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predicts prognosis and immunotherapy resistance: involvement of
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Background: Lung cancer is a globally prevailing malignancy, and the predominant histological subtype is
lung adenocarcinoma (LUAD). IL-1 receptor-associated kinase 3 (IRAK3) has been identified in connection
with innate immune and inflammatory response. The aim of this study is to investigate the impact of IRAK3
on prognosis and immunotherapy efficacy in LUAD, which remains incompletely elucidated.

Methods: Our study delved into multiple online databases to find out expression, methylation and
prognostic potentials of IRAK3 in LUAD and other malignancies. We employed tissue microarrays to assess
TRAK3 protein levels in our LUAD cohort [National Cancer Center (NCC), China] and explore prognostic
values. The correlations between IRAK3 and immune infiltration based on The Cancer Genome Atlas
(TCGA) data were analyzed by corresponding algorithms. The contribution of IRAK3 to immunotherapy
response was explored through the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm. Both
LinkedOmics database and gene set enrichment analysis (GSEA) were applied to investigate how IRAK3
influences the tumor immune microenvironment and regulates immunotherapy response. We applied
single-cell RNA sequencing datasets for the investigation of IRAK3 expression across diverse immune cells.
Moreover, we employed genomics of drug sensitivity in cancer (GDSC) databases to examine how IRKA3
expression correlates with different drug responses.

Results: Compared with normal tissues, various tumor tissues had lower IRAK3 expression which could
be regulated by its high methylation level. Reduced IRAK3 protein level was observed to correlate with
advanced tumor stages and unfavorable prognosis among patients with LUAD, especially individuals with
lymph node metastasis. Gene set enrichment analysis (GSEA) and tumor infiltration analysis proved that
IRAK3 provoked immune infiltration. Macrophages/monocytes, CD4" T cells, CD8" T cells and neutrophils
correlated significantly with IRAK3 expression. With TIDE algorithm, IRAK3 was verified to be related to

poor immune checkpoint blockade (ICB) response. IR4AK3 demonstrated positive associations with T-cell
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dysfunction score and immune checkpoint markers. Conversely, it exhibited negative correlations with

microsatellite instability (MSI) and tumor mutation burden (TMB). High IRAK3 expression exacerbated

cytotoxic T lymphocyte (CTL) dysfunction and predicted immunotherapy resistance by involvement of

multiple inflammation-related pathways including IL-6/JAK/STAT3 signaling, inflammatory response and

interferon-gamma (IFN-y) response pathways. Additionally, elevated IRAK3 expression was predicted to be

related with better responses to chemotherapeutic and molecular targeted drugs.

Conclusions: Our findings indicated that IRAK3 could function as an independent prognostic predictor

and an immunotherapeutic indicator in LUAD through involvement of multiple inflammation-related

pathways.
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Introduction

Lung cancer, with about 18.0% of all cancer mortality, stands
as the primary contributor to cancer-related death on a global
scale and remains the major global health challenge (1). Lung
adenocarcinoma (LUAD) is the predominant histological
type of lung cancer, representing over 40% of all diagnosed

Highlight box

Key findings

¢ Reduced IL-1 receptor-associated kinase 3 (IRAK3) protein
level was observed to correlate with unfavorable prognosis for
lung adenocarcinoma. Elevated IRAK3 exacerbated cytotoxic T
lymphocyte dysfunction and predicted immunotherapy resistance
through multiple inflammation-related pathways.

What is known and what is new?

* In previous studies, IRAK3 has been suggested as a suppressor of
innate immune signaling and JRAK3 exhibits controversial roles in
tumor progression, patient prognosis, immune evasion and therapy
efficacy in diverse cancer types.

® In this study, we examined IRAK3 protein level and its prognostic
value in lung adenocarcinoma (LUAD) by our National
Cancer Center cohort. Moreover, elevated IRAK3 could
promote immunotherapy resistance and increase response to
chemotherapeutic and molecular targeted drugs.

What is the implication, and what should change now?

* Considering the clinical and immune relevance of IRAK3
in LUAD, we have the opportunity to select more effective
treatments based on IRAK3 level in LUAD tissues. Further
researches are warranted to make IRAK3 a plausible therapeutic
target for LUAD patients.

© AME Publishing Company.

lung cancer cases (2). Currently, the prevailing and crucial
method for predicting prognoses in LUAD patients is the
accurate staging utilizing the tumor-node-metastasis (TINM)
staging system (3). Nevertheless, tumor heterogeneity
compromises the predictive accuracy of TNM staging,
which suggests that novel molecular prognostic markers
should be identified to determine risk stratification and
prognoses (4-6). Besides promising molecular markers in
tumor cells, tumor microenvironment (TME), comprised
of tumor-infiltrating immune cells (TICs) and stromal cells,
has appealed to more scientists. Recent researches have
indicated that specific categories of TICs are linked to the
prognosis of LUAD (7,8).

Although significant progresses have been made in the
comprehensive treatment of LUAD, the sensitivity to
chemotherapeutic and molecular targeted agents varies
extensively among patients (9-11). Immunotherapeutic
strategies, such as programmed death ligand-1 (PD-L1),
programmed death-1 (PD-1) and cytotoxic T lymphocyte
associated antigen 4 (CTLA4) inhibitors, are considered
as vital parts of conventional treatment and showed
promising efficacy in LUAD (12,13). Nevertheless, only a
minor proportion of LUAD patients experience a sustained
response due to tumor cells heterogeneity and variable
immune phenotypes (14,15). In addition, tumor-infiltrating
T lymphocytes (16-19) and other immune cells including
immune suppressive macrophages (20), plasma cells (21,22)
and myeloid-derived suppressor cells (MDSCs) (23), are
reported to impact the clinical outcome and effectiveness of
both chemotherapy and immunotherapy (24). Hence, a better
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understanding of interplays between immune system and
tumor cells, and further elucidation of immune phenotypes
are urgently needed for predicting clinical therapy responses
and identifying novel therapeutic targets in LUAD.

