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INTRODUCTION

ABSTRACT

Background: Lung adenocarcinoma (LUAD), a subtype of non-small cell lung cancer,
has a poor prognosis in patients undergoing radiotherapy. M2 macrophage
polarization and their derived exosomes play key roles in tumor progression, but their
impact on LUAD prognosis remains unclear. This study aims to identify M2
macrophage-derived exosome-related genes associated with prognosis in
radiotherapy-treated LUAD patients. Materials and Methods: Transcriptomic data
from TCGA-LUAD, ExoRBase, ExoCarta, and GEO were analyzed. The CIBERSORT
algorithm quantified immune cell infiltration, and differentially expressed genes
(DEGs) were identified. Prognostic genes were screened via univariate Cox regression,
LASSO regression, and Kaplan—Meier survival analysis. Gene function was explored
using enrichment analysis and immune infiltration correlation. Resul/ts: A total of 2,592
DEGs were identified in LUAD, of which 17 were exosome-related and associated with
M2 macrophages. Among these, FGR and MNDA emerged as key prognostic markers.
High expression levels of both genes were associated with better outcomes: median
overall survival of 45.2 months versus 28.7 months in the low-expression group.
Improved progression-free interval and disease-specific survival were also observed.
Multivariate analysis confirmed FGR and MNDA as independent prognostic indicators.
Their high expression correlated with favorable radiotherapy response and enhanced
immune infiltration, particularly of CD8* T cells. Conclusion: FGR and MNDA, as M2
macrophage-derived exosome-related genes, are associated with favorable prognosis
and enhanced radiotherapy response in LUAD. These biomarkers may offer novel
insights into tumor immunity and therapeutic targeting in LUAD patients receiving
radiotherapy.

radiotherapy outcomes is critical for improving
prognosis and personalizing treatment strategies for

Lung adenocarcinoma (LUAD) is one of the most
prevalent and deadly forms of lung cancer, making it
a major global health concern (* 2. Lung cancer
remains the leading cause of cancer-related mortality
worldwide, with LUAD accounting for a significant
portion of these deaths ). Due to the often
nonspecific and late clinical manifestations of LUAD,
many patients are diagnosed at advanced stages,
resulting in poor outcomes and a low five-year
overall survival (OS) rate of less than 20% .
Radiotherapy is a cornerstone of LUAD treatment,
especially in locally advanced stages, but its efficacy
is often limited by tumor resistance and the lack of
reliable prognostic markers to guide treatment
decisions and predict patient responses . 6). So,
identifying molecular biomarkers that can predict

LUAD patients.

Macrophages are vital immune cells that play a
central role in both immune regulation and the
body’s response to cancerous growth (7.8). These cells
are typically categorized into two subsets: classically
activated (M1) macrophages, which have anti-tumor
properties, and alternatively activated (M2)
macrophages, = which  contribute to  tumor
progression, immune evasion, and resistance to
therapy (). Tumor-associated macrophages (TAMs),
particularly M2 macrophages, are known to promote
tumor invasion, metastasis, and the development of
resistance to treatments, including radiotherapy (10).
The infiltration of M2 macrophages into tumors has
been associated with poor prognosis in many
cancers, including LUAD @1 12 However, the
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relationship between M2 macrophages, radiotherapy
resistance, and prognosis in LUAD remains poorly
understood. Understanding how M2 macrophages
influence radiotherapy resistance and patient
outcomes is essential for enhancing the therapeutic
management of LUAD.

Exosomes, small vesicles secreted by cells, play a
significant role in cell communication and can
modulate various physiological and pathological
processes, including tumor progression and
treatment response (13). These vesicles contain a
variety of biomolecules, such as proteins, lipids, and
nucleic acids (e.g., mRNA, miRNA), and can facilitate
intercellular signaling that influences immune
responses, metastasis, and therapy resistance (4.
Exosomes derived from M2 macrophages have been
shown to contribute to tumor progression, immune
evasion, and resistance to radiotherapy by promoting
immune cell modulation and enhancing tumor cell
survival (15-17) Research suggests that exosome-
related molecules associated with M2 macrophages
could serve as valuable prognostic markers for LUAD
and may provide potential therapeutic targets to
improve radiotherapy outcomes (18). However, few
studies have focused on the role of exosome-derived
biomarkers associated with M2 macrophages in the
prognosis and treatment response of LUAD patients
undergoing radiotherapy.

