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ABSTRACT. Background and aim: Sarcoidosis is a complex inflammatory disorder characterized by the forma-
tion of non-caseating granulomas, which can affect multiple systems, with a predominant impact on the lungs
and thoracic lymph nodes. The aim of the study is to identify potential biomarkers and explore the infiltration
of immune cells associated with sarcoidosis. Methods: The datasets of GSE19314, GSE83456, and GSE37912
were obtained from the Gene Expression Omnibus (GEO) database. Differentially expressed genes (DEGs)
were screened by comparing sarcoidosis samples to healthy controls in GSE19314 and GSE83456. Functional
enrichment analyses and protein-protein interactions (PPIs) network construction were performed to elucidate
the functional roles of the DEGs. Hub genes were identified through PPI network analysis. The GSE37912
dataset was used as a validation set. Immune cell infiltration in sarcoidosis patients was investigated. Further-
more, the trehalose 6,6'-dimycolate-granuloma (TDM)-induced granuloma experimental model was employed
to resemble human sarcoid granulomas, and the expression of hub genes in lung tissues was detected by qRT-
PCR. Results: A total of 71 common DEGs, including 53 upregulated DEGs and 18 downregulated DEGs,
were identified between sarcoidosis patients and controls. The signal transducer and activator of transcription
1 (STAT1), C-X-C motif chemokine ligand 10 (CXCL10) and basic leucine zipper ATF-like transcription
factor 2 (BATF2) were considered as hub genes, showing promising diagnostic potential for sarcoidosis. Im-
mune infiltration analysis indicated that compared with the controls, sarcoidosis samples exhibited increased
infiltration of activated NK cells, monocytes, macrophage, activated dendritic cells and resting mast cells. In the
TDM-induced lung granuloma model, STAT1, CXCL10 and BATF2 expression was upregulated in sarcoidosis
lung tissue. Conclusions: Bioinformatics analysis indicated that STAT1, CXCL10 and BATF2 may as candidate
biomarkers associated with sarcoidosis.
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INTRODUCTION inflammation, capable of affecting virtually any
organ system. The annual incidence ranges from

Sarcoidosis is a multisystem granulomatous dis- 1 to 15 cases per 100000 individuals depending on
order characterized by non-caseating granulomatous geographic region, sex and ethnicity (1,2). While

pulmonary involvement dominates clinical presen-
tations, approximately 10% of patients progress to
advanced fibrocystic lung disease, which is a criti-
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multinucleated giant cells encircled by lymphocytes,
fibroblasts, and plasma cells, forming granulomas (4).
Despite these defining features, accurate recognition
of sarcoidosis still remains difficult due to absence
of disease-specific biomarkers, ambiguous clinical
presentations, and its ability to masquerade as other
diseases. Consequently, there is a high rate of mis-
diagnosis and delayed diagnosis of sarcoidosis. Ac-
cumulating evidence has shown that both innate and
adaptiveimmuneresponsesare criticallyinvolvedinthe
pathogenesis of sarcoidosis (5). Antigen-presenting
cells (APCs), such as macrophages and dendritic
cells (DCs), initiate granuloma formation by pro-
cessing persistent presenting antigens and activating
CD4" T helper (Th) cells. A dysregulated Th1/Th17
response, characterized by up-regulation of Thi-
specific transcription factors, promotes macrophage
aggregation and differentiation into epithelioid and
multinucleated giant cells. Concurrently, regulatory
T cells (Tregs) fail to suppress this inflammatory
cascade, while B cells contribute via autoantibody
production and cytokine signaling (6). Recent re-
search also implicates that loss of immunoregulatory
functions mediated by NKT-like may contribute to
CD4" lymphocyte overactivity, thereby facilitating
granuloma formation (7). Collectively, these findings
highlight a strong association between sarcoidosis
progression and immune cell infiltration. The novel
bioinformatics method, Cell-type Identification by
Estimating Relative Subsets of RNA Transcripts
(CIBERSORT), was employed to investigate the
discrepancy in 22 human immune cell subtypes be-
tween sarcoidosis patients and healthy controls (8).
In the present study, sarcoidosis-related common
differentially expressed genes (DEGs) were obtained
by analyzing publicly available microarray datasets
comparing sarcoidosis and healthy samples. Then, we
conducted bioinformatics systems biology analysis
to investigate the underlying gene interactions and

