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Introduction: Takayasu arteritis (TAK) is an autoimmune disease affecting the aorta and its branches. Despite anti-inflammatory
treatments, some patients require surgical vascular reconstruction due to rapid disease progression. The mechanisms behind persistent
inflammation are unclear due to a lack of arterial samples. This study explores ferroptosis in TAK using high-throughput and single-
cell transcriptomics.

Methods: Transcriptomic data were collected from 8 TAK patients (2 for single cell RNA-seq and 6 for bulk RNA-seq) and 8 renal
transplant donors, with single-cell data from 3 public carotid artery samples for control. Bioinformatic analysis was performed to
identify ferroptosis-related genes in inflamed arteries.

Results: We identified 1526 differentially expressed genes and 46 ferroptosis-related genes, with 6 genes including PTGS2 and
HIF1A as hub genes. Single-cell analysis of 27,828 cells revealed increased M1-like macrophages, with PTGS2 highly expressed in
these cells. Enrichment analysis indicated NF-«kB signal pathway involvement.

Conclusion: PTGS2 is a core ferroptosis-related gene in TAK vascular inflammation, highly expressed in M1-like macrophages,
potentially upregulated via the IL1B-NF-xB pathway.
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Introduction
Takayasu arteritis (TAK) is an autoimmune disease that affects the aorta and its primary and secondary branches. It
predominantly occurs in young women from East Asia and Caucasus, and is characterized by large artery stenosis or
aneurysmal dilation and target organ ischemia.' Despite the use of existing anti-inflammatory and symptomatic treat-
ments, approximately 20% of patients experience rapid progression and require surgical vascular reconstruction. Post-
surgical intervention, the average arterial patency time is maintained at 6 to 12 months, and long-term follow-up reveals
that about 17.5% of patients develop complications.” Mechanistic studies have confirmed the role of CD4+ T cells and
various signaling pathways, such as IL-6, in inducing autoimmune responses in TAK development.®* However, due to
the lack of inflamed vascular samples, the reasons for continued vascular wall inflammation after anti-inflammatory
treatment remain unclear, posing a challenge for clinical management.

Ferroptosis, a newly identified form of programmed cell death induced by ferrous ions, involves the depletion of
glutathione and related synthetic enzymes, and the accumulation of lipid peroxides. It plays a significant regulatory role
in the development of many chronic inflammatory diseases.” Studies have identified ferroptosis-related targets in human

coronary arteries, which can serve as biomarkers for the severity of atherosclerosis.*’ Other studies have found that
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ferroptosis is crucial in cell remodeling and fibrosis following myocardial ischemia. Specifically, overexpression of
PTGS2 (prostaglandin endoperoxide synthase 2) can cause lipid metabolism abnormalities and oxidative stress. In the
study of ferroptosis, PTGS2 is often used as a marker to characterize ferroptosis.® Given that TAK is a chronic vascular
inflammatory disease, ferroptosis characterized by PTGS2 may play an important role in the chronic inflammatory
processes of the vascular wall in TAK.’

In recent years, the development of bulk transcriptomics sequencing (bulk RNA-seq) and single-cell transcriptomics
sequencing (scCRNA-seq) has provided new avenues for exploring the mechanisms of TAK. With the help of the BeTA
biobank established by our team,'® this study aims to use multi-transcriptomics to deeply analyze the vascular wall

environment in TAK and explore the potential significance of ferroptosis in the inflammatory vascular lesions of TAK.

