Leeetal. European Journal
European Journal of Medical Research (2026) 31:299

https://doi.org/10.1186/540001-026-03987-9 of Medical Research

, . : ®
Radiologic phenotype-specific ol

transcriptomic signatures in lung tissues
from patients with Mycobacterium avium
complex pulmonary disease

JuMiLee'", Su-Young Kim?f, Seong Mi Moon?, Sung Jae Shin"" and Byung Woo Jhun?’

Abstract

Background The incidence of Mycobacterium avium complex (MAC)-pulmonary disease (PD) is increasing in South
Korea, posing significant diagnostic and therapeutic challenges. Treatment guidelines recommend initiating therapy
after serial computed tomography monitoring. Patients with the nodular bronchiectatic (NB) form often respond
positively to drug therapy, whereas those with the fibrocavitary (FC) form frequently experience persistent dis-

ease despite treatment. Identifying phenotype-specific transcriptomic biomarkers could improve early diagnosis
and inform personalized therapeutic strategies.

Methods We utilized surgically resected lung specimens from 21 MAC-PD patients, a valuable clinical resource,

as lung surgery is uncommon in MAC-PD management. Each patient provided paired samples of affected and unaf-
fected lung tissues, enabling direct transcriptomic comparisons. Quantitative RNA sequencing was performed

on samples from 11 NB and 10 FC cases. Comprehensive bioinformatics and in silico analyses, including gene ontol-
ogy (GO) and protein—protein interaction (PPI) network analyses, were conducted to identify key diagnostic signatures
and biological pathways.

Results RNA sequencing revealed distinct and shared transcriptomic signatures correlated with radiological pheno-
types. GO and PPl analyses identified significant gene clusters involved in B cell proliferation and immune regulation
across both NB and FC forms. Additionally, NB-specific signatures highlighted genes predominantly regulating antimi-
crobial immune responses, while FC-specific signatures enriched genes related to extracellular matrix remodeling.

Conclusions This study is the first to characterize transcriptomic differences between MAC-PD phenotypes using
paired lung tissue samples. Although the identified transcriptomic markers require functional validation, their strong
correlation with radiologic subtypes provides preliminary evidence supporting their potential diagnostic value. These
findings lay the groundwork for precision diagnostics in MAC-PD and require further validation in larger patient
cohorts and through functional assays.
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Introduction
Nontuberculous mycobacteria (NTM) comprise a var-
ied array of mycobacterial species, distinct from the
Mycobacterium tuberculosis complex and M. leprae [1].
Within NTM, M. avium complex (MAC), including M.
avium and M. intracellulare, stands as a predominant
causative agent of pulmonary disease (PD) in South
Korea, mirroring its prevalence in other nations [2, 3].
MAC is predominantly observed in pulmonary sam-
ples, further emphasizing its significance in the context
of respiratory health [4, 5]. Radiologically, MAC-PD
can be dichotomously classified into two distinct types:
nodular bronchiectatic (NB) and fibrocavitary (FC) [6,
7]. A more granular categorization reveals four spe-
cific types: noncavitary NB (NC-NB), cavitary NB
(C-NB), FC, and the exceedingly rare unclassifiable
type [6, 7]. The NB form has been frequently observed
as a characteristic clinical phenotype in middle-aged
or older women with no prior chronic pulmonary dis-
ease or smoking history [8]. Conversely, the FC variant
is renowned among middle-aged or older men with a
notable background of smoking and alcohol consump-
tion, often concomitant with underlying conditions like
chronic pulmonary disease (e.g., chronic obstructive
pulmonary disease, surgical lung resection, and cystic
fibrosis) or a past bout of pulmonary tuberculosis [9].
Notably, the NB form tends to exhibit a comparatively
slower progression, with radiological changes evolving
gradually over several years in certain patients, neces-
sitating prolonged and vigilant follow-up [9, 10].
Radiologically different forms exhibited discern-
ible differences in treatment outcomes. Notably, the
achievement of favorable outcomes was recognized to
be notably higher in those with the NC-NB form (88%),
eclipsing rates observed in C-NB and FC forms (78%
and 76%, respectively) [6]. Characteristically, individu-
als with the NB types were more prone to experiencing
recurrence or reinfection [11, 12]. In contrast, mortal-
ity was significantly higher in the C-NB and FC forms
than in the NC-NB forms across multiple observational
cohorts worldwide [2, 13-17]. Despite these clinical
disparities, the underlying molecular mechanisms asso-
ciated with specific radiological phenotypes remain
largely uncharacterized, with transcriptomic studies of
human lung tissues being particularly limited.
Transcriptomic profiling allows for a systematic
assessment of the functional and immunological state
of lung tissue, capturing coordinated changes of host