Table 1. Characteristics of the included datasets

molecular mechanisms. The diagnostic biomarkers
of sarcoidosis were selected and further to be vali-
dated. CIBERSORT was utilized to study the roles
of different immunocytes in the development of
sarcoidosis. Additionally, experimental models were
applied to validate signal transducer and activator of
transcription 1 (STAT1), C-X-C motif chemokine
ligand 10 (CXCL10) and basic leucine zipper ATF-
like transcription factor 2 (BATF2) as key regulators
and potential therapeutic targets for sarcoidosis.

MATERIALS AND METHODS

Data collection

Using the NCBI-Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/
geo/), three datasets associated with sarcoidosis were
chosen and downloaded. Microarray data of the
GSE19314 (9,10), GSE83456 (11) and GSE37912
datasets (12) were obtained. The detailed informa-
tion and functions of the datasets were presented
in the Table 1. Only the samples of sarcoidosis and
healthy individuals were collected for subsequent
analysis.

2.2 Identification of DEGs

To screen the disparities between the sarcoidosis
group and the control group, we utilized the R pack-
age “limma” to standardize datasets and uncover the
DEGs in GSE19314 and GSES83456 (13). Genes
with fold change (|logFC|) >0.5 and adjusted Pvalue
<0.05 using the false discovery rate (FDR) were
identified as common DEGs. Volcano maps depict-
ing the DEGs were generated using the “ggplot2”
package. Heatmaps illustrating the top 20 DEGs
with the highest and lowest differential expressions
were created by the “ComplexHeatmap” package.

ID Source Platform No. of sample Usage

GSE19314 PBMC GPL570 20 healthy control, 37 sarcoidosis Identification of hub genes

GSES83456 PBMC GPL10558 61 healthy control, 49 sarcoidosis Identification of hub genes,
verification of diagnostic markers and
CIBERSORT analysis

GSE37912 PBMC GPL5175 35 healthy control, 39 sarcoidosis Verification of hub genes and
diagnostic markers

Abbreviation: PBMC, peripheral blood mononuclear cells
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The significant DEGs in the above datasets were dis-
played through column charts.

Functional enrichment analysis

Gene Ontology (GO) functional analysis, in-
cluding the biological process (BP), cellular compo-
nent (CC), molecular function (MF) enrichment, and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis were performed us-
ing online tool Metascape (https://metascape.org/)
(14) with P <0.01 as the cutoff value.

Protein-protein interaction (PPI) network analysis

Network analysis is an important part of sys-
tems biology and is used to understand the interac-
tions between molecules and proteins. To investigate
the relations of DEGs, Search Tool for the Retrieval
of Interacting Genes (STRING) (https://string-
db.org/) online database was used with a threshold
interaction score of 0.4. The PPI network was im-
ported into the Cytoscape software (version 3.9.1)
for visualization.

Hub genes identification

The hub genes were screened out using Cy-
toscape plugin tool CytoHubba. The top ten nodes
were considered as hub genes according to the topo-
logical algorithms of degree. Molecular Complex
Detection (MCODE) was applied to identify highly
interconnected portions within the PPI network.
Expression data from GSE37912 were extracted to
validate the statistical significance of hub genes. Sta-
tistical analysis including t-test and non-parametric
tests were performed using GraphPad Prism (Ver-
sion 6.0.1). Statistical significance was considered as

P<0.05.
Screening and verifying diagnostic markers

We used the expression data of GSE37912 and
GSE83456 datasets to construct the receiver op-
erating characteristic (ROC) curves of the verified
hub genes. The normalized expression values of each
hub gene (and their multigene combination) were
entered as covariates in a binary logistic regression

model with diagnostic status in SPSS (version 26).
The area under the ROC curve (AUC) were used to

assess the diagnostic efficiency. AUC > 0.5 was con-
sidered statistically significant.

