The Characteristics of Peripheral Blood Mononuclear Cells in
Takayasu Arteritis by Single Cell RNA Sequencing

Qing Gao!, Jinge Yu?, Zuoguan Chen', Yongpeng Diao!, Yuqing Miao', Jinfeng Yin?,
Junnan Jia3, Weimin Li®, and Yongjun Li'

'Beijing Hospital
?Renmin University of China,
3Capital Medical University

January 28, 2021

Abstract

Objectives Takayasu Arteritis (TA) is a rare non-specific vascular inflammation and has deleterious effects on patients’ health.
Recent studies have advanced in TA diagnosis and treatment, but the research on the immune cell atlas of peripheral blood is
still less. For this purpose, we performed single-cell RNA sequencing (scRNA-seq) to analyze the inflammatory cell types and
cell markers in TA patients’ Peripheral blood mononuclear cells (PBMCs). Methods 4 TA patients and 4 health controls were
enrolled in our study from 2019.10 to 2020.5. Their PBMCs samples were collected and performed scRNA-seq. We used Seurat
package (v.3.2.2) in R studio (v.3.5.3) for data analysis, and 72 tests were applied for comparing the composition ratio of each
cell type by SPSS 20.0. Results CD14+ monocytes, GZMB+ NKT cells, CD56dim CD16+ NK cells, and naive B cells were
significantly increased in TA patients as compared to healthy controls and the expression of THBS1, CD163, AREG, IFITM1,
TXNIP, and IGHGs was elevated in the peripheral blood of TA patients. Conclusion Except CD4+ T cells, monocytes, NK
cells, NKT cells, B cells also play an important role in TA pathogenesis. The elevated markers have different functions in

different types of PBMCs, and they can be used as potential diagnostic markers for TA diagnosis.

Introduction

Takayasu Arteritis (TA) is a rare, non-specific vascular inflammation involving large arteries and their
main branches. The disorder occurs worldwide, but is most prevalent in East Asia. In addition, the disease
progresses rapidly after the onset and relapses/recurring cycles of inflammation affect patient physiology and
psychology significantly. Few symptoms show in the early stage make this disease hardly to be discovered
in time. Physical examination along with imaging and serological tests is used to assess the extent of
inflammation and progression in TA(1).

The most commonly used drugs for treating TA are glucocorticoids(2), methotrexate(3), and mycophenolate
mofetil(4, 5), however, relapses are frequent. In recent years, biological agents such as Tocilizumab (TCZ)(6)
and Abatacept (ABA)(7) are being explored as alternative treatments for TA. Patients with poor response to
standard medications and vascular blockage require surgical intervention involving endovascular management
and open surgical repair (OSR)(8, 9). However, surgical intervention does not prevent long-term restenosis
and new lesions due to disease recurrence(10-12). To further improve the treatment strategy and prognosis
of TA patients, research on its pathogenesis has become the focus of TA-related research.

Recent studies have focus on the significant role of CD4™ T cell and IL-6 signaling pathway in development
and progression of TA(13-15). Although several groups have studied gene mutations and protein expression
in TA patients. However, the relationship between these two is rarely mentioned, which is due to the less
data on the types and transcriptomes of peripheral blood cells.



Single-cell RNA sequencing (scRNA-seq) is a high-throughput technology based on intracellular transcrip-
tome sequencing to explain the diseases at the cellular level(16, 17), which give us a chance to find new cell
types and cell functions that have not been discovered before. This new technology is being widely used in
human immune and cardiovascular diseases(18, 19). In this study, single cell RNA sequencing (scRNA-seq)
was used to dissect the transcriptomes of peripheral blood mononuclear cells (PBMCs) in TA patients in
order to better understand to this disease.

Material and method
Patients and clinical data

This study included four TA patients admitted to our hospital from 2019.10 to 2020.5. We collected peripheral
blood samples from the patients. All samples were used for scRNA-seq. In addition, peripheral blood from
four age-sex matched healthy individuals was collected as control for scRNA-seq. All the contents of this
study meet the relevant requirements of the ethics committee. Written consent was obtained from the
patients/healthy individuals or their families

The basic clinical data obtained from TA patients are described inTable S1 . The four female patients
were aged between 16 — 39 years, which is in line with the age and gender prevalence of TA. Although
the C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) of the patients were within the
normal range, the history of taking glucocorticoids (methylprednisolone or prednisone acetate) and other
drugs (methotrexate) prevented these patients from being rated on NIH scores.

