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A total of 138 cDEGs were screened from mediastinal lymph nodes and
peripheral whole blood. Among them, 6 hub cDEGs including CTSS, CYBB,
FPR2, MNDA, TLR1 and TLR8 with elevated degree and betweenness levels were
illustrated in protein-protein interaction network. In comparison to healthy
controls, CTSS (1.61 vs. 1.05), CYBB (1.68 vs. 1.07), FPR2 (2.77 vs. 0.96), MNDA
(2.14 vs. 1.23), TLR1 (1.56 vs. 1.09), and TLR8 (2.14 vs. 0.98) displayed notably
elevated expression levels within pulmonary sarcoidosis PBMC samples (P <
0.0001 for FPR2 and P < 0.05 for others), echoing with prior mRNA microarray
findings. The most significant functional pathways were immune response,
inflammatory response, plasma membrane and extracellular exosome, with 6
hub cDEGs distributing along these pathways. CTSS, CYBB, FPR2, MNDA, TLR1,
and TLR8 could be conducive to improving the diagnostic process and
understanding the underlying mechanisms of pulmonary sarcoidosis.
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1 Introduction

Sarcoidosis, a type of multisystem disorder, is marked by non-caseating granulomas
formation which can damage potentially all organs (1). Globally, it is estimated that 2-160
individuals per 100,000 suffer from sarcoidosis (2), with an annual occurrence rate of 3-18
per 100,000 (3). Pulmonary sarcoidosis stands as the most frequently researched
manifestation, representing the most common type of major organ involvement (1).
Worryingly, 10%-20% of pulmonary sarcoidosis patients will progress to fibrotic
pulmonary sarcoidosis, leading to a decline in life quality and potentially life-
endangering conditions, linked to a death rate ranging from 12% to 18% over a span of
5 years (2, 4).

Diagnosing pulmonary sarcoidosis is difficult due to the lack of specific diagnostic
techniques, requiring a thorough grasp of clinical, imaging, and pathological characteristics
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(5). According to the 2020 guideline from the American Thoracic
Society, efforts are crucial to devise easily accessible biological
markers, such as those derived from blood, that can serve as
economical alternatives to intricate imaging methods and guide
therapeutic interventions (1). Typically, histological verification of
non-caseating granulomatous inflammation remains essential for a
definitive diagnosis (6). Given the intrusive nature and exorbitant
expense of tissue biopsy, peripheral blood measurement based on
tissue biopsy confirmation holds the potential to aid in uncovering
new biomarkers for this disease.

Although the etiology of sarcoidosis remain unclear, genetic
factors (7, 8) and environmental or occupational exposures have
been reported to be related with the increased risk of the disease (9).
The innovative experimental methods of microarrays utilizing
extensive gene data could offer fresh perspectives on possible
pathogenic processes and related therapies for sarcoidosis (10, 11).
Several sarcoidosis genomic studies have been carried out in various
bio-samples - including peripheral blood mononuclear cells (PBMC)
samples (11), bronchoalveolar lavage (BAL) cells (12) and lung
tissues (13, 14). However, there is a lack of study investigating
whether the gene expression of PBMC or whole blood, some of
which is presumed to traffic to and from diseased tissues, was
consistent with the tissue array results (15). The aim of this study
was to investigate and validate the key DEGs and mechanistic
pathways in biopsy tissues and PBMCs of sarcoidosis patients.
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FIGURE 1
The flowchart of the study.
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2 Materials and methods

2.1 Study design and data source

In Shanghai Pulmonary Hospital, granulomas tissue was
obtained from mediastinal lymph nodes in three patients with
sarcoidosis (sarcoidosis group) and in three patients with in situ
lung carcinoma (control group). The mediastinal lymph node
granulomas tissues of patients with in situ lung carcinoma were
pathologically proved to be benign. Then the differentially expressed
genes (DEGs) were explored between the two groups. The public
transcriptomic dataset GSE34608 was leveraged, in which whole
blood gene expression from 18 pulmonary sarcoidosis patients
and 18 healthy controls was available. The genes changing in the
same direction in two kinds of samples were recognized as common
differentially expressed genes (cDEGs). Subsequently, a bioinformatics
approach was employed to discern key cDEGs and to investigate the
underlying mechanistic pathways. Ultimately, the validation of hub
cDEGs expression levels was conducted in PBMC samples from 9
patients with pulmonary sarcoidosis and 7 healthy individuals
(Figure 1). Sarcoidosis is diagnosed through a combination of rules:
a concordant clinical manifestation, histological demonstration of
non-necrotizing granuloma formation, and ruling out other
potential sources of granulomatous illness (1). The institute ethics
committee approved the study protocol (No. k18006).
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2.2 Hub cDEGs screening