IL-1 receptor-associated kinase 3 (IRAK3) belongs to the
family of IL-1 receptor-associated kinases, a group that has
pivotal functions in innate immune signaling. As opposed
to other members of the IRAK family, IRAK3 is believed
to be catalytically inactive and negatively regulate the TLR
or IL-1R signaling pathways (25). IRAK3 stabilizes the
Myddosome complex and prevents the separation of IRAK1/
IRAK4 from the TLR receptor, hindering the assembly of
IRAK1/TRAF6 complexes and thus suppressing downstream
signaling cascades and impeding the activation of various
pathways including AKT, NF-xB and MAPK/ERK (26).
IRAK3 predominantly resides in myeloid cells such as
monocytes and macrophages (27). Most published researches
are focusing on IRAK3 expression in myeloid cells and it is
widely accepted that cancer-derived cytokines could induce
IRAK3 expression in human myeloid cells causing monocyte/
macrophage deactivation and tumor immune evasion (28-30).
In terms of the intrinsic roles of IRAK3 in cancer cells, only
few studies were conducted and controversial perspectives
have been proposed due to differential levels of IRKA3
in diverse cancers. In colorectal cancer, tumor cell-
intrinsic IRAK3 promotes tumor progression by regulating
antimicrobial response and STAT3 stability (31,32). In
contrast, IRAK3 is deficient or decreased in more cancer
types such as melanoma, glioma and hepatocellular
carcinoma (27,33). Further results suggest that restoration
of IRAK3 in IRAK3-deficient cancers inhibits tumor
growth and induces cell death (34). With clinical data from
multiple cohorts, expression level and epigenetic alteration
of IRAK3 are found to be predictive of survival, diagnosis or
treatment response in patients with various cancers (34-38).
These results underscore the potentials of IRAK3 as a
prognostic predictor and a novel immunotherapeutic target.
However, its roles in LUAD progression and survival of
LUAD patients are unclear. Less is known about how
IRAK3 impacts the tumor immune infiltration and regulates
responses to immune therapy among patients.

This research extensively examined the genetic
expression and epigenetic alteration of IRAK3 in multiple
cancer types. We analyzed IRAK3 protein level and its
relevance with prognosis in LUAD utilizing both online
data resources and our National Cancer Center (NCC)
cohort. The purpose of this research was to determine
whether reduced IRAK3 occurs in LUAD and whether
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mRNA or protein levels of IRAK3 have any relationship
with clinical outcomes of LUAD patients. Based on prior
researches about intrinsic roles of IRAK3 in other cancer
types, the prespecified hypothesis tested was that reduced
protein expression levels in the tumor are related with
shorter overall survival (OS) in LUAD. Moreover, we
explored the correlation between IRAK3 expression and
TICs in TME by six advanced algorithms. The potentials
of IRAK3 to predict the immunotherapy and chemotherapy
responses in LUAD patients were also investigated. These
studies are significant as they shed light on the critical roles
of IRAK3 in the tumor-immune interactions of LUAD and
offer the opportunity to select more effective treatments
based on IRAK3 levels in tumor tissues. We present
this article in accordance with the REMARK reporting
checklist (available at https://tlcr.amegroups.com/article/
view/10.21037/tlcr-24-391/rc).

Methods
Database analysis and data collection

In the Oncomine database (https://www.oncomine.org,
retrieved on September 21%, 2021), we evaluated mRNA
expression levels of the IRAK3 gene across diverse cancer
types and their corresponding normal tissues (39). The
threshold was set based on the values provided below: gene
ranking of the top 10% genes, P value of 0.0001 and fold
change of 2. TIMER database (https://cistrome.shinyapps.
io/timer/) provides a comprehensive platform for the
systematical analysis of immune infiltration in a variety of
cancer types (40). We visualized IRAK3 expression sourced
from different types of cancer and their corresponding
normal tissues in The Cancer Genome Atlas (TCGA) via
Diff Exp module. In addition, mRNA expression, DNA
methylation data, survival outcomes and clinical information
of all available human cancer types within TCGA database
was obtained from the UCSC Xena website (https://
xenabrowser.net/datapages/) (41). TCGA data was utilized
to examine differences in the methylation status of IRAK3
among various cancer types. We extracted all CpG sites
methylation status of IRAK3 to evaluate the correlation
between IRAK3 expression and its methylation level.

Patient samples

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
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design and protocol were approved by the Research
Ethics Committee of the NCC/Cancer Hospital, Chinese
Academy of Medical Sciences and Peking Union Medical
College (No. NCC2020C-506, approved on 17 November
2020) and individual consent for this retrospective analysis
was waived. We retrospectively obtained formalin-fixed
paraffin-embedded (FFPE) cancer tissue specimens of
250 LUAD patients, as well as their matched non-tumor
tissues, which were retrieved from the biobank of the NCC
(China). Though cost and practical issues restricted the
sample size of our study, the analysis of tissue samples from
over 200 patients had 90% power to detect an absolute
difference of 10% in OS associated with IRAK3 level. We
recruited participants based on inclusion criteria including
primary diagnosis of LUAD between 2006 and 2017, no
previous diagnosis of carcinoma, no metastatic disease at
diagnosis, tumor stage I/II/11I and surgical excision without
any preoperative treatment. Patients who experienced
neoadjuvant treatment and inoperable stage IV patients
were excluded. Patients were treated with surgery by either
minimally invasive sub-lobectomy (109 cases), lobectomy
(133 cases) or pneumonectomy (8 cases) with lymph nodes
resection or sampling. Original specimens were resected
surgically from enrolled LUAD patients and instantly fixed
in 10% buffered formalin for 24 h, dehydrated in 70%
ethanol (EtOH) and paraffin embedded. FFPE sections
were cut by a cryostat (Leica Microsystems, Milton Keynes,
UK) and stored at room temperature for further analysis.
Following adjuvant treatment was based on treatment
guidelines which varied over time. The clinical information
about smoking history, age and gender, tumor size, tumor
node metastasis stage and OS was retrieved from medical
records and follow-up surveys.

Immunobistochemistry staining and scoring

Preparations of paraffin-embedded sections from LUAD
tissues and adjacent non-tumor tissues were completed for
immunohistochemical staining. In brief, the sections were
subjected to microwaving for antigen retrieval in antigen
retrieval buffer with pH 6.0. Slides were incubated with
anti-IRAK3 (HPA043097, Sigma-Aldrich, Darmstadt,
Germany) antibody at 4 °C overnight, followed by
incubation with the secondary antibody. Two pathologists
(W.R. and Zhao Li) independently scored the slides,
considering both the staining intensity and the percentage
of cells showing positive staining. Their scoring process was
blinded to clinical data and the agreement between them

© AME Publishing Company.

was over 90%. Discordant cases were reviewed by a senior
experienced pathologist and were reassigned on consensus
of opinion. The staining intensity was categorized into four
levels as 0 (negative), 1 (weak), 2 (moderate) or 3 (strong).
The percentage of staining was assessed using the following
scale: 0 (negative), 1 (<10%), 2 (10-50%), 3 (51-80%), or 4
(>80%). The immunohistochemistry (IHC) index, a result
of merging the staining intensity and proportion scores, was
utilized to determine expression levels. In the absence of the
clinically established cutoff point for IRAK3, patients were
categorized into high (IHC index >6) and low (IHC index
<6) groups based on the median.