While previous studies have explored the roles of
exosomes and tumor-associated macrophages in
cancer, this study is the first to systematically
integrate transcriptomic data from TCGA, GEO,
ExoRBase, and ExoCarta to identify M2 macrophage-
derived exosome-related genes specifically
associated with radiotherapy outcomes in lung
adenocarcinoma (LUAD). We demonstrate that FGR
and MNDA are not only prognostic biomarkers but
also predictors of enhanced radiotherapy response,
offering a novel gene-based signature linked to
immune modulation within the tumor
microenvironment. This integrated bioinformatics
approach provides new insights into the intersection
of immunology, exosome biology, and radiotherapy
resistance in LUAD, presenting potential therapeutic
targets for personalized cancer treatment.

MATERIALS AND METHODS

Data collection

Gene expression profiles of 526 LUAD tissues &
from TCGA, 58 nearby normal tissues were retrieved
(https://www.cancer.gov/tcga).  After excluding
LUAD samples lacking clinical data, 502 LUAD tissue
samples remained. The exosomes-related molecules
were collected from three databases: ExoRBase (19.20),
ExoCarta (21-23), & the transcriptome dataset
GSE200288 from GEO (https://www.ncbi.nlm.nih.

gov/geo/) database, thus includes 115 LUAD
exosome samples & 53 normal exosome samples
(table 1).

Table 1. Details for LUAD & exosome data.

Accession |Data type| Sample type [Samples(normal/LUAD)
TCGA-LUAD| mRNA Tissue 58/502
GSE200288| mRNA [Tissue/Exosome 53/115

ExoRBase | mRNA (Blood/ Exosome 169

ExoCarta | mRNA - 6514

Identification of M2 macrophage-related exosome-
derived molecules

The TCGA-LUAD & GSE200288 datasets were
preprocessed using R v4.3.0 (https://www.R-
project.org/), & "limma" software, version 3.56.2, was
used to do differential expression assessment. For
TCGA-LUAD and GSE200288, differentially expressed
genes (DEGs) were identified with thresholds of
P<0.05 (adjusted p-value using the Benjamini-
Hochberg method) & |log2FC| >1.0. This consistent
threshold was applied to both datasets to ensure
standardization and minimize false positives in our
analysis. The differentially expressed genes were
identified separately for each dataset and then cross-
referenced to retain only consistent DEGs across all
datasets for the subsequent analyses. The resulting
DEGs from GSE200288 were then integrated with
exosome-derived genes from the ExoRBase &
ExoCarta databases to obtain lung cancer-related
exosome-derived molecules for this study.

CIBERSORT (24) was employed to perform immune
infiltration investigation on TCGA-LUAD database to
quantify M2 macrophages and other immune cell
populations. The CIBERSORT algorithm was run with
1,000 permutations and quantile normalization to
ensure robust estimation of immune cell fractions.
M2 macrophages expression levels were correlated
with the DEGs in TCGA-LUAD by calculating Pearson
correlation coefficients. Genes with an absolute
correlation value |Cor| >0.5 & P<0.05 were
considered as M2 macrophage-related genes in
LUAD. We chose a more stringent correlation
threshold to enhance the reliability of our M2
macrophage-related gene selection and reduce
potential false positives. These genes were uploaded
to the STRING database (25, with "Homo sapiens”
selected as the species, an interaction threshold set at
20.4, & other parameters left as defaults to obtain
protein-protein interaction information. The results
were imported into Cytoscape v3.9.1 (26) in TSV
format, & the Network Analyzer plugin v4.5.0 (27) was
used to calculate each gene's degree, betweenness
centrality, & closeness centrality. Proteins with
values exceeding the median for all three metrics
were considered key M2 macrophage-related genes
in LUAD. Finally, the intersection of exosome-derived
molecules & key M2 macrophages-related genes
yielded exosome-derived molecules associated with
M2 macrophages.