The DEGs from lymph node and whole blood was extracted by
R packages “edger” and GEO2R online tools (16), respectively.
Genes were classified as DEGs when their absolute values of log,
fold change (FC) exceeded 1 and the Benjamini & Hochberg
method false discovery rate (FDR) remained below 0.05 (17). The
common DEGs (cDEGs) changing in the same direction in two
kinds of samples were identified.

The interaction pattern between proteins encoded by cDEGs
were retrieved by importing these gained common cDEGs into
STRING database (version 9.1), with a combined score over 0.4 as
the cut-off value. Following the creation of the protein-protein
interaction (PPI) network, the hub cDEGs, proteins with significant
biological roles and extensive connections, were pinpointed by
assessing their degree and betweenness using CytoHubba plug-ins
in Cytoscape 3.8.2 software.

2.3 Enrichment analysis

Based on the online Database for Annotation, Visualization,
and Integrated Discovery platform, the cDEGs were subjected to
Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway. The GO description includes the
following 3 domains: biological process (BP), cellular component
(CQC), and molecular function (MF). KEGG database shows how
genes or other molecules act. A stringent threshold of FDR less than
0.05 was employed.

2.4 Hub gene verification

Quantitative real-time polymerase chain reaction (QRT-PCR)
was employed to validate the expression patterns of top 9 hub
cDEGs (degree > 15) in 9 pulmonary sarcoidosis patients diagnosed
in Shanghai Pulmonary Hospital and 7 healthy controls that
underwent physical examination from September 2023 to
December 2023. PBMC total RNA extraction, reverse
transcription, and mRNA level quantification was completed in
turns by RNAprep pure Cell/Bacteria Kit, FastKing cDNA Kit, and
Talent qPCR PreMix, which were purchased from TIANGEN
Biotech, China. The sequence of primers used is provided in
Supplementary Table 1. The mRNA relative expression levels
were ascertained using the 2/A-AACt formula, with GAPDH
serving as the reference gene for normalization. This research
received ethical clearance from the Ethics Committee of Shanghai
Pulmonary Hospital (Approval Number: k18006).

2.5 Statistical analysis

The characteristics of patients with pulmonary sarcoidosis were
described with mean + standard deviation (SD) or number (%)
where appropriate. The relative mRNA expression levels of the
verification were compared using Mann-Whitney Test. A two-sided
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P-value < 0.05 was considered statistically significant in all analysis
performed with R software (version 4.3.2).

3 Results
3.1 Common DEGs

To discern the DEGs in pulmonary sarcoidosis compared with
normal controls, log,FC and FDR computations were employed.
There were 2836 and 1233 DEGs in peripheral whole blood and
mediastinal lymph node samples, respectively. Finally, 138 cDEGs
changing in the same direction were screened from peripheral
whole blood and mediastinal lymph nodes samples (Figure 2),
including 113 genes with augmented expression and 25 genes
with diminished expression (Supplementary Table 2). As depicted
in Supplementary Figure 1, these 138 cDEGs effectively
differentiated pulmonary sarcoidosis group from the healthy
control group, with an observable quantitative predominance of
up-regulated genes over down-regulated genes within the
sarcoidosis samples.

3.2 Hub cDEGs

After the submission of 138 cDEGs, 295 PPI pairs were obtained
from the STRING database. Within the PPI network, there were 99
nodes symbolizing proteins encoded by the cDEGs, encompassing 86
genes with increased expression, 13 genes with decreased expression,
and 295 edges, signifying the linear links among nodes (Figure 3).