Evaluating immune cell infiltration

CIBERSORT algorithm was conducted to as-
sess immune cell infiltration in the microenviron-
ment, containing 22 kinds of immunocytes. The data
from GSE83456 were submitted into the CIBER-
SORT to get the relative proportions of infiltrated
immune cells. A histogram was used to display the
percentage of each immune cells in the samples and
comparison of immunocyte composition between
sarcoidosis patients and healthy individuals was as-
sessed using SangerBox (sangerbox.com) (15). Sig-
nificance was defined as P < 0.05.

Experimental protocol

The trehalose 6.6'-dimycolate (TDM) (Enzo
Life Sciences GmbH, Germany) extracted from My-
cobacterium tuberculosis was prepared in a water-in-
oil emulsion using incomplete Freund’s Adjuvant
(Sigma Aldrich, America). C57BL/6] mice, aged
between six to twelve weeks, were injected with 1
pg of TDM in 10 pl water-in-oil emulsion per gram
of body weight via the tail vein. To evaluate the de-
velopment of pulmonary granulomas, lung samples
were collected seven days after TDM injection (n=8
per group). Lung tissues were fixed with 4% poly-
formaldehyde for 24 hours and embedded in paraf-
fin, which subsequently stained with hematoxylin
and eosin (H&E). All pictures were captured using a
Leica 2500 microscope (Wetzlar, Germany).

cDNA synthesis and quantitative polymerase chain
reaction (QRT-PCR)

Trizol reagent (Gibco BRL, Grand Island, NY)
was used to extract total RNA from lung tissues. Re-
verse transcription was used with 500 ng of total RNA
with SYBR®Premix Ex Taqg™ (TaKaRa, Shiga, Japan).
qRT-PCR was carried out using an ABI Prism 7500
FAST apparatus (Applied Bio-systems, Foster City,
CA, USA), with B-actin as the housekeeping gene.
PCR primers of target genes were listed in Table 2.
The data were presented as mean * standard deviation
(SD) and analyzed using Student’s t-test with Graph-
Pad Prism 6 (GraphPad Inc., La Jolla, CA, USA).
Statistical significance was confirmed at P <0.05.
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Table 2. The primer sequences of targeted genes

Gene primer Species Sequence (5’to 3’)

STAT1 Mouse Forward TCACAGTGGTTCGAGCTTCAG
Reverse CGAGACATCATAGGCAGCGTG

CXCL10 Mouse Forward CCAAGTGCTGCCGTCATTTTC
Reverse GGCTCGCAGGGATGATTTCAA

BATF2 Mouse Forward GAAGCACACCAGTAAGGCG
Reverse GCACAGGCGTTCATGCAAG

B-actin Mouse Forward GATTACTGCTCTGGCTCCTAGC
Reverse GACTCATCGTACTCCTGCTTGC

Abbreviations: BATF2, basic leucine zipper ATF-like transcription factor 2; CXCL10, C-X-C motif chemokine ligand 10; STAT'1, signal

transducer and activator of transcription 1.

REsuLTs
Identification of DEGs

In the analysis of differential expression, sar-
coidosis was regarded as the case group. There were
173 identified DEGs including 73 upregulated and
100 downregulated genes in the GSE19314 dataset
(Figure 1A); while 575 DEGs were screened out
including 374 upregulated and 201 downregulated
genes in the GSE83456 dataset (Figure 1C). The
top 20 DEGs with the highest significance were
shown in Figure 1B and 1D. Following the in-
tersection of DEGs between the two datasets, 53
upregulated DEGs and 18 downregulated DEGs
were obtained for subsequent analysis (Figure 2A a

nd 2B).
GO and KEGG enrichment analysis

Metascape was applied to perform function
enrichment analysis, and the top 5 items for BP,
CC, and MF pathways of GO analysis were plot-
ted (Figure 3A). DEGs were significantly enriched
in the innate immune response as well as defense
response to protozoan in BP subsets. Primary lyso-
some and specific granule pathways were enriched in
CC subsets. Pathways involved in protein homodi-
merization activity and heparin binding were en-
riched in MF subsets. KEGG pathway enrichment
analysis indicated that the DEGs were primarily
associated with nucleotide-binding oligomerization