Method
Study Project

Transcriptomic data were collected from 6 TAK patients who underwent abdominal aorta to renal artery bypass graft
surgery at Beijing Hospital between August 2018 and December 2021. As a control, we collected 8 healthy control
samples of abdominal aorta from during the kidney transplant surgery in the urology department of Beijing Hospital. All
sample collection processes have no impact on the medical treatment. All organs were donated voluntarily, and the organ
donation process complies with the requirements of the Istanbul Declaration. This study was approved by the Ethics
Committee of Beijing Hospital (2018BJYYEC-030-01), all organ donors and TAK patients have voluntarily signed
written informed consent forms.'' The raw sequence data reported in this paper have been deposited in the Genome
Sequence Archive (Genomics, Proteomics & Bioinformatics 2021) in National Genomics Data Center (Nucleic Acids
Res 2022), China National Center for Bioinformation / Beijing Institute of Genomics, Chinese Academy of Sciences
(GSA-Human: HRA003348) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa-human. '

Single-cell sequencing samples were collected from two pathological abdominal aorta samples from TAK patients

undergoing abdominal aorta-renal artery bypass surgery at Beijing Hospital between October 2019 and May 2020. This
study was approved by the Ethics Committee of Beijing Hospital (Ethics Approval Number: 2018BJYYEC-030001),
with informed consent obtained from both patients. The data reported in this paper have been deposited in the OMIX,
China National Center for Bioinformation / Beijing Institute of Genomics, Chinese Academy of Sciences (https://ngdc.
cncb.ac.cn/omix: accession no.OMI006324)."* Control sc RNA-seq data (GSE159677) were downloaded from the GEO
database (http://www.ncbi.nlm.nih.gov/geo/) and generated from the GPL18573 platform. We selected three peri-carotid

plaque artery samples as controls to identify differences at the single-cell level between the vascular walls of TAK and
relatively normal artery.

All included patients’ clinical characteristics, laboratory results, and imaging findings met the 1990 American College
of Rheumatology criteria for the diagnosis and surgical treatment of TAK.'"* The entire study complies with the
requirements of the Helsinki Declaration.

Sc RNA-Seq Process

Abdominal aorta samples were enzymatically digested using a composite digestion solution containing collagenase,
hyaluronidase, and DNase. Single-cell suspensions with over 80% cell viability and more than 10,000 total cells were
used for subsequent sc RNA-seq library construction. The single-cell suspensions were resuspended to a concentration of
1000 cells/pL. Single-cell capture and library construction were performed using the BD Rhapsody Single-Cell Analysis
System. Qualified libraries were sequenced on the NovaSeq 6000 platform, with an average sequencing depth of 100G
per sample for the transcriptome library.

Bulk-RNA Sequencing Analysis Methods
Principal Component Analysis (PCA) was used for dimensionality reduction and visualization of the data samples. The
R package “DESeq2” was employed for probe summarization and background correction of the bulk-seq gene expression
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matrix, and to calculate differentially expressed genes between TAK samples and normal control samples. Differentially
expressed genes related to ferroptosis were visualized using heatmaps.
The latest KEGG Pathway gene annotations were obtained using the KEGG rest API (https://www.kegg.jp/kegg/rest/

keggapi.html).15 Enrichment analysis was performed using the R package clusterProfiler (version 3.14.3) to obtain gene
set enrichment results.

Cytoscape software was used to visualize and predict core genes from the PPI network formed by the STRING
database (http:/string-db.org/). The top 10 genes with the highest correlations were calculated using four algorithms

(MCC, MNC, Degree, EPC), and the intersection of these genes was taken to export and visualize the hub genes.

Single-Cell Sequencing Analysis

Quality control, preprocessing, and data analysis of the single-cell expression matrix were conducted using the R package
Seurat (version 4.5.0)'° based on R (version 4.2.1). The quality control criteria were set as follows: (1) genes must be
expressed in at least three cells; (2) each cell must contain between 200 to 3000 unique molecular identifiers (UMIs); (3)
the percentage of mitochondrial gene expression must be less than 25% of total mRNA in each cell.