The PPI network revealed that 9 hub genes, namely IL1B (Gene
title: interleukin 1 beta, Degree: 33.0, Betweenness: 2690.87), TLR8
(Gene title: toll like receptor 8, Degree: 24.0, Betweenness: 697.97),
STATTI (Gene title: signal transducer and activator of transcription
1, Degree: 22.0, Betweenness: 1376.07), CYBB (Gene title:
cytochrome b-245 beta chain, Degree: 19.0, Betweenness: 622.82),
TLRI (Gene title: toll like receptor 1, Degree: 17.0, Betweenness:
536.26), CLEC7A (Gene title: C-type lectin domain family 7
member A, Degree: 16.0, Betweenness: 152.67), CTSS (Gene title:
Cathepsin S, Degree: 16.0, Betweenness: 259.54), FPR2 (Gene title:
Formyl peptide receptor 2, Degree: 15.0, Betweenness: 661.97), and
MNDA (Gene title: Myeloid cell nuclear differentiation antigen,
Degree: 15.0, Betweenness: 325.84) exhibited elevated degree and
betweenness levels (Figure 3).

3.3 Experiment validation

The top 9 cDEGs (degree > 15) expression patterns were further
validated by qRT-PCR in 9 pulmonary sarcoidosis patients and 7
healthy controls. The peripheral whole blood samples were isolated
to collect PBMC from these participants for the validation. The
sarcoidosis group comprised seven women and two men, with a
mean age of 52.2 years. No significant disparity was noted in terms
of age and gender among patients with pulmonary sarcoidosis when
compared to the healthy control group.
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FIGURE 2
Venn diagrams of common profiles of differentially expressed genes. All identified differentially expressed genes with the same direction from
peripheral whole blood and mediastinal lymph node met FDR < 0.05 and |log2 Fold Changel> 1.

In comparison to healthy controls, CTSS (1.61 vs. 1.05), CYBB ~ mRNA microarray findings in both peripheral blood and mediastinal
(1.68vs.1.07), FPR2 (2.77 vs.0.96), MNDA (2.14 vs.1.23), TLR1 (1.56  lymph node specimens. Nevertheless, CLEC7A (0.96 vs. 0.92), IL1B
vs. 1.09), and TLR8 (2.14 vs. 0.98) displayed notably elevated median ~ (1.04 vs. 0.74), and STAT1 (1.28 vs. 1.07) demonstrated a tendency
expression levels within pulmonary sarcoidosis PBMC samples (P < towards increased expression in pulmonary sarcoidosis patients, these
0.0001 for FPR2 and P < 0.05 for others) (Figure 4), echoing with prior  alterations did not reach statistical significance.

FIGURE 3
Protein-protein interaction network of the 138 common differentially expressed genes and the 9 hub gene arranged in small circles.
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FIGURE 4
The relative mRNA expression of 9 hub genes in PBMC samples from pu

Imonary sarcoidosis patients and healthy controls using qRT-PCR. The long

line and short line indicated the median value and interquantile range. The two groups were compared using an unpaired two-sided Mann-Whitney
Test. *P<0.05; ***P<0.0001; ns, non-significant; qRT-PCR, quantitative real-time polymerase chain reaction; PBMC, peripheral blood

mononuclear cells.

3.4 Functional pathway

As illustrated in Figure 5 (Supplementary Table 3), GO and KEGG
analyses for the 138 ¢cDEGs showed that these genes displayed
prominent enrichment (FDR < 0.05) in eighteen GO terms: eight BP
terms, six CC terms and four MF terms, alongside five KEGG

Frontiers in Immunology

pathways. Among them, the most significant pathway (FDR < 0.01)
were GO:0006955~immune response (P = 1.33E-07; count number:
15, hub gene: CTSS and TLR1), GO:0006954~inflammatory response
(P =7.79E-06; count number: 12, hub gene: TLR1, CYBB, TLRS, and
FPR2), GO:0005886~plasma membrane (P = 3.56E-08; count number:
51, hub gene: CYBB, TLR1, TLR8, and FPR2), and
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Enrichment analysis of cDEGs involved in the protein-protein interaction network constructed by STRING database. (A) Biological Process (BP);
(B) cellular component (CC); (C) molecular function (MF); (D) Kyoto Encyclopedia of Genes and Genomes (KEGG).

GO:0070062~extracellular exosome (P = 6.04E-04; count number: 27,
hub gene: MNDA).

4 Discussion

In this study, 138 cDEGs between patients with pulmonary
sarcoidosis and healthy controls were screened from both
mediastinal lymph nodes and peripheral whole blood. Among
them, 6 hub ¢cDEGs including CTSS, CYBB, FPR2, MNDA, TLRI,
and TLR8 were identified by PPI network and subsequently verified
by qRT-PCR using PBMC samples in the newly recruited validation
population. GO and KEGG analyses for one hundred and thirty-
eight ¢cDEGs identified the most significant functional pathways
were immune response, inflammatory response, plasma membrane
and extracellular exosome, with 6 hub genes distributing along
these pathways.