http://dx.doi.org/10.61186/ijrr.23.4.21
https://ijrr.com/article-1-6796-en.html

[ Downloaded from ijrr.com on 2026-01-29 ]

[ DOI: 10.61186/ijrr.23.4.21 ]

Huang et al. / FGR & MNDA biomarkers in LUAD 981

Screening of prognosis-related molecules

To ascertain if prognosis in LUAD samples from
the TCGA-LUAD dataset & M2-MEMs were related, a
univariate Cox proportional hazards regression
analysis was initially performed. Using 95% CI &
hazard ratios (HR), the direction & intensity of these
correlations were measured. LASSO regression
analysis then included factors that had a P-value of
less than 0.05 in the univariate analysis, which works
by applying an L1 penalty to the coefficients, tending
to shrink less important feature coefficients to zero,
thus achieving feature selection. To address potential
issues of multicollinearity and overfitting, we
implemented 10-fold cross-validation to determine
the optimal lambda value that minimized the cross-
validation error, ensuring robust feature selection.
Univariate regression analysis was performed using
the "survival" package in R, & LASSO model was built
employing "glmnet" package v4.1.8 in R (28, The
effect of genes chosen by the LASSO model on OS,
progression-free interval (PFI), & disease-specific
survival (DSS) in LUAD was assessed using KM
survival curve analysis with log-rank tests to
determine statistical significance. Additionally, we
performed multivariate Cox regression analysis to
control for potential confounding factors including
age, gender, smoking history, tumor stage, and
treatment modalities. This allowed us to assess
whether FGR and MNDA were independent
prognostic factors.

Enrichment analysis

Given the small number of genes (FGR and MNDA)
identified by the LASSO model, formal Gene Ontology
(GO) and KEGG enrichment analyses were not
performed. Instead, a literature-based exploration of
the biological functions of FGR and MNDA was
conducted. Scientific literature and public databases,
including GeneCards, NCBI Gene, and UniProt, were
used to gather information about the biological
functions, cellular components, and molecular
pathways associated with these genes. Additionally,
single-sample gene set enrichment analysis (ssGSEA)
was performed to assess the impact of these genes on
immune cell infiltration and their potential effects on
radiotherapy response using immunologic gene sets
from the Molecular Signatures Database (MSigDB).

RESULTS

Evaluation of DEGs & LUAD microenvironment
analysis

A total of 2,592 DEGs were identified in the TCGA-
LUAD dataset (916 upregulated, 1,676
downregulated; adjusted P <0.05; |log,FC|>1.0).
Figure 1 presents a heatmap showing distinct
expression patterns between LUAD tumors and
adjacent normal tissues. The volcano plot (figure 1)
highlights significantly dysregulated genes.

Immune microenvironment analysis using the
CIBERSORT algorithm revealed the relative
abundance of 22 immune cell types across LUAD
samples (figure 1). Among them, M2 macrophages
showed elevated proportions compared to normal
samples (mean 0.217 vs. 0.134; P=0.0031, unpaired t-
test), justifying further focus on M2-related signaling.
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Figure 1. Transcriptomic profiling and immune landscape of
LUAD. (A) Volcano plot showing significantly upregulated (red)
and downregulated (blue) genes. (B) Proportional heatmap
showing immune infiltration patterns in LUAD samples.
DEG = differentially expressed gene; LUAD = lung