PCA was used to determine the cell clusters included in the dimensionality reduction. The Harmony method was
employed to integrate multiple samples and reduce potential batch effects.'” Unsupervised cell clustering was performed
using the UMAP method built into Seurat. The FindAllMarkers function was used to identify and label differentially
expressed genes in each cluster and specific cell subclusters. The FindMarkers function was used to identify differentially
expressed genes between TAK samples and control samples. Cell differentiation trajectories were reconstructed using
Monocle2.'®

Result

Clinical Baseline Data

A total of 6 samples were collected for bulk-RNA, the clinical baseline information can be found in the previous study,'’
and the single-cell sequencing baseline table is shown below. Two patients underwent abdominal aortic renal artery
bypass grafting and ascending aorta abdominal aortic bypass grafting, respectively (Table 1).

Exploration of Ferroptosis-Related Hub Genes in Bulk-RNA Data

PCA results demonstrated distinct distribution regions and characteristic differences between Takayasu arteritis vascular
wall samples and control vessels (Figure 1A). Differentially expressed genes (DEGs) were identified in the transcriptome
matrix using criteria of p<0.05 and |LogFC|>1, resulting in a total of 1526 differentially expressed genes, which are
displayed in a volcano plot (Figure 1B). Further intersection of these differentially expressed genes with the ferroptosis

Table 1 Clinical Baseline Information of Patients Corresponding to Single-Cell Sequencing Samples

TAKI TAK2
Gender Female Female
Age 14 30
Clinical classification Type V (extensive) Type Il Thoracic and abdominal aorta
position Abdominal aorta Abdominal aorta
BP (mmHg) 108/44 180/90
*ESR (mm/h) 36 8
*CRP (mglL) 799 |
#state activation activation
Clinical feature Heart failure Hypertension
Anti-inflammatory Medicine | Metacortandracin 12.5mgQd | Metacortandracin 12.5mgQd; Methotrexate |0mgQw

Notes: *Refer to the latest preoperative laboratory test results. *Activity assessment based on Kerr score.
Abbreviations: ESR, erythrocyte sedimentation rate; CRP, C-reactive protein.
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Figure | (A) PCA analysis results of TA and Donor groups; (B) Volcano plot displaying differential expressed genes. 1526 DEGs were significantly differently (p < 0.05 and
Log2FC > |) expressed between the TA and Donor group. (C and D) The Venn diagram shows the intersection of the ferroptosis database and DEGs, identifying a total of
46 genes, and these genes are displayed in a heatmap. (E) KEGG enrichment analysis of DEGs. Ferroptosis, MAPK, HIFIA signal pathways were enriched. (F) Construction
and analysis of protein-protein interaction (PPl) networks. (G) Construct the PPl network of DEGs using STRING online database and utilize Cytoscape software for
analysis. MCC, MNC, EPC, Degree was used to identify the hub genes and Six hub genes (PTGS2, JUN, IL6, HIFIA, TLR4, NQO1) were by merging using Venn diagrams. (H)
Hub genes were visualized by heatmap.
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gene database yielded 46 ferroptosis-related DEGs (Figure 1C), visualized in a heatmap (Figure 1D). KEGG pathway
analysis of these genes revealed significant enrichment in ferroptosis signaling pathways, as well as classical inflamma-
tory pathways such as the NOD-like receptor pathway, MAPK pathway, TNF pathway, and HIF1A pathway (Figure 1E).

The PPI network showed protein interactions among the ferroptosis-related differentially expressed genes
(Figure 1F). Using four algorithms (MCC, MNC, Degree, EPC) in Cytoscape, we identified the top ten potential core
genes, and their intersection yielded 6 hub genes: PTGS2, HIF1A, TLR4, IL6, JUN, and NQO1 (Figure 1G), which were
visualized in a heatmap (Figure 1H).

scRNA-Seq Quality Control

Abdominal artery was obtained from 2 patients with TAK, and 3 peri-carotid plaque artery samples were used as controls
(Figure 1A). A total of 27,828 qualified cells were obtained for further analysis. Seurat pocket was used for quality
control and merging, and the Harmony method was employed to remove batch effects, providing an initial estimate of
cell composition for each tissue sample. PA and TA were used to represent control samples and TAK samples,
respectively, forming the basis for unsupervised clustering analysis of arterial wall cells, resulting in 14 clusters
(Figure 1B).