This study indicated that TLR1 and CTSS were enriched in
immune response pathway, and TLR1, CYBB, TLR8, and FPR2
were enriched in inflammatory response pathway. Sarcoidosis is
typified by the presence of epithelioid granulomas, with its initial
pathogenesis likely rooted in the innate immune response. This
involves phagocytic cells employing pattern recognition receptors in
an attempt to eliminate substances that are either sparingly or
entirely insoluble (18). Toll like receptors (TLRs), including TLR1
and TLRS, are a kind of membrane-bound pattern recognition
receptors, responsible for identifying various pathogen-associated
molecular patterns, which may also explain why TLR1 and TLR8
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were enriched in plasma membrane pathway. TLR1 and TLR8
recognize cell wall components of mycobacteria (19) and single-
stranded viral RNA, respectively (20). Although the relationship of
these two receptors with pulmonary sarcoidosis has not been
extensively explored, they have been reported to be linked to
cutaneous sarcoidosis (21) and cardiac sarcoidosis (22). In
addition, our GO MF results showed that TLRS8 was enriched for
pattern recognition receptor activity, suggesting that the alteration
of TLR8 activity may be involved in the pathogenesis of sarcoidosis.
CTSS is responsible for coding Cathepsin S, a lysosomal enzyme
playing a crucial role in the breakdown of the invariant or Ii chain,
which in turn ensures the inhibition of antigen loading onto the
major histocompatibility complex class II molecules (23). Thus, an
overproduction of Cathepsin S might lead to early breakdown of Ii,
sporadic accumulation of major histocompatibility complex class II,
and the consequent initiation of an autoimmune reaction. Tanaka
et al. quantified serum level cathepsin S for eighty nine healthy
donors and one hundred and seven sarcoidosis patients using
enzyme-linked immunosorbent test, revealing that CTSS may
serve as a novel serum indicator for sarcoidosis, which was
derived from transcriptomic profiling of alveolar macrophages
(24). The protein product of CYBB often participates in defense
against microbial pathogens by generating reactive oxygen species
(25). Werner et al. discovered that a link between CYBB deficiency
and impaired bacterial clearance, along with heightened granuloma
development in the lung using a Cybb™~ mice model (26).
Christophi et al. observed an increase in CYBB mRNA in tissue
biopsy specimens from sarcoidosis-specific granulomas, which is
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consistent with our results (27). Besides exogenous triggers, FPR2
could bind self-compounds such as serum amyloid A (SAA), crucial
in the progression of sarcoidosis (28). MNDA regulates the
pathogen-induced type I interferon cascade in human monocytes,
essential for anti-viral reactions, and also instigates autoimmunity
in cases of dysregulation (29). Our result found that MNDA was
enriched in extracellular exosome pathway, and it is well known
that virus species frequently interact with exosomes (30). A
multitude of immunological debates suggest that the insufficient
removal of viral particles, along with diverse immunodeficiencies,
could play a role in sarcoidosis disease (31). Thus, our study
supports previous research showing sarcoidosis as an immune-
validated disease with a complex disease pathogenesis (32),
underscoring the significance of alterations in receptor genes in
its development.

There are several limitations in our research. Firstly, the
restricted quantity of clinical specimens utilized necessitates
validation of our findings within a more extensive sarcoidosis
patient group. Secondly, our confirmation process was restricted
to the expression patterns of DEGs in PBMC samples, without
exploring their mechanistic roles in animal models. Thirdly, while
IL1B exhibits the maximum degree and betweenness in the PPI
network, its validation in PBMCs did not yield statistically robust
results, possibly due to the inherent instability of this gene
expression in PBMC. Consequently, additional investigations are
warranted in subsequent research. Fourthly, since it is ethically
impossible to obtain mediastinal lymph node tissue from healthy
people, this study used pathologically benign mediastinal lymph
node granulomas tissue from patients with in situ lung
carcinoma instead.