Single-cell suspensions of PBMC preparation

Density gradient centrifugation method was utilized to obtain PBMCs. We used PBS (Solarbio, P1022-500)
to dilute the whole blood sample at a ratio of 1:1, and then slowly added the diluted whole blood sample to
approximately 2/3 of the volume of Ficoll (GE Healthcare, 17-1440-02). After centrifugation at 400 g for 35
min, three layers were obtained based on size and density. The middle cell suspension layer was taken into
a new 15-mL centrifuge tube and was filled with PBS and centrifuged again at 300 ¢ for 7 min, supernatant
was discarded and the pellet containing PBMCs were washed twice, and the final sample was resuspended in
PBS to obtain a final concentration of 1x10° cells/mL.. Viability staining with 0.4% Trypan blue solution
(Sigma, T8154) was performed and viable cells were counted under the microscope.

Single cell RN A sequencing

Single-cell suspensions were then loaded onto microfluidic devices and scRNA-seq libraries were constructed
according to Singleron GEXSCOPETM protocol by GEXSCOPETM Single-Cell RNA Library Kit (Singleron
Biotechnologies). Individual libraries were diluted to 4 nM and pooled for sequencing. Pools were sequenced
on an [llumina HiSeq X with 150 bp paired-end reads.

Single-cell data quality control, processing and analysis

The Seurat package (v.3.2.2)(70, 71) was applied for quality control, processing, and analysis. Each Seurat
object was created with genes that were expressed in more than three cells. Quality control conditions were
set as: (1) only genes within 200 and 3000; (2) the percentage of mitochondrial genes less than 20% were
included for downstream analysis(Figure S5a) . After QC, the remaining cells were used for further analysis,
as shown in Table S2 . A total of 29942 cells were included in the computational analysis. Among them,
the case group (TA) had 8966 cells and the healthy control group (HC) had 20976 cells.

The CellcycleScoring function was applied to mitigate the possible influence of cell cycles. SCTransform was
adopted by default to reduce potential batch effects or technical variations. PCA was set at 1:20, and then
unsupervised cell clustering was performed (Figure S5b) .

Find All Markers by default methods was used to obtain the DEGs specifically in each cluster, and the
representative markers (genes with the highest avg logFC and adjusted p value < 0.05) were then chosen



for cluster labeling. DEGs between TA samples and healthy controls in each cluster were identified with
function Find Markers.

In order to count the differences in cell composition between the TA group and the HC group, we used the
¥? analysis method in SPSS 20.0 to analyze the differences in the composition ratios of various cell types,
and cells with higher composition ratios in the TA group were used.

Statistical analysis

We used %2 tests to analyze the composition ratio of M, T, and B cell populations by SPSS 20.0. Results
were considered significant when P<0.05.

Result
Identification of major PBMC subtypes by scRNA-seq

We analyzed the PBMCs from four TA patients and four healthy controls (HC). After quality control, 8966
cells from the TA patients and 20976 cells from the HC group were further analyzed by scRNA-seq. After
analysis, five major cell clusters were identified, as shown inFigure la and Table 1 , including M cells
(Cluster 0,4,6,8), T/NK cells (Cluster 1,2), B cells (Cluster 3,9), megakaryocytes (Cluster 7) and unknown
subset (Cluster 5).

The high expression of S100A8, LYZ, and S100A9 (Figure 1b, d)suggested that clusters 0, 4, 6, 7, and 8
are antigen-presenting cells (APCs). High expression of PF4 and PPBP (Figure 1d) , suggested cluster
7 to be megakaryocytes. Low CD14 (Figure 1c) and high HLA gene expression (Figure 1d) suggested
cluster 8 to be dendritic cells (DCs). Both cluster 1 and cluster 2 were identified as T/NK cells, because
of the high expression levels of CD2, CD3D, NKG7, and GNLY (Figure 1b, c, d) . MS4A1, CD79A, and
CD79B in cluster 3 and ITM2C, TCF4, and CCDC50 in cluster 9 (Figure 1b, c, d)indicate that both of
them are B cells. Cluster 5, with high expression level of NEAT1 and XIST, is still unknown.

We broadly classified the clusters under three major cell types mainly, M (Cluster 0, 4, 6, 8), T cells (Cluster
1, 2), and B cells (Cluster 3, 9).