immune activation, tissue remodeling, and inflam-
matory pathways that may not be readily inferred by
single-marker analyses. This is particularly relevant in
MAC-PD, where radiological heterogeneity is thought
to reflect complex, locally regulated host responses
rather than differences in pathogen burden alone.
Accordingly, this approach facilitates the identifica-
tion of biological processes functionally linked to dis-
tinct MAC-PD phenotypes. Therefore, a bioinformatic
approach is required to delineate the molecular signa-
tures associated with these distinct prognoses.

Hence, in this investigation, mRNA sequencing was
conducted on lung tissues extracted from 21 MAC-PD
patients undergoing lobectomy. We aimed to elucidate
factors associated with the disease progression across
various radiological forms. A comparison of transcrip-
tomes was performed, encompassing 11 sections from
NB forms-affected regions, 10 sections from FC forms-
affected regions, and 21 sections from areas unaffected
by MAC infection. Collectively, these findings could
potentially lead to the prediction of prognostic markers
and therapeutic targets in the field of MAC-PD.

Methods

Study participants and collected tissue specimen

This study is a gene-based data analysis using lung tissue
samples and data from 21 NTM-PD patients who con-
sented to tissue collection at Samsung Medical Center,
Seoul, South Korea. The study was approved by the Insti-
tutional Review Board of the Samsung Medical Center

Table 1 Baseline characteristics of 21 patients who underwent
surgical resection

N=21
Age years, median (IQR) 56 (52-62)
Female sex, N (%) 11(52)
Radiological images, N (%)
NB type 11(52)
FCtype 10 (48)
Etiologic organism, N (%) 8 (38)
M. avium, N (%) 13 (62)
M. intracellulare, N (%)
Treatment duration, months, median (IQR) 25 (15-34)
MIC of clarithromycin, MICs, (range, mg/ml) 1(0.5-4)
MAC culture positivity without mutation, N (%) 21 (100)
Culture conversion 12 months after surgery, N (%) 18 (86)

IQR, Interquartile range; NB, nodular bronchiectatic; FC, fibrocavitary; MIC,
minimum inhibitory concentration; MICs,, MIC at which 50% of isolates are
inhibited; MAC, Mycobacterium avium complex
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Fig. 1 Differences in lung DEGs between two different radiologic subtypes among 21 MAC-PD patients. a Principal component analysis (PCA)
following determination of DEGs. Black circles represent unaffected samples from the entire cohort of MAC-PD patients (N=21), red squares
denote the NB form (N=11), and blue triangles indicate the FC form (N=10). Volcano plots illustrate the relationship between gene fold changes
and statistical significance in MAC-PD, depicted as b NB form versus unaffected and ¢ FC form versus unaffected. Down-regulated values are
denoted in blue, whereas up-regulated values are indicated in red. d A Venn diagram illustrates the count of DEGs identified, highlighting

those unique to or shared between the radiological phenotypes. e The heatmap displays the hierarchical clustering of expression patterns. All
the DEGs adhere to the following criteria: [fold change|> 2, log, (fold change) > 1, p < 0.05. DEGs, differentially expressed genes; MAC-PD, M. avium
complex-pulmonary disease; NB, nodular bronchiectatic; FC, fibrocavitary; Common, common DEGs from NB and FC form samples

(IRB No. 2012-05-001). Those patients failed with the lung tissue was procured in pairs from each patient, as
antibiotic therapy, but they were all susceptible to mac-  previously described [18]. Then, one sample originated
rolide and underwent adjuvant surgical lung resection from an affected lesion, and the other was extracted from
between July 2012 and April 2018 (Table 1). To examine  an unaffected region. Resection criteria included con-
biological variances between two distinct clinical phe-  sideration of the cavity lesion in FC form or the bron-
notypes (NB or FC forms) based on unaffected sections, chiectasis lesion in NB form, along with the unaffected