5 Conclusions

In conclusion, the current study identified 138 ¢cDEGs among
patients with pulmonary sarcoidosis samples in both mediastinal
lymph node granulomas and peripheral whole blood. CTSS, CYBB,
FPR2, MNDA, TLRI, and TLR8 could be conducive to improving
the diagnostic process and understanding the underlying
mechanisms of pulmonary sarcoidosis, and were further verified
in PBMC samples using qRT-PCR. The most significant functional
pathway was immune response, inflammatory response, plasma
membrane and extracellular exosome, with 6 hub genes distributing
along these pathways. These revelations offer novel perspectives on
the etiology of pulmonary sarcoidosis, thereby establishing a
premise for the development of targeted therapeutic approaches.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Frontiers in Immunology

10.3389/fimmu.2024.1466029

Ethics statement

The studies involving humans were approved by the ethics
committee of Shanghai Pulmonary Hospital. The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

Author contributions

QY: Methodology, Writing — original draft. KM: Writing -
original draft. MZ: Data curation, Writing - review & editing. XC:
Data curation, Writing - review & editing. DW: Project
administration, Supervision, Writing - review & editing. YZ:
Project administration, Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
has been supported by Science and Technology Innovation
Research Project of Shanghai Science and Technology
Commission, China (No. 20Y11902700), National Natural Science
Foundation of China, China (No. 81200046, No. 82100073), and the
Fundamental Research Funds for the Central Universities, China
(No. 22120240364), and the Natural Science Foundation of
Shanghai (22ZR1452300).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1466029/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1466029/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1466029/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1466029
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yao et al.

References

1. Crouser ED, Maier LA, Wilson KC, Bonham CA, Morgenthau AS, Patterson KC,
et al. Diagnosis and detection of sarcoidosis. An official american thoracic society
clinical practice guideline. Am J Respir Crit Care Med. (2020) 201:¢26-51. doi: 10.1164/
rcem.202002-0251ST

2. Belperio JA, Shaikh F, Abtin FG, Fishbein MC, Weigt SS, Saggar R, et al. Diagnosis
and treatment of pulmonary sarcoidosis: A review. Jama. (2022) 327:856-67.
doi: 10.1001/jama.2022.1570

3. Baughman RP, Field S, Costabel U, Crystal RG, Culver DA, Drent M, et al.
Sarcoidosis in america. Anal Based Health Care Use. Ann Am Thorac Soc. (2016)
13:1244-52. doi: 10.1513/AnnalsATS.201511-7600C

4. Trivieri MG, Spagnolo P, Birnie D, Liu P, Drake W, Kovacic JC, et al. Challenges
in cardiac and pulmonary sarcoidosis: JACC state-of-the-art review. ] Am Coll Cardiol.
(2020) 76:1878-901. doi: 10.1016/j.jacc.2020.08.042

5. Benzaquen S, Matta A, Sultan S, Sarvottam K. Role of bronchoscopy in diagnosis
of sarcoidosis. Clin Chest Med. (2024) 45:25-32. doi: 10.1016/j.ccm.2023.08.001

6. Thillai M, Atkins CP, Crawshaw A, Hart SP. BTS Clinical Statement
on pulmonary sarcoidosis. Thorax. (2021) 76(1):4-20. doi: 10.1136/thoraxjnl-2019-
214348

7. Grunewald J, Brynedal B, Darlington P, Nisell M, Cederlund K, Hillert J, et al.
Different HLA-DRBI allele distributions in distinct clinical subgroups of sarcoidosis
patients. Respir Res. (2010) 11:25. doi: 10.1186/1465-9921-11-25

8. Iannuzzi MC, Maliarik MJ, Poisson LM, Rybicki BA. Sarcoidosis susceptibility
and resistance HLA-DQBI alleles in African Americans. Am ] Respir Crit Care Med.
(2003) 167:1225-31. doi: 10.1164/rccm.200209-10970C

9. Newman KL, Newman LS. Occupational causes of sarcoidosis. Curr Opin Allergy
Clin Immunol. (2012) 12:145-50. doi: 10.1097/ACI.0b013e3283515173

10. Crouser ED, Culver DA, Knox KS, Julian MW, Shao G, Abraham S, et al. Gene
expression profiling identifies MMP-12 and ADAMDECI as potential pathogenic
mediators of pulmonary sarcoidosis. Am ] Respir Crit Care Med. (2009) 179:929-38.
doi: 10.1164/rccm.200803-4900C