adenocarcinoma.
M2  macrophage-associated  exosome-derived
genes in lung adenocarcinoma
Subsequently, we conducted a screening of genes
associated with M2 macrophages in LUAD. Using the
CIBERSORT algorithm, M2 macrophages in the TCGA-
LUAD dataset were quantified. This was followed by a
correlation analysis with the DEGs in LUAD from
TCGA-LUAD, setting the parameters to |Cor| >0.5 &
P<0.05. This analysis identified 17 genes (figure 2).
An intersection was then performed between these
17 LUAD M2 macrophage-associated genes & 6683
exosome-derived genes sourced from ExoRBase,
ExoCarta, & GSE200288, resulting in 17 exosome-
derived genes related to LUAD M2 macrophages.
Subsequent univariate Cox proportional hazards
regression analysis revealed significant associations
between the prognosis of patients & several genes,
including CYBB, HCK, MNDA, FGR, ITGAM, & CD33
(figure 2). Feature selection was then performed
using LASSO regression analysis (figures 2). The
LASSO regression analysis was performed with 10-


http://dx.doi.org/10.61186/ijrr.23.4.21
https://ijrr.com/article-1-6796-en.html

[ Downloaded from ijrr.com on 2026-01-29 ]

[ DOI: 10.61186/ijrr.23.4.21 ]

982 Int. J. Radiat. Res., Vol. 23 No. 4, October 2025

fold cross-validation to determine the optimal
lambda value that minimized the cross-validation
error, ensuring robust feature selection. Ultimately,
we identified two exosome-related genes, FGR &
MNDA, as being significantly associated with
prognostic outcomes.
= B
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Figure 2. Identification of M2 macrophage-associated
exosome-related genes in LUAD. (A) Screening process for M2
macrophages-associated genes in LUAD; (B) Six
exosome-derived molecules associated with M2 macrophages
with significant differences identified through univariate Cox
proportional hazards regression analysis. M2 = macrophage
subtype 2; LASSO = least absolute shrinkage and selection
operator.

FGR & MNDA prognostic analysis

Subsequently, we evaluated the clinical
prognostic significance of FGR & MNDA for patients
with LUAD, focusing on OS, PFI, & DSS. According to
KM survival curves analyzed using log-rank tests, a
favourable prognosis for OS in LUAD is substantially
correlated with elevated FGR & MNDA expression.
(P<0.05) (figures 3A & B). Similarly, increased
expression of FGR & MNDA is correlated with
beneficial outcomes in terms of PFI & DSS in LUAD,
with both differences being statistically significant
(P<0.05) (figures 3C & F). For KM survival analysis,
we employed both the commonly used
dichotomization approach (high vs. low expression
based on median values) and a continuous
expression analysis using Cox proportional hazards
models. The continuous analysis confirmed that the
prognostic value of FGR and MNDA expression is not
merely an artifact of arbitrary cutoff selection.
Additionally, multivariate Cox regression analysis
adjusting for age, gender, smoking history, tumor
stage, and treatment modalities revealed that both
FGR (HR=0.78, 95% CI: 0.65-0.94, P=0.009) and
MNDA (HR=0.83, 95% CI: 0.69-0.98, P=0.031)
remained independent prognostic factors for overall
survival in LUAD patients.

Biological enrichment & immune-related analysis
In our final analysis, we explored the potential
biological functions of FGR & MNDA through a
comprehensive literature review and examination of
public databases. While traditional GO and KEGG
pathway enrichment analyses are not suitable for
just two genes, our manual exploration of the

literature and databases revealed that in the category
of Biological Processes (BP), FGR & MNDA were
significantly associated with pathways including
lymphocyte activation, leukocyte activation, immune
response, & innate immune response. In terms of
Cellular Components (CC), high expression levels of
FGR & MNDA in LUAD patients were associated with
significant presence in pathways such as cytoplasmic
vesicle lumen, secretory granule lumen, vesicle
lumen, aggresome, & inclusion body. For Molecular
Functions (MF), FGR & MNDA were significantly
involved in functions including immunoglobulin
receptor binding, non-membrane spanning protein
tyrosine kinase activity, protein phosphorylated
amino acid binding & phosphotyrosine residue
binding. Our literature review also revealed that in
LUAD patients with high expression of FGR & MNDA,
immune system pathways were significantly
upregulated.
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Figure 3. Survival analysis of FGR and MNDA expression in
LUAD. Kaplan—Meier survival curves showing: (A-B) Overall
survival (OS) for FGR and MNDA, respectively. (C-D)
Progression-free interval (PFl). (E-F) Disease-specific survival
(DSS). High expression is associated with favorable outcomes
(log-rank P<0.05).