(See figure on next page.)
Fig. 2 Top GO terms and KEGG pathways for 351 common DEGs in NB and FC forms. a GO analyses (including biological process [BP], cellular

component [CCJ, and molecular function [MF]) and b KEGG pathway analysis revealed the top five and ten terms for up-regulated genes (163 DEGs)
and the down-regulated genes (185 DEGs), respectively. The x-axis represents the gene ratio (the ratio of total enriched DEGs in the given terms),
while the y-axis represents the categories. p-value (Fisher's exact test) is depicted as -log,, (pvalue); and the number of DEGs is indicated as ‘count’.
GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; Common, common DEGs from NB and FC form patient samples
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area, guided by preoperative computed tomography and
macroscopic examination in the operating room, result-
ing in specimens sized 20 mm X 20 mm X 10 mm. These
specimens were promptly submerged in cold phosphate-
buffered saline, sectioned into smaller fragments, swiftly
frozen using liquid nitrogen, and preserved at -80 °C.

RNA extraction from lung tissue and RNA sequencing
experiments

For the sample collection, lung tissues were dissected
and harvested in TRIzol reagent (Invitrogen, Waltham,
MA, USA). RNA quality was assessed using an Agilent
2100 bioanalyzer with an RNA 6000 Nano Chip (Agilent
Technologies, Amstelveen, The Netherlands), and RNA
concentration was determined using an ND-2000 spec-
trophotometer (Thermo Fisher' ", Waltham, MA, USA).
The RNA Integrity Number (RIN) was measured with
an Agilent 2100 Bioanalyzer, ensuring all samples had
RIN >6.

Poly (A)+mRNA was isolated from 2 pg of total
RNA using the poly (A) RNA Selection Kit (LEXO-
GEN, Inc., Austria). RNA-seq libraries were prepared
using the SMARTer Stranded RNA-Seq Kit (Clontech
Laboratories, Inc., Mountain View, CA, USA), involv-
ing cDNA synthesis and RNA fragmentation. Indexing
was performed using Illumina indexes 1-12, and library
enrichment was carried out via PCR amplification. High-
throughput sequencing was performed as paired-end
100 bp reads on an Illumina HiSeq 2500 platform (Illu-
mina, Inc., San Diego, CA, USA). Raw sequencing data
underwent quality control using FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). ~ Sub-
sequently, adapters and low-quality reads (<Q20) were
eliminated, and trimmed reads were aligned to the refer-
ence genome with TopHat [19]. Gene expression levels
were estimated based on read count (RC) and fragments
per kb per million reads (FPKM) values using BEDTools
[20] and Cufflinks [21]. Normalization was performed
with EdgeR within R using Quantile normalization
(http://www.R-project.org, R Development Core Team,
2016). Data mining and visualization were carried out
using Excel-based Differentially Expressed Gene Analy-
sis (ExXDEGA, Ebiogen, Inc., Seoul, South Korea). The
RNA-sequencing data have been deposited in the Gene

(See figure on next page.)
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Expression Omnibus (GEO) database with accession
number GSE270278.

Gene and pathway enrichment

The Differentially Expressed Genes (DEGs) for the
group exhibiting both forms versus unaffected sections
were identified utilizing EXDEGA. DEGs were defined
based on a multi-parameter filtering strategy that incor-
porated both statistical significance and expression
magnitude. Specifically, genes were selected using the fol-
lowing criteria: a > twofold change in expression, a nomi-
nal p-value<0.05 (Student’s ¢-test), and a normalized
expression level (log,) > 1 to exclude low-abundance tran-
scripts. Hierarchical clustering analyses were executed
with the MeV program, employing Euclidean distance
correlation measurement with average linkage [22], and
the results were visualized as heat maps. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analyses were performed using the EnrichR
tool (https://maayanlab.cloud/Enrichr/). Enriched terms
were ranked according to nominal p-values as generated
by EnrichR. Notably, ranking based on nominal p-values
was identical to that obtained using false discovery rate
(FDR)-adjusted p-values. Enrichment statistics, including
gene overlap, nominal p-values, FDR-adjusted p-values,
odds ratios, and combined scores integrating the p-values
and the z-scores, were reported in Table S1-S6. For visu-
alization, enrichment results were displayed as bubble
plots through SRplot (https://www.bioinformatics.com.
cn/en). In these plots, gene ratio, -log;,(p-value), and
gene count respectively indicate the enrichment mag-
nitude, statistical significance, and the count of gene in
each term [23].