11. Yoshioka K, Sato H, Kawasaki T, Ishii D, Imamoto T, Abe M, et al.
Transcriptome analysis of peripheral blood mononuclear cells in pulmonary
sarcoidosis. Front Med. (2022) 9:822094. doi: 10.3389/fmed.2022.822094

12. Gharib SA, Malur A, Huizar I, Barna BP, Kavuru MS, Schnapp LM, et al.
Sarcoidosis activates diverse transcriptional programs in bronchoalveolar lavage cells.
Respir Res. (2016) 17:93. doi: 10.1186/s12931-016-0411-y

13. FuY, Li Y, Xu L, Liu S, Wang M, Xiao L, et al. Immunology repertoire study of
pulmonary sarcoidosis T cells in CD4+, CD8+ PBMC and tissue. Oncotarget. (2017)
8:89515-26. doi: 10.18632/oncotarget.v8i52

14. Kamp JC, Neubert L, Stark H, Hinrichs JB, Boekhoft C, Seidel AD, et al.
Comparative analysis of gene expression in fibroblastic foci in patients with
idiopathic pulmonary fibrosis and pulmonary sarcoidosis. Cells. (2022) 11:664.
doi: 10.3390/cells 11040664

15. Duo M, Liu Z, Li P, Wang Y, Zhang Y, Weng S, et al. Integrative bioinformatics
analysis to explore a robust diagnostic signature and landscape of immune cell
infiltration in sarcoidosis. Front Med. (2022) 9. doi: 10.3389/fmed.2022.942177

16. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic
Acids Res. (2015) 43:47. doi: 10.1093/nar/gkv007

Frontiers in Immunology

08

10.3389/fimmu.2024.1466029

17. Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical and
powerful approach to multiple testing. J R Stat Society: Ser B (Methodological). (1995)
57:289-300. doi: 10.1111/j.2517-6161.1995.tb02031.x

18. Chen ES, Moller DR. Etiologies of sarcoidosis. Clin Rev Allergy Immunol. (2015)
49:6-18. doi: 10.1007/s12016-015-8481-z

19. Schumann RR, Tapping RI. Genomic variants of TLRI - It takes (TLR-)two to
tango. Eur J Immunol. (2007) 37:2059-62. doi: 10.1002/€ji.200737604

20. Beutler B, Jiang Z, Georgel P, Crozat K, Croker B, Rutschmann S, et al. Genetic
analysis of host resistance: Toll-like receptor signaling and immunity at large. Annu Rev
Immunol. (2006) 24:353-89. doi: 10.1146/annurev.immunol.24.021605.090552

21. Nickles MA, Huang K, Chang YS, Tsoukas MM, Sweiss NJ, Perkins DL, et al.
Gene co-expression networks identifies common hub genes between cutaneous
sarcoidosis and discoid lupus erythematosus. Front Med. (2020) 7:606461.
doi: 10.3389/fmed.2020.606461

22. Lassner D, Kiihl U, Siegismund CS, Rohde M, Elezkurtaj S, Escher F, et al. Improved
diagnosis of idiopathic giant cell myocarditis and cardiac sarcoidosis by myocardial gene
expression profiling. Eur Heart J. (2014) 35:2186-95. doi: 10.1093/eurheartj/ehul01

23. Dhaouadi N, Nehme A, Faour WH, Feugier P, Cerutti C, Kacem K, et al.
Transforming growth factor-f1 inhibits interleukin-1f3-induced expression of
inflammatory genes and Cathepsin S activity in human vascular smooth muscle
cells. Fundam Clin Pharmacol. (2021) 35:979-88. doi: 10.1111/fcp.12666

24. Tanaka H, Yamaguchi E, Asai N, Yokoi T, Nishimura M, Nakao H, et al. a new serum
biomarker of sarcoidosis discovered by transcriptome analysis of alveolar macrophages.
Sarcoidosis Vasc Diffuse Lung Dis. (2019) 36:141-7. doi: 10.36141/svdld.v36i2.7620

25. Martner A, Aydin E, Hellstrand K. NOX2 in autoimmunity, tumor growth and
metastasis. | Pathol. (2019) 247:151-4. doi: 10.1002/path.5175