Dimensionality Reduction and Annotation of the scRNA-Seq from Arteries

After examining marker genes in each cluster, we merged clusters with similar gene expression profiles, resulting in 10
major cell types, which were projected onto a UMAP plot (Figure 1C). The ten major cell types included monomacroDC
(the cell cluster mixed with monocyte, macrophage and Dendritic cell), NK/T cells, B cells, plasma cells, endothelial
cells, smooth muscle cells, fibroblasts, Mast cells, endothelial cells, and highly proliferative cells. The corresponding cell
clusters were visualized in UMAP plots and heatmaps (Figure 2). When examining the tissue origin of each cell type, we
found that the TA group contributed more fibroblasts and monomacroDC (Figure 1F), indicating enhanced chronic
inflammation and potential vascular wall fibrosis in TAK.

Dimensionality Reduction and Annotation of monomacroDC Sub-Clusters

We extracted the clusters annotated as monomacroDC and performed unsupervised clustering analysis, resulting in 14
sub-clusters. These were annotated based on specific gene expression profiles, resulting in 10 major cell types, which
were renamed and projected onto a UMAP plot (Figure 3D). The subpopulations were first classified into M1-like cluster
(high IL1B expression), M2-like subpopulations (high MRC1 expression), and other groups (low expression of both
IL1B and MRC1) based on MRC1 and IL1B expression levels.

M1 likel subpopulation exhibited high expression of EREG, VCAN, and AREG, genes related to tissue repair and
extracellular matrix secretion, indicating a potential tissue repair function. M1 like2 subpopulation showed high
expression of antigen-presenting genes such as FCERIA, HLA-DQAI, and CDIC, suggesting an antigen-presenting
function. M1 like3 subpopulation expressed high levels of inflammatory cytokine TNF, indicating a strong inflammatory
function. M1 like4 had high expression of ferritin pseudogenes, suggesting apoptotic cells.

M2 likel expressed high levels of inflammatory cytokines and chemokines such as CCL4, CCL3, TNF, and TXNIP,
indicating a function in attracting inflammatory cells and promoting inflammation progression, different from conven-
tional M2. M2-like2 expressed LYVEI in addition to chemokines, suggesting these may be resident macrophages in
artery. M Proliferating marked by TOP2A and MKI67, and a sub- cluster named M apoptosis associated with apoptosis
marked by TNFSF10 were also identified. DC cells were annotated using CLEC9A as a marker.

Pseudotime Analysis

Single-cell dimensionality reduction analysis provided insights into the heterogeneity between TAK arteries and control
tissues as well as the cell composition within the arterial wall. Additionally, we studied the differentiation trajectory of
monomacroDC. Pseudotime ordering arranged most cells into a primary trajectory, with a path from left to right and three
branching points (Figure 4D, upper left). Macrophages from TA were mainly distributed on the right side, while those from
PA were on the left side (Figure 4D, lower left). M1-like were mainly located to the right of node 2 (marked by IL1B), and
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M2-like were primarily to the left of node 2. Coloring by cell types revealed that M1-likel cells were mainly to the right of
branch node 1, and M1-like 2 subpopulations were primarily to the left of branch node 1. Thus, we suggest that branch node
1 may be related to the differentiation of M1 towards tissue remodeling, with these cells showing a higher degree of
differentiation relative to normal artery, potentially linked to inflammation progression in TA.

Ferroptosis-Related Gene Analysis in scRNA-Seq

Using methods within the Seurat package, we visualized the expression of ferroptosis core genes identified in the
transcriptome study in the single-cell omics data of arterial walls. We randomly selected 1000 cells from both PA and TA
groups to display hub gene expression and calculated the significance of differences. The results showed significant
differences in the expression of PTGS2, HIF1A, and IL6 (Figure 3A). Hub gene high expression states were localized
within the monomacroDC (Figure 3B). Further localization within the monomacroDC revealed elevated PTGS2 expres-
sion in M1 likel cells (Figure 4A).

We then performed differential gene analysis between TA and PA within monomacroDC cluster, using criteria of
p<0.05, |[LogFC[>1, and PC1-PC2>0.2, identifying PTGS2 as the only potential marker gene of ferroptosis (Figure 4B).
KEGG enrichment analysis of these DEGs with p < 0.05 and |[LogFC|>1, revealed enrichment in classical inflammatory
pathways, including NF-«xB signal pathway, TNF signal pathway, and MAPK signal pathway, suggesting an intrinsic link
between PTGS2-mediated ferroptosis and chronic inflammation (Figure 4C, Supplements 1 and 2).

Further examination of PTGS2 gene expression along the pseudotime trajectory indicated that PTGS2 was mainly
expressed on the right side of node 1 and within the M1 likel. We took node 1 as a branching point and calculated
differentially expressed genes before and after the branch using Monocle2 recommended cutoffs (q < 0.0001), visualizing
IL1B and PTGS2 expression (Figure 4G). KEGG enrichment analysis of all differentially expressed genes showed
similar enrichment in classical inflammatory pathways, including the MAPK signal pathway, NF-xB signal pathway,
TNF signal pathway, and HIFIA signal pathway (Figure 4F, Supplement 3).

Discussion
Current research on the pathogenesis of TAK primarily focuses on peripheral blood. Studies have shown that serum or

19,20 and

IgG antibodies from TAK patients can activate the mTORC]1 signal pathway in endothelial cells in vitro,
elevated mTORCI1 signal pathway expression has been observed in pro-inflammatory T cells in the peripheral blood of
TAK patients.”! Another study found that TLR4 activation can lead to increased expression of IL-1p and IL-1R2 in
peripheral blood cells of TA patients. Additionally, research has found activation of the JAK/STAT pathway in CD4+ and
CD8+ T cells from TAK patients, leading to noticeable cell differentiation and proliferation and increased downstream
pro-inflammatory cytokines.*** With advancing mechanistic research, various biologics such as IL-6R antagonists
(tocilizumab) and JAK pathway antagonists (tofacitinib) have been used as second-line treatments for patients unre-
sponsive to immunosuppressive therapy.”>** However, the lack of studies on the function of different effector cells in
artery after activation of inflammatory signaling pathways fails to explain the unique changes in the inflammatory
vasculature of TAK. This gap makes it difficult to understand why vascular stenosis or dilation progresses despite the use
of anti-inflammatory medicine.

PTGS2 (prostaglandin-endoperoxide synthase 2), also known as COX2, is a key enzyme in the cyclooxygenase
family. It is induced in response to cellular stimuli and catalyzes the conversion of arachidonic acid into prostaglandins,
affect cell membrane lipid oxidation and participate in chronic inflammatory reaction.” In the context of chronic vascular
inflammation, numerous studies have demonstrated that PTGS2-related ferroptosis plays an important role.%® The core
process of ferroptosis is depletion of glutathione and lipid peroxidation, which often interact with chronic inflammation,
leading to the release of DAMPs, oxidative stress, and secretion of inflammatory factors such as TNF - a and IL-6,
promoting inflammation progression.” Chronic inflammation induced oxidative stress and iron homeostasis imbalance
increase the risk of iron death, driving more cells to undergo iron death and exacerbating inflammation progression.”® In
the field of chronic vascular inflammation, previous studies focused on atherosclerosis. This process is characterized by
a high lipid peroxidation state with COX2 activity, which concurrently enhances the secretion of inflammatory signaling
molecules.?**° Furthermore, studies have identified ferroptosis-related targets such as PTGS2, ACSL4, caspase-1,
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NLRP3, and GPX4 in human coronary artery specimens, correlating with the severity of coronary artery disease.®’
Interestingly, other studies have found that COX2 activation in the vascular wall is accompanied by the activation of the
classical inflammatory NF-«kB signaling pathway, suggesting that the upregulation of PTGS2 may be closely associated
with the NF-kB signaling pathway.'

In our study, unbiased transcriptome analysis first revealed high expression of ferroptosis-related genes in high-
throughput transcriptome sequencing of TAK. We identified six genes including PTGS2, HIF1A, and IL6 as potential
hub genes in the ferroptosis process. Subsequently, based on the scRNA-seq of the artery, we identified common cell
types, finding that ferroptosis-related hub genes were primarily highly expressed in the monomaroDC cluster, which is
significantly associated with chronic vascular inflammation. We identified 9 clusters with different functions based on
monomaroDC expression profiles, with each cluster characterized by typical markers described in previous reports.>* >
However, we noted that classical markers were not entirely applicable to the dimensionality reduction results in TAK
artery. In the M1-like cluster, the highest cell proportion was found in cells with tissue repair and antigen presentation
functions, with over 80% of these cells originating from TAK. Interestingly, these cells were located at the end of the
pseudotime trajectory, indicating ongoing differentiation and phenotypic transformation in the context of local chronic
inflammation in TAK. This is associated with the transition of M1 macrophages to a tissue repair state in chronic
inflammation, promoting fibroblast proliferation.* In the M2 like cluster, cells not only expressed genes related to tissue
repair but also a large number of chemokines, possibly recruiting inflammatory cells. These findings are closely related to
late-stage inflammatory cell infiltration and fibrosis progression in TAK.?®

Results of bulk RNA-seq and scRNA-seq demonstrated significant high expression of the ferroptosis hub gene
PTGS2 in MonoMacroDC, particularly in M1 likelwith high expression of tissue repair-related proteins. This suggests
that ferroptosis marked by PTGS2 occurs in M1 macrophages marked by IL1B and AREG. Previous studies found that
IL1B significantly increased COX-2 transcription in a dose-dependent manner in a mouse pulmonary artery model,*’
consistent with our findings. Comparing macrophages from TAK arteries to relatively normal arteries, we found that
differentially expressed genes were enriched in inflammatory pathways represented by NF-kB signal pathway. Further
pseudotime branch node 1 differential expression analysis showed significant enrichment of the NF-kB signal pathway,
corroborating previous research that found NF-kB-mediated macrophage activation closely related to pro-inflammatory
genes, including PTGS2, in a mouse aneurysm model, and inhibiting NF-xB could alleviate inflammation.*®
Additionally, multiple studies have confirmed that IL1B can activate the NF-kB pathway, leading to downstream
inflammatory changes. Therefore, these results may suggest a potential link between PTGS2-mediated ferroptosis and
the IL1B-NF-kB pathway.

This study has certain limitations. Firstly, this article conducted analysis based on the single-cell sequencing data of
artery tissue, without prospective validation. The research results are correlation research and cannot provide a causal
relationship. Secondly, the two samples mainly came from the abdominal aorta, and both were narrow lesions, with
relatively insufficient sample size and pathological type. We will further expand sc RNA-seq data to comprehensively
reflect the in situ inflammatory microenvironment status of artery, and use cell models for validation.

In conclusion, using bulk RNA-seq and sc RNA-seq methods, we explored the inflammatory vascular wall in TAK
identifying a subset of M1-like macrophages with tissue repair and extracellular matrix secretion functions marked by
IL1B. These cells showed a ferroptosis state characterized by PTGS2, possibly due to IL1B-mediated NF-«xB activation,
promoting inflammation progression. Despite our rigorous multi-omics bioinformatics analysis, further validation is
needed. Future research should delve deeper into the ferroptosis state within the inflammatory vascular wall of TAK to

find new solutions for controlling inflammation progression in arterial focal sites.
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