Protein—protein interaction analysis

For the protein—protein interaction (PPI) analysis, our
data were meticulously visualized and scrutinized using
the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING), the module of molecular complex
detection (MCODE), and CytoHubba database networks.
These tools function as plug-in applications within the
Cytoscape program (version 3.10.1; https://cytoscape.
org/), a publicly accessible software celebrated for its
prowess in analyzing complex biological networks, offer-
ing graphical editing capabilities, and rendering intricate

Fig. 3 Top GO terms and KEGG pathways for 241 NB form-specific DEGs. a GO analyses (including BP, CC, and MF) and b KEGG pathway analysis
revealed the top five and ten terms for up-regulated genes (173 DEGs) and the down-regulated genes (68 DEGs), respectively. The x-axis represents
the gene ratio (the ratio of total enriched DEGs in the given terms), while the y-axis represents the categories. p-value (Fisher's exact test) is depicted
as'—log,, (pvalue), and the number of DEGs is indicated as ‘count’ GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; NB,

nodular bronchiectatic
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network representations. The Venn diagrams presented
in Fig. S3 elucidate the intersection of the top 10 genes
identified by three algorithms (Degree, MNC, and MCC),
whereas the Venn diagrams in Figs. 5, 6 and 7 illustrate
the intersection of pathways identified with genes from
the top four modules.

Statistical analysis

The categorical outcomes of clinical information were
depicted as frequencies and percentages, and continuous
variables were presented as median and quartiles. Fish-
er’s exact test compared categorical variables, and the
Mann—-Whitney U test compared continuous variables.
Statistical significance was determined at p <0.05 in two-
sided tests.

Results

Study participants

Table 1 summarizes the characteristics of the 21 patients
at the time of lung resection. The median age was
56 years, with 11 (52%) women and 10 men. Among
them, 11 patients presented the NB clinical phenotype,
while the remaining 10 exhibited the FC form. Most
patients were infected with M. intracellulare (N=13),
compared to M. avium (N=8). Up to the surgery, the
median duration of drug therapy was 25 months, with no
instances of macrolide resistance observed. Culture con-
version status was achieved by 18 (86%) patients at the
time of surgery. The median period between initial diag-
nosis and surgery was 2.2 years (ranging from 20 days to
6.9 years).

DEG profiling in MAC infection-associated lesions

of patients

We collected surgical specimens from a cohort of 21
macrolide-susceptible cases, categorized into 11 NB and
10 FC forms based on radiological phenotypes (Fig. S1).
Due to the unavailability of healthy lung controls, paired
samples from affected and unaffected lung sections were
obtained after lobectomy. Following RNA extraction and
library preparation, mRNA sequencing was performed
(Fig. S2). DEGs between affected and unaffected lung
sections were identified separately for NB and FC forms.
Subsequent analyses included pathway enrichment, GO

(See figure on next page.)
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enrichment, PPI network construction, and module anal-
ysis to identify hub genes (Fig. S2).

The principal component analysis based on DEGs
revealed clear separation among unaffected sections, NB
forms and FC forms, with contribution rates of 26% and
14% from the first and second principal components,
respectively (Fig. 1la). Using threshold criteria of |fold
change|>2, normalized expression level (log,)>1, and
p-value <0.05, volcano plot analysis identified 589 DEGs
between NB and unaffected samples, and 2397 DEGs
between FC and unaffected samples (Fig. 1b,c).

To clarify the relationship between radiological phe-
notype-specific genes and disease progression, we com-
pared DEGs from each phenotype pair, illustrated in
Venn diagrams and hierarchical clustering heatmaps
(Fig. 1d,e). Specifically, 163 upregulated, 3 contra-reg-
ulated, and 185 downregulated genes were common to
both NB and FC forms. Additionally, among the NB-
specific DEGs, 173 genes were upregulated and 68 were
downregulated. In contrast, among the FC-specific
DEGs, 1032 genes were upregulated, and 1017 were
downregulated. (Fig. 1d).

