checkpoints. In



SONGET AL. W[ LEY 445
Univariate analysis HR(95%Cl) Multivariate analysis HR(95%Cl)
A L .
(A) lymphatic invasion(yes/no) —. 4.195(3.542-7.108) - 3.201(2.830-4.058)
distant metastasis(yes/no) |(___, 2.243(1.207-4.019)-#— 0.951(0.669-1.467)
IRM_index 6.520(3.638-9.961) —_— 5.395(4.059-6.921)
gender(male/female) - 0.826(0.563-1.232) | 0.862(0.794-0.985)
age - 1.681(1.272-3.028) [ 1.124(1.002-1.303)
number of cigarettes smoked 4 1.004(0.998-1.046) # 1.000(0.891-1.154)
primary location e 0.930(0.526-1.394)——— 0.963(0.665-1.932)
TNM staging . 1.742(1.424-1.995) |-m— 1.420(1.117-1.806)
T T T ) r T T T
2 6 8 0 0 2 4 6
(B) 4 1
Points 0 10 20 30 40 50 60 70 80 90 100
(E) (F)
5-year AUC 7-year AUC
age
30 40 50 60 0 80 80
. 1 ] 1
_invasion
. b z >
e T s =
== =0
_ g [
index -18 -16 -14 12 2 | -08 06 -04 -02 % 24 QC); 4
w ]
Total Points o o
0 20 40 60 80 100 120 140 160 180 200 © e
RI 0.730
Linear Predictor e s R D e ] e 5 h g ’ ) i ‘7s|age.0‘.761 ‘ 2 : i i — slgage‘01762
00 02 04 06 08 10 00 02 04 06 08 10
5-year survival Probability 07 T TeeEe AT SPeC|f|Clty S pe lelClty
7_year SurVival PfObablIlty 09 08 07 0605040302 01
(©) Predi i (D) ; ; (G) (H)
redicted 5-year survival K
; 4 z Pr“ed|cted 7 ygar surwvlzlalll | 5-year AUC 7-year AUC
- ”"UFF o . . LU e
o {/I e 1 /{é,,—’/ﬁ
o - o |
~ © = ° 4
S S ER LR
8 &+ 8 31 = 2
© | © |
3 ¥, 2* 2*
E 3 § 31 7 @
2 2 c x| [
3 o . o ° °
3 o » »
o | b : IRM_index0 711 2 Ir:gl’l'l‘_\n,d:mxbu Ilvl |
A — o ey
- Pl —— TNM staging0.761 24/ —— TNM staging:0.800°
00 02 04 06 08 10 00 02 04 06 08 10 d i ; ) s . . ; ;
00 02 08 10 00 02 08 10

Nomogram-prediced OS (%) Nomogram-prediced OS (%)

Specificity Specificity

FIGURE 7 Construction and validation of the nomogram model. (A) Univariate cox regression analyses and (B) multivariate cox regression
analyses for lung adenocarcinoma patients in the TCGA cohort. Red indicates statistical significance (p-value < 0.05), and black indicates no
statistical significance. (B) Nomogram for predicting the probability of 5- and 7-year OS for lung adenocarcinoma patients of TCGA cohort.
The calibration curve of the nomogram for predicting OS at 5- (C) and 7-year (D). Time-dependent ROC curve analyses of 4 factors, including
age, TNM stage, IRM index, and nomogram, in 5 years (E) and 7 years (F) in the TCGA cohort. Validation of time-dependent ROC curve

analyses of 4 factors in 5 years (G) and 7 years (G) in the Nanjing cohort

previous research, NSCLC progression was positively associated
with the increased expression of T-cell exhaustion markers, such as
PD-1, TIM3 and CTLA4,16 which is consistent with the results of our
research.

CRHR2 belongs to the G-protein coupled receptor superfamily,
regulating corticotropin-releasing hormone to perform biological
functions,'” which widely expressed in the gastrointestinal tract,
lung and skeletal muscle.*® CRHR2 stimulates intracellular cAMP
pathway, including activation of nuclear factor-kB and expression
of TNF-p in T cells.!”?° BPIFB1 and BPIFB2 belong to the bacte-
ricidal/permeability-increasing-fold-containing family.?! BPIFB1

and BPIFB2 protein are most highly expressed in the trachea and
lung?? and bind to the Gram-negative bacteria and exert antibac-
terial function.?®?* Moreover, it has been reported that BPIFB1
is abnormally expressed in tumours, which suggests that it plays
a role in tumour development.?®> INHA encodes a member of the
TGF-B superfamily of proteins (RefSeq, Aug 2016), which perform
the functions of activated cytokine and hormone.?¢?” SSTR5 is
a predominant component of somatostatin receptor subtypes,
which regulates inhibitory effects on endocrine and exocrine se-
cretions.?® SSTR5 has a significant regulating-inflammatory ef-
fect via regulating somatostatin, which demonstrated in different
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animal models.?3% SCGB3A1 belong to secretoglobin gene super-
family, which are cytokine-like small molecular weight secreted
proteins and predominantly expressed in lung airway epithelial
cells.®? Secretoglobins are thought to be involved in immunomod-
ulatory.®? Moreover, SCGB3A1 has been reported as a tumour
suppressor in various human tumours including breast, prostate,
lung and pancreatic carcinomas.>34