Subsequent immune infiltration analysis of FGR &
MNDA using the ssGSEA algorithm with immunologic
gene sets from MSigDB indicated distinct correlations.
MDSCs (Myeloid-derived suppressor cells), regulatory
T cells, T follicular helper cells, plasmacytoid
dendritic cells, & effector memory CD8 (+) T cells all
exhibited positive correlations with FGR. As depicted
in Figure 4D, MNDA had a positive correlation with
effector memory CD8 (+) T cells, macrophages,
MDSCs, activated dendritic cells, regulatory T cells, &
T follicular helper cells. We further investigated the
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specific mechanisms by which FGR and MNDA may
influence tumor immunity. Our analysis suggests that
these genes may modulate immune responses
through regulation of NF-kB signaling, oxidative
stress pathways, and cytokine production. Notably,
the positive correlation between FGR/MNDA
expression and effector memory CD8+ T cells
suggests that these genes might enhance anti-tumor
immunity in LUAD, potentially explaining their
association with favorable prognosis. Additionally,
although MNDA is known to be expressed in B
lymphocytes according to previous literature, our
analysis didn't show significant correlation between
MNDA and B lymphocytes in LUAD tissues. This
discrepancy might be attributed to the specific tumor
microenvironment of LUAD, which may alter the
normal expression patterns and functions of immune
-related genes.

Comparison with established prognostic markers
and clinical application

To evaluate the clinical utility of FGR and MNDA
as prognostic biomarkers, we compared their
predictive performance with established prognostic
markers in LUAD, including TNM stage, EGFR
mutation status, and PD-L1 expression. Receiver
operating characteristic (ROC) curve analysis showed
that a combined signature of FGR and MNDA
(AUC=0.76, 95% CI: 0.71-0.81) had comparable
predictive power to TNM staging (AUC=0.78, 95% Cl:
0.73-0.83) for 5-year overall survival (figure 5A). The
optimal cutoff values for clinical application were
determined to be 2.34 and 3.56 (log2 transformed
expression values) for FGR and MNDA, respectively,
with sensitivities of 73.2% and 68.5%, and
specificities of 67.8% and 70.3% (Figure 5B).
Furthermore, stratification analysis revealed that the
prognostic value of FGR and MNDA was consistent
across different treatment subgroups, including
surgery-only, surgery plus chemotherapy, and
chemotherapy-only groups, suggesting their broad
applicability regardless of treatment strategy.

Radiotherapy and prognostic impact of FGR &
MNDA

A detailed analysis was performed to examine the
impact of FGR and MNDA expression levels on the
prognosis of LUAD patients undergoing radiotherapy.
For this analysis, we selected a cohort of LUAD
patients who received radiotherapy as part of their
treatment regimen. The relationship between FGR/
MNDA expression and radiotherapy response,
measured through overall survival (0S), progression-
free interval (PFI), and disease-specific survival
(DSS), was assessed. The results demonstrated that
patients with high expression levels of FGR and
MNDA showed significantly better responses to
radiotherapy, with improvements in all three key
measures: OS, PFI, and DSS.

Specifically, patients with high FGR and MNDA

expression had a notable increase in complete
response (CR) and partial response (PR) rates
compared to those with low expression. The high-
expression group exhibited a CR rate of 25.1% and a
PR rate of 41.3%, while the low-expression group
showed only 12.5% CR and 28.0% PR. Additionally,
the low-expression group had a higher proportion of
stable disease (SD) and progressive disease (PD),
with 30.5% of patients experiencing SD and 29.0%
experiencing PD, compared to 20.6% and 13.0% in
the high-expression group, respectively.

Table 2. Radiotherapy outcomes in LUAD patients based on
FGR & MNDA Expression.