Survival prognosis analysis

All patients from the NCC LUAD cohort were examined
routinely every 6 months during the first 5 years of follow-
up and once a year thereafter. The estimated median
follow-up time calculated by the reverse Kaplan-Meier
method was 8.0 years. The primary endpoint was death of a
patient. OS was defined as time from pulmonary operation
to death of all causes. Progression-free survival (PFS) was
defined as time from operation to the first progression
including tumor recurrence, contralateral tumor, secondary
tumor or death. Using survival data from the NCC LUAD
cohort, along with IRAK3 expression level, we conducted
survival analysis employing the Kaplan-Meier method and
determined statistical significance with the log-rank test.
We sought to determine independent prognostic factors by
utilizing a Cox proportional hazards model. Hazard ratios
(HRs) were calculated as the ratios of the hazard in the
high-IRAK3 group to the hazard in the low-IRAK3 group,
serving as a measure to evaluate the influence of IRAK3 on
patient survival. The other considered variables for Cox
survival analyses were age, gender, tobacco use, tumor size,
histology grade and TNM stage. Simultaneous adjustments
for these candidate variables were performed. Meanwhile,
survival curves depicting OS in LUAD patients from our
cohort, with or without lymphatic metastasis, were plotted
respectively. The Kaplan-Meier plotter database (https://
kmplot.com/analysis/) included 2,852 NSCLC specimens
with an average follow-up of 49.7 months (42). The
correlations between IRAK3 expression and survivals in lung
cancers, lung squamous cell carcinomas, LUADs, LUAD
with or without lymphatic metastasis were thoroughly
investigated using Kaplan-Meier plotter. Corresponding
survival curves, illustrating both OS and PFS, were
graphically represented.
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IRAK3 coexpression network and functional enrichment
analysis

The LinkedOmics database (https://www.linkedomics.
org/login.php) includes clinical information and multi-
omics data from 10 Clinical Proteomics Tumor Analysis
Consortium (CPTAC) cancer cohorts and all 32 TCGA
cancer types. LinkedOmics serves as an exclusive and
accessible platform enabling clinicians and biologists to
combine and analyze multi-omics data within and across
tumor types (43). We identified differentially expressed
genes associated with IRAK3 using the LinkFinder
module in the TCGA LUAD cohort. Functional
enrichment analyses based on Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways and Gene
Ontology (GO) functional annotations were performed
in the LinkInterpreter module. Besides, we applied the
‘clusterProfiler’ package to complete the GSEA and identify
the pathways that are linked to IRAK3-related genes.
Corresponding line plots were generated by the ‘enrichplot’
package in R.

IRAK3 and tumor immune microenvironment

The TIMER2.0 (http://timer.comp-genomics.org/timer/,
accessed on 20 May 2023) database provides an extensive
platform for systematically analyzing immune infiltrates
in various cancer types (44). Six advanced algorithms
including CIBERSORT, XCELL, EPIC, QUANTISEQ,
MCPCOUNTER and TIMER are all applied to rigorously
evaluate the levels of immune cell infiltration within
tumors based on TCGA data. We explored the relationship
between IRAK3 and six types of immune cell infiltration
levels by Spearman’s correlation test. Besides, we also
calculated the exact proportion of diverse immune cell types
in every LUAD specimen by the ‘CIBERSORT” package (45).
In order to assess tumor purity and verify the extent of
infiltration by stromal and immune cells, we quantified
ESTIMATE, immune and stromal scores of each LUAD
specimen by the ‘ESTIMATE’ R package (46). Spearman
correlation analyses were conducted to calculate correlation
coefficients between IRAK3 and ESTIMATE scores,
immune scores and stromal scores.

IRAKS3 expression at the single-cell level

The Tumor Immune Single-cell Hub 2 (TISCH2) (http://

tisch.comp-genomics.org/) serves as an extensive and up-
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to-date repository of single-cell RNA-seq (scRNA-seq) data
which enables the single-cell transcriptome exploration and
interactive visualization of TME across multiple cancer
types (47). TISCH2 has integrated 190 scRNA-seq datasets
from tumors, encompassing over 6 million cells among various
cancer types. At the single-cell level, IRAK3 expressions in
both LUAD_GSE131907 dataset [Gene Expression Omnibus
(GEO) accession: GSE131907] (48) and LUAD_GSE149655
dataset (GEO accession: GSE149655) (49) were visualized
via dataset module. Heatmaps of IRAK3 expression from
diverse cellular types of all NSCLC datasets were achieved
through gene module. Besides, correlation analyses were
utilized to calculate correlation coefficients between IRAK3
and myeloid cell lineage-specific genes including CD45,
CDI11band CDI1c.

IRAK3 and immunotherapy response

The Tumor Immune Dysfunction and Exclusion (TIDE)
database (http://tide.dfci.harvard.edu/) is an interactive
and comprehensive repository and its algorithm behind
the computational method is designed to predict
immunotherapy responses and to evaluate immune
escape potentials of different tumors according to gene
expression profiles (50,51). The TCGA-LUAD cohort was
utilized to examine the effect of IRAK3 on the responses
to immunotherapy in tumor cases. TIDE scores, T-cell
dysfunction scores and exclusion scores of each patient
were acquired by TIDE algorithm. Among them, TIDE
scores were used for immunotherapy response prediction
and tumor immune evasion evaluation. T-cell dysfunction
scores were utilized to examine how the levels of cytotoxic
T lymphocytes (CTLs) correlate with overall patient
survival across various IRAK3 levels. Inversely correlated
with dysfunction, T-cell exclusion scores were derived from
gene signatures associated with immunosuppressive cells,
which predict immune escape. Additionally, microsatellite
instability (MSI) and tumor mutation burden (TMB) are
well recognized as the indicators predicting the efficacy of
immunotherapy in multiple cancers. We obtained simple
nucleoside variation data from TCGA-LUAD cohort for
the purpose of calculating the TMBs. The MSI of TCGA-
LUAD cohort was also retrieved from TIDE database.
Spearman correlation analyses were performed to evaluate
the relationships between IRAK3 and immune checkpoint
markers including BTLA, PDCD1, PDCD1LG2, CD274,
HAVCR2, CTLA4, TIGIT and LAGS3.
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IRAK3 and drug response

The Genomics of Drug Sensitivity in Cancer (GDSC)
database (https://www.cancerrxgene.org/) stands as the
comprehensive and accessible repository providing potential
biomarkers of drug response and details about multiple
drug sensitivity in tumor cells (52). Both GDSC1 and
GDSC2 datasets were utilized to evaluate how each patient
responded various chemotherapeutic and molecular targeted
agents (53,54). The half-maximal inhibitory concentration
(ICse) values, representing the concentration at which
inhibition is 50%, were calculated by the ‘oncoPredict’
package in the R programming environment (55).

Statistical analysis

We evaluated the statistics utilizing SPSS statistics 22 (SPSS,
Chicago, IL, USA), GraphPad Prism 8 (GraphPad Software
Inc., San Diego, CA, USA) or R software (version 4.3.1).
Through the Chi-squared test, we assessed the connections
between clinicopathological features and IRAK3 expression.
Patient survival was analyzed with the Kaplan-Meier
method and evaluated for statistical significance using the
log-rank test. Besides, survival data was fitted with Cox
proportional hazards models for the purpose of identifying
independent prognostic factors. Both Pearson and
Spearman methods were used for correlation analysis. The
statistical significance test between different groups was
completed by two-tailed Student’s 7-tests, and the outcomes
were reported as mean * standard deviation (SD). Statistical
significance was defined when P<0.05.