In chronic diseases, T cells malfunction due to T-cell exhaustion,
which increases the expression of inhibitory receptors incorporating
PD-1, LAG3, TIM3, CTLA4 and TIGIT,*>"* resulting in fewer cyto-
kines and loss of antitumour capabilities. The limited efficacy of im-
munotherapy may be due to the production of dysfunctional T cells
in the TME.*® Therefore, regulators that reverse the state of T-cell
dysfunction are the focus of current research. For example, tertiary
lymphoid structure immune activity dysfunction is reversed and an-
titumour capabilities are enhanced after treatment with anti-PD-1/
PD-L1 and anti-CTLA-4 immune checkpoint inhibitors in humans and
mice.*"*4 The PD-L1/PD-1 axis is an important regulatory pathway
of T-cell exhaustion in tumours. DD1a expression induced by p53,
which is encoded by TP53, has been shown to upregulate PD-1 and
PD-L1, as cancer cells respond to genotoxic stress and DNA damage,
which then promotes the gradual priming of immune surveillance.*
This finding clarified the relationship between p53 and immune
checkpoint inhibitors, which may indicate the intrinsic molecular
mechanism of the relationship between the IRM index and the ex-
pression of immune checkpoints. PD-L1 has abundant expression
in cancer cells and the tumour extracellular matrix, and blocking the
PD-L1/PD-1 axis can enhance the antitumour capabilities of T cells.*®
In our study, the IRM index was positively correlated with the ex-
pression of immune checkpoints, which shows that as the IRM index
grows, T cells are exhausted and their antitumour abilities decrease.
This explains the poor prognosis of high-index patients with LUAD. It
can be speculated that immunotherapies that block the pathways that
suppress tumour immune responses for patients with LUAD in the
high-index group may increase the presentation of cancer-associated
antigens, resulting in the recovery of the immune response of CD8+ T
cells,*” which may then result in better immunotherapy effects.

In the immune infiltration analysis between the high- and low-
index patients, the high-index patients with LUAD had remarkably
higher proportions of neutrophils and resting memory CD4+ T cells
and lower proportions of memory B cells and Tregs. Memory resting
CD4+ T cells can be further differentiated into multiple cell subpop-
ulations and confer different functions, including blocking CD8+
T-cell activation and NK cell killing and suppressing the immune re-
sponse to autoantigens and exogenous antigens.48 In human NSCLC,
neutrophils play a key role in tumour immunity.49 In mice, neutro-
phils infiltrating tumours can either promote carcinogenesis by sup-
porting tumour-related inflammation, angiogenesis and metastasis
and inhibiting T-cell activation or restrict tumour growth through the
expression of antitumour and cytotoxic mediators.’® Nevertheless,
because the tumour is in an irreversible continuous chronic inflam-
matory state, suppressive neutrophils are constantly mobilized and
become the dominant subpopulation of neutrophils,®® which may

suppress the immune response and promote malignant progression.
In our study, the high-index patients with LUAD had significantly
higher proportions of neutrophils and resting memory CD4+ T cells,
restricting the function of CD8+ T cells and NK cells in the tumour
development process, resulting in malignant tumour progression and
worse OS. It is reasonable to speculate that the high-index patients
with LUAD may have improved CD8+ T-cell function and receive
better efficacy by using an immune checkpoint inhibitor that blocks
the PD-1/PD-L1 axis.

Tregs are an inhibitory subpopulation of CD4+ T cells. Cancer-
associated fibroblasts in the extracellular matrix express COX-2,
which promotes PGE2 secretion to induce immunosuppressive
FOXP3+ Tregs,?? which then accumulate in primary tumour tissues
and the peripheral blood to promote immune evasion.*® Progressing
tumours can inhibit CD8+ T cells through several approaches, includ-
ing Tregs, which can directly suppress the antitumour functions of
CD8+ T cells.’® The immunosuppressive state of the high-index pa-
tients with LUAD may not through the suppression of CD8+ T cells
immune response by Tregs. Tumour-infiltrating B cells are a key com-
ponent of the TME. B cells and CD4+ T cells together form tertiary
lymphoid structures, which are related to better outcomes.’* This is
consistent with the results of our study, as low-index patients had
better prognoses. A variety of cytokines, including tumour necro-
sis factor (TNF), interleukin (IL)-2, IL-6 and interferon gamma (IFNvy),
which are secreted by B cells, could assist B cells to recruit other im-
mune effector cells and activate immune responses, including T cells.
Memory B cells may play a role in inhibiting antigen presentation,
thereby driving the expansion of memory and naive T-cell responses.
Memory B cells and plasma cells show similar characteristics of fa-
cilitating an acquired immune response, which also contributes to
an effective T-cell response after immune checkpoint inhibitor ther-
apy.”® The high-index patients with LUAD had lower proportions of
memory B cells, indicating that the suppression of T-cell antitumour
functions in such patients may be due to the decline of memory B cell
antigen presentation functions, which is related to worse OS.

Our research supplies a novel angle regarding LUAD immune mi-
croenvironment groupings and immunotherapy responses. However,
since our study is a retrospective study, it has limitations and needs
to be further validated by prospective studies. Furthermore, mecha-
nistic studies of the IRM index-related genes and immune-infiltrating
cells need to be implemented to explain their clinical application.
In subsequent research, we will focus on single-cell transcriptome
studies of immune-infiltrating cells in patients with LUAD with dif-
ferent IRM indexes.

In conclusion, the IRM index is a robust clinical biomarker that
can assign patients with LUAD to subgroups with significantly differ-
ent prognoses and immune-related phenotypes, which may explain
the molecular mechanism of different prognoses from the perspec-

tive of immunology.
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