Monocyte/Macrophage/DC is the largest cell population in PBMCs

Monocyte/Macrophage/DC (Cluster 0, 4, 6, and 8) accounted for 50.7% (15186 cells), highest proportion
of all cell types. After unsupervised clustering, six cell subgroups (M0-5) (Figure 2a) were identified from
the Monocyte/Macrophage/DC population. M0 and M1 subgroups were found to highly express S100AS,
S100A9, and S100A12, implying their role in antigen recognition and signal transduction, thus they were
classified as classic CD14" monocytes(20, 21) (Figure 2b, c) . Other evidence in M1 came from the
highly expressed genes of chemokines and cytokines such as CXCL8, CCL3, IL1B, and CXCL2(20, 21)
(Figure 2c) . M2 subgroup was found to express HES1, HES4, and ATF3 genes associated with regulation
of transcription(22, 23) and were classified as non-classic CD16™ monocytes. M3 constituted fewer genes,
mainly TAOK1, LINCO01681, and SPATA22 with unspecified roles and requires further exploration. The
significantly higher expression of FCGR3A(CD16) in M4 subgroup (Figure 2c) along with expression of
IFN-related genes IFITM2 and IFITM3 suggests that M4 has genes with similar roles, as were found in
subgroup M2 and were classified as CD16™ monocytes(20, 21) . M5 subgroup consisted of genes involved in
HLA-type recognition genes and were classified as CD1CT DC(21, 24) (Figure 2c) .

T/NK cell population is divided into two clusters based on their functions

T cells are broadly classified into two subsets namely CD4% T cells and CD8T T cells based on their
expression of markers and functions. In the present study, CD4" and CD8™ cells were categorized as cluster
2 and cluster 1 respectively (Figure 1a) and were further subdivided into 9 subgroups (T0-8) (Figure
3a) . TO subclusters contained genes expressing CD2, CD3D, CD3G and low CD8A along with significant
expression of NKG7, GZMH and GZMB, a classic NK cell feature, and were therefore classified as cytotoxic
NKT cells(Figure 3b, ¢, d) (25). T1 subcluster consisted of genes expressing IL7R, MAL, and CCRY7,



an indicator of CD4™ T cell maturation (Figure 3b, d) (24, 26, 27). T2 subcluster consisted of GZMB,
GZMA, high GNLY, NKG7, and FCGR3A (CD16) with low CD3D and CD3G expression and were classified
as CD564™ CD16" NK cells(Figure 3b, c) (25, 28, 29). T3 consisted of IL7R, MAL, CCR7 genes with
significantly higher CD69 expression, indicating more active CD4™ T cell (Figure 3d) (24, 26, 27, 30). T4
consisted of genes featuring NK cell markers (NKG7 and GNLY) and genes with role in antigen recognition
and presentation (LYZ, SI00A8, and S100A9) and were identified as NK cell-derived antigen-presenting cells
(APCs) (Figure 3b, d) (28, 29). T5 was considered as an unknown group with fewer genes. T6 were
identified as NK cells (low GNLY, NKG7; high NKTR) with high XIST1 and SYNE2 indicating autophagic
NK cells with low ribosomal expression (Figure 3b, d) (28, 29). Similar to the previous NK cells, T7
subgroup (GNLY, NKG7, high CD7, XCL1, and XCL2) was classified as cytokine induced memory like NK
cells (CIML) (Figure 3d) (28, 29) and T8 (high GNLY and NKG7, IFIT2, IFIT3, IFNG, and PMAIP1) was
identified as cytokine secreting CD56"8 NK cells (Figure 3b) (28, 29).

Naive B cells constitute major B cell population in TA patients

Cluster 3 (B cell) and Cluster 9 (pDC) were further subdivided into 5 B cell subgroups (B0-4) for analysis
(Figure 4a) . B0 (IGKC) were classified as naive B cells (Figure 4b, c) (20) . B1 subcluster also contained
genes with low expression except IGLC2, IGLC3, other immunoglobulin genes and were also categorized as
Naive B cells(20). B2 subclusters were classified as plasmacytoid DCs (pDCs) (Figure 4c) (20, 21) with genes
responsible for signal transduction and cytokine secretion (ITM2C, IRF7, LILRA4, and CCDC50). B3 was
classified as Plasma B-cells (Figure 4c )(31) and contained genes (BPTF, NEAT1, and GOLGA4) regulating
transcription, protein transport, and protein modification(32-34) and B4 was classified as unknown.

CD14% monocyte, GZMBTCD8* T cell, CD569™CD16+t NK cell, and naive B cell were in-
creased significantly in TA patients’ PBMC

According to the cluster analysis in this study, we compared the proportions of different types of cells in the
TA patients and healthy controls. We used y? test to analyze the differences in the composition of M, T,
and B cell populations between TA patients and healthy controls by SPSS 20.0. The data showed that M
(Cluster 0, 4, 6, 8) and B (Cluster 3, 9) cells increased significantly while T (Cluster 1, 2) cell population
decreased (P < 0.05)(Table 2, Figure S1) in TA patients as compared to healthy controls.