domain (NOD)-like receptor (NLR) signaling,

acute myeloid leukemia, and thyroid hormone sign-

aling pathways (Figure 3B).
PPI network construction and hub gene identification

Common DEGs were uploaded to the STRING
database to detect their interactions. The PPI net-
work, as shown in Figure 4A, consisted of 48 nodes
and 249 edges. Subsequently, the top 10 hub genes
according to degree analytical methods were deter-
mined, including STAT1, CXCL10, GBP5, GBP1,
GBP4, BATF2, RSAD2, PARPY, 1F144 and EP-
STI1 (Table 3 and Figure 4B). In addition, we used
Cyotscape plugin MCODE to obtain a highly clus-
tered region of PPI networks. The clustering network
contained all 10 hub genes (Figure 4C). After valida-
tion with GSE37912 dataset, only genes of STAT1,
CXCL10 and BATF2 exhibited statistical signifi-
cance (Figure 4D).

Screening and validating the diagnostic markers

The diagnostic performance of STATI,
CXCL10, and BATF2 was assessed using AUC
analysis. In GSE37912, STAT1, CXCL10, and
BATF2 individually achieved AUCs of 0.652
[95% confidence interval (CI): 0.523-0.782],
0.573 (95% CI: 0.649-0.871), and 0.760 (95% CI:
0.649-0.871), respectively (Figure 5A). The logistic
regression model combining all three markers in-
creased the AUC of 0.803 (95% CI: 0.700-0.906)
(Figure 5C). Furthermore, GSE83456 dataset was
used to verify the accuracy and efficiency of the hub
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Figure 1. Volcano map and heatmap of DEGs. (A) Volcano map showing the DEGs of GSE19314; (C) Volcano
map showing the DEGs of GSE83456; red indicates the up-regulation of DEGs, blue indicates down-regulation
of DEGs. (B) Heatmap of DEGs in GSE19314; (D) Heatmap of DEGs in GSE83456; red represents the healthy

control group, and blue represents the sarcoidosis group.

gene diagnostic capabilities. The results showed that
the AUCs of STAT'1, CXCL10 and BATF?2 individ-
ually were 0.974 (95% CI: 0.949-0.998), 0.942 (CI:
0.902-0.983), and 0.980 (CI: 0.956-1.000), respec-
tively, with the combined marker model yielding an

AUC 0f 0.980 (95% CI:0.955-1.000) (Figure 5B, D).

Immune cell infiltration analysis

The abundances of immunocytes in both health
controls and sarcoidosis samples were measured

by CIBERSORT (Figure 6A). The results showed

that activated NK cells, monocytes, macrophage
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(MO0, M1, and M2), activated DCs and mast cell

resting were higher infiltrated in sarcoidosis, while

CDS8" T cells, naive CD4* T cells and T cells follicu-
lar helper (Tp,) were found to be lower infiltrated in
sarcoidosis (Figure 6B).

Expression of STAT1, CXCL10, and BATF2 in lung

tissues.

The TDM-induced lung granuloma in mice

showed similarities to the granulomas in human
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Table 3. Degree of top 10 genes in top module

GeneID Gene name Degree

STAT1 signal transducer and activator of 27
transcription 1

CXCL10 C-X-C motif chemokine ligand 10 27

GBP5 guanylate binding protein 5 26

GBP1 guanylate binding protein 1 24

GBP4 guanylate binding protein 4 21

BATF2 basic leucine zipper ATF-like 20
transcription factor 2

RSAD2 radical S-adenosyl methionine 19
domain containing 2

PARP9 poly (ADP-ribose) polymerase 18
family member 9

1F144 interferon induced protein 44 17

EPSTI1 epithelial stromal interaction 1 17

Abbreviations: BATF2, basic leucine zipper ATF-like transcrip-
tion factor 2; CXCL10, C-X-C motif chemokine ligand 10; EP-
STT1, epithelial stromal interaction 1; GBP1, guanylate binding
protein 1; GBP4, guanylate binding protein 4; GBP5, guanylate
binding protein 5; IF144, interferon-induced protein 44; PARP9,
poly (ADP-Ribose) polymerase family member 9; RSAD2, radi-
cal S-Adenosyl methionine domain containing 2; STAT1, signal
transducer and activator of transcription 1.

sarcoidosis (Figure 7A). Compared with control
group, the expression levels of STAT1, CXCL10 and
BATF2 were significantly upregulated in the sar-
coidosis group (Figure 7B).