Results

IRAKS3 is differentially expressed and frequently
methylated in multiple buman cancer types

"To assess variations in IRAK3 expression between tumors and
normal tissues, we thoroughly went through the Oncomine
database and examined IRAK3 transcription levels across
different types of cancer and their corresponding non-
tumor tissues. This analysis indicated elevated IRAK3
expression only in a few datasets including colorectal,
esophageal, kidney, pancreatic cancers, brain and central
nervous system (CNS) cancer and lymphoma. Conversely,
diminished IRAK3 expression was observed in more cancer
types when compared to the normal tissues, such as lung,
breast, bladder, gastric, ovarian, prostate cancers, leukemia,
melanoma and sarcoma (Figure 14).

© AME Publishing Company.

We utilized the TCGA data to conduct additional
assessments of IRAK3 expression across various human
cancers. After RNA-seq data extraction from TCGA,
differential expressions of IRAK3 in multiple cancers and
their adjacent normal tissues were illustrated in Figure 1B.
Specifically, in the TCGA-LUAD cohort the mRNA
expression of IRAK3 was found to be reduced in tumor
tissues in contrast to their levels in adjacent normal tissues
(Figure 1C). Additionally, we used methylation data from
TCGA to predict whether the expression of IRAK3 is
regulated by promoter region methylation. Methylation
data of IRAK3 in human cancers were shown in Figure 1D.
IRAK3 methylation levels in most human cancers are
significantly elevated comparing to those of corresponding
normal tissues. The increased methylation level showed a
reverse trend to mRINA expression in multiple human cancer
types. The IRAK3 expression in LUAD was inversely related
to ¢g20395892 and cg26279550 site methylation, which are
located in the promoter region (P<0.001, Figure 1E,1F).
These findings suggest that IRAK3 expression regulation is
influenced by promoter region methylation.

IRAKS3 is significantly down-regulated in LUAD tissue
and decreased IRAK3 level is associated with unfavorable

prognosis

Tumor samples and their matched non-tumor tissue samples
from 250 LUAD patients were examined for IRAK3 assays
by immunohistochemistry staining, and evaluable assay
results were generated for 222 patients (89%). Among the
28 dropouts, 16 (57%) had inadequate tumor cells, 7 (25%)
had poor tumor preservation, 4 (14%) had insufficient
control staining, and 1 (4%) had excessive necrosis. Then
we evaluate the positive IRAK3 protein expression in 222
LUAD specimens and found a notable reduction of IRAK3
level within tumor tissues relative to matched normal tissues
(Figure 24,2B). The IHC staining results also suggest
that the predominant localization of IRAK3 is within the
cytoplasm, observed in both tumor and normal tissues
(Figure 2B).

Moreover, the IRAK3 prognostic potential was examined
in our LUAD cohort. The IRAK3 level exhibited a marked
association with patient survival. According to both univariate
Cox regression analysis (P=0.03, 7uble 1) and Kaplan-Meier
analysis (P=0.03, log-rank test, Figure 2C), patients with low
IRAK3 level experienced poorer outcomes. Independent
prognostic predictors for patients with LUAD analyzed by
the multivariate Cox proportional hazards regression were
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Figure 1 IRAK3 expression and methylation levels in different types of human cancers. (A) Increased or decreased IRAK3 in datasets of
various cancers compared with normal tissues by the Oncomine database. (B) IRAK3 expression levels in different tumors of TCGA data
are obtained from the TIMER database (*, P<0.05; **, P<0.01; ***, P<0.001). (C) IRAK3 mRNA expression in LUAD tissues and normal
tissues (N=59; T=522) (****, P<0.0001). (D) Methylation status of IRAK3 in different types of cancers and normal tissues from TCGA data
(*, P<0.05; ****, P<0.0001). (E) Pearson correlation coefficient between IRAK3 mRNA expression and each CpG site methylation status in
LUAD. (F) Scatter plots showing the methylation status of two CpG sites in promoter region of IRAK3 (cg20395892, cg26279550), which
are correlated with reduced IRAK3 expression in 476 cases of LUAD tissue samples. TPM, transcripts per million; 5'UTR, 5' untranslated
region; 3'UTR, 3' untranslated region; TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma.
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Figure 2 TRAK3 is commonly down-regulated in LUAD tissues and lack of IRAK3 predicts poor prognosis. (A) IHC staining reveals that

IRAK3 is often down-regulated in LUAD relative to adjacent non-tumor tissues (****, P<0.0001). (B) Representative images from IHC

staining of IRAK3 in LUAD tumor tissues and non-tumor tissues. (C) Overall survival analysis based on the expression level of IRAK3

measured by IHC in 222 LUAD patients from National Cancer Center. Survival rates were determined by the Kaplan-Meier survival
analysis. (D) OS and PFS survival curves of lung cancer (n=2,166, n=1,252) in the Kaplan-Meier plotter database. (E) OS and PFS survival
curves of LUAD (n=1,161, n=906) and LUSC (n=780, n=220) respectively. HR, hazard ratio; CI, confidence interval; OS, overall survival;

PFS, progression-free survival; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; IHC, immunohistochemical.
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Table 1 Univariate and multivariate analysis of overall survival among patients with LUAD
Univariate analysis Multivariate analysis
Variables
HR (95% Cl) P HR (95% ClI) P
Age (=60 vs. <60 years) 1.849 (1.330-2.571) <0.001 1.934 (1.387-2.696) <0.001
Gender (male vs. female) 1.276 (0.916-1.778) 0.15
Tobacco use (yes vs. no) 1.277 (0.924-1.763) 0.14
Tumor size (>4 vs. <4 cm) 2.239 (1.615-3.104) <0.001 1.914 (1.361-2.690) <0.001
Histology grade (3 vs. 1/2) 1.474 (1.059-2.052) 0.02 1.223 (0.858-1.744) 0.27
TNM stage (Il vs. I/11) 1.879 (1.358-2.599) <0.001 1.614 (1.148-2.268) 0.006
IRAKS (high vs. low) 0.700 (0.505-0.969) 0.03 0.710 (0.512-0.984) 0.04

LUAD, lung adenocarcinoma; HR, hazard ratio; Cl, confidence interval; TNM stage, tumor-node-metastasis stage.

identified, including older age (HR =1.934, P<0.001), larger
tumor size (HR =1.914, P<0.001), higher TNM stage (HR
=1.614, P=0.006) and decreased IRAK3 protein level (HR
=0.710, P=0.04) (Tuble 1). We further checked covariates for
possible time-varying effects in the Cox regression model
and no significant deviation from the proportional-hazard
assumption could be found.