GO enrichment and KEGG pathway for shared DEGs
between NB and FC forms of MAC-PD patients

We conducted gene enrichment analyses based on GO
terms and the KEGG pathway database using EnrichR
to identify common characteristics between NB and FC
phenotypes of MAC-PD. Figure 2 illustrates the top 5
enriched GO terms across Biological Processes (BP), Cel-
lular Components (CC), and Molecular Functions (MF),
alongside the top 10 KEGG pathways for both upregu-
lated and downregulated DEGs. GOBP illustrated that
upregulated DEGs were primarily associated with B
cell activation and proliferation, and immunoglobulin-
mediated immune response, while downregulated DEGs
were mainly involved in secondary palate development
and axon guidance regulation. GOCC analysis showed
upregulated genes enriched in Hrdlp ubiquitin ligase
ERAD-L complex, low-density lipoprotein particles, and
MHC class II complex. Downregulated genes were linked
to neuronal synapses. GOMF analysis indicated upregu-
lated genes related to cysteine-type endopeptidase inhi-
bition and MHC class II protein complex binding, while

Fig. 4 Top GO terms and KEGG pathways for 2049 FC form-specific DEGs. a GO analyses (including BP, CC, and MF) and b KEGG pathway analysis
revealed the top five and ten terms for up-regulated genes (1032 DEGs) and the down-regulated genes (1017 DEGs), respectively. The x-axis
represents the gene ratio (the ratio of total enriched DEGs in the given terms), while the y-axis represents the categories. p-value (Fisher's exact
test) is depicted as'— log,, (pvalue); and the number of DEGs is indicated as ‘count’ GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes

and Genomes; FC, fibrocavitary



Lee et al. European Journal of Medical Research (2026) 31:299

The upregulated genes

Extracellular structure organization

External encapsulating structure organization
Cellular response to type Il interferon
Response to type Il interferon

Extracellular matrix organization

®eo
ad

Tertiary granule membrane
Collagen-containing extracellular matrix
Tertiary granule

Endoplasmic reticulum lumen

Specific granule

99)

Chemokine activity

CCR chemokine receptor binding
Chemokine receptor binding

G protein—coupled peptide receptor activity
Cytokine activity

L

Th

0.15 0.20

Gene ratio

0.25

e downregulated genes

Respiratory system development

Lung development

Cilium movement

Regulation of kinase activity

Enzyme-linked receptor protein signaling pathway

dg

Multivesicular body lumen
Tight junction

Bicellular tight junction
Apical junction complex
Cell-cell junction

20

Aspartic-type peptidase activity

Transmembrane receptor protein tyrosine kinase activity
Transmembrane receptor protein kinase activity

Protein tyrosine kinase activity

Actin binding

4N

0.25

Viral protein interaction with cytokine and cytokine receptor
Protein digestion and absorption

Staphylococcus aureus infection

Mineral absorption

ECM-receptor interaction

Complement and coagulation cascades

Toll-like receptor signaling pathway

Chemokine signaling pathway

Cytokine—cytokine receptor interaction

Neuroactive ligand-receptor interaction

Linoleic acid metabolism

Tight junction

Dilated cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy
ECM-receptor interaction

Adrenergic signaling in cardiomyocytes

Hippo signaling pathway

Chemical carcinogenesis

Rap1 signaling pathway

Calcium signaling pathway

Fig. 4 (Seelegend on previous page.)

0.50 0.75
Gene ratio

1.00

The upregulated genes

PREN]

0.09 0.12 0.15 0.18
Gene ratio

The downregulated genes

PREN]

0.09 0.12 0.15 0.18
Gene ratio

Page 8 of 16

-log,,(pvalue)
12
9

6
3

count
@ 20
@ 30
@ 40
@0

-log,(pvalue)
10
8
6
4
count
® 10
@20
@30

-log,(pvalue)

-log,,(pvalue)



Lee et al. European Journal of Medical Research (2026) 31:299

downregulated genes were associated with patched bind-
ing and estrogen metabolism (Fig. 2a and Table S1).

Consistent with the GO analyses, KEGG pathway anal-
ysis revealed enrichment of upregulated DEGs in primary
immunodeficiency, type I diabetes mellitus, B cell recep-
tor signaling, and IgA production. Downregulated DEGs
were enriched in cardiomyopathies and AGE-RAGE
signaling pathway in diabetic complications (Fig. 2b and
Table S2).

GO enrichment and KEGG pathway for NB form-specific
DEGs of MAC-PD patients

Next, NB-specific DEG analysis revealed that upregu-
lated DEGs were enriched in GOBP terms related to gas-
trointestinal epithelium maintenance, epithelial structure
integrity, and antimicrobial humoral responses. In con-
trast, downregulated DEGs were associated with vascular
endothelial growth factor (VEGF) signaling and oxygen
transport. GOCC highlighted upregulated genes in cat-
ion-transporting ATPase complexes and Golgi lumen,
whereas downregulated genes were enriched in plate-
let alpha granules and potassium channel complexes.
GOMEF analysis showed enrichment of upregulated genes
in protease inhibitor activities and SH2 domain binding,
while downregulated genes were associated with VEGF
receptor and potassium channel regulation (Fig. 3a and
Table S3).