In order to further analyze the differences in gene expression of TA patients and healthy controls, we compared
the composition of M, T, and B cell subclusters (Figure S2a, b, ¢) . Major findings of our study showed
a significant increase in CD14" monocytes and a reduction in CD16% monocytes to CD1C* DCs ratio in
M cell types (P < 0.05). Among the T cell populations, the proportion of NKT cells and CD56%™ CD167*
NK cells increased while proportion of CD4" T cells, APCs, low ribosomal expressing NK cells, CIML,
and CD56"°¢ NK cells decreased in TA patients as compared to healthy controls (P < 0.05). In the B cell
population, the ratio of naive B cells increased while the ratio of plasma cells to pDCs decreased in TA
patients as compared to healthy controls (P < 0.05).

M, T, B cells have different differentially expressed genes (DEGs) between TA patients and
healthy controls

Peripheral blood of TA patients and healthy controls showed different DEGs for different cell types (Figure
S3) . The expression of different markers were compared and were found to be significantly higher in TA
patients as compared to healthy controls in M cells (IL1R2, THBS1, AREG, CD163, and FKBP5) (Figure
S3a) ; T cells (IFITM1, FKBP5, MIF, and TXNIP) (Figure S3b) and B cell groups (TXNIP, IGHGI,
MIF, and IGHG3) (Figure S3c) .

Discussion

scRNA-seq can more accurately analyze each cell’s type and functions by sequencing their own transcriptome
compared to bulk RNA-seq. In this study, scRNA-seq was used to detect the inflammatory cells types and
cell markers in the peripheral blood of TA patients.



CD4™ T cells have always been the focus of TA research, and its differentiation subtypes, Thl and Thl7
cells are considered to be the main regulators of inflammation in TA(13). Our study found fewer CD4*
T cells in the peripheral blood of TA patients as compared to the healthy controls and can be an effect
of glucocorticoids and other immunosuppressive drugs taken by the patients for TA(35, 36). We also saw
an increase in cytotoxic NKT cells and NK cells in TA patients indicating that these cells have the ability
to regulate inflammation and can play a major role in vascular damage associated with TA. Our study
further suggests that limiting the number of these cells may effectively control the disease progression in
TA patients. In recent years, monocyte/macrophages have been extensively studied for their role in immune
diseases. In the present study, we see a higher proportion of monocyte/macrophages represented by CD14+
in TA patients indicating that these cells may play an important role in TA. B cells have always been less
involved in TA research, but in recent years, more studies indicating the role of B cell in TA pathogenesis
have been published. Many studies(37-42) have showed B cells have played an important role in the TA
lesions during the courses of the disease, however, the specific role of B cells in TA is still unclear. In our
study, we found that the proportion of B cells (especially naive B cells) were higher in TA patients, indicating
that both cellular and humoral immunity plays a role in TA pathogenesis.

We further analyzed the cell markers of different cell types that are abnormally expressed in TA. In the
monocyte/macrophage subset of TA patients, we found an increase in the expression of IL1R2, THBSI,
CD163, AREG, and FKBP5. Among these 5 genes, ILIR2(43) and FKBP5(44) can be elevated due to the
intake of glucocorticoids. CD163 is a transmembrane scavenger receptor that is expressed on the surface
of macrophages(45) and is known to be elevated in SLE, sJIA, and Kawasaki patients, indicating that
CD163 can be used as a marker for macrophage activation syndrome (MAS) indicating the transition from
monocyte/macrophage to M1 proinflammatory macrophages(46, 47). In the present study, the elevated
CD163 gene in TA patients indicates that these cells are in an active state of inflammation, suggesting that
monocytes/macrophages play an important role in the pathogenesis of TA, suggesting that CD163 may be
used as a potential diagnostic marker for TA as well. THBSI, also known as thrombospondin 1 (TSP1), is a
ligand for CD47. This protein exists in the extracellular matrix and can promote tissue fibrosis by binding
fibrin and collagen(48). In rheumatoid arthritis patients, THBS1 activates the inflammatory function of T
cells through the CD4T receptor on the surface of T cells(49, 50), and activates macrophages via the Toll-like
receptor 4 (TLR4) pathway(51, 52). This protein can also inhibit the activity of VEGF in tumor-related
research, thereby inhibiting the synthesis of new blood vessels(52, 53). AREG is one of the main ligands of the
EFGR pathway. The protein is mainly used to regulate the proliferation, apoptosis, and metastasis of various
cells(54). Under pathological conditions, especially in patients with chronic diseases, such as cirrhosis(55),
chronic obstructive pulmonary disease (COPD)(56), the expression of AREG is significantly elevated. In
recent studies on mouse models of glomerulonephritis, AREG has been shown to play a completely different
role in CD4% T cells and macrophages. This protein enhances the function of Treg cells and inhibits the
growth of CD4" T cells and promotes the recruitment of myeloid cells and the proliferation and cytokine
secretion of M1 cells(57).