In Kaplan-Meier plotter database, we further examined
the relationship between IRAK3 expression and lung cancer
prognosis. As illustrated in Figure 2D, the better prognosis
in lung cancer [OS HR =0.76, 95% confidence interval (CI):
0.67 to 0.85, P<0.001; PFS HR =0.73, 95% CI: 0.61 to 0.87,
P<0.001] was associated with higher IRAK3 expression.
After more in-depth evaluation of IRAK3 prognostic
potentials in pathological subtypes of lung cancers, our
analysis revealed a notable association between IRAK3
expression and patient survival only in LUAD (Figure 2E).
The results above confirmed the prognostic significance
of IRAK3 in LUAD, highlighting that diminished IRAK3

level leads to poor prognosis.

IRAK3 expression level impacts the prognosis of LUAD
patients with lympbatic metastasis

To gain deeper insights into the mechanisms underlying
IRAK3’s role as a prognostic indicator in LUAD, we
explored the correlations between IRAK3 levels and
clinicopathological features of our LUAD cohort (1able 2).
Results of the chi-square test indicated a notable association
between IRAK3 levels and histology grade (P=0.03),
TNM stage (P=0.041) and N stage (P=0.03). Interestingly,
decreased IRAK3 was related with worse OS in stage N1

© AME Publishing Company.

and N2 patients (OS HR =0.5519, P=0.02, log-rank test) but
was not correlated with OS of NO patients (OS HR =1.035,
P=0.89, log-rank test) (Figure 34,3B). In this context, the N
category indicates lymph nodes involvement. Specifically,
NO denotes the absence of regional lymph node metastasis,
while N1, N2 and N3 signify lymph node metastases of
different sites (56).

In the Kaplan-Meier plotter database, we further
examined the relevance between IRAK3 expression
and clinical outcomes in LUAD patients with various
clinicopathological factors. Low expression of IRAK3 was
found to correlate with unfavorable OS and PFS in both
genders (P<0.05, Table S1). Moreover, IRAK3 expression
level was verified to be markedly correlated with node-
positive patient survival in the Kaplan-Meier plotter
database. To be specific, IRAK3 expression levels were found
to be irrelevant for NO patients (OS HR =1.22, P=0.16,
log-rank test, Figure 3C), while patients at stage N1 with
reduced IRAK3 expression exhibited unfavorable outcomes,
as indicated by Kaplan-Meier analysis (OS HR =0.52,
P=0.005, log-rank test, Figure 3D). The findings imply that
both mRINA expression and protein levels of IRAK3 has the
potential to influence the prognosis of LUAD patients with
lymph node metastasis.

IRAK3 coexpression network and IRAK3-related signaling
pathways are identified in LUAD

In the LinkedOmics web portal, we utilized the LinkFinder
module to illustrate the coexpression network of IRAK3 in
TCGA-LUAD for the purpose of exploring its biological
function in LUAD. As depicted in Figure 44, 6,320 genes
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Table 2 Correlation between IRAK3 expression and clinicopathological characteristics of LUAD patients

IRAKS expression

Features Number of cases P
High Low

Age, years 0.42
>60 118 62 56
<60 104 49 55

Gender 0.34
Male 131 62 69
Female 91 49 42

Tobacco use 0.08
Yes 99 43 56
No 123 68 55

Tumor size 0.69
>4 cm 101 49 52
<4 cm 121 62 59

Histology grade 0.03
G1+G2 98 41 57
G3 124 70 54

TNM stage 0.041
[+l 124 69 55
1l 98 41 57

T stage 0.16
142 169 89 80
3+4 53 22 31

N stage 0.03
0 90 53 37
14243 132 58 74

LUAD, lung adenocarcinoma; TNM stage, tumor-node-metastasis stage; T stage, tumor stage; N stage, node stage.

(highlighted in red dots) exhibited a positive correlation
with IRAK3. Reversely, a total of 4,227 genes (highlighted
in green dots) displayed a negative correlation with
IRAK3. Among them, 50 most positively and 50 most
negatively correlated genes generated heatmaps respectively
(Figure 4B,4C). Almost all, specifically 48 out of the leading
50 genes positively correlated with IRAK3, demonstrated
favorable HR values, which suggested great potential of
becoming protective markers in LUAD. In contrast, the
majority of the top 50 genes displaying negative correlation,
were strongly indicative of being high-risk markers with

© AME Publishing Company.

unfavorable HR values (Figure 4D). The results above
show that IRAK3 coexpression network could potentially
influence patients’ outcome and prognosis in LUAD.

To pinpoint signaling pathways altered by IRAK3,
we employed GSEA to detect the pathways activated
in LUAD. The KEGG pathway enrichment analysis
demonstrated that coexpressed genes associated with IRAK3
were mainly engaged in B cell receptor signaling pathway,
chemokine signaling pathway, leukocyte transendothelial
migration, nuclear factor kappa B (NF-«xB) signaling
pathway, cytokine-cytokine receptor interaction, PD-L1
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Figure 3 IRAK3 expression predicts the clinical outcomes of LUAD patients with lymphatic metastasis. Kaplan-Meier survival plots (OS)
comparing high and low expression of IRAK3 in stage NO (A) and N1+2 (B) LUAD patients from the NCC cohort. Kaplan-Meier survival
curves of OS comparing high-IRAK3 and low-IRAK3 group in stage NO (C) and N1 (D) patients from LUAD cohort of the Kaplan-Meier
plotter database. NCC, National Cancer Center; LUAD, lung adenocarcinoma; OS, overall survival; HR, hazard ratio; CI, confidence

interval.

expression and PD-1 checkpoint pathway in cancer, natural
killer cell mediated cytotoxicity, T cell receptor signaling
pathway, Th1 and Th2 cell differentiation and Th17 cell
differentiation (Figure 4E). The outcomes of the GO term
enrichment analysis revealed that coexpressed genes were
mostly enriched in adaptive immune response, external side
of plasma membrane, immune effector process, immune
receptor activity, immune response-activating cell surface
receptor signaling pathway, immune response-regulating
signaling pathway, immune response-activating signal
transduction, immune response-regulating cell surface
receptor signaling pathway, leukocyte mediated immunity,
etc. (Figure 4F). All the GSEA results suggest that IRAK3

© AME Publishing Company.

and its coexpressed genes have potential roles in triggering
and regulating immune responses in LUAD.