KEGG pathways for NB-specific DEGs prominently
featured IL-17 signaling, nicotine addiction, cytokine
interactions, and pathogen-related pathways. Downreg-
ulated DEGs were associated with extracellular matrix
(ECM)-receptor interactions, cortisol synthesis, and
hematopoietic lineage pathways (Fig. 3b and Table S4).

GO enrichment and KEGG pathway for FC form-specific
DEGs of MAC-PD patients

Then, analysis of FC-specific DEGs demonstrated
that upregulated genes were enriched in GOBP terms
related to extracellular structure organization, encap-
sulating structure organization, and response to type
II interferon. Downregulated DEGs were mainly asso-
ciated with respiratory and lung development, as well
as cilium movement. In GOCC analysis, upregulated
genes were enriched in tertiary granule membranes

(See figure on next page.)
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and collagen-containing extracellular matrices, whereas
downregulated genes were associated with cell—cell junc-
tions, including bicellular tight junction and apical junc-
tion. GOMF analysis revealed upregulated DEGs related
to chemokine activities and receptor interactions, with
downregulated DEGs involved in transmembrane recep-
tor kinase activities (Fig. 4a and Table S5).

KEGG pathway analysis identified upregulated DEGs
associated with receptor interactions (e.g., viral protein-
cytokine receptor, ECM-receptor, Toll-like receptor, and
cytokine-cytokine receptor) and protein digestion and
absorption. Downregulated DEGs were enriched in lin-
oleic acid metabolism, tight junction, and cardiomyopa-
thy pathways (Fig. 4b and Table S6).

Modules and key hub genes for shared DEGs between NB
and FC forms of MAC-PD patients

To identify critical gene networks, DEGs were visualized
using STRING to construct a PPI network. This analysis
yield 299 nodes and 606 edges (interaction score >0.4).
Gene modules were identified using the MCODE plugin
(degree cutoff=2, node score cutoff=0.2, k-core=2,
max depth=100, score>4, nodes>6). Module 1, the
most significant, consisted of 19 nodes and 147 edges
(score=16.333; Fig. 5a). A heatmap indicated that Mod-
ule 1 predominantly included upregulated genes. KEGG
pathway analysis of Module 1 revealed significant enrich-
ment in seven pathways (Fig. 5b, Table S7). CytoHubba
analysis, employing three commonly used algorithms
(Degree, MNC, and MCC), identified eight consistent
hub genes (CD19, CD79A, MS4A1, CD79B, CD27, BLK,
FCRLA, and FCRL5), primarily involved in B cell recep-
tor signaling and primary immunodeficiency pathways,
and significantly upregulated in affected tissues of both
groups (Fig. S3).

Modules and key hub genes for NB form-specific DEGs

of MAC-PD patients

NB-specific DEGs generated a PPI network compris-
ing 203 nodes and 372 edges. MCODE analysis identi-
fied four significant gene modules (Fig. 6a—d). Module 1
(nodes =8, edges=28, score=8), Module 2 (nodes=10,
edges=28, score=6.222), Module 3 (nodes=15,
edges=38, score=5.429), and Module 4 (nodes=S8,

Fig. 5 MCODE analysis of 351 common DEGs in NB and FC forms. a Module 1 (nodes= 19, edges= 147, score 16.333). Module with node >6
and MCODE score > 10 were selected (degree cutoff=2, node score cutoff=0.2, k-core =2, max depth =100). The seed protein is shown

as a squared node and is responsible for forming the clusters. The node colors indicates log2(fold change) from red to blue; node size reflects
p-value. b KEGG pathway analysis of module genes were performed using EnrichR and significant terms are listed with genes. MCODE, Module
of molecular complex detection; PPI, protein—protein interaction; Common, common DEGs from NB and FC form patient samples; KEGG, Kyoto

Encyclopedia of Genes and Genomes
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Fig. 5 (Seelegend on previous page.)
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edges=16, score=4.571) predominantly included
upregulated genes. KEGG analysis showed enrichment
in multiple pathways, notably the IL-17 signaling path-
way consistently enriched across all modules (Fig. 6E,
Table S8). CytoHubba analysis highlighted six hub
genes (IFNG, CXCR3, CXCL9, CXCR5, MUC5B, and
MUCS5AC), significantly upregulated in the NB form, and
linked to antimicrobial immune responses, chemokine
activities, and the IL-17 signaling pathway (Fig. S4).