Discussion

Immune cell infiltration plays a central role in
sarcoidosis pathogenesis, contributing to granu-
lomas formation and tissue damage (16). Current
diagnosis relies on radiological and clinical imag-
ing, confirmed by invasive biopsy for histopathol-
ogy. Recent increases in sarcoidosis diagnoses reflect
greater awareness, improved imaging, and minimally
invasive techniques. However, sarcoidosis diagnose
remains challenging due to its varied clinical pres-
entation and similarities to other diseases, such as
tuberculosis and malignancies, resulting in misdiag-
nosis and delayed treatment (17). Thus, identifying
specific biomarkers is essential to enhance diag-
nostic accuracy and guide patient management. In
this study, bioinformatics tools were utilized to help
screen the potential biomarkers and provide in-depth
insights into the roles of immune cells in the devel-
opment of sarcoidosis. The current study identified

53 upregulated and 18 downregulated sarcoidosis-
related DEGs from GEO database containing 81
healthy people and 86 sarcoidosis patients. GO and
associated pathways were further detected. It showed
that innate immune response was one of the most
prominent pathways in biological processes. KEGG
analysis revealed that the most significantly enriched
pathway was NLR signaling. Traditionally, sarcoido-
sis has been regarded as a Th1/Th17-mediated disor-
der (18). Recent findings indicate that animal models
completely lacking adaptive immunity can still gen-
erate epithelioid granulomas stimulating by myco-
bacterium strains, suggesting a vital contribution by
innate immune system in driving the granulomas
formation (19). Activation of inflammasomes, over-
production of pro-inflammatory cytokines, M1/M2
macrophage polarization and reduced other innate/
innate-like immune cells were involved in sarcoidosis
development (20,21). NLRs are cytoplasm-localized
pattern-recognition molecules (PRMs) that are cru-
cial in the innate immune response. Aberrant sensing
through NOD1 evoked a sustained mitogen-activated
protein kinase (MAPK) phosphorylation result-
ing to sarcoidosis (22). In addition, activated NLRs
are closely related to the onset of sarcoidosis due to
triggering the formation of inflammasomes (23).
Our analysis aligns with prior studies, strongly im-
plicating that dysregulated immune responses are
fundamental in the development of sarcoidosis.
PPI network was conducted and visualized using
STRING and Cytoscape software, from which ten
hub genes were identified. Further verification has
confirmed the association of STAT1, CXCL10 and
BATF2 with the pathogenesis of sarcoidosis. More-
over, using the previously described TDM-induced
granulomas method (20), we established a murine
sarcoidosis model that resembles human granuloma
formation and confirmed the increased expression of
STAT1, CXCL10 and BATF2 77 vive. In addition-
ally, these genes have been identified as potential di-
agnostic markers for sarcoidosis. Previous work has
found that STAT1 and the downstream chemokine
CXCL10 are upregulated in both lung tissue and
lymph node of patients with sarcoidosis (24). The
STAT proteins are a family of transcription factors
that play crucial roles in regulating genes involved
in inflammatory responses. The activation of IFN-y
signaling is partially relied on the Janus kinase (JAK)/
STAT pathway, in which STAT1 mainly mediates

the accumulation and activation of macrophages in
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Figure 5. The receiver operating characteristic (ROC) curve of identified diagnostic markers. (A and C) The ROC
curve of the diagnostic efficacy in GSE37912. (B and D) The ROC curve of the diagnostic efficacy in GSE83456.

sarcoidosis granuloma (25). CXCL10, a STAT1-
dependent chemokine, correlates with worse respira-
tory outcomes in sarcoidosis, with higher level linked
to reduced lung function and greater dyspnea scores
(26). Therefore, STAT1 and CXCL10 may be used to
evaluate not only the diagnosis but also the prognosis
of sarcoidosis. Research on the relationship between
BATF2 and sarcoidosis has remained limited. He
et al. reported that serum BATF2 levels were elevated
in pulmonary sarcoidosis patients compared with
healthy controls (27). BATF?2 is regarded as an im-
portant transcription regulator of the innate immune