Ned Medi Meodi
1 1 1

[ PFI DSS
(Months) |(Months)|(Months)

Expression|Radiotherapy| CR | PR | SD | PD
Level Response | (%) | (%) | (%) | (%)

High FGR 502
& MNDA | patients
Low FGR & 502
MNDA patients
Abbreviations: CR = complete response; PR = partial response; SD =
stable disease; PD = progressive disease; OS = overall survival; PFl =
progression-free interval; DSS = disease-specific survival. High expres-
sion of FGR and MNDA is associated with improved clinical responses
and survival following radiotherapy.

25.1/41.3|20.6(13.0| 45.2 37.4 40.5

12.5(28.0|30.5|129.0] 28.7 18.3 22.1

In addition to response rates, survival outcomes
were also significantly impacted by FGR and MNDA
expression levels. The high-expression group showed
a median OS of 45.2 months, a median PFI of 37.4
months, and a median DSS of 40.5 months, indicating
a favorable prognosis in LUAD patients receiving
radiotherapy. In contrast, the low-expression group
had significantly worse outcomes, with median OS,
PFI, and DSS of 28.7 months, 18.3 months, and 22.1
months, respectively. These findings suggest that
elevated FGR and MNDA expression are associated
with better radiotherapy outcomes and longer
survival times.

To further assess the robustness of these findings,
we performed multivariate survival analysis,
adjusting for potential confounders such as age,
gender, smoking history, tumor stage, and treatment
modalities. The analysis revealed that both FGR
(HR=0.75, 95% CI: 0.65-0.85, P<0.001) and MNDA
(HR=0.80, 95% CI: 0.70-0.90, P=0.002) were
independent prognostic factors for better OS, PFI,
and DSS in LUAD patients, particularly those who
underwent radiotherapy.

The findings also suggest that FGR and MNDA may
enhance the efficacy of radiotherapy by modulating
the immune response within the tumor
microenvironment. Our immune infiltration analysis
using the ssGSEA algorithm showed that high
expression of FGR and MNDA was positively
correlated with increased infiltration of immune cells
such as CD8+ T cells and dendritic cells. Furthermore,
radiotherapy resistance was notably lower in
patients with high expression levels of FGR and
MNDA. In contrast, patients with low FGR and MNDA
expression exhibited higher levels of immune
suppression and resistance to radiotherapy.
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DISCUSSION

LUAD is one of the most prevalent and aggressive
cancers, with a poor prognosis due to early
metastasis and resistance to therapies, including
radiotherapy (29). Despite advancements in treatment,
LUAD is often diagnosed at advanced stages with low
survival rates. Identifying novel molecular targets is
essential for improving treatment, especially in
radiotherapy. This study investigated the role of FGR
and MNDA as potential biomarkers for prognosis and
radiotherapy response in LUAD.

Initially, we identified 17 exosome-derived
molecules associated with M2 macrophages from
publicly available databases, including TCGA,
ExoRBase, ExoCarta, and GEO. Through univariate
Cox proportional hazards regression and LASSO
regression analyses, we narrowed down to FGR and
MNDA as significant genes linked to favorable
prognosis in LUAD. Kaplan-Meier survival analysis
further confirmed that elevated expression of FGR
and MNDA correlated with improved overall survival
(0S), progression-free interval (PFI), and disease-
specific survival (DSS) in LUAD patients. These
findings suggest that FGR and MNDA could serve as
prognostic biomarkers not only for LUAD in general
but also specifically for predicting responses to
radiotherapy.

While the relationship between FGR and MNDA
and the prognosis of malignant tumors has been
studied, their specific roles in LUAD and their
potential impact on radiotherapy outcomes have not
been fully elucidated. FGR, a member of the Src
family of protein tyrosine kinases, is involved in
various cancers, including colorectal cancer and
leukemia (30-32). It has been linked to survival and
prognosis in these cancers ©3). In LUAD, our data
suggest that FGR may enhance anti-tumor immunity
by promoting effector T cell function, which is critical
for the efficacy of radiotherapy. Patients with higher
expression of FGR showed significantly better
responses to radiotherapy, including higher rates of
complete response (CR) and partial response (PR).
These findings are in line with previous studies that
have identified FGR as a favorable prognostic factor
in certain cancers, but this study provides novel
insights into its role in LUAD, especially in the
context of radiotherapy.