Modules and key hub genes for FC form-specific DEGs

of MAC-PD patients

FC-specific DEGs resulted in a PPI network of 1606
nodes and 10,317 edges. MCODE analysis revealed 11
significant gene modules, with the top four selected based
on module scores (Fig. 7a—d). Module 1 (nodes=47,
edges=1055, score of 45.87), Module 2 (nodes=22,
edges=230, score=21.9), Module 3 (nodes=37,
edges =264, score=14.667), and Module 4 (nodes="74,
edges=416, score=11.397) showed extensive KEGG
pathway enrichment, particularly in ECM-receptor inter-
action and cancer pathway (Fig. 7E, Table S9). CytoHubba
analysis identified ten hub genes (GAPDH, EGFR, FN1,
CDH1, ERBB2, COL1A1, FGF2, MMP2, ITGAM, and
CXCR4), consistently detected by at least two algorithms
(Fig. S5). Among these, FN1, COL1A1, and MMP2 were
specifically upregulated in FC form, while CDH1, ERBB2,
and FGF2 were downregulated. EGFR and CXCR4 were
upregulated in both forms (Fig. S5).

Discussion

This study explored the distinct radiological phenotypes
of MAC pulmonary infection, specifically the NB and FC
forms, aiming to elucidate the critical genes underpin-
ning their unique and shared molecular characteristics.
We conducted a comprehensive transcriptome analy-
sis to identify functional pathways and candidate genes
within lung tissues of MAC-PD patients categorized by
radiological phenotypes, marking the first such com-
parative investigation. Key findings from this study are
as follows: (i) Genes related to B cell proliferation and
activation were prominently expressed in both NB and
FC forms. (ii) Genes implicated in epithelial cell func-
tions and humoral antimicrobial immune responses were
exclusively enriched in the NB form. (iii) Genes related

(See figure on next page.)
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to extracellular structure and cytokine-cytokine receptor
interaction were distinctly expressed in the FC form.

Our comparative analysis of candidate genes identified
in previous studies within our cohort reveals intriguing
insights. Initially, the common characteristics between
NB and FC forms of surgical sections, when normalized
with unaffected sections, show that DEGs are predomi-
nantly expressed in the B cell receptor signaling pathway
and primary immunodeficiency. This is particularly evi-
dent in genes associated with autosomal recessive agam-
maglobulinemia (CD79A and CD79B) and common
variable immunodeficiency (CD19, TNFRSF13B, and
TNERSF13C) (Fig. 2, 5, and Fig. S4). These findings align
with previous research suggesting that primary immu-
nodeficiency can predispose individuals to NTM disease
[24-28]. Furthermore, B cells play a crucial role in auto-
immune diseases, notably rheumatoid arthritis (RA) [29,
30]. In line with this, our study also shows the enrich-
ment of RA-related DEGs (Fig. 2b), indicating a potential
connection between RA and the progression and mortal-
ity of NTM disease [31, 32]. Despite these correlations,
the key factors underlying this relationship remain elu-
sive, suggesting that our DEGs could serve as valuable
biomarkers for further investigation.

In preceding investigations, the epithelium emerged as
pivotal for defending the respiratory tract and influenc-
ing susceptibility to NTM-PD, notably through the intri-
cate workings of cilia [33-35]. Moreover, Matsuyama
et al. (2018) unveiled heightened expression of down-
stream molecules within the IL-17 signaling pathway in
respiratory epithelium infected with MAC, even in the
absence of direct IL-17 regulation [33]. Echoing these
revelations, our findings delineate a distinctive surge in
gene expression associated with IL-17 signaling immune
responses and epithelial structure within the lung tissues
of the NB form (MUC5B, MUC5AC, and IFNG) despite
the absence of significant enrichment in IL-17 genes.
Of particular note, genes implicated in antimicrobial
responses, encompassing autoimmune pathology, neu-
trophil recruitment, and defense against extracellular
pathogens, such as IFNG, CXCR3, CXCL9, and CXCR5,
exhibit enrichment (Fig. 3, 6, and Fig. S4). Thus, our tran-
scriptomic data substantiates the inflammatory role of
the respiratory epithelium. Therefore, the functional sig-
nificance of these findings needs further investigation.