Correlation analysis between IRAK3 and immune
infiltration levels in LUAD

In diverse cancers, the tumor-infiltrating lymphocyte
level has been claimed to independently predict sentinel
lymph node status and clinical outcomes (57,58). Hence,
we examined the potential correlation between IRAK3 and
the extent of immune infiltration in LUAD. We utilized
CIBERSORT analysis to examine disparities in immune
infiltration between IRAK3 low and high tumors. LUAD
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Figure 4 The coexpression genes with [RAK3 and signaling pathways altered by IRAK3 in LUAD. (A) Every significantly associated gene
with IRAK3 distinguished by Pearson test in the TCGA-LUAD cohort from the LinkedOmics database. (B,C) Top 50 genes positively and
top 50 genes negatively related to IRAK3 in LUAD are showed by heatmap respectively. (D) Survival maps of the top 50 genes positively
and negatively associated with IRAK3 in LUAD. (E) GSEA of multiple KEGG pathways in the LUAD cohort. (F) GO term annotations
enrichment analysis of IRAK3 in the LUAD cohort. LUAD, lung adenocarcinoma; TCGA, The Cancer Genome Atlas; GSEA, gene set
enrichment analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.

patients exhibiting high IRAK3 expression demonstrated
markedly elevated levels of immune cell infiltration compared
to those with low IRAK3 expression (Figure 5A). The
Spearman correlation was utilized to assess the connection
between IRAK3 expression and the observed immune
infiltration levels, and IRAK3 exhibited a direct positive
correlation with the abundance of macrophages, CD4" T
cells, CD8" T cells, neutrophils, monocytes, etc. (P<0.001,
Figure 5B-5D). Besides, we adopted a series of algorithms
including EPIC, MCPCOUNTER, QUANTISEQ,
XCELL and TIMER to evaluate immune infiltration

© AME Publishing Company.

levels in LUAD. The outcomes from these algorithms and
the TISIDB database demonstrated positive correlations
between IRAK3 and several immune cell types, particularly
macrophages, monocytes, CD4" T cells, myeloid dendritic
cells and B cells, which corresponded with the result of
CIBERSORT analysis (Figure S1A-S1C). Furthermore, our
findings indicated a notable elevation in the ESTIMATE,
immune and stromal scores in LUAD caused by IRAK3
stimulation (Figure SE). All the above results strongly
indicate a close connection between IRAK3 and immune
infiltration within the TME.
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Figure 5 The correlation of IRAK3 expression with immune infiltration level in LUAD. (A) Different infiltration levels of 20 immune
cells in IRAK3 high and low tumors analyzed using CIBERSORT algorithm (*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001). (B) The
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immune score, stromal score and ESTIMATE score in LUAD. NK, natural killer; LUAD, lung adenocarcinoma.

IRAKS3 specific expression on monocyte/macrophage

For purpose of investigating how IRAK3 impacts tumor
immune microenvironment, we extracted publicly available
scRNA-seq data to examine IRAK3 expression levels

© AME Publishing Company.

across various immune and stromal cell types within the
LUAD microenvironment. We discovered that IRAK3
was predominately expressed on monocyte/macrophage,
endothelial cells and fibroblasts (Figure 64-6C). Furthermore,
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Figure 6 Expression level of IRAK3 at the single-cell stage. (A) UMAP graphs indicate cellular clusters and the expression level of IRAK3
in diverse cellular types of LUAD datasets. (B) Single-cell IRAK3 expression profile of different cellular types in LUAD. (C) The heatmap
of IRAK3 expression level in diverse cellular types of all NSCLC cohorts from TISCH database. (D) The correlation between IRAK3
expression and myeloid cell lineage-specific genes in TCGA-LUAD cohort. LUAD, lung adenocarcinoma; DC, dendritic cell; NK, natural

killer; TPM, transcripts per million; UMAP, uniform manifold approximation and projection; NSCLC, non-small cell lung cancer; TCGA,

The Cancer Genome Atlas.

IRAK3 expression exhibited positive correlations with
immune cell markers including CD45 (R=0.442, P<0.001),
CDI11b (R=0.362, P<0.001) and CD11c (R=0.402, P<0.001)
in selected LUAD datasets (Figure 6D). The robust
correlations observed suggest that IRAK3 is predominantly
expressed by myeloid cells, including both monocytes and
macrophages.

© AME Publishing Company.

Correlation between IRAK3 expression and

immunotherapy response

Immunotherapy for cancer utilizing immune checkpoint
blockade (ICB) can activate immune system to detect
and eradicate tumor cells, but ICB is effective in only

about one-third of patients across various cancer types
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(59,60). Identification of sensitive and reliable ICB
response biomarkers is crucial for individuals with tumors.
We utilized the TIDE algorithm to examine predictive
responses to immunotherapy among TCGA-LUAD
patients. Our findings revealed a notable decrease in
IRAK3 expression among LUAD patients who exhibited a
heightened responsiveness to immunotherapy, as opposed
to those who demonstrated resistance to immunotherapy
(Figure 7A4). The TIDE scores showed a marked increase
in the high-IRAK3 group when contrasted with the low-
IRAK3 group (P<0.001) and we observed elevated TMB
and MSI in the low-IRAK3 group (P<0.001 and P<0.001,
respectively, Figure 7B,7C). This suggests that LUAD
patients with elevated IRAK3 levels are more inclined to
be unresponsive to ICB treatment in contrast to patients
with lower IRAK3 expression. Additionally, the high-IRAK3
group exhibited higher T-cell dysfunction scores (P<0.001,
Figure7C). These findings implied that JRAK3 expression
was connected with the evasion of tumor immunity and
resistance to immunotherapy. Targeting IRAK3 may weaken
T-cell dysfunction and increase MSI and TMB, thereby
improving the ICB response rate.

We delved deeper into understanding the mechanism
by which IRAK3 promotes resistance to immunotherapy
using the TIDE database (50). CTLs are major participants
in the anti-tumor immune response, although their ability
to control tumor growth may be compromised when they
are in a dysfunctional state (61). In TCGA LUAD cohort,
enhanced CTL levels correlated with improved patient
survival, specifically when IRAK3 exhibited low expression.
However, elevated IRAK3 expression attenuated or even
reversed the positive impact of CTL (Figure 7D). These
results suggested that IRAK3 exacerbates dysfunction in
CTLs, contributing to the promotion of resistance to
immunotherapy. All immune checkpoint markers were
markedly elevated in high-IRAK3 patients, which implied
a connection between IRAK3 expression and both immune
escape and responses to immunotherapy (Figure 7E). The
gene coexpression analysis also revealed positive correlations
between IRAK3 and the expression of immune checkpoint
markers, including PDCD1 (PD-1), CD274 (PD-L1), CTLA4,
LAG3 and TIGIT (Figure 7F). Moreover, hallmark gene
sets enrichment analysis indicated that IRAK3 significantly
activated inflammatory response, interferon-gamma
(IFN-y) response and IL-6/JAK/STAT3 signaling pathways
(Figure 7G, Figure S2A-S2C). Besides, the correlations of
IRAK3 with essential components of the aforementioned
pathways contributing to immunotherapy resistance were

© AME Publishing Company.
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validated (Figure S2D).

Predicting the sensitivity of patients to antitumor drugs

We computed 1C;, values for various molecular targeted and
chemotherapeutic agents commonly employed in treating
LUAD through the ‘oncoPredict’ package. The calculated
values were aimed at the treatment response prediction
of patients with diverse levels of IRAK3 expression.
The findings indicated that IRAK3 was notably inversely
correlated with IC;, of dabrafenib (R=-0.34, P<0.001),
crizotinib (R=-0.33, P<0.001), epirubicin (R=-0.32, P<0.001),
oxaliplatin (R=-0.31, P<0.001), AZD8055 (R=-0.31,
P<0.001) and taselisib (R=-0.30, P<0.001) (Figure 84).
The high-IRAK3 group exhibited significantly lower IC;,
values for the anti-tumor drugs, indicating more favorable
responses to the treatment (Figure §B). These findings
provided valuable insights for tailoring treatment strategies
for patients with high IRAK3 expression.