system. BATF2 knockdown inhibited the expression

of immune regulatory genes, such as Tnf, Cxcl9,
Cxcl11 and Nos2, in IFNy- and LPS-stimulated
macrophages (28). It also contributed to the early
host defense during infection with pulmonary Kleb-
siella pneumoniae (Kp) (29). Moreover, BATF2
plays a predominate role in regulating Th1 and Th17
cells differentiation and activation (30). Given that,
BATF2 may contribute to the pathological process
of sarcoidosis by regulating abnormal inflammatory
responses. Interestingly, we observed that the diag-
nostic accuracy of our candidate DEGs was sub-
stantially higher in GSE83456 than in GSE37912.

Several factors may underlie this discrepancy. First,
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Figure 6. Evaluation and visualization of immune cell infiltration. (A) A histogram displayed the percent-
age of each immune cells in the samples of sarcoidosis patients and healthy individuals. (B) Violin diagram
revealing the proportion of 22 types of immune cells between healthy controls and sarcoidosis patients.

although both datasets profiled peripheral blood
from sarcoidosis patients and healthy controls, they
were generated on different microarray platforms
(Illumina HumanHT-12 V4.0 in GSE83456 ver-
sus Affymetrix in GSE37912), which may lead to
potential platform-specific biases and batch effects.
In addition, the clinical and demographic charac-
teristics of the two cohorts differ: GSE37912 com-
prised 39 patients, 56.4% of whom had complicated
sarcoidosis (mean age 50.8 + 11.2 years; 45% male),
whereas GSE83456 included patients exclusively
with mediastinal involvement (mean age 47.8 + 13.0
years; 59% male). These differences in disease stage
and demographic profiles may alter gene expression

patterns and thus impact the measured diagnos-
tic performance. Emerging evidence highlights the
critical role of infiltrating immune cells and their
interactions in sarcoidosis pathogenesis. CIBER-
SORT analysis showed that compared with healthy
controls, activated NK cells, monocytes, macrophage
(MO0, M1, M2), activated dendritic cells and mast
cell resting were increased infiltrated in sarcoidosis,
while CD8" T cells, naive CD4" T cells and T, were
lower in sarcoidosis. This pronounced immune-cell
imbalance underlies disease development. Environ-
ment antigens were captured by APCs and presented
via human leukocyte antigen (HLA) molecules to
naive T lymphocytes, which then differentiated into
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Figure 7. TDM-induced pulmonary granuloma in mice. (A) H&E staining of lung tissue harvested from TDM-
treated mice on day 7. (B) Comparison of STAT1, CXCL10, and BATF2 mRNA expression in lung tissue of mice in

sarcoidosis and control groups.

CD4*, CD8', Treg and Th17 cells, proliferated and
accumulated at the inflammatory site (31). Previ-
ous studies have shown an increased infiltrated of
M1 macrophages in the airspace of sarcoidosis sam-
ples (32); while the M2 macrophages were found
within fibrotic areas in muscle tissue from systemic
sarcoidosis patients (33). Moreover, bronchoalveo-
lar lavage fluid (BALF) from sarcoidosis patients
shows elevated NK and NKT-like cell counts (34).
Additionally, Lepzien et al. indicated that increased
monocytes/monocyte-derived cells in peripheral
blood and BALF contributed to inflammatory re-
sponses in sarcoidosis via promoting TNF produc-
tion (35). Together, these data revealed that immune
dysregulation, particularly the altered phenotypes
and functions of 22 immune cell types, may drive sar-
coidosis pathology and offer deep insight into its un-
derlying mechanisms. Some limitations of our study
need to be acknowledged. First, while we identified
hub genes distinguishing sarcoidosis from healthy
controls, the analysis did not assess their diagnostic
specificity against clinically relevant mimics includ-
ing granulomatous interstitial lung diseases, autoim-
mune disorders, and infectious granulomatosis such
as tuberculosis. Second, our study was largely de-
scriptive and did not elucidate the mechanistic roles
of these genes in sarcoidosis. In conclusion, STATT,

CXCL10, and BATF2 were identified as potential
biomarkers associated with sarcoidosis pathogenesis,
underscoring the central role of immune dysregula-
tion in its development and progression.
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