26. Werner JL, Escolero SG, Hewlett J T, Mak TN, Williams BP, Eishi Y, et al. Induction
of pulmonary granuloma formation by propionibacterium acnes is regulated by myD88 and
nox2. Am J Respir Cell Mol Biol. (2017) 56:121-30. doi: 10.1165/rcmb.2016-00350C

27. Christophi GP, Caza T, Curtiss C, Gumber D, Massa PT, Landas SK. Gene
expression profiles in granuloma tissue reveal novel diagnostic markers in sarcoidosis.
Exp Mol Pathol. (2014) 96:393-9. doi: 10.1016/j.yexmp.2014.04.006

28. Sodin-Semrl S, Spagnolo A, Mikus R, Barbaro B, Varga J, Fiore S. Opposing
regulation of interleukin-8 and NF-kappaB responses by lipoxin A4 and serum amyloid
A via the common lipoxin A receptor. Int ] Immunopathol Pharmacol. (2004) 17:145—
56. doi: 10.1177/039463200401700206

29. GulL, Casserly D, Brady G, Carpenter S, Bracken AP, Fitzgerald KA. Myeloid cell
nuclear differentiation antigen controls the pathogen-stimulated type I interferon
cascade in human monocytes by transcriptional regulation of IRF7. Nat Commun.
(2022) 13(1):14. doi: 10.1038/s41467-021-27701-x

30. Cortes-Galvez D, Dangerfield JA, Metzner C. Extracellular vesicles and their
membranes: exosomes vs. Virus-related particles. Membranes. (2023) 13(4):397. doi:
10.3390/membranes13040397

31. Calender A, Israel-Biet D, Valeyre D, Pacheco Y. Modeling potential autophagy
pathways in COVID-19 and sarcoidosis. Trends Immunol. (2020) 41:856-9.
doi: 10.1016/j.it.2020.08.001

32. Moller D, Meek B, Veltkamp M, Beijer E. Etiology and immunopathogenesis of
sarcoidosis: novel insights. Semin Respir Crit Care Med. (2017) 38:404-16. doi: 10.1055/
s-0037-1603087

frontiersin.org


https://doi.org/10.1164/rccm.202002-0251ST
https://doi.org/10.1164/rccm.202002-0251ST
https://doi.org/10.1001/jama.2022.1570
https://doi.org/10.1513/AnnalsATS.201511-760OC
https://doi.org/10.1016/j.jacc.2020.08.042
https://doi.org/10.1016/j.ccm.2023.08.001
https://doi.org/10.1136/thoraxjnl-2019-214348
https://doi.org/10.1136/thoraxjnl-2019-214348
https://doi.org/10.1186/1465-9921-11-25
https://doi.org/10.1164/rccm.200209-1097OC
https://doi.org/10.1097/ACI.0b013e3283515173
https://doi.org/10.1164/rccm.200803-490OC
https://doi.org/10.3389/fmed.2022.822094
https://doi.org/10.1186/s12931-016-0411-y
https://doi.org/10.18632/oncotarget.v8i52
https://doi.org/10.3390/cells11040664
https://doi.org/10.3389/fmed.2022.942177
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1007/s12016-015-8481-z
https://doi.org/10.1002/eji.200737604
https://doi.org/10.1146/annurev.immunol.24.021605.090552
https://doi.org/10.3389/fmed.2020.606461
https://doi.org/10.1093/eurheartj/ehu101
https://doi.org/10.1111/fcp.12666
https://doi.org/10.36141/svdld.v36i2.7620
https://doi.org/10.1002/path.5175
https://doi.org/10.1165/rcmb.2016-0035OC
https://doi.org/10.1016/j.yexmp.2014.04.006
https://doi.org/10.1177/039463200401700206
https://doi.org/10.1038/s41467-021-27701-x
https://doi.org/10.3390/membranes13040397
https://doi.org/10.1016/j.it.2020.08.001
https://doi.org/10.1055/s-0037-1603087
https://doi.org/10.1055/s-0037-1603087
https://doi.org/10.3389/fimmu.2024.1466029
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Identification and validation of hub differential genes in pulmonary sarcoidosis
	1 Introduction
	2 Materials and methods
	2.1 Study design and data source
	2.2 Hub cDEGs screening
	2.3 Enrichment analysis
	2.4 Hub gene verification
	2.5 Statistical analysis

	3 Results
	3.1 Common DEGs
	3.2 Hub cDEGs
	3.3 Experiment validation
	3.4 Functional pathway

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