Discussion

Despite being discovered more than 20 years ago, IRAK3 is
generally perceived as a catalytically inactive pseudokinase,
lacking crucial active site residues (62,63). Although IRAK3
has not been investigated thoroughly, IRAK3 is widely
regarded as a suppressor of innate immune signaling and
alterations of IRAKS3 are linked to the onset and progression
of tumor (25-27). Current studies have indicated that
IRAK3 gene exhibits varied expression patterns in different
cancer types and plays diverse roles in tumorigenesis, tumor
progression, immune evasion, patients’ prognosis and
therapy responsiveness (28,29,31,33-38). However, the roles
of IRAK3 in LUAD and its underlying mechanisms remain
inadequately elucidated.

Due to the discrepant distribution of IRAK3 in diverse
cancers, we reported variations of IRAK3 expression and
methylation levels in different types of cancers. Most cancer
types are generally deficient in IRAK3 than paired normal
tissues. Only a few cancer types including esophageal cancer,
colorectal cancer, gastric cancer and pancreatic cancer
reveal relatively high IRAK3 expression in tumor tissues,
which are consistent with findings of former researches
(27,31,36). In addition, we discovered reversed methylation
level of IRAK3 in most cancer types. Inverse correlations
between IRAK3 expression and methylation levels in LUAD
provide insights into the regulation mechanisms at the
transcriptional level. We proposed that DNA methylation
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of the promoter region located in the IRAK3 gene could be
involved in regulating IRAK3 expression in LUAD.

With the LUAD cohort established in NCC/Cancer
Hospital, we managed to use our data to verify IRAK3
protein levels in LUAD and evaluate its prognostic
potential. Through IHC staining, IRAK3 was down-
regulated in LUAD tissues, and elevated IRAK3 level
exhibited a significant correlation with favorable OS among
patients. It is worth noting that our finding contradicts
a previously published study which claimed that JRAK3
expression in LUAD was correlated with unfavorable

© AME Publishing Company.

survival outcomes (28). Given that they used a multi-site
cohort (GSE68465) of 439 LUAD patients (64), we applied
Kaplan-Meier plotter database which included GSE68465
and other 16 independent cohorts to reexamine the
IRAK3 prognostic potential (42). The survival analysis of
integrated data demonstrated that lower IRAK3 expression
led to worse prognosis, which is consistent with our finding
about IRAK3 prognostic value. With variabilities in race,
ethnicity, tumor staging, type of treatment, response to
therapy, post-transcriptional regulation and even sample
processing, the controversy of IRAK3 prognostic potential
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should be explainable. Meanwhile we cannot exclude the
probability of multiple biases including publication bias,
selection bias, information bias and confounding factors
which occasionally occurred in retrospective cohort studies.
Our finding distinguishes itself by addressing a broader
spectrum of confounding variables compared with the
prior study (7able I). Besides age, gender, TNM stage and
IRAKS3 level, our study integrated tobacco use, tumor size
and histology grade into the analysis. It turned out that age,
tumor size, TNM stage and decreased IRAK3 level were
factors significantly correlated with worse OS according
to the multivariable analysis. Furthermore, it is interesting
to find that both IRAK3 expression and its protein level
were significantly associated with lymphatic metastasis and
they had prognostic value only in patients with lymph node
metastases by subgroup analysis. These results suggest
that IRAK3 may function as a predictive marker for tumor
metastasis, which offers insights in understanding the
possible mechanisms pertinent to its role in prognosis
prediction.

In the study, we explored IRAK3 gene coexpression
network and IRAK3-related signaling pathways to find out
molecular processes in which IRAK3 are involved. Aligning
with the impact of IRAK3 on patient prognosis, 48 out
of the leading 50 co-expressed genes showed lower risk
of death. Survival maps of genes closely related to IRAK3
confirmed IRAK3’s prognostic value again. As mentioned
previously, IRAK3 typically functions as a suppressor of
NF-«B activation in innate immune signaling which results
in a broad spectrum of proinflammatory cytokines and
apoptosis-related factors (27,34,65,66). Besides that, all gene
set enrichment analyses indicate that IRAK3 and its related
genes are widely involved in multiple pathways linked to
adaptive immune response. Specifically, T cell and B cell
receptor signaling pathways, immune response-activating
signal transduction pathways, immune response-regulating
signaling pathways and even PD-L1 expression and PD-1
checkpoint pathway in cancer are all identified as IRAK3-
related signaling pathways. Though experiment validation
on these issues is pending, the new findings based on
bioinformatic analysis enlightened our further exploration
about IRAK3’s participations in tumor immune infiltration
and immunotherapy response.

The development of tumors involves the participation of
both innate and adaptive immune cells, whose interactions
with cancer cells shape the TME, playing crucial roles in
tumor progression, lymphatic metastasis, and evaluations
of prognoses and treatment response (57,58,67-76). As

© AME Publishing Company.

mentioned in previous researches, IRAK3 expression is
needed in above pathological process and clinical outcome.
However, relationships between the IRAK3 expression and
immune infiltrations in LUAD remain ambiguous. Our
study showed that macrophages, CD4" T cells and B cells
were markedly positively correlated to IRAK3 expression.
Macrophages and B cells have been proved to be linked to
the prognosis of early-stage LUAD (7). Recent researches
have indicated that macrophages and CD4" T cells
within the TME independently correlate with metastasis,
recurrence and prognosis in stage I LUAD patients (77).
Moreover, ESTIMATE, immune and stromal scores in
patients with LUAD were promoted by IRAK3 level. Our
results provided possible immune mechanisms by which
IRAKS3 influence the prognosis of LUAD, and bases for
future in-depth studies of the immunological effects of
IRAK3.

Being the most relevant immune cell type to IRAKS3,
monocyte/macrophage was found to express the maximum
amount of IRAK3 in multiple LUAD datasets. Our finding
verified that IRAK3 is chiefly expressed in monocyte and
macrophage populations, which was in accordance with
previous studies (28,29,78). Combined with above immune
infiltration analysis, our results were consistent with a recent
delicate study demonstrating that IRAK3 acted as an immune
checkpoint specifically expressed in myeloid cells (78).
In Irak3 knockout (KO) murine tumor models, Irak3
deficiency was proved to stimulate myeloid cells activation,
leading to enhanced antigen-presentation capacity of these
cells (79). Another in vivo mouse study has indicated that
tumor-associated macrophages exhibit increased IRAK3
expression and defective cytokine production (28). We
propose that IRAK3 is a crucial immune regulator in
monocyte/macrophage and a cross-talk mediator between
macrophages and cancer cells. Additional investigations
are warranted to elucidate the underlying mechanism how
macrophage was regulated by IRAK3.