Fig. 6 MCODE analysis of 241 NB form-specific DEGs. a Module 1 (nodes=8, edges =28, score=8), b Module 2 (nodes= 10, edges=28,
score=6.222), ¢ Module 3 (nodes=15, edges=38, score=5.429), d Module 4 (nodes=8, edges= 16, score=4.571). Modules were identified using
the same criteria as in Fig. 5. @ KEGG pathways analysis of module genes were performed and a Venn diagram shows a common pathway term
shared across the modules, with associated gene listed. MCODE, Module of molecular complex detection; PPI, protein—protein interaction; NB,

nodular bronchiectatic; KEGG, Kyoto Encyclopedia of Genes and Genomes
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Due to the destruction of lung tissue in MAC-PD
patients with cavitation, it is unsurprising that genes
differentially expressed in FC-form patients are highly
enriched in those related to the ECM and membrane-
tight junctions. Collagen, a well-known and abundant
component of the ECM in the large airways, blood ves-
sels, and alveolar interstitium of the lungs [36], plays a
significant role here. Notably, the genes associated with
collagen and tight junctions are predominantly enriched,
as illustrated in Fig. 3, 6, and Supplemental Data Fig.
S6. Lung cavities frequently occur in tuberculosis and
lung cancer, typically involving granuloma formation,
ECM dissolution, and subsequent fibrosis [37, 38]. This
sequence can be modified by excessive collagen deposi-
tion from fibroblasts and other cells [39]. Recent stud-
ies suggest that chronic inflammation may contribute
to cancer development, linking mycobacteria and can-
cer [39-44]. Given the similarities between the FC
form of MAC-PD, tuberculosis, and lung cancer [45],
lung remodeling in MAC-PD is likely to enrich genes
related to ECM-receptor interactions and cancer-related
pathways.

Our study has several acknowledged limitations.
First, the analysis, utilizing a non-randomized retro-
spective design, was conducted at a sole referral center.
Consequently, our investigation is confined to the lung
tissues of a specific group of surgical patients. Second,
we did not genotype isolates from patients who did not
achieve negative culture conversion after surgery, mak-
ing it challenging to differentiate between a relapse of
residual bacteria and reinfection. Third, since our study
focused on patients with MAC infection, claiming that
unaffected areas are entirely free of bacteria poses a
challenge. Given the extended treatment duration of
over a year for these patients, it is difficult to exclude

(See figure on next page.)
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the possibility that regions considered unaffected may
be areas where bacteria have been eradicated or inflam-
mation has subsided due to treatment. Forth, as these
samples are lung lobe tissues from surgically treated
patients, there may be differences in target genes or
pathways compared to patients who achieved myco-
bacterial eradication through natural healing or drug
therapy. Fifth, this study relied on bulk transcriptomic
profiling of lung tissues rather than single-cell or spa-
tial transcriptomic approaches. Therefore, the gene
expression changes cannot be attributed to specific
cell types and should be interpreted at the level of the
lung microenvironment rather than cell type-specific
transcriptional regulation. Finally, because the analyses
were performed on resected lung tissues representing
advanced and treatment-refractory disease, the iden-
tified transcriptional signatures may reflect disease-
associated outcomes rather than causal relationships.
Accordingly, functional validation of the identified
pathways and candidate genes was not performed in
this study, and further investigations integrating
higher-resolution transcriptomic approaches and tar-
geted functional assays will be required to establish
causal relationships and to validate the biological rel-
evance of the identified molecular signatures.
Collectively, these results offer initial insights with
significant features for evaluating MAC-PD radiograph-
ically different types (NB and FC forms) based on the
dissection of affected and unaffected sections within
lung tissue. The findings from this exploratory cohort
hold significance for future diagnostic biomarker

Fig. 7 MCODE analysis of 2049 FC form-specific DEGs. a Module 1 (nodes=47, edges= 1055, score =45.87), b module 2 (nodes=22, edges= 230,
score=21.9), c module 3 (nodes=37, edges =264, score=14.667), d module 4 (nodes=74, edges=416, score=11.397). Modules were identified
using the same criteria as in Fig. 5. @ KEGG pathways analysis of module genes were performed and a Venn diagram highlights two common KEGG
terms, and the related genes are listed. MCODE, Module of molecular complex detection; PPI, protein—protein interaction; FC, fibrocavitary; KEGG,

Kyoto Encyclopedia of Genes and Genomes
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discovery related to radiological types and can serve as
a validation dataset for other research groups.
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