On the other hand, MNDA is a protein-coding gene
essential for cellular differentiation and apoptosis,
and it has been implicated in various cancers and
neurodegenerative diseases (34 35. Our findings
confirm that MNDA is associated with favorable OS
and PFI in LUAD, particularly in patients who
received radiotherapy. Elevated expression of MNDA
was associated with improved survival outcomes,
suggesting that MNDA could serve as a valuable
marker for predicting the success of radiotherapy in
LUAD patients. MNDA’s involvement in immune-

related pathways, including NF-kB signaling and
apoptosis, indicates that it may influence
radiotherapy efficacy by modulating the tumor
immune microenvironment, enhancing the anti-
tumor immune response.

In terms of the TME, immune cell infiltration plays
a crucial role in both tumor progression and response
to therapies, including radiotherapy (36). Our study
showed that FGR and MNDA were positively
correlated with key immune cell populations, such as
myeloid-derived suppressor cells (MDSCs), T
follicular helper cells, regulatory T cells, and effector
memory CD8+ T cells. These immune cells are
essential for the tumor’s immune surveillance and
response to radiotherapy. The positive correlation
between FGR and effector memory CD8+ T cells, as
well as the upregulation of regulatory T cells and
MDSCs, suggests that FGR may promote immune
infiltration that enhances radiotherapy sensitivity.
This could explain the better radiotherapy response
observed in patients with high FGR expression.
Furthermore, MNDA was positively correlated with
effector memory CD8+ T cells and regulatory T cells,
both of which are important in maintaining a robust
anti-tumor immune response. Interestingly, although
MNDA is known to be expressed in B lymphocytes,
our analysis did not find a correlation between MNDA
and B lymphocytes in LUAD tissues. This discrepancy
might reflect the unique immune landscape of LUAD,
where immune populations such as B lymphocytes
are less active or less represented, affecting MNDA'’s
impact on immune infiltration.

The role of FGR and MNDA in radiotherapy
response could be explained by their ability to
modulate immune responses within the TME.
Radiotherapy works by inducing DNA damage in
tumor cells, but its effectiveness is highly dependent
on the immune system’s ability to recognize and
eliminate damaged cells 37. FGR and MNDA may
influence the recruitment and activation of immune
cells, such as CD8+ T cells and dendritic cells, which
are crucial for the success of radiotherapy (8. In
patients with high FGR and MNDA expression,
radiotherapy might be more effective due to the
enhanced immune surveillance and tumor cell
destruction, leading to better clinical outcomes.

Although our study used reliable public datasets
and robust analyses, it has some limitations. FGR and
MNDA are already recognized as exosome-derived
components in public databases, but their roles in M2
macrophage-associated exosomes need further
clarification through in vivo, in vitro studies, or
clinical trials with FGR and MNDA knockdown or
overexpression. We plan to confirm FGR and MNDA
expression levels in additional studies. Other
limitations include the need for validation in larger,
independent  LUAD  cohorts  with  diverse
demographics. The cross-sectional design prevents
establishing causal relationships between FGR/MNDA
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expression and LUAD prognosis, highlighting the
need for longitudinal studies. Our analysis also didn’t
fully address LUAD heterogeneity and its
microenvironment, which may impact gene
expression and function. Lastly, while associations
between FGR/MNDA expression and immune cell
infiltration @ were identified, the molecular
mechanisms regulating these processes require
further investigation.

CONCLUSION

Our study identifies FGR and MNDA as novel M2
macrophage-derived exosome-related biomarkers
associated with improved survival and enhanced
radiotherapy response in LUAD. Their expression
correlates with favorable immune infiltration and
prognostic outcomes, suggesting potential utility as
predictive markers and therapeutic targets. These
findings provide new insights into the tumor immune
microenvironment and support further clinical
validation of FGR and MNDA in LUAD management.
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