While our research has shed light on the clinical and
immune relevance of IRAK3 in LUAD, there is scarce
evidence to demonstrate its predictive and therapeutic
potentials in cancer immunotherapy and chemotherapy.
During the past decade, cancer therapy has been
revolutionized by immunotherapy, but the efficacy of ICB
remains limited and acquired resistance to ICB occurs
inevitably in most patients with cancer (14,59,60,80,81).
In the TME, IFN-y secreted by immune cells has been
observed to upregulate PD-L1 on cancer cells, which
induces T cell exhaustion and CTL dysfunction, hence
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leading to tumor immune evasion (82-84). Besides
that, sustained IFN-y signaling could drive PD-L1
independent adaptive resistance through STAT'1-related
transcriptomic and epigenomic regulations, resulting in
enhanced expression of interferon stimulated genes (ISGs)
and increased ligands for various inhibitory receptors on
T cells (85). Tumor cell-induced inflammation drives an
immune-suppressive environment in most cases. Tumor
intrinsic NLRP3 inflammasomes could be activated by PD-1
blockade, ultimately leading to dampened antitumor immune
response and adaptive resistance to immunotherapy (86). In
most tumor patients with chronic inflammatory conditions,
the IL-6/JAK/STAT?3 signaling pathway tends to be
excessively activated, which can inhibit anti-tumor immune
response by inducing immunosuppression (87). Our GSEA
confirmed that inflammatory response, IFN-y response and
IL-6/JAK/STATS3 signaling were all notably activated in
the group with elevated levels of IRAK3 (Figure S2). The
analysis of gene co-expression revealed strong correlations
between IRAK3 and immune checkpoint markers including
PD-1, PD-L1, CTLA4, LAG3 and TIGIT. Due to the
above reasons, we concluded that IRAK3 exacerbated CTL
dysfunction via various pathways to promote resistance
of tumor immunotherapy, which corroborated the results
anticipated by the TIDE database. Moreover, we used
the latest ‘oncoPredict’ algorithm to evaluate antitumor
response of molecular targeted and chemotherapeutic agents
based on IRAK3 expression. It is interesting to find that
high IRAK3 expression is related to better responses of most
antitumor drugs, which is in contrast to the conclusion we
get in the immunotherapy. IRAK3-regulated inflammation
plays dual roles in immunotherapy and chemotherapy.
The contradicted IRAK3-related mechanisms elicited by
immunotherapy and chemotherapy are still elusive. Despite
being controversial, our results provided personalized
therapeutic guidance for the management of LUAD
patients with varying IRAK3 expression levels.

Even though we have unveiled the critical roles of IRAK3
in tumor-immune interactions of LUAD, our research
does have certain constraints and limitations. Firstly, our
bioinformatics analyses relied heavily on data obtained from
publicly available databases. We still need to conduct invitro
biological experiments and recruit more clinical samples to
confirm our results and promote clinical implementation.
Secondly, the underlying mechanisms and related pathways
of IRAK3 in cancer progression and therapy resistance
were not experimentally investigated in present study.
The ongoing further research will ultimately elucidate
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the specific molecular role of IRAK3 in the process of
tumorigenesis and therapy resistance, which will contribute
to accurate prognosis prediction and optimized cancer

therapy.

Conclusions

In summary, our study presents the inaugural investigation
demonstrating the down-regulation of IRAK3 in LUAD
tumor tissues and its significant correlation with prognosis
and immune infiltration. Further analysis suggests that
IRAK3 exacerbates CTLs dysfunction and thus predicts
immunotherapy resistance through multiple inflammation-
related pathways activation. Patients with higher IRAK3
expression are predicted to be more responsive to molecular
targeted and chemotherapeutic agents used in LUAD. Our
findings therefore emphasize the potential dual roles of
IRAK3 as a promising prognostic marker and a plausible
therapeutic target for LUAD patients.
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Supplementary

Table S1 Correlation of IRAK3 mRNA expression and clinical prognosis in LUAD with different clinicopathological factors by Kaplan-Meier

plotter
Clinicopathological Overall survival (n=1,161) Progression-free survival (n=906)
characteristics N Hazard ratio P value N Hazard ratio P value
Sex
Female 537 0.64 (0.48-0.86) 0.003 445 0.56 (0.4-0.79) <0.001
Male 566 0.75 (0.59-0.97) 0.03 461 0.69 (0.52-0.92) 0.01
Stage
1 370 0.4 (0.27-0.59) <0.001 283 0.58 (0.34-0.98) 0.04
2 136 0.46 (0.27-0.77) 0.003 103 0.7 (0.4-1.21) 0.20
3 24 4.3 (1.15-16.04) 0.02 10 NA NA
4 4 NA NA 0 NA NA
Stage T
1 272 0.72 (0.46-1.13) 0.15 235 0.49 (0.28-0.87) 0.01
2 357 1.32(0.98-1.79) 0.07 322 1.4 (1.04-1.91) 0.03
3 32 0.61 (0.27-1.42) 0.25 23 0.68 (0.28-1.69) 0.41
4 11 NA NA 5 NA NA
Stage N
0 485 1.22 (0.92-1.6) 0.16 420 0.75 (0.55-1.02) 0.07
1 130 0.52 (0.33-0.83) 0.005 115 0.77 (0.46-1.29) 0.32
2 56 1.87 (0.97-3.61) 0.059 49 0.54 (0.26-1.13) 0.10
Stage M
0 232 0.67 (0.43-1.03) 0.06 227 0.55 (0.32-0.93) 0.02
1 0 NA NA 0 NA NA

LUAD, lung adenocarcinoma; stage T, stage tumor; stage N, stage node; stage M, stage metastasis; NA, not applicable.
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Figure S1 Correlation analysis results between IRAK3 expression and immune infiltration level in LUAD. (A) The correlation between the
infiltration of immune cells and the expression of IRAK3 from the TIMER database. (B) Correlation scatterplots between IRAK3 expression
and immune infiltration cells from the TISIDB database. (C) Lollipop plots for correlation analysis results by EPIC, QUANTISEQ,
XCELL and MCPCOUNTER algorithms. LUAD, lung adenocarcinoma.
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Figure S2 GSEA for LUAD samples with high and low IRAK3 expression and co-expression analysis. (A) GSEA of interferon-gamma
response pathway in the LUAD cohort. (B) GSEA of inflammatory response pathway in the LUAD cohort. (C) GSEA of IL6/JAK/
STAT3 signaling pathway in the LUAD cohort. (D) The correlation of IRAK3 and the key components of interferon-gamma response,
inflammatory response and IL-6/JAK/STAT?3 signaling pathways (***, P<0.001). NES, normalized enrichment score; FDR, false discovery

rate; GSEA, gene set enrichment analysis; LUAD, lung adenocarcinoma.
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