In the T cells of TA patients, we found a significant increase in the expression of IFITM1, FKBP5, MIF,
and TXNIP. Similar to IL1R2 and FKBP5, the increase in MIF is closely related to the intake of glucocorti-
coids(58). The patients in this study were all taking glucocorticoids, which is not discussed here. IFITM1 is
an IFN-related protein with a role in inhibiting viral infection by interfering with viral protein synthesis and
replication(59, 60). IFITM1 is mainly expressed on T cell surface. In addition to the above functions, IFITM1
can also promote the differentiation of naive CD4™ T cells into Th2 cells(61), indicating that this protein is
involved in inflammatory regulation. TXNIP is a binding protein of thioredoxin (TXN), and can inhibit the
antioxidant capacity of TXN and promote cell stress(62). In the inflammatory process, TXNIP can promote
the formation of ROS-NLRP3 inflammasomes by inhibiting the transfer of reactive oxygen species (ROS) by
TXN, thereby increasing the concentration of IL-18 and IL-13(63). This inflammatory reaction process also
occurs in patients with coronary artery disease(64) and diabetes-related vascular disease(65). An increase
in IL-18 in peripheral blood of TA patients has been shown to promote the formation of granulomas(66).

Our findings showed a similar increase in the expression of IGHG1, IGHG3, MIF, and TXNIP in B cells of



TA patients suggesting a role of TXNIP in TA pathogenesis. The immunoglobulin heavy constant G chain
(IGHG) genes are known to play a crucial role in the synthesis of immunoglobulins by B cells(67). Related
reports of IGHG have also been found in other autoimmune diseases(68, 69). The increased expression of
this gene in PBMCs of TA patients in our study indicates the secretion of antibodies and the role of humoral
immunity in the pathogenesis of TA.

According to the previous studies mentioned before, it can be found that THBS1, CD163, AREG, IFITM1,
TXNIP, and IGHGs expression are all related to the differentiation and activity of inflammatory cells.
Therefore, the expression level of these cell markers can reflect the state of inflammatory cells, in addition
the disease activity of TA patients.

In conclusion, we used single-cell RNAseq technology to detect peripheral blood cells in TA patients. Our
study showed that CD14% monocytes, cytotoxic NKT cells, CD564™ CD16TNK cells, and B cells were
elevated in the peripheral blood of TA patients suggesting CD41 T cell and IL6 pathway are not the only
key, these kinds of cells are also playing a crucial role in TA pathogenesis and the potential use of THBS1,
CD163, AREG, IFITM1, TXNIP, and IGHGs expression as diagnostic markers for TA development and
progression.
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Table 1 cell marker of each cluster

Cluster Cell type Cell marker

0,4,6,8 M S100A8, LYZ, S100A9

1,2 T CD2, CD3D, NKG7, GNLY

3,9 B MS4A1, CD79A, CD79B, ITM2C, TCF4, CCDC50
7 megakaryocyte PF4, PPBP

5 NEAT1, XIST

Table 2 Cell count of each type

mono T cell Bcell mega unknown

TA 5042 2196 1390 44 294
HC 10144 6771 2709 290 1062
P value 0.05 ;0.05 ;0.05 ;0.05 ;0.05

Table S1 Baseline of scRNA-seq cases
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Number Gender Age ESR CRP Prednisone (mg/d) Methylprednisolone (mg/d) Methotrexate (mg/d)
TA1 Female 39 5 i0.1 0 16 15
TA2 Female 32 5 0.1 0 20 12.5
TA3 Female 16 7 1.1 17.5 0 10
TA4 Female 24 7 0.2 0 8 0
Table S2. Cell count of each sample
TA TA TA TA  Control Control Control  Total
B1 B2 B3 B4 H1 H4
Count 3802 2913 1373 878 6369 4025 4830 29942
Total 8966 8966 8966 8966 20976 20